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Abstract. In this work, a number of ionic liquids (ILs) based on imidazole with different lengths of
alkyl substituents in the molecule of 1-(butyl, octyl, nonyl, dodecyl, and cetyl)-3-methylimidazolium
bromide were synthesized and the process of extraction desulfurization of model diesel fuel (MDF)
containing dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (DMDBT) with ionic liquids was
carried out. The optimal parameters of the extraction process were determined as follows: temperature
25-30 °C, extraction time 60 minutes, and MDT: IL ratio = 3:1. It is noted that a monotonic decrease
of sulfur in MDF was observed during the extraction of IL in the series 1-butyl > 1-octyl > 1-nonyl-3-
methylimidazolium bromide. A further increase in the length of the alkyl substituent in the imidazole
ring has led to an increase in the residual sulfur content, which is probably due to the resulted steric
hindrances. Using the method of gas chromatography/mass spectrometry it was found out that the rate
of DBT removal during extraction was 93.8 %, while that of 4,6DMDBT was 96.2 %. It is assumed that
the increase in the degree of extraction of 4,6-DMDBT is probably associated with an increase in the

electron density on the sulfur atom due to the electron-donating properties of methyl groups.
Keywords: ionic liquids, imidazole derivatives, extraction, sulfur compounds.
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HoHHBIE :KUIKOCTH KAK IKCTPAreHTbl

AN0eH3THO(EHOBbIX COCTUHEHU I

H.C. KoGoraesa, 1O. B. CaBunbix,|T. C. Ckopoxo/1oBa]
Hnemumym xumuu nepmu CO PAH
Poccuiickasa ®eoepayus, Tomck

AunHoTanus. B pabore cunTe3npoBaH psi HoHHBIX skukocteil (MK) Ha ocHOBe MMHa3051a ¢ pa3IuyHON
JUTMHOW aJKUIIBPHBIX 3aMECTHTeNeH B MoJieKyie — 1 (OyTHII, OKTHII, HOHHII, TOACIIHII, [IETUIT)- 3-
METHIIMMHIA30JIHi OPOMHJI U IIPOBEJCH MPOLECC IKCTPAKIIUOHHOH J1eCy by pH3aALUU MOJICIBHOTO
nusensHOro torumuea (M/IT), conepkamero nudenstuoden (JIbT) u 4,6-numernnaudenstuodes (4,6
JAM/IBT), nonubiMu sxuakocTsaMu. OmpenesaeHsl oNTHMaIbHbIE TapaMeTPhl TPoliecca IKCTPAKITUU: —
temmeparypa (25-30 °C), Bpems skcTpakiuu (60 munyT), otHOmeHrne MJIT: MK=3:1. OTmeueHo,
YTO MOHOTOHHOE yYMeHbIeHue cepbl B MIT Habmronaetcs npu skcrpakiuu VK B psaay 1-0ytun >
l-okTHA > 1-HOHWI-3- METHIMMUA30IuH Opomua. JlanpHelmee yBeTndeHUE IITHHBI aTKHJIEHOTO
3aMeCTHUTEINSI B UMUIa30JIbHOM KOJIBIE TPUBOIUT K YBEJIIMYCHHUIO OCTATOYHOTO COAEPIKAHUS CEPHI, UTO,
BEPOSTHO, CBSI3aHO C BO3HUKAIOIIUMHU ITPOCTPAHCTBECHHBIMH 3aTPyJHEHUIMU. MeT00M XpOoMaTo-Macc-
CIIEKTPOMETPHUH MOKa3aHo, uyTo cTeneHp ynanenus JIBT mpu skctpakuuu — (93,8 %), a 4,6 IMJIBT —
(96,2 %). Ilpennonaraercs, 4To yBeJInYeHHE cTeneHu skcTpakunu 4,6-DMDBT, BeposiTHO, CBsI3aHO
C YBEJIMYEHHEM AJIEKTPOHHOM IMIOTHOCTH HAa aTOME CEPHI 3a CUET JIEKTPOHOJTOHOPHBIX CBOHCTB

MCTHUJIBHBIX I'PYIII.
KaroueBrble cJioBa: HOHHBIE JKUJAKOCTH, MTPOMU3BOAHBIC UMK /1a30J1a, SKCTPAKIUA, CCPHUCTBIC COCANHCHU L.

Baarogapuoctu. PaboTa mognep:kana MUHHCTEPCTBOM HAayKH ¥ BHICIIETo oOpa3oBanus Poccuiickoit

@Denepannn (peructpanuoHHbI HoMep 121031200182-5).

Iuruposanne: Ko6oraera H. C., CaBunsix 1O. B., Ckopoxonosa T. C. loHHBIE )UAKOCTH KaK SKCTPAreHTHI INOCH3THO(DEHOBBIX
coenuHenuit. XKypu. Cub. denep. yu-ta. Xumus, 2025, 18(2). C. 163—172. EDN: YGQLRI

Introduction

Aliphatic and aromatic sulfur compounds are among the most common impurities in crude oil and
refined oil products (gasoline, diesel fuel, fuel oil). Their presence has both economic and environmental
consequences. Negative effects, such as air pollution, acid rains and engine corrosion are caused by
sulfur oxide (SOx) formed during the combustion of organosulfur compounds in transport fuels. At
present, the production of fuel fractions with ultra-low sulfur content has become the main task of
refineries around the world. The European Fuel Quality Directive lays down the maximum permitted
sulfur content in both diesel (DF) and gasoline fuel (GF) of less ten parts per million [1-2].

To obtain fuel with a low sulfur content, the processes of hydrocracking or hydrotreating on solid-
phase catalysts are most widely used. These processes allow removal of mainly aliphatic and alicyclic

sulfur compounds. Neither under the severe operating conditions of the hydrocatalytic process (high
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temperature and pressure) nor by increasing the amount of catalyst used, it is possible to achieve complete
removal of such sulfur-containing compounds (SCCs) as, for example, dibenzothiophene (DBT) and its
alkyl-substituted derivatives. This is due to their sterically hindered adsorption on the catalyst surface.
Moreover, the consumption of hydrogen increases in the processes of deep hydrodesulfurization,
which leads to undesirable side reactions, such as the saturation of olefins [3, 4]. Thus, the attention
of many researchers is attracted by alternative or combined methods for removing sulfur-containing
compounds without hydrogen consumption, such as oxidative desulfurization, biodesulfurization,
extraction (EDS) and adsorption desulfurization. For example, the method of extractive upgrading of
diesel fraction can provide pre-treatment of feedstock in combination with the main process of SCCs
removal (hydrodesulfurization) or it can be used as an independent method of DF upgrading without
hydrodesulfurization.

The efficiency of extractive desulfurization (EDS) depends on the choice of solvent, the reactivity
of the components to be removed, and other factors including environmental aspects and toxicological
limitations. Proper solvent selection is perhaps the most important aspect of EDS. This solvent should
preferably have a high affinity and capacitance to sulfur and to be environmentally friendly. Most studies
of EDS refer to the use of highly polar organic solvents such as acetonitrile (AN), N, N-dimethylformamide
(DMFA) [5], N-methylpyrrolidone (N-MP) [6], and ethylene glycol (EG) [7]. Extraction systems based
on aprotic and proton-donor polar solvents are also widely used [8]. Noteworthy is the GT-DeSulfSM
process, which can serve as an example of extractive desulfurization technique. This process allows
separation of organosulfur compounds and aromatic hydrocarbons out of cracking distillates using a
mixture of solvents [9]. Along with the technologies of extraction processes associated with the use
of traditional solvents, onrush of technologies and scientific studies is observed in the field of “green
chemistry”. One of the important trends of “green chemistry” is the substitution of conventional solvents.
In this sense, ionic liquids (IL) seem to be a promising alternative [10]. Interest in ILs is mainly due to
their environmental characteristics (non-flammability, thermal stability, low toxicity, and reusability),
due to which they are considered as an alternative to conventional volatile organic solvents [11, 12].

The ILs based on imidazolium, pyridinium, pyrrolidinium and tetraalkylammonium cations are
the most commonly used. ILs are actively used in the petrochemical industry as extraction systems to
remove SCCs from motor fuels of various types. The use of imidazole-based Lewis- and Brensted-acidic
ILs for the selective extraction of sulfur compounds from model diesel fuel (MDF) was first described
by Bésmann A et al. [13]. The researchers have shown that the chemical nature of the anion practically
does not affect desulfurization but the cation size is very important for the process of extraction.

The comparison of extraction efficiency of a number of imidazole- and toluene-based ILs in removing
SCCs from a model transport fuel was reported in [14, 15]. According to the authors, the higher degree
of extraction of thiophene (Ts) and methylthiophene (MTs) from a gasoline fuel is explained by a higher
density of aromatic m-electrons in C 5 rings resulted from n-n interaction of thiophene and alkylimidazole.

The method of NMR spectroscopy was employed to investigate the mechanism of interaction of
a number of ionic liquids based on imidazole (1-B 3-MIMPF.1-E.B 3MIMBF,) and Ts in the work of
Su B.M. et al. [16]. It has been shown that a solution of Ts and BMIMPF contains a relatively ordered
and extended stacking structure of 4/1-Ts/BMIMPF; repeating units. Similar stacks of “ILs-thiophene”
repeating units have been also found in other ILs (1-E.B 3MIMBF,). In addition, it was shown that the

chain length or the size of the alkyl group of the imidazolium cation, as well as the property and size of
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the anion determine the ability of ILs to absorb Ts. Earlier, Wan Mokhtar W. et al. have also made the
same conclusions that molecules with a highly polarizable n-electron density (benzene, toluene, xylene)
are incorporated into the molecular structure (liquid clathrate) via n-7 interaction [17]. According to
the data of "H NMR spectroscopy, a similar interaction mechanism involving n—x bonds and occurring
with the participation of a number of imidazole and pyridine-based dicationic ionic liquids (DILs) in
the EDS process was also assumed in [18].

The effect of cation of the ILs was investigated for 36 N-polyethylene glycol functionalized
imidazolium and benzimidazolium based ILs [19]. The '"H NMR method has confirmed that the stronger
7-7 interactions between the planar aromatic electron system of benzimidazolium ILs compared to
imidazolium ILs and aromatic dibenzothiophenes play a major role in the high efficiency of extractive
desulfurization. The effect of the length of alkyl substituents and the size of cation in the molecule of IL
was also considered using the example of pyridine-containing ILs [20]. Compounds with a longer alkyl
substituent have exhibited the best extraction ability, while the sulfur removal selectivity corresponded
to the order thiophene (TS) < benzothiophene (BT) < dibenzothiophene (DBT). The electron-donating
ability of alkyl substitution gives a higher polarizable aromatic n-density to cations of N-alkylpyridinium
compared to pyridine.

According to Otsuki et al., the electron density on sulfur atoms is 5.696 for Ts, 5.739 for BT, and
5.758 for DBT [21]. These results suggest that extraction is more preferable for those aromatic heterocyclic
sulfur compounds which have a higher aromatic « electron density. Comparison of extraction efficiency
of 18 imidazole-based ILs and quaternary ammonium-based ILs showed that the extraction efficiency
of quaternary ammonium-based ILs is similar to that of imidazolium-based ILs [22]. This suggests that
the n-m interaction may not be dominant. It may be assumed that in the case of ILs based on quaternary
ammonium, the following interactions occur: either the inclusion of DBT into ILs because of the
bulkiness/high molarity of the ILs or the use of the “like dissolves like” principle [23].

Thus, it can be noted that imidazole and pyridine based ionic liquids with different lengths of
the alkyl substituent in the molecule have been most thoroughly investigated. These ILs showed good
extractability for aromatic sulfur compounds extracted from model motor fuels. In addition, it was noted
that ILs with a substitution of a longer alkyl group have better extractive properties. However, only
imidazole-containing ILs with an alkyl substituent length of no more than octyl, have been investigated.

In this work, a number of imidazole-based ionic liquids, whose molecule contains alkyl substituents
of different lengths 1-butyl, octyl, nonol, dodecyl, and cetyl — has been synthesized. The process of

removing dibenzothiophene homologues from model diesel fuel has also been studied.

Methods and materials

The synthesis of 3-methylimidazole was carried out from imidazole and methyl bromide in an
alkaline medium according to the procedure [24]. The 1-butyl(octyl) derivatives of methylimidazole
were synthesized according to the procedure used for the synthesis of 1-alkyl-3-methylimidazole with
a short alkyl chain length [25].

The synthesis of 1-nonyl (dodecyl, cetyl) — 3-methylimidazolium bromide (IN 3MImBr,
1D 3MImBr, 1C 3MImBr) was carried out as follows:

A 250 ml three-necked flask equipped with a stirrer, a condenser and an addition funnel was

charged with 3-methylimidazole (0.3 mol) and heated to a temperature of 50 °C. Alkyl bromide
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in an amount 0.33 mol was added dropwise under vigorous stirring. In the process of adding
alkyl bromide, the temperature rose to 70 °C and the mixture turns brown. After stirring for 4
hours at 70 °C, the mixture was washed 3 times with benzene (25 cm? of benzene each time) to
remove the remaining alkyl bromide. The yield of IN 3MImBr was 70 %, 1D 3MImBr — 66 %,
1C 3MImBr — 75 %.

The structures of the obtained compounds were confirmed by the results of elemental
analysis and infrared spectroscopy, which were performed using a Nicolet 5700 IR Fourier
spectrometer in a KBr matrix in the frequency range 400-4000 cm™' with a resolution of 4 cm!.
The main bands in the IR spectrum of IL were as follows: vibration bands of the aromatic system
in the range 3217-3064 c¢m!, vibration bands of aliphatic groups within 3021-2801 ¢cm™" and 1.3
substitution in the imidazole ring at 1022 cm™! and 754 cm™.

Gas chromatography-mass spectrometric (GS-MS) analysis of the content of dibenzothiophene
and its homologues in the model diesel fuel before and after extraction was performed on a Hewlett
Packard 6890/5973 instrument equipped with a column (30 m x 0.25 mm DB 5MS, phase thickness of
0.25 um). The carrier gas was helium at a constant flow rate of 0.8 ml/min. Thermostat program was as
follows: initial temperature 80 °C (3 min), rise up to 300 °C (4 °C/min), and 30 min holding at the final
temperature. The reconstruction of the molecular-mass distribution of dibenzothiophenes was carried
out using the characteristic ions at m/z = 184. 198. 212. 226.

A model diesel fuel (MDF) with sulfur compounds was prepared by dissolving
dibenzothiophene (DBT) and 4.6-dimethyldibenzothiophene (4.6-DMDBT) in n-hexane.

Results and discussion

To study the process of EDS of MDF with ionic liquids, the effect of temperature, extraction time,
and the structure of the alkylimidazole molecule on the residual content of DBT homologues in MDF
was investigated.

The effect of extraction temperature and process time on the residual sulfur content in the MDF
is shown in Figs 1, 2.

The course of the curves is approximately the same for all ILs (Fig. 1). With an increase in the
extraction temperature from 25 to 35 °C, a gradual decrease in the residual sulfur content in MDF is
observed. This is probably due to a decrease in viscosity involving the formation of a more mobile viscous
layer of IL and favoring transition of SSCs into the IL layer. With a further increase in temperature, the
viscosity changes slightly and the value of the residual content of SCCs in MDF also changes slightly.

Based on the obtained experimental data, the extraction of SCCs from MDF was carried out at a
temperature of 3035 °C.

The dependence of the residual sulfur content in MDF on the extraction time (Fig. 2) shows that
of sulfur in MDF remains in the minimum amount when the extraction process is carried out for 20-30
minutes. A further increase in the extraction time does not lead to positive results. The time chosen for
extraction of SCCs with ILs was 30 minutes.

Fig. 3 shows a histogram of the dependence of the residual sulfur content in MDF on the
type of ionic liquid after a single treatment with this liquid. According to the data presented in the
histogram, extraction of SCCs from MDF with ionic liquids (single extraction) reduces the content

of total sulfur from 0.34 wt% up to 0.085 wt%, respectively. There is a certain dependence of
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the residual sulfur content on the length of the alkyl radical in 1-position of the imidazole ring of
the ionic liquid. A monotonic decrease in the residual sulfur content in MDF is observed during
extraction with ionic liquids in the series 1B 3MImBr > 103MImBr > IN 3BImBr. A further
increase in the length of the alkyl substituent leads to an increase in the residual sulfur content.
This can be explained by the structural features of ionic liquids with different lengths of the alkyl
radical, which were theoretically computed using empirical and semi-empirical methods.

The varieties of properties and applications of the dialkylimidazolium cation are explained by its

electronic structure: the N 1-C 2-N 3 atoms form a 3-center 4-electron n system, while the C 4 and C 5
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atoms form a double bond [26] (Fig. 4). In this case, the C 2 hydrogen atom has a significant acidity,
therefore it may act as a hydrogen bond donor when interacting with counter ions.

The data obtained on the distribution of charges on the IL atoms show that the charge on the H2
atom is one and a half times higher than that on the H4 or H5 atoms. The non-equivalence of the H2,
H4, and H5 atoms suggests that the anion will most likely be located near the H2 atom.

Imidazolium ILs are structured nanosegregated liquids [28]. Electrostatic interactions between
polar imidazole rings and anions, as well as Van der Waals interactions between nonpolar alkyl
chains of ILs lead to the formation of nanoscale mid-range domains. As a result, a polar framework
containing non-polar sites is formed. The growth of side alkyl chains leads to the formation of a
second non-polar continuous domain. The possible structures obtained by the interaction of IL with
organic SCCs of DF (TS and LBT) were shown using computational methods in [29]. For example,
the polar domain of IL and five carbon atoms of the non-polar domain are involved into the process
of interaction of IL with TS. In our particular case, the polar ring planes of imidazole and DBT are
engaged into the interaction with DBT, i.e. m-m interaction in conjugated system of bonds. Probably,
in our case, the electron-donating ability of the alkyl substitution gives to the alkylimidazolium
cations a high polarizable aromatic n-density compared to imidazole in the series IL — 1B 3MImBr
> 103MImBr > IN 3BImBr. A further increase in the length of the alkyl radical in the IL molecule

— 169 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 163-172

Table 1. Results of the extraction of dibenzothiophenes from a model mixture

Content, mg/L
Sample — - -
Original After extraction Extraction,%
DBT 1587.3 98.5 93.8
4,6-DMDBT 494 1.9 96.2

probably causes steric hindrances for the interaction of the ionic liquid with DBT (4,6DMDBT) in
MDF.

Extraction of sulfur with IN 3MImBr from MDF showed a high degree of DBT extraction
(Table 1). The increase in the degree of extraction of 4,6-DMDBT is probably associated with an
increase in the electron density on the sulfur atom due to the electron-donating properties of methyl

groups.

Conclusions

In this work, a number of ionic liquids based on imidazole with different lengths of alkyl
substituents in the molecule — 1 butyl, octyl, nonyl, dodecyl, and cetyl have been synthesized. Their
structure has been confirmed by data of elemental analysis and infrared spectroscopy. The process
of extractive desulfurization of model DF containing DBT and 4,6-DMDBT with ionic liquids has
been carried out and the effect of temperature, extraction time, and the structure of the alkylimidazole
molecule on the residual content of DBT homologues in model diesel fuel has been shown. The
following optimal parameters of the extraction process have been found: temperature 25-30 °C and
extraction time 60 minutes.

The dependence of the residual sulfur content in model diesel fuel on the length of the alkyl
radical in 1-position of the imidazole ring of the ionic liquid is shown. A monotonic decrease in sulfur
in MDF is observed during extraction with IL in the series 1B 3MImBr > 103MImBr > IN 3BImBr. A
further increase in the length of the alkyl substituent leads to an increase in the residual sulfur content,
which is probably due to the resulting steric hindrances.

The data of gas chromatography-mass spectrometry have shown that the degree of DBT extraction
was 93.8 %, while the degree of 4,6-DMDBT extraction was 96.2 %. It is assumed that the increase in
the degree of extraction of 4,6-DMDBT is probably associated with an increase in the electron density

on the sulfur atom due to the electron-donating properties of methyl groups.
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Abstract. By activated aromatic substitution reaction between 4,5-dichlorophthalonitrile and
3,4-dihydropyrimidine-2(1H)-thiones the corresponding benzo[4,5]thiazolo[3,2-a]pyrimidines were
synthesized. Carrying out the reaction in DMF in the presence of K,CO; or triethylamine allowed to
obtain the target products in yields up to 52 %. The use of triethylamine as a base made it possible to
chemoselectively obtain the thiazole ring in a reaction with dihydropyrimidine-2-thione containing
hydroxyl groups in the aryl substituent.
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Ipumenenne 3,4-qmuruaponupumuann-2(1H)-Tuonos
B KayecTBe OU(PYHKIUOHAJIBHBIX S, N-HyKJ€0()HJI0B

B peakuuM ¢ 4,5-1uxy10pQTaTOHUTPHIOM

B.JI. bakaarun?, B. B. byxaaun?,

E.C. Makaposa?, I.T. A6pamos?, C. A. UBanoBckuii’®
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Annotanus. C oMoIIbI0 peakii aKTHBUPOBAHHOTO aPOMATHYECKOT0 HYKJICO(PHIBHOTO 3aMeIleHH S,
MpOTEKaBIIeH MeXAY 4,5-TUXI0PPTAIOHUTPUIIOM U 3,4-nuruaponupumunus-2(1H)-tuonaMu, ObLTH
CHUHTE3UPOBaHbI COOTBETCTBYOLINE OeH30[4,5]Trazono[3,2-alnupumuaunsl. [IpoBenenune peakuuu
B JIM®A B npucyrcruu K,CO; unu Tpu3TUIaMUHA NO3BOJIUIIO MOIYYUTh LEIEBbIE IPOLYKThI
¢ BeIxogamu 70 52 %. Mcnonp30BaHue TPUITHIIAMUHA B Ka4E€CTBE OCHOBAHUSA J1aJI0 BO3MOKHOCTh
XEMOCEJIEKTHBHO MOIYyYUTh THA3OIBHBIN [IUKJI B PEAKINH C JUTHPOIHPUMHINH-2-THOHOM, COACPIKAIINM

TUJIPOKCUJIbHBIE IPYIIIIbI B apUIIBHOM 3aMECTUTEIIE.

KuroueBble ciioBa: apoMariueckoe HyKJIeopuibHOe 3amelleH e, 6eH3o[4,5]tuaszono[3,2-a|nupumMu anHbl,

3 4-muruaporupuMuuH-2(1 H)-THOHSBL, 4,5-THXTOPPTATOHUT PHIL.

Hurupoanue: baknarun B.JI., byxanuu B.B., Makaposa E. C., A6pamos U.T, UBanosckuii C. A. [Ipumenenue 3,4-aurunponu-
pumuauH-2(1H)-THOHOB B KauecTBe OM(yHKIIMOHATBHBIX S, N-HyKi1e0(ui1oB B peakunu ¢ 4,5-nuxnopdranonutpusiom. JKypH.
Cub. dpenep. yn-ta. Xumus, 2025, 18(2). C. 173-182. EDN: YVOHHR

Introduction

In recent years, the number of studies in the field of synthesis of benzothiazoles condensed with
various biologically active heterocyclic systems has increased significantly, since these compounds exhibit
greater biological activity compared to the activity of individual heterocycles. It has been established that
heteroannulated benzothiazole derivatives have a wide range of biodynamic properties. Many of them
have anti-inflammatory, antitumor, antiparkinsonian, antimicrobial and anticonvulsant effects [1-3].

In the study [4], compounds containing benzothiazole and pyrimidine fragments were synthesized,
and most of the resulting condensed heterocyclic systems showed positive activity against M. tuberculosis.

Authors [5] used 2-(benzo[d]thiazol-2-yl)acetonitrile to obtain pyrido[2,1-b]benzothiazole, which
shows promising results against Canadida albicans fungus. It was noted that in addition to biological
activity, these compounds fluoresce, which necessitated the identification of photophysical properties.
One of the structures showed antibacterial activity against Escherichia coli, Klebsiella pneumonia,

Streptococcus mutans and Canadida albicans fungus.
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Condensed benzothiazole-containing systems are often obtained by a multicomponent reaction,
which utilizes 2-aminobenzothiazole as one of the components [6—8]. These reactions usually require
special approaches, such as the presence of a catalyst or the use of auxiliary microwave radiation. In
this regard, the development of simple methods for the synthesis of new compounds containing the
abovementioned heterocyclic scaffold is an important task for replenishing the library of potentially
bioactive molecules.

The aim of this work is to verify the possibility to obtain new benzo[4,5]thiazolo[3,2-a]pyrimidines

derivatives using a more accessible reagent — 4,5-dichlorophthalonitrile.

Experimental

Reflection IR spectra were recorded on a Spectrum Two PerkinElmer Fourier-transform
spectrometer in the wavelength range of 700-4000 cm™. NMR spectra were recorded on a Varian Unity
Plus 400 MHz spectrometer for solutions in DMSO-dg at 30 °C. Chemical shifts are given relative to the
residual signals of the solvent (8 = 2.50 and d¢ = 39.5). Mass spectra were recorded on a FINNIGAN
MAT.INCOS 50 GC-mass spectrometer at an ionization voltage of 70 eV and a temperature of 100—
220 °C. Elemental analysis was performed on a PerkinElmer 2400. Melting points were determined
on a Biichi M-560 melting and boiling point apparatus. Thin-layer chromatography was performed on
Silufol 254 UV plates (eluent hexane — ethyl acetate, 2.5:1). The starting Biginelli compounds 2, 4a—i
were obtained by the known procedure [9]. 4,5-Dichlorophthalonitrile 1 is commercially available,
but it can be prepared from the cheaper 4,5-dichlorophthalic acid by the method [10]. The rest of the
reagents were commercially available (Acros Organics).

General method for the preparation of compounds 3b, Sa—i. To the solution of
3,4-dihydropyrimidine-2(1H)-thione 2, 4a—i (1 mmol) in DMF (5 ml) potassium carbonate (2.3
mmol) or triethylamine (2.3 mmol) (in case of 4i) was added, and the solution color changed to dark.
4,5-Dichlorophthalonitrile 1 (1 mmol) was added and the reaction mixture was stirred at 70—90 °C for
3-7.5 hours until the end of the reaction (indicated by TLC). The reaction mixture was cooled to room
temperature and poured into water (30 ml). The precipitated crude product was filtered and washed
with water. Recrystallization from an appropriate solvent afforded 3b, Sa—i in 24-52 % yield.

Ethyl 7,8-dicyano-4-(4-methoxyphenyl)-2-methyl-4H-benzo[4,5]thiazolo[3,2-a]pyrimidine-3-
carboxylate (3b). Yield 206 mg (48 %), m.p. 221-223 °C. IR, viem™': 3070 (CH,,), 2966 (CH), 2235 (CN),
1676 (C=0), 1239 (C—O-C). 'H NMR (400 MHz, 8, ppm., J/Hz): 1.21 (t, 3 H, C(3)CH,CH,, J = 7.1), 2.33
(s, 3 H, C(2)CH,), 3.68 (s, 3 H, C(4")OCH3), 4.05 (q, 2 H, C(3)CH,CH3, J=7.1), 6.51 (s, 1 H, C(4)H), 6.86
(d,2 H, C(3,5)H, J=8.3), 743 (d, 2 H, C(2’,6))H, J = 8.3), 8.29 (s, 1 H, C(6)H), 8.46 (s, 1 H, C(9)H).
Found (%): C, 64.13; H, 4.23; N, 13.05. C,3H3N,O5S. Calculated (%): C, 64.17; H, 4.21; N, 13.02. Similar
spectral characteristics were observed in work [11].

3-Acetyl-2-methyl-4-phenyl-4H-benzo([4,5]thiazolo[3,2-a]pyrimidine-7,8-dicarbonitrile
(52). Yield 107 mg (29 %), m.p. 207-210 °C. IR, v/cm™: 3070 (CH,), 3100 (CH,), 2945 (CH), 2232
(CN), 1658 (C=0). MS (EL 70 eV), m/z (I, (%)): 370 (43) [M]", 327 (100) [M — COCH;]". '"H NMR
(400 MHz, 6, ppm., J/Hz): 2.30 (s, 3 H, C(3)CH3;), 2.35 (s, 3 H, C(2)CHj;), 6.71 (s, 1 H, C(4)H),
7.24 (t, 1 H, C@)H, J ="74), 732 (t,2 H, C(3’,5")H, J = 74), 7.50 (d, 2 H, C(2’,6’)H, J = 7.4), 8.43
(s, 1 H, C(6)H), 8.48 (s, 1 H, C(9H). 3C NMR (100 MHz, &, ppm.): 24.51, 31.47, 56.84, 109.79,
113.57, 115.26, 115.59, 116.38, 116.79, 127.81 (2C), 129.03, 129.44, 129.64 (2C), 130.25, 140.61, 141.89,
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152.04, 161.79, 196.44. Found (%): C, 68.13; H, 3.79; N, 15.10. C,;H;4N,OS. Calculated (%): C, 68.09;
H, 3.81; N, 15.13.

3-Acetyl-2-methyl-4-(p-tolyl)-4 H-benzo[4,5]thiazolo[3,2-a]pyrimidine-7,8-dicarbonitrile
(5b). Yield 127 mg (33 %), m.p. 220-223 °C. IR, viem™: 3080 (CH,,), 2976 (CH), 2234 (CN), 1670
(C=0). MS (El, 70 eV), m/z (I.q (%)): 384 (21) [M]", 341 (100) [M — COCH3]". '"H NMR (400 MHz,
S, ppm., J/Hz): 2.19 (s, 3 H, C(4’)CHj;), 2.29 (s, 3 H, C(3)CH,), 2.34 (s, 3 H, C(2)CH3), 6.66 (s, 1 H,
C@#4H), 712 (d, 2 H, C(3’,5)H, J=17.8), .39 (d, 2 H, C(2’,6’)H, J = 7.8), 8.42 (s, 1 H, C(6)H), 8.46 (s, 1
H, C(9H). 3C NMR (100 MHz, 8, ppm.): 21.11 (14), 24.26 (11), 31.17 (13), 56.45 (4), 109.52 (7), 113.33
(8), 115.05 (3), 116.22 (15,16), 116.61 (6),127.59 (2°,6°), 128.81 (9), 129.98 (3°,5°), 130.98 (9a), 137.52 (I’),
138.75 (4), 141.73 (5a), 151.59 (2), 161.45 (10a), 196.30 (12). Found (%): C, 68.77, H, 4.22; N, 14.55.
Cy,HsN,4OS. Calculated (%): C, 68.73; H, 4.20; N, 14.57.

3-Acetyl-4-(4-methoxyphenyl)-2-methyl-4H-benzo[4,5]thiazolo[3,2-a]pyrimidine-7,8-
dicarbonitrile (5¢). Yield 96 mg (24 %), m.p. 238-240 °C. IR, v/icm™: 3066 (CH,,), 2965 (CH), 2235
(CN), 1662 (C=0), 1240 (C—O-C). MS (EI, 70 eV), m/z (11 (%)): 400 (1) [M]*, 357 (100) [M — COCHa;]".
'H NMR (400 MHz, 3, ppm., J/Hz): 2.27 (s, 3 H, C(3)CH3), 2.34 (s, 3 H, C(2)CH3), 3.68 (s, 3 H,
C#)OCHs), 6.65 (s, 1 H, C(4)H), 6.87 (d,2 H, C(3",5")H, J=8.3), 744 (d, 2 H, C(2’,6")H, J = 8.3), 8.45
(s, 1 H, C(6)H), 8.46 (s, 1 H, C(9)H). 3C NMR (100 MHz, &, ppm.): 23.76, 30.65, 55.06, 55.73, 109.03,
112.87, 114.25 (2C), 114.59, 115.76 (2C), 116.17, 128.34, 128.66 (2C), 129.62, 132.04, 141.29, 151.01,
159.38, 160.83, 195.89. Found (%): C, 66.03; H, 4.05; N, 13.96. C,,HsN,4O,S. Calculated (%): C, 65.99;
H, 4.03; N, 13.99.

3-Acetyl-4-(4-chlorophenyl)-2-methyl-4 H-benzo[4,5]thiazolo[3,2-a]pyrimidine-7,8-
dicarbonitrile (5d). Yield 212 mg (52 %), m.p. 240-243 °C. IR, vicm™: 3086 (CHy,,), 2960 (CH), 2234
(CN), 1660 (C=0), 1042 (CCl,,). '"H NMR (400 MHz, 8, ppm., J/Hz): 2.31 (s, 3 H, C(3)CH3), 2.36 (s,
3 H, C(2)CHj;), 6.70 (s, 1 H, C(4)H), 7.39 d, 2 H, C(3’,5")H, J = 8.2), 7.52 (d, 2 H, C(2,6")H, J = 8.2),
8.43 (s, 1 H, C(6)H), 8.49 (s, 1 H, C(9H). 3C NMR (100 MHz, §, ppm.): 23.92, 30.89, 55.47, 109.23,
112.99, 114.39, 115.66, 116.08 (2C), 128.37, 128.93 (2 C), 129.03 (2 C), 129.56, 133.34, 138.82, 141.07,
151.75, 161.21, 195.55. Found (%): C, 62.33; H, 3.19; N, 13.88. C,;H;3CIN4OS. Calculated (%): C, 62.30;
H, 3.24; N, 13.84.

3-Acetyl-4-(2-fluorophenyl)-2-methyl-4 H-benzo[4,5]thiazolo[3,2-a]pyrimidine-7,8-
dicarbonitrile (5e). Yield 155 mg (40 %), m.p. 220223 °C. IR, vicm™: 3104 (CH,,), 2945 (CH), 2231
(CN), 1642 (C=0), 1214, 1185 (CFy,,). MS (EI, 70 eV), m/z (I (%)): 415 (2) [M], 372 (3) [M — COCH3;]".
'"H NMR (400 MHz, §, ppm., J/Hz): 2.31 (s, 3 H, C(3)CH3), 2.35 (s, 3 H, C(2)CH3), 6.88 (br. s, 1 H,
C#H), 7.10-7.22 (m, 2 H, C(3’,5)H), 7.28-7.35 (m, 1 H, C(@")H), 7.61-7.69 (m, 1 H, C(6")H), 7.95 (br.
s, 1 H, C(6)H), 8.47 (br. s, 1 H, C(9)H). 3C NMR (100 MHz, §, ppm.): 24.25, 30.86, 51.22, 109.07,
113.24, 114.47, 116.01 (7, J = 21.3), 116.30, 116.57 (2C), 120.87 (m, J = 21.3), 126.75, 128.73 (x, J = 3.8),
129.82 (m, J=8.3), 130.10 (1, J=9.5), 130.79, 142.35, 151.13, 153.65, 161.23 (x, J=24.5), 197.27. Found
(%): C, 64.98; H, 3.39; N, 14.45. C,;H;3FN4OS. Calculated (%): C, 64.94; H, 3.37; N, 14.42.

3-Acetyl-4-(4-(dimethylamino)phenyl)-2-methyl-4 H-benzo[4,5]thiazolo[3,2-a]
pyrimidine-7,8-dicarbonitrile (5f). Yield 124 mg (30 %), m.p. 198-200 °C. IR, v/cm™: 3100 (CH,,),
2988 (CH), 2235 (CN), 1649 (C=0). 'H NMR (400 MHz, §, ppm., J/Hz): 2.25 (s, 3 H, C(3)CH3), 2.32
(s, 3 H, C(2)CH3), 2.83 (s, 6 H, N(CH3),), 6.59 (s, 1 H, C4)H), 6.62 (d, 2 H, C(3’,5’)H, J=8.3), 7.31 (d,
2 H, C(2,6")H, J = 8.3), 8.45 (s, 2 H, C(6,9)H). *C NMR (100 MHz, §, ppm.): 24.07, 30.30, 39.88 (2C),
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55.30, 110.02, 112.02, 112.90, 113.55 (2C), 115.42, 115.66, 118.37, 125.90, 129.20 (2C), 131.03, 131.81,
143.10, 149.26, 154.70, 161.01, 196.70. Found (%): C, 66.79; H, 4.66; N, 16.90. C,3H;9N5OS. Calculated
(%): C, 66.81; H, 4.63; N, 16.94.

3-Acetyl-2-methyl-4-(3-nitrophenyl)-4H-benzo[4,5]thiazolo[3,2-a]pyrimidine-7,8-
dicarbonitrile (5g). Yield 183 mg (44 %), m.p. 277-279 °C. IR, v/em™: 3074 (CH,,), 2930 (CH), 2232
(CN), 1657 (C=0), 1514, 1340 (NO,). MS (EL 70 eV), m/z (I, (%)): 415 (2) [M]*, 372 (3) [M — COCH;]".
'"H NMR (400 MHz, 8, ppm., J/Hz): 2.35 (s, 3 H, C(3)CH3), 2.40 (s, 3 H, C(2)CH,), 6.86 (s, 1 H, C(4)H),
7.62 (t, 1 H, C(5’)H, J=8.0), 7.90 (d, 1 H, C(6)H, J = 8.0), 8.10 (d, 1 H, C@4")H, J=8.0), 8.38 (d, 1 H,
C(2)H,J=2.1),8.50 (s, 1 H, C(6)H), 8.52 (s, 1 H, C(9)H). 3C NMR (100 MHz, §, ppm.): 22.28, 30.28,
55.23,109.07, 112.77, 113.94, 114.91, 115.61 (2C) 121.31, 122.94, 127.84, 129.26, 130.02, 132.76, 140.59,
141.31, 147.83, 151.53, 160.88, 194.96. Found (%): C, 60.79; H, 3.12; N, 16.83. C,;H;5Ns0;S. Calculated
(%): C, 60.72; H, 3.15; N, 16.86.

3-Acetyl-2-methyl-4-(4-nitrophenyl)-4H-benzo[4,5]thiazolo[3,2-a]pyrimidine-7,8-
dicarbonitrile (Sh). Yield 133 mg (32 %), m.p. 288-290 °C. IR, v/cm™: 3062 (CHy,,), 2941 (CH), 2233
(CN), 1657 (C=0), 1510, 1344 (NO,). MS (EL, 70 eV), m/z (I (%0)): 415 (2) [M]", 372 (3) [M — COCHs;]".
'"H NMR (400 MHz, 8, ppm., J/Hz): 2.35 (s, 3 H, C(3)CH3), 2.39 (s, 3 H, C(2)CH3), 6.85 (s, 1 H, C(4)H),
775 (d, 2 H, C(2’,6")H, J = 8.0), 8.17 (d, 2 H, C(3’,5)H, J = 8.0), 8.41 (s, 1 H, C(6)H), 8.50 (s, 1 H,
C(9H). *C NMR (100 MHz, §, ppm.): 24.02, 30.36, 55.30, 110.02, 112.02, 113.90 (2C), 115.02, 115.66
(20), 125.90, 126.20, 127.02 (2C), 130.03, 139.01, 142.49, 147.80, 151.77, 160.90, 196.71. Found (%): C,
60.80; H, 3.14; N, 16.82. C,;H;3N50;S. Calculated (%): C, 60.72; H, 3.15; N, 16.86.

3-Acetyl-4-(3,4-dihydroxyphenyl)-2-methyl-4 H-benzo[4,5]thiazolo[3,2-a]|pyrimidine-7,8-
dicarbonitrile (5i). Yield 125 mg (31 %), m.p. 280-282 °C. IR, viem'!: 3244 (OH), 3101 (CH,,), 2998
(CH), 2236 (CN), 1660 (C=0). MS (EL, 70 V), m/z (I, (%)): 402 (52) [M]*, 359 (8) [M — COCH;]". 'H
NMR (400 MHz, 3, ppm., J/Hz): 2.20 (s, 3 H, C(3)CH3), 2.33 (s, 3 H, C(2)CH3;), 5.21 (s, 1 H, C4)H),
6.72-6.95 (m, 2 H, C(5°,6)H), 7.01 (s, 1 H, C(2")H), 7.79 (s, 2 H, C(6,9)H), 9.75 (s, 1 H, C4")OH), 10.34 (s,
1 H, C(3’)OH). BC NMR (100 MHz, 8, ppm.): 19.03, 31.24, 53.24, 110.20, 110.94, 111.37, 111.43, 115.19,
115.88 (2C), 117.48, 122.59, 123.94, 140.09, 140.65, 141.16, 145.83, 146.08, 146.14, 175.02, 195.34. Found
(%): C, 62.62; H, 3.50; N, 13.90. C,;H14N4OsS. Calculated (%): C, 62.68; H, 3.51; N, 13.92.

Results and discussion

Previously, the reaction of aromatic activated nucleophilic substitution involving 4-bromo-5-
nitrophthalonitrile and pyrimidine-2-thiones was used to synthesize 7,8-dicyanopyrimido[2,1-5][1,3]
benzothiazoles [11]. This example illustrates the possibility of using 4-bromo-5-nitrophthalonitrile
as a highly reactive activated substrate with pyrimidine-2-thione. There are no cases in the literature
of using less active 4,5-dichlorophthalonitrile in SyAr reactions with such complex bifunctional S-,
N-nucleophiles, which, together with the growing scientific interest in fused thiazoles, as well as the
recently published work [12], inspired the authors of this study to expand and continue their research
in the field of pyrimidobenzothiazole synthesis.

The SyArreaction between 4,5-dichlorophalonitrile 1 and pyrimidine-2-thione 2 can hypothetically
lead to two types of pyrimidobenzothiazoles 3a and 3b (Fig. 1).

In order to establish the correct structure 'H-'"H NOESY spectroscopy was utilized. According
to the results of the NOESY spectrum (Fig. 2 and Fig. 3), the protons C(4)H and C(6)H, as well
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NC al
NC Cl
1
+ K,CO;,
o o DMF, 80 °C,3 h
H OCH,

1 10

3b

Fig. 1. Two theoretically possible paths of the condensation reaction between 1 and 2

as the protons C(6)H and C(6”)H are practically in the same plane and the distance between them
is minimal. In other words, the use of 4,5-dichlorophthalonitrile 1 in the reaction indicated in
Fig. 1 leads to the formation of 3b, which is in agreement with the data obtained for the same
reaction where 4-bromo-5-nitrophthalonitrile was used instead of 1 [11]. It should be noted that
the replacement of the ethoxycarbonyl group with an acetyl group does not lead to any changes in
the structure (Fig. 3).
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Fig. 2. NOESY spectrum fragments of compound 3b
— 178 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 173-182
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Fig. 3. NOESY spectrum fragments of compound 5b

The condensation of phthalonitrile 1 with compounds 4a—i was successful in a DMF solution at
70—80 °C for 3—7.5 hours in the presence of a deprotonating agent, anhydrous K,CO; (Fig. 4). In the
case of compound 4i containing hydroxyl groups, triethylamine was used as a base, which facilitated
the selective formation of the thiazole ring. Heterocyclic systems Sa—i condensed with phthalonitrile
were obtained in yields of up to 52 %.

It should be noted that in the case of dihydropyrimidinethiones containing acceptor groups in the
aryl fragment, the reaction proceeded with somewhat higher yields.

To avoid side processes due to the activation of hydroxyl groups, the reaction of 1 with pyrocatechol

4i was carried out in DMF in the presence of triethylamine.

Cl
NH 4 K,COj; or Et;N
N/&S NC cl DMTF, 70-90 °C,
H

1 3-75h

4a—i

a: R=H; b: R=4-CH;; ¢: R=4-OCHj;; d: R =4-Cl; e: R = 2-F; f: R =4-N(CHj;),; g: R =3-NO,; h: R =4-NO,;
i: R = 3,4-(OH),

Fig. 4. Synthesis of benzo[4,5]thiazolo[3,2-a]pyrimidines via SyAr reaction
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In the proton spectra of the target compounds Sa—i, two singlets (8 7.79—8.48 ppm) are located in
the downfield region, which correspond to the aromatic protons C(6,9)H of the benzo[4,5]thiazolo[3,2-a]
pyrimidine-7,8-dicarbonitrile system. The presence of strong electron-donating substituents in the
phenyl fragment, such as the methoxy group and, especially, the dimethylamino group and hydroxyl
groups, reduce the difference between C(6)H and C(9)H, which leads to the unification of these signals
into one singlet with a double integrated intensity.

The phthalonitrile protons C(6,9) H, according to the results of HMBC (Fig. 5) and HSQC (Fig. 6)
spectra recorded in DMSO-dg for structure 5b, are located in the region of oy 8.42 and 8.46 ppm, with
the most downfield signal corresponding to the C(9)H proton. The protons of the methyl fragments
C(2)CHj; and C(3)COCH; can be detected in a very high field (8y 2.29 and 2.34 ppm for structure 5b),
with the most upfield singlet corresponding to the C(3)COCHj; protons. The correlation of signals for
this compound (see the experimental section) is unambiguous. The interpretation of the proton spectra
for 5a, c—i is performed by analogy.

In the '*C NMR spectra of target compounds 5a—i, one can observe both signals of the cyano
groups C(7,8)CN in the region of 8¢ 115116 ppm and signals of the carbonyl group of the acetyl
fragment near d¢ 195 ppm.

Conclusion

In this work, new derivatives of 7,8-dicyanopyrimido[2,1-5] [1,3]benzothiazoles were obtained. It
was experimentally proven that 4,5-dichlorophthalonitrile and 4-bromo-5-nitrophthalonitrile [11] are

interchangeable substrates in the reaction indicated in Fig. 1, but in case of the former the product yield
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Fig. 5. "TH-C HMBC spectrum and scheme of key correlations of compound 5b
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Fig. 6. '"H-C HSQC spectrum of compound 5b

is somewhat lower [11]. The presence of an acetyl group in the structure of target compounds 5a—i
(Fig. 4) opens up wide possibilities for obtaining more complex structures on their basis, in particular,
chalcones, oxazole and pyrazole derivatives [13].

The reported study was funded by Government of the Yaroslavl region, project number
SHIT-2024.
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Synthesis of Nanocrystalline Complex Oxide Bi,Niy5C0¢5Ta;09.4
with a Pyrochlore Structure

Kristina N. Parshukova®, Roman I. Korolev?,

Boris A. Makeev® and Nadezhda A. Zhuk?®

aSyktyvkar State University

Syktyvkar, Russian Federation

bInstitute of Geology of the Komi Science Center UB RAS
Syktyvkar, Russian Federation

Received 15.06.2024, received in revised form 09.06.2025, accepted 10.06.2025

Abstract. Using the Pechini method, a phase-pure and highly dispersed complex oxide Bi;Nig sCog 5TayOg-p
(space group Fd-3m, a=10.5348(5) A) with a pyrochlore structure was synthesized. At a synthesis
temperature of 1050 °C, highly porous ceramics are formed with an average crystallite grain size of 41
nm according to X-ray diffraction data. The results of elemental mapping indicate a uniform distribution
of atoms of transition elements in the sample, and X-ray energy dispersive analysis showed that the
chemical composition of the synthesized sample corresponded to the specified theoretical composition.
The formation of the pyrochlore phase proceeds through the formation of of an intermediate phase —
bismuth orthotantalate of the orthorhombic modification, the content of which decreases with increasing
heat treatment temperature from 16 (850 °C) to 2 mol.% (950 °C).
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Cunres HAHOKPUCTAJUIMIECCKOI'O CJIOKHOI'0 OKCH/IA

Bi;Nij 5Co0¢ 5Ta;09:4 €O CTPYKTYPOIT MUPOXJTIOPA

K. H. ITapmykosa?, P. U. KopoJies?,

B.A. Makees®, H. A. Kyk*

*ColKmbl8KAPCKULL 20CY0apCMEEHHbII YHUBEPCUmMem
Cuikmuigxap, Poccuiickaa @edepayus

*Uncmumym 2eonozuu Komu HL] YpO PAH
Cuikmuigxap, Poccuiickaa @edepayus

AnHortanusi. Metonom [lednHn 13 OKCHIHBIX IPEKYPCOPOB CHHTE3UPOBAH BBHICOKOIHMCIICPCHBIH
cnoxHbli oxcua BisNig sCog sTar0g: (mp.rp. Fd-3m, a=10.5348(5) A) co cTpykTypoii mupoxiopa.
[Tpu Temneparype cuaresza 1050 °C obpazyeTcs BEICOKOIIOPHCTAsE KEPaMHUKa CO CPEIHIM pa3MepoM
3epeH KPUCTAJUINTOB 41 HM, COTVIACHO JITaHHBIM PEHTTEHOBCKOW Tudpakiiu. Pe3yibraThl 3JIeMEHTHOTO
KapTHUPOBAHUS CBUAETEILCTBYIOT O PABHOMEPHOM PaCHpeesICHIH aTOMOB IIEPEXOIHBIX JIEMEHTOB
B 00pa3iie, a peHTTeHOBCKUH SHEProUCIEPCHOHHBIN aHAIN3 TOKA3aJl COOTBETCTBHE XMMUYECKOI0 COCTaBa
CHHTE3MPOBAHHOT0 00pasia 3alaHHOMY TeopeTHYecKkoMy coctaBy. PopMupoBaHue da3bl MUPOXJIOpa
MPOTEKAET uepe3 00pa3oBaHKe MPOMEXYTOUHOM (a3l — OPTOTAHTAIATA BUCMYTa POMOMYECKOM
Moaudukanuu, cogepkanne KOTOPOH ¢ yBEIIMUSHHEM TEMIIepaTypbl TepMOOOPaOOTKH yMEHBIIACTCS
ot 16 (850 °C) mo 2 m01.% (950 °C).
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Introduction

Oxide bismuth-containing pyrochlores, due to their excellent dielectric properties, are promising
as dielectrics for tunable microwave dielectric components and devices for microwave applications
[1-3]. The flexibility of the crystal structure of pyrochlores to cation substitutions and vacancies in
the anion sublattice allows one to significantly vary the chemical composition of compounds and
obtain various combinations of compositions with a wide range of physicochemical properties [4].
Currently, the efforts of researchers are focused on searching for new representatives of the pyrochlore
family; multielement pyrochlores and pyrochlores with an oxygen-free or mixed type anion sublattice
are attracting special attention [5—7]. Nickel and cobalt-containing pyrochlores based on bismuth
niobate and tantalate have a wide concentration range of composition homogeneity and have proven
themselves as promising dielectrics [8—10]. Variation in the ratio of atoms in cationic sublattices
affects the microstructure of ceramics and the electrical characteristics of bismuth-containing
pyrochlores. As early studies have shown [11], pyrochlores based on bismuth tantalate, doped with
transition elements, predominantly have a porous grain microstructure. The porous microstructure

of ceramics negatively affects the dielectric parameters of pyrochlores. As a rule, ceramics exhibit
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high adsorption capacity with respect to atmospheric moisture, exhibit low dielectric constants and
high dielectric losses [2]. The synthesis of dielectric ceramics is mainly carried out by the solid-phase
reaction method. The solid-phase synthesis method makes it possible to obtain low-porosity dense
ceramics with high dielectric constants and low loss tangent values. A recognized disadvantage of the
solid-phase synthesis method is the multi-stage nature of high-temperature heat treatment of samples
with intermediate homogenization of the composition in order to achieve a uniform distribution of
the components of the reaction mixture. Co-precipitation methods and the sol-gel synthesis method
make it possible to homogenize mixtures at the molecular level and reduce the temperature of ceramic
synthesis; however, they are labor-intensive and require the use of auxiliary reagents [12,13]. Reports
on variants of the sol—gel method for multicomponent pyrochlores based on bismuth tantalate are few.
The widespread use of wet chemistry methods for the synthesis of complex tantalates is hampered by
the labor-intensive and time-consuming procedure of dissolving tantalum (V) oxide, and working with
salts requires an anhydrous inert atmosphere or the use of organic solvents. A variation of the sol-gel
synthesis method is the Pechini method, based on the dissolution of cationic precursors in aqueous
solutions of citric acid for the synthesis of soluble citrate complexes, which promotes complete mixing
of salts and avoids the separation of components at subsequent stages of synthesis. When the reaction
mixture is heated, ethylene glycol and citric acid enter into a polycondensation reaction to form a
polymer gel with molecules of citrate complexes included in it. Subsequent heat treatment promotes
oxidation and pyrolysis of the polymer matrix, which results in the formation of an X-ray amorphous
oxide precursor, the high-temperature calcination of which leads to the synthesis of a homogeneous
and highly dispersed sample with a large specific surface area. The presented work demonstrates
the possibility of synthesizing multielement oxide pyrochlores based on bismuth tantalate using the
citrate method using the example of the synthesis of Bi,NijsCogsTa;O9.4 oxide. The advantage of
the synthesis by the Pechini method was the production of a nanocrystalline oxide with a nominally

specified chemical composition.

Experimental part

The precursors for the synthesis of the Bi,Niy sCog sTa,Oy., sample using the Pechini method were
oxides of bismuth (III), tantalum (V), nickel (II) and cobalt (I, III) taken in stoichiometric quantities
and of analytical grade. Concentrated solutions of hydrochloric and sulfuric acids of chemical grade.
used to dissolve precursor samples. Reagent grade citric acid and ethylene glycol. used to form cationic
complexes and form a polymer gel. X-ray amorphous powder of oxide precursors, obtained as a result
of ashing the reaction mixture at 350 °C, was finely ground in an agate mortar for one hour, then the
mixture was pressed into disk-shaped compacts and calcined in four stages at temperatures of 650,
850, 950 and 1050 °C for 15 hours. After each calcination, the samples were carefully homogenized
and pressed back into disk shape to ensure tight contact and interaction of the ceramic grains. The
phase composition of the images was studied by X-ray phase analysis. X-ray data were collected using
a Shimadzu 6000 X-ray diffractometer (CuKa radiation; 20 = 10—80°; scanning speed 2.0%min). The
study of the microstructure of the preparations and elemental mapping was carried out using scanning
electron microscopy and energy-dispersive X-ray spectroscopy (Tescan VEGA 3LMN scanning
electron microscope, INCA Energy 450 energy-dispersive spectrometer). The unit cell parameters of

pyrochlores were calculated using the CSD software package [14].
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Results and discussion

To synthesize the Bi,Nij sCoq 5Ta,09: sample using the Pechini method, we used analytical grade
oxides of bismuth (I1I), tantalum (V), nickel (IT) and cobalt (II, III) taken in stoichiometric quantities.
Tantalum (V) oxide, pre-calcined at 1100 °C, was dissolved by heating in a concentrated solution
of sulfuric acid for several days. The remaining oxides are dissolved in a concentrated solution of
hydrochloric acid, which suppresses the hydrolysis of bismuth (III) cations. The resulting solutions
were combined and citric acid and ethylene glycol were added to the reaction mixture in the molar
ratio (n(C ¢HgO,): n(Bi**+Co?**+Ta>"+Ni*)=1) u (n(C (HzO;): n(C ,Hs0,)=1.7) [12,15]. Photographs
illustrating the main stages of sample preparation are shown in Fig. 1. The red-brown reaction mixture
was evaporated first to a viscous suspension, and then to obtain a dry graphite-colored mass (Fig. 1),
pyrolysis of which was carried out at a temperature of 350 °C for 4 hours in muffle furnace. The resulting
amorphous powder was finely ground in an agate mortar for one hour, the mixture was pressed into
disk-shaped compacts and calcined in four stages at temperatures of 650, 850, 950, 1050 °C to obtain
a phase-pure sample.

The phase composition of samples calcined at temperatures of 850, 950 and 1050 °C for 15 hours
was controlled by X-ray phase analysis. As Fig. 2 shows, the sample calcined at 850 °C is non-single-

Fig. 1. Photographs of the Bi,Niy5Co¢5Ta,09+4 sample during synthesis (1 — initial solution obtained by mixing
all precursors; 2—4 — evolution of the solution during evaporation; 5 — dry residue after evaporation of the solvent;
6 —sample after calcination at temperature 350 °C in the initial state (a) and homogenized (b); 7 — sample calcined
at 650 °C (8); at 950 °C (9)
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Fig. 2. X-ray diffraction patterns of the Bi,NigsCo¢sTa,O9.4 sample calcined at temperatures of 850, 950 and
1050 °C

phase and contains an impurity phase — orthorhombic bismuth orthotantalate BiTaO, (space group
Pnna) [16] in an amount of 16 mole percent.

Increasing the calcination temperature of the sample to 950 °C led to a decrease in the impurity
content to 2 mol.%, and calcination at 1050 °C contributed to the formation of almost single-phase
and well-crystallized pyrochlore, as evidenced by narrow peaks in the X-ray diffraction pattern. It
is interesting to note that the phase formation of pyrochlore proceeds through the formation of an
intermediate phase, BiTaOy, as in the case of the solid-phase synthesis method [17]. In this case, it
should be expected that the reaction of pyrochlore synthesis consists of a high-temperature interaction
of bismuth orthotantalate with precursors — oxides of transition elements. As follows from the
experimental data, the synthesis of the pyrochlore phase is carried out at a temperature of 850 °C
and above. The average crystallite size, determined by X-ray diffraction using the Scherer formula,
increases slightly from 38 (850 °C) to 41 nm (1050 °C) depending on the sintering temperature.
Meanwhile, larger crystallite grains with average longitudinal sizes in the ranges of 0.1-1.0 um (850
°C), 0.5-2 um (950 °C) and 2—4 um (1050 °C) were recorded using a scanning electron microscope
(SEM). This fact indicates that the crystallites in the micrographs are aggregated ceramic grains of
much smaller sizes. As can be seen from the microphotographs (Fig. 3), the samples are characterized
by a porous, loose microstructure, despite high-temperature calcination at 1050 °C, which is formed by
partially fused crystallites of an oblong shape. As the calcination temperature increases, the ceramic
grains become larger and partially coalesce to form a network structure.

It is interesting to note that, according to SEM data, the grain size of crystallites of ceramics
synthesized by the solid-phase method is 0.5-2 pm (Fig. 4). The microstructure is porous, formed

by partially fused ceramic grains. As Figures 3 and 4 show, the differences in the microstructure of
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BI: 10.00 View field: 25.0 ym
SEM MAG: 23.8 kx Det: SE, BSE

BI: 10.00 View field: 25.0 ym
SEM MAG: 23.8 kx Det: SE, BSE

BI: 10.00 View field: 25.0 ym
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Fig. 3. Microstructure of the Bi,Nig sCog sTa,O9.+5 sample, synthesized by the Pechini method and calcined at 850,
950 and 1050 °C
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Fig. 4. Microstructure of the Bi;Nig sCog 5Ta,09.4 sample, synthesized by the solid-phase reaction method at 1050 °C

ceramics obtained by different methods are that for the sample synthesized by the Pechini method,
enlargement and the greatest fusion of crystallite grains are observed with a tendency to reduce the
porosity of the sample.

The unit cell parameter of the pyrochlore phase in samples calcined in the temperature range of
8501050 °C decreases slightly from 10.5353(3) (850 °C) to 10.5348(5) A (1050 °C), which is associated
with the production of a well-crystallized sample of a given stoichiometry. The unit cell parameter of
the Bi;NijsCo¢5Ta,09.4 sample, synthesized by the solid-phase method at 1050 °C, is comparable to
the cell parameter for pyrochlore obtained by the sol-gel method and is equal to 10.5262(5) A.

The cell constant for Bi;NiysCogsTa,Oy.p practically coincides with the unit cell parameter
for nickel-containing pyrochlore based on bismuth tantalate Bi,NiTa,0y (10.5343 A) [18]. It is close
to the parameter for mixed pyrochlore of the composition Bi,NiTaNbOy (space group Fd-3m:2, a =
10.53242(3) A, Z=8) [18]. It coincides with the values of the cell parameters for Bi,Mg;.,Ni, Ta,Oq solid
solutions (x<0.7) [11], which decrease with increasing x(Ni) from 10.5391 (x=0.3) to 10.5320 A (x=0.7),
due to the difference in ionic radii of magnesium(II) and nickel(IT) R(Ni(II)).,.=0.069 nm, R(Mg(II))
cn-6=0.072 nm [19]. For comparison, the unit cell parameter for cobalt-containing pyrochlore based on
bismuth tantalate Bi; 40C0o3Ta; 6070 is 10.54051(3) A and for Bi; ¢CoggTa; 6074 is 10.5526 (2) A [9]. A
noticeable excess in the unit cell parameter of nickel-cobalt-containing pyrochlore compared to cobalt
pyrochlore may be associated with a significant difference in the radii of nickel (II) and cobalt (IT) ions
(R(Ni(IT))¢n-6 = 0.615 A, R(Co(I)). ¢ = 0.745 A) [19]. The surface distribution of atoms of elements
that make up pyrochlore was studied by the elemental mapping method (Fig. 5). The elemental maps
for the sample synthesized at 850 °C show that the chemical composition of pyrochlore is represented
by atoms of bismuth, cobalt, nickel, tantalum and oxygen, while the atoms of cobalt, nickel and oxygen
are distributed unevenly, and single areas of atomic concentration can be traced.

According to EDS data, the local quantitative composition of the sample calcined at 850 °C deviates
from the specified one and is described by the formula Bi, 0yCo¢ ssNige4Ta21109+4, Which may be a
consequence of the uneven distribution of transition element ions. Meanwhile, samples heated at 950

and 1050 °C are characterized by a uniform distribution of all elements over the surface of the samples.
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Fig. 5. Maps of elements and EDS spectra of Bi,Niy sC0¢5Ta;09.4 samples synthesized at 850, 950 and 1050 °C

Local elemental analysis of the chemical composition of the sample synthesized at 1050 °C showed that
the experimental composition corresponds to the nominally specified one — Bi, 00C0¢ 46Nig.53T22.0409--
Thus, the synthesis by the Pechini method makes it possible to obtain porous, highly dispersed

pyrochlores of a given stoichiometry based on bismuth tantalate at elevated temperatures.

Conclusions

It has been shown that the sol-gel synthesis of complex oxide pyrochlores based on bismuth
tantalate is complicated by the low reactivity and refractoriness of tantalum(V) oxide. As a result
of the synthesis by the Pechini method, porous, highly dispersed, phase-pure pyrochlore of a given
stoichiometry was obtained. The unit cell parameter of pyrochlore Bi,NijsCog 5Ta,09:4 (space group
Fd-3m) is 10.5348(5) A, and the size of the ceramic grains, estimated by X-ray diffraction, does
not exceed 41 nm. The chemical composition of the synthesized oxide corresponds to the nominal
composition according to X-ray energy dispersive spectroscopy. The phase formation of pyrochlore

proceeds through the formation of the intermediate phase of bismuth orthotantalate BiTaO,.
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Abstract. This study presents an investigation into the peroxide oxidation of methane under mild conditions
using ZSM-5 zeolite catalysts modified with iron and copper through kinetic modeling. The focus is on
elucidating the effect of active site structure and the interaction mechanism of reactants with the catalyst
surface on the efficiency and selectivity of the process. It is shown that copper introduction increases the
total number of active sites and enhances methane conversion, although iron demonstrates higher intrinsic
activity for methane activation due to differences in sorption and reactivity. An extended kinetic scheme
comprising nine elementary steps involving major and intermediate reaction products was developed. A
system of differential equations was proposed to describe the reaction kinetics, with parameters derived
from experimental data, theoretical estimations, and literature values. The analysis revealed that methane
solubility, catalyst surface sorption behavior, and competitive adsorption of reactants on active sites are
critical factors influencing the reaction pathway. Simulations performed in Mathcad demonstrated good
agreement between model predictions and experimental data, confirming the validity of the proposed
kinetic approach. The proposed model provides a useful framework for predicting the behavior of similar

catalytic systems and optimizing reaction parameters for transition metal-based zeolite oxidation processes.
Keywords: peroxide oxidation, methane, formic acid, methanol, ZSM-5 zeolites, kinetic modeling.
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AHHoTanus. B Hacrosmel paboTe npeacTaBiIeHbl pe3yibTaThl HCCIEIOBAHMS IPOLECcCa IIEPOKCUIHOTO
OKHCJIEHUSI METaHa B MATKHUX YCJIOBHSX C UCIOJIb30BaHUEM LIEOJUTHBIX KaTaanu3aTopoB ZSM-5,
MOAU(UIIMPOBAHHBIX HOHAMU JKeJie3a U MEIH, METOIOM KMHETHYECKOTO MOJICIIMPOBAHUS IIpoLiecca.
OCHOBHOE BHHUMAaHHUE yAEJIEHO U3YyUYEHHUIO BIUSAHUSA CTPYKTYPbl aKTUBHBIX LIGHTPOB U MEXaHU3MaA
B3aUMOJICHCTBHS PEareHTOB C MOBEPXHOCTHIO KaTain3aTopa Ha 3(()EeKTUBHOCTD U CEJIEKTUBHOCTD
npornecca. [TokazaHo, 9T0 BBeZIleHHE MEIH YBEIMIUBAET O0IIee KOJIMIECTBO aKTHBHBIX IICHTPOB
M CIIOCOOCTBYET MOBBIIICHUIO CTENEHH MPEBpallleHUs] MeTaHa, OJIHAKO ME/b KaK LIEHTP aKTHBAIUH
110 3(pPEeKTUBHOCTH YCTyHaeT JKeJe3y, 4YTO 00YCIOBICHO Pa3IMYHsIMUA B COPOITMOHHBIX CBOHCTBAX
U peakIMOHHOM criocoOHOCTH. J{isl OnMcaHus MOBEACHUSI CUCTEMBI MIPEJIOKEHA YTOYHEHHAS
KHHETHYECKasl CXeMa, BKIIIOYaromas AeBsITh CTaJAui ¢ y4aCTHEM OCHOBHBIX U IIPOMEXKYTOUHBIX
npoAyKToB peakuuu. [loctpoeHa cucrema quddepeHInanbHbIX YpaBHEHUH, TapaMeTpbl KOTOPOi
MOy YEHBbI HA OCHOBE SKCIIEPUMEHTAIIBHBIX JAHHBIX, & TAKIKE TEOPETUUECKHUX U IUTEPATYPHBIX OLIEHOK.
IIpoBenéH aHanu3 KJIHOYEBBIX [1aPAMETPOB, BIUAOLIMX HA KUHETUKY IIPOLIECCA, BKIIIOUAsl CKOPOCTh
PacTBOpPEHMs MEeTaHa, COPOILIMOHHBIC XapaKTEPUCTUKH KaTaIM3aTOpa M KOHKYPEHIINIO MEXY MOJICKYJIaMU
PeareHToB 3a aKTUBHBIE [IEHTPHI. PacuéThl, BEIIOIHEHHBIE C TOMOIIBIO TPOrPAMMHOI0 00eCieueHHU s
Mathcad, nokasanm xopoiiee COOTBETCTBUE MEXKITY MOJEIIBIO U SKCIIEPUMEHTAIFHON KMHETHKOH, 4TO
HOJTBEPKIAET KOPPEKTHOCTH BEIOPAHHOTO 1oaxo/a. PazpaboranHast MOIEIb MOXKET ObITh HCIIOIb30BaHA
JUIs IPOTHO3UPOBAHMS IIOBEJEHUS AHAJIOTMYHBIX CUCTEM U ONTUMHU3ALUY TaPAMETPOB OKUCIECHUS

Ha OCHOBC IMECPEXOAHBIX METAJIJIOB B LICOTUTHOM MaTpuIe.

KuroueBbie cJji0Ba: IEPOKCHIHOE OKUCIEHUE, METaH, MypaBbHHAS KUCIIOTA, METAHO, IEOTUThl ZSM-5,

KHHETUYCCKOC MOJACIIMPOBAHHUC.

Baaronapuoctu. PaboTa BhITIONHEHA MPU (PUHAHCOBOW TMOAAepkKKe MUHHCTEpCTBa 00pa3oBaHUS
n Hayku Poccuiickoit denepanmu (rocynapctBennoe 3ananue Mucturyra karanuza CO PAH, nmpoekt
Ne FWUR-2024-0036).
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BBenenue

MeTaH, OCHOBHOH KOMITOHEHT MPUPOIHOTO Ta3a, UCHOIB3yeTCs MPEUMYIIECTBEHHO B Kade-
CTBE TOIJIMBA B DHEPreTUKE U TepepadaThIiBACTCs METOJAOM KaTaIUTHYECKON MapoOBOH KOHBEPCUH
B cuHTe3-ra3 [l]. [maBHBIM MpPEmsITCTBUEM ISl PACIIMPEHUS €ro XUMHYECKOH (YHKIIMOHATU3a-
UM SIBJISIETCS] BBICOKASI YHEPTOEMKOCTh CYIIECTBYIONIMX MPOMBIIIICHHBIX TporieccoB [2]. Mone-
kyna metaHa (CH,) XumMudeckn WHEpPTHA, a SHEPTHS Aucconuanuu onHoi ces3u C-H cocraBuser
440 x/Ix/moms [3].

B 10 ke Bpems )KuBas MpUpoIa JEMOHCTPUPYET dPPEKTUBHEIN IPUMEP CENEKTUBHOTO OKHCIIC-
HUSl METaHa B MATKHX YCJIOBHSIX Ha ()epMEHTaX M3 rpyIibl MeTaHMoHookcureHas (MMO) [2]. [Tpu-
pomHbIe (epMEHTATUBHBIC TIPOIECCHI BIOXHOBISIOT UCCIIEAOBATENCH K pa3paboTKe KaTaau3aTopOB,
UMUTHPYIOIINX aKTUBHBIC IICHTPHI I aKTHBAIlMM METaHa B MATKHUX ycIOBUsX [4—6]. B mocnennue
TOJbI BHIMAHHE HCCIICJ0OBATEICH MTPUBJICKAIOT [EOTUTHBIC KATAIUTHUECKHE CUCTEMBI, COJCpKAIIHEe
MEPEXOIHbIC METAJUTBI (3KEJIe30 M Mellb), Oyiarofaps uxX MOTCHIHANY B (DyHKIIMOHATH3AIMH METaHA.
Takue cuctemsbl Noka3aiu 3GpPEeKTUBHOCTH B Ta30(a3HOM OKHCIICHUH METaHa C UCIIOIb30BAHIEM OK-
cuna azota (I) B kauectBe okucautens [1, 7], a Tak)ke B IEPOKCHUTHOM OKHUCICHUU PsiJia OPTaHUUECKUX
cyOcTpaToB, TAKUX KaK (PEHOJ U MypaBbUHAS KUCIOTA, B MATKUX YCIOBHX [8, 9].

B nmonepckoii pabore Xaruunrca u ero kosuier [10] cucTeMaTHYecKu UCCIICAOBAHO MTEPOKCH I~
HOC OKHCJICHHE METaHa Ha JKeJIe30- U MEIbCOACPIKANIUX IICOIUTaX. ABTOPBI MPEIIOKUIU MOACTH
OUSIIEPHOTO HKEJIE30CO/ICPIKAIEr0 aKTHBHOIO LIEHTPA /Il NEPOKCUAHOro okucienus. [Ipennoxen-
HEII aBTOpAaMU MapuIpyT peaklHy HE YIYUTHIBACT BCE IKCIIEPUMEHTAIBHO HAOII0MaeMbIe TTPOITYKTHI
peakiuy U BO3MOKHBIC MapasijiesbHbie yTH. [lociaeayomre paboThl psiaa HAyYHbBIX TPYII TOCBS-
IICHBI O0JIee JeTaThbHBIM HCCICAOBAHUSIM MEXaHU3Ma IMpeBpanicHus nHTepMeanaroB [11-15]. Oxgna-
KO B 3TUX paboTax aBTOPBI M3y4ajd MEXaHU3M Ipollecca JIMIIb Ha OTACIbHBIX CTalusX. AHAIN3
JUTEPATYPHI BBISABIUI P PYHIAMEHTAIBHBIX BOIIPOCOB O paccMaTpPHBAEMOM IIPOIIECCce, HaIIpUMep,
HEOOXOIMMO YCTAaHOBUTH B3aHMMOCBS3H MEXY CTPYKTYpOH aKTHBHOTO LEHTPA MeTaJIcoAepKaIle-
ro LIEOJIUTA U €ro KaTaIUTUYeCKol akTuBHOCTHIO [14—-20]. Kunernueckoe moaenupoBanue npouecca
MIEPOKCHTHOTO OKUCJICHUSI METaHa SIBISETCS BaXKHBIM HAIMPaBICHUEM HMCCIEIOBAHUH, JAIOMUM BO3-
MOKHOCTHh OTBETUTBH Ha 3TH BOIPOCH. KIHETHYeCcKre MOIETH MO3BOJIAIOT MOTYyYHTh HH(OPMAIUIO
0 CTaAMAX, ONPEACIAIOUINX CKOPOCTh PEAKIMH, a TAKKE COOTHOIIEHUH CKOPOCTEH MOCIeI0BaTeNb-
HBIX U MTapajuIeIbHBIX MAPIIPYTOB PEAKIUH.

Ienbro 1aHHO# pabOTHI ABISICTCS pa3padOTKa KMHETHYCCKOW MOJETH IIPOIecca IePOKCHIHOTO
okucienus Merana Ha Fe- u Cu-comepxallluX LHEOIUTHBIX KaTaJIM3aTOpaX coO CTPYKTypoill ZSM-5
C HCIOJIb30BAaHUEM OJKCIICPUMEHTAJIBHBIX MAHHBIX W METOJOB MAaTEeMAaTHYE€CKOTO0 MOJCIMPOBAHMS,
HE0OXOIUMOM I ONITHUMH3AINHN JU3alfHa KaTaIn3aTOPOB M YCIOBUHU €€ peaKIiu, OBIIIEHUS (-
(DEeKTHBHOCTH M CCJIICKTHBHOCTH (PYHKIIMOHAIU3alUKU MeTaHa. Vcrnoib30BaHHe OMOMHMETHUCCKHUX
MPUHITUTIOB ¥ TIEPEIOBBIX METOOB KHHETHUYCCKOT'O MOJEITHPOBAHUS OTKPOET MyTh K CO3IaHUIO MH-
HOBAIIMOHHBIX, peCypcocOeperaromx TeXHOJIOT Uil epepabOoTKH MeTaHa /ISl XUMUYECKON U dHepre-

TUYECKOHM oTpaciiell NpoMbILIeHHOCTH [2, 21].
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MarepuaJibl U METOAbI

Kamanuszamopei. B pabote ncronb3oBanyu HeMoxnpUIIMPOBAHHEIN KomMepueckuit (HoBocubup-
CKMH 3aBOJ] XUMKOHIEHTPATOB) neosnut Fe-ZSM-5-17, comepsxamtuii 0,09 macc.% Fe. Katanuzarop
Cu-ZSM-5-17 roroBmn u3 ucxogHoro neonurta Fe-ZSM-5—17 MeToqoM HOHHOTO 0OMEHa C pacTBO-
pom amerata menu (I1). ToToBriit kaTanuzarop cogepxan 0,09 macc.% Fe, 1 macc.% Cu [18, 19].

Hccnedosanue kamanuzamopog 6 npoyecce NepoOKCUOHO20 OKUCIEHUS MeMAana U unmepmeoud-
moe dannoeo npoyecca. Katanurnyeckoe OKMCIIEHHE METaHa OCYIIECTBIISIIN B aBTOKJIaBe (00beM 450
MJT), U3TOTOBJICHHOM 13 ciiiaBa Xactemtoid (AMAR, India), c uaTeHCHBHBIM nIepeMemnBarueM (1500
00/MHUH) TIpH MOMOIIM TPOIEIJICPHON MelIajikKi Ha MarHuTHOM npuBoze [18, 19]. Karanutnueckoe
OKHCJICHNE MHTEPMEANATOB PEaKkIuy IIPOBOINIH B CTEKJISTHHOM peakTope (00bem 100 M) ¢ mHTEH-
cUBHBIM nepementnBanueM (500 00/MIH) U NOMOIIK MATHUTHOW MEIIAJIKU U MOKPBITOr0 Te(hI0HOM
MarHMTHOTO SIKOPbKa. DKCIIEpUMEHTHI mposomin rpu 50 °C, 1aBieHnn B cucTeMe (JI1s1 aBTOKJIaBa)
30 at™m, oObeme pacTBopa 80 mi1, HaBecke Katanuzatopa 216 mr, kornerTpanuu H,O, 1 M.

CocraB ra3oBoil ¢assl onpenensian Ha razoBoM xpomatorpade Kpucranna 5000.2 (Xpomarek,
Poccus), ocHaIIEHHOM IUIaME@HHO-MOHU3AIIMOHHOM JIETEKTOPOM, METaHATOPOM M KOJIOHKOH 2 M X
2 MM, 3anonHeHHoH copOenToMm Kap6okcen 1000. CoctaB sxuaKkoit ¢a3bl aHATU3UPOBAIN METOIAMHU
I'X, BOXX u SIMP. Cogepxkanre MeTaHOIa OMPEACIIsIA METOAOM ra30Boil xpomaTtorpaduu Ha Xpo-
matorpade Kpucramr 5000.2, ocHAIIICHHOM IIaMEHHO-MOHU3AIHOHHBIM JETEKTOPOM U KaIHJLISP-
HO# kosioHkoit ZB-FFAP (Phenomenex, CIIIA), 50 m x 0.32 MM x 0.50 Mxw™ (TosuuHa mieHkH). KoH-
LEHTPAMI0 MYpPaBbUHON KHCIOTHI onpenessuin MetogoM BOXKX Ha sxmakocTHOM xpomatorpade
Miumuxpom A02 (MuctutyT xpomarorpaduu «dkoHosay, Poccust), ocHaIleHHOM CIIEKTpOMETpHYe-
CKUM JeTeKTopoM (A=210 HM) 1 HoHOOOMeHHOI1 KonoHKoi [Auachep-250ITA, 2 mm X 75 mm. CeKkTpsl
SIMP 'H u *C nponyKkToB B peakIMOHHBIX PaCTBOPaX PErMCTPUPOBAIM Ha CreKTpoMeTpe Bruker
AVANCE-400.

Pe3yabraThbl U 00CyKACHUS

B kadyecTBe KaTaJUTUYCCKUX CUCTEM B HACTOSIICH pabOTe BRIOPAHBI IIEOIUTHI CO CTPYKTYPOid
ZSM-5 1 culiMKaTHBIM MoayJseM 17, ucciaenoBaHHbIE B PEaKLMU MEPOKCUIHOTO OKUCIEHHSI METaHa
paHee M MOKa3aBIIME BHICOKYIO KaTaTHUTHYECKYI0 aKTHBHOCTH [19]. IIporecc mepokcuaHOro oKuc-
JICHUs MeTaHa B NpucyTcTBUH neonutoB Fe-ZSM-5-17 n Cu-ZSM-5-17 (puc. S 1), a Takxe puznko-
XHMHUYECKUE CBOMCTBA TaHHBIX KaTaJU3aTOPOB MOAPOOHO 00CY K 1aauch B pabote [19].

Ymounenue xunemuueckoii cxemwl nepokcuoro2o okucienus memana. Cxema peakIuu, mpeaio-
JKeHHas B paboTe [19], He B MONHON Mepe OTpakaeT CI0KHOCTD MPoIiecca MePOKCUTHOTO OKUCTICHHUS
MeTaHa. Kak OBIJI0 YCTAHOBIICHO B HAIIUX MPEABIAymuX padorax [18, 19], a Takxke B UCCIIETOBAHUAX
npyrux aBtopos [10, 11, 13], akTuBanus MeTaHa BO3MOXHA UCKITIOYUTENIBHO Ha TIOBEPXHOCTH KaTaIu-
3aTopa Ha aKTUBHBIX IIEHTpaX, copepkamux aToMbl Fe i Cu. B ¢Bs31 ¢ 3TUM HE0OXOIUMO YUHUTHIBATh
MPOLECCH AKTUBAIIMN AaKTHBHBIX LIEHTPOB HAa MMOBEPXHOCTH KAaTaJIN3aTOPa U MOCIEAYIONIEe B3aMO-
JEHCTBIE aKTHBHPOBAHHBIX IICHTPOB C MOJICKYJIaMU METaHa.

BaxxHoii cTagueii mporecca SBIAETCA KOHKYPEHTHas aJcopOIsa MeTaHa Ha TeX jK€ aKTUBHBIX
[IEHTPaX KaTaJu3aTopa, KOTOPhIe YYaCTBYIOT B aKTUBAIlUU ITEPOKCHIa Bogopoaa. JJaHHOe 3akitode-
HUE CEJaHO Ha OCHOBE PKCIICPUMEHTAIBHBIX (DaKTOB, paHee onucaHHbIX B [18]. B yka3anHo# padoTe

B IMIPpUCYTCBHUU METAHA 06Hapy>1<eH0 3HAYUTCIIbHOC CHUKCHUC KOHBEPCUHN KaK IIEPOKCHUJA BOAOPOAA
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Puc. 1. YTouHeHHas KHHETHYECKAsl CXeMa PeaKLUy ePOKCUIHOI'O OKHCICHH S METaHa

Fig. 1. Refined kinetic scheme of the methane peroxide oxidation

IIPH €T0 PA3JIOKEHUH Ha IIEONMTHOM KaTaJu3aTope, TaK U IeJIEBBIX MPOAYKTOB — METaHOJA U Mypa-
BBHHOW KHCIIOTHI — B IPOIIECCE X MEPOKCHIHOTO KATATHTHIESCKOTO OKUCIICHUS.

C yderoM yKa3aHHBIX ()aKTOB HAMH IPEJIOKEHA YTOUHEHHAs KHHETHYECKasi CXeMa MePOKCH I
HOT'O OKHCIICHHS MeTaHa (puc. 1), KoTopast oTpa)kaeT Kak IMpeBpalIeHNsI METaHa U IMPOMEKYTOIHBIX
MPOIYKTOB PEaKIMU, TaK U POJIb aKTUBHBIX IIEHTPOB KaTaIN3aTopa B JAHHBIX MPOIECCaX.

Ha mepBoM 3Tane mpoucxXoauT pacCTBOPEHUE METaHA B PEAKIIMOHHOI CMECH CO CKOPOCTEHIO I, TnMu-
THPYEeMO€ TOCTHKCHHEM PaBHOBECHOM KOHIIEHTpAIMH PAaCTBOPEHHOr0 MeTaHa. /lanee pacTBOpeHHBIN
METaH BCTYIACT B PEAKIIHIO C aKTUBUPOBAHHBIM aKTUBHBIM IICHTPOM S, TI0 KyTAPHOMY MEXaHU3MY»,
YTO MPUBOAMUT K oOpazoBanuto mMetuwiaruaponepokcuaa (CH:OOH) u pereHepanuu HeaKTUBHPOBAH-
HBIX IEHTPOB S. AKTHBAIH IEHTPOB S MPOUCXOAUT IOJ NeHWCTBUEM mepokcuaa Bomopona (H202).
[MapannenbHo mpoTekaeT obparumasi copOIHsi MOJEKYJl METaH Ha HEaKTHBHUPOBAaHHBIX LEHTPax S
¢ o0pazoBaHHEM aJICOPOUPOBAHHOTO KOMILIEKCA Sgop, TPEMATCTBYOMIETO MPOTEKAHHUIO IIEIEBOTO MPO-
necca. MeTHITHAPONIEPOKCHT Aajiee MPEBPAINAeTCs MO MapajuIeIbHBIM MYTAM: B METUJICHITIUKOIb
(CH2(OH)2) u B metanon (CHsOH). MetaHos MOXKET OKHCIATHCS 10 MypaBbuHOH KucaoTsl (HCOOH)
u nanee 10 CO:, TOorga Kak METHIICHIJIMKOIIb MTOCIEA0BATEIBHO MPEBPAIIAETCS B MyPAaBbHHYIO KUCIIO-
Ty, KoTopas Takxe okucisercs 10 CO:. BaxkHO OTMETHTH, UTO B MPEAJIOKEHHONH KMHETUYCCKOM CXe-
M€ HE YUMUTBHIBAETCS B3aUMOACHUCTBUE MTPOMEKYTOUHBIX TTPOAYKTOB MEPOKCUTHOTO OKUCIICHHSI METaHa
C KaTaJUTUYECKUMHU [IEHTPAaMH, MOCKOIBKY IMPEIONaraeTcs, 4To X IpeoOpa3oBaHUE MPOHCXOTUT
MPEUMYIIECTBEHHO B 00beMe pacTBopa. X0Ts B tuteparype [18, 26] onricaHa BO3MOKHOCTh FEeTEPOreH-
HOT'O OKHCJICHUSI METAaHOJIA K MYPaBBIHOM KHCIIOTHI HA IIOBEPXHOCTHU KaTallu3aTopa, B padoTe MPUHSTO
JIOMYyIIEHHE, YTO STH MPOLECCHI MPOTEKAIOT JIMOO TOMOI€HHO B PacTBOpPE, MO0 B pexuMe ObICTPOI
azcopOnHu-IecoOpOINY Ha aKTUBHBIX IICHTPAX, U UX BKIJIAZIOM B OOIIYI0 KHHETUKY MOXKHO ITPEHEOpEYb.

Cucmema ouppepenyuanvhvlx ypasrenutl, 3Ha4eHuss KOHCIMAHM CKOPOCMeU U ePAHUYHbIE YC-
no06us. Ha ocHOBaHHH pa3paboTaHHOW yTOYHCHHON KMHETHYECKOH CXEMBI PEaKIIUU MEPOKCHIHOTO
okucieHus MeTana (puc. 1) nmpeaioxkeHa cienytomas cuctema auddepeHnnanbHbIX ypaBHEHUN 115
MOJICIIMPOBAHUSI KHHETUUSCKUX KPHUBBIX, BKITIOUaromas 9 craamii (tadi. 1).

Oyenka Kunemuyeckux napamempos npoyecca. Knunetnueckue napamMeTpsl pacxogoBaHUs Me-

TaHa U IEPOKCHUAa BOAOPOAa B ITPOLCCCC IECPOKCUAHOI'O OKHUCIICHUS METaHa OIIPEACIAINCh HA OCHOBE
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Ta6nuna 1. Cucrema auddepeHIanibHbIX yPaBHCHUH PEIJIOKESHHON CXeMbI IEPOKCHTHOT'O OKUCIICHUS METaHa

Table 1. System of differential equations for the proposed scheme of methane peroxide oxidation

Hyiq

d C
(1) | 7zCHyiq =1(1 - ) — Kq1 - CHajiq * Sak — K13 - CHapig - S+Ki4 * Ssorb
C

dt H4max

d
@ EHZOZ = —kq5 - Hy0; S

d
3 as = —Ky5 *Hy05 - S—ky3* CH4liq S+ Ky4 * Ssorb + K11 'CH4liq " Sak

d
@) asak =kiz - Hy02 S —Kkyqq - CH4liq " Sak

d
®) assorb =Kky3 - CH4]iq S —Ky4 " Ssorp

d
(6) | 5 CH;00H = kyy * CHyiq (1) - Sakc = ki * CH300H — k; - CH300H

d
(7) aCH:;OH = kl : CH3OOH - k3 : CH30H - ks : CH3OH

d
(®) | 5;CH2(OH), = k;  CH300H —k, - CH; (OH),

d
(9) | 3HCOOH =k, - CHz(OH), — ks - CH30H — k¢ - HCOOH

d
(10) 7; €02 = ks * CH30H + k; - HCOOH

JUHEHHOr0 y4acTKka KWHETHUECKHUX 3aBHCUMOCTeH (puc. 2). JI1s n3ydyeHuss KHHETHUECKUX XapaKTe-
PHUCTHK IPOMEXYTOYHBIX CTaui peakunu katanuzaropsl Fe-ZSM-5-17 u Cu-ZSM-5-17 Ob1in ucIibl-
TaHBbI B IPOLIECCE MEPOKCUTHOTO OKUCICHHS TPOMEKYTOUHBIX ITPOAYKTOB — METAHOJIA U MYPaBbUHON
kucaoThl (puc. S2). [To momydeHHBIM JaHHBIM OBUIM PacCUNTaHbl KHHETHUYECKHE TapaMeTphl (puc. 2).
KOHCTaHTHI CKOPOCTH peaKIuil ONPEAeINCh 0 HAYaIbHOMY JIMHEHHOMY Y9acTKy KMHETHUECKHX
KPHUBBIX PacX0/I0BaHUs CyOCTpaTa Kak KOHCTAHTHI IIEPBOTO MOPSJIKA.

Pacuem crxopocmu pacmeopenus memana. Jlns mpouecca, B KOTOPOM CyOCTpaT MOCTOSHHO
MOCTYTIAeT M3 Ta30BOH (ha3bl B PAacTBOpP, BaXKHBIM IApPAaMETPOM SIBIISIETCSI CKOPOCTh PACTBOPEHUS

cybcrpara. MakcumasbHas ckopocTh pactBopenusi CHy B BogHo# dase onpenensiiack o gopmyse (1)
1= kA Cona, (1

rae Ko — kKo3hGuUueHT nepenoca ra3-xuakoctb (M-c'), A — MmIomans MeXAy BO3LYLIHON U KHUI-
KOii (pazaMu (C y4ETOM KOHYCHOCTH MOBEPXHOCTH KMIKOCTH NpPHU MepeMemuBanuu 6,138 1073 m?);
Ccn, — paBHoBecHas konuenTpauus CHy B Bozie ipu 50 °C u nasnennu CHy 3 Mlla (Moab - M) [22].
PaBHOBeCcHast KOHIIGHTpAIMs METaHa B BOJAE OIEHHBAJACh COIJIACHO JINTEPATypPHBIM JaHHBIM [23]
U coctaBuia 28,2 MOJIb - M™.

Koadpunment macconepenauu k., paccautsiBajics 1o ¢popmysie (2), NoJIydeHHOW U3 KOppeJs-

M, YCTAaHOBIICHHBIX I Oe3pa3MepHBIX uuceln Peitnonbaca, [lepyaa u llmuara [24]:
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Puc. 2 Pacuer kuHETHYECKUX napaMeTpoB pacxoa0BaHU A ME€TaHa, METaHOJIa U MypaBLHHOﬁ KHCJIOTBI, a TaKXKC
NepokCcua BOAOPOAAa B HNPOLECCC IMECPOKCHAHOTO OKHUCICHUSA METaHa B IPUCYTCTBHUU KaATaJIU3aTOPOB Fe-
ZSM-5-17 (A) u Cu-ZSM-5-17 (B)

Fig. 2. Calculation of kinetic parameters for consumption of methane, methanol and formic acid, as well as
hydrogen peroxide in the methane peroxide oxidation over the catalysts Fe-ZSM-5-17 (A) u Cu-ZSM-5-17 (B)

1

E - D¢y, -n,0P 6
k — 4 2 ,
- <—n a2, 2

rae E — cpenHss SHEprus IUCCHIALUM NEePEMEIIMBAHNS, HOPMUPOBAHHAS HA MACCy PEaKIMOHHON
cmecu (Bt xr™); Dey,—p,o — Kodbodunument qudpdysuu CHy B Boze (2,5-107° M? ¢!); p — mioTHOCTSH
BOzbI, paBHas 988,07 kr-m mpu 50 °C; N — BaskocTs (5,47 - 1074 ITa- ¢! mpu 50 °C) [25].

JIuamerp nyssipbka CHy dy,, paBuslit 2,239 - 107 M, paccunThiBaics 1o Gpopmye [22]:

1
g = (4d00)§ 3
bu — Apg ’ ( )

3aeck dg — quametp otBepeTus 6apborepa (4-107* M); 6 — 3HaUEHHE TOBEPXHOCTHOrO HaTskeHus H,O
(6,79-1072 H-m™!' mpu 50 °C); Ap — pasnocts motHoctel H,O u CHy npu 50 °C (987,47 xr-m™) [25];

g — yckopenue cBoboaHoro najgenus (9,8 m-c?) [25].

Dueprust guccunanuu E paccunThiBaiach Kak MOIIHOCTh MEIIAIKU P, HOpMUpOBaHHAS HA MACCy
PeaKIMOHHON cMecH (M,y,) [22]:
P 1500

E= ~ —— =18750 Bt - kr L.
e 0.08 T * KT 4

Takum 06pasom, ko dunent macconepenadu CHy raz-xuakocts k., coctaBun 2,936:104 m-c™!.
3HaueHHe CKOPOCTH MEPEHOCa METaHa ra3-KUAKOCTh I, BRIUMcIeHHOe TI0 ypaBHeHuo (1), cocTaBuiio
5,08:10~° monpc! miam 3,05 MMoabMHH".

Onmumuzayus 3HauyeHull KUHEMUYeCKUX Napamempos npoyecca u e2o 2panuiHblX YCI0GULL.
[IpoBeneHHble McciaeaoBaHMs Ipolrecca nepokcuaHoro okucienusi CH,, uccinenoBanne KUHETHKH
okucienus nurepmenuaroB npouecca (CH;OH u HCOOH), Teopernyeckue pacyeTbl GU3MUECKUX

BCJIMYUH ITO3BOJIUJIN OIIPEACTIUTDb 3HAUCHN A KOHCTAHT CKOpOCTeﬁ 1 HavdaJIbHBIC YCIIOBUA (Ta6J'I. 2) JJIA
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NpeIoKEeHHOU crucTeMbl nuddepennnaibubiX ypaBHenuii (tadi. 1). [IpoBeneHbl OLEHKH ra30/1nHa-
Mudeckux napamerpos st CHy 1 ero noBeneHus: B peakiMoHHOM pacTBope. C MOMOIIBIO TEOpeTH-
YEeCKOro pacyera, MPHUBEICHHOrO BbIIE, Obliia MOJyUYeHa ckopocTh MacconepeHoca CHy u3 razoBoit
(a3bl B pacTBop I, a 1o iuTepaTypHBIM TaHHBIM OBLIO OIIPEEICHO PABHOBECHOE COZIEpKaHHE MEeTaHa
B peakiinoHHOM pacTBOpe CHypay [23].

OmnpeneneHne KOIMYECTBA KATATUTHUECKUX IIEHTPOB UCCIENIYEMBIX HEOIUTOB (Sy,x) SABISETCS
HETPUBHAJIBHON 3amaueld. OTCyTCTBHE JOCTOBEPHBIX JINTEPATYPHBIX M 3KCIIEPUMEHTAJbHBIX JaH-
HBIX 00 aKTHBHOCTH pa3inuyHbIX 1IeHTpoB Fe n Cu B peaknnn nepokcuiHoro okucienus: CH,, HeBo3-
MOYKHOCTh MX KOJIMUECTBEHHON OIIEHKH JJIsI KOHKPETHOH KaTaTUTHYECKON CHCTEMbI O pPAaHMYHUBAIOT
BO3MOXKHOCTB OIpEJIENICHHsI TOYHOTO KOJINYEeCTBA. B CBS3M C 3TUM B KadecTBE MEPBOH TOUKH MpPHU-
OnvKeHUst ObLIM BBIOPAHBI MOJIbHBIE COJCPIKAHUS IEPEXOAHBIX METAIJIOB B COCTABE KaTaIM3aTOPOB
Fe-ZSM-5-17 u Cu-ZSM-5-17. B nanbHeiiieM, 0py ONTUMHU3AlUM KAUHETUYECKON MOJIENIH, 9TH JIaH-
Hble OBbLJIM YyTOYHEHBI M IPUBEACHBI B Ta0I. 2.

KoHCTaHTBI CKOPOCTH (pyHKIHMOHATIH3AIMK MeTaHa kj; M pacxonoBaHUs NMEPOKCHIA BOAOPOIA
Ha 00pa30BaHUE aKTUBHBIX HEHTPOB K| OLIEHUBAIKCH MIPH MCCICAOBAHUH TIPOLIEcca TIEPOKCHIHOTO
okuciieHus metana (puc. 1, 4 [19]) u Obutr mpuHATH 0e3 n3MeHeHu . KOHCTaHTHI CKOpOCTel pacxoo-
BaHUsI MeTaHoJa K3 ks 1 MypaBbHHON KHCIOTHI K OBLIH [OJYYCHBI IIPU UCCIICAOBAHUH MPOIECCa X
MIEPOKCHUIHOTO OKHcieHus (puc. 2). OnHako B MPUCYTCTBUM METaHAa KMHETHKA PEAKIMH Ipeodpaso-
BaHUS ATUX HHTEPMEANATOB CYIIECTBEHHO OTINYACTCSI OT KHHETHKH 3TOT0 Ipoliecca B MHEPTHOM aT-
Mocdepe, 9To OBLIO MOKa3aHO HaMU B peasliayiei padore [18]. [loaromy 3HaYeHHS 3THX KOHCTAHT
OBbLIN NEPEOLICHEHBI B IIPOLIECCE ONTUMH3AIMH MOJIENIN. 3HAYCHNE KOHCTAHT 00pa30BaHUs M PacX0/I0-
BaHUS IPYTUX HHTEPMEINATOB U3-3a HEBO3MOXHOCTH X 3KCIEPUMEHTAIBHON OIEHKH U OTCYTCTBHS

JUTEPATYPHBIX JAHHBIX B IIEPBOM MPHUOIMIKEHUH ObLIM PAacCYUTAHbI M3 JaHHBIX MpoQuiei nme-

Tabnuma 2. 3Ha4yeHUsT KOHCTAHT CKOPOCTEHl M TPaHUYHBIX YCIOBHH JUIsI CHCTeMBI AU EepeHIHATBHBIX
YPaBHEHHH NPEIIOKEHHON CXEMBI IEPOKCHIHOTO OKHCIICHHUS METaHa

Table 2. Values of rate constants and boundary conditions for the system of differential equations of the proposed
scheme of methane peroxide oxidation

3naueHne, MuH'! Hauanbhneie ycnosus, t = 0 MuH
Koncranra
Fe-ZSM-5-17 Cu-ZSM-5-17 VYcnosue 3HaueHue, MMOJIbT!
I (Monp ! -Mun) 3,05 3,05 CHumax 28,2
ki 0,146 0,221 S(Fe-ZSM-5-17) 0,151
ki 0,002 0,003 S(Cu-ZSM-5-17) 0,295
kis 0,19-107 1,03:1073 Ssorb 0
ks 2,40-1073 8,01-1073 Sax 0
k 0,037 0,275 [H,0,] 1000
k, 0,035 0,091 [CH4] 28,2
ks 0,017 0,015 [CH;00H] 0
ky 0,027 0,021 [CH;0H] 0
ks 0,629-1073 2,270-1073 [CH,(OH),] 0
ke 0,596:1073 1,042:1073 [HCOOH] 0
[CO,] 0
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HCHHUA UX KOHIUCHTpAaUIWH B MMPOLCCCC PEAKINUHN IEPOKCUTHOIO OKHUCICHUA MECTaHa U B I[aﬂbHeﬁIHeM
ONTHUMHU3UPOBAHBI B X0OJI€ 3BPUCTHYECKOT0 MOAO0Pa MapamMeTpoB.

[MonyyenHas cucrema ObLIa pa3pelieHa ¢ oMOIIbI0 TporpaMmmHoro obecneuenus Mathcad 15.0.
Cucrema nuddepeHunanbHbIX ypaBHeHHH pelrajiack ¢ nomonibio Gpyrknuu Odesolve, kotopas pe-
maet 3agaqy MetoaoMm Pynre-KyTTa ¢ aBToMatnuueckuM BbIOOpoM mara. PaccunuTanHbie ¢ UCTIONb-
30BaHUEM OIMCAHHOH MOJEIN KMHETHYECKUE KPUBBIC, XOTS OHA M MMEET HECKOJIBKO JOMYIICHHH,
OTHCAIU SKCTIEPUMEHTAIBHBIC JaHHBIE C TPUEMIIEMON TOYHOCTHIO (pHC. 3).

Crienyer OTMETHTh HEKOTOPBIE 3aKOHOMEPHOCTH, HOJIYUYCHHBIC 110 pe3yJibTaTaM KHHEeTHYe-
CKOT'0 MOJICTMPOBAHHUS POIeCcCa MEPOKCHTHOTO OKUCICHUSI METaHa, KOTOPBIC MOTYT OBITH BasKHBI
JUTSL JaJIbHEHIIero MoOHMMaHus u3ydaeMoro npouecca. Haubounpniee BiusiHie Ha BUI npoduiei
N3MCHCHU A KOHHCHTpaHI/Iﬁ HHTEPMEAUATOB OKAa3bIBAIOT MapaMETpPbl, CBA3aHHBLIE C aKTHBHBIMH
LEHTPAaMH, UX UCXOJHOE KOJIMYECTBO, HX B3aUMOJICHCTBHE C MEPOKCUOM BOIOPOJA U METAHOM,
a TaK¥XKXE KOHKYpPCHTHaA COp6HI/I$[ MC€TaHa U I€POKCHU A BOJAOPOJa HA JaHHBIX aKTUBHBIX HEHTpPAX.
PacTBOpUMOCTh METaHa M €ro MacCONEPEHOC B PEAKIIMOHHBIA PACTBOP HUMEIOT BTOPOCTEIICHHOE

3HAa4YCHHC.
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Puc. 3. DxcnepuMeHTanbHbIe (TOYKH) U PacuyeTHbIC (JIMHUM) 3HAYCHHUS] KOHLCHTPALMN COCAMHEHUN B PEaKIUK
MEPOKCUIHOI0 OKUCJICHUS MeTaHa Ha neonuTax Fe-ZSM-5-17 (A, b) u Cu-ZSM-5-17 (B, I)

Fig. 3. Experimental (dots) and calculated (lines) values of the concentration of compounds in the reaction of
methane peroxide oxidation over zeolites Fe-ZSM-5-17 (A, b) u Cu-ZSM-5-17 (B, I)
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BBeaenue Menu YBEIUYNBAET aKTUBHOCTh KaTaIM3aTOPOB, KOJUYECTBO AaKTUBHBIX LICHTPOB, O/
HaKO 3Q(QEKT HEe CIUIIKOM BEIUK, YIUTHIBAsI KOJTMYESCTBO BBEACHHOW MeaH (KOJTMYECTBO MU MPaK-
Trdecku B 10 pa3 Goubllle KOJTWYECTBA XKejie3a, a MPUPOCT YKCIa aKTUBHBIX HEHTPOB S U 3HAUE-
HUSI KOHCTAHTHI CKOPOCTH aKTUBAaIMK MeTaHa kj; cocTaBIsArOT vk 2 U 1,5 pa3a COOTBETCTBEHHO).
JlaHHbIi (HaKT XOTS U IEMOHCTPUPYET yUaCTUE MEIU B AKTHBAI[UU METaHa, OJTHAKO CBHICTCIHCTBYET
0 3HAYUTEIHHO MEHBIIICH €€ aKTHBHOCTH IO CPABHEHUIO C KEIE30M. DTO MOXKET OBITH TOMMOTHUTEIHHO
CBsI3aHO ¢ 00JIe€ BBICOKOW CIIOCOOHOCTHIO COPOMPOBATH METaH, O UEM CBUICTEIILCTBYET 3HAUUTEIBHO
OoJbImee 3HaYCHHUE COOTHOIIEHUS TapaMeTpoB kis/ki4 (0,08 ms Fe-comepxammero neonura u 0,13 most
Cu-coaepxariero meosinta). Jlanuelil (akT MOATBEPKIACTCS U UCCICIOBAHHEM KaTajln3aTOPOB Me-
tomoM MK-CeKTpOCKOIIH, MIPOBEICHHBIM ITOCIIE PEaKIIHH MEPOKCUTHOTO OKHUCICHHS METaHa, B KO-
TopoM Juih mis neoauta Cu-ZSM-5—17 6su10 obHapyxkeno npucyrcereue CH,/CH; rpymmn Ha mo-
BepxHOCTH [19]. KpoMe oreHOK 00mieil akTHBHOCTH KHHETHYECKOE MOJICIHPOBAHUE MOATBEPIUIIO
Oonpmnii Bkiaa Cu-comepkaliux Kataanu3aTtopoB B oopasopanue metanona u CO,, B otnuuune oT Fe-

COJICPIKAIIIETO TICOTHTA, YTO MOATBEPIKAACT MPEABIAYIINE HecaeqoBanms [19].

BoiBoabl

B pamkax maHHOW pabOThI METOIOM KHHETHYCCKOTO MOJCIHPOBAHHUS OBLJIO MPOBEICHO HC-
CJIeZIOBAHUE MPOLECca MEPOKCUIHOTO OKUCIICHUS METaHa C UCIIOJIb30BAHMEM IIEOJIUTHBIX KaTalu-
3aTopoB H-ZSM-5-17 u Cu-ZSM-5-17. Pa3zpaboTaHHasi KHHETHUYECKas CXeMa OKHCIEHUSI MeTaHa
BKJIFOUAET KIIOYEBbIE CTaauu O0Opa3oBaHUs U TPaHCHOPMAIUU TPOMEKYTOUYHBIX COCTUHCHUIM
(METHJITHAPONEPOKCH I, METAHOJI, MypaBbUHASI KUCJIOTA), & TAK)KE YIUTHIBAeT COPOLIMOHHBIC B3aU-
MOJICHCTBHS Ha TIOBEPXHOCTH KaTaIu3aTopa. YTOUYHEHHAS MOJCIh OTPakaeT BIUSHUEC aKTUBAIIUU
AKTUBHBIX [ICHTPOB MEPOKCHIOM BOJAOPOJA U KOHKYPEHTHOW aJCOPOIIMU PearcHTOB HA KaTaJUuTH-
YECKUX LEHTPAX M TO3BOJISICT JOCTOBEPHO OIMMUCHIBATH IKCIIEPUMEHTANIbHbBIE JaHHble. Hanbonee
BAXXHBIMU IMapaMETpaMu, BIUAIOINIUMU Ha MPOLECC, ABJIAIOTCA KOJIUYCCTBO aAKTHUBHBIX HEHTPOB,
MX y4acTHE B aKTHBAI[UHU MMEPEKUCH BOAOPOJA M COPOIMOHHBIE CBOMCTBA. PazpaboranHas cucre-
Ma nuddepeHnranbHbIX YPABHCHUH MO3BOJIMIIA C BBICOKOW CTEHCHBIO TOYHOCTH BOCIIPOU3BECTH
KUHETHYeCKHe TPOQUIH MPOAYKTOB peakiuu. Mojienb oATBepxkaaeT 6osee BhICOKY 0 3 dekTHB-
HocTh Cu-cofepiKallero 1eojuTa B 00pa3oBaHUU METaHOJa M YTIJIEKHCIOro ra3a 1o CpaBHEHUIO
¢ Fe-comepxamum aHaioroMm. YCTaHOBJICHO, YTO BBEACHHE MEIH B CTPYKTYPY IICOIUTA CIIOCO0-
CTBYET YBCIUUYCHUIO KOJIMYCCTBA AKTUBHBIX HCHTPOB U O6H.[eﬁ KaTaJIUTUYECKON aKTUBHOCTH CH-
ctembl. [lonydeHHbBIE Pe3ybTaThl SIBISIOTCS BaXXHBIM BKJIA/IOM B IOHUMAaHUE MEXaHU3MOB IIPSIMO
KaTaJIUTUYECKOUN TpaHC(bOpMaHI/II/I ME€TaHa B MATKHX YCJIIOBUAX U MOTYT 6I)ITI) HUCIIOJIB30BAaHbI IJIs1
ONTHMH3AIUU COCTABA KATAIM3ATOPOB U YCIOBUI MPOIECCa C EJbIO MOBBIIICHUS CEICKTUBHOCTH

u 3¢ dexTuBHOCTH DYHKIMOHAIN3AIMH METaHA.

JonosHuTenbHbIe MaTepuabl / Application
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Abstract. The effect of the concentration and method of introducing boron into y-Al,Os on the structural,
acidic properties, catalytic activity and selectivity of B-containing aluminum oxide in the process of
converting propane into olefin hydrocarbons was studied. The acidic characteristics of the catalysts
were studied using the ammonia thermal desorption method. The morphology and sizes of B-containing
aluminum oxide crystals were determined using the scanning electron microscopy method. Data on
the textural characteristics of B-containing catalysts were obtained using the low-temperature nitrogen
adsorption method. The nature and concentration of coke deposits formed on the surface of the studied
catalysts during the reaction of converting propane into olefin hydrocarbons were determined using the
differential thermal analysis method. It was found that when boron was introduced into aluminum oxide,
catalysts were obtained that exhibit higher selectivity in the process of converting propane into olefin
hydrocarbons. It has been established that the greatest amount of olefin hydrocarbons in the process of
propane conversion at a temperature of 650 °C is formed on a catalyst containing 4.0 % B introduced
by the ion exchange method. The selectivity of olefin formation on it at a reaction temperature of 650 °C
is 64.4 %.
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Monuduunpoanue y-Al:Os 6opom: BJIUsIHHE HA TEKCTYPY,
KHUCJIOTHOCTh M AKTUBHOCTh KATAJIM3aTOpPa
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AnHoTanus. V3yueHo BIUsSHIE KOHIICHTPAINH U crioco0a BBeneHus oopa B y-Al,O; Ha CTPYKTYpHBIE,
KHUCJIOTHBIC CBOMCTBA M KATAJIMTHYCCKYIO aKTUBHOCTh U CEJICKTUBHOCTH B-coiepikaiiero okcuaa
AIOMHHMS B TIPOIIECCE TTPEBPACHIS IIPOIIaHa B 0JC(PUHOBEIC yriIeBoaopoabl. C IOMOIIBI0 METOIA
TepPMOACCOPOIUH aMMHaKa U3y YCHbI KUCIOTHBIC XapaKTEPUCTUKH KaTaau3aTOpoOB. MeToa0M
CKaHUPYIOMIEH AJIEKTPOHHONW MUKPOCKOIIMH OIpe/ielieHbl MOP(OIIOTHS U pa3Mepbl KPUCTAIIIOB
B-conepikariero okcujia antoMuHus. C IOMOIIBIO METO/Ia HU3KOTEMIIEpaTypHOH a1copOIu a30Ta
MOJIyYeHbI JJAHHBIE O TEKCTYPHBIX XapaKTePUCTUKAX B-comepkaiinx katain3aropos. MeTomaom
nuddepeHIInaIbHOI0 TEPMHUYECKOT0 aHAIN3a YCTAHOBJICHBI IPUPO/Ia U KOHIICHTPAIUSI KOKCOBBIX
OTIJIOKEHHU, 00Pa3yIOIUXCSI HA MIOBEPXHOCTH MCCIIEAYEMbIX KaTallu3aTOPOB B XOJ€ MPOTEKAHUS
peaKIuu MPeBpaIIeHus MporaHa B 0Jie(rHOBBIC YTICBOIOPOIbl. YCTAHOBJICHO, UTO IIPH BBEACHUU
B OKCH/[ aJIFOMHHHUS 00pa MOy YaI0TCsI KaTalIn3aTOPBI, IPOSIBIISIIONIHE 00JIee BHICOKYIO CEJIEKTUBHOCTh
B IIpOLIecce MPEeBpalleHHs MTponaHa B 0Jie()MHOBbIC YTIIEBOIOPO/Ibl. YCTAHOBIIEHO, YTO HAUOOIIbIIEE
KOJUYECTBO OJIe()HHOBBIX YTIIEBOIOPOIOB B MPOIIECCE MPEBPAIEHUS [TPOTaHa MPU TeMIIepaType
650 °C obpasyeTtcs Ha Katanuzarope, coaepxkamiem 4,0 % B, BBeleHHOM METO0M HOHHOT'O OOMEHa.

CenekTHBHOCTH 00pa3oBaHus oJe(hMHOB Ha HEM ITpu Temrieparype peakuuu 650 °C cocrasisier 64,4 %.

KarueBnble ciioBa: npomnaH, AeTUAPHUPOBAHNC, KOHBCPCHUS, OJ'IC(i)I/IHOBLIG yriaeBoaAoOpOaAbl, OKCUJ

AJIIOMUHUA, aKTUBHBIC LICHTPBI, KOKC.

Baaropapuoctu. Pabora BoinonHeHa B paMkax rpaHta Poccuiickoro HayyHoro ¢onza (poekt
Ne 24-23-00386).

Iutuposanue: Bocmepukos A. A., Crenanos A. A., Bocmepukosa JI. H., Bocmepukos A. B. Mogudunuposanue y-Al20s 6opom:
BIHMSHHE Ha TCKCTYPY, KUCIOTHOCTh U aKTUBHOCTH KaTaJlN3aTopa B Ipolecce Aeruapuposanus npomaua. XKypu. Cub. dpeznep.
yH-Ta. Xumns, 2025, 18(2). C. 205-216. EDN: HSSEBK

— 206 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 205-216

BBenenue

[TponuiieH sSIBISETCS OIHUM M3 KJIIOYEBBIX CHIPHEBBIX MaTEPHAJIOB B XUMUYECKOM MPOMBIIIICH-
HOCTH, UCIIOJIB3YEMBIM JJIs IPOU3BOJCTBA MOJUIIPONUIICHA, AKPUIIOHUTPHUIIA, OKCUA TPOITHIICHA
1 IPYTUX BaXXHBIX IPOIYKTOB. MUPOBOH CIIPOC HA MPOIUJIEH NPOAOJIKAET PACTH, YTO CTUMYIIUPYET
MIOMCK HOBBIX U OoJiee 9(h(hEeKTUBHBIX METOJIOB €ro MPOU3BoACTBa. TpajuIlHOHHbIE METO/IbI, TAKHE
KaK IUPOJIN3 YTIIEBOJOPOAOB M KAaTAINTUUECKNN KPEKUHT, XOTS U OCTAIOTCS OCHOBHBIMHU HCTOYHU-
KaMu IMponujieHa, UMCIOT CBOU OT'PaHUYCHU S, BKIIIOYas BEICOKHME dHEPro3aTrparbl U 3aBUCUMOCTD
oT HeTAHOTO CBIphA. B cBs3u ¢ aTuM nerunpuposanue nponana (/II'TI) cranoButcs Bce Gosee
HpHBHeKaTeJ’ILHOﬁ aHLTepHaTHBOﬁ, OCO6eHHO JJIA pErUMOHOB ¢ AOCTYIIHBIMU 3aracaMiu JIETKOTro
YTIICBOJOPOAHOTO CHIPHSL.

JleruipupoBanue nporaxna — 3TO SHA0TEPMHUUECKH IPOLIECC, KOTOPBIH TPeOyeT HCII0JIb30BaHH
BBICOKOI((EKTUBHBIX KAaTaJIM3aTOPOB JJIsi 00eCTIedeHN s BEICOKOH KOHBEPCHH IIPOIAHa U CEJICKTHB-
HOCTH 110 IPOITHUJICHY. HpI/I 5TOM BI)I60p MOAXOAAIIETrO0 KaTajin3daTopa 1Jid pCaKIuu ACTUAPUPOBAHU A
SIBJISIETCSI BXKHBIM (PaKTOPOM, OKA3bIBAIOIIUM 3HAUYUTEIHHOE BIMSIHUE HAa CEJICKTUBHOCTD T10 OTHOIIIE-
HUIO K onepuHam. B mporecce geruaprupoBanus npomnaxa aktTuBaius cesizeil C—H nponana siBisercst
HanboJiee BaKHBIM 3TAIIOM, OIPEISIISIIONINM KaTaIUTHIECKY 10 3(h()EeKTHBHOCTH KaTanu3aTopoB. On-
HAKO MOJICKYJIbI POJYKTA MPOIUJICHA 00Jice aKTUBHBI, YeM MOJICKYJIbI Tponana. [000uHbIe peakuu,
BKJIIOYAsi KPEKUHT, IITy0OKYI0 AETHIPOreHU3AIUIO U/NITN TIOJTMMEPU3ALHIO, TPOUCXOIAT BO BPEMsI
mpouecca IerHAPUPOBAHUS, YTO IPUBOIUT K HU3KOH CEJIEKTUBHOCTH U 00pa30oBaHMUIO Kokca [1-6].
[TosTOMY aKTHBHBII KaTaaIu3aTOp JAHHOTO MpOIecca J0JKEH CII0COOCTBOBATh PACHICIIICHUIO CBSI3U
C-H, a ne pacmernenuto cBsizu C—C. Ha ceronHsmHuil JeHb MpoIecchl MpsiMOoro JIETUIPHUPOBAHMS ITPO-
IIaHa UCIIOJIB3YIOTCS B IPOMBIIIIIEHHOCTH, HanpuMep B TexHosorusx Catofin (Lummus, karaau3aTtopbl
Ha ocHoBe CrOx) u Oleflex (UOP, katanuzarops! Ha ocHoBe Pt) [7—8]. OnHako Bbicokasi CTOMMOCTH Pt
1 9KOJIOTHYECKHE MTPOOIJIEMbI, BOSHUKAONINE TP ncroib3oBaHuK CrOX, OrpaHUYMBAIOT UX ITHPOKOE
npumeHenue. [loaromy pa3paboTka HOBBIX KaTaJIN3aTOPOB JETHAPUPOBAHUS MO-IIPEKHEMY HEOOXO0-
numa. bopconepikariye karannu3aTopbl AEMOHCTPUPYIOT HOTEHIIMA JJIsI HOBBIIIEHUS CEIEKTHBHOCTH
U CHIIKEHUS 00pa30BaHus MOOOYHBIX MIPOAYKTOB, TAKUX KaK METaH U ATHJICH. BBeneHne 6opa B cocTa
KaTaJln3aTopa MO3BOJISET CHU3UTH 00pa30BaHNE KOKCA U TIOBBICUTH CEJIEKTHBHOCTH 10 TIPOIHIICHY.
KpOMe TOr'0, UCCJICAOBAHUA YKA3BIBAOT HA BOBMOXXHOCTD YITYYHICHUSA TEKCTYPbI U KUCJIIOTHO-OCHOBHBIX
CBOMCTB KaTain3aTopa 3a cyeT Moaupukanun 6opom. B nanHoi paboTe mpeayokeH crocod NpUroToB-
neHus Ha ocHoBe Y-Al,O3; Gopconepxkaliero Karajau3aropa JeruAprupoBaHus IIPOIIaHa, ITO3BOJISIOIIU I

HOBBICUTH AKTUBHOCTD U CCJICKTUBHOCTDH KaTaJInu3aTopa.

JKcHepuMeHTAIbHAS YaCcTh

HOﬂyquue Kamaausamopoe

y-hopMa oKcha aTIOMUHUS ObLIa TTOJTyYeHa TepMHUUEcKoil 00padoTkoii cesnodemura (AIOOH,
npousBoautens OO0 «Mmmumbaiickuii criennain3npoBaHHbIH XUMHUYECKUN 3aBOJ| KaTaJIN3aTOPOBY)
nipu Temneparype 550 °C B teuenue 4 yacoB. O6pazoBanue y-Al,O; ObLIO0 MOATBEPKAEHO METOIAMHU
pentreHoda3oBoro ananusa u uHdGpakpacHoit cnexrpockonuu. Moguduipoanue y-Al,0; 6opom

OCYHICCTBJIAHN CIICAYONIUMU METOAaMU:
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1) nponutkoii y-Al,O3 110 BOIOIOIIONICHUIO U3 pacTBOPa OOPHOM KHCIOTHI C MOCJICY FOIIICH
CYIIKOH M mpoKaJInBaHueM B aTMocdepe Bo3ayxa npu 550 °C B Teuenue 6 4. Konnenrpamnuio 6opa
B Katajiu3arope BapbupoBaiu ot 1,0 10 6,0 % mac. (B mepecuete Ha B) [B/y-Al,O5(I1)];

2) CyXUM MEXaHHYECKHM CMEIICHHEM C HCIO0Ib30BaHHEM IIapOBOH BUOPAIIMOHHON MEJIbHUIIBI
(KM-1, I'epmaHus) myTeM CyXoro MEXaHM4ecKoro cMeuieHus 0opHoii kuciorsl H3BO; u nmopomika
v-Al,O5 Ha Bozayxe B TeueHue 2 4. [Tociie 3Toro nosy4eHHyo KaTajau3aTopHYIO CMECh IPOKAJINBAIN
B arMocdepe Bozayxa mpu 550 °C B teuenue 6 4 [B/y-AlL,O5(C)];

3) HOHHBIM OOMEHOM C HCIOJIB30BAHUEM BOJAHOTO pacTBopa OopHoit kucnoTsl H;BO;. Monubiit
00MEH IPOBOMIIH TI0 clieayorieii Metoauke: Y-Al,O; momernianu B XAMUYECKHI CTaKaH i 100aBIIsIn
BOJHBII pacTBOp O0pHO# KHuCIoTEL. CMech epeMeInBaIn B TedeHue 2 9 npu temmeparype 95-100 °C,
3aTeM 00pa3er MPOMBIBAIN TUCTHIINPOBAHHOM Booii, cymmnu npu 110 °C u nmpokanuBaiu npu
550 °C B teuenwue 6 4 [B/y-AL,O;(N)].

Konuenrparius 6opa B 00pasuax, IpUroTOBICHHBIX BTOPBIM U TPETHUM CIIOCOOAMH, COCTABIIsIIA
4,0 % mac.

Jlnist mccnenoBaHust CBOMCTB MPUTOTOBICHHBIX MOPOIIKOOOPA3HBIX KaTaJIN3aTOPOB UX IPECCOBAIH
Ha J1a00PaTOPHOM Ipecce B TaOIETKH, a 3aTeM U3MEJIbYAIIN M OTOMpaJId Ha cuTax (PPaKIUIo YacTHI]

pazmepom 0,50—1,00 mm.

Du3uKO-XxuMu4ecKue Memoobl UCCLeO08aAHUS Kamaauiuszamopoe

UK-criexTpsl uecnenyemsix 00pasinoB canManu Ha UK-Dypee criekrpomeTtpe Nexus Nikolet 5700
B o0nactu 2000-400 cm™'. 1,2 Mr o6pasia ¢ 300 mr KBr BripeccoBbiBaiiu B ripecc-(popMe B CreHAIbHOE
KOJIBIIO, 3aT€M KOJIBIIO BCTABJISIIIN B A€PKATEIb U IIOMELIAJN B CIIEKTPO(GOTOMETD.

W3ydenue nopucToil CTpyKTYphl U OIIPENEIECHUE YIEIbHOM IOBEPXHOCTH HOCUTENEH U KaTalu-
3aTOPOB MPOBOIMJIIOCH IO aacopOnuu azora npu —196 °C Ha aBTOMaTHYECKOM Ia30a/ICOPOLIHOHHOM
ananuzatope TriStar 3020. [Tepen Hauasom MccienoBaHus HaBeCKU oOpas3na Maccoit okoso 100 mr
noJBeprayiucs gerazanuu B Bakyyme npu 200 °C B TedeHHe AByX 4acoB JO MOCTOSIHHOM Macchl. 1o me-
toxy BOT 13 ancopOLMOHHBIX JaHHBIX ITPOBOIUIICS PacyeT yJIeIbHOU MoBepXxHOCTH (B MHTEpBaie P/Py
ot 0,05 mo 0,30). Pacuer pacmpeneneHs mop Mo pa3Mepam IMPOBOIIIICS U3 JeCOPOIIMOHHBIX JaHHBIX
no meroxy BJH. O6muiuii 00beM nop onpeznesnsiiv 1o BenuunHe ajacopouuu azora rpu P/Py, pasaom 0,99.
OTHOCHTENbHAS MTOT'PEIIHOCTh MeToAa cocTasisieT £5 %. MccnenoBannus Obliy BeITIOTHEHB! B LIeHTpe
KOJIJIEKTUBHOT'O TIOJIF30BAHMS COPOIIMOHHBIX 1 KaTAIMTHUECKUX HCCIIeoBaHUI Ha 6a3e maboparopun
KaTaJIUTUYECKUX MCCIICIOBAaHIH, BXOJIIEM B cocTaB VcibiTaTenbHOro neHTpa « TOMCKHH pernoHab-
HBIH HEHTP KOJJIEKTUBHOTO MOJIB30BAHM» TOMCKOTO roCyAapCTBEHHOT0 yHUBepcHuTeTa (T. ToMcK).

O06pa3oBaHne KOKCOBBIX OTIOKEHHUH M NX MPUPOAY M3YyHaJll C IOMOIIBIO METO/Ia TEPMUYECKOT0
aHasiu3a Ha nepusarorpade-C ¢upmsr MOM (Benrpus) B nuarepsaie remmeparyp 20-800 °C c 3a-
MHACBI0 M 00pabOTKOM pe3yIbTaTOB H3MEPEHUH Ha NIEPCOHAIBLHOM KOMITBIOTEPE C HCIOIb30BAHNEM
nporpammuoro npoaykra TAnaliz. O6paser (400—-500 Mr) B IJIaTHHOBOM THIJIE HATPEBAJIM HA BO3IyXE
co ckopocThio 10 rpaa/muH (ayBcTBHTENHHOCTE 100 MT).

TecTupoBaHne KUCIOTHBIX CBOICTB MOMy4YEHHBIX KaTalIU3aTOPOB MIPOBOIMIN METOJIOM TEPMOIIPO-
rpammupoBanHoit fecop6unu (TTI/1) ammuaka. KOHIIEHTpannio KUCIOTHBIX LIEHTPOB B HCCIICyEMBIX
o0pas3uax onpeaessuiy o KOJIUYeCTBY aMMHUaKa, JeCOpOUPYIOIErocs B MOMEHT (DMKCAIlUK JecopOLH-

OHHBIX NTNUKOB, U BbIpakaJii B MUKPOMOJIAX Ha It KaTaju3aTropa.
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PacnpezeneHue 31eMEHTOB B Oy UEHHBIX 00pa3Iax UCCIEe0BaIN METOOM PACTPOBOM AIEKTPOHHOM
MHKPOCKOIIMH. AHaJIN3 OCYILUECTBIISIICS HA CKAHUPYIOLLEM IEKTPOHHOM MuKpockore Tescan MIRA 3
LMU B pexxume KapTHPOBAHUS METOJIOM HEPTOIUCIIEPCHOHHOT0 MUKpoaHanu3a (EDS) npucraskoit
Ultim Max ¢ 371eKTpOHHOH 3aITHChi0 N300paXeHU s ¥ Pe3yJIbTaToB aHaln3a. VcciueqoBaHus OBLIH BbI-
HOJMHEHBI B TOMCKOM perHOHAIBHOM IEHTPE KOJUIEKTHBHOTO MOIb30BaHMs TOMCKOro ToCcy1apCTBEHHOTO

yHuBepcuteTa (T. ToMck).

Kamanumuueckue ucnoimanus Kamanuiusamopoe

AKTHBHOCTB HCCJIEyEMbIX KaTaJIM3aTOPOB B IIPOIlecce MPEeBpalleH s IponaHa B oe(uHOBbIC
YTJIEBOAOPOJBI M3YYali Ha YyCTAHOBKE IPOTOYHOIO THIIA C HEMOJIBIKHBIM cJI0eM Karanuzaropa (V =
3 cm®) ipu Temmeparype peakuuu 550—650 °C, 00bEMHON CKOPOCTH TIOAAYM UCXOIXHOTO ChIPhs 500
u! u armocheprom naBrnernn. OGpasyoILyOCs ra3000pa3Hy 0 PEAKIIMOHHY O CMECh aHATIU3UPOBAIIH

B pexxuMe online ¢ ucmosb30BanreM xpomaTtorpada «Xpomarak-Kpucrtamn 5000.2.

Pe3yabrarhl u uX 00cy:KaeHHE

Ha puc. 1 mpencrasienst MK-criektper 00pasmoB ¢ pa3HbsiM coaepxkanuem 0opa. B MK-cmektpe
ucxonHoro Y-Al,O; OCHOBHBIC MOJIOCHI TOTJIONICHU ST HaxoAATes B oosactu 550—800 cM ™, uTO COOT-
BeTCTBYeT AeopmMannoHHbIM KostebanusMm cBsizeit Al-O. [Tocne nponutku y-Al,O; 60pHO# KHCIOTOH
B K-criekTpe HabI01al0TCsl XapaKTePHbIe M3MEHEHH S, YKa3bIBAIOIINE HA CTPYKTYPHbIE H3MEHEHHU S
matepuaina. [losBisitorest HoBble nosiockl B Auana3zone 1300—1500 cm ™', KoTopble acCOLMUPYIOTCS
¢ odpasoBanneM B-O-cBs3eit, xapakTepHbIX 11t 0oparos. JJonoaHuTensHo B 00mactu 32003600 cm™
BO3HHUKAIOT TOJIOCHI, CBsi3aHHbIe ¢ OH-rpynmnamu u aacopOMpoBaHHON BOJOH, YTO CBUAETEIHCTBYET
0 B3aMMOJICHCTBHU OOPHOI KUCIIOTHI C TIOBEPXHOCTHBIMH I'MIPOKCUIIBHBIMH I'PYIIIIAMU OKCHIA AJTIOMUHUSL.

3HaueHN IUIOMAAH YACIBbHON OBEpXHOCTH (Spat), CPEAHET0 pasMepa mop 1 od1ero oobema mop
B-cozpepxamiux karann3aTopoB NpeacTaBiieHbl B Ta0u. 1. BennunHa rioma iy yaeabHON MOBEPXHOCTH

ucxonnoro y-Al,O; cocraBusier 169 M2/r. C pocToM coepxkanust okcuaa 6opa B cucreme B—A1L,O;

3500 3000 2500 2000 1500 1000 500

Puc. 1. UK-cniektpsl B—conepkariux o0pasios:1 — ucxomausiii y-Al,0s, 2 — 1,0 % B/y-Al, 03, 3 — 2,0 % B/y-Al,05
2,0,4—4,0 % B/y-Al,053 , 5 - 6,0 % B/y-Al,0;

Fig. 1. IR spectra of B-containing samples: 1 — initial y-A1,0s, 2 — 1.0 % B/y-Al,0;, 3 — 2.0 % B/y-Al1,0; 2.0, 4 —
4.0 % B/y-Al,0;, 5 — 6.0 % B/y-Al,0;
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Tabnuna 1. CTpyKTypHBIE XapaKTepUCTUKH HCXoaHOro raMmma-Al,O; 1 B-copepikanux karann3aTopos

Table 1. Structural characteristics of B-containing catalysts

Karanusarop (1\345}/11’") (CVI\:;’;’;) Pa31\21§5[)nop ’
v-ALLOs 169 0,53 12,6
2,0 % B/ y-Al,04 161 0,48 11,7
4,0 % B/ y-Al,04 155 0,44 11,4
6,0 % B/ y-ALO; 130 0,39 12,1

IMpumeuanus: Sy, — yaenbHas IOBEPXHOCTh, u3MepeHHas 1o metony BOT; Vi, — o6muil yaensHe1il 06beM nop

ILIOIIATh YIACITBFHOW IMOBEPXHOCTH YMEHBIIaeTCs, U 1 obpasma 6,0 %B/ y-Al,O; oHa cocTaBisier
130 M?/r. AHanOrMYHas 3aBUCMMOCTb HaOII0AaeTCA U i 061ero oobeMa nop. CHUKEHHE 3HAYEHH I
Syx B Viop, HO-BHIMMOMY, BBI3BAHO 00pa30BaHHEM KPYIHBIX KPUCTAJIIIUTOB OOpaTa allOMHHUS, YTO
MO/ITBEPIKIACTCS JaHHBIMU DJICKTPOHHOW MUKPOCKOIUH.

Mopdomnoruto 06pa3oB 6OpaTcoIepKAIIETo OKCHIA ATFOMIHHUS H3yYJalli C TIOMOIIBI0 CKAaHUPYFOIIICH
9JIEKTPOHHOW MUKPOCKOIHUHU. Pe3ysibTaThl HCCieoBaHus MOKa3ald HEOJHOPOIHOCTh B MOpdosioruu
U pacipejieNieHust 4acTuIl 1o pasmepam (puc. 2). Mcxonnsiii y-AloOs 1eMOHCTPUPYET XapaKTEPHY IO MO~

PHCTYIO CTPYKTYPY C pABHOMEPHO pacipeAeéHHBIMUA MEJIKUMH YacTHLAMU. Takasi CTPyKTypa 0ObIYHO

SEMHY: 01V
View it 962
SEMMAG: 3 16k

SEMNV: 50
Vw743 m
SEMMAG: 418k

ucxonHsiit y-Al,Os

s WOt Pl e v s Wit semn
Ve e 14ym o s 03¢ Vo s 21 oec s 3¢
souwi 2721 ooy wzsat seuwic: 423k Guemeyy 62524

4,0%B/y-Al,05 6,0%B/y-Al, 04
Puc. 2. Cuumku POM ucxonnoro y-Al,O; u B-copeprkaiux kaTaan3aTopoB
Fig. 2. SEM images of B-containing catalysts
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o0ecreYrBaeT BBICOKYIO YACIbHYO MOBEPXHOCTh, YTO BaXKHO JJIs KATAIUTUHYCCKUX U aJICOPOIIMOHHBIX
npumMeHneHui. [Ipu modasnennn 2,0 % Oopa U3MEHEHUS B CTPYKTYpPE el He3HAUUTEITBHBI, OJTHAKO
HAYMHAIOT [IPOSIBJSATHCS HEKOTOPBIC IPU3HAKU arperauy 4acTUIl, YTO MOXKET CBUICTEIbCTBOBATh
0 JIOKAJbHBIX U3MEHCHHSIX IOPHCTOCTH. DTH U3MEHEHHS MOTYT OBITH CBSI3aHBI C HAYaJIOM B3aUMO/ICH-
CTBHs OOpa C MOBEPXHOCTHIO OKCH/IA ATFOMUHUS, IPUBOISIIIAM K YACTUYHOMY H3MEHEHHIO CTPYKTYPhI
mop. C yBenmaeHueM copepkanus 6opa 1o 4,0 % 4acTHIIBI Bce €IIe COXPAHSIOT CheprudIecKyro hopmy,
HO BBIVISIAAT O0Jice TPyObIMU U MEHEE IIaJAKHMHM, YTO MPUBOIUT K 00Pa30BaHMIO IIEPOXOBATOCTEH
1, BO3MOXKHO, OCaJKJICHUIO KJIacTepoB Oopa. [Ipn MakcumatbHOM KOHIIGHTparuu 6opa (6,0 %) gacTu-
el Y-Al20s BeITIAAAT ee 6osee rpyosiMu. OHU TEPSIIOT CBOKO C(hepUIHOCTD U MPpUoOpeTaroT OoJiee
HENPaBIUIBHYIO (DOPMY, UTO YKa3bIBaeT Ha CHIIBHOE BIIMSTHUE OOpa Ha CTPYKTYpy Marepuaa. Ha mo-
BEPXHOCTH 3aMETHBI TPEIIMHBI ¥ INTyOOKHe pa3ioMbl. HabmronaeTcst BrIpakeHHas arperaius 4acTHUIl
1 popMupoBaHUE 00JIee TUIOTHBIX YIaCTKOB. DTO YKa3bIBaCT HA 3HAUUTEIHHOE CHIKEHUE TIOPUCTOCTH
U BO3MOYKHOE MOSIBJICHHME HOBBIX (ha3 MIIH COCAMHCHUH, CBA3aHHBIX C 00POM. DTOT PE3yJIBTAT COITaCyeTCs
C YMCHBIIICHHUEM Y ICIIFHON TLTOMIA I TIOBEPXHOCTH KaTaINu3aTOPOB C YBEIUYCHUEM COAep KaHUs Oopa.

KucnorHslie cBo#icTBa KaTann3aTopoB Ha 0cHOBE Y-Al>O3, MOTUDHITMPOBAHHBIX OOPOM METOIOM
MIPONUTKH, OBLITN UCCIIEIOBAaHBI METOJJOM TEMIIEPATyPHO-IIPOT PAMMHUPYEMOH AeCOPOIIY aMMHaKa
(tabu. 2). Kak BUJIHO U3 IPUBEICHHBIX B TAOJIUIE PE3yIbTaToOB, UCXOMHBIH V-Al.Os obnanaer Hau-
MEHbIIEH KOHLEHTPAEeH KUCIOTHBIX HEHTPOB (246 MKkMOIb/T). Moguduuuposanue y-Al-0s 6opom
MPUBOIUT K 3HAUUTEIIPHOMY YBEJIIMUCHUIO KOHIIEHTPALIMK KaK CJIa0bIX, TAK U CHJIBHBIX KHCIOTHBIX
neHTpoB. Ha obpasme 6,0 % B/y-Al,O; koHIICHTpanuy caObIX U CHIBHBIX KUCIOTHBIX IIEHTPOB JI0-
CTUTAIOT MAaKCUMaJIbHEIX 3HaueHuil 241 u 272 MKMOJIB/T COOTBETCTBEHHO, a 00IIas KUCIOTHOCTE
coctaBisieT 513 Mxmous/T. [Ipu 3TOM HabIIOHaeTCS U3MEHEHUE TEMIIEPaTyp JecopOIny aMMHuaKa:
temmeparypa Tj yBelIUUnBaeTCs, YTO yKa3bIBACT HA YCUJICHHE CJIA0BIX KHCIOTHBIX CBOWCTB, a TEMIIC-
patypa T} CHIKaeTCsl, 9TO CBHIICTEIBCTBYET 00 H3MEHESHUH MTPHPOIBI CHUIBHBIX KACIOTHBIX IEHTPOB.
[lonyueHHBIC Pe3yJIBTATHI IEMOHCTPUPYIOT, UTO BBeAeHHE Oopa B Y-Al2Os siBisercs 3¢ HeKTUBHBIM
CII0CO00M PEryIHPOBaHUS KHCIOTHBIX CBOWCTB KaTallM3aTOPOB, YTO MOXKET OBITh MCIIOIB30BAHO IS
ONTHMH3AIMU UX KATAJTUTHYCCKONH aKTHBHOCTH.

BnusiHue cocraBa OopaTcomepIKaIiero OKCHIa alllOMUHUS H TEMIIEPATy PbI TPOBEICHUS IpoIiecca

Ha ero KaTaJMuTHYECKUe CBOWCTBA B PEaKIIMK IPEBPAIlEHHs MPOoaHa B 0Jie(h)HOBBIE YIIIEBOAOPOIbI

Ta6muua 2. Kucrnotsslie cBoiicTBa ucxognoro ramma-Al,O; i B-conepxaimunx karaan3atopos

Table 2. Acidic properties of B-containing catalysts

Tyaxe, °C KonieHTparius, MKMOJIb/T
Karanuzarop

T, Ty C Cu Cy

v-ALOs 150 360 149 97 246

1,0 % B/y-Al,04 155 300 131 138 269

2,0 % B/y-ALOs 160 310 165 223 388

4,0 % B/y-Al,05 175 270 191 232 423

6,0 % B/y-Al,05 180 240 241 272 513
Ipumeuanue. T;. Ty — TeMmepaTypbl MaKCUMYMOB HH3KO- M BBICOKOTEMIIEPATypPHBIX ITHKOB Ha TEPMOJECOPOIHOHHBIX

KPHUBBIX; CI. C” u Cz — KOHIOEHTpanuun c1a0bIX U CHJIBHBIX KHCIIOTHBIX LUEHTPOB U UX CyMMa COOTBETCTBEHHO.
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npescrasiieHs! B a0 3. [1o JaHHBIM KaTalnTHYECKUX UCCIEOBAHUIMA, U151 BCEX HCCIENyeMbIX 00pa3IioB
KaTaJn3aTOPOB C POCTOM TEMIIEPATY PhI IIpoIiecca HAOII01AeTCs yBEINIEHUE CTEIIEHH MTPEBPAILCHHS
MpoNaHa U BbIX0Ja 0JIeHMHOBBIX YIIIeBOAOPOJ0B. OCHOBHBIMU IIPONYKTaMU IIPEBPAILEHHSI TpOTIaHa
SIBJISIIOTCSI METaH, 3TaH, 3THJICH W IPOIMICH. B He3HAUNTEIbHOM KOJIMYECTBE IIPUCYTCTBYIOT BOJO-
poxn, ankenbl Cy, ankanbsl C4—Cs 1 apoMaTHYeCKHe YIIICBOAOPOIbl. BBeaeHEe O0pa METOAOM MIPOITUTKA
B 7-Al,O; MPUBOANT K CHHIKEHNIO KOHBEPCHH TIPOTIaHa U YBEIMYEHHUIO CEJIEKTHBHOCTH 00pa30BaHU
0s1e(DMHOBBIX yIJIEBOIOPOaOB. Tak, HAlIPpUMEp, CEICKTUBHOCTh 00pa3oBaHus 0Jie(UHOB Ha 0Opasie
4,0 % B/y-Al,O; npu Temmnieparype peakuuu 650 °C cocrasisier 69,6 %, uto Ha 10,6 % Gombiie, yem
Ha UCXOIHOM Y-Al,O3 pH 3TUX e YCIOBUSIX IPOBEACHHUSI ITpoLiecca.

Ha puc. 3 npuBenens! gepuBaTorpaMMbl B-conepkammx KaTajin3aTopos, IPOopadOTaBIINX B IPO-
ecce JeTuIpHpoBaHUs IponaHa B TeueHne 6 yacoB. Kak BUIHO U3 PUBEACHHBIX Ha PUC. 3 KPUBBIX,
nmanubie JITA xopomro cornmacyrores ¢ pedynpratamu 11 u JITT, ynanenue Boasr naet sHI03(deExT,
a BBITOPAHUE KOKCOBBIX OTJIOKEHUH COMPOBOXKAAETCS MHTEHCUBHBIM dK303(dexrom. [Ipu HarpeBaHuu
ncxonnoro y-Al,O5 1o 345 °C Ha Tepmorpasumerpuyeckoid kpusoit (JITI") nabironaercst nuk npu
~109 °C, koropomy Ha auddeperiuambHO-TepMuuecKoi KpuBoii (ITA) coOTBETCTBYET HIOTEPMHU-
yeckuit apdext okoso 110 °C. DToT Iporecc conpoBoxaacTcs norepeit macesl oopasna Ha 3,01 %

Mac., 9To 00yCJIOBJICHO yIaJCHHEM aacopOoupoBaHHON Bombl. B nHTEepBase Temmneparyp 345—-660 °C

Tabnuua 3. Biusiaue cogepsxkanus 6opa B y-Al,O; 1 TeMneparypbl mporiecca Ha OCHOBHBIE TIOKa3aTeH Iporecca
MpeBpaleHNs poaHa Ha B-comepxkamux karaau3aropax

Table 3. Effect of boron content in y-Al,0; and process temperature on the main parameters of the propane
conversion process on B-containing catalysts

CeneKTUBHOCTB, % Mac.
Karanuzarop T.°C| X% | Y,% E g E E E =
s 2| E|E |Ev| %
£ | 35| 5| B |<o|<S| &
550 3 2,2 2,3 17,3 20,9 | 46,1 - 3,5 9,9
v-ALLOs 600 27 19,1 38 21,5 8,3 60,4 2,1 1,2 2,7
650 52 30,7 3,5 343 17,1 40,7 1,2 0,8 2,4
550 3 2,3 2,2 16,8 | 23,9 51,3 1,0 2,5 2,3
1,0% B/y-Al,0; 600 16 12,5 2,6 19,8 | 23,5 | 50,3 1,6 0,4 1,6
650 48 30,7 2,5 32,0 | 24,3 | 384 1,5 0,1 1,2
550 2 1,8 1,7 20,1 26,3 | 45,5 0,8 3,1 2,5
2,0% B/y-Al,04 600 13 9,7 2,2 21,5 | 28,5 | 44,8 1,4 0,5 1,1
650 40 27,4 1,9 29,3 29.2 | 36,4 2,1 0,2 0,9
550 2 1,6 1,6 18,8 27,5 | 46,4 - 33 2,4
4,0% B/y-Al,0; 600 12 9,3 1,8 21,3 29,3 452 0,9 0,5 1,0
650 38 26,7 1,7 27,6 31,1 36,6 1,9 0,2 0,8
550 2 1,6 1,5 24,1 26,3 | 433 - 3.8 1,0
6,0% B/y-Al,0; 600 11 8,7 1,7 18,0 | 30,9 | 47,5 0,7 0,6 0,6
650 36 24,7 1,6 29,0 | 30,7 | 36,0 1,9 0,2 0,5

Ipumeuanue. T — Temnepatypa peakiuu; X — KOHBEpcHs; Y — BBIXOJ OJIe(HHOB.
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Puc. 3. Tepmorpammsl ucxogaoro ramma-Al,O; 1 B-cogepkamux xaTaan3aTopos, 0Tpab0TaBIIMX B IpoLecce
JETUAPUPOBAHUS NIPOIIAHA B TEUCHHE 6 4acoB

Fig. 3. Thermograms of B-containing catalysts that have worked in the process of propane dehydrogenation for
6 hours

Macca obpasia ymeHbliaercs Ha 14,54 % mac. BeieACcTBUE TEPMOOKUCIUTEILHOTO PA3JI0KEeHUS yTIie-
pozcoaepKalux KOMIIOHEHTOB (BBITOpaHUs KOKca). JJaHHBII MPoIecc MOITBEPK1AeTCs BBIPAKEHHBIM
sK30TepMHuUecKUM dpdexTom mpu ~538 °C Ha kpuBoii JITA, KOTOPOMY COOTBETCTBYET IIMPOKUN TTHK
Ha kpusoit ITT npu 554 °C. Ha B-cozmepxamux karannzaTopax o0pa3yeTcs HAMHOT'O MEHbIIIE KOKCa.
Hanpuwmep, 1uist katanuzatopa 2,0 % B/y-Al.Os maccoBas nouis kokca coctasisieT 1,85 %, uto Ha 12 %
HUXKE TI0 cpaBHEHUIO ¢ UCXOMHBIM V-Al20s. I[Tuku ATT u ATA y3kue, 9T0o CBHAETEIBCTBYET 00 OHO-
POIHOCTH YITIEPOAHBIX OTIIOKEHHH. JlapHeliee yBeanueHue cogepskanus oopa 1o 4,0 % npuBoaut
K JaJIbHEHIIIEMY COKPAIIEHUIO KOJTMYECTBA KOKCOBBIX OTIOKCHHH.

CpaBHUTENBHbBIE XapaKTEPUCTUKH KAaTAIMTHUECKOH aKTUBHOCTH B-cozepkaiiyx KkaTtannu3aTopos,
TIOJTYYCHHBIX Pa3IMYHBIMH CIIOCOO0aMH, B IIPOLIECCEe IeTUAPUPOBAHUS ITPONIaHa IIPUBEICHBI Ha puUC. 4.
Katanusarop, Homy4eHHbIH METOIOM HOHHOTO 00MeHa, 001aiaeT HanOoJIbIIeH aKTHBHOCTBIO U CEJICK-
THBHOCTBIO B OTHOLIEHHH 00pa30BaHus 0Je()MHOBBIX yIIICBOIOPOIOB U3 MTporaHa. Beixos o1e(hrmHOBBIX

yraeBonoponoB mpu remmepatype 650 °C coctasnser 36,7 % npu konBepcuu npomnana 57 %. Beenenue

[ S3TMneH I SnponvaeH I SC1-C2 ===¢===KoHBepCHA === Bbix0a 0ned.YB
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MeTtox BBeleHHsI 00pa B KATAIN3ATOD MeTox BBeacHus Gopa B KATATHIATOD

Puc. 4. 3aBUCHMOCTb OCHOBHBIX ITOKa3aTeseh Ipouecca 1nmpespalleHus npomnaHa B OJ'Ie(bPIHOBLIe YTII€BOAOPOABL
oT crocoda BBCACHUSA 6opa B KaTaJiu3aTop U TEMIICPATYPHI ITpoLecca

Fig. 4. Dependence of the main indicators of the process of conversion of propane into olefin hydrocarbons on the
method of introducing boron into the catalyst and the process temperature
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00pa B OKCHJ aJTFOMHHUSI METOJAMH IIPOMUTKHU U TBEPAO(A3HOI0 MEXaHUYECKOTO CMEIICHHS TPUBOIUT
K MOy YEHUI0 KaTaJINu3aTOPOB, 00IAJAIOIINX MPAKTHYSCKU OJTMHAKOBOW aKTUBHOCTHIO U CEJICKTUBHO-
CTBIO B OTHOLICHUHU 00pa30BaHusl 0Je(PUHOBBIX YIIIEBOIOPOIOB.

UccnenoBanus metomom TIIJ] ammuaka mokasanm, 4To B-comepikarire KaTaan3aToOpsl, MOITY-
YEHHBIC Pa3HBIMHU CIIOCO0AMHU, OTIANYAOTCS [0 KUCIOTHBIM CBOHCTBAM M IMPEXKC BCETO 10 CUJIC

¥ KOHICHTPAINHU CUIBHBIX KUCIOTHBIX HEHTPOB (Tabu. 4). B-comepikamiue oOpasIisl, MOIyYeHHBIC

Ta6nuua 4. KucnotHeie cBolicTBa B-comeprkaniux kataan3zaTtopos o ganubM TIT/ amMuaka

Table 4. Acidic properties of B-containing catalysts according to TPD data of ammonia

T oC Konnentpanus KUCIOTHBIX LIEHTPOB,
Karanuzarop e MKMOJIB/T
Ty Ty (O Cu Cz
B/y-ALO5(IT) 175 270 191 232 423
B/y-ALO5(C) 170 250 182 281 463
B/y-ALO;(11) 160 365 142 80 222

MPOIMUTKON U MEXaHUYCCKUM CMEIICHHEM, XapaKTePU3YIOTCS HAJTHIHEM KUCIOTHBIX IICHTPOB IPaK-
THYECKH OJMHAKOBOW CHJIBL, IPH 3TOM Juist oOpasma B/y-Al,O;(C) mabmarogaeTcs 6oyee BEICOKOE CO-
JIepYKAHKUE CHIIbHBIX KUCIOTHBIX HEHTPOB. Y-Al,O3, B KOTOPBIH OOp BBEIECH METOI0OM HOHHOTO OOMEHa,
COZICP)KUT HAMMEHbIIIEE KOJIMIESCTBO CHIBHBIX KUCIOTHBIX IICHTPOB, MMEIOIIUX CYIIECTBEHHO OOJBIIYIO
CHITY TI0 CPaBHEHHIO C 00pa3laMH, MOIYyYCHHBIMH APYTUMH criocobamu. OOHAPyKEHHbBIC H3MEHCHUS
B KOHIICHTPAIIMH CHJIBHBIX KUCJIOTHBIX IIEHTPOB SBIISIOTCS (PAKTOPOM YITYUIICHUS CEIEKTUBHOCTH
110 OJIC(PMHOBBIM YTJIEBOIOPOIAM, TAK KaK MOJICKYJIbI 0JIe()HHOB ObICTPEE IECOPOUPYIOTCSI C CUIIBHBIX
KHUCJIOTHBIX LIEHTPOB [9].

Ha puc. 5 npeacrasiiena mopdosiorus B-coaepkainx KaTain3aTropos, MOJYyYCHHBIX Pa3IHIHbI-
mu criocobamu. Ha COM-u300pakeHUAX HCCIIeAyeMbIX 00pa3IoB HAONMIOMAIOTCS 3aMETHBIC OTIIHYHSL.
[Tpu MEXaHUYECKOM CMEIICHHH O0p pacipenessieTcs 0 MOBEPXHOCTH YaCTHUIl OKCH/1a aJIFOMUHHUS
OTHOCHUTEIIFHO PaBHOMEPHO, OTHAKO CTPYKTYypa ocTaeTcs Tpy0oii, ¢ arioMepanueid 4acTuIl U He-

PaBHOMEPHBIM UX PACHPCACICHUCM. I‘IaCTI/II_H)I YacTO BBITJIAAAT KPYIIHBIMU 1 UMEIOT HEPOBHOCTH

B/y-ALOs(ID) B/y-ALOS(C)

Puc. 5. Caumku POM y-Al,03, MOIUGHUIIPOBAHHOTO OOPOM PAa3THYHBIMHU CIIOCOOAMHU
Fig. 5. SEM images of y-Al,O; modified with boron in different ways
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Ha MIOBEPXHOCTH. B oTiiMuHe OT 3TOro, CHUMKH, Oy 4YEeHHbIE TIOCIie BBEJIEHNUs 00pa METOJOM HOHHOTO
o0MeHa, IeMOHCTPUPYIOT OoJiee paBHOMEPHOE pacipeelieHie 6opa, IPH KOTOPOM MOBEPXHOCTh YaCTHI
CTAHOBHUTCS 00Jiee FTOMOTEHHOM M OPUCTOM. YaCcTHIIBI HA TAKUX CHUMKAaX UMEIOT 00JIee MEIIKYIO 3ep-
HHUCTOCTh M PAaBHOMEPHOE PaCIpeleliCHUe 10 pa3MepaM, YTO yKa3blBaeT Ha JIy4qllee IPOHUKHOBEHHUE
0opa B CTPYKTYpy OKCHJa allfoMUHUS 1 Oosee 3 hekTrBHOE B3aMMOICHCTBUE C €0 MOBEPXHOCTHIO.
YacTunsr oopasua B/y-Al,O3(I1) nmeroT cdhepudeckyto GpopMy ¢ MIEPOXOBATOCTIMH ITOBEPXHOCTH

¢ oOpa3oBaHHEM KJacTepoB Oopa.

3akjrouenne

Takum 0Opa3oM, Ha OCHOBAHHUHU MOJYYCHHBIX PE3yIbTATOB MOXKHO 3aKIIOYUTH, UTO
B-coaepikaiine kataau3aTopbl, IPUTOTOBICHHBIE HA OCHOBE Y-Al,O3, MPOSBISIOT BHICOKY IO
CEIICKTUBHOCTH B IIpOIeCcCe MPEeBpalIeHUs pOIlaHa B 0Je(UHOBBIC yIiIeBOAOpOARL. [Ipu 3TOM
KaTaJnu3aToPbl, ComepxKaliue 0op, pa3IMIarTCs 0 CBOUM KHUCIOTHBIM U KaTAJIUTHYCCKUM CBOM-
CTBaM B 3aBUCHMOCTH OT METOJIa HX MPHUTOTOBJICHHA. HanbonpIree KOIndecTBO 0JIe(hHHOBBIX
YIJIEBOIOPOIOB B MPOLIECCEe MPEBPAICHHS MTpornana npu Temmneparype 650 °C odpasyercs Ha Ka-
Tanusarope, cogepxkameM 4,0 % B, BBeIeHHOM METOIOM HOHHOTO 00MeHa, U coctaBuseT 33,4 %
npu KoHBepcuu 52 %, a CeIeKTUBHOCTH 00pa3oBanus ojnehuuos C,—Cs qocturaet 64,4 %. OtoT
crocob MoauGUIUPOBAHUS, TO-BHAUMOMY, oOecriedrnBaeT 0ojiee paBHOMEPHOE paclpe/icicHue
6opa B cTpykType ¥-Al203 1 hopMHpOBaHHE ONTHUMAJIBHBIX KATAJIUTHYCCKUX [IEHTPOB, YTO CIIO-
cOoOCTBYET MOBHIICHHUIO AP (HEKTUBHOCTH Iporecca. OOHapyKECHHBIC H3MECHEHUS KaTaTUTHICCKUAX
cBOMCTB y-Al,O; B 3aBUCUMOCTH OT KOHI[CHTPALKHK 00pa B KaTaln3aTOPe U Cr1oco0a ero BBEACHUS
CBSI3aHBI C PA3IUYUSIMHA B €T0 pacIpeielIecHHH Ha IIOBEPXHOCTH OKCHIa aTIOMUHUS U B3aNMOJICH-

CTBHUH NIPOMOTOpPA C aKTUBHBIMH HCHTPAMU KaTajn3aTopa.
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Abstract. The paper describes an improved single-stage method for obtaining betulonic acid from birch
bark with recrystallization from ethanol. The structure and composition of the obtained betulonic acid
were confirmed by FTIR, NMR spectroscopy and elemental analysis. Thermal studies of betulonic acid
were carried out using differential scanning calorimeter (DSC). The antitumor activity of betulonic acid
and betulin was studied on Ehrlich ascites carcinoma culture in vivo experiments. It was found that
under the influence of betulin and betulonic acid the content of dead cells of Ehrlich ascites carcinoma
increased. It was shown that betulonic acid has a protective effect on the hematopoiesis system and does

not have a toxic effect on the body.
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YcoBepuIeHCTBOBAHHBIN CIIOCO0 MOJTYy4YeHUs 0eTYJIOHOBON KUCJIOTHI

u3 OepecThbl Oepe3bl M €€ MPOTHBOOIYX0JIeBasi AKTUBHOCTh

E.C. Ckypsoiauna?, C. A. Ky3nenona?, B. A. JleBnanckuii?,
. N. Mopry:uc®, H. B. I'apbianesa® ®, b. H. Ky3nenos®
“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
QU] «Kpacnoapckui nayunvii yeump CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

*MeotcOyHapoOuviil HayuHbLL YeHmp UCCLe008AHUT IKCMPEMATbHBIX
cocmosnuti opeanusma PUL] KHI] CO PAH

Poccuiickas ®edepayus, Kpacnosapck

*Kpachoapckuii 20cy0apcmeenHblll a2papHbulil YHUSepCcumem
Poccuiickas ®edepayus, Kpacnosapck

AnHoTanus. B paboTe ommicaH ycoBepIIeHCTBOBAHHBIH OTHOCTAaIUITHEIN CIIOCO0 IOy UYeHHsI OSTYIOHOBOU
KHCIJIOTHI 3 OepecThl Oepesbl ¢ NepeKkprcTauin3anueii u3 stanosna. CTpoeHHe U COCTAB MOy UYeHHOM
0eTyIIOHOBOM KUCIOTHI MOATBepKaAeHBI MeTonamMu K-, IMP-criekTpocKomnmy 1 3IeMEHTHOTO aHaJIH3a.
C ucnonp3oBanueM auddepenimansHoro ckanupytomero kanopumerpa (JICK) mpoBeneHbl TepMudeckue
ncciejoBaHust 0eTyJIOHOBOI KHCIOTHI. M3ydeHa MpoTHBOOIYX0J1eBast aKTHBHOCTD OCTYJIOHOBOH KHCIIOTHI
1 OeTylrHa Ha KyJIBTyPe aCIIUTHON KapIITHOMBI DpJinXa B SKCIIEPUMEHTAX i1 Vivo. YCTaHOBIICHO, YTO
1071 BO3JICHCTBHEM OCTYIMHA U OSTYIOHOBOI KHCIIOTHI yBEITUYMBACTCS COAEPIKAaHNE MEPTBBIX KIIETOK
aCLMTHOM KapuuHoMbl Dpiuxa. [TokazaHo, 4To 6eTylIOHOBasI KMCIIOTa MPOSIBIISIET 3AIUTHOE JIeiiCTBUE

Ha CUCTEMY KPOBCTBOPCHUA U HC OKA3bIBACT TOKCHUYCCKOI'O BOBﬂeﬁCTBHﬂ Ha OpraHu3M.

KuioueBble ciioBa: Gepecta Oepésbl, OeTyIMH, OETYIOHOBAsI KMCJIOTA, TPOTHBOOITYX0JIEBasi aKTHBHOCTB,

acIUTHAS KapImHOMa DpIuxa.
BaaromaprocTn. Pabota BeimonHena B pamkax ['ocynapcreennoro 3amanust UXXT CO PAH ®UIL]

KHII CO PAH, npoext FWES-2021-0017. B padoTe ncnonb3oBano obopynoBanue Kpacuosipckoro
PErHOHANIBHOTO IIEHTpa KoJIeKTuBHOTO nonbk3oBanus UL KHI CO PAH.
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BeipakaeM 611arojapHOCTh 32 KOHCYJIBTAIUIO 11.0.H., C.H.C. MeXIyHapOJHOTO HAYIHOTO IIEHTPa
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BBenenne

B nocnennue pecstuiieTust 00IbIIOE 3HAUCHHE IPUIACTCS CHHTE3Y M U3y4eHUI0 (hapMaKoJIoru-
YEeCKHX CBOIMCTB OETYJIMHA M €ro IPOU3BOIHBIX, 00J1aal0NX aHTHOKCUJAHTHBIMH, T'acTPO- U refa-
TOMPOTEKTOPHBIMHU, TPOTHBOBUPYCHBIMH, IPOTHBOOIYXOJIEBBIMH U 1p. cBoiicTBamu [1-3]. betynun
1 €T0 NPOU3BOIHBIE MTPOSBIAIOT CHOCOOHOCTH M30MPATENBEHO OAABIATH POCT OMYXOJIEBBIX KIIETOK,
HE BJIUSISL IPU ATOM Ha POCT HOPMAJIbHBIX KJIETOK [4, 5]. Hanbosee nzyyeHa npoTHBOOIYX0JIeBasi aKTHB-
HOCTB OETYJIINHOBOW KHCIIOTHI, TUIPOIHOHATA OSTYyJINHA U IPYTUX MPOU3BOAHBIX OCTYIMHA, OHAKO
WX CHHTE3BI SBISIIOTCS JJOCTATOYHO CIOXKHBIMU U MHOTOCTYTIEHYaThIMU [4, 6, 7].

Berynonosas xucnota (bK; 3-okcomyn-20(29)-en-28-0Bast KucinoTa; prc. 1) mpeacTaBiseT co0oi
OMOAKTHUBHOE BEILECTBO, MPOSBISIONIEE IPOTHBOBUPYCHYIO, IPOTHBOBOCHIAIUTEIBHYI0, aHTHOKCH-
JAHTHY0, UMMYHOMOJAYJIMPYIOIIYIO U HUTOTOKCHYECKYIO U JIp. akTUBHOCTH [8—11].

HccnenoBanus, onyOIMKOBaHHBIE B COBPEMEHHOHN JTUTEpaType, MOKa3alH, YTO TPOU3BOTHBIC
0ETYJIOHOBOM KHCIOTHI 00J1a1al0T BaKHOW IIUTOTOKCHYECKON U MPOAIIONTOTHYECKOH aKTHBHOCTHIO
in vitro, 0lIHAKO KOJTUYECTBO MCCIEAOBAHUY i1 Vivo orpaHudeHo [§].

berynoHoBast KHCIIOTA SIBIISIETCS IPOMEXKYTOUHBIM ITPOTYKTOM ITPU CHHTE3€ OETYJIMHOBOIN KUCIOTHI
U JIPYT'UX HEHHBIX OMOJIOrMYeCKH aKTUBHBIX BelecTB. [loyyueHne OeTyI0HOBOIM KUCIOThHI MEHEe 3a-
TPATHO, YeM CHHTE3 OETYIMHOBOH KHCIIOTHI. BONBIIMHCTBO OMMCAHHBIX B JINTEpaType CIIOCOO0B CHHTE3a
0eTyJIOHOBOW KHMCIIOTHI OCHOBAaHbI HA OKHCIICHUH OeTyJIMHA coeuHeHnsAMHU XpoMa (V1) B opraHnyecknx
cpenax. HemocraTkoM naHHBIX CIIOCOOOB SIBJISIETCS MHOT'OCTaIMHHOCTD ITpoliecca, He00X0UMOCTh

NPUMEHEHUS OTJCJIBHOM CTaIMH BhIJACICHHUS OeTynuHa u3 oepects [12—14].

29CH,

HiC30— ., //
N

19—22
12 1&/ 23
17 S N OH
25CH, 260H3l Nesg”
1 1 1 \\

PP

PN N

Puc. 1. Ctpykrypnast popmyiia 6 TyIOHOBON KHUCIOTHI
Fig. 1. Structural formula of betulonic acid
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ABTOpamu ObLJI MPEJIOKEH OJHOCTAINIHBIN CrI0CO0 MONyYeHUs OETYIIOHOBOM KUCIIOTHI U3 Oe-
pecTsl Oepe3bl, MUHYS CTaIUIO BEIACICHU OeTynuHa [15, 16]. beTyI0HOBYIO KUCIOTY MOTyYalln
HETIOCPEICTBEHHO U3 6epecThl Oepe3bl, COBMENIas B OAHOM IPOLIECCe CTaANIO0 IKCTPAKIIUK OeTyInHa
13 OepecTsl ¥ ero OKHCIIEHHE peakTHBOM J»KoHca 10 OeTyJIOHOBOW KHUCIIOTHI. YaaneHue (GeHOIbHBIX
BemecTB u3 6epecThl 1 %-HBIM pacTBOPOM T'MAPOKCHAA HATPHS CIIOCOOCTBOBAJIO MOBBIIICHHUIO BbI-
x0/1a OeTyIOHOBOH KHUCHOTHI ¢ 15,6 no 17,5 % [15]. IlpumeHeHre OeH307a B IIPEIIOKEHHOM CHHTE3¢
0eTYJIOHOBOI KUCIIOTHI IIPOTUBOPEUYHUT COBPEMEHHBIM TPEOOBaHUSIM OE€301IACHOCTH M YCTOHYHBOIO
passutus. benson knaccudunupoBan Mex1yHapoIHBIM areHTCTBOM 110 n3ydeHuto paka (IARC) kax
KaHLEPOreH IPyIIIbl 1, BI3BIBAIONIUI JCUKEMHUIO U APYTHE OHKOJIOTHYEeCKHe 3a00IeBaHM S JIaXe MPH
HU3KNX KoHIeHTpanusx [17]. Takske 6€H3011 HE COOTBETCTBYET KPUTEPUSIM «3EJICHBIX PACTBOPUTEIICH»
U3-32 BBICOKOH TOKCHYHOCTH | JieTy4ecTd. COBpEMEHHBIE UCCIIEI0BAHUS IIPEJIAraloT 3aMeHy OeH3011a
Ha OmopasiiaraeMble aHAJOTH: dTHIIALIETAT, TUKIIOreKcaH uiu 3Tanon [18,19]. I[loatomy npu nonydeHun
0ETYJIOHOBOI KHCIIOTBI HEMOCPEICTBEHHO U3 OepecThl Oepe3sbl 11e1eco00pa3Ho paccMOTPETh BO3MOXK-
HOCTB 3aMEHBI TOKCHYHOT0 OeH30J1a Ha 00JIee SKOJIOTHYHBIH ATaHOII.

B pabote [20] oTMeueHa X0opoliiasi TepMOCTa0UIBHOCTE OSTYIOHOBOM KHUCIOThI, KOTOpas 00ecre -
BAETCsI BBICOKOM TEMIIepaTypoil IIaBJICHUS HCXOIHOTO OETYIINHA, U3 KOTOPOro OHA OblIa CHHTE3WPOBaHA.
OcHOBHas IOTEPsI MACChl OCTYJIOHOBOM KUCIOTHI IIPOUCXOAUT B nHTepBase 286,7-307,6 °C (okoJo 41
% maccsl). HarpeBanue OeTynoHoBoH kKucnotsl 10 525 °C npuBogut k odmei norepe maccsl 100 %.

Llesnbto TaHHON PabOTHI SBJISLIIOCH COBEPIIEHCTBOBAHME METO/IA IOy UYCHHUS O TYJIOHOBOW KHCIIOTHI
13 O6epecThl Oepe3bl B COOTBETCTBUM C IIPUHIUIIAMH «3€JICHOM XUMHUW» C UCIIOIb30BAHUEM STHIIOBOTO
CIIUPTA IIPU OUYUCTKE OSTYIOHOBOM KHCIOTHI BMECTO PaHEe HCIIOJIb3yeMOro O€H30J1a U U3y YeHHUE TPOTUBO-
OITyXOJICBOH aKTUBHOCTH OCTYJIOHOBON KMCIIOTHI M OETYJIMHA B 9KCIIEPUMEHTAX i Vivo Ha acCIIUTHOH

KapIuHoOMe Dpiuxa (aHaJoT KapIIHHOMBI MOJIOYHOH JKeJIe3bl UeTIOBEKa).

BKCHepl/IMeHTaJI])HaSI JacThb

B xauecTBe UCXOIHOTO CHIPBS UCTIONB30BAIN OepecTy KOpbl Betula pendula Roth., 3ar0TOBICHHY O
B OKpecTHOCTSX I. KpacHosipcka. bepecTy 0epé3bl mpeiBapuTesIbHO U3MENbUan 10 (paKIui pazMepoM
1-3 mm u BeicymmBanu npu 105 °C o BraxxHocTH MeHee 1 %. XuMHUYecKuil cOCTaB 3arOTOBIEHHON
OepecTsl Mpe/cTaBleH CleAyomuMu coeauaenusamu ( % mac.): TputepneHouast 34,7 (13 aux 30,0
Oetynun); cyoepun 40,3; nurauH 13,5; nemrronosa 3,8; menTo3aHs 3,1; 30:1a 2,3; ypOHOBEIE KUCIOTHI
1,2. AHaJIM3 XUMUYECKOT0 COCTaBa OepecThl KOPbl Oepe3bl MPOBE/ICH 0 TPAJAUIIMOHHBIM B XUMHH

JIpeBeCHUHBI MeTOIUKaM [21].

Memoouka nonyuenus 6emynoHo8ou Kuciomsel u bemynuna uz bepecmol Oepésvi

B Tpexropayio KpyTiIofoHHYIO KOJI0y 060beMoM 2 JI, CHAO)KEHHYI0 MEIIaiKoil, 0OpaTHBIM X0JIO0-
TUIBFHUKOM ¥ KaleJIbHOH BOPOHKOM, 3arpyxanu 50 T M3MeNbYeHHON OepecThl U 3anuBaiu 1 i are-
ToHa. [Ipy MHTEHCHBHOM NEpEMEIIMBAHUN MEJJICHHO MTPUOABIISIIN CBEKEIPUTOTOBJICHHBIH PEaKTHB
Jxonca (cmech 6,7 T CrO;, 5,8 Mt H,SO,4 pa3baBisiin TuCTHIITMPOBAaHHON BOJOH 10 25 MiT) 1 nepe-
MENIUBaJIM TpH TemmepaType BomsiHoi 6anu 18—20 °C B Teuenue 4 yacos. [Tociie OkKOHYaHUS peaKIIu
OTJEISIIIN PACTBOP OT OCTATKOB OepecThl. [loaydeHHBIH pacTBOp OTTOHSIIN J0CYXa, BBIJCICHHBIN
0CaJIOK MIPOMBIBAJIN AUCTHILIMPOBAHHON BOJOM. 3aTeM ocanok pactBopsutk B 200 mMit 3TaHoa U 00-

pabatsiBanu 10 % pacTBOpOM I'MAPOKCH/IA KAJIUS C HEJbI0 IOy YSHHS KAJIMEBOM COJIN OETYIOHOBOM
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KHUCJIOTHI. BBIJIeNIeHHBIN CyX0Hl 0ca/loK KalueBoi coiu pacTBopsinu B 100 M 3TaHONA M BBIITUBAIH
B ctakaH, comepxkamuii 200 ma 10 % constHOM KUCIOTHI. BeImaBmmii ocagok OETYJIOHOBOI KHUCIIO-
ThI OT(GHIBTPOBBIBAJIH, IPOMBIBAJINA JUCTHIUTMPOBAHHON BOJIOW JI0 HEMTpaAIbHOW peaKkiUy, CyIININ
U OYMILAJIM [IEpEKPUCTAILIN3ALMEN U3 ATAHONA B IPUCYTCTBUU aKTUBUPOBAHHOrO yTIiisi Mapku OY-T.

berynun nonydanu no MeToy, ONMCaHHOMY B pabote [2].

Duzuko-xumuueckue Uccied08anus 66‘1’1’[)/]107—106‘011 Kucijonisl

Peructpanuio UK-cnexkrpoB mnornowmeHust ocywectsisiii Ha WK-Oypbe cnekrpomerpe
Shimadzu IR Tracer 100. MK-criekTpsl O€TYJI0HOBOH KHCIOTHI PErHMCTPUPOBAIN B 00JACTH JTHH
BOJIH 400—-4000 cm!. OOpasibl 1 ChEMKU TOTOBMIIM IIPECCOBAHMEM ¢ OPOMUIOM Kaius (3 MI 00-
pa3ua/300 mr KBr). O6paboTKy CHEKTpaJbHOW HHPOPMALMK TPOBOIUIN C MPUMCHEHHUEM IaKeTa
nporpamm OPUS, Bepcus 5.0.

Crextpbl SIMP perucrpupoBanu Ha criekrpomerpe Bruker Avance I11 600 MI'y 8 CD ;0D,0 —
TMC. Yncroty 6eTyJIOHOBOH KHCIOTHI TPOBEPSIIN METOJJOM TOHKOCIOHHOM xpoMaTorpadpuu (TCX)
Ha rutactuHkax Silufol (Chemapol, Uexust), B kKauecTBE AIIIOCHTA UCIIOJIB30BAIH CMECh XJIOPOHOPM:
METaHOI: MypaBbHHas Kuciora (cootHomeHue 100:2:0,5), mposBisIu B mapax uoxa. MismepeHue Tem-
neparypsl IiaBjieHus nposonuin Ha npudope Electrothermal A9100.

TepmorpaBuMeTpHUYECKHH aHAIN3 MPOBOAMIIA B KOPYHJOBOM THUTJIE C HCIIOJIb30BAHNUEM IpH-
6opa STA 449 F1 Jupiter (NETZSCH, I'epmanus) B quanasone remneparyp ot 30 no 700 °C B mo-
TOKE aproHa (CKOPOCTH IOTOKa 3alIMTHOTO M MPOAYyBOYHOrO razoB coctasisian 20 u 50 mu/MuH
cooTBeTcTBeHHO). CkopocTh HarpeBanus 10 °C/muH. PesynbraTel u3MepeHuii ObIIM 00paboTaHbI
¢ nomonisio nporpammuoro nakera NETZSCH Proteus Thermal Analysis 5.1.0, nmocraBisiemoro

BMECTE C IPUOOPOM.

Memoouku uzyuenus npomusoonyxonesot akmusHoCmu Oemyn0H080U KUCI0Mmbl

u bemynuHa npusedervl 8 JJonoIHUMENbHbIX MAMEPUATAX.
Pe3ynbrarhl 1 00CyxKIeHHE
Tonyuenue 6emynono60U KUCIOMbL U €€ PUIUKO-XUMUYECKUE UCCAEO0BANHUSL

[Mocre nepexpucTaIU3aUK U3 dTaHOJIa OB BbIJICICHBI OJIETHO-XKEIThIE KPUCTAILIBI OETYIIO-
HOBOH KHCJIOTHL. BBIX0J OETYJIIOHOBOW KHCIOTHI ITOCIE ePEeKPUCTALIH3AIUN COCTABUI OKoJo 12,8
% OT Macchl aDCOJIFOTHO CyX0il 6epecTsl (a.c.0.), YTO OYEBHUIHO CBSA3aHO C TEM, YTO PACTBOPHUMOCTH
0eTyJIOHOBOM KMCIIOTHI B 3TAHOJIE HHUXKE, YeM B OCH30II€, ¥ TIIPH OYMCTKE MPOUCXOIMIH TTOTEPH TIPO-
JNyKTa. BeIxon 6eTyI0HOBOM KHCIOTHI PH UCIIOJIB30BAHUHU B ITPOIIECCE CHHTE3a 00Jiee IKOJIOTHIHOTO
PacTBOPUTEIISI — ATAHOJIA — COCTABISAET OKOJIO 73 % OT MaKCHMaJIbHOTO KOJIMYECTBA BEIIECTBA, BbI-
JICJIEHHOT'0 B COOTBETCTBUH C METOAOM, PEJIOKEHHBIM B CTaThiX [15, 16]. TemnepaTypa niaBneHus
NIePEeKPUCTAIUIM30BAaHHOI OeTyJIOHOBOW KHCIOTHI cocTaBuia 246248 °C, 4To COOTBETCTBYET JINTE-
paTypHBIM JaHHBIM [23].

Boubliee KoMMuecTBO KHUCIOPOAA, TOJIYUYEHHOE TIPU NPOBEACHUH JIEMEHTHOI0 aHayn3a Oery-
JIOHOBOW KHCJIOTHI, MPEATION0KHUTEIBHO CBA3aHO C HAJUYHEM B KPHCTAJJIaX OCTAaTOYHOTO ATaHOIA

oCIIe MIePeKPUCTAILTU3AINY BemecTBa (Tadur. 1).
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Tabauua 1. DeMeHTHBIH cocTaB GeTYJIOHOBOW KUCIIOTHI, IOJIYUYSHHON U3 6epecThl Oepesbl

Table 1. Elemental composition of betulonic acid extracted from birch birch bark

Berynonosas kucnora, C3oHy60;

Haiigeno, %

Beruucneno, %

Yraepoxn

Bonopon

Kucnopon

Yraepon

Bonopon

Kucnopon

78,91

10,01

11,08

79,29

10,13

10,58

Ha xpomatorpaduueckux miactunax Silufol oOHapyskeHO MsTHO, KOTOPOE ObLIIO OTHECEHO K Oe-
TynoHoBoi kucnore (R¢ = 0,54), 9To cOOTBETCTBYET JaHHBIM, IIPUBEICHHBIM B pabdore [23]. Ctpoe-
Hue 0eTyJIOHOBOW KUCIOTHI oaTBepkaeHo merogamu K- u SIMP-cniekrpockonuu. B UK-cnektpe
0eTyIIOHOBOH KHCIIOTHI 3a()MKCHPOBAHBI BaJEHTHBIC KojeOaHus ruapokcuinbHol rpynmnsl B —COOH
B o6nactu 3200-2800 cm'. HaGmomarorcs nuku B obnactu 1706 n 1642 cm™!, xapakTepHble 11 Kap-
6okcuna (C=0 B -COOH) u xerorpynmnsl (C=0O npu C-3). [Tonyuennstit UK-ciektp 6eTysoHoBOM
KHUCJIOTHI COBIIAJIaeT C TaHHBIMU, MPUBEIEHHBIMHU B TUTEpaType [23].

"H SIMP-ciekTp nmosy4eHHOMH GeTyJIOHOBOM KUCIOTHI COAEPKUT CIIENYFOIIUE OCHOBHBIE CUTHA-
asl: 6 4.68 (M, 1 H, =CH2), 4.58 (1H m, =CH2),2.97 (1H m, 19-CH), 1.62 (3H, ¢, CH3), 1.03 (3H, c,
CH3), 0.87 (3H, ¢, CH3), 0.86 (3H, ¢, CH3), 0.84 (3H, ¢, CH3), 0.80 (3H, ¢, CH3). [Tonyuennsiii 'H
SIMP-criekTp GeTyJIOHOBOW KUCIIOTHI COBIANAET C TUTEPATypHBIMU TaHHBIMHE [23]. B cnextpe SAIMP
BC (8, m.1.) nHabnromaercs curnan aroma yriepoga C3-okcorpymnmnsl B o0nactu 218.9 M. U cUTHAI
atoma yriepoaa C28 kapOokcuiabHOU Tpymibl B o6mactu 177.8 m.a. J[BoitHast CBSI3b B M30MPEHOBOM
(parMenTe npy NATUUIEHHOM KOJIbLE MOATBepKnaercs HanuaueM B C SIMP-cnektpe curnanos *C
(6 m.1.): 149.9 (C20), 108.1 (C30), 18.7 (C29), 4TO COOTBETCTBYET AaHHBIM, MIPEACTABICHHBIM B JIUTE-
parype [23].

AHaIu3 pe3yiabTaToB TEPMHUUYECKUX HCCIEJOBAHUIN MOJYUEHHOW OETYJTOHOBON KHMCIOTHI MOKa-
3bIBaeT, 4To 70 Temreparypsl 200 °C 3ameTHON yOBIIM Macchl 00pasna He MPOMCXOIUT (pHc. 2a).
B T0 e Bpemst kpusas JICK (puc. 20) 1eMOHCTpUPYET JBa SHAOTEPMHUUECKUX TUKA C MAKCUMYMaMH
nipu 107 1 162 °C. Tak kak yObUIM Macchl B 3TOM JHalla30HE TeMIeparyp He HaOiIrogaeTcs, TO MOXKHO
MPEIIOJIONKHUTh, YTO JaHHbIC ITMKU XapaKTepU3yIoT (a30oBblii Iepexo/ — JIaBJICHUE BEIECTBa, a TaK-
K€ YKa3bIBaIOT HA BO3MOXKHOE YIAJICHHE M3 CHCTEMBI OCTATOYHOT'O ATAHOJIA.

OcHOBHOE pa3iioKeHue OEeTYJIOHOBOM KHCIOThI HaunHaeTcs npu 220 °C 1 3akaHuYMBaETCs MpU
380 °C. B arom untepBane remnepatyp Ha kpusoil I TI" HaOmronaeTcs MHTEHCHBHBIM MUK C «ILJIe-
yom» nipu 290 °C u makcumymom nipu 372 °C. [Ipu nanpHeiieM HarpeBaHUH CKOPOCTH Pa3JIOKEHUS
zamenisieTcs BIioTh 10 480 °C. Ha kpusoii ITT aToMmy nHTEpBay COOTBETCTBYET IIMPOKHUH MUK 03
3aMeTHOro Makcumyma. Takum oOpa3zom, paziiokeHue OeTyJIOHOBOW KUCIOTHI IIPOXOJUT B JIBa dTara:
Ha niepBoM 3tane (220-380 °C) obpazen tepsiet 80 %, Ha Bropom 3tare (380—480 °C) —4 % ot macchl
HCXOHON HaBECKHU.

B otnnume ot crocoba, mpensioxkeHHoro B padoTax [15, 16], ouncTka MpoayKTa IPOBOIUIACE
He B pacTBOpe OCH30JIa Ha CTAJMU IOJIyUYCHHUs] KaJIHeBOW CONM OETYJIIOHOBOH KHCIOTHI (C A00aBe-
HUEM aKTHBHPOBAHHOI'O YIS U (pUIIbTpAIMel uepe3 CII0i OKch/a aJlOMUHMS), @ BO BPEMSs IIEpEKpH-
CTaJNIM3alMU OETYJIOHOBOM KUCIOTHI-ChIpIIA U3 dTaHOa. B pe3ysbraTe BbIX0]] OETYJIOHOBOM KUCIOTHI

ymenbmmics ¢ 17,5 % no 12,8 % ot maccsl a.c.0., 4To, BEpOsITHO, CBSI3aHO ¢ ee OO0JIbIIei pacTBOPHUMO-
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Puc. 2. TT' u JATI kpuBble TEPMHUYECKOTO Pa3JIOKEHUS OCTYIOHOBOH KHUCIOTHI (a); TerioBble A((HEKTHI
TEPMHYECKOTO PA3JI0KEHUS OCTYIIOHOBOW KUCIOTHI (0)

Fig.2. TG and DTG curves of thermal decomposition of betulonic acid (a); thermal effects of thermal decomposition
of betulonic acid (6)

CTBIO B O€H30JIe, YEM B TaHOJIE, U, KaK CJIEJCTBHE, IOTEPSIMH IIPH MEPEKPUCTAIIN3ALUY HA CTAIHH
(GUIBTpanU IPH OTAEICHUH aKTUBUPOBAHHOTO YTJIsl OT PacTBOpa.

BbICOKYIO TEPMHUECKYIO CTA0UIBHOCTD OETYJIOHOBOW KHCIOTHI MOKHO OOBSICHUTH YCTOWMYUBO-
CTBIO TPUTEPIICHOBOTO CKEJETa, a TaK)Ke HaJINYMeM (YHKIIMOHAJIBHBIX TPYII, TAKMX KAaK KapOOK-
CHJIbHBIE M OKcorpyIbl. OHU 00pa3yIOT MEXMOJIEKYIISIPHbIE BOIOPOIHbIC CBSI3HU, Jeasi MOJIEKYIy
Oosiee cTaOMIIBHON, YeM COEIMHEHHS, B KOTOPBIX ATH B3aUMOJACHCTBHS HE NMPOUCXOIAT. MeTonoM
JCK noatBepikieHO, 4TO OETYJOHOBAsI KUCIOTA HUMEET BBICOKYIO TEPMHUECKYIO CTAOUIBHOCTD M MO-
KeT OBITh IPUMEHEHA B JIEKAPCTBEHHBIX IIpenaparax, Mojy4aeMbIX ¢ HCHOIb30BAHUEM METOAA «TO-

psTYeroy» MpeccoBaHMUS.

Hzyuenue npomusoonyxonesoi akmugHoCmu OemynoHo80 KUCionbl

HpI/I Pa3BUTHUH Oy XOJIH B OPTaHU3ME U3MCHAOTCA KapAUHAJIBbHO BCC OHOXHMMHUYECKHE IIpOLCCChI
B OpraHusMe XUBOTHOI'O, YTO 00s13aTEIBLHO CKA3bIBAETCS HA 3HAYEHUSIX MHOXECTBA (1)I/I3I/IOJ'IOI‘I/I‘IG-

CKHX IOKa3aTelIeH.

Brusanue 6bemynonosoii kuciomul u bemynuna

HA Cpet)HiOlO npO@O]lJICUm@JZbHOCWlb HCUBHU MBILUEIL.

CpenHsis TPOJODKATENBHOCTD J)KU3HN Y MBIIIEH pa3HBIX Ipynn He oTiandanack. OQHAKO ecin
B KOHTPOJILHOH I'pyIIIie HHANBUyalbHasl IPOJIOKUTEIBHOCTD K13HHU Oblia okoio 30 aHei, To mpo-
JOJDKUTEIBHOCTD JKU3HU MBILICH, IMOJTy4YaBIIMX OCTYJIUH U OETYJIOHOBYIO KHCIIOTY, BApbHPOBAIACh
ot 18 mo 51 nHs mocne nepecagky OMyXoJH, YTO CBUACTEIbCTBYET 00 MHIUBUAYAIbHOW 4yBCTBU-
TEJIFHOCTH )KMBOTHBIX K BBOAWMBIM IIpernapaTaM U BOSMOKHOCTH B JaJIbHEHIIEM IPUMEHSTh 3TH Ipe-

naparsl ¢ y4eTOM MHJMBHU1YaJIbHON 4yBCTBUTEIBHOCTH.

Bausnue 6bemynonosot kuciomul u 6emynuna

HA MACCY IHCUBOMHbIX NOCJIE NepesU6KU ONnYyxXolu.

Macca y ®UBOTHBIX mociie nepeBuBku AKD yBernmumBaeTCs 3a c4eT HAKOIJICHHS aCLUTHOU

KHUIKOCTH, coz[epxcau_[eﬁ OITYXOJICBBIC KJIICTKH. HOBTOMy Hapaay ¢ UBMCHCHUSAMU NPOAOJIZKUTCIIBHO-

— 223 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 217-228

Ta6nuua 2. CpeaHsis MPOIOIKUTEIBHOCTD )KU3HU MBIIIICH B IPyIIIe

Table 2. The average life expectancy of mice in the group

CpexnHsisi IPOIOIKUTEIBHOCTh
rfji T pyIIIBI MbIIIEH JKU3HH MBIIICH B rpymne, THI
Ha 9 cyTkn Ha 18 cyTkH
I |T'pynma, nonydvaroras OeTyauH 28+2,59 23,6+2,77
II |I'pymnmna, nomyyaroniasi 0€TyJIOHOBYIO KHCIOTY 30+6,12 25,2+3,22
III |KoHTponpHas rpymma 29+1,40 24,40+2,92

CTH KM3HHM HCCIIeI0BANIach TMHAMHUKA N3MEHEHHU S Macchl Mbleil. Tak, B epBbIif IeHb SKCIIEPUMEHTA
CpeIHss Macca MBIIICH, MOTyJarIuX 0eTyniH, cocTaBisa 27,90 T, cpemHss Macca MBIIICH, MOTy-
YaKoIIKX OCTYJIOHOBYIO KHUCJIOTY, cocTaBuiia 29,60 1, cpeaHsis Macca KOHTPOIbHOM Ipynmsl — 29,2 T.
Ha 9 neHp cpemHss Macca MBIIICH, TOTyYalOnIUX OeTynuH, coctaBisuia 33,14 T (mpubaBka 5,24 1);
cpenHss Macca Mblel, nony4atomux bK, —35,68 r (mpubaska 6,08 r); cpeaHsas Mmacca KOHTPOJIBHON
rpymisl coctaBuia 35,34 r (mpubaska 6,14 1). Pe3ynbTaTsl CBHAETEIBCTBYIOT O TOM, YTO OCTYIIUH 3a-

MEUISET IPUPOCT MACChI 10 CPABHEHUIO ¢ KOHTPOJIEM U ¢ OETYJIOHOBOM KHCIIOTOH.

Bausnue bemynonosotl kuciomul u 6emynuna

Ha codepaicaniie Mepmeblx onyxoneevix kiemok AKO

[loBbIIeHHE COAEPKAHUS MEPTBBIX OIYXOJIEBBIX KJIETOK B OIYXOJH XXUBOTHBIX, IOTy4YaB-
muX OETYJIOHOBYIO KHCJIOTY M OETYJIHMH, BEPOSTHO, SIBISAETCS CIEACTBHEM MX YyCHUJICHHOW rudenun
MO/ BIUSTHUEM HCCIIEYEMBIX BEIIECTB, XOTS HEJb3S MOJHOCTHIO UCKIIOYUTH U BOZMOXKHOCTB IIPO-
CTOM 3a/Iep’KKH SJTMMHUHAIINN MEPTBBIX KJIETOK BCJIEACTBHE CHHKEHUS (DaronuTapHoOi ak THBHOCTH
UMMYHHOU cuctembl (Tabu. 3). bojee BepOsSTHBIM, HAa Hall B3IJISJ, SIBJISETCS MMEHHO YCHJICHUE
MIPOLIECCOB KJIETOUHOW TMOEIH MoJ BIMSHUEM OCTYJIIOHOBOH KMCIOTHI M OeTynuHa. Takoil BBIBOJ
coryiacyercs ¢ JaHHbIMH PabOThl, CBUIETEIHCTBYFOLIIUMHU O BO3MOXKHOCTH MHYKIIMH dTUMH Belle-
cTBaMu anomnro3sa knetok [8]. I[Ipu BusyanbHoM ocMoTpe B kamepe ['opseBa aciuTa, B3sTOTO y KH-
BOTHBIX, KOTOPbIE TOJIyUYajdd OCTYJOHOBYIO KHCIOTY W OCTYJHWH, BBISIBJICHO, YTO COACPIKALIUECS
B HEM MEPTBBIC OIyXOJIEBbIE KJICTKH OBIIM 3aMETHO MEHBIIETO pa3Mepa, YeM >KMBBIC, YTO TaKKe
CBHUJIETEIILCTBYET B MOJIb3Y IPE/IOI0KEHUS 00 yBelIrM4YeHUU ypoBHs rubenu kietok AKD nyrem

alroITo3a.

Tabnuua 3. Copeprxanne norubmunx kiaetok AKD Ha 9 u 18 cyTku KCIiepuMeHTa B TpyIInax

Table 3. The content of dead ACE cells on the 9th and 18th day of the experiment in the groups

Konuuectso
rgi [pymIibl Ml mepTBbIX KieTok AKD, %
Ha 9 cyTKn Ha 18 cyTkH
I |T'pynma, nonydvaroras OeTyauH 20,0+1,98 15.642,82
II |I'pymnmna, nomyyvaroniasi 0€TyJIOHOBYIO KHCIOTY 14,0+1,15 6,4+1,54
III |KoHTponpHas rpymma 6,0+0,82 2,4+0,50
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H3yuenue enuanus 6emynono8ou Kuciomel u 6emyiuna

Ha noxazamenu Kpogu dcusomuuvlx ¢ AKO

HccnenoBanue nepudepuveckoil KpoBU SIBJISIETCS OJHUM M3 HauboJiee aJeKBaTHBIX CIOCOOOB
OLICHKM COCTOSIHHMSI OpraHn3Ma. B mccienoBaHMM NMPOBOAMIIACH OLCHKA CIEAYIOMIMX IOKa3aTeneH
kpoBu: rematokput (I'k), spurpouuts! (Ir), remorsiobun (Hb), nelikountsr (JIeHk.), peTHKYJIOUUTHI
(Ret), nerirpoduist, 303nHODUITBL, 0230 MBI, MOHOIU T, TUM(OUNTEL. COTIacHO MOTYUYESHHBIM JIaH-
HBIM, TI0Ka3aTeJIM TeMaTOKPHUTA, SPUTPOLIUTOB, TEMOITIOONHA, JICHKOIUTOB MPAKTHYECKU HE OTIIHYa-
auch (1abi. 4). PeTuKynounTHl ABISIOTCS MOKa3aTeleM He Mepueprudeckoil KpoBH, a ypOBHS HpPoO-
JYKIUU SPUTPOLIUTOB B KOCTHOM MO3re. B KOHTPOJIbHO# TpyIine 3HaueHHe 3TOro nokasaresns Ha 18
CYTKH JJOCTOBEPHO OTJIMYAETCs OT ()OHA M OT 3HAUCHUS Ha JICBATHIC CYyTKH, T.€. Mexay 9—18 cyTkamu
Pa3BUTHS ONYXOJIH MTPOUCXOIUT 3HAYMTEIbHASI CTUMYJISILIUS DPUTPOI033a. Y KUBOTHBIX, KOTOPbIE
0Ty 4aan 0eTyJInH, HaOJII0JaI0Ch TIOBBIIIEHUE COIEPKAHMSI PETUKYIIOIMTOB Ha 9 CYyTKH, UTO CBH/IE-
TEJICTBYET O TOM, UYTO OETYJIHMH Ha (POHE OMyXOJIHM OKa3bIBACT 3aLIMTHOE JICUCTBHE HA CUCTEMY KO-
BETBOpPEHUS. Y KUBOTHBIX, ITOJyYaIOMINX OCTYJIOHOBYIO KHCIOTY, COIEpKaHHE PETHKYJIONUTOB Ha 9
1 Ha 18 cyTKkM ocTaeTcs Ha MPeXHEM ypoBHE U cocTaBmio 2,60+0,15 % u 2,10+0,17. [TonyueHHbIe
JJAaHHBIE MOT'YT CBUETEIHCTBOBATH O ITOJIOKHUTEILHOM BINSHAN OETYJINHA M OCTYJIOHOBON KHCIIOTHI
Ha KPOBETBOPEHHE )KMBOTHBIX C OIYXOJIbIO.

JlanHble TOKa3aTteseil JedKkonunTapHOH (GOPMYIIBl KPOBH MBIIIEH, MONIYYaBIINX OETYJIOHOBYIO
KHCJIOTY U OCTYJIMH, HE OTIIMYAIOTCS OT IMHAMUKH [TOKa3aTesIe KOHTPOJIBHOI rpy bl (Tadi. 5). D10
MOXET CBHJICTENILCTBOBATH 00 OTCYTCTBHM BPEIHOTO BIUSHUS OeTylnHA W OETyJIOHOBOW KHCIIOTHI

Ha OpraHu3M XUBOTHBIX ¢ AKD.

3akjrouenne

BerymnoHoBas KMcnoTa MOTy4YeHa OHOCTaANIHBIM METOJIOM HEIIOCPEIICTBEHHO U3 OepecThl Oepesbl,
MUHYS CTaJIMIO BblJesieHns OeTynuHa. [locne 04MCTKH IMPOLYKTa C HCIOIb30BAHUEM B KAYECTBE PACTBO-
puTeNs 3TaHONA U MepeKpUcTAIUIN3anneld 6eTyaoHoBoi kucnotel u3 EtOH ¢ ucnonp3oBanneM akTHBH-
poBanHoro yrisi Mapku OY-I" Beixo 6eTys10HOBO# KHuCIOThI cocTaBuit ~12,8 % oT maccsl a.c.0. 3ameHa
OeH3ona Ha OoJee PKOJIOTHMYHBIM STaHOJ MPpUBeNa K YMEHBIIEHHUIO TpUMepHO Ha 27 % KoiHudecTBa Be-
IIECTBA, BBIJIEJIEHHOTO B TIPOLIECCE CUHTE3a, OTHOCUTEIIBHO PAHEE MPEAIOKEHHBIX METOOB. OIHAKO 3TO
TI03BOJIMJIO YITYUIIHUTH ITPOLECC C TOYKH 3PEHHS IPHHIUIIOB «3€JIEHOH XUMHN», TIOITOMY B JTaJIbHEHIIIEM
P TPOU3BOJICTBE OMOJIOTMYECKH aKTHBHBIX BELECTB JUIsl MIPUMEHEHHUSI B MEIMIIMHE WIIM BETEPUHAPUH
MO>KHO PEKOMEH/I0BaTh JaHHbIH METO/] CHHTE3a OETYI0OHOBOI KHUCIIOTHI KaK IIPHOPUTETHBI.

Wnentudukaius 6eTyI0HOBON KHCIOTHI MPOBEACHA (PU3NKO-XMMHUYECKUMH MeToiaMu. Mero-
nom JICK nmoaTBepk/ieHo, 4To OETYyJI0OHOBasi KMCIOTa MMEET BBICOKYIO TEPMHUECKYIO CTAOMIBHOCTh
U MOKET OBITh MPUMEHEHA B JIEKAPCTBEHHBIX Mpenaparax, MoIydyaeMbIX ¢ HCIOIb30BaHUEM METoaa
«TOpSTYEro» IMPecCOBaHUSI.

W3y4eHa npoTHBOOIYX0JIeBasi aKTUBHOCTh OETYJIOHOBOW KHCJIOTHI M OETyJIMHA B SKCIIEPHUMEH-
Tax in vivo Ha MbIIIAX C aCLUTHON KapuuHOMo# Dpnnxa. [lokazaHo, 4To BBeAEHHE MBIIIAM MEPO-
paJibHO OETYJIOHOBOM KHCJIOTHI M OETYJIMHA YBEIMUMNBACT COACPIKAHUE MEPTBBIX OIYXOJIEBBIX KIETOK
AKD, 4T0 cBHaETENBCTBYET 00 YCHIICHUN MX THOEIIH.

VYCTaHOBIICHO, YTO OETYJIMH U OETYJIOHOBAsi KMCJIOTA HE OKA3bIBAIOT CYIIECTBEHHOI'O BJIUSHUS

Ha ToKa3aTenn rnepupepryeckoil KpoBU U Ha JIeWKonUTapHyio ¢opMyiry kKpoBu. HabOmronaerces mo-
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BBIIIEHHOE COMACPKAHUS PETUKYIOIUTOB 110 CPABHEHUIO C KOHTPOJIEM Y MBIIICH-0IyX0JIeHOCUTENEH
AKD, nonry4yaBmux 6eTyIHH 1 OETYJIOHOBYIO KUCIIOTY, UYTO CBHJICTEILCTBYET O IOJIOKUTEIHLHOM BJIH-

AHUW BBOAUMOI'O BEIIECTBA HA KPOBECTBOPCHUC.
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Abstract. Composite materials based on a mixture of calcium phosphates and mixed polymer systems
(polyelectrolyte complex sodium alginate-chitosan, mixed hydrogel sodium alginate-hyaluronic acid)
have been synthesized. We investigated their composition, morphology and their degradation in various
environments. It was found that the resorbability of the obtained composites is higher than that of the
corresponding sample without a biopolymer, and the mechanism of interaction of filler and matrix in

the obtained composites is the formation of complex compounds and crosslinking with calcium ions.

Keywords: composite material, calcium phosphate mixture, hyaluronic acid, chitosan, sodium alginate,

polyelectrolyte complex.

Acknowledgements. The work was carried out with the financial support of the Russian Science
Foundation (“Conducting fundamental scientific research and exploratory scientific research by small
individual scientific groups”, No. 23-23-00668).

Citation: Tsyganova A. A. Comparative Characteristics of Composite Materials Based on Mixed Polymer =1

Systems and Calcium Phosphates. J. Sib. Fed. Univ. Chem., 2025, 18(2), 229-240. EDN: JHFSPR =

© Siberian Federal University. All rights reserved
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: a.a.tsyganoval993@yandex.ru

— 229 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 229-240

CpaBHI’ITeJILHaH XapaKTePUCTUKA
KOMIIO3UITMOHHBIX MAaTE€PHUAJI0OB HA OCHOBE CMCIIAHHBIX

MOJIMMEPHBIX cucTeM U pochaToB KaJIbLUSA

A.A. llpiranoBa

Omckuti 20cyoapcmeeHHblil YHUgepcumen
um. @. M. Jlocmoesckoeo

Poccuiickaa ®eoepayus, Omck

AnHoranusi. CHHTE3UpOBaHbl KOMIIO3UI[MOHHBIE MaTepHalibl HA OCHOBE cMecH (oc]aToB KaIbIHs
¥ CMEIIAHHBIX ITOJIMMEPHBIX CUCTEM (IIOJTUAJICKTPOIMTHBIA KOMIIJIEKC aJIbTMHAT HATPUSI-XUTO3aH,
CMEIIaHHBIH THIIPOTellb aJbI MHAT HATPHSI-THAypOHOBAs KUCJI0Ta). M3yueHbl coctas, Mopdoorus
00pa3noB u UX Jerpajganus B pa3InIHbIX CpelaX. YCTAHOBJIEHO, YTO Pe30pOHUPyEeMOCTh MOy YeHHBIX
KOMIIO3UTOB BBIIIIE, YEM Y COOTBETCTBYIOLIEr0 00pasia 6e3 nomnonnmepa, a MEXaHU3MOM B3aUMOJICHCTBHSI
HAIOJHUTEIS X MaTPHUIIbI B TIOJTYYECHHBIX KOMIIO3UTaX SIBJISIETCSI 00pa30BaHIE KOMIIJIEKCHBIX COSIMHEHNH

U CIIMBKa MOHAMH KaJIbILU.

KiroueBble ciioBa: KOMIIO3UIIMOHHBIH MaTepual, cMech GpocdaToB Kablus, rHalypOHOBas KUCIOTA,

XWUTO3aH, aJIbI'MHAT HaTpU4, HOJ'II/IBJ'ISKTPOJII/ITHHﬁ KOMIIJICKC.

Baarogapuoctu. PadoTa BeimorHeHa pu (MHAHCOBOH moanepkke Poccuiickoro HaygHOTO (pOHIA
(«ITpoBenenue GpyHIaMEHTAIBHBIX HAYUYHBIX UCCIIEIOBAHMI U TOUCKOBBIX HAYYHBIX UCCIIEIOBAHUM

MaJIBIMU OT/EJIBHBIMH HayYHBIMH I'pynmaMm», Ne 23-23—-00668).

LutupoBanue: A. A. IpiranoBa A. A. CpaBHUTEIIbHAS XapPaKTEPHCTHKA KOMIIO3HIIHOHHBIX MAaTEPHUAIOB HA OCHOBE CMEIIIAHHBIX
MOJUMEPHBIX cucTeM u pochaTtos kanbuus. XKypa. Cuo. dpenep. yu-ra. Xumus, 2025, 18(2). C. 229-240. EDN: JHFSPR

BBenenne

B HacTosmee Bpemst ocoboe BHUMaHUE HCCIIE0BaTENeH YACIIeTCsS HOBOMY Kiaccy OHOImoIuMe-
POB — moau3IeKTpoauTHBIM KomIuiekcaM (I19K) u cmentanubsiv cuctema [1, 2]. CMemaHHbIE CHCTEMBI
Ha OCHOBE IIPUPOIHBIX ITOJUMEPOB (HAIIPUMEp, TOTUCAXAPHIOB H OCIIKOB) TPUMEHSIOTCS B KAUeCTBE
MaTpuIl (KapKacoB) JJIsl CTUMYJIHUPOBAHUS POCTA KJIETOK, TOTCHIIMAIBHBIX ar€HTOB JIJIS1 OYUCTKH BOJIBI
U CTOYHBIX BOJI, @ TAK)KE KaK HOCUTEINHU AJIsl JOCTABKHU JeKapcTB [3—6].

Biraromapst BO30OHOBIISIEMOCTH HCTOYHHKOB TOJYUYCHHU I, SKOJIOTHYECKOI 0e30macHOCTH, Ono-
COBMECTHMOCTH ¥ OMOJIOTHYCCKON aKTHBHOCTH ITOJIHCAXaPUIBI IBISIOTCS YHUKAIBHBIM ChIPhEM
JUTSL CO3JIaHMSI MAaTEPUATIOB METUKO-OMOIOrMYECKOT0 Ha3HAYEHUsI. AJIbTMHAT HATPUSI — MOHOT€HHBIN
oJIMcaxapua, 6Jaromaps CBoeil BOIOPacTBOPUMOCTH, BEICOKOW 3aryIIaronieil CHOCOOHOCTH U HETOK-
CHYHOCTH, HaIIIEJ MIHPOKOE MPUMEHEHHUE BO MHOTHX OTPACIAX MpoMbIiuieHHOCTH. OCO0bIN HHTEpEC
K allbI'MHATY HATPHS BBI3BIBACT €T'0 CIIOCOOHOCTH (POPMUPOBATH THPOTEIIN B BOXHBIX PaCTBOPAX IMpH
Jno0aBIeHUH OMBAJICHTHBIX METAJIJIOB, YTO IMO3BOJISET pa3padaThiBaTh HOBBIC MaTEPHAIIBI PA3IHYHOIO

Ha3HayeHus [7, 8]. Xuto3an — Ae3aleTHIIMPOBAHHOE IPOU3BOIHOE XUTUHA — BTOPOM O pacipo-
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CTPaHEHHOCTHU NPUPOAHBIN TOIMMEp IOCIIE IeJUTI0JIO3bl. XUTO3aH 00JIajaeT UMMYHOJIOT HYeCKUMHU
¥ IPOTUBOOITYXOJIEBEIMH CBOHCTBaMH, BBICOKOH OMOCOBMECTUMOCTBIO, a TAK)KE aHTUTPOMOOTHYE-
CKHMH U KpOBOOCTaHaBIuBaromuMu cBorictBamu [9—11]. 'manyponoas kucnota (I'K) sBasercs
MIPUPOIHBIM MTOJHCAXAPUIOM H IIPECTABIACT COOO0H ITTMKO3aMIHOTIINKAH, KOTOPBIA HMEET YHUKAThHBIC
BSI3KOZJIACTUYECKUE U TUrpocKonuyueckue cpoiicta. ['K obnagaer TakuMu cBOWCTBaMH, KaKk XOpoliast
OMOCOBMECTHMOCTb, BBIPAKCHHASI OHOJIOTHUECKAsT aKTHBHOCTD, OTCYTCTBHE aHTUTCHHOCTH U IPYTHX
no6ounbix addexros [12, 13].

[TonuAIEeKTPOTUTHEIE KOMILICKCHI HAa OCHOBE OWOIONIMMEPOB SIBISIOTCS IEPCICKTHBHBIM
HaIpaBJICHUEM HCCIICA0BaHMM Onarofapsi CBOMM yHHKaJIbHBIM XapaKTepUCTHKaM (Ouosornyeckas
AKTHBHOCTh, HETOKCHYHOCTH, IIPOTHBOBOCIIATIUTEIHHBIC CBOHCTBA), KOTOPHIC TOCTHTAIOTCS 32 CUCT
crenu(pUUeCKUX B3aUMOACHCTBUH MEXKIy COCTaBISIOIIUMH MOJIHUMEpaMu (BOIOPOIHBIC CBSI3H,
Ban-nep-BaanbCcoBEI CHITBI, AIEKTPOCTATHYECKOE B3aMMOACHCTBHE U T.X.), TIPA 3TOM KOMIIOHCHTHI
KOMILJIEKCA MOJHOCTHIO MJIM YaCTUYHO COXPAHSIOT CBOM MHJMBH/yallbHbE CBOMCTBA, MpHOOpeTas
IIPU 3TOM HOBBIC, 32 CUCT B3AMMOJCHCTBUS C APYTHM MOIUMEpPOM. VIMEHHO ITO3TOMY aKTyabHBIM
U TICPCIICKTUBHBIM SIBJISICTCS U3YUYCHHE X CBOMCTB M YCTAHOBJICHHE BO3MOKHOCTH IPUMEHEHHS T10-
JOOHBIX KOMILJICKCOB B MEIHIIMHCKUX IEJISX, B TOM YHCIIC JaHHBIA MOIXO OTHOCHTCS U K CO3JJTAHUIO
KOMIIO3UIIMOHHBIX MaTEPHAJIOB Ha OCHOBE (pochaTOB KaJbLIUsI U OMOMOJIMMEPOB, KOTOPBIC CITIOCOOHBI

coueTaTh B cede YHUBEPCAJIbHBIC KAUCCTBA KOCTHOM TKaHH.

DKcnepuMeHTAIbHAS YaCcTh

Ha ocHOBe JinTepaTypHBIX JaHHBIX U paHee MPOBEACHHBIX nccienoanuuii [14, 15] Obu1 BeIOpan
cnioco0 cuHTe3a cmecu pocdatoB (PK) kanbrus (OKTakaIbIuil pocdart, OpyIIUT, THAPOKCHATIATUT)
[16] myTem ocaxaeHus U3 BOIHOTO pacTBopa. Ocaxaenue npoBoauiau mpu Temmeparype 40 °C, pH
6.5 ¢ BBeileHHEM JOOABKH HOHOB MarHus B KOHIEHTpanuu 12.5 Mmmons/1. B ocHOBe manHOTO criocoba
JISKUT cleayromas xuMmuaeckas peakmus (1):

8CaCl,+6Na,HPO4+4NaOH+H,0 = CagH,(PO4)s:5SH,O+16NaCl. (1)

CMemmBaHue pacTBOPOB IpoBoauiu B mHTepBase Temmepatyp 0—5 °C. Ilocne BbI3peBaHUA
0caJka 1ol MaTOYHBIM PaCTBOPOM B TeueHHe 48 1 TBepaylo (as3y oTaesnsuin oT pacTBopa GHUIBTpOoBa-
HUEM, BbICyIIHBaIu npu remmneparype 80 °C 10 moJHOro yIaaeHusl XUMUYECKH He CBA3aHHOM BOABI.

JL1st TosTy4eHust KOMITO3MIIMOHHBIX MaTepHalIOB B Ka4eCTBE OMOIOIMMEPOB OBLIM MCIOJIb30Ba-
HBI: adpruHaT-xuTo3aHoBbIN [IOK — cmech 1:1 2 % BogHOTO pacTBOpa anbruHara HaTpus u 2 % pac-
TBOpa XxUTO3aHa B 0,5 % YKCYCHOHM KUCIIOTE, a1bI MHAT-THAIIy POHOBBIH reib — cMecsh 1:1 2 % BogHOro
pacTBopa ajgpruHaTa HaTpus U 2 % BOJHOTO PACTBOPA BHICOKOMOJICKYJISIPHON THATyPOHOBOW KUCIIO-
Thl. B nosry4eHHsle resiv BBOJUIN HOPOUIKOBBIN MaTepual B konnuecTse 10, 30, 50 macc.% u noasep-
rajy HHTEHCUBHOMY TI€pEMENINBAHNIO, IEHY MOMEINAIN B TUTEJIb U BRICYIIIMBAIIN ITPH TEMIEpaTypax
25 u200°C.

®Da30BbIi COCTaB MONYYEHHBIX 00pa310B UCCIIEIOBAIH C TIOMOILBIO PEHTIeHO(A30BOr0 aHaIH-
3a (PDPA). CreMKy peHTTeHOBCKOH AH(PaKTOrpaMMBbl BHIIOIHSUIA HA MIOPOLUIKOBOM PEHTTEHOBCKOM
nudpakromerpe D 8 Advance, hpupmbl Bruker B CuK,-uznydenuu (juinna Boass! 0.15406 um) ¢ uc-
MI0JIb30BAHNEM MTO3WIIMOHHO-4YBCTBUTEIBHOTO JeTekTopa Lynxeye. O6nacts ckaHupoBanust 5—80°
(Hanbosiee xapaKTepHbIC U CUJIbHBIC peduiekehl (pochaToB KaabilKsl MPEACTaBICHBI B quana3one 10—

60°). Unentudukarus NMKoB Ha 1U(PaKTOrpaMMax MPOBOJMIACH € TIOMOIIbIo kapToTekn JCPDS.
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UK-cniexTpsl nonyydanu Ha cuekrpodoromerpe «PCM 2202», Undpacnek, Poccus. B xozne unc-
CJIEIOBAHUS TTOPOLIOK cMemuBaiu ¢ KBr, Hachmanu B repMaHUEBYIO KIOBETY U IpeccoBasin. Peru-
CTPALUIO CIIEKTPOB MPOBOAMIHM ¢ paspemeHueM 4 cm, obmiee yncno ckanuposanuii — 50. 3anuck
CIIEKTPa UCCIENyeMBIX 00pa3ioB npoBoauin B obnactu ot 400 1o 4000 cm!. O6paboOTKy AaHHBIX
OCYIIECTBIISUIN C UCTIONIb30BaHKeM nporpammel Origin Pro 8.0.

W3mepeHnue ynenbHOH MOBEpXHOCTH 00pa3LoB MO METOy Ha3KOTeMIIepaTy pHOI acopOIuu ra-
308 (BOT) npoBoaunu Ha mpudope «Gemini 2380», «Micromeritics Instrument Corporationy, CIIIA,
110 aIcopOIUy CTaHIApPTHOTO ra3a azora npu —176 °C 1o ogHO# TOUKe M30TEPMBI acopOIUH a30Ta
B TOKE reiinst (OTHOCUTEIIBHOE JaBjieHHE MapoB a3ota p/py = 0.075) B TeueHue 3 u.

Wzyuenune mopdosoruu, ornpeaeneHne GOpMbl acTUI TBEPIBIX (a3 MPOBOIUIM METOIOM OI-
THYECKOH MUKpockonuu (Mukpockon cepuu XSP — 140, OOO «Apwmen», Poccust), ckaHUpYIOIIETro
anexkTpoHHOro mukpockona TESCAN MIRA 3 LMH, «TESCAN», Uexus.

W3MmepeHnss AMHAMHYECKON BSI3KOCTH OCYLIECTBIISINCH MPH MOMOIIHM POTALMOHHOTO BHCKO3HU-
metpa cepurt SMART, Fungilab, Mcnanmus.

HccnenoBanue pe3opOuny MOTyUYEeHHBIX 00pa31ioB MPOBOAMUIOCH ITYTEM X JHHAMHUYECKOTO pac-
TBOPEHUS IIPU TMOCTOSIHHOM IepeMeinnBannu B pactBope 0,9 %-Horo xsopuaa Hatpust (pH=7), B ane-
taTHOM Oydepe (pH=4,75) u B pacTBOpe cossiHo# kuciaoTsl (pH=1) npu Temneparype 22 °C. Matema-
THYECKYI0 00pabOTKy BCEX JaHHBIX OCYIIECTBIISUIA C MCIOJIB30BAHUEM CTATHCTUYECKHUX ITPOrpaMM

Static2 u Statistica.10 u3 craTucTryeckoro makera StatSoft.

Pe3yabrarsl n 00cyxkaenue

Mertonom PDA ycTaHOBIICHO, UTO B pe3yiibTaTe CHHTE3a cMecH (oc(haToB KaIbIIHS IOy YEH Oca-
JIOK, KOTOPBIH mpezcTaBiieH (azaMu okTakaibiui Gocdara, Opymmura u rugpokcuiianarura (puc. 1),
OCHOBHBIM MHTEHCHBHBIM JIMHUSIM KOTOPBIX COOTBETCTBYIOT yribl 20: OK®D — 11.4, 22.8; TA — 25.9,
29.6, 31.8; opywmnTa —20.4, 47.3, 35.2.

B UK-cnektpax (puc. 2) MpuCyTCTBYIOT MOJOCHI, XapakTepHbIe 1UIst (hochaTHBIX TPYIIIL: BaJIeHT-
Hble acuMMeTpuYHbIe KojeOanus 1024 u 1154 cm™!, xapakrepubie 1iis cBsizeit O—P-0, a Takxke MUKH
530, 574 cm™!, cooTBeTcTBYIOIIKE KOslebanusam B PO,

[Tpu n3y4eHnn MopQoIornu ocajika yCTaHOBIICHO, YTO 00pa3yIOIINECs] KPUCTAJUIBI UMEIOT (op-
MYy «pPO3ETOK», COCTOSIIMX M3 IJIACTHHYATHIX KPHCTAJUIOB, XapakTepHbIX mis OK®, kpucramios
MOHOKJIMHHOIM CTPYKTYpPBbI, XapaKTepPHOH sl OpyIINTa ¥ KPUCTAJIJIOB I'€KCArOHAJIbHONH CHHTOHUH,
xapakTepHoit st [A (puc. 3).

W3BecTHO, YTO ajdbTMHAT HATPUsS BCTYHAeT B IMOJUAIEKTPOIUTHYIO PEAKIHIO C XHUTO3aHOM.
OOpa3oBaHne KOMILJIEKCA IIPOUCXOAMT II0 MEXaHU3MY O3JEKTPOCTATHYECKOrO B3aUMOJACHCTBUS
MEXy MPOTHUBOIOJIOKHO 3apSKEHHBIMU (DYyHKIMOHAIBHBIMH TPYIIaMHU IOJUAIEKTPONUTOB [17].
OO0 5TOM CBHIETENBCTBYET CHUKEHUE TUHAMHMUYECKOM BSI3KOCTH aJIbI'MHATA HATPHSI TP J0OaBICHIH
reyis xuTozaHa (Tabm. 1), KOTOpOe MOXHO OOBSICHUTH OJOKHPOBKOW OTPHUIATEIHHO 3apsiKEHHBIX
KapOOKCHIIBHBIX TPYII aJblHHATA IOJOKHUTEIBHO 3apSDKCHHBIMH aMUHOTPYIIIAMH  XHTO3aHA.
IIpu sToM auHamMmyeckas BA3KOCTh monydeHHoro IIOK mpuHMMaeT mpoMeXyTOYHOE 3HAaYCHHE
MEX]ly BEITMYMHAMH BS3KOCTEH I ajbruHaTa HaTPHUs U XUTO3aHA, YTO TOBOPUT 00 0Opa3oBaHUU
HECTEXHMOMETPHUYECKOTO  BOJOPACTBOPUMOIO  KOMILJIEKCA C  [peoOiiajlaHueM  KHCIOTHBIX

(hyHKIHOHAIBHEIX Tpyt [18].
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Puc. 1. ludpakrorpamma cmecu GpochaToB KaabIus

Fig. 1. Diffractogram of a mixture of calcium phosphates
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Puc. 2. UK-criektp cmecu hocdaToB KaabIus

Fig. 2. IR-spectrum of a mixture of calcium phosphates

Beenenne cmecn OK B MONyYeHHBIN MONMHAICKTPOIUTHBIA TEb MPUBOIUT K OBICTPOMY POCTY
BSI3KOCTH CHCTEMBI B pe3yJibTaTe (HopMHUpOBaHUs O0JIee )KECTKOM CTPYKTYPbI, & IPH YBEIIMYCHUHU CO-
JepXKaHUsST HATIOJHUTENS — K MOJIHOW MOTepe TeKy4ecTH. YTO CBHIICTEIBCTBYET O CITMBKE MOHAMU
KaJIbIUS MMOJIMMEPHBIX MOTUCAXapUIHBIX IIETIEH.

Ananus gudpakTorpaMmsl (prc. 4) MOTyYeHHOT0 KOMIIO3UIIHOHHOTO MaTepralia Ha OCHOBE CMe-
cu ©K u ansrunar-xuroszanooro [19K mo3Bosser cuenarh BHIBOI O TOM, 4TO (ha30BbIi COCTAB KOM-

MTO3MIIMOHHOT0 MaTepraja He U3MEHSETCsI, 10 CPABHEHHIO C HAIIOJIHUTEINIEM, U TIPE/CTaBiIeH Ga3zaMu
I'A, OK® u 6pymnTa.
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SEM HV: 5.0 kV
View field: 208 ym

WD: 15.68 mm
Det: SE

Puc. 3. Bua vactun cMecu GochaToB KaabIus

Fig. 3. Morphology of particles of a mixture of calcium phosphates

Tabnuua 1. Jlunamuyeckas BI3KOCTh OHOIOJIMMEPOB B IIPUCY TCTBUH HATIOIHHUTEIS

Table 1. Dynamic viscosity of biopolymers in the presence of filler

Jlunamudeckas BI3KOCTh | JlMHaMUuecKkas BI3KOCTh
JlmHaMmu4eckas BI3KOCTh
Matpuna aroniss. Tla*c MaTpULbI B IPUCYTCTBUH | MATPUIIBI B IPUCYTCTBUU
MATPHILBL, 0,5 % wanoauurens, [Ta*c | 1,0 % nanonnurens, [Ta*c
ATBruHaT HaTpUs 5,992+0,060 7,580+0,076 11,855+0,118
XurtosaH 3,058+0,041 3,508+0,041 3,818+0,043
I'manyponoBas xuciaora
(I'K) 4,852+0,049 4,944+0,049 5,230+0,052
I[IOK AJIT/Xwut 4,332+0,046 5,716+0,051 7,482+0,069
AJIT/TK 6,104+0,061 7,341+0,073 8,628+0,073
-
I
S
s
=
:
\—J %
1IO ) 2IO .26 310 ) 4'0 ) 5IO

Puc. 4. TudpaxTorpamma KOMIIO3UIIMOHHOTO MaTepraia Ha ocHoBe cmec (ocharos kanbiust u [IDK anbrunar
HATPUA-XMTO3aH C COOTHOLIEHHEM HanonHUTe b/MaTpuua 50/50, teyye,= 200 °C

Fig. 4. Diffractogram of a composite material based on a mixture of calcium phosphates and PEK sodium alginate-
chitosan with a filler/matrix ratio of 50/50, t= 200 °C
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UK-crnexkTpbl KOMIIO3UITMOHHBIX MaTepuajoB Ha ocHoBe 110K anpruHat HaTpUA-XUTO3aH COnEp-
JKaT IOJIOCKI, XapaKTepHBIC KakK s pochaToB KaIbIH, TAK U I OTUIIICKTPOIUTOB (pHC. 5).

Metonom BOT ycTaHOBIIEHO, UTO yIeIbHas TOBEPXHOCTH KOMIIO3UITMOHHOTO MaTepuaia, Xxapak-
TEPU3YIOIIErocsl COOTHOMEHNEM HamonHuTenb/Marpuia 30/70 u t=25 °C, yMeHbIaeTcs 10 CpaBHe-
HMIO C TIOPOLIKOBBIM MaTepHasoM oT 23 M%/r 1o 18 M?/I. A yBenudeHue TeMIepaTyphbl CyIIKU 00pasna
ot 25 10 200 °C crnocoBCTBYET poCTy yAENBHON MOBEPXHOCTH 10 27 M2/T.

Jlns n3ydenusi Onope3opOUpyeMOCTH 00pa3IoB ObLIO MPoBeacHO X pacTBopeHue B 0,1 M pac-
tBOope HCI, aneraTHom OydepHom pactBope u 0,9 % pactBope NaCl. DxcrioHeHIIMaIbHAsI 3aBUCUMOCTh
(puc. 6) COOTBETCTBYET KHHETHUKE PEAKIIMU TIEPBOTO MOPSAIKA, TOITOMY B Ka4eCTBE KOJIMYECTBEHHON
MEpBI PACTBOPCHHS MOKHO PacCMaTPHBATh HAYATBHYIO CKOPOCTh PACTBOPEHHUS, ONIPENEICHHYIO KaK
TaHTCHC yTIJla HaKJIOHA JTMHEHHOTO y4YacTKa IPSIMOii, OCTPOeHHO# B koopaunatax pCa=f().

W3 nonydeHHBIX NaHHBIX (pUC. 7) CIEYyeT, 9TO Pe30pOMPYEeMOCTh MOIYYCHHBIX KOMIIO3UTOB
BBIIIIE, YEM Yy COOTBETCTBYIOIIEr0 o0Opa3ua 6e3 OuoroinMepa. YCTaHOBJICHO, YTO MPU YBEIHUCHHH
COOTHOIICHHS HATIOJHUTEIb/MAaTPHIIA H POCTA TEMIEPATyPhl CYIIKH KOMIIO3UTa PE30pOHPYeMOCTh
BO3pACTaEeT, YTO CBA3AHO C yBEIWUYEHHUEM MTOPUCTOCTH MaTtepuaa [19].

W3 nuteparypHbIx gaHHbIX [20] U3BECTHO, YTO THAlypOHOBAsI KMCIIOTA SIBJISIETCS COBMECTUMOMN
JUIS TIOJTYYeHH ST CMEIIAHHBIX THIPOTENIEBbIX CHCTEM C aJJbTMHATOM HATPUS U HE MPENSATCTBYET CIINB-
KE allbrUHaTa HATPHS MOHAMH KaJbIMS B TAKUX CHCTEMax B IIHPOKOM HAINA30HE KOHICHTPAIIHIA.
Jl1s OATBEepKICHMS TaHHBIX BBIBOJIOB ObllIa OCTPOEHA AHAarpaMMa «COCTaB-CBOWCTBO» IS 2 %
pPacTBOPOB MOIHCaXapuIoB (puc. §), Ha TUArpaMMe HaOIFOIaeTCs TOIOKHTEIBHOE OTKIIOHEHUE BSI3-
KOCTH OT aAINTHBHBIX BEINYUH (Ha pHC. § MOKa3aHO MyHKTUPHON INHUEH), KOTOPOE CBUIETEIBCTBY-
€T 0 HAJIMYUU MEKMOJICKYIISIPHOTO B3aUMOJICHCTBHS MEXAY MOTMMEPAaMHU, OJHAKO TaKOT'O B3aMMO-
JICUCTBUS HEJIOCTATOYHO ISl 00pa30BaHMU sl HHTEPIIOIUAIIEKTPOJIUTHOTO KOMILIEKCA.

[Ipu 3TOM noGaBieHHE K CMECH MOTUMEPOB (ocaToB KalbIUs MOTUMEPHASI CHCTEMa Te-

psieT TekydecTb (Tadu. 1). B naHHOM cilyyae CTpyKTYpUpPOBaHHE CUCTEMBbI JIOCTHTAETCS 32 CUET

0,90 -
0,80 -
0,70 -
0,60 -
0,50 -
0,40
0,30 -

0,20 30/70,200°C
0,40 ——50/50,200°C
0'00 Il 1 1 Il 1 \[ 1 1 i Il 1 Il 1 ; 1 Il Il 1
0 1000 2000 3000 4000 5000
v, cmlt

NH,
H-O-H
OH

MponyckaHue, %

Puc. 5. UK-cnexTpbl KOMIO3ULIIMOHHBIX MaTeprasioB Ha ocHoBe [IOK anbruHaT HaTPUs-XUTO3aH C COOTHOLICHUEM
HanonHuTenb/MaTpuna 30/70 u 50/50 toyy=200 °C

Fig. 5. IR spectra of composite materials based on PEK sodium alginate-chitosan with a filler/matrix ratio of
30/70 and 50/50 t=200°C
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——3K 25°C, 10/90
—=—M3K 200°C, 10/90
—a—3K 25°C, 30/70
——3K 200°C, 30/70
—#—M3K 25°C, 50/50
—8—3K 200°C, 50/50

T, MUH

Puc. 6. Kunetnueckue KPHUBBIC pACTBOPEHHU I KOMIIOBULITMOHHBIX MAaTE€PHUAJIOB HA OCHOBE [19K anbrunar HaTpus-
XWUTO3aH € pa3JIM4YHBIM COOTHOLICHUEM HaHOJ’IHI/ITCJ'II:/ManI/ILIa B 0,9 % pacTBOpPE XJIOpUaa HATPUsL.

Fig. 6. Kinetic curves of dissolution of composite materials based on PEK sodium alginate-chitosan with different
filler/matrix ratio in 0.9 % sodium chloride solution
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Puc. 7. Hauanpnas CKOpPOCTBH paCTBOPECHUS KOMIIO3UILIMOHHBIX MaTE€PHUaJIOB HA OCHOBE [I9K anbrunar HaTpus-
XWUTO3aH B pa3/IMYHbIX Cpeaax

Fig. 7. The initial rate of dissolution of composite materials based on PEK sodium alginate-chitosan in various
media

IBYX (OpM B3aMMOJEHCTBUS — XUMHUYECKOH (0Opa30oBaHME XEJATHBIX KOMIIEKCOB ajJblHHATA
HATpHUsl C MOHAMU KaJiblUsl) U PU3MYECKOH (MEKMOJIEKYISIPHOI'O B3aUMOJIEHCTBUS MEKY IO-
JMMepaMu).

Metonom MK-crieKTpoCKONUYM yCTAaHOBJIEHO, YTO MOJYYCHHbIE KOMIO3UIIMOHHBIE MaTEpHAJIbI
COZIepIKaT IOJIOCHI, XapakTepHble st (GocdaroB Kaublus, THATypPOHOBOW KHCIIOTHI, allbITMHATA
narpus (puc. 9). Hanuume nuka B o6mactu 560 ¢ roBoput o nepopManuoHHbIX Konebanusx P=0
B tetpasape PO,>. K konebanusm (hocdarHbIX rpymI TakKe OTHECEHBI TONOCH B o0mactu 1050—
1150 cm’!, coorBeTcTByIOIME BaneHTHBIM KojeOanusaM O-P-O. Taxxke oOHapysKeHBI BAaICHTHBIE

Konebanusi, xapakrepusie st rpynnsl COO™ pu 1350-1400 cm™! u 1640 cm™, a takke KoneGanust
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Fig. 8. Dependence of dynamic viscosity on the concentration of HA in a mixture of sodium alginate-HA

50,50, 25°C
P=0 ——30/70, 200°C
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Puc. 9. UK-cnexTpbl KOMIIO3ULIMOHHBIX MaTEPUAJIOB HA OCHOBE CMELIAHHOI'O rUAporeis aabruHat HaTpus-I'K
¢ cooTHoIeHHeM HanonHuTenb/MaTpuLa 50/50 ¥ Teyyw=25 °C, 30/70 1 Teyu=200 °C, 50/50 1 Teyyeu=200 °C

Fig. 9. IR spectra of composite materials based on mixed sodium alginate-HA hydrogel with a filler/matrix ratio
of 50/50 and T=25 °C, 30/70 and T=200 °C, 50/50 and T=200 °C

C-H rpynmst ipu 2360-2400 cm™!. Habonarorest nedopmaruonnsie konebanust H-O-H mpu 1640 e
u BasieHTHbIe Koaebanus O-H B o6nactu 3100-3600 cm! 8 H,O.

Pentrenoda3oBblil aHaIu3 MOKa3all, 4YTO BHEAPEHUE HAMIOJIHUTENS B MAaTPHUILYy CMEIIAHHOTO T'H-
Jporessi He u3MeHsieT (a3oBbIii COCTAB MOPOIIKOBOrO Marepuaia. B KOMIIO3UIIMOHHBIX MaTepraiax
ycraHoBieHo Hannuue ¢as I'A, OKD u 6pymnra (puc. 10).

Metonom BOT ycTaHOBIIEHO, UTO yIeIbHasl TOBEPXHOCTH KOMIIO3UITMOHHOTO MaTepuaia, Xxapak-
TEPU3YIOIIETOCsI COOTHOIICHHEM HaroiaHuTenb/Marpuna 10/90, BozpactaeT 1o cpaBHEHHIO ¢ MOPOII-
KOBBIM MaTepuaioM oT 23 M%/r 10 33 M%/T, Ipu 5TOM yBeJIMUEHUE TEMIIEPATYPhI CyLIKH 00pa3ua ot 25
110 200 °C 1 yBenMUYeHHE HATIONHUTENS YMEHBIIAET YASIbHYIO OBEPXHOCTH 10 16—17 M?/r.

[Ipu u3y4yeHnn 6Hope30pOoUPyEeMOCTH 00Pa3IIOB YCTAaHOBICHO (pHc. 11), 4TO pe3opOUpyeMOCTh 1o-
JYYEHHBIX KOMITO3UTOB CHUYKAETCSI IIPH YBEIMUCHNH TEMIIEPATYPhI CYIIKH KOMIIO3UTA U YBEITMUCHUHN
COOTHOIICHHSI HAMIOJIHUTEb/MaTPHUIIA, TPU ITOM MaKCUMAJIbHYIO HA4aJIbHYI0 CKOPOCTh PACTBOPEHHUS

06pa3111,1 HMCHOT B UBOTOHUYCCKOM paCTBOPEC NPU 3HAYCHUAX pH, OJIM3KUX K (1)I/ISI/IOJ'IOFI/I‘IGCKI/IM.
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Fig. 10. Diffractograms of composite materials based on a mixture of calcium phosphates and mixed sodium
alginate-HA hydrogel: A — 10/90, 25 °C; b — 10/90, 200 °C
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Puc. 11. HauanbHast CKOpOCTh paCTBOPEHHSI KOMIIO3UIIMOHHBIX MaTEPHUAIOB Ha OCHOBE CMEIIAHHOTO THIPOTeIs
anprusat Hatpus-I'K B paznuusbIx cpenax

Fig. 11. The initial rate of dissolution of composite materials based on mixed sodium alginate-HA hydrogel in
various media

3akJroyeHue

[MpenyioxkeHsl crIocOOBI CHHTE3a KOMIO3UIIMOHHBIX MaTepHajioB Ha ocHoBe cMecu DK u cMelnan-
HBIX MOJMMEPHBIX CHCTEM, CBOHCTBA KOTOPBIX BO3MOJKHO KOPPEKTHPOBATh 3a CUET COOTHOLICHHS
HAIIOJHUTENb/MATPHULA U TEMIIEPATYPbl CYLIKH. YCTaHOBICHO, YTO PEe30pOUPYEMOCTh ITOIYUYESHHBIX
KOMIIO3UTOB BBIIIE, YeM y COOTBETCTBYIOIIETO 0Opa3ia 0e3 ouononumepa. [Ipu 3TOM 3aBUCHMOCTH
YZIEJIBHON TTOBEPXHOCTH 00pa3loB OT COCTaBa M CIOC00a 00paOOTKM HOCAT pa3HbIH XapakTep, 4TO
00yCIIOBIJICHO IPUPOIOH HOJIIMMEPOB U XapaKTEPOM B3aUMOJICHCTBHS MEX Iy HUMH (B ClIydae ¢ rHajy-
POHOBOIT KHCIIOTOH 00pa30BaHUsI HHTEPIIOIUIICKTPOIUTHOTO KOMILIEKca He poucxonuT). OnHako
MEXaHU3MBbI B3aMMOACIHCTBYUS HAIIOJHUTENS. X MAaTPHULBI B MOTYYEHHBIX KOMIIO3UTAX MACHTUYHBI —

06pa3013aH1/1e KOMIIJICKCHBIX COCZ[I/IHCHI/Iﬁ 1 II0JIHasA CIIMBKA HOHAMM KaJIbIIHA.
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Takum 00pa3oM, B paboTe MOJy4eH Psiji MaTepUasIoB (KOMIO3UIIMOHHBIE MaTEepUajIbl HA OCHOBE
cmecu (ocdatoB kampnus u [I19K ampruHaT HATPUA-XUTO3aH M CMEIIAHHOTO THIPOTENS albrHHAT
HATPUSI-THATYPOHOBAS KUCIIOTA), KOTOPhIe UMEIOT MEPCIEKTUBY AAJIBHEHIIIEr0 MPUMEHEeHHS B Kade-
CTBE MATEPUAJIOB ISl 3aMEIICHUS KOCTHBIX Ne(EKTOB MIIH OMOJIOTHYSCKH aKTUBHOI'O CJIOS Ha TI0-
BEPXHOCTH MMIIJIAHTATOB, @ OTJIMYHS B CBOMCTBAX MOJy4YEHHBIX MaTepUasioB (MX pa3HOOOpa3ue) mo-

3BOJISIT OAOMPATh MaTepHAl I10]] KOHKPETHBIN KIIMHUYECKUN CITydai.
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Abstract. Novel hybrid polynuclear heterocyclic systems consisting of a central aromatic and alternating
side 1,2,4-triazole and isoxazoline or isoxazole moieties were synthesized by a 1,3-dipolar cycloaddition
reaction involving a stable aromatic dinitrile oxide and methyltriazole bearing a substituent with a different
type of unsaturated bond. The conversion degree of the nitrile-oxide groups into the corresponding
cycloadduct was investigated by IR spectroscopy during the reaction. It is shown that under the conditions
used methyltriazole with a terminal propargyl group interacted most actively with —CNO groups,
and their complete conversion was observed after a 6-h reaction. Under similar conditions of the
dipolar cycloaddition, methyltriazole with a terminal allyl group was less active: the high (close to the
quantitative) degree of conversion of nitrile-oxide groups was only ensured after 24 h. The structures of
the synthesized polynuclear heterocyclic systems were reliably validated by a comprehensive analysis
of the spectral characteristics obtained by 'H, 3*C NMR and IR spectroscopies.

Keywords: 1,3-dinitrile-N-oxide-2,4,6-triethylbenzene, 1-methyl-5-prop-2-enyloxy- and 1-methyl-5-

prop-2-ynyloxy-1H-[1,2,4]triazole, isoxazoline ring, isoxazole ring, 1,3-dipolar cycloaddition reaction.
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B3aumopaeicTBre apOMATHYECKOI0 TUHUTPUIIOKCHIA
¢ METHJITPHUA30JI0M, COACPKALIUM 3aMECTHUTEJIb

C pa3/in4YHbIM THIIOM HeﬂpeHeHBHOﬁ CBA3HN

K. K. bocos, . A. Kpynnoga, E. B. IlusoBaposa,

I. T. Cyxanos, 10.B. ®uaunnosa, A.I. Cyxanosa

Hncmumym npobnem XumMuko-3Hepemuyeckux mexHoa02uti
Cubupcrozo omoenenus Poccuiickoti akademuu nayk (UIIXIT CO PAH)
Poccuiickas ®eoepayus, buiick

AnHoTaunus. Peaknueit 1,3-1UMONAPHOTO IUKIONPUCOCIUHECHUS C YYaCTHEM CTa0MIBHOTO
apOMaTHUYECKOr0 JTUHUTPHIOKCHAA U METHJITPHA30J1a, COAEPIKALIEr0 3aMECTUTEND C PA3IMYHBIM
THUIIOM HEHACBIIIIEHHON CBSI3M, CHHTE3MPOBAHBI HOBBIC THOPHIHbIC O ACPHBIC TeTEPOINKINIECKHE
CHCTEMBI, COCTOSIINE U3 IEHTPAIBHOTO apPOMaTHYECKOT0 U Yepeayomuxcs 00KoBbIX 1,2,4-Tpra3onoBbeix
Y N30KCA30JIMHOBBIX HJIM N30KCA30JI0BBIX (hparmeHToB. Metonom MK-criekrpockonuu B Xo/ie peaxkiiuu
HCCIIE0BaHA CTENIEHb KOHBEPCUH HUTPUIOKCUIHBIX TPYIII HA COOTBETCTBYIOMUN HUKIOAJIYKT.
Iloxa3aHo, 4TO B IPUHATHIX YCIOBUSAX METUJITPUA30JI C TEPMHUHAJIBHON IPONAPIUIbHON TPy IO
HaunboJee akTHBHO B3anmozeicTByeT ¢ —CNO-rpynmnamMu, a HoJHOE UX Ipeodpa3oBaHUe HAOIIOAaeTCs
nociue 6 4 peakiMy. B aHaJIOTHYHBIX YCIOBUAX AUMOISPHOTO IIUKJIONPHUCOSTUHEHUS METUITPHAZOI
C TEPMHUHAJIBHON aJUTMIBHOMN I'PYNITON MEeHee aKTUBEH: BbICOKas (OIM3Kasi K KOJIMYECTBEHHOI)
CTeleHb NPeodpa3oBaHmsl HUTPHIOKCUIHBIX IPYIIN o0ecrneunBaeTcsi ToNbKO mnocie 24 4. CTpykrypa
CHUHTE3MPOBAHHBIX MOIHSIEPHBIX FETEPOLUKINIECKAX CUCTEM HaIeKHO MOATBEPHKAEHA KOMITTIEKCHBIM

AHAJIM30M CHEKTPANIbHBIX XaPAKTEPUCTHUK, HOTydYeHHBIX ¢ omolsio 'H, BC AMP- u MK-criekTpockonuu.

Kuarwuessblie cioBa: 1,3-nuauTpuia-N-okcua-2,4,6-TpudTHIIOCH301, 1-METHII-5-IPOII-2-CHUIOKCH-
u 1-metun-5-npon-2-ununokcu-1H-[1,2,4|rpuazon, 130kca301MHOBBIN [IUKI, ©30KCA30JI0BbIM LHUKJI,

peakuus 1,3-TUMONSIPHOTO UKIOMPUCOETUHEHUS.

Buaropapnoctu. VccnenoBanue BBIIOJIHEHO B paMKax «0a30BOro» 010PKeTHOro (PMHAHCHPOBAHUS
(kon Hayunoit Tembl FUFE-2024—-0007, Homep rocpeructpanuu npoekra No 124021200029—1) npu
UCII0JIb30BaHUH PHOOPHOH 6a3bl Buiickoro pernoHaibHOTo HEHTpPa KOJIJIEKTUBHOTO nosib3oBanus CO
PAH (UIIX3T CO PAH, r. buiick).

Iutuposanue: bocos K. K., Kpynunosa 1. A., [TuBosapoga E. B., Cyxanos I. T., ®ununnosa }O.B., Cyxanosa A.I. Bsaumozeiicteue
apOMaTHYECKOr0 JHHUTPUIOKCH/IA C METHIITPHA30JI0M, COACPIKAILIMM 3aMECTUTEIb C PA3TMYHBIM THIIOM HEIPEACIBHOM CBS3H.
Kypn. Cub. penep. yu-ta. Xumus, 2025, 18(2). C. 241-250. EDN: YZHUKQ
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Introduction

Isoxazolines, isoxazoles, and triazoles are reckoned among the privileged five-membered heterocyclic
motifs that are widely found as key pharmacophores in biologically active compounds and pharmaceutical
molecules [1, 2]. It has been discovered that their derivatives play a vital role because they can exhibit
anticancer, antibacterial, anti-inflammatory, antifungal, antiviral and other activities [3—5].

Besides, the heightened interest in the above heterocycles is due to their reactivity and the possibility
of using them as key synthons that enhance the desired pharmacological activity in the molecular design
of various polyfunctional structures, including a complex “hybrid” arrangement [6].

It is because of a set of unique characteristics that the development of effective synthetic
methodologies for designing polyfunctionalized heterocyclic systems remains a very important and
relevant task so far and continues to attract researchers in various fields of heterocyclic chemistry [7].

A lot of strategies and synthetic approaches have recently emerged that are simple to perform
and allow for the synthesis of new complex heterocyclic molecules whose structure contains various
pharmacophore moieties, including isoxazoline, isoxazole or triazole ones [8]. One of the most
important and effective approaches to forming these five-membered heterocycles is the 1,3-dipolar
cycloaddition reaction between various types of dipoles (nitrile oxides, azides) and terminally or
internally functionalized dipolarophiles (alkenes, alkynes) [9].

In view of the above, the present study aimed to examine the 1,3-dipolar cycloaddition reaction
between a stable aromatic dinitrile-oxide derivative and a methyltriazole bearing a different type of
unsaturated bond to synthesize new hybrid polynuclear heterocyclic systems whose single molecule
concurrently contains central aromatic and different, alternating, pharmacologically active side

moieties, such as 1,2,4-triazole, isoxazoline or isoxazole rings.

Materials and methods

The starting methyltriazoles, 1-methyl-5-prop-2-enyloxy-1H-[1,2,4]triazole (2) and 1-methyl-5-
prop-2-ynyloxy-1H-[1,2 4]triazole (4) structurally containing an alkyl substituent with a different type
of unsaturated bond, were obtained by the reaction of nucleophilic heterocyclic substitution of the nitro
group in 1-methyl-5-nitro-1,2,4-triazole, involving allyl and propargyl alcohols, respectively, according
to the procedures reported in [10, 11]. Prior to use, 1,3-dinitrile-N-oxide-2,4,6-triecthylbenzene (FGUP
“SKTB “Tekhnolog”, TU 2471-307-05121441-2009) was dried to constant weight. Other chemicals
were purchased from commercial suppliers and used as received.

Infrared spectra (IR spectra) were recorded using a Simex FT-801 Fourier spectrometer. 'H and
3C NMR spectra were taken on a Bruker AV-400 spectrometer with an operating frequency of 400
MHz and 100 MHz for 'H and '*C nuclei, respectively. The characteristic signals of deuterated dimethyl
sulfoxide (DMSO-d6: § 2.5 ppm for 'H and 39.9 ppm for 13C) were used as an internal standard.

General procedure for the synthesis of hybrid polynuclear heterocyclic compounds structurally
containing 1,2,4-triazole and isoxazoline (compound 3) or isoxazole rings (compound 5).

To a solution of 1,3-dinitrile-N-oxide-2,4,6-triethylbenzene (0.50 mmol) in chloroform (1 mL)
was added the corresponding functionalized methyltriazole (1.05 mmol) (2) or (4), and the mixture
was kept at 25 °C until complete disappearance of the characteristic absorption band of the stretching
vibrations of ~CNO groups in the region of 2286 cm™ according to the IR spectroscopic data. After

the solvent was removed, the residue was treated with diethyl ether (in the synthesis of compound 3) or
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water (in the synthesis of compound 5) and filtered off. The resultant corresponding product 3 or 5 was

dried at 70 °C to constant weight.
1-Methyl-5-({3-[2,4,6-triethyl-3-(5-{[(1-methyl-1H-1,2,4-triazole-5-yl)oxy|methyl}-4,5-

dihydro-1,2-oxazole-3-yl)phenyl]-4,5-dihydro-1,2-oxazole-5-yl}methoxy)-1H-1,2,4-triazole (3).

Yield 65.5 %. '"H NMR (400 MHz, DMSO-dy), 8, ppm: 7.60 (s, 2H, C(3) ria,. = Hx2); 7.16 (s, 1H,
C(5)—Hurom); 5.16 (br. m, 2H, CHx2); 4.57 (d. d, 4H, —CH,—0x%2); 3.60 (s, 6H, N(/) ia,. — CH3%2);
3.42-3.50 (d. d, 2H, —CHx2); 3.20-3.26 (d. d, 2H, —CHx2); 2.52 (br. q, 4H, —CH,—CH3x2); 2.40 (br.
g, 2H, —CH,—CH3); 1.15 (br. t, 6H, —~CH,—CH;x2); 1.06 (br. t, 3H, —CH,—CH3;). *C NMR (100 MHz,
DMSO0-d6), o, ppm: 158.78 (—C(3)*2); 156.76 (C(3) wiaz. — HX2); 147.79 (C(S) riaz. — O%2); 144.33 (C(4)
arom. aNd C(6) arom.); 141.70 (C(2) arom.); 126.97 (C(7) arom. and C(3) arom.); 126.75 (C(5) arom. — H); 78.03
(—C(5) Hx2); 71.76 (~CH,—0x2); 41.63 (—C(4) H»x2); 33.14 (N(/) (1jaz. = CH3x2); 26.32 (-CH,—CH;3%2);
24.96 (-CH,—CHj3); 17.23 (-CH,—CH3); 16.18 (-CH,—CH;3x2). IR, v, cm™: 2969, 2933, 2875, 1569, 1524,
1436, 1179, 848, 725, 673.

1-Methyl-5-({3-[2,4,6-triethyl-3-(5-{[(1-methyl-1H-1,2,4-triazole-5-yl)oxy|methyl}-1,2-
oxazole-3-yl)phenyl]-1,2-oxazole-5-yl}methoxy)-1H-1,2,4-triazole (5).

Yield 84.5 %. '"H NMR (400 MHz, DMSO-d6), 3, ppm: 7.61 (¢, 2H, C(3) yia,. = H*2); 7.23 (s, 1H,
C(5)—Harom); 6.85 (s, 2H, CHx2); 5.67 (s, 4H, —CH,—0x2); 3.59 (s, 6H, N(7) yja,. — CH3%2); 2.35-2.37
(br. q, 4H, —-CH,—CH;%2); 2.13-2.15 (br. q, 2H, —CH,—CH3); 1.04 (br. t, 6H, —CH,—CH;x2); 0.78 (br.
t, 3H, ~CH,—CHs;). *C NMR (100 MHz, DMSO -d6), 5, ppm: 167.01 (C(5)x2); 161.60 (C(3)x2); 158.17
(CG) triaz. — HX2); 147.77 (C(5) tiaz. — OX2); 145.08 (C(#) arom. and C(6) arom.); 142.53 (C(2) arom); 126.99
(C(J) arom. and C(3) arom.); 126.21 (C(5) arom. — H); 107.09 (C(#) Hx2); 63.37 (~CH,~0%2); 33.29 (N(/) triz.
— CH;x2); 26.80 (-CH,—CH;3x2); 24.70 (—CH,—CH3); 16.12 (-CH,—CH3); 16.02 (-CH,—CH3x2). IR, v,
cm: 3115, 2972, 2937, 2876, 1614, 1562, 1529, 1438, 1364, 1181, 884, 722, 678.

Results and discussion

Nitrile oxides containing highly reactive ~CNO groups represent a class of dipoles that actively
(under mild conditions, without using catalysts) engage in a 1,3-dipolar cycloaddition reaction
with different dipolarophiles whose molecular structure has multiple carbon-carbon (allylic C=C,
propargylic C=C) or carbon-heteroatom (acetonitrile C=N) bonds, leading to the formation of the
desired cycloadducts in a sufficiently high yield, without byproducts or with a very small amount
thereof [12].

Depending on the type of unsaturated bond in the molecular structure of the dipolarophile, the
1,3-dipolar cycloaddition reaction involving the nitrile-oxide group resulted in structurally different
cyclic adducts as the final product. For instance, the intermolecular cycloaddition of nitrile oxides to
terminal alkenes took place through a simultaneous attack of the —CNO-group on both unsaturated
(C=C) carbon atoms of the dipolarophile, leading to the formation of a 4,5-dihydroisoxazole or
isoxozoline ring [13]. The interaction between the nitrile-oxide group and the carbon atoms located at
the triple bond (C=C) resulted in the isoxazole ring as the adduct [14].

In turn, the cycloadducts of the said reaction, isoxazolines and isoxazoles, are of interest from
the perspective of biological activity [15] and, besides, can serve as convenient intermediates in the
synthesis of a variety of polyfunctional compounds, including the preparation of natural compounds
and their analogs [13, 15].
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The present study used one of the most available and stable aromatic nitrile oxides, 1,3-dinitrile-
N-oxide-2,4,6-triethylbenzene (1), as a scaffold for incorporating various heterocyclic moieties. The
stability of compound 1 is due to the molecule having three electron-donating alkyl substituents located
at the ortho-position relative to two nitrile-oxide groups [16]. It is because of the steric shielding effect
that the quite reactive, bifunctional, triethyl-substituted benzenedinitrile oxide used herein exhibits an
enhanced chemical stability and tolerance to spontaneous dimerization reactions.

Functionalized methyl-1,2,4-triazole derivatives whose molecular structure has a different type
of unsaturated terminal groups, such as the allyl (precursor 2) and propargyl (precursor 3) ones, were
employed as reaction partners (dipolarophiles) to take part in the intermolecular cycloaddition reaction
with dipole 1.

The 1,3-dipolar cycloaddition reaction (Fig. 1) between the selected substrates was carried out
at 25 °C in chloroform at a 5 % molar excess of functionalized dipolarophile 2 or 4 with respect to
dinitrile oxide 1.

The progression and completion of the process were controlled through the analysis of the
reaction mixtures by IR spectroscopy. In addition, the same spectral method was employed to calculate
the degree of transformation (conversion) of the nitrile-oxide groups into the cycloadduct of the
corresponding structure and estimate the activity of dipolarophiles 2 and 4 in the process under study
(Fig. 2).

The intermolecular cycloaddition reaction of nitrile oxide 1 with allyl-functionalized methyltriazole
2 under the given conditions was found to proceed less actively compared to dipolarophile 4 whose
exocyclic substituent structurally contains a triple terminal bond. For instance, the conversion of —
CNO groups into isoxazoline rings was about 50 % within 1.5-1.6 h in the first case, according to IR
spectroscopy. The process further slowed down significantly: the conversion reached 69.4 % in 3 h and
86.7 % in 6 h of the reaction. A high degree of conversion (close to the quantitative) of the nitrile-oxide
groups involving dipolarophile 2 was observed in 24 h (98.7 %), with the yield of the target product 3

being 65.5 % after treatment of the reaction mixture.

~., N

/ _______________ - )Q\T/O\\//zga
Nt
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CHCl3, 25°C, 24h
66 %

................

| TP ——

(4)

CHCI;, 25°C, 6 h
85 %

(5) <\
.

Fig. 1. A scheme of the interaction between dinitrile oxide 1 and methyltriazole whose substituent structurally
contains the terminal allyl (2) or propargyl (4) group
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Fig. 2. Conversion of nitrile-oxide groups during the formation of isoxazoline (for compound 3) and isoxazole
rings (for compound 5)

The terminal propargyl group in methyltriazole 4 turned out to be more active under similar
conditions of the cycloaddition reaction with dipole 1. For instance, the 50 % value of the degree of
conversion of the nitrile-oxide groups into isoxazole moieties during the formation of compound 5
was attained in 1 h of the reaction, afterwards the process gradually slowed down: the conversion
was 78.3 % within 2 h and 89.8 % within 3 h. A high degree of conversion of —CNO groups into
isoxazole cycloadducts was observed after the 4-h reaction: 96.6 % (4 h) and 98.5 % (5 h). The complete
disappearance of the absorption band of the signals of the nitrile-oxide groups in the IR spectrum,
indicating a quantitative degree of conversion, was documented after 6 h of the reaction. Finally, the
1,3-dipolar cycloaddition between the starting compounds 1 and 4 under the said conditions led to the
formation of product 5 in a high yield of 84.5 %.

That said, as shown below, the intermolecular cycloaddition reaction proceeded regioselectively
in both of the above cases: regioisomers of only one type, 3,5-disubstituted isoxazoline (product 3) or
3,5-disubstituted isoxazole moieties (product 5) linked via an oxymethylene bridge to methyltriazole
heterocycles, were formed at the 1,3 position in the central aromatic ring within the structure of the
target “hybrid” polynuclear molecule.

The obtained results are in agreement with the literature studies indicating that most nitrile
oxides generally interact with terminal alkenes or alkynes with a high regioselectivity, leading to the
formation of 3,5-disubstituted cyclic adducts [12].

The presence of two reactive nitrile-oxide groups (at the 1,3 positions) in the structure of
aromatic dipole 1 governs the formation of two cyclic adducts of the corresponding structure during
the cycloaddition reaction. The results of integration of proton signals in the '"H NMR spectra of the
obtained compounds 3 and 5 fully confirm the target direction of the reaction towards the formation of
hybrid polynuclear structures being formed in a single molecule.

According to '"H NMR spectroscopy, the spectra of the obtained products 3 and 5 (Fig. 3a) retain

characteristic proton signals of the triethyl-substituted benzene ring. For instance, the only proton of
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the central aromatic ring (C(5) arom- —H) is observed downfield at 7.16 ppm for compound 3 (Fig. 3a,
f) and at 7.23 ppm for 5 (Fig. 3a, e) in the spectrum. The protons of the three ethyl substituents bound
to the benzene ring are observed up field at 2.40 ppm (-CH,—CHj3;, g°), 2.52 ppm (-CH,—CH;%2, g),
1.06 ppm (—CH,—CHjs, /&’), and 1.15 ppm (-CH,—CH3x*2, h) for product 3. For product 5, similar proton
signals are observed at 2.35-2.37 ppm (—CH,—CH;x2, f), 2.13-2.15 ppm (—CH,—CHs, f”), 0.78 ppm
(—-CH,—CHs, g’) and 1.04 ppm (—-CH,—CH3x2, g).

The terminal methyltriazole heterocycles in the structure of compounds 3 and 5 are detected in
the 'H spectra by the signals of the proton located on the C(3)—H cyclic carbon atom and by the signals
of the methyl group protons on the N(/)-CH; nitrogen atom in the 1,2 4-triazole ring at 7.60—7.61
ppm (Fig. 3a, b) and at 3.59-3.60 ppm (Fig. 3a, a), respectively. The resonance signals of protons of
oxymethylene bridges (—CH,—O) linking the terminal methyltriazole moieties of the dipolarophile to

b d c 9 9 h b
10
0
o8
o DMSO-ds
08
08 2 B
b B
oe 1 % ol
5
0 @ 2vd 2
375
02 5 275 3
0 Lo / ) VAT
- 201 ) 20 o w0 200
2 — — — — ——
i 7 7 03 o) ) 0 w s £ T T
£
=
3 b e d a fof g g
3 2
S ©
1.00 !
ors
oso z 2
2 2 58
| © | DMSO-ds i
] 0o
0zs. & g =
/TM
o4 A , Y/ %
200 10 2ot e 20
fo — ] = —-
E3 £ £ )

B3 <o 3 ) B3 B
Chemical Shift (ppm)

(a)
gb c ik h,j e d f a 1, F m’, m
2 ®
S e
1o ] !
0s
o 3 el
3 3 =
o © g =
b 3 2
o8 8 il =
os =l = 7
3 =
o g =
o ! il
0z
o1
2
2
E OTETTTETTETTE TR TR T TTTE TR PR L e TR TR TTE TR TR
H e g b c ik h,j f d a L1 m
® E 2 N,
g /
E] 3 i Compound 5 a \=
i /i
" i oc N |
i N !
. ! I o 8
o i Nt 8 e
g i 7 b ! = &
o7 = S 7
o 2 8 S i i
3 2 b = [ oNE f m i
< ¢ b ' = i i
| il 38 el P i
o o 2 by H
= g & Y T ; ] 9
o2 3 3 S i 1 J ! 3
© 1 i N ! H |
02 ] 1 i
o ! i m ¥

L e et e R S = S S
Chemical Shift (ppm)

(b)
Fig. 3. 'H (a) and *C (b) NMR spectra of the synthesized compounds 3 and 5
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the cyclic adducts of the corresponding structure resulting from the reaction are detected at 4.57 ppm
(Fig. 3a, ¢) for 3 and at 5.67 ppm (Fig. 3a, ¢) for 5.

The presence of proton signals typical only for 3,5-disubstituted isoxazoline rings in the 'H NMR
spectrum of compound 3 reliably confirms the regioselectivity of the cycloaddition reaction between
dinitrile oxide 1 and functional methyltriazole 2. For instance, the signals of the proton located on
the carbon atom at the fifth position (C(5)-H, d) for the formed cycloadduct are sifted downfield due
to its proximity to the oxygen atom of the isoxazoline ring and resonate as a broadened multiplet
at 5.16 ppm (Fig. 3a). Two non-equivalent protons on the carbon atom located at the fourth position
(-C(4)—H,, e, €’) in the isoxazoline moieties are observed up field as two characteristic signals at
3.42-3.50 ppm and 3.20-3.26 ppm. The obtained spectral analysis results are in full agreement with
the literature data [17].

In the proton spectrum for compound 5, a single characteristic broadened singlet is observed at 6.85
ppm (Fig. 3a), relating to the protons on the carbon atom located at the fourth position (C(4¢)-H, d) in
the 3,5-disubstituted isoxazole rings resulting from the reaction between dipole 1 and dipolarophile 4.
The process regioselectivity in the given case is corroborated by the absent proton signals (at 8.40—-9.05
ppm downfield) that correspond to the C—H proton located on the carbon atom at the fifth position in
the 3,4-disubstituted isoxazoles [17].

The '3C NMR spectra of compounds 3 and 5 (Fig. 3b) show resonance signals of carbon atoms
of the aromatic skeleton and of its three alkyl substituents at 126.97—126.99 ppm (C(/) and C(3), h),
144.33-145.08 ppm (C(4) and C(6), i), 126.21-126.75 ppm (C(5)-H, j), 141.70-142.53 ppm (C(2), k);
24.70-24.96 ppm (—CH,—CH3, I’), 26.32-26.80 ppm (—-CH,—CH3x2, I), 16.02—-16.18 ppm (—-CH,—CHj,
m), and 16.12-17.23 ppm (—CH,—CHj3;, m’).

The methyltriazole moieties in the structure of target products 3 and 5 appear in the carbon
spectra as carbon signals of the methyl substituent at 33.14-33.29 ppm upfield (N(/)-CH;3%2, a), and as
resonance signals of cyclic carbon atoms at 156.76—158.17 ppm (C(3)-Hx2, b) and 147.77-147.79 ppm
downfield (C(5)—0x2, ¢). The carbon atom signals of the linking oxymethylene bridges appear near
63.37-71.76 ppm (-CH,—0, d).

For product 3, the cyclic carbon atoms of the 3,5-disubstituted isoxazoline rings appear in the
corresponding magnetic field at 41.63 ppm (—C(4) H,x2, f), 78.03 ppm (—C(5) Hx2, e) and 158.78 ppm
(-C(3)x2, g) in the 3C NMR spectrum.

For compound 5, the signals of the unsubstituted carbon atoms of the isoxazole moieties are
observed at 107.09 ppm (—C(4) Hx2, f), while the substituted cyclic carbon atoms are located downfield
at 161.60 ppm (—C(3)x2, g) and 167.01 ppm (—C(5)%2, e), respectively.

The complete consumption of the nitrile oxide groups during the intermolecular 1,3-dipolar
cycloaddition reaction between the selected substrates was confirmed herein by the IR spectroscopic
data: the most intense and characteristic absorption bands of the ~-CNO groups within the structure of
the starting bifunctional dipole 1 at 2286 cm™ and 1329 cm™! are completely absent in the spectra of
the target compounds 3 and 5. That said, characteristic signals near 2875-2972 cm! are preserved as a
complex (due to mutual overlapping) absorption band relating to symmetric and asymmetric stretching
vibrations of the —CH, —CH,, —CHj; groups of exocyclic alkyl substituents located on the benzene
ring and 1,2,4-triazole rings. In addition, a sufficiently intense absorption band associated with the

involvement of the C—O—C polar ether bond of the oxymethylene bridges linking the triazole and
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isoxazoline (for compound 3) or isoxazole (for compound 5) moieties is preserved near 1179-1181 c¢m'!
for both compounds.

A range of absorption bands characteristic of grouped stretching and stretching-bending
vibrations of C-N, C=N, N-N and N-O bonds, which form a hybrid system of alternating five-
membered heterocycles of the corresponding constitution (1,2,4-triazole and isoxazoline ones for 3
and 1,2,4-triazole and isoxazole ones for 5), and stretching vibrations of the central aromatic ring
appear near 673-1569 cm’'.

The distinctive feature of the IR spectrum of product 5 is that a band responsible for the stretching
vibrations of the C—H groups located in the isoxazole moieties of the hybrid molecule is present in the
highest frequency region at 3115 cm!. Besides, vibrations of the system of double C=C bonds in the
isoxazole rings are observed at 1614 cm™.

Thus, the comprehensive analysis of the spectral characteristics suggests a successful
implementation of the proposed synthetic route and confirms the structure of the isolated target
compounds 3 and 5. The adopted catalyst-free conditions provide a smooth regioselective reaction of
intermolecular 1,3-dipolar cycloaddition involving a stable aromatic dinitrile oxide and functionalized
1,2,4-triazole-based dipolarophiles. In both cases, the simple treatment of the reaction mixture obtained
upon completion of the process makes it possible to isolate the target products 3 and 5 individually in a

sufficiently high yield, without the need for special purification techniques (no column chromatography).

Conclusion

The interaction between aromatic dinitrile oxide and functionalized dipolarophiles based on
methyltriazole containing a substituent with a different type of unsaturated bond has been studied via
the 1,3-dipolar cycloaddition reaction in the present study for the first time. The dipolarophile whose
molecular structure has a triple carbon-carbon bond was shown to be more active in the reaction
than its analog with a double C=C bond. Conditions that provide a regioselective formation and
isolation of new hybrid polynuclear heterocyclic molecules consisting of a central aromatic ring and
alternating 1,2,4-triazole and isoxazoline or isoxazole side moieties have been found. The structure of
the synthesized compounds was reliably confirmed by 'H, 3*C NMR and IR spectroscopies.

The obtained new hybrid polynuclear compounds whose molecular structure comprises
isoxazoline or isoxazole rings can potentially possess quite an interesting biological activity and serve

as universal building blocks for further chemical transformation.
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Abstract. Sulfates of natural polysaccharides have a complex of valuable biologically active properties,
including antioxidant, hypolipidemic, anticoagulant and other activities. The development of new
environmentally friendly methods for obtaining sulfates of natural polysaccharides is important at
present. In this work, a new method for obtaining sulfate of the natural polysaccharide pectin using
potassium persulfate and disulfite in DMSO is developed. The effect of temperature and duration on this
process was studied. It was found that potassium persulfate has a higher sulfating activity in the reaction
of pectin sulfation. This is indicated by the lower process temperature and duration, as well as higher
yields of pectin sulfate and sulfur content in it. The original and sulfated pectin were analyzed by IR
spectroscopy, X-ray diffraction and elemental analysis. The introduction of a sulfate group into the pectin
macromolecule was proven by elemental analysis and IR spectroscopy. Thus, the IR spectra of sulfated

pectin contain an absorption band at 1248 cm-1, which corresponds to the vibration of sulfate groups.
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AnnoTtanus. Cyiab(aTsl IPUPOIHBIX TOJINCAXAPHIOB 00J1aIal0T KOMITJIEKCOM IIEHHBIX OMOIOTHYECKH
AKTUBHBIX CBOWCTB, BKJIIOUAsl AHTUOKCUJAHTHYO, TUIOJIUIINIEMUYECKY 0, aHTUKOAr'yJITHTHY IO
W IpyTHe aKTUBHOCTHU. Pa3BUTHE HOBBIX 3KOJIOTMYECKH O€30MIaCHBIX METO/IOB MOIYUYCHHUS CYIb(aToB
MPUPOJHBIX TTOJINCAXAPHJIOB SIBJISIETCSl BXKHBIM B HacTosiIlee BpeMsi. B naHHoil padoTe pazpaboran
HOBBII METOJI OJTyYeHHs CYJIb(aTa IPUPOTHOTO TIOINCAXapH/Ia EKTHHA C HCTIONIb30BAHUEM Nepcyiibgara
u aucynbdura kanust B JJIMCO. VccrenoBaHo BIMsIHAE TEMIIEPATyPbl U IPOJIOKUTEIBHOCTH Ha JaHHbIH
rporecc. YCTaHOBJICHO, YTO NepeylibhaT Kaius obianaeT Oonbliel cynb(aTHpyomeid ak THBHOCTBIO
B peakluu cyiabdaTupoBaHus nekTuHa. Ha 3To ykaspiBaloT Oojiee HU3Kas TeMIepaTypa mnporecca
1 TIPOJIOJKUTEIIBHOCTB, a TaK)Ke Ooj1ee BBICOKHE BBIXO/BI CyIb(haTa eKTHHA 1 COIEP)KaHNE CEPhI B HEM.
Hcxonublii v cynbhaTnpoBaHHbIN NIEKTHH [IPOaHaI3UpoBaHbl MeTofaMu VIK-criekTpockorim, peHTTeéHOBCKO#
JM(PAKIMHU 1 SIIEMEHTHBIM aHAIN30M. BBenieHne cynb(aTHO rpy bl B MAKpPOMOJIEKYITY IEKTHHA I0Ka3aHO
MeTOZIOM 2sieMeHTHoro ananusa u MK-cnexrpockomnueii. Tak, Ha K-criekTpax cyibaripoBaHHOro eKTHHA

[PUCYTCTBYET MOJIOCA MOTMIONIEHUs Ipy 1248 cM™!, KOTOpast COOTBETCTBYET KONEOAHHIO CYIIb(ATHBIX TPYIIIL.

KuroueBble ci10Ba: IEKTHH, CyabpaTnpoBaHue, nepcynbdar kanus, qucynbdut xanms, JMCO.

Baaropapuoctu. PaboTa BeinosHeHa B paMkax OroskeTHOro mana Ne 0287-2021-0017 MuctutyTa
xuMHuU 1 xumuueckoi Texnoioruu CO PAH ¢ ucnonb3zoBanueM o6opyaoBanus KpacHospckoro

PErMoHaIBHOIO LIEHTPa KOJUIEKTUBHOT 0 nosb3oanust CO PAH.
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Beenenue

[IeKTHH — 3TO IPUPOIHBIH MONHCaXapu], OCHOBHBIM HCTOYHHKOM KOTOPOT'O SBISIOTCS KJICTOY-
HBIE CTEHKH OOJIBITMHCTBA PACTCHUH, 0COOCHHO B TUI0Aax 1 oBomax [1, 2]. OH urpaet BaKHYyI0 poib
B o0ecreYeHu MEXaHWYEeCKOW MPOYHOCTU U 1IEJIOCTHOCTH KJIETOK, & TaKI)KE BBITIOJIIHSIET (YHKIIHH
B IIpOLIECCE CO3PEBAHUS U CTApeHUsI IUI0J0B. biiarofaps cBOMM yHUKAJIbHBIM (U3HUECKUM U XHMH-
YECKHM CBOMCTBaM IEKTHUH C Ka)XJbIM I'OJIOM IpPHUBIIEKAET BCE OOlblilee BHUMaHKUE UCCIIeIoBaTeNei
1 IPOM3BOAMTENEH B Pa3IMUHBIX OTpAcisiX, TAKMX KaK MUIIeBas, (hapMaleBTHIecKas i KOCMeTHYe-
ckas [3].

B numeBoii MpOMBIIUIEHHOCTH MEKTHH IIHPOKO HCIOJIB3YEeTCS B KauyecTBE 3aryCTUTEINs, CTa-
OMIIN3aTOPA U JKEIMPYIOLIEro areHTa, 4YTo JIeIaeT ero He3aMEHUMbIM KOMIIOHEHTOM B ITPOU3BOJICTBE
xKeJle, MapMesaia, HAUTKOB U cOycoB. Ero crocoOHOCTh 00pa3oBBIBATH I'elIM U SMYIBCHH JEJaeT
NEKTHH [EHHBIM HHTPEIUEHTOM JJISI CO3/IaHUSI TEKCTYPUPOBAHHBIX MPOIYKTOB, OTBEYAIOLIUX COBpE-
MEHHBIM TPEOOBAaHUSM MOTPEOUTEIICH 110 KaueCTBY U BHEITHEMY BUY [4, 5].

Xumunueckass MoJU(UKaLKs MEKTHHA MO3BOJISIET PACHIMPUTH O0JIACTH €ro MpUMEHeHHs! 0Jaro-
Jlapsi BBEJICHNIO HOBBIX (DyHKIIMOHAIBHBIX TPYII B MakpoMouieKyiy [6]. Cpenn pa3indHbIX METOIOB
XUMHYECKOH MonuUKaluK MeKTHHAa 0c000€ BHHUMAHHE MOYHO YJEJIUTh €ro Cysb(aTupoBaHHBIM
npou3BogHBIM. CynbhaTupoBaHue NEKTHHA IPEICTABIIAET COO0H OHY M3 HanOoJIee MepCIIeKTHBHBIX
cTpaTeruii MoIU(pHUKaIMH, TTO3BOJISIONIYI0O U3MEHHUTD €ro (PU3MKO-XMMHYECKHE CBOMCTBA, BKIIIOYAS
PacTBOPUMOCTBD, BSI3KOCTh M TeneobpasoBanue. Ilpouecc cyiab(parnpoBaHus 1Mogpa3yMeBacT BBEIeC-
HUE CyJIb(paTHBIX TPYII B MOJEKYJY MEKTHHA, YTO MOXET 3HAUMTENIbHO YBEJIUYHUTh €ro pa3sMepsbl,
YIy4IIUTh CTA0MJIBHOCT IPU PA3IMYHBIX TeMIlepaTypax u pH, a Takke paciimpuTh ero QyHKIHO-
HaJIbHbIE BOBMOXXHOCTH, HAIIPUMEP, MOBBICUTH OHOJIOTHYECKYI0 aKTHBHOCTH MIJIH CIIOCOOHOCTD K B3a-
UMOJICHCTBUIO C HOHaMUu MeTaos [7-10].

B TpamMumoHHBIX MeTomax CyJib(paTHpPOBAaHUS IOJIHMCAXapUIOB OOBIYHO HCIOJIb3YHOTCS
KOPO3MOHHO-arpeCcCUBHBIC CYIb(aTHPYIOLINE areHThI (XJI0pCyIb()OHOBASI KMCIOTA, CepHAas KUCIIOTa,
0JIeyM) U TOKCHYHBIC aMUHBI (IUPUIUH, TUIIEPUANH U Jp.) B KadyecTBe pacTBoputenei [11]. Pazsu-
THE e YKOJIOTHYECKN 0€30MacHBIX METO/IOB SIBIISICTCS aKTyaJIbHOMN 3a/1aueii.

Lenbio ganHOW pabOTHI SIBJISLIACH Pa3pabOTKa METO/A CYIb(aTHPOBAaHUs NEKTHHA nepcyibda-
ToM U aucyiabpurom kanus B JJMCO, a TakyKe HCCIIeIOBAHNE TIOJyYeHHBIX CYJIb(aTOB MEKTHHA Me-

TOJIAMH DJIEMEHTHOr0 aHanu3a, K-crnekTpockonuu 1 peHTreHOBCKOM AU(PaKIIH.

MarepuaJibl U METObI

B pabote ncrosb30BaH IPOMBIIIIICHHBIH sI0JIOYHBIN IEKTHH Tpon3BoacTBa Shanghai Zhangguan
International Trade Co., Ltd. (Kutaii). MoHocaxapuaHblii cocTaB (MOJb): ['aakTypoHOBast KUCI0Ta/

Apabuno3sa/ I'amakTo3a/ I'moko3a/ Kenmosa 3,5/ 1,0/ 0,76/ 0,16/ 0,11 cooTBeTCTBEHHO.

Cynvgpamuposanue nekmuna nepokcuoucyibhamom Kaius

CynbdaTiupoBaHue MEKTHHA MEPOKCUIUCYIBGATOM KaIus MPOBOMAMIIN 110 MOAUPHUIIHPOBAHHOM

meTonuke [12].
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B Tpexropiyto kos10y oobemom 250 mi1, cHAOKEHHY IO MEIIAJIKO U 00paTHBIM XOJIOAUIBHUKOM,
rmoMeniand 2 T nekTuHa, 10 r nepokcuancynbdara kanus. [lorydeHHy0 cMech pacTBOpsiau B 20 Mt
JAMCO. Peakiiuio mpOBOAMIIHM COTJIACHO YCIOBUSM, YKa3aHHBIM B Ta0I. 1.

Ilo ucteuenuu 3 4acoB pacTBOPUTEND JEKAHTUPOBAIIN, HEUTpanu30BbIBain 10 %-HBIM pacTBOPOM
KOH, ocraBmniics ocamok pacTBopsutd B 50 M AUCTHIIUPOBAHHON BoAasl. [locie BogHBIN pacTBOp
($unpTpOBaNH A YAAJICHUS HEPACTBOPUBILIETOCS HCXOJHOTO MTOJIHCAaXapHia.

PacTBop, conepxamiuii cynbdaT NeKTHHA U MPOJYKThI PEaKiH, ITOBEPrajiy JUAJIU3y IPOTHUB
TUCTWUIHPOBAaHHOH BOABl Ha IemnodanoBoM puwanm3HoM wmemke MF-503—-46 MFPI (CHIA)
¢ pasmepom mop 3.5 xk/la (=0.1 mxm). [IponykT aumanuszupoBanu B TedeHue 10 "yacoB, MEHssI BOILY
Kaxable 1-2 yaca.

[Mocne mponecca nuaiinza pacTBop cylsibdara MeKTHHA NepeHocHin B yaiky [leTpu u cymmiu

B cymmiibHOM mikady npu temneparype 50 °C 10 mocTOsTHHOM Macchl.

Cynvgpamuposanue nekmuna Oucyib@umom Kaius

CynbdarupoBanue MNeKTHHA JUCYJIbOUTOM Kausi HPOBOIUIN 1O MOIUPHUIIMPOBAHHON
meronuke [13].

B Tpexropiyto kosi10y oobemom 250 mil, cHAOKEHHY IO MEIIAJIKO U 00paTHBIM XOJIOAUIBHUKOM,
roMerany 2 T neKtuHa u 6,32 v nucynbdura kanus. [loxydennyio cmeck pactopsiiau B 24 mi JIMCO.
Peakiyro mpoBOIMIIA COTIACHO YCIOBHUSIM, YKa3aHHBIM B Ta0. 1.

[o ncreuennu 3 4acoB paCTBOPUTEINb ICKAHTHUPOBAIIN, OCTABLIMICS 0CaJJOK pacTBOPSIN B 50 Mt
JUCTUIUTMPOBAaHHOU BOJbI. [lociie BOIHBIH pacTBOp (GpuIIbTPOBAIIH /IS yJaIeH s HEpaCTBOPUBLIETOCS
HCXOAHOTO MOJIHCAXAPH/IA.

PacTBop, conepxamiuii cynbdaT NeKTHHA U MPOJAYKThI PEaKIUH, IIOJBEPrajiy AUaJIU3y IPOTHUB
TUCTWUIHPOBAaHHOH BOABl Ha IemnodanHoBoM aumanm3HoM wmemke MF-503—46 MFPI (CHIA)
¢ pasmepom mop 3.5 k/la (=0.1 mxm). [IponykT amanuszupoBanu B TedeHue 10 "yacoB, MEHssI BOILY
Kaxaele 1-2 yaca.

[Mocne mponecca nuainza pacTBop cylsibdaTa MeKTHHA NepeHocHin B yaiky [leTpu u cymmiu
B cymmiibHOM mikady npu temneparype 50 °C 10 mocTOsTHHOM Macchl.

Beixon cyinbdarupoBaHHOr0 NMEKTHUHA ObLI pacCuMTaH 10 popMyIie:

mS
Y =—x100%, M
m;
IrJIe M; — Macca UCXOIHOT0 TIEKTHHA, T'; Mg — Macca cyJIb()aTHPOBAHHOTO EKTHHA, T.

CojnepxkaHue cepbl B MMOJYyYEHHBIX CyJIb(Tax MEKTHHA ONPEIEIISIIU C IOMOUIBIO AIEMEHTHOIO
anamu3atopa Flash EATM-112 (ThermoQuest, Utamms).

UK-criekTpbl HCXOIHOTO U CyJib(haTHPOBAHHOIO mojincaxapuaa nonyydainu Ha UK-Oypbe criek-
tpomerpe Shimadzu IRTracer-100 (SInonus) B quanasoue aaud Bona 400-4000 cvm!. 3aTem criekTpbl
uneHTuunupoBaiu B mporpammuom obecrniedennn OPUS, Bepcus 5.0. Teepabie 00pasiisr mis MK-
®dyphre uccuenoBanms B BujIe TadIeToK cogepikann 2 mr Bemectsa Ha 1000 mr KBr.

PenTreHoBckoe qU(PaKIIHOHHOE HCCIIEI0OBAHNE ITPOBOMIIA Ha PEHTTEHOBCKOM TU(PPAKTOMETPE
JPOH-3 (monoxpomarnueckoe CuKa-nzmyuenue, A = 0,154 am) npu Hanpsokeann 30 kB u cuite Toka
25 MA. Illar ckanupoBanus coctasmsii 0,02 rpagyca, a uHTepBaisl — | ¢ Ha TOUKY HaHHBIX. M3Mepe-

HUSI IPOBOJIMIIACE B THamna3oHe yrioB bparra 20 ot 5,00 go 70,00°.
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Pesyabrarsl 1 00cyxkaenue

B nannoit paboTe OBbIIIM pacCMOTpPEHBI NepCyab(ar u TUCyIb(UT Kalus B KauecTBe CynbpaTu-
PYIOLIMX areHTOB B Ipoliecce cyibhaTHpOBaHUs IEKTHHA.

[Mepcynbdar kanus sSBISETCS HE CAMBIM PaclpOCTPAHEHHBIM CyJIb(aTHPYIONINM areHTOM IpH
CyJIb(paTHPOBAHUH MPUPOJHBIX MOJUCAXAPUIOB, XOTSI UMEET OOJIBIION MOTEHIMAN U PSi PEUMY-
mectB [14]. Hampumep, oH o0raaeT BBICOKOW PEaKIMOHHOW CHOCOOHOCTHIO, UTO IMO3BOJSET €MY
3¢ PexTHBHO CyNib(HaTUPOBATh MIUPOKHI CIIEKTP OPraHMYECKUX COCAMHEHU, BKIIIOYasi CUPTHI, (he-
HOJBI U ApyTHe coennHeHus [15]. Dta cmocoOHOCTH MO3BOJIIET NOMyYaTh pa3HO00pas3Hble MPON3BO-
JIHBIC, KOTOPbIC MOT'YT OBITh MCIIOJIB30BaHBI B CHHTE3€ O0iee CIIOKHBIX MoJeky [16]. Kpome Toro,
nepcynbar Kajaus SBISETCS CTaOMIBHBIM COCAMHEHUEM IPU OOBIYHBIX YCIOBHUSX, UTO JIEJIACT €TO0
yIIOOHBIM JIsl XpaHEH U U Ucrolib3oBanus. OH He TpeOyeT 0COOBIX YCIIOBHI 1151 00paOOTKH 1 MOKET
OBITH JIETKO MHTETPUPOBAH B pa3iINYHbIE Nporecchl cuHTe3a [17]. Eme ogHUM npenMyniecTBOM sB-
JISIETCSI TO, 4TO NEepCyIb(aT Kallus sIBISIETCs] 00JIee SKOJIOTNYECKH YUCTHIM U O€30I1aCHBIM BapUaHTOM
10 CPABHEHHIO C HEKOTOPBIMU APYTUMHU CcynbpaTupytomumu areHTaMu. OH HMeeT HU3KUI yPOBEHb
TOKCHYHOCTH U MOXET MCIOJIb30BaThCsI B 00jIee miaasimux ycuopusx [18].

JucynbhuT Kains npeAcTaBiIsieT COOOH BaKHBIN CyIb(aTHPYIOMUI areHT ¢ PsiIoM 3HAYUTEIb-
HBIX MPEUMYIIECTB, KOTOPhIE JENAI0T €ro IEHHBIM HHCTPYMEHTOM B XMMHYECKOM CHHTE3€ U IpPO-
MBIIUIEHHOCTH. BO-NIepBBIX, TUCYIB(UT KaJIns 00J1a1aeT BEICOKOI PeaKIIMOHHON CIIOCOOHOCTHIO TIPH
B3aMMOJICUCTBUH C Pa3IMYHBIMH OPraHMYECKUMH COCIUHEHUSIMHM, YTO TO3BOJSET eMy d(PPeKTHB-
HO MPOBOAHTH cyinbdarupoBanue [19]. Bo-BTopeix, AuCyNb(QUT KaHs OTIIMYASTCS OTHOCHTEIBHON
CTaOMIIBHOCTBIO U 0E30I1aCHOCTHIO IIPU XPAaHEHUHU U MCIIOJIb30BAHUU. DTO JeNIaeT ero yIo0HbIM IS
71a00paTOPHOI MPAKTHKHU U IIPOMBIIIIICHHOTO IIPUMEHEHHMSI, TaK KaK OH MOXKET XPaHUTHCS IIPU 0ObIY-
HBIX YCJIOBHUSX, YTO CHMUKAET PUCKH MpH obparienun ¢ HuM [20].

[Tpouecc cynab(arnpoBaHUsI NMEKTHHOB MNepcyibdaToM U AUCYIbOUTOM Kalus IPOBOIWIH
o cxeme (puc. 1).

PesynbraTsl BiausiHUS nepcyiibdaTta n AUCYIb(PHUTA KATHs, TEMIEPaTypbl U MPOIOIKUTEIBHO-
CTH Ha BBIXOJ] U COZIEPIKaHKE Cephbl B Cylb(are NeKTHHA B Mpolecce CyIb(PaTnupoBaHUs PUBEICHBI
B Tabm. 1.

Jlauubie Tabia. 1 neMoHCTpHUPYIOT, 4To nepeyibdar kanus (K2S20s) cyiiecTBeHHO MPEeBOCXOIUT
nucynbhut kamus (K2S:0s5) no appextusHocTr cynbdarupoanus. [Ipu 30 °C u yBenuueHun Bpe-

MeHU peakiuu ¢ 3 10 7 yacoB BbIxoJ nponykta ¢ K.S>0g Bo3pactaet ¢ 38,2 no 57,2 %, a cogepxka-

0 0 o o
~ ~_
0 s} @] 8]
e .
o DMSO o
™~ oH Ky8,05/ KyS,0q ™~ or
o —_— ™ 0
o) OH o OR
OH R=H, 80,Na OR
| OH |n | OR |n

Puc. 1. Cxema peaxiuu cynb(aTHpOBaHUsI IEKTUHA

Fig. 1. Scheme of pectin sulfation reaction
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Tabmuua 1. BnusHue CyabhaTHpPYyIOIIEro arceHTa, TEMIEpPaTypsl W MPOMOJKHUTEIBHOCTH Mpolecca
cyab(haTUPOBAHUS MIEKTHHA HAa BBIXOJ] U COICPIKAHUE CEPbI

Table 1. Effect of sulfating agent, temperature and duration of pectin sulfation process on yield and sulfur content

Ne Cynb(?ampy}o- Temnepatypa, “C Hponomkurens- Brixon, % Conepxanue S, %
LM areHT HOCTb, U
1 K,S,04 30 3 38,2 7,0
2 K,S,04 30 5 50,4 10,1
3 K:S 205 30 7 572 114
4 K3S 205 40 1 271 55
5 K,S ,04 40 3 42.3 73
6 K,S,04 50 1 29,1 4.2
7 K,S,04 50 3 32,3 3.1
8 K,S,0;5 30 3 11,5 9,9
9 K,S,0;5 40 3 20.1 10,5
10 K,S,0;5 40 5 237 9,5
11 K,S,0;5 50 2 24,8 0,7

Hue cepbl — ¢ 7,0 10 11,4 %. DT0 CBA3aHO C BHICOKOM OKHCIUTEIBHON CIIOCOOHOCTHIO mepcyibdara,
KOTOpBIH reHepupyet paaukaisl SOs s B IMCO, obecrieunBas HHTEHCUBHOE BBEJCHUE CYJIb(ATHBIX
TpyII B nojiucaxapuanyio matpuny [14, 16]. Hanpotus, K2S:0s, aBnssce MeHee peaKIIMOHHOCIIO-
COOHBIM areHTOM, JIEMOHCTPUPYET HU3KUH BBIX0A (<23,7 %) make 1pH yAJIMHEHUH BPEMEHH PEAKIINH
10 5 gacos. [Ipu noBsiennn temeparypsl 10 S0 °C addexruBHoCcTh K2S205 pesko namaet (comep-
xaHue cepbl — 0,7 %), 4TO 00BACHAETCS TEPMUUECKUM PA3JIOKEHUEM AUCYIbGHUTA ¢ 00pa3oBaHHEM
HEaKTHUBHBIX MPoayKToB (SO2, S°) [19].

[Tpu ucnonbp30BaHny nepcynibdara Kajaus B KadecTBE CyIb(PaTHPYIONIEro areHTa InpHu Temiepa-
type 30 °C npu yBenuueHUH MPOIODKUTEIBHOCTH € 3 10 7 4acoB HaOII0aeTCsl yBEIUYECHUE COJIeP-
xaHust cepsl ¢ 7,0 no 11,4 mac.%. YBenndueHne TeMrepary phl sl JaHHOTO CyJIb(aTHPYIOIETo areHTa
MPUBOJIUT U K YMEHBLICHHUIO BBIXOJIA CYJIb(arTa MEeKTHHA, U K YMEHBIICHUIO COJIEPKAHNUS CEPBI B HEM,
YTO MOKET OBITh CBSI3aHO C MPOIECCAMH ACCTPYKIHMH M AE3aKTHBALMH CyJIb(aTHPYIOIETro areHTa.
Hcnonb3oBanue AUCYIb(GHUTA Kallsi B Ka4eCTBE CYJIb(PATUPYIOIIEr0 areHTa B aHaJOIMYHBIX YCIIO-
BHSX IPUBOIUT K MOJTYUYCHHIO CyIb(ara MEeKTHHA C MEHBIIUM BBIX0AOM (10 23,7 Mac.%) 1 MEHBIIUM
conepkanuem cepsl (o 10,5 mac.%).

Onrtumaneabie yeroBus 1t K2S:0s — 30 °C u 7 gacos. [Ipu 40 °C HaGnromaeTcs CHI)KCHHUE BEI-
xoza (42,3 % 3a 3 yaca), a npu 50 °C — 3HauuTENbHOE NaJIeHUE conepkanus cepsl (3,1 %), uTo cBsi3aHo
C IECTPYKIIMEH NMEeKTHHA ¥ OKUCIICHHEM CyIb(aTHBIX Tpyni. Tepmudeckas HecTaOUIbHOCTH K2S20s
IPU TOBBIIIEHHBIX TEMIIEPATyPax MOATBEPIKIACTCS JaHHBIMU TEPMOIPABUMETPHUECKOIO aHaHu3a
(TT'A), Toe Hauao pasiokeHus peareaTa Hadmomaerces yxe mpu 45 °C [17]. dusa K2S20s makcumanb-
Hast addexruBHOCTh HocTuraercs npu 40 °C u 3 yacax (10,5 % cepbl), onHAKO JaNbHEHIINI HArpeB
MIPUBOJHUT K Jiecysib(aTalluy 1 AETpaJalliy HoJIucaxapu/ia.

Takum obpaszom, nepcynbdar Kanus sBisieTcs 0osee d3hGEeKTUBHBIM CyIb(ATUPYIOLUIUM areH-

TOM, 06CCH6‘II/IBa}OH.II/IM BBICOKHEC BBIXOJbI CyJ'IL(i)aTa IEKTHHA U COACPIKAHUC CCPhI B HEM. Cnez[yeT
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Puc. 2. UK-criekTpsl: 1 — HCXOAHBIH IEKTHH, 2 — CyIb(ar MeKTHHA

Fig. 2. IR spectra: 1 — initial pectin, 2 — pectin sulfate

OTMETHUTh, YTO UCIIOJIb30BaHHUE JAHHOTO CYIb(aTHPYIOIIEro areHTa 1execooopa3Ho MPOBOAUTD IIPH
temieparype 10 40 °C, a BBIXOI U COEPIKAHUE CEPhI PEryJIUPOBATh MPOIOIKHUTSIIBHOCTHIO IIPOIecca.

HcxonHblil U cynb(haTupOBaHHBIA MEKTHH ObLIN MpoaHaIu3upoBaHbl MeTonoM MK-cmekrpo-
ckonuu (puc. 2).

HcxonHbIinCyab(paTnpoBaHHBIH IEKTHH OBLTHITpOaHann3npoBansiMeTogoM M K-ciekTpockonyu
(puc. 2). XapakTepuCTHYECKUE MOJOCHl HCXOHOTO MEKTHHA HAOII0Jat0TCs B 001aCTAX:

3100-3600 cm": Illmpoxas momoca MOTIIOIIEHUS, COOTBETCTBYIOMIAsT BaJICHTHBIM KOJICOaHUSIM
O—H ruipOKCHIIBHBIX TPYIIT M KapOOKCUIIBHBIX TPYIII FaJaKTyPOHOBOM KHCIOTHI.

1750 em™": Pe3kwmii muk, XapakTepHbId 11t KapOoHMIBHEIX rpynn (C=0) srepudunpoBaHHbIX
rajJakTypPOHOBBIX OCTATKOB.

1600—-1650 cm*: Tlomocsl, cBA3aHHbBIE C aCHMMETPUYHBIMU KoJlieOaHusIMH KapOokcuiaToB (COO)
B IeATepU(PULINPOBAHHBIX yYaCTKAX MEKTUHA.

1100—1200 cm™": O6nacte konebannii C—O—C B IIIMKO3UAHBIX CBS35AX U 3(QUPHBIX TPyIIax.

950-1050 cm ' ITuku, oTBeyaromue BaJeHTHRIM KonebaHussM C—O B MUPaHO3HBIX KOJBIAX MO-
HOCaXapH/JIOB.

B nipouecce cynbdarnpoBaHus HaOMIOAAETCS MOSBJICHUE HOBBIX T10JIOC!

1248 cm': IHTeHCHBHAS T0JI0Ca aCHMMETPHYHBIX BAJICHTHBIX Kosiebanuit S=0 B cynb(haTHBIX
rpynnax (—OSOs7). DTOT MUK SIBISIETCS] KJIOUEBBIM MapKEPOM YCIELIHOT0 CyJib(haTUPOBaHUS U KOP-
peJINpPYET ¢ COJePKAHNEM CEPBI, OIPEAEICHHBIM 3JIEMEHTHBIM aHATIH30M.

810 cm™: Jlepopmanuonnsie kosedanuss C—O-S, noxreepikaamomire odOpazoBaHue 3(OUPHBIX
CBsI3€il MEXy CyIb(QaTHBIMH I'PYTIIaAMU U THJIPOKCHIIAMH ITEKTHHA.

600-700 cm™': Cnabble MoJIOCHl, COOTBETCTBYIOLINE CHUMMETPHYHBIM BaJICHTHBIM KOJICOAHUSIM
S—O B cynbdarax.

Kpome Toro, B mpouecce cynibhaTHpOBaHUs MEKTHHA UAET MOJHOE NCYS3HOBEHUE MHKa Kap0o-

HUJIBHBIX Tpym (mpul750 cm '), 4To yKa3bIBaeT Ha AedTepU(PUKANNIO NEKTHHA B XO/I€ peakuu. DT0
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COIJIacyeTCs C MEXaHM3MOM CYJIb(haTUPOBAHMSI, IIPH KOTOPOM ILEJIOYHbIE YCIOBHSI (HEWTpanu3anus
KOH) cnioco0cTBYIOT ruapon3y MeTHIIOBEIX 3(hupoB. Takske HaOmoqaeTcsl yMEHbIICHUE HHTCHCHB-
HocTHu mupokoit moiockl O—H (3100-3600 cm™) Ha 40 %, 4TO CBHUAECTEILCTBYET O 3aMEIICHUH TH-
JPOKCHIIBHBIX I'PYII CyJIb(GaTHBIMH.

Cornacno panneiM MK-criekrpockornun moxHo HaGmonare cmemenne nukos C—O—C (1100-
1200 em ™) B 00macth 1150—1250 cM ™!, 4TO CBSI3aHO ¢ U3MEHEHHUEM DJIEKTPOHHOM IIIOTHOCTH B TJIHKO-
3MJIHBIX CBSI3SIX M3-3a BBEJIEHHS CyJib(aTHBIX IPyII. A TaKkxke HaOo1aeTcsl yBeJauueHne HHTEHCHB-
HOCTH Tosioc kapOokcmnaToB (1600—1650 cM™), 9TO0 MOXKET OOBICHITHCS YaCTUYHOU Ierpamaruei
MEKTHHA ¥ yBEJIHUYeHUEM 1071 cBoOoaHbIXx COO -rpymm.

CpaBHEHHE CIIEKTPOB TOJITBEPKAAET, UTO CYJIb(ATHBIE Pyl KOBAJIEHTHO CBSI3aHBI C THIPOK-
CIUTBHBIMHU I'PYIIIaMHU MEKTHHA, TPEUMYIIECTBEHHO B nosoxkeHusax C-2 u C-3 raJakTypoHOBOH KHC-
JOTHl U HEWTpaJIBHBIX caxapoB (apabWMHO3a, TajlakTo3a). DTO COINIACYeTCsl C JINTEpaTypHBIMU JaH-
HBIMH, IJIe CyJb()aTHPOBAHKE MOJUCAXAPHIOB YaIlle MPOUCXOIUT [0 BTOPUUHBIM THAPOKcHIaM [21].
HcuesnoBenmne kapOoHIIBHBIX Tpynn (1750 cm™!) yka3plBaeT Ha CHIDKEHUE CTETICHH dTCPUPHKAIIAN
NEeKTHHA, YTO MOXET BIIMATH Ha €ro XKEJIUPYIOIUe CBOMCTBA, HO MOBBIIIAET PEAKIIMOHHYIO CIIOCO0-
HOCTB 32 cUeT yBeInueHus yucia ceodogusrx COO -rpymm.

WcxonHblil U cynb(haTUPOBAHHBIM NEKTHH MPOaHAIN3UPOBAHBI METOJIOM PEHTTEHOBCKOM Mud-
pakmuu (puc. 3).

Pentrenoga3oBblil aHaIN3 UCXOIHOTO MEKTHHA U MOJIYYEHHOro cysb(dara MeKTuHa JaeT IIeH-
HYI0 MH(GOPMALUIO O CTPYKTYPHBIX M3MEHEHMSX, TPOUCXOIAIINX B Mpolecce CyabpaTnpoBaHUS.
Ha puc. 3 npezcrapieHa peHTIeHOBCKast nu)paKkTorpaMmMa YUCTOr0 MEKTHHA U €ro CyJib(haTupoBaH-
HOT'O IIPOM3BOAHOTO. M3 TudpaKkTOrpaMMbl HICXOAHOTO MEKTHHA BUHBI KPUCTAUINYECKHUE TTHKH, KO-
TOpBIE TOATBEPKAAIOT KPUCTAJUIMUECKYIO MPUPOAY MEKTHHA, YTO corjacyeTcs ¢ paboroii [22]. Orta
KPUCTAJIITMYECKAs IIPUPOJIA MPEATIOIaraeT CTadMIBHYI0 MOJIEKYJISIPHYIO OpTaHU3aInIo, YTO odecrie-

YUBAET OJHOPOJHOCTH (PU3NYECKUX CBOMCTB M OMOJIOTMYECKOM akTuBHOCTH [23].

400 -

300 -

%

=

S
L

Intensity

100 4

R o % »_ ® ' ' !
Degree, 20
Puc. 3. POA-gudpakrorpammbr: 1 — HCXOAHBII NEKTHH, 2 — CyIb(AaT NEKTHHA
Fig. 3. X-ray diffractograms: 1 — initial pectin, 2 — pectin sulfate
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VHTEHCHUBHOCTh KPUCTAJUTMYECKHX MMUKOB UCXOAHOrO nektuHa (20 = 14,5° u 22,3°), cooTBeT-
CTBYIOIIMX YIOPSJOYEHHON CTPYKTYpE 0-MOIUTaIaKTypPOHOBOM KHUCIOTHI [21], cHMkaeTcs Ha 68 %
nocsie MogudUKanuu. DTO 0OBSICHSIETCS BHEIPEHHEM 00bEMHBIX CyJb(aTHBIX I'PYIIII, KOTOPbIE Ha-
pYyLIaloT BOAOPOAHBIE CBSA3U U YIIOPSAJIOUYEHHYIO YIIAKOBKY Lieneil [24].

[Tpu BBeneHUM Cynb(aTHBIX IPYII B Ipolecce CyabparupoBaHus HAOIIOIAETCS 3aMETHOE H3-
MEHEHHE KPHCTAJUIMUECKOH CTPYKTYpbl MEKTHHA. AHAIN3 YKa3blBaeT HA 3HAYMTEIBHYIO CTEICHb
amop(du3zanuu, KoTopasi OTMeUeHa ocjablieHHeM WIIM TOJHOM MmoTepell BHICOKOMHTEHCHBHBIX TU(]-
PaKIMOHHBIX MTMKOB, XapaKTEPHBIX JJIs HCXOIHON KpHcTauindeckoi ¢asbl. [lepexox oT kpucramim-
YEeCKOro K aMOp(QHOMY MaTepualy HOATBEPKAACTCS MPEABLAYIIMMH UCCIEIOBAHUSIMHU, YIIOMSIHY ThI-
MH B [25-27], B KOTOPBIX TaK)Ke€ OTMEYEHBI aHAJIOTHYHEIE CTPYKTYPHBIC TPeoOpa30BaHuUs B IIpoIecce
CyJIb(paTupOBaHUS IPYTHX COSIMHEHUH.

[Tpouecc amopdu3annun MOKHO OOBSCHUTH HAPYLIEHUEM HCXOJHBIX MEKMOJIEKYJISIPHBIX B3aH-
MOIeHiCTBHI U 00pa30BaHMEM HOBBIX THIIOB cBs3ell [28] ¢ yyactuem cynabpaTHbIX TPyl JTO Ha-
pYLIEHNE YacTO MPHUBOIUT K MOBBIIICHUIO MOJIEKYIISIPHON MOABMKHOCTH M U3MEHEHUIO (PU3NIECKUX
CBOMCTB [29], 4TO MOXKET MOBBICUTH PACTBOPUMOCTb U OMOJOCTYITHOCTH CyJb(aTa neKTHHa 1o cpas-

HCHHIO C UCXOJHBIM IICKTUHOM.

BoiBoabl

BriepBbie mosyueHbl Cyib(arhl MEKTHHA C UCIOJIb30BaHMEM Nepcyibdara U AuCyIbduTa Ka-
must B AMCO. Iloka3zaHo, uto nepcynbhar Kanus oonanaer 0onee BEICOKOH aKTHBHOCTBIO B PEaKIIUU
CyJb(paTHpOBaHUs NEKTHHA B CPABHEHUH C AUCYJIbPHUTOM Kaius, odecriednBasi Oosee BBICOKH BbI-
XOJI LIEJICBOTO NMPOAYKTA M COJEPKAHHUE CEPbl B HEM. YCTAHOBJICHO, UYTO CyJIb()aTHPOBaHHUE MEKTHHA
1eJIecO00pa3HO MPOBOAUTD C UCIIOJIb30BAHUEM NEpCyib(ara Kajins B Ka4ecTBE Cylb(aTHPYOLIEro
arenTa rnpu temreparypax 10 40 “C u npogoKUTENTFHOCTH — 10 7 4acoB.

BBeznenue cynab(arHol Tpynnbl B MOJEKYIIY HEKTHHA IOITBEPIKICHO METOIAMHU 3JIEMEHTHOTO
aHanu3a U UK-CeKTpOCKONUH, NOSBIEHHEM COOTBETCTBYIOIIMX OJIOC MOIJIOLIEH s npy 1248 cm™!
u 810 cm!. CreyeT OTMETHUTB, 4TO B Ipouecce cyiab(aTupoBaHus HaOIroaaeTcss aMopdu3anus uc-

XOAHOT'O ICKTUHA U HAPYHICHUC €TO KpHCTaHHH‘IeCKOﬁ CTPYKTYPBHI.
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Abstract. The rearrangement of acetophenonoxime on the surface of iron sulfide has been studied,
in which the mechanism of interaction of ketoximes with the metal surface has been established. As
an example, the mechanism of interaction of acetophenonoxide with iron sulfide, which is the main
corrosion product in the NACE+H2S environment, is considered. The study was conducted using solid-
phase NMR (nuclear magnetic resonance). It was found that acetophenonoxime performs a Beckman
rearrangement to the corresponding acetanilide and N-methylbenzaoamide (NMB). Additionally, the
inhibitory properties of compounds obtained as a result of the rearrangement of acetophenone oxime

were evaluated.
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MexaHu3M B3aUMOAEHCTBUA KETOKCUMOB
¢ MOBEPXHOCTHIO METAJLIA.
Ieperpynnuposka bekmana

HA MOBEPXHOCTH CyJIb(u/Ia Kee3a

J1. 10. KapaueBckmii® ®, A.T. Mycrapuu®

000 «PH-bawHHIIHnegpmvy (OI' [140 «HK «Pochegpmby)
Poccuiickas ®edepayus, Yepa

o Yehumeruii Mncmumym xumuu —

000cobNIeHHOe CmpPYKmMYypHoe noopaszoeieHue

Ygpumckoeo ®UL] PAH

Poccuiickas ®edepayus, Yepa

AnHoTanus. VccnenoBana neperpynnipoBka anero(eHoH OKCUMa Ha IOBEPXHOCTH Cyb(uia xeesa,
B paMKax KOTOPOW YCTAHOBJIEH MEXAHU3M B3aUMOJIEUCTBUS KETOKCUMOB C TOBEPXHOCTHIO METAJLIIA.
B kauecTBe npumMepa pacCMOTPEH MEXaHHU3M B3aMMOJICHCTBHUSI alleTO(YEHOH OKCHMa C CYJIb(HI0M
JKene3a, KOTOPBIX SBJISETCS OCHOBHBIM IPoAyKToM kopposuu B cpeae NACE+H,S. HUccnenosanue
MIPOBOAMJIOCH IIPH MOMOINHU TBepAodhasHoro AIMP (saepHO-MarHUTHOrO pe30HaHca). BbIIo yCTaHOBIICHO,
4TO areTO(hEeHOH OKCUM COBEpIIACT MePerpynupoBKy bekMaHa 10 COOTBETCTBYONIUX alleTaHIIIH 1A
u H-metunoenzamuna (HMB). JlonoaHUTEIBHO POBEICHA OIICHKA HHIHOUPYFOIIIMX CBOUCTB COCAUHEHUIA,

MOJTy4YaeMbIX B PE3yJIbTaTe MeperpynupoOBKH aleTOPEHOH OKCUMA.

KiroueBnble ciioBa: a].[eTO(l)GHOH OKCHUM, IIEPErpyninnupoBKa BeKMaHa, allCTaHUJIN I, H-MCTI/IH6GH33MI/II[.

Hutuposanue: Kapauesckuii /1. 10., Mycradun A.I. MexaHu3m B3auMOJeHCTBUS KETOKCHMOB C IIOBEPXHOCTHIO METaJIjIa.
Teperpynnuposka bekmana Ha moBepxHocTH cynbduaa xenesa. XKypu. Cub. dpenep. yu-ta. Xumus, 2025, 18(2). C. 262-274.
EDN: OIKBZW

BBenenne

OxcuMbl panee ObUTH MPEeINIoKeHbI [ 1-4] Kak aHATUTHYECKNE peareHThI JJ1s BhIICICHUS HUKES,
TTaJIIa sl ¥ TUIATHHBL. MEeTO/bI BBIIETICHHS METAJIJIOB OKCHMaMH Pa3BUBAIOTCS 110 I TH CHHTE3a HOBBIX
okcuMOB. OcoOBIi HHTEPEC MOTYT IMPEACTABISATh OKCHMBI HA OCHOBE TE€TEPOLIMKINYECKUX COSANHEHHH,
o0aaronux pa3Ho00pa3HOil OMOJIOTHIECKOW aKTHBHOCTEIO [3, 6].

BaxHO OTMETHTH, YTO JaHHBIE COEAMHEHH S MOYKHO IPUMEHSTh KAK MHIMOUTOPBI KOPPO3HH, TaK
KaK MEXaHM3M aJCOpOINH KETOKCHMOB CX0X C MEXaHM3MOM B3aUMOJICHCTBHSI KETOHOB C METAJIJIOM.
Ho cymiectByeT Ba)XHOE OTIMYHUE: JaHHBIH KJIaCC COCAUHEHUM (KETOKCHMBbI) 00J1a/laeT KETOKCH-
rpynnoit — C=N-OH c anekrpoorpunarensabiMu atomamu N, O.

ITo pe3ynbrataM KOPpO3UOHHBIX UCCIIEIOBAHUH psiia KHTHOUTOPOB [7—8] KETOKCHMBI KaK KJlacc
COEIMHEHMH 00J1a/1al0T BCEMH CBOHCTBAMH, KOTOPBIE IOJDKHBI OBITh Y YHHBEPCAIBHBIX HHTHOUTOPOB
KOppo3uH. Beicokne sHepruu acopoLny CBUACTEICTBYIOT O CKIIOHHOCTH K XeMOCOPOIIMH Ha I10-

BCPXHOCTHU METAJlJIa U CIIOCOOHOCTH K (bOpMPIpOBaHI/IIO IMPOYHBIX IJICHOK Ha NOBCPXHOCTH, YTO OYCHb
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BaXXHO U151 9PPEKTUBHOTO 3aME/IJICHHS] KOPPO3UHU, B OCOOCHHOCTH IPH CIOMXKHBIX TEMIIEPATy PHBIX
Y THPOIMHAMHYECKUX TapamMeTpax.

Panee He ObIJIO U3BECTHO, 10 KAKOMY MEXaHU3MY IIPOUCXOMUT aICOPOIUS U MHTUOUPOBaHHE T10-
BEPXHOCTH. B psme ciydaeB [7-8] ObLTIO OTMEYEHO M3MCHEHHE TEPMOIWHAMHUUYCCKUX TMOKa3aTelen
B3aMMOJCHUCTBHSI KETOKCHMA C IOBEPXHOCTHIO METAJJIA, IPUUYUHOM 3TOT0, BEPOSTHEE BCETO, IBIACTCS
neperpynnuposka bexkmana.

BexmaHOBCKas meperpynmnupoBKa KETOKCHMOB B aMUBI ABIISETCS PAcpOCTPAHEHHON peaKiu-
ei, UCTI0JIb3yEMOM B OpraHNYECKON XMMHUHU, U LIMPOKO M3yyaslach B TeUEHHE MHOTUX JieT [9]. B pam-
Kax Hamel paboThl IpejACTaBiIeHa M M3y4YeHa IeperpynnupoBka bekmana juist aneTopeHOH OKCH-
Mma B cpene NACE ¢ no6aBieHnemM cepoBoIoposia U YIIICKUCIIOro ra3a. MccienoBanns npoBOJUIINCh
Ha ctanu Ct3 ¢ cocTaBOM (OIpPEaesIEHHBIN MOPTAaTUBHBIM ONTHKO-3MUCCHOHHBIM CIIEKTPOMETPOM),
macc.%: Fe — 98,36; C — 0,2; Mn —0,5; Si—0,15; P —0,04; S—0,05; Cr—0,3; Ni—0,2; Cu—0,2, B uMH-
tate actoBoir Boael NACE cocraBa: NaCl — 5 1/, CH;COOH — 0,25 mr/n. Cpeasl HachIaInCh
CEpOBOIOPOAOM M YIJTICKUCIBIM ra3oM pasaensHo. [lasienune CO, coctaBisuio 1 n36. atm. (MaHOMe-
TpU4ecKkuii KOHTPoJb). CepoBomopon (400 Mr/in) mojyvain HEMOCPEACTBEHHO B paboueM pacTBOpe
(B cpeny BBOAMJINCH COOTBETCTBYIOIME KonuecTBa Na,S u HCI), KoHIIeHTpanust KOTOpOro KOHTPO-
JTUpoBanack fogomeTpruyeckuM TuTpoanueM [21]. Koppo3noHHbIe HCTIBITAHUS TPOBOAMIINCE B I'ep-
METHYHBIX COCYIaX EMKOCTBIO 1 11 Ha oOpa3max cranu pazmepoM 30X15%3 MM IPOIOIKUTEITHHOCTHIO
24 4qaca.

B xauecTBe TBepmoii (a3bl HCIOIB30BAJICS OCHOBHOW IMPOAYKT KOPPO3HH, ITOTy4aeMBblil B TIPO-
ecce B3auMO/ICHCTBH S Kejle3a U KOPPO3HOHHO-arpeCCUBHOMN cpelibl — Cyib(u kenesa (puc. 1).

Kopposus xene3a 1 cTajin B CepOCOEpKAINX PACTBOPAX B 3HAYUTEIBHON CTETICHH JTUMHUTHPY-
eTcst 00pa3oBaHMEM MaJIOPACTBOPUMBIX CYJIb(u 0B kelne3a [10]. PaznuuHbpIME MeTOJaMH YCTaHOBIIE-
HO, 9TO CTPYKTYpa 00pa30BaBIINXCS CYIb(HI0B 3aBUCUT OT COZIEpKaHMs cepoBoiopoaa B cpexe [11].

1. TIpu konuentpauuu H,S menee 2,0 Mr/in npuopuretHo obpaszyercs Tpowiut (FeS) u nuput
i Mapkasut FeS ;.

2. Tlpu xouueHTpanuu 6osaee 20 mr/in npeodnanaet kau3uT (FeoS g).

[Tpn 5TOM Ba’KHO OTMETHUTBH, YTO B HadaJle KOPPO3HOHHOT'O MpoIiecca MPOUCXOAUT 00pa3oBaHUE
agcopbupoBanHoro komiuiekca FeHS . 3atem uepe3 HeOOIIbIION TPOMEKYTOK BPEMEHHU Ha TOBEPX-
HOCTH MeTaJljla HAYMHAET PACTH OKCHIHAS IUIeHKa cocTaBa FeO, ., IpuieM CKOpOCTH 00pa3oBaHUs
FeHS",c 1 FeO,. ¢ 3TOro MOMEHTa CTAHOBSITCS IOYTH OJWHAKOBBIMH M HAMHOTO MPEBBIIIAIOT CKO-
pocTh 00pa30BaHus MEPBUYHOTO aICOPOMPOBAHHOTO BEIIECTBA HA HAYAJIBHOM ATare aHOIHOTO pac-
TBOPEHHUSI KeJe3a, HO CO BPEMEHEM BCe IepeTeKkaeT B 00pa3oBaHue r'uipocyib(GuaHbIX 00pa3oBaHuH,
n popMupyeTcs TUICHKA U3 CYIb(QHIOB JKele3a, OCIOKHSIONAst KOPPO3UOHHBIE MTPOIIECCHI.

OreHky neperpynnupoBku bekmana MpoBOAUIN Ha MPEIBAPUTEIBHO TOATOTOBICHHOM MOPOIII-
KOBOM Cynbhue xemneza. MTHrudutop xopposnu (areToGeHOH OKCHM) HAaHOCHIIH Ha CYIb(UI Kele3a

1 BIIOCJICACTBUU IIEPEMEIITNBAIHN.

JKcHepuMeHTAIbHAsA YaCTh
Cnexmpockonusa AMP meepoozo meia
CriekTpsl 1epHO-MarHUTHOTO pe3oHaHca (IMP) TBepaoro Tena perucTpupoBaiy Ipu KOMHAT-
HoH Temneparype Ha criekTpomerpe Bruker AV 400 WB. O6pasiisl 00e3B0)KHBai B TEUEHUE 8 YacOB
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npu Temneparype 673 K, nocruras xoneurnoro masnenus 10-° mGap. Jns sanucu 'H SIMP-cniektpos
4yacTh 00pasina nepeHocwin B potop B armocdepe N ;. CHekTpsl ObUTH 3alKicaHbl C IIOMOIIBIO 30Ha
BL4, Bpamaromiero odpasers ¢ yactoroid 10 xI'u, ¢ ucnonbzoBanuem 90° uMIysbca npoaoKUTENb-
HOCTBIO 5 [L1C ¥ 33/Iep’)KKaMU IIOBTOPHOTO BKIFOUeHHS 15 c¢. s u3yuenus peakuuu 300 Mr cynbpduaa
xenesza cvemmBany ¢ 50 mr (a-C, SN) — okcuM anetodeHoHa u TOMOTE€HU3MPOBATN B HHEPTHOM
cpene. YacTh cMecn OMeNIalid B CTEKJISTHHBINA KOHTEHHEp, KOTOPBIH 1ocie Jera3anny Ipyu KOMHAT-
HOH Temneparype repmeTHuHO 3akpbiBasid. Ot 1 yaca o 15 munyT (1 yac/15 MuHyT) ciektpsl MAS
¢ nepekpectHol nonspusaiueii (CP) peructprposaiu ¢ nomoinsio 'H 90° uMminysibca T TeNbHOCTIO
5 Jc, BpeMEHeM KOHTAaKTa 5 MC M 33JIepKKOH MOBTOPHOTO BKJIIOUEHUs 5 ¢. CIIEKTPHI C UCIIOIh30Ba-
HueM TexHuKU kpocc-nonsipusanuu (CP) u Bpamenus nox maruueckum yriom (MAS) ot 'H no 1°C
(‘H/"3C) peructpupopanu npu nogade 90° nMIyibca IPOAOJKUTENBHOCTRIO 5 [iC B TeueHue 1 yaca,
BpEMEHEM KOHTAaKTa 5 MC M 33ep>KKOI MOBTOPHOT'O BKJIIOYEHUS 5 C.

[ToBepxHOCTH Cyib(uIa )Kene3a U KUCIOTHBIC LEHTPbI ObLITM CMOJIEIMPOBAHBI ITPH IIOMOIIH KJIa-
CTEPHBIX MOJIEIICH, OMUCAaHHBIX B padoTe [12]. [eomeTpus KIacTepoB U KOMILIEKCOB, 00pa3yOIIIXCs
B pe3yJibTare ajacopOIuy aleTopeHOH OKCMMa U MPOAYKTOB PEeaKIiK, Obllla ONTUMHU3UPOBAHA MIPH
oMOINX MeToAa GyHKIMOHaNa mIoTHOCTH B 3PWOI1 u cranmaptHoro 6azoBoro Habopa 6-31G (d,
p) [10-12].

Xumuueckue casuru Ha N u PC Obutn paccunTanbl Kak d = S;.f— S U CKOPPEKTUPOBAHBI C TIO-
MOIIIBIO YPaBHEHHUH, NOJYYEHHBIX U3 MPOBEICHHOTO MPEJABAPUTEIBHOTO UCCIe0BaHus paboToCIO-
cobHoctu pyHkioHata B 3PWI1. Bee pacdeTsl B 3T0i1 paboTe ObLIH BHIITOTHEHBI C HCITOIE30BAHHEM

KoMmbroTepHOM mporpammsel GAUSSIAN 98 [13].

OO0cy:x1eHne pe3yJbTaToOB

[IpenBapuTenbHO OBLTa M3YYCHA aICOPOITHS arleTo(heHOH OKcuMa [ 14], H-IIPOTOHUPOBAHHBIN OK-
CHM JIET'KO 00pa3syeTcsi B Iporecce aJcopOuy Ha OpeHCTEI0BCKUX KUCIOTHBIX IIEHTPaXx.

[IpoxykToM peakiuu 0EKMaHOBCKOW MEPErpyIIUPOBKU anleTOPEHOH OKCUMa SBIISICTCS aleTa-
HUWJINJI, KOTOPBIN 00pasyeTcsi B pe3yJibTare nepemMenieHus GeHuIbHOM IPyIIbl B IPOTHBOIOI0KHOE
MTOJIOXKCHHE TI0 OTHOIIEHUIO K THIPOKCHIBHOU Tpymie. XOTs 3Ta peakIus B BBHICIICH CTEICHU CTe-
peocrierudpuyHa, JONOTHUTESIBHO paccMarpuBaics uzomep HMB, mockonbky coo011anochk, 4To OH
o0pa3yeTcs Kak MOOOYHBIN MMPONYKT MEPETPYIITHPOBKH arieToGeHoH okcuMma [15—-18].

Ha ocHoBaHuuM pe3ysbTaToB OBLIM ONTHMHU3WPOBAHBI aJICOPOUPOBAHHBIE KOMIIJIEKCHI alleTaHu-
nuna 1 HMB Ha KHCIOTHBIX IIEHTpax W OBUIH MOTyYeHBI UX MOJCIH. PaccTOSHUS MEK Ty aMHUTHBIMU
U 1IEOJINTHBIMHU I'UIPOKCUIIBHBIMH IPYIIIIaMH COOTBETCTBYIOT 00pa30BaHHIO BOJIOPOIAHBIX CBS3EH, KO-
TOpBIC SBISIOTCS JOCTATOYHO KOPOTKHMHU, YTOOBI 00Pa30BHIBATH CTAOMIBFHBIC KOMILICKCHI.

Uro kacaeTcs XMMHYCCKHUX CIABUIOB, PE3yJbTaThl, 0000IICHHbIC B Ta0d. 1, MOKa3bIBAIOT, YTO
xumudeckue casuru (d’ncalc) anerannnuaa u H-MeTunOen3aMu1a UCIBITBIBAIOT OOIBIIUE CABUTH
B CTOPOHY MOHMKEHHOTO TOJIsI, KOT/Ia OHU B3aUMOJCHCTBYIOT C MOCTHKOBBIMHU THAPOKCHIBHBIMU
TpYIIIIaMH, TJIe OHHU aJcopOupyroTcs cuibHee. CTPYKTYpHBIC MOJICIH, PACCUUTAHHBIC IS alleTaHu-
nuaa 1 HMB, mo3BongioT NpeAnonokuTh, YTO HU OJJUH U3 ABYX aMUJOB HE IPOTOHUPYETCS MO KHUC-
JOTHEIM NIeHTpaM bpeHcTena.

[IpucyTcTBHE OCTATOYHOM BOJBI, KOTOPYIO TPYAHO MOJHOCTHIO yIAJIUTh U3 PEaKIIMOHHOH cpe-

Abl, MOKET NPUBECTU K HEKOTOPOMY I'MAPOJIN3Yy OKCHUMA n/uiau YK€ IOJYYCHHOI'0 aMuaa. CooTBeT-
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Tabnuua 1. DHepruu ancopOunn. PaccuuTaHHbIe U 3KCIIEPUMEHTAIbHBIC M30TPOIHBIC XMMHUYCCKUE CABUTH
BN u BC ans aneranunuza u HMB, anerodeHOH OKCMMa, aHWIIMHA, METHUJIAMUHA M [Js alleTaHUJIUJA,
B3aMMOJICHCTBYIOLLETO C BOJON

Table 1. Adsorption energies. Calculated and experimental isotropic chemical shifts of "N and *C for acetanilide
and NMB, acetophenone oxime, aniline and methylamine, and for acetanilide interacting with water

DHeprust acOpOIUN U XUMHYECKHE CABUTH
Cocnmmere kcaﬁafrii)l‘l d 12::510/ d l;ifjld d PNexp/ppm | d *Cexp/ppm
AneTaHuimn - -247.8 165,5 - -
Anetannaua/Cynbhu xenesa 22,2 -235,9 175,6 -230,0 177,0
Aneranunua/H,O -248,2 168,2 -250,0 176,0
HMB - -293,2 165,8 - 166,0
HMB/ Cynbdun xenesza 21,8 -255,7 177,3 -245,0 168,0

CTBEHHO, MbI TaK)K€ TEOPETUUYECKH PACCUYUTAIN KOMILIEKChI, 00pa3yIOUIHecs] B pe3yIbTaTe B3auMO-
JEHCTBHS TPOAYKTOB THAPONIH3A alleTAHMIIN/IA (AHWIHMHA U yKCycHOU KucnoTel) 1 HMB (6en3oitHoi
KHUCIIOTHI U METHUJIAMHHA).

Ha puc. 1 nokasausl criektpbl SIMP 3C u N, nonyuenusie s neperpynnupoBku bekmana
(a-13C, N)-aneToheHOH OKCHMa Ha MOBEPXHOCTH CyIb(HIa KENE3a, COAEPIKALIETO OPEHCTENOBCKUE
KHCJIOTHBIC IEHTPBI.

Curnanst IMP C nmocTynaroT oT 0-aTOMOB yIJIepoja OKCuMa, MedeHHbIX 3C, KapOOHUIBHBIX
rpynn *CO amunoB u kapbokeunarupix rpynmn BCOOH KucnoT, 06pasyromuxcs mpu THAPOIU3E
amuga. OkcuM aacopOupyeTcst MPH KOMHATHOM TeMIlepaTrype MyTeM 3axBaTa KHUCIOTHOTO NMPOTOHA
JKele3a; OH CTAHOBUTCS N-POTOHUPOBaHHBIM, 06pa3syst mupokue nuku *C u N npu 166,5 ppm
u 148,5 ppm coorBeTcTBeHHO (puc. 1). Bosee peskuit u cnadeiit *C xoMmmonent npu 155 ppm B criek-
Tpe Ha pHuc. | MOXET yKa3blBaTh Ha MPUCYTCTBHE HEKOTOPOTO KOJIMYECTBA HEB3aUMOJIEHCTBYIOIIE-
ro okcuMa. Harpes peakiinoHHOM cucteMsl mpu Temnepatype 313,15 K npuBonuT K nCYE3HOBEHUIO
curnanos C u SN okcuMa U MOSBICHUIO HOBBIX PE3OHAHCOB, YTO MOKHO HAOIIONATH B CIIEKTPax
Ha puc. 1. Cuextp SIMP N na puc. 1 mokassiBaeT ABa MKa B AMANA30HE XUMHUYECKOTO CABHIA, TH-
IMHYHOM JUJTSE aMHI0B: oauH 11pu 230 ppm u npyroii, Oonee caadsblif, mpu 245 ppm, KOTOPBIE OTHOCATCS
k PN-anerannnuay u "N-HMB coOoTBeTCTBEHHO. DTO Ha3HAYEHME BHIMONHACTCS CPABHEHUEM C XH-
MHYECKHMHE caBUramu B N, pacCUMTAHHBIMU TEOPETHUECKHU JUIS IBYX aMHJIOB, B3aUMOJICHCTBYIO-
IIMX C MOCTUKOBO# FMAPOKCUIILHOM I'PYTIIIOi, NprBeAeHHOI B Tab. 1. ClienyeT OTMETUTh, YTO CUTHAI
Ha ypoBHe 245 ppm TakKe MOKET ObITh CBA3aH ¢ B3auMoeicTBreM PN-aleTaHUIIU/Ia ¢ CUIIAHObHBI-
MH TPYTIaMHU WU CO CIEIOBBIMHU KOJTUYECTBAMU BOJIbI, MPUCYTCTBYIOIIMMHU B cHcTeMe (cM. TaouI. 1).
Onnako npucyrcteue HMb B npogykTax ObIIIO TOATBEPKICHO C IMTOMOIIBIO MACC-CIIEKTPOCKOIHUH,
YTO MOATBEPKAAET OTHECEHUE curHana B 245 ppm k "N-HMB, agcop6uposanHoMy Ha BpeHcreno-
BoH kucyore. ITomumo 3Tux jaBa nuka B ciekrpe N (puc. 1(b0)) 1eMOHCTPUPYIOT ci1a0ble CUrHAIIbI
npu 330 ppm u 360 ppm, cBs3anHbIE ¢ "N-IPOTOHUPOBAHHBIM AHWJIMHOM U N-IIPOTOHHpPOBAHHBIM
METHJIAMUHOM B KHCJIOTHBIX IIEHTpaxX bpeHcTena, B COOTBETCTBHY C XUMHUYECKUMU CABUTAMHU, IIepe-
YHUCJICHHBIMH B Ta0J1. 2. DTH aMHHBI, I0JDKHO OBITh, Oy YEHBI B pe3yJIbTaTe I'HIPOJIH3a alleTaH I/

(anmimua) 1 HMB (MeTnnamMuHa) ¢ OCTaTOUYHBIM KOJIMYECTBOM BOJIBI, IPUCY TCTBYIOIIEH B pEaKIIMOH-
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Puc. 1. Cuekrpsl neperpynnupoBku bekmana Ha OpEHCTETOBCKHX KHCIOTHBIX LIEHTpax Cynbpuua xenesa.
Crnexrpsl '"H/BC u 'H/PN CP-MAS SMP (a-C, N)-anetodeHoH okcuMa: acopOMpoBaHHbIN Ha MOBEPXHOCTH
cynbduna xenesa npu 293,15K, kotopsiit 3aTem 00padareiBanu B TeueHue 1 gaca mpu 313,15 K, 333,15 Ku 353,15 K

Fig. 1. Beckman rearrangement spectra on Brensted acid centers of iron sulfide. 'H/"*C and 'H/'"N CP-MAS

NMR spectra (a-*C, "N)-acetophenone oxime: adsorbed on the surface of iron sulfide at 293.15K, which was
then treated for 1 hour at 313.15 K, 333.15 K and 353.15 K
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Holi cucteme. PC SIMP-criekTp, MOTy4€eHHBIH MOCIEe HATPEBAHUS NIPH TOMH ke Temneparype (313,15
K, puc. 1), mokaseiBaet nonocy npu 176 ppm, oOyciosnennyto *CO-aneranuiugom, u 6olee caadblit
curnan npu 168 ppm ot BCO-HMB (cum. Ta6m. 1) ¢ conepxanmem 182 ppm u3-3a 3COOH-ykcycHoi
KHUCJIOTBI, YTO CHOBA yKa3bIBaeT Ha HApoNu3 anetanunuaa. Curnan 6ensoiHol kuciotsl (8 1’C =
175,8 ppm), curHaj, MOCTyMAIONIUNA B pe3yibpTaTe ruapoinza HMB, nomxeH nepekpbiBaThCs B OCHOB-
HOM IIUPOKOM pe3oHaHce crieKTpa. [ToMnMo 3Tux curaanos npu 193 ppm nosBisieTcs: O4eHb CIa0bIi
curnan BCO-anetopeHona, yKa3plBarOIUKH HA HEKOTOPBIA THAPOJIN3 OKCHMA.

[oBrIIeHNEe TeMITEpaTypsl peakIy aleTOPEHOH OKCHMa C TOBEPXHOCTBIO MeTala 1o 333,15
K He BBI3BIBAET CyIIECTBEHHOrO M3MeHeHus crekTpoB BC u N, mpuBozs TONBKO K JydIIeMy pas-
peutenuto nuka SN-HMB npu 245 ppm u yBEIUUYEHUIO OTHOCHTEIBHON MHTEHCUBHOCTH KaTHOHA
aHNJIMHA, KaK TOKa3aHo Ha puc. 1. VI3MeHeHus B pacmpeneNeHUH MPOAYKTOB CTAHOBSITCS OYEBH-
HBIMHM TI0CJIE JOCTHXKEHHS TeMIeparypbl peakuuu 353,15 K; SIMP-cuektp "N (puc. 1) nokassiaer
JIMIIb HEKOTOPOE YBEIMYEHUE OTHOCUTEIbHOW MHTEHCUBHOCTU SIMP, HO HOBBIE CUI'HAJIbl 3aMETHbI
B criektpe 3C ¢ nyumum paspemenueM (puc. 2). Criektp Ha puc. 1 4eTko nokassisaet nuku C ane-
TaHUIUJA (M, BEpOsITHO, OeH30iHON kuciaoTel) npu 176 ppm, HMB cocrasnser 168 ppm, a Takxke
YKCyCHas KUCJIoTa — 182 ppm u o4eHb cnadbrii nuk anerodeHona — 193 ppm. [ToMrMo 3THX CUTHAIIOB,
KOTOpBIE YKe HaOJII0AaIuCh TpK 00Jiee HU3KKUX TEMIIepaTypax peakiiuu, NOsBISETCS HOBBIU pH 155
ppm (puc. 1). DTOT nmociue HUI TUK OTHOCUTCS K BTOPHYHOMY ITPOAYKTY, oOpa3oBasiemycst n3 HMb
W/WIK alleTaHWIN] [IpH OoJiee BBICOKMX Temmeparypax peakuuu (Boiie 353,15 K) Ha noBepxHOCTH
JKeJie3a, CoAeprKalieii OpeHCTeT0BCKIE KUCIOTHBIE LIEHTPHI.

Crextpsl AMP PN o4eHb OX0KH Ha CHEKTPHI, MOKa3aHHbIE HA puc. 1 1 npespamenus (a-1>C,
SN)-aneTodeHoH oOKcHMMa B CUIIMKAIUT-N.

CriexTp, 3aMCaHHBIN MOCIE aACOPOLNH OKCHMA ITPH KOMHATHOHN TeMIepaType, 1300pakeHHBIH
Ha pHcC. 2, OKa3bIBAET OYEHb PE3KHUH MUK mpH 21 ppm u3-3a HEaacOpOMPOBAHHOIO OKCHMA; OIHA-
KO aHaJM3 CIIEKTpa MMOKa3bIBaeT OYEHb CJIA0blil MIUPOKUI pe30HaHC ¢ LeHTpoM npu 48 ppm u3-3a
ISN-okcuma, acopOMpOBAHHOTO HA CYIb(HIE Kenesa.

Kak mokazaHo Ha puc. 2, korga cucrema (a-C, 'N)-okcum-cynb(up skeneza HarpeBaercs
Jo temnepatypsl 293 K, HOBbIM curnan ysennuupaetrcs a0 250 ppm. X0Tsl OJIOKEHHUE 3TOrO MHUKa
6nm3ko k mosoxkenuto N- HMB Ha neonure cynb(un xenesa, djsncalc 1ByX aMHIO0B, B3aMMOJEH-
CTBYIOLIMX C CHIIAHOJIBHBIMU IPYINAMH, MO3BOJSET OTHECTH ero K PN-aneranununy (djsncalc = 248
ppm U1 MOJIEIH alleTaHUIUA/cruaanos, Tadi. 1). Korga temneparypy peakmuu nosbimmarT 10 313 K,
MOJTYYalOT CIIEKTP Ha pHC. 2, KOTOPBIN MTOKa3bIBAET YHUKAIBHBIH CUTHAI anieTanuiauaa npu D sN =
250 ppm, yKa3bIBaIOIIMHI HA TO, YTO PEAKITUS 3aBEPIICHA IPH TAKOW TeMIepaType.

BaxxHo ormeTHTh, 4TO 0OpaszoBanue n3omepa HMB Ha BpeHcTenoBCKMX KHCIOTHBIX LEHTpaX
SIBJISIETCSI HEOXKHMJIAHHBIM MTPOLIECCOM, YUUTBIBAsI BHICOKYIO CTEIICHb CTEPEOCIeUPUUHOCTH MUTPa-
LIUU AJKUIBHOM TPYIIIEI B IPOTHBOIOIOKHOE MTOJI0KEHHE 110 OTHOMICHUIO K THIPOKCHIIBHOM TpyTI-
ne. CTOUT OTMETHTh, YTO paHee cooOINanoch 0 5 %-uHoMm Beixoge HMB mnpu GekMaHOBCKOH mepe-
IPyNIMPOBKE aneTo(heHOH OKCHMa Ha cyibduae xenesa. ObpazoBanue nzomepa HMB, BeposiTHO,
TpebyeT MpeABapUTEIbHON M30MEpH3aIllMi OKCHMA, IpHU KOTOPOW METHIIBbHAsI TPyIIa pacrojara-
€TCsl B aHTUNEPUIUIOCKOCTHOW OPHEHTAIMH 110 OTHOIICHHIO K THAPOKCUIBHOW I'pymie. DTOT Mpo-
ecc Biever 3a co0oii Bpamenue BOKpyr cBsizu C-N, KOTOpoe 3aTpyJIHEHO B HEHTpPaJbHOM OKCHUME

¢ nBoiiHOM cBsi3bt0 C=N (puc. 3). 1 Ha060poT, BpalieHNne MOXKET IPOUCXOANTH B HEKOTOPOW CTEIICHH
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Puc. 2. Cuextpsl SIMP CP-MAS 'H/"*N okcuma aunetodernona (a->C, *N): agcopbupoBannbiii Ha cyabhue
JKelleza TPy KOMHATHOM TeMIiepaTtype U 3aTeM o0paboranHblil B Teuerue 1 1 npu 293 K, 313 Ku 333 K

Fig. 2. NMR spectra of CP-MAS 1H/15N acetophenone oxime (a-13C, 15N): adsorbed on iron sulfide at room
temperature and then treated for 1 hour at 293 K, 313 K and 333 K

B MPOTOHUPOBAHHBIX OKcHMax N-areTuindenona ¢ equacTBeHHOW C—N-cBs3bro. Ciie0BaTeNbHO, H-
MeTHIAlEeTODEHOH 00pa3yeTcs B KUCIBIX COSTUHEHHUSX JKelie3a.

BaxHO OTMETHTbH, UTO MHTHOMPOBAHME JKejie3a aleTO(HEHOH OKCHMOM IPOBOAMTCS B BOIHOM
cpezie, BOJA MOJBEPraeTCs YaCTHUYHOMY THUPOJIM3Y AlCTAHUIIUAA U H-METHUIOEH3aMU/Ia, OITOMY
Ba)KHBIM 3TAIlOM SIBJISICTCS OLCHKA BIIMSHHS BOABI Ha meperpynnupoBky bekmana. Kak mokaszaHo

BBIIIIE, KOT/IA TEperpynnupoBKa bekmana nmpoxoanuT Ha cyiabduae sxkesie3a, KOTOPBIH HCIOIb3yeTCst

CH; CN;
pn—c\ % ph—c\
N—OH T
OH

/{ 4

CH, CH,
— —
" — "
/

N OH N=—H

/

H OH

Puc. 3. Bpamenue cBsizu C—N s (a) HeiiTpanbHOro anetodeHon okcuma 1 (0) N-nmpoToHHPOBaHHOTO OKCHMa
Fig. 3. Rotation of the C—N bond for (a) neutral acetophenone oxime and (6) N-protonated oxime
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B Ka4eCTBE KaTaJIn3aTopa, OCTATOUYHAs BOJA B PEAKIIHOHHON CHCTEME YaCTUYHO THAPOJIN3YET aleTa-
HUJIU U H-MeTnia0eH3aMua. UToOB! JTyUie OnpeieuTh BINSHNAE BOJbI, MBI JIOTIOTHUTEIHHO PACCMO-
TPEJIU MpoLecC B3aUMO/ICHCTBHS alleTOPpEeHOH OKCHMA C HeJIerHIpaTUPOBAHHBIM CYJIb(MHIOM Kelie3a.

Ha puc. 4 npeacraBieHbl pe3ysbTaThl, HOJXYYEHHBIE C TOMOIIBIO CIIEKTPOCKOMUH SJIEPHOTO Mar-
HuTHOro pesonanca (IMP) N u 3C nnsa peakuuu anetodeHoOH okcrMa, MedeHHoro o-*C, ¢ noepx-
HOCTBIO CcyNb(Uaa jKene3a B pa3iMdHbIX ycloBusAX. HecMoTpst Ha mpucyTcTBHE BOJBI, aneTo(GeHOH
OKCHM, aJIcOpOMPOBaHHBIN Ha KHUCJIOM ajcopOate, MOIBEPraeTcsi H-IPOTOHUPOBAHUIO MTPH KOMHAT-
HOIi TemIieparype, 4To BuaHO u3 crekrpa IMP N NMR na puc. 4.

Korna temneparypa peakuun Obuia noseimena no 313,15 K, kak nokazaHo Ha puc. 40, curHan
15N, COOTBETCTBYIOIIUI TPOTOHUPOBAHHOMY OKCHMY, UCY€E3, U MOSBUIIKCH [1Ba HOBBIX CUTHAJIA, OHH
U3 KOTOPBIX cOcTaBIsn 250 ppm B amuanoi oonactu. Criektp 'H SIMP (puc. 4) mokassIBaeT qBa uka
npu 332 ppm ot "N aHuIMHa, TPOTOHUPOBAHHOTO 110 KHCIOTHBIM HeHTpam Bpencrena. Crexkrp *C
(puc. 4) neMoHCTpHUPYET MUK MpHU 176 ppm, COOTBETCTBYIONIUH alleTAHUIUAY, U APYTOoid MUK npu 183
ppm, OTHOCSIIHUICSA K yKCYCHOH KHcinoTe. [IprcyTcTBHE MOHOB aHUIIMHA U YKCYCHON KHCIIOTBI OJTHO-
3HAYHO yKa3bIBACT HAa TUAPONIN3 alleTAaHIIIN1A. Pe30HaHC aMUTHOHN TPy Bl CJIETKa CMEIIEH B CTOPOHY
0oJiee BLICOKHX TIOJIEH U HAXOUTCS B MOJIOKEHHUH, aHATOTHIHOM pe3oHancy "N- HMB B KHCIOTHBIX
nentpax bpencrena (250 ppm), HO Hu criekTpbl PN, Hu criekTpsl PC He Jal0T HUKAKMX CBUIETENHCTB
obpaszoBanust HMb ninu npoxyKToB ero rugposin3a. To FOBOPHUT O TOM, YTO MUK B 250 ppm Ha puc. 4

CJICAYECT OTHECTU K al€TAaHUIIN Y, XUMUYCCKUN CABHUI KOTOPOTO ObL1 U3MEHEH B IMPUCYTCTBUU BOJBI,

(ppm)
100 0 -100 -200 -300 -400 -500

+273,15 =293,15 ~313,15
+333,15 +353,15

TH/'SN CP-MAS

\.\_% ,-JL S B
Puc. 4. 'TH/>N CP-MAS SAMP-cnextpsi (a-*C, PN)-anetodpenon okcuma, agcopbMpoBaHHOTO Ha TTOBEPXHOCTH

xenesa (CybduI xKenesa) pu KOMHATHON TEMIIepaType u 3aTeM 00paboTaHHOTO P Pa3IMYHBIX TEMIIEPATYPax
B reuenue 1 gaca: 293,15 K, 313,15 K, 333,15 Ku 353,15 K

Fig. 4. 1H/15N CP-MAS NMR spectra (a-"*C, '*N)-acetophenone oxime adsorbed on the surface of iron (iron
sulfide) at room temperature and then treated at various temperatures for 1 hour: 293.15 K, 313.15 K, 333.15 K
and 353.15 K
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Bransted acid + H,0

NH:
{ 2 CVHQOAOH

Brensted acid

X OH  (+H0 J\\ @ OH Acetanilide Anilinium + Acetic acid

| S N (+H0) |/%/ N7 Bransted acid
e
H
z Z
N-protonated /
Acetophenone oxime Acetoph e C 7 é P %
N-methyl benzamide Benzoic acid + Methylammonium
(NMB)

Puc. 5. Cxema 6eKMaHOBCKO IEperpynuPOBKH, IPOXOISIICH B YCIOBUSIX HHIHONPOBaHU S Kele3a alleTOHECHOH
OKCUMOM

Fig. 5. The Beckman rearrangement scheme under conditions of iron inhibition by acetophenonoxim

YTO MOATBEPKJACTCS PACYETHBIM XMMHUECKUM CABHUTOM KOMIIJIEKCA, 00Pa30BaBIIETOCS MEX Ty alle-
TaHUIUJOM U Bojoi. OTaenbpHas MOJIEKyJa BOABI, KaK OKa3aHo B Ta0I. 1, JEeMOHCTpUPYET 3aMeTHOE
orcyrctBue HMbB B npoxykrax peakiuu. JJoNMOTHUTEIBHO MOATBEP)KICHHOE Macc-CIEKTPOMETpHeH,
9TO MO3BOJISET IPEANOIOKHUTh, 4TO BOjIa 3(p(HEeKTHBHO MHIHOMPYET N30MEPU3ALIMI0 OKCUMA WUJTH MHU-
I'palUI0 CHH-METUIBHON TPYTIBI B IPOLECCE MEePErpy NI POBKH.

Bonee Toro, moBeIIeHNE TeMIEpaTyphl PEaKINU, KaK MIPaBUIIO, CIIOCOOCTBYET THIPOIU3Y ale-
TaHUIIUJA, IPU ATOM NOYTH MOIHOE IPeBpalleHrne NpoucxoquT npu temneparype 313,15 K. Oto sB-
JIeHHE BHMIHO M3 CIIEKTPOB, MOKA3aHHBIX Ha puc. 4. Ha puc. 5 npencrabnenst cnektpsl IMP SN,
TIOJTyYCHHBIE TT0CIIe HArPeBaHMsI CMECH, colepKaliel cynbhua xene3a (aacopOeHT), He MOBEPrHY-
TBIH IPEABAPUTENBHOM neruaparanny, u N-aneToheHoH OKCuM. DTH Pe3yJIbTaTh TOKA3BIBAIOT, YTO
MIPUCYTCTBHE BOABI HE OKA3bIBAET CYIIECTBEHHOTO BIMSHUS Ha PEakIUIo IeperpynnupoBkn bekma-
Ha. BmecTo aTOro BojJa B MEepBYI0 Oouyepe/b BIHMSET Ha MPOLECC ABYMs CIOCOOAMM: OHA IMOBBINIAET
TEMIIEPaTypy, HEOOXOMUMYIO UL Havalla reperpynmnupoBk, ¢ 313,15 mo 333,15 K u cmocoGeTByeT
THUJIPOJIN3Y HEKOTOPOTr'0 KOJMYECTBA alleTaHUIW/A, KOTJa TeMIeparypa peakiuu gocturaet 353,15

K nawm BeIIIE.

3akJjil0ueHHe 0 MeXaHU3Me YHCTOTr0 KETOKCUMA

PesynbraThl, moilydeHHBIE NpH MEPErpylupoBKe aneTopeHoH okcuma 1o bekmaHy ¢ uc-
MI0JIb30BAHNEM KHUCIBIX HeHTpoB bpeHcrena (cymnbdun xenesa), kak 00€3BOKEHHBIX, TaK U B MpPH-
CYTCTBHH BOJBI, MMO3BOJUIN HAM HPEIIOKHUTh psAa myTed peakumuu. IIpn KoMHaTHOW TemmepaTy-
pe H-IPOTOHWPOBAHHBIN aneTO()EHOH OKCHM JIETKO 00pa3yeTcs Ha KUCJIOTHBIX IeHTpax bpencrena
B npucyTcTBUM BoAbl. [Ipu HarpeBanuu o 313,15 K unu Bbiie 00pa3yroTcs Kak alleTaHWIHI, TakK
u H-metmwioer3amuy (HMB), nmpudeM HOBBIN BTOPUYHBINA MPOAYKT, MOMYYCHHBIH U3 aMHJIA, TIOSB-
ngeTcs IMpu TeMreparypax, npesbimaronux 333,15 K. OcraToyHas Boga B peakIIMOHHON CMeCH Ya-
CTHUYHO THIPOJIN3YET alleTaHWJINI C 00pa30BaHMEM aHMJIMHA U YKCYCHOW KHCJIOTHI, B TO BPEMs Kak
HMB naet OeH30iiHYy 10 KACIOTY U MeTUIaMuH. O0a aMyUHa, METHJIAMUH U aHHJIMH, TPOTOHUPYOTCS
KHUCIIOTHBIMU LIeHTpaMu bpencrena B neonute. IlpucyTcTBue Bonbl B peaKIHOHHOHN cpese MpemnsT-
cTByeT oOpasoanuio HMB, 4To MpuBOIUT K MOJIYUYCHHIO UCKIIOYUTEIBHO alleTaHUINIA, KOTOPBIN

[OJIBEPraeTcst MOUTH MOJHOMY THAPOIU3Y Ipu TeMiepatype Boime 333,15 K [18-20].
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Puc. 6. Ckopoctb kopposuu nipu temmneparype 20 °C, Bpemenu skcno3unuu 6 4: 1 — aneranunun, 2 — HMB,
3 — aneTo()eHOH OKCUM

Fig. 6. Corrosion rate at a temperature of 20 °C, exposure time of 6 hours: 1 — acetanilide, 2 — NMB, 3 —
acetophenone oxime

Ha ocHOBaHMU BceX IMONYUYECHHBIX JAHHBIX JOMOJHUTENBHO OLICHEHBI HHIMOUPYIOIINE CBOICTBA
Ka)X0T0 U3 MPOJYKTOB PEaKIMH MeperpyniupoBki bekmana aneToeHOH OKcuMa, pe3yJbTaThl UC-
MbITAHUI NPEICTaBJIEHbI HAa pUC. 6.

[o mpeacTaBICHHBIM JaHHBIM BHIHO, YTO UCXOHBIN anleTOGEHOH OKCUM (3) JIydlie 3amnuiiaet
MOBEPXHOCTh METaJJIa OT KOPPO3HH, YEM COCIIUHEHU S, TIOJYYCHHBIC B PE3YJIBTATE IIePErpynIuPOBKH
bexmana: aneranunun (1), HMbB (2), crenenp 3amuThl KOTOPBIX ocTaTOYHO Ou3ka. Hanbonee ad-
(eKTHBHOM T03UPOBKOI 1151 alleTOYEHOH OKcHMa siBiisieTcs: S0 MI/JI, Tak Kak JaHHAs T03MPOBKa I10-
3BOJISIET CHU3UTH CKOPOCTH Kopposuu Menee 0,1 r/(M>*u). JInst 0cTanbHBIX COEMMHEHUN HEOOXOIUMO

MOBBIMIATH JO3UPOBKY 10 100 Mr/i.

3akJoueHue

[o uroram npoBeaeHHON pabOTHI MOXHO C/EIaTh CJIENYOIINE BEIBOIBL:

— Ha MOIU(DUITUPOBAHHOMN MTOBEPXHOCTH XKeJjle3a CYIbMHIOM Kelle3a MPOUCXOIUT TIEPErpyITu-
poBka bekMaHa aicopOMpPOBaHHBIX OKCHMOB /10 00pa30BaHUsI COOTBETCTBYIOIIMX aMHUHOB U aMHJIOB,;

— BIIMSIHUE BOJBI HE3HAYUTENBHO, 0OHApyKeHo oOpazoBanne HMB, KOTOpBIi SIBIISIETCS POy K-
TOM B3aUMOJICHCTBHSI allETAHUIUIA C CYIb(DHUIOM JKelie3a B BOIHOU (a3se;

— W3y4YeHBI HHTHOUPYIOIINE CBOMCTBA alleTO(PEHOH OKCHMA U ITPOIYKTOB €T0 MEPErPYTITHPOBKH

B cpere NACE ¢ no6aBieHieM cepoBOIOPOIa U YTIICKHCIIOTO Ta3a.
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Abstract. The structure of sodium salts of arabinogalactan (AG) sulfates, obtained by sulfation of AG
with sulfamic acid — urea mixture in the homogeneous medium of dimethyl sulfoxide (DMSO) was
studied for the first time. According to thermal analysis (TA) data, the onset temperature of thermal
decomposition of sulfated AG is 218 °C, and that of the initial AG is 235 °C. The quantitative characteristics
of the kinetics of the main stage of sample pyrolysis were determined using the Coates-Redfern method.
It was found that the activation energy of AG is 150 kJ/mol, whereas with the introduction of sulfate
groups the activation energy decreases to 35 kJ/mol. The XRD method shows that the amorphization
of arabinogalactan structure occurs during it's sulfation. With the use of SEM method, it was found
that the morphology of the obtained arabinogalactan sulfates differs from the morphology of the initial
arabinogalactan. The initial AG consists mainly of globular particles with size of 10-90 pm, while
sulfated AG — of spherical particles with a diameter of 1-10 pm. According to AFM data, the surface
of film of arabinogalactan sulfates is formed by the rather homogeneous spherical particles with an

average diameter of 50 nm and does not contain any impurities in its phase composition.

Keywords: sulfated arabinogalactan, sulfamic acid, urea, DMSO, thermal analysis, X-ray diffraction,

scanning electron microscopy, atomic-force microscopy.
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HN3y4veHue CTPOCHUS U TEPMOXUMUYECKUX CBOUCTB
MPOAYKTOB CyJIb(paTupoBaHus APAOMHOTrAJIAKTAHA

cyabpamunoBoil kucaoroi B /IMCO B npucyTcTBUM MOYEBHHBI

A.B. Jlepgancknii?, H. IO. Bacuibepa™®,

0.10. ®detucona?, A. A. Kapauapog?, E. B. Ma3yposa?,

I. H. Bonaapenko?, B. A. Jlepnanckuii®, b. H. Kysnenos® °
Uncmumym xumuu u XuMu4eckou mexHono2uu

CO PAH, ®11] KHL] CO PAH

Poccuiickaa ®eodepayus, Kpacnosapck

*Cubupckuii hpedepanvhviii ynusepcumem

Poccuiickas ®@eoepayusa Kpacrosapck

AHHOTanus. BriepBbie N3y4eHO CTPOCHHE U TEPMOXUMHUYECKUE CBOWCTBA Cylib(aTa apabrHOranakTaHa
(AT), moryuenHoro cynbpatupoBanueM Al cynb(paMUHOBOW KUCIOTOH B MIPUCYTCTBUH MOYCBHHBI
B FOMOTEHHOI#1 cpeze numernicyibdokcna (JJMCO). CornacHo HaHHBIM TEPMHUYECKOI0 aHAJIM3a
(TA), TemniepaTypa Hadajga TEpPMUIECKOTr0 pasyioxkeHus cynbparupoBannoro Al cocrasiser 218 °C,
a ucxogHoro AT — 235 °C. C nomouisto metona Koyrca-Pendepna onpe/esneHbl KOJUYeCTBEHHbIC
XapaKTepPUCTUKN KHHETHKN OCHOBHOM CTAJANH MUPOIH3a 00pa3noB. OMpenesieHo, YTO SHEPT sl AKTHBALINT
AT coctaBusiet 150 kJ[>k/M0J1b, TOT/Ia KaK C BBEJICGHUEM CYJIb(ATHBIX IPYIII SHEPI'Hsl aKTUBAIIMHT
cHmxkaeTcs 1o 35 k/x/mons. Metogom PDA mokasaHo, 4To B mporecce cyibharupoBanus Al
npoucxoaut ero amopdusanus. C nomouisto POM yctaHoBieHO, 4TO nosyyeHHbIe cylibdarsr Al
HMEIOT MOP(OJIOTHIO, OTINYHYIO OT UCXOIHOT0 nonucaxapuaa. Mexoxusiit AI mpenMyiecTBEHHO
COCTOMT M3 4acTHIl II100yIsipHON (hopmbl pasmepom ot 10 10 90 MkM, a cynabharupoBanubiii Al —
3 chepudecknx yacTuil ¢ guameTpoM ot 1 1o 10 mxm. CornacHo manHsIM ACM MOBEPXHOCTH IIEHKH
cynbbarupoBanHoro AI' o6pa3oBaHa 0CTaTOYHO OJHOPOAHBIMHU C(HEPUUCCKUMHU YACTUI[AMH C BETHYUHUHON

cpennero quamerpa 50 HM 1 110 cBoeMy (a30BOMY COCTaBY HE COJIEPKHUT NOCTOPOHHHUX IIPUMECEH.

KuioueBsble cjoBa: cyinb(haTHpPOBAHHBIN apaOMHOTalaKTaH, Cyab(haMUHOBAsI KHCIOTA, MOUYCBUHA,
JMCO, TepmuuecKuii aHau3, peHTIC€HOBCKas! TU(PPAKTOMETPH S, PACTPOBAs AIEKTPOHHASI MUKPOCKOIIHS,

aTOMHO-CHJIOBAsA MUKPOCKOIIU .

— 276 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 275-286

BaarogapHocTu. PaboTa BeinmonHeHa B pamkax rocyaapctseHHoro 3aganus UXXT CO PAH, npoekt
FWES-2021-0017, ¢ ucnonp3zoBanueM o6opynoBanusi KpacHOsIpcKOTo pernoHalIbHOTO HEHTPa
KosutekTuBHOTO nonb3oBanust UL KHI[ CO PAH.

Huruposanue: Jlesnanckuii A.B., Bacunwsena H. 10., ®derucosa O.10., Kapauapos A. A., Ma3yposa E. B., bonnapenko I. H.,
Jlesnanckwuii B. A., Ky3nenos b. H. 3y4eHne cTpoeHNs U TEPMOXMMHUYECKUX CBOWCTB MPOAYKTOB CYIb()AaTHPOBAHUS
apabuHoranakrana cynbdamuHoBoil kucnoroi B JIMCO B npucyTcTBun ModeBuHbL. XKypH. Cub. denep. yn-ra. Xumus,
2025, 18(2). C. 275-286. EDN: REFEWOAQ

BBenenne

ApabuHo-3,6-rasakTaHbl IPEACTABISIIOT COO0I reTepOnoINMEPhI BBICOKOPa3BETBIEHHOTO CTPO-
€HHS C TJIaBHOM LIeTbIo U3 3BeHbeB B-D-ramakronupano3sl 1 OOKOBBIMU LIETISIMU, BKIIOUAIOIIMMHU [3-
D-ramakronupano3sy, o-L-apadbunodypanosy, B-L-apadunonupanosy [1, 2]. Takue momucaxapuaHbie
CTPYKTYPBI SIBIISIFOTCS HHTEPECHOH 1aThopMoii 1ist pyHKIIMOHAIN3AUHI U IEPUBATU3ALIUH C LIEJIbIO
YIyYIICHUS HX OMOJIOTMYEeCKON aKTHBHOCTH, (PH3MUYCCKIX U XUMHYECKUX cBOHCTB [3]. Kpome Toro, apa-
ounoranakrat (Al') siBisieTcs OCHOBHBIM BOJIOPACTBOPUMBIM IOJIMCAXAPHIOM JIPEBECHHBI JIUCTBEHHUIIbI,
coctaBisist 10-35 % B 3aBHCMMOCTH OT BUJA, paifoHa Mpon3pacTaHusl, BO3pacTa, yCJIOBUH 1 (hakTopoB
pocTa nepeBa [4]. JlocTaTOYHO MIMPOKOE pacipoCTpaHeHUE TUCTBEHHUIIBI HA TeppuTOprun CeBepHOTO
MOJIyIAPHS CBUAETEIBCTBYET O JOCTYIMHOCTH CBIPBS I HPOMBIIIIEHHOTO IPou3BoACTBa Al

OnHUM 3 TIEPCIEKTUBHBIX MYTEeH XUMUYECKOW MOAM(DUKALIMY TTOJINCAXAPUTIOB SIBISICTCS CYJIb-
(arupoBaHue, TaK KaK MPUCYTCTBUE CYIb(PATHBIX TPYIIT B MAaKPOMOJIEKYJIE CIOCOOCTBYET MOsIBIIE-
HUIO aHTUKOATYJISTHTHON M aHTUTPOMOOTHYECKON akTUBHOCTH [5]. [To Beeit BUAMMOCTH, 3TO CBSI3aHO
CO CIIOCOOHOCTBIO OTPUIATEIBHO 3apSKEHHBIX CYJIb(ATHBIX TPy HEHTPAIN30BaTh MOJIOKUTEIBHO
3apsKEHHbIE aMUHOKHCIIOTHBIE OCTATKU (haKTOPOB CBEPTHIBAHUS KPOBH [6].

Jst nomyuyenus cynbdaroB AT TpagHIMOHHO MCHONB3YIOTCS arpecCUBHBIC W SKOJOTMUYECKHU
olacHble CyJib(aTHPYIOIIUE peareHThl U PACTBOPUTENH, TAKHE KaK CEPHbIH aHTHUAPHUI, XJIOPCYIb-
(onoBas kuciota, nupuauH u N, N-mumerundopmamus [7-9]. DTo B epByIo odepeb CO3JaeT TeX-
HOJIOTHYECKHE TPYIHOCTH M YacTO NMPUBOIUT K BBICOKOHM AECTPYKLIMH Mosincaxapuaa. [loatomy npu
pa3paboTke HOBBIX crtoco00B cynbparupoBanus Al Bce yalie HaXoAAT CBOE IpUMEeHEHHe 0oJiee MsIT-
KHe 1 0e301acHbIe CyJIb(haTHPYIONUE arCHTHI.

Tak, mpennoxeHo cynbhatuposars Al cyxum nepcynbdarom kanus B cpene JAMCO [10]; cyis-
(damarom ammoHusi B cpene 1,4-nuokcaHa, mUpUAMHA, MOP(OJIUHA, MUIEPENNHA B IIPUCYTCTBHH
OCHOBHBIX aKTHBATOPOB (MOUeBMHA, THOMOuUeBMHA) N okucautened (KMnO,, K,Cr,07) [11]; cyns-
(haMUHOBOM KHCIOTOM B 1,4-110KCaHe B IPUCYTCTBUU MoYeBUHBI [12] min e€ npousBonubix [13]. On-
HAKO JIaHHBIC METO/IbI HE JIMIICHBI HEIOCTATKOB. B mepBom cirydae TpeOyeTcst HCIoIb30BaHNE MHOTO-
CTaIMUHBIX MPOLECCOB yIbTPAQHIBTPALUN U CYOIMMALIMOHHON MU PACIIBUINTEBHON CYIIKH JJIs
OYHMCTKH U BBIJICJICHHS] KOHEUHBIX IIPOJYKTOB, B OCTAIBHBIX — IIPOLECC CYJIb()aTHPOBAHMS IPOTEKACT
B F€TEPOreHHBIX YCIOBHUAX, YTO MPUBOAUT K MOIYUYCHHIO HEOTHOPOAHBIX IO XUMUYECKOMY COCTaBY
MPOJYKTOB.

Jluist perieHust 3TOM npobaeMbl HaMK ObLJT pa3padoTaH HOBBIM AKOJIOTHYECKH Oe30MacHbId CIo-
co0 cynbdarupoBanus Al B TOMOIeHHBIX YCJIIOBHSIX C HCIIOJIB30BAaHUEM CyIb()aMHUHOBON KHUCIIOTHI
u moueBuHbI B cpene JIMCO [14]. DTot crocod no3Boiuii CHHTE3UpoBaTh cynbdarel A" ¢ BBICOKHM

cozxepskanueM cepsl (12.0-12.5 mac.%) npu temneparype 85-90 °C 3a 2-3 gaca. Tem He MeHee, UTOOBI
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IMMOJTYYCHHBIC Cyﬂb(l)aTI/IpOBaHHI)Ie IIPOU3BOJAHBIC HAIIJIK CBOC MIPUMECHCHHUEC B MCJITUITUHE, HCO6XO}II/IMO
BCECTOPOHHEE M3yYCHUE UX CTPYKTYPHI U PU3UKO-XMMUIECKIX CBOUCTB [5]. B wacTHOCTH, BaKHBIMU
XapakTEePUCTHKAMH MOJIMMEpa NPU CO3AaHUN (pYHKIMOHAIBHBIX MOKPBITHH AJISI KOHTAKTHPYIOIIUX
C KPOBBIO MEIUITMHCKUX H3HCIUN SBISIOTCS KPUCTAITTUIHOCTh, MOP(OIOTHS, MEPOXOBATOCTH TI0-
BepxHOCTH [15], a mpy co3aaHNu HOCUTENEH JJIs aAPECHON TOCTAaBKHU JIEKAPCTB — €0 TEPMUYECKast
cTabUIBHOCTH [16].

B Hacrosiieli padore cyib(arsl apabuHOraaKTaHa, nojyueHHble HOBBIM CIIoco0oM [14], nomod-
HHUTEIHHO HCCIIEIOBAHBI METOJaMU TepMurdeckoro aHanm3a (TA), pearrenodazoboro ananusa (PDOA),

pacTpoBoii anekTporHOI (POM) n aToMHO-cHII0BOI MuKpockonuu (ACM).

BKCHepl/IMeHTaJI])HaSI JacThb

B kavecTBe HCXOIHOTO CHIPHSI NCIIONIB30BaIM apadbnuHoranakTal (Al) TpeBecHHBI INCTBEHHULIBI
cubupckoii (Larix sibirica Ledeb.), npousBoactea OO0 «Xumust apesecunb (MpkyTck, Poccust) mox
HauMeHoBaHueM npenapara «PuodponapC».

CynbdarupoBanue Al 0CyIIeCTBIISUIH B TOMOT€HHBIX YCJIOBUSX 10 MeToauKe [14] cyiabhamuno-
Boii kucioToi B /IMCO B 1IpuCyTCTBHH MOYEBHHBIL. 3aTEM IOJIyYEHHYIO aMMOHHEBYIO COJIb CyJb(daTa
AT mepeBoauIN B HATPUEBYIO COJIb (comeprkanue cepol 12.4 % macc.). [Ipo3paynbie IEHKH Cyiibda-
THPOBaHHBIX 00pa3noB Al momyyanu ucrapeHreM 6—7 % BOIHBIX PAaCTBOPOB HA IJIA/IKOM CTEKJISH-
HOM TO/JIOKKe aHaIoTu4HO [17, 18] B Tex ke yCcIoBUsIX.

Tepmunueckuii ananus BoinoaHeH ¢ nomomsio STA 449 F1 Jupiter (NETZSCH). O6pa3sist (6.7 mr)
HarpeBasu co ckopocthio 10 °C/mun 10 700 °C B unepTHOIt armocdepe (Ar). Pesynbrarsl uamepeHuii
6butH 00padoTanbl ¢ momomibio nporpammuoro nakera NETZSCH Proteus Thermal Analysis 5.1.0,
MOCTABJISIEMOI'0 BMECTE C IPUOOPOM.

PentrenodazoBblii aHamu3 MpoBeieH Ha peHTreHoBckoM audpakxromerpe JPOH-3 ¢ ucnons3o-
BanueM Cu Ko moHoxpomartusupoBanHoro uziyuenus (A = 0.154 um), nanpspkenue U 30 kB, cuna
Toka 25 MA. Illar ckanuposanus 0.02 rpaz., BpeMs HakoniaeHHs B Touke 1 cek. CbeMKy IPOBOAMIN
B MHTepBaJe Oparropekux yrios 20 ot 5.00 no 70.00 rpaz.

DeKTpoHHBIE MUKPO(OTOrpad iy NOITyYeHbI Ha PACTPOBOM 3JIEKTPOHHOM MUK pockore TM-1000
(HITACHLI, Slnonus) ¢ yckopsitorumM HanpsbkerueM 15 kV u ¢ yenuuenuem ot 100 no 10000 kpat
¢ pazpemenreM 30 HM.

HccnenoBanus reHok cyiibdarupoBanHoro AI' meronom ACM B NOJTYKOHTaKTHOH MOJE TpO-
BOJIMUINCH C UCIIOJIB30BaHHEM MYJIBTHMOZOBOTO CKaHUPYIOIIETO 30HI0BOr0 MUKpockona Solver P47
(HT-M/T, MockBa). B paboTe ncrnosib30Bajinch KpeMHUEBbBIE TPSIMOYTONbHbIe KaHTHIIeBepbl NSG30
(HT-MAT, MockBa) ¢ THDUYHOH pe30HAHCHOW YacToTol KoneOaHmid okoo 320 k[ m koHCTaHTOU
xkEctroctr ~40 H/Mm; nuinna 6anku cocTaBsiia 14—16 MKM, painyc KPUBU3HBI UTIIbI O MeHEe 10 HM.
CkaHHpOBaHUE IIPON3BOINIIOCH HE MEHEE 4eM B 3—4 TOYKax Ha HECKOJBKHUX Iiomanakax. CKopocTb

CKaHUPOBaHUs cocTasiisiia 40—55 MKM/C, pa3peleHUe Moy YaeMOro n300pakeHus 256X256 Touek.

Pe3yabrarsl n 00cyxkaeHue

B npoxomxenne padotsl [14] mo uzyueHuto cyiabharoB Al, momydeHHBIX CynbdaTupoBaHHEeM
cynb(aMUHOBOM KHCIOTOI B MPUCYTCTBMH MOYEBHHBI B roMorenHoit cpene IMCO, ux TepMoxu-

MHYEeCKHe cBoicTBa uccienoBansl MetonoM TA. Ha puc. | mpencraBieH pesynbraT nuddepen-
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Fig. 1. DSC curves of thermal decomposition of samples: initial (1) and sulfated AG (2)

nuanbHo# ckanupyrouiei kajgopumerpuu (JICK) o6pasior ncxomguoro u cyiabdarupoBanHoro Al
B nnanazone temmeparyp 45-150 °C y o6oux 00pa3noB HaOI0aeTCs BBIpaXKEHHBIH HI09 (P DeKT,
CBsI3aHHBIN ¢ moTepeit Boabl. [IpuueM ucxoaHbIi 0Opaser] TepseT Ha 3ToM dtamne 1.4 %, a cyiabsda-
THpOBaHHBIN 4.6 % OT HCXOMHOTO Beca. BeposTHO, 3TO cBsi3aHO ¢ ruaApoduIbHON Mpuponoil GpyHk-
[UOHAIBHBIX TPYIIIL.

Temneparypa creknoBanus (7g) He Obuta 3aperucTpupoBana. IIpmunHa MOXET OBITH CBsI3aHa
C TIoMexaMHu nepexofa 7g SHA0TePMUYECKUM ITHKOM BIaKHOCTH. CTEKJIOBaHHUE TaK)Ke MOYKET IMPOUC-
XOIMTb ITPU TEMIIEpATypax HUXkKe HadalbHOU TemnepaTypsl ananusa JICK, t.e. 30 °C.

[Ipu manbHelIeM HarpeBaHUU UCXOHBIN apaObnHOraJakTaH IEMOHCTPUPYET IK30TEPMHUUECKUN
nuk 1pu 310 °C. 3ToT 3QQeKT BroIHE XapaKTEpeH AT MHOXKECTBA IOJINCaXapu0B U, BEPOSTHO,
cBsi3aH ¢ oopasoBanuem H,O, CO, CH, B pesynbrate Aeruaparaiuu, ISMOJIUMEPH3alliUd U ITHPOJIH-
THUYECKOT0 Pa3yIoKeHUs CTPYKTYpHI BemecTsa [19]. ITonncaxapuasl, Kak H3BECTHO, COCTOST U3 (yHK-
[UOHAJIBHBIX TPYI KapOOKcuiaTa miin KapOoHOBOM KHCIOTHL. ClieoBaTebHO, TEPMHUECKOE pac-
mierieHne KapOoKCHIIaTHBIX rpynn U BeigeneHne CO, n3 COOTBETCTBYIOLIETO yTIIEBOJHOIO CKelleTa
MOXET OBITh BEPOSITHBIM MEXaHU3MOM JIJ1s1 TeIIOBbIX 3 (dexToB. TouHOE onpeeneHe TepMHUUECKUX
TIEPEXO0/I0B SIBIISIETCS IPEIIMETOM JIUCKYCCHH.

VY cynbdarupoBaHHOro odpasia MpUCyTCTBYET OCTPBIH, SIPKO BhIpaKEHHBIN K309 (DeEKT, ¢ Mu-
KoBOM Temnepatypoi 243 °C.

Tepmorpasumerpuueckuii (TT') u nuddepenunanbubiii TepmorpaBumerpuueckuit (ATI) ana-
JU3BI SIBJISIIOTCS TPOCTHIM M TOYHBIM METOJIOM M3YUEHHUS KaPTHHBI PA3JI0KEHHS 1 TEPMUYECKOH cTa-
ounpHoCcTH nonuMepoB. Ha puc. 2 npuenens pesynsrarel T u JITT ananuza o6pa3ios.

PanHss He3HAYUTEIbHAS TOTEPS Beca B 00pa3ax 0ObSICHACTCS JIecOpOIMel BiIaru B BUIE CBSI-
3aHHOW BOJIOPOZOM BOABI B CTPYKType mnojumepa. OCHOBHOE pa3jiokeHHe apaOMHOrajaKTaHa Ha-
yuHaercst npu temneparype 235 °C. Ha xpusoit JITT (puc. 26) stanm ocHOBHOrO pasnoxkeHus Al
XapaKkTepusyeTcs SpKo BbIpakeHHBIM THKOM (71« = 300 °C), B unrepaine 235-315 °C. Cynbdarupo-

BaHHBINM 00pasel HAUMHACT pa3iaraTbes paHblne, HHTepBan Temreparyp 218-253 °C (T, = 238 °C).
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Fig. 2. TG (a) and DTG (6) curves of thermal decomposition of samples: initial (1) and sulfated AG (2)

HanpHelimuit Harpes BIUIoTh 10 700 °C nist 060ux 00pa3IoB XapakTepu3yeTcsi HU3KUM 3Hade-
HUEM [OTEPU MacChl, YTO MOXKET OBITh CBS3aHO C apoMaTH3alUell CTPYKTYpbl apaOMHOrajaKkTaHa,
MIPUBOJIAIICH K 00pa30BaHUIO0 KOKCOBOTO ocTaTka [20].

TepMuueckyro Aerpaganiio MOKHO KOJIMYECTBEHHO IMPEACTaBUTH, ONMPEICIHB KaKYL[yIOCS
9HEPrulo akTuBanuM (£,) 1JIs pa3IMdHbIX CTAJUH TEPMUYECKOTO PA3JIOKEHHS BEIECTBA. DHEPrUU

AKTUBAIIMU ObLIM PaCCUMTAHBI HHTErpajibHbIM MeTonoM KoyTca-Pendepna [21], ucnonb3ys ypas-

2] () (382 i,

TJIe 0. — CTEIEHb IPEBPAIICHNUS BEIIECTBa, [/ — CKOPOCTh Harpesa, I — Temieparypa, # — MopsiioK pe-

HCHUC!

aKlMU, R — yHUBepcaJlbHas Ia30Bas MOCTOSIHHAS, A — MPEIIKCIOHEHIIMAIbHBIN MHOKUTENb. OObIY-
HO RT/E <<'1 u 1-2RT/E = 1. [Ipu 06paboOTKe IKCIIEPUMEHTAIBHBIX PE3yIETATOB HCIOIB30BAIHU 1 =
1. Eciu n BBIOpaHO TpaBHiIbHO, 3aBUCUMOCTE In[—In(1-a)/T*] ot 1/T anupoKCUMUPYETCs TMHEHHOM
(GyHKIHEH ¢ MAKCUMAJILHON BENUUMHOM KBaapaTa Koddduuuenta koppensiuuu (R 2). TanreHc yria
HaKJIOHA TIPAMOIl MPONOPIIMOHATICH YHEPT M aKTHBAIUH (E,).

DHEpPruo akTUBAINH, PACCUUTAHHYIO THM METOAOM, Ha3bIBAIOT A3 PeKTUBHON. Bennuunna »¢-
(heKTUBHOI SHEPrUK aKTUBALUU TEPMUYECKOI0 PA3JIOKEHHUS SIBIISETCS OJHUM U3 BAXKHEHIINX TOKa-
3aTesieil, KOTOPBIH XapaKTepu3yeT YCTOHYMBOCTh MPUPOAHBIX U CHHTETHYECKUX MOJIMMEPOB K JIeH-
CTBHUIO BBICOKHX TeMIIEpaTyp.

I'paduku Koyrca-Pendepna npuseneHs! Ha puc. 3.

CornacHo rpadukam, SHEPrusi aKTUBALMU OCHOBHOI'O ATana pas3jokeHus oopasuoB Al u cyib-
¢ara AT onpenenena kak 150 u 35 k/[»/MOJIb COOTBETCTBEHHO. DHEPIrUsl aKTUBALUU SBIISICTCS
OJHUM M3 KPUTHUECKUX KHHETHYECKUX MapaMeTpoB, 0003HAYAIOIINX MHUHUMAJIBHOE KOJIUYECTBO

SHEPruM, HEOOXOAMMOE JUUIsl PAcCIICIUIeHNsT XMMHYECKOH CBsI3U. TepMopecTpyKuus CyiabhaTHpo-
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Fig. 3. Linearization of TGA data by the Coates—Redfern method: initial (1) and sulfated AG (2)
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Fig. 4. XRD patterns of samples: initial (1) and sulfated AG (2)

BAHHOTO apaOnMHOrajJakTaHa XapaKTePHU30BaJach 3HAYUTEIBHBIM YMEHBIIEHUEM YHEPrUH aKTHBA-
IIH TI0 CPAaBHEHHUIO ¢ UCXOAHBIM AI. DTH JaHHBIE CBUETENbCTBYIOT O 3HAYUTEIBHOM Pa3yIops-
JOYEHHUH CTPYKTYpsl Al B X01e MoguduKanuu. DTO MPEANONIOKEHHE TTOATBEPKAACTCS TaHHBIMHU
POA, cBuIeTENBCTBYIOIUMHU 00 aMOphU3aluu CTPYKTYPbl apaOUHOrajlakTaHa B pPe3yJIbTaTe CyJib-
(baTtupoBaHHs.

CornacHo nanHbiM PDA, ucxonusiit AI' qpeBecHHbI JINCTBEHHUIIBI HMEET aMOP(QHOE CTPOSHHE.
OO0 3TOM CBHIECTENBCTBYET HAJIMUYKE HA PEHTIeHOrpaMMe (puc. 4) IIMPOKOTO 1N(PPAKIIMOHHOTO MaK-
cuMyMa B 00acTu 15-25°, xapaktepHoro aist amophHOH (a3bl mojrucaxapuia.

B pesynbrare BBeseHUs Cynb(aTHBIX TPYyNI B MAaKpOMOJIEKYJTy MOJIMMEpa MPOUCXOoauT Oosee
nonHas amopdusaius odpasua. Ha penrrenorpamme cyibdara A" (puc. 4) B ykazaHHOM MHTEpBa-

JIC YIJIOB Ha6.]'IIO,I[a€TC$I YMCEHBIICHUE HHTCHCUBHOCTH Z[I/I(l)paKLII/IOHHOFO MaKCuMyMa [0 CPaBHCHUIO
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Fig. 5. SEM images of samples: initial (a) and sulfated (6) AG

¢ ucxonubiM Al Pediiekchl kpucTaianueckoi (pa3bl Ha MPEACTaBICHHBIX PEHTTEHOIPaMMax OTCYT-
CTBYIOT. AHAJIOTHYHAs KapTHHA HAaOJII0/1a1ach U JUIs Cyinb(aros AT, MoydeHHBIX C HCIOIb30BAHNEM
JIpyrux cyibdaTupytomux pearentos [17, 18].

Mopdomorus obpasmnoB AI' mo u mocie cynbhaTHpOBAHUS CYIb(PaMHHOBON KHCIOTOU
B npucyTcTBUU Mo4deBUHBI B JIMCO wmccienoBaHa METOJAOM PacTPOBOM JJIEKTPOHHOW MHUKPO-
ckonuu. Kak BumHO U3 puc. 5a, ucxoausiii A" cocTOUT U3 arperupOBAHHBIX U OAMHOYHBIX Ya-
cTHUIl pa3iudHoi Gpopmbl U pasmepa. [IpeMyIeCTBEHHO YacTULIBI UMEIOT III00YIsipHYI0 hopmy
¢ nguametpom ot 10 1o 90 mxm. Takke MpUCYTCTBYIOT arJoMepaThl YaCTHI], pa3Mep KOTOPBIX
nocturaet 300 MKM.

[Mocne cynbdarnpoBaHus 00pas3ibl UMEIOT MOPQOIOTHIO0, OTIINYHYIO OT ucxonHoro Al Cynbda-
TUpoBaHHBIA A" COCTOUT IJIaBHBIM 00pa30oM U3 cheprudecKkux yacTull (puc. 56), 00pa3yronux ario-
MEpaThl CO CPETHUMH Pa3MepaMM OKOJIO 5—25 MKkM. PazmMepsl OT/Ie/IbHBIX YaCTHII JISKAT B IHATIA30HE
ot 1 10 10 MKM™.

CuHTe3upoBaHHbIE TUIEHKH Cyiab(arnupoBaHHoro Al mccienoBansl merogom ACM, kotopas
MO3BOJISAET OMPENCINUTh HE TOJBKO JaTepaIbHBIC pa3Mepsl 00bEKTOB, HO U UX BBICOTY C TOYHOCTBIO
1o 0,1 um [22].

Kak BunHo Ha ACM-u300paxeHusix (puc. 6a u 6r), moOBepXHOCTh MIEHKH CYJb()aTHPOBAHHOTO
AT’ obpazoBaHa JOCTaTOYHO OJHOPOAHBIMH C(hEepHUECKUMH YACTHIIAMH C MPeoOdIalalomnMy pas-
mepamu 40—70 HM. YacTHIIBI PaCIOIOKEHBI PABHOMEPHO 110 MOBEPXHOCTH 00pasiia U He 00pas3yroT
arperaros. CpeHeKBaApaTHUHAs [IEPOXOBATOCTh, PACCYMTAHHAS 110 TPOQHITIO MTONEPETHOTO ceve-
HUS OBEPXHOCTH (pHC. 6B), COCTaBIACT 22 HM.

CorutacHo n300pakeHUsIM (a30BOT0 KOHTpacTa (pHc. 60), MOBEPXHOCTH IUIEHKH CYIb(aTHpPOBAH-
Horo A" 1ocTaTo4HO OTHOPO/IHA U [0 CBOEMY (ha30BOMY COCTABY HE COJIEPIKHUT IIOCTOPOHHUX IIPUMe-
ceif, OTIIMYAIoIUXCs T0 (GU3MUECKUM cBoMcTBaM. ['mcTorpamMma (puc. 61), HOCTPOCHHAS MO JAHHBIM
ACM, umeeT yHUMOJIaJIbHOE pacipeiesieHrue YacTHI] 110 pa3MepaM ¢ BETUUYMHON CpEeTHEro JuaMeTpa

50 HM U cpeHEKBaApaTUYHBIM OTKJIOHEHHEM, paBHbIM 10,7.
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Puc. 6. ACM-u3o0paxkeHust MIeHKH cyiab(harupoBaHHoro obpasua Al a — penbed, 6 — pa30BbIli KOHTpACT,

B — NMpOoQMIIb MONEPEYHOr0 CEYCHUs BJOJIb JIMHUU Ha U300pa)keHuH a, I — penbed B 3D-npencrasieHuu, 1 —
pacupesielIicH|e YaCcTHUlL 110 pasMepam

Fig. 6. AFM images of film of sulfated AG sample: (a) relief; (6) phase contrast; (B) cross-sectional profile along
the line in image (a); (r) relief in 3D representation; (1) particle size distribution

CpaBHEHHE dTUX JJAaHHBIX C pe3ysbraraMu uccienoBanus meronoM ACM cynbdaros AL, nomy-
YCHHBIX C HCIOJIB30BAaHUEM CYIb()aMUHOBON KUCIOTH M MOYEBUHEI B 1,4-mnokcane [18], moka3biBaer,
YTO B CJIy4ae TOMOTreHHOro cyibdarupoBanus B cpeae JJMCO npoucxoaut oOpa3oBaHue dosiee Mell-
kux gactui (50 HM). DTO, B CBOIO OUYepelb, MPUBOJUT K MEHBIICH BEIIMYUHE CPEIHEKBAAPATHUIHON
IEPOXOBATOCTHU TIOBEPXHOCTH MOTYy4aeMbIX 00pa3IoB.
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3akjaoueHune

BeimonHeHo (pU3NKO-XMMHYECKOE HCCIIeIOBAHNE TEPMOXMMHUUCCKUX CBOHCTB M CTPOCHHUS CYJIIh-
(ara apabuHOranaKTaHa, rMojy4eHHOro B rOMOI'€HHBIX YCIOBUSX cynbpaTtupoBanuem Al cynbhamu-
HOBOH KHCJIOTOU B IpUCyTCTBUU MoueBUHEI B IMCO.

[lo maHHBIM TepMUYECKOTrO aHaln3a, Hadajo pasnokeHus Al cocraBuio 235 °C, Torma kxak
cynab(arnpoBanHblii AI" HaunHaeT pasnararbes npu 218 °C. Takum o0pazom, BBelleHHE CyIb()ATHBIX
IPYII CHHYKAET TEPMHUUECKYIO CTA0MIIBHOCTB, 10 CPABHEHUIO C UCXOJAHBIM AT, BEpOsSITHO, BCIIEACTBHE
pa3ynopsaIouMBaHMUs CTPYKTYpbl BemiecTBa. [IpoBeeHHBIH Ha OCHOBE TEPMOI'PABUMETPHUUYECKHUX
JAHHBIX KMHETHUECKUH aHAJIN3 OCHOBHOM CTAaINN Pa3JI0KEHUS [TOKa3all CHI)KEHNE SHEPTruy aKTHBa-
uuu npu cynbhatupoBannn Al co 150 x/Ix/mons (AD) mo 35 xIx/mMoxs (cynbdarupoBanHsril Al).

[To nanubiM PDA ncxonuslit A" 1peBecHHBI JINCTBEHHUIIBI SIBJISIETCS. aMOP(HBIM ITOJINCaXapH-
JIOM, a IIPH CYIb()ATHPOBAHIH MPOUCXOIUT JasIbHEeHIIas aMoppu3anust ero cTpyKrypsl. C moMoniso
POM ycraHoBiieHO, uTo Al' IPEeHMMYIIIECTBEHHO COCTOUT U3 YACTHI[ TJIO0YIIAPHON (OPMBI pa3MepoM
ot 10 mo 90 MM, a cynbdarupoBanHbid A" — 3 cheprueckux yacTurl ¢ guameTpom ot 1 10 10 MrMm.

[Tnéuku cynbdaroB Al uccaenoBansl MetonoM ACM, moka3aHo, 4TO MOBEPXHOCTh 00pa3LOB
chopMHpOBaHa I0OCTATOYHO OJHOPOAHBIMH C(HEePUUECKUMH YacTULIAMH C BETMUYNHON CPEIHETO Jna-

MmeTpa 50 HM.
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Abstract. Previously synthesized 4-nitrosopyrazoles with a perfluoroalkyl substituent containing thienyl,
phenyl and naphthalene fragments were reduced to amines with hydrazine hydrate. The Sandmeyer
reaction for 4-aminopyrazoles was carried out using 3(5)-(thiophen-2-yl)-4-amino-5(3)-(trifluoromethyl)-
1H-pyrazole as an example. Identification of new compounds was proved by 1H NMR spectroscopy

and mass spectrometry.

Keywords: pyrazole, aminozopyrazole, polyfluorinated pyrazoles, Sandmeyer reaction.

© Siberian Federal University. All rights reserved
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: timivonk@mail.ru

— 287 —



Journal of Siberian Federal University. Chemistry 2025 18(2): 287-293

Acknowledgements. The study was performed using the equipment of the Krasnoyarsk Regional Center
of Research Equipment, “Krasnoyarsk Science Center SB RAS” Federal Research Center SB RAS. The
NMR study was performed in the framework of the State Assignment for the Institute of Chemistry
and Chemical Technology SB RAS (project no. FWES-2021-0012).

A0

Citation: Root E. V., Kukushkin A.A., Volkova D.S., Masharova D. A., Pushnina Ya. Yu., Ivanenko. _E
T. Yu. Synthesis and Features of 4-aminopyrazoles with Perfluoroalkyl Substituent. J. Sib. Fed. Univ. Chem.,
2025, 18(2), 287-293. EDN: BIDTDP E

CuHTe3 M CBOMCTBA 4-aMUHONIMPA30JI0B

¢ nepTopaJIKUIbHBIM 3aMeCTHTEIeM

E.B. Poor*® A.A. Kykymkun®", JI. C. Boakosa”,

JI. A. Mamaposa?, 51. 1O. Ilymnuna?, T. 0. UBanenko®
*Cubupckuti 20cy0apCmeeHublll YHUGEpCUmen HayKu U mexHo102Ull
um. M. @. Pewwemnesa

Poccuiickaa ®eodepayus, Kpacnosapck

*Kpacnosapckuti 20cy0apcmeentbiii MeOUYUHCKUU YHUSEPCUMEN
um. B. @. Boiino-Aceneurxozo

Poccuiickas ®edepayus, Kpacnosapck

‘Cubupckuil ghedepaivHblil yHUGEpCUMen

Poccuiickas ®edepayus, Kpacnosapck

*Cubupckas noxcapro-cnacamenvtasn akademus I'TIC MYC
Poccuiickas ®edepayus, Keneznozopck
SHayuno-mexnono2uueckutt ynusepcumem «Cupuycy,

Hayunwiii yenmp mpancasiyuonnou meouyunut (Couu)
Poccuiickas ®@eoepayus, Couu

¢ Uncmumym xumuu u xumuuecxoti mexronrocuu CO PAH,

QUL «Kpacnospckuti nayunsii yenmp CO PAH»

Poccuiickas ®edepayus, Kpacnosapck

AnHoTtanus. Panee cuHTE3MpOBaHHbBIE 4-HUTPO30MUPA30IIbI C IEPPTOPAIKUIBHEIM 3aMECTUTEIIEM,
colepikaliue THEHUJIbHbIe, DEHUJIbHbIE U HaQTaJIUHOBbIE (parMeHThl, BOCCTAHOBJICHBI
JI0 COOTBETCTBYIOIHUX aMUHOB TuapasuH-ruapatom. s 3(5)-(tuoden-2-um)-4-amunro-5(3)-
(rpudropmeTuni)-1H-nupasona nposeneHa peaknus 3anameiiepa. CTpoeHHe HOBBIX COCAUHCHUI

HNOATBEPIKACHO METOAAMU HMP-CHCKTPOCKOHI/II/I 1 MacCC-CIICKTPOMETPHHU.

KaroudeBble cioBa: nupas3oj, aMUHO30IIUpPa3oJi, HOJ'II/I(I)TOpI/IpOBaHHLIG nupas3oJibl, peakus

3anameliepa.
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Baaropapaocru. SIMP-uccnenoBanus npoBeAeHbl B paMKax rOCy1apCTBEHHOr0 3ajaHus HcTuTyTa
xumun 1 xumudeckoit rexunosornu CO PAH (FWES-2021-0012) ¢ ucrions3oBaHreM 000pyA0BaHHS

KpacHosipckoro pernoHaabHOro eHTpa KOJUIeKTUBHOTO Toab3oBanus OUI] KHI[ CO PAH.

Iuruposanue: Poor E. B., Kykymkun A. A., Bonkosa [I. C., Mamaposa [I. A., [Tymnuna f. 10., UBanenko T.1O. Cunres u cBoi-
cTBa 4-aMUHOIIMPA30JI0B ¢ NepTOPATKHIBHEIM 3amecTuTeneM XKypH. Cub. dpenep. yn-ta. Xumus, 2025, 18(2). C. 287-293.
EDN: BIDTDP

BBenenue

AKTyallbHBIM HaIpaBICHUEM JUJISI XUMHUKOB-CUHTETHKOB SIBJISETCS XUMHUS MHPA30JIOB, IO-
CKOJNIBKY THUPA30JbHBIN UK MPUCYTCTBYET B MOJIEKYJIAaX C IIUPOKHM CIEKTPOM OHOIOTHYECKON
akTUBHOCTH [1]. P mpOM3BOAHBIX aMHHOMUPA30JIOB YCHEIIHO HCHOIB3YeTCsl KaK JIEKapCTBECHHBIC
mpenapaTsl, KOTOpbIe TPUMEHSIOT B Ka4eCTBE aHAJIBI'C€THKOB, IIPOTUBOBOCIIAIUTEIIBHBIX U JKapOIIo-
HUKAIOIINX CPeACTB. BBeneHue nephropaaikuibHON TPyl B MOJICKYJIy aMHUHOIKUPA30J1a OTKPhIBA-
€T BO3MOXKHOCTB TTOJTYYCHHUS IIPOM3BOIHBIX, O0IaTAI0MIIX (hapMaKOIOTHUSCKOW aKTUBHOCTHIO [2—4].

[IpucyTcTBHE HE3aMeIEeHHOH aMUHOTPYTINBI B aMHUHOMIUPA30JIax OTKPhIBAET BO3MOXXHOCTH JJIST
JTajdpHeWIeH (yHKIIMOHATH3AMY, HAIPUMED TraJoreHnpoBaHusl. Kinaccnueckumu criocodamu 3ame-
Hbl aMUHOTPYIIIIBI YePe3 AUA30TPYIINY MMOIYUYarOT HOMMPOU3BOAHBIC, KOTOPBIC YCUINBAOT (hapMak-
TUBHOCTb COE€JMHEHUM, @ TAK)KE UMEIOT BBIPAKEHHOE aHTHCENTHYECKOe eiicTBue [5].

PaHee MUKJIOKOHACHCAI[UCH COOTBETCTBYIOIIUX HOTHU(PTOPHUPOBAHHBIX B-IUKETOHOB C THIpa3H-
HOM HaM# OBLIH CHHTE3HPOBAHBI 4-HUTPO30MUPa30ibl [6]. OqHAKO YCIOBUS W BO3MOKHOCTH BOC-
CTaHOBJICHUS TMOJYUYEHHBIX COSAUHEHUN 70 COOTBETCTBYIONIMX aMUHOB M JajbHEHIee 3aMeleHre

110 peaknuy 3aHaMelepa paHee MoKa3aHbl He ObLIN.

Pe3yabTaThl U 00CyKIEHHE

[IpsiMoe BBeZiIeHNE aMUHOTPYTIIHI B 4 TOJ0XKEHUE TUPA30J0B HEBO3MOXKHO [7]. [ToaTomy ocHOB-
HBIM CITIOCOOOM TOTyYeHUS 4-aMIHOITUPA30IIOB SBIISICTCS BOCCTAHOBIICHIE COOTBETCTBYOIUX a30T-
COJePKAIIUX TPYHI B MUPA30IBHOM fJIpe.

B HacTosimee BpeMsi H3BECTHBI HECKOIBKO CIIOCOOOB BOCCTAHOBIICHUSI HUTPO30IMUPA30JIOB: BO-
JIOPOJIOM Ha KaTaJin3aTope Mnajuiajuil Ha yrie B cpeje XJIopodopMa Ml B CPelie COMSTHONW KHUCIIOTHI,
JUTHOHHUTOM HATPHS B Cpelie ATUIIANETATa, OHAKO HEJJOCTATKAMH dTUX CIIOCOOOB SIBIISTFOTCS HU3KHE
BBIXOJIBI ¥ CIIOKHOCTH B OUHMCTKE IIEJIEBBIX MPOAYKTOB [8—11].

BoccranoBnerue 4-HATPO30MHUPA30I0B TPOBOJUIN THAPA3UH-TUAPATOM B MIPUCYTCTBUH KaTa-
Ju3aTopa majjajaus Ha yTie B cpefie 3TuiIoBoro cnupra (puc. 1). Takoit crnoco6 mo3BosseT mojiyyaTh
[IeJIeBBIC COSIMHEHUS 0e3 MpUMeceil, Tak Kak 00pa3yIoliecs B X0Ae pPeaKIHy MOOOYHBIC TTPOITYKTHI
BBIJICIISIFOTCS B BUJIE Ta30B, KPOME TOTO, LieJIeBble 4-aMUHOIMPA30JIbI BBIJEISIOTCS B CBOOOIHOM BHIE.

B BEIOpaHHBIX yCIOBHSAX OBLIH MONy4eHBI 3(5)-apui(rerepuin)-4-amuHo-5(3)-(TpudropmeTn)-
1H-ttupazonsr (Ila-c). Beixoq u TemmepaTypa IUIaBIEHHUS MONY4YeHHBIX aMmuHOmupaszonos (Ila-c)
MpeICTaBICHBI B Ta0MI. 1.

Takum 00pa3oM Ipu MPOBEACHUH PEaKI[MK BOCCTAHOBJICHHUSI HANOOJIBIIEr0 BHIXO/IA YIaJI0Ch JI0-
CTUYB IS COCTUHCHHUS, CONEPIKAIICTO B CBOCH CTPYKTYpPE TUCHIUIBHBIN 3aMECTUTENb, & HANMEHb-
1Ml — He3aMelleHHbIH OeH30ul. 1o Bcel BUAMMOCTH, 3TO CBSI3aHO C JIOHOPHBIMH CBOMCTBAMH THE-

HUJIBHOI'O 3aMECTUTCIIA, CBA3aHHOI'O C INPA30JbHBIM SAAPOM.
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NO NH,

RWCH HoN-NH) * HyOy06, RWCF;
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Puc. 1. Cxema cunTe3a 4-aMHHOIIIPA30JI0B

Fig. 1. Scheme for obtaining of 4-aminopyrazoles

Tabnuua 1. Berxox 3(5)-apun(rerepmn)-4-amuno-5(3)-(tpudropmernn)-1H-nupasonos (1la-c)
Table 1. Yield of 3(5)-aryl(heteryl)-4-amino-5(3)-(trifluoromethyl)-1H-pyrazoles (I1a-c)

CoenuHeHnne Brixon, % Ty °C
a 96 116
1T b 69 104
c 84 154

Crpoenne cuHTe3upoBaHHBIX 3(5)-apui(rerepu)-4-amuno-5(3)-(rpudropmerin)-1H-nupaszonos
(ITa-c) ycranosieno merogamu K-, "H SIMP-CIEKTpOCKONMHI M XPOMATO-MACC-CIIEKTPOMETPUH.

Bo Bcex macc-crnekTpax CHHTE3MPOBAHHBIX BEIIECTB OOHAPYIKEHBI MOJICKYJISIPHBIE MOHBI, CO-
OTBETCTBYIOIIHNE PACCUUTAHHEIM (m/z, oTH. exn.: 231 (Ila), 227 (IIb), 277 (Ilc)). CormracHO «a30THOMY
MPaBIIIY» HeUeTHas MOJIEKYJISIpHAas Macca COSAMHEHUS CBUICTEIBCTBYET O HAIMYUU HEUETHOTO KO-
JMYECTBA aTOMOB a30Ta B CTPYKType. Kpome TOro, aHamoruuHO MCXOAHBIM 4-HUTPO30MHPA30JIaM,
MOJyYEHHOE COCIMHCHHE paciagacTcs Ha ¢parMeHTHbIe HOHBI (M/z 105, 77, 64, 50).

B MK-cnekrpax HabiogaeTcs mojoca mnorjioueHus B oonactu 1620 cm™!, npunamiexamas je-
(dopmannonHbIM KostebanusiM N—H cBsi3eid, 4TO CIyKUT MOATBEPIKICHHEM YCIIEIIHOI'O BOCCTAHOBJIE-
HUS HUTPO30MHUPA30JI0B.

B 'H SIMP-cniekTpax Bcex 4-aMUHONUPA30JI0B COXPAHSIIOTCS BCE CHTHAIBI TIPOTOHOB, COOTBET-
CTBYIOLIMX MCXOJHBIM 4-HUTPO30MUPA30iIaM [60], a TakyKe UMEIOTCSl XapaKTePHbIE CUTHAJIBI TPOTO-
HOB aMuHOrpynmnsl npu 7,18 m.1. Kpome Toro, B 001acTu ¢j1adoro mojsi COXpaHsieTCss CUTHAJ MPU
13.45 m.7., mpuHaAIIeKaInK TPOTOHY NMHUPa30JIbHOTO KOJIBLA BOAOPO/A, YTO CBHIETEIBCTBYET O CO-
XpaHEHUHU apOMATUYHOCTH T'€TePOLHNKIIA.

AMHUHOTpPYIIIA MO3BOJISICT OCYIIECTBUTH MEPEXO]l K Pa3INUHbIM (yHKIIMOHAIBHBIM Ipymmam. Tax,
10 peakiy 3aHaMeiiepa B CTPYKTypy HOIU(PTOPUPOBAHHOTO MTUPa30Jia ObLT BBEACH WO B 4 TIOJIOKCHHE
mrpa3onbHoro sapa. Juasotuposanue 3(5)-(tnodpen-2-wmn)-4-amuao-5(3)-(Tpud ropmerrn)-1H-mupaszona
Ila mpoBOAMIM HUTPUTOM HATPHUsi B M30BITKE CEPHON KHCIOTHI. J{Jsl 3aMelleH s AUa30rpy bl Ha Hox
K 00pa30BaBILeCs COM TMAa30HUS PHOABIISUIN BOAHBIN PacTBOP HOAMCTOro Kaiust u Hoxa (puc. 2).

B macc-criekTpe CHHTE3MPOBaHOTIO BELIECTBA OOHAPYIKEHBI MOJICKYJISIPHBIA MOH, COOTBETCTBY-

oI paccuntanHoMy (m/z, otH. en.: 343 (I1la)). Kpome Toro, anamornuno 3(5)-(tuoden-2-mm)-4-
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1 I

: NaNO», H, SO4 K1, la I\
N CF; —— > N CF; S N CF;

N=NH
lLl I11a

Puc. 2. CxeMa peakunu Ae3aMUHUPOBAHUS C OCICTYIOINAM HOAHPOBAHHEM

Fig. 2. Scheme of the deamination reaction followed by iodination

amuHO-5(3)-(TpudTopmernn)-1H-mupazony (Ila) momydeHHOE coequHEeHHE pacmamaeTcs Ha ¢par-
MeHTHBIC HOHBI (m/z 105, 77, 64, 50).
B UK-cniekTpax 0TCyTCTBYET HOIVIOIIEHHE B 00nactu 1620 cM™!, npunapiexainee qepopMaruon-
HBIM Koje6auusiM N—H cBs3eil, 9To CIyKUT MOATBEPKACHHEM YCIICIITHOTO 3aMEIeHNsI aMIHOT PYTITIBL.
B 'H SIMP-crieKTpe COXpaHsIOTCs BCE CUTHAJIbI, COOTBETCTBY IOIIKE UCXOAHOMY 3(5)-(TnodheH-2-
win)-4-amuHo-5(3)-(rpudropmernn)-1H-upazony (Ila), HO OTCYTCTBYIOT XapaKTepHbIE CHUIHAJIBI

MPOTOHOB aMUHOI'PYIIIBI IpH 7,18 M. 1.

JKCcHepuMeHTAIbHAS YaCcTh

Cruexrpsl 'H SIMP 3apeructpuposans! Ha ciekTpoMetpe Bruker Avance 111 na paGoueii wacrore
600 MI'u. XumMuueckue CABUIU NPEICTABIEHB OTHOCUTEIBLHO CUTHAJIOB €U TEPUPOBAHHOIO PACTBO-
putenst IMCO-dg.

Xpomaro-Macc-clieKTpbl TosrydeHsl Ha mnpubopax ISQ 7610 Single Quadrupole GC-MS
u Shimadzu LC/MS-2020. B kauecTBe noaBHKHON (ha3bl MPUMEHSIIIH METHIIOBBII CITUPT.

HK-cnexpsr peructpuposaiuce Ha UK-Dypse-cnekrpomerpe PT-801 (FT-801) « CUMEKC»
CO CIIEKTPaNbHBIM Juana3oHoM ot 450 mo 5700 cm.

Temneparypsl MIaBIeHUS OIPEACISUIM B OTKPBITHIX Kanwuisipax Ha npudope IITIT (TY 25-11—
1144-76).

O6mwuit merox cunTe3a 3(5)-apmi(rerepr)-4-amunao-5(3)-(rpudropmetiun)-1 H-nmupazonos
(ITa-c). 4-auTpo3onupa3zonsl (la-c) pacTBOPSAIN B 3THIIOBOM CIUPTE, BHOCHIN KaTaJIUTUYECKOE KO-
nuectBo Pd/C. Jlanee nocTenento, He nomyckas pasorpesa soimie 25 °C, npuKanblBaiy MMapa3uH-
ruzpar (2,4 MMOIIB), TIOCTIE YEro PEaKIIMOHHYI0 MAaccy TePMOCTATHPOBANH MpH Temmeparype 25 °C
B TeueHue 3 4. KaranuzaTop n3 peakiMoOHHON Macchl yAasian (pUIbTPOBAHNUEM, PACTBOPUTEIND yIIa-
pHUBaJId B BaKyyMe, COOMpa 0CaJ0K JKEJITO-OPaHKEBOro I[BETA, NPU HEOOXOAMMOCTH TTPOBOAMIN
MIEPEeKPHCTAIUIM3ANNIO U3 3TUIIOBOTO CIIUPTA.

3(5)-(tuoden-2-ui)-4-amuno-5(3)-(rpudropmerni)-1H-nupa3zoa (I1a) — ocanok opaHkeBo-
ro useta. Beixox = 96 %. T,,=116 °C (EtOH). BOXX-MC, m/z (%): 233 [M]" (69), 216 (72), 189 (89),
150 (100), 140 (61), 107 (65). 'H SIMP (DMSO-dg), 8, M.a.: 13.45 (1H,p.), 7.62 (J = 5.1, 1.2 Hz, 2Hypon.),
743 (J=3.7,1.2 Hz, IH,pou.), 7.18 (J = 5.1, 3.6 Hz, 2H,\s10rp.)- UK-criextp (CH,CL,), v, M 1620 (NH,),
1312 (CF3), 1280 (C-N).

3(5)-penna-4-amuno-53)-(rpupropmerunn)-1H-nupaszon (IIb) — kpucramisl OpaHKEBOro
ugera. Beixox = 69 %. T,,=104 °C (EtOH). BOXXX-MC, m/z (%): 227 [M]" (100), 211 (75), 191 (69),
152 (56), 68 (50), 52 (38). UK-criektp (CH,Cl,), v, em': 1620 (NH,), 1312 (CF3), 1282 (C-N).
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3(5)-(nadpranun-2-uia)-4-amuno-5(3)-(rpudropmerni)-1H-nupaszoa (Ilc) — ocanok xentoro
uBera. Boixoa = 84 %. T,,=154 °C (EtOH). BOXXX-MC, m/z (%): 277 [M]* (100), 269 (37), 237 (40),
221 (98), 201 (30), 115 (14). UK-cnektp (CH,Cl,), v, em™!: 1620 (NH,), 1313 (CF;), 1286 (C-N).

3(5)-(tuoden-2-ni)-4-ion-53)-(rpupropmernn)-1H-nupaszon (Illa). K 0,8 mmons 4-amuno-
nupazona (Ila) pactBopsnu B 5 min atanona, 3ateM pobasisum 0,94 ma 94 %-nyio H,SO4. Cmecs
oxyaxanu 1o 14 °C, nocie yero npuiauBaiu BoaHblid pacTBop 1,1 Mmonas NaNO, u BelAEpKUBATU
20 muHyT. 3arem go0aBisin BogHbie pactBopsl 0,8 MMonb I, u 1,2 mmonb KI. Peakunonnyio cmech
KUIISTHIIN 2 9aca IO OKOHYaHUs Ta3000pa3oBanus u mpombiBain 32 vt 10 %-apiM Na,SOs o obecr-
BEUMBAHUS. DKCTPAruPOBAIH IUITUIOBBIM d3(PUPOM, 3PHUPHBIC BHITSIKKH yITapHBaiu Ha Bo3ayxe. O0-
pa3oBaBIIeecst Macjao 3aTHPATH C ICHTAHOM, ITOJYYCHHBIN 0ca oK 0€KeBOTO IIBETa OT(PHUIBTPOBAIIH.
Beixon =40 %. T,,,=93 °C (c pa3zn.). BOXKX-MC, m/z (%): 343 [M]* (37), 317 (23), 260 (24), 202 (100),
85 (25), 51 (5). '"H AMP (DMSO-dg), 8, m.x1.: 14.12 (1H,,p.), 13.43 (1H,p.), 8.51 (J = 11.7 Ty, 1H,pou.),
7.66 (J = 5.1 T'u, 1Hypon.), 7.61 (1Hqpon.), 7.56 (J = 3.6 T't, 1Hypo.), 743 (J = 3.6 ', 1Hypoy.), 7.02
(1H,pow.). UK-ciextp (CH,CLy), v, em™': 1281 (C-N), 1313 (CF5).

3akJoueHue

Takum 00pa3om, BIEpBbIE CHHTE3MPOBAHBI HOBbIC, PaHEE HEM3BECTHbIC 4-aMUHOMHMPA30JIbI,
cozepkarine THOQeH-2-ui, GeHnI- 1 HadTaauHOBBIE (hParMEeHThl U3 COOTBETCTBYIOLIMX 4-HUTPO-
30mupa3onoB. TOHKOE CTPOEHME BIIEPBBIE TOJYUYEHHBIX COSAMHEHHH noKa3zaHo MeTogamu 'H SIMP,
UK- u macc-cnekrpomerpun. s 3(5)-(tnoden-2-um)-4-amuno-5(3)-(tpudropmernn)-1H-nmupazona

M3yueHa BO3MOXKHOCTbH 3aMEIICHHSI aMUHOTPYTIBI Ha MO/ 10 peakiuu 3aHameiepa.
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Abstract. The relevance of the study is due to the need for a detailed study and optimization of the
viscoelastic properties of cross-linked gels to improve the efficiency of hydraulic fracturing technologies.
Of particular importance is the establishment of the relationship between the structure of cross-linked
gels and rheological characteristics, in particular, viscoelastic moduli. Original thermal cross-linking
gel systems based on partially hydrolyzed polyacrylamide with a mass concentration of 0.7wt.% were
synthesized. Aminosilane and glyoxal were used as crosslinkers, their mass concentration varied from
0.2 to 1 %. Thermal stability tests were carried out, with the gels kept for 12 hours at a temperature of
80 °C. A study of the viscosity and viscoelastic properties of the synthesized gels before and after holding
was conducted. It is shown that it is possible to control the rheological parameters of the synthesized
gels by varying the concentration of crosslinkers and temperature. The use of thermally crosslinkable
polymers, in which the viscoelastic characteristics increase during the crosslinking process, can serve

as one of the ways to solve the problem of thermal destruction of polymers.

Keywords: polyacrylamide, cross-linked gels, hexamine, glyoxal, aminosilane, rheology, viscoelasticity,

concentration, temperature holding.
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CuHTe3 U M3y4eHue BA3KOYNPYTrUX CBOMCTB
CIIUTHIX AMMHOCHJIAHOM M IVIMOKCAJIeM reJiei

Ha OCHOBE€ IIOJIHAKPpUWIaMHUIA

M. U. Ilps:xaukosB, X. ben Axmen,

E. H. Bosuenko, A. B. MunakoB
Cubupckuii pedepanvruvlii yHugepcumem
Poccuiickaa ®edepayus, Kpacnosapck

AHHOTanMsl. AKTYaJIbHOCTb UCCIIEIOBaHUsI 0OYCIIOBJIEHA HEOOXOIUMOCTBIO JIETAIbHOTO U3YUYCHHS
1 ONITUMU3AIHMH BSI3KOYIIPYTHX CBOHCTB CIIMTHIX I'eliel /ISl HOBBIICHHS 3 (HEKTHBHOCTH TEXHOIOTUH
ruapopaspsisa miacrta. Ocodoe 3HaYUeHHE HMEET YCTAHOBIICHHE B3aMMOCBSI3U MEXAY CTPYKTYpOii
CIINUTBIX TeJIeH U PEOJOrHIeCKUMHU XapaKTEePUCTUKAMU, B YACTHOCTH BSI3KOYIIPYTUMHU MOAYJISIMH.
CHUHTe3UpOBaHBI OPUTHHATIBHBIE TEPMOCIINBAIOIIHNECS I'eJieBble cucTeMBbl Ha ocHoBe 0,7 Mmacc.%
YaCTHYHO THUAPOJIN30BAHHOTO ITOJHAKpriIaMu/Ia. B kauecTBe cuinBaTeseil HCnoiab30BaIich aMUHOCHIIAH
U TJIIHOKCallb, X MaccoBasi KOHIIeHTpauus BappupoBanack ot 0,2 no 1 %. IIpoBeaeHs! TeCTH
Ha TePMOCTAOMIIBHOCTD — I'€JIU BBIIEPXKUBAIHCH B TeueHue 12 1 npu Temmeparype 80 °C. [Ipoeneno
HCCIIEZIOBAHNE BA3KOCTH U BSI3KOYNIPYTHX CBOMCTB CHHTE3MPOBAHHBIX T€JICH 10 U MOCIIE BBIICP)KKU.
[okaszaHo, 4TO My TeM BapbHPOBAHMUs KOHIIEHTPAILIUY CIIUBATENIECH 1 TEMIIEPATyPbl MOXKHO yIPABIAThH
PEOJOTHUECKUMH MTapaMeTpaMy CHHTE3UPOBAHHBIX renel. [IpuMeHeHne TepMOCIINBAIOIINXCS TOTUMEPOB,
y KOTOPBIX B IIPOLIECCE CIIMBKH NOBBIIIAIOTCS BA3KOYIIPYTHE XapaKTePUCTUKN, MOJKET CIIY>KUTh OJTHUM

U3 MyTeH pemeHus mpodaeMbl TEPMOAECTPYKIIHH TOTUMEPOB.

Ki1roueBbie cj10Ba: OTHAaKPUIAMUI, CIIUTHIE T€JIH, TITHOKCAIb, AMUHOCHIIAH, PEOJIOTHSL, BA3KOYTIPYTOCTh,

KOHICHTpAaLus, TeMIICpaTypHas BbIACPIKKA.

Baarogapuoctu. MccienoBanne BHITIOIHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢onma Ne 23—
79-30022, https://rscf.ru/project/23-79-30022/

Huruposanue: [pssxkaukos M. 1., ber Axmen X., Bormuenko E. H., MunakoB A. B. CuHTE3 1 n3y4eHue BA3KOYIPYTUX CBOUCTB
CIINTBIX aMHHOCHJIAHOM U INIHOKCAJIeM Tejiell Ha ocHoBe noiuakprmiamunaa. XKXypa. Cub. dexnep. yu-ra. Xumus, 2025, 18(2).

C. 294-304. EDN: HKMVXK

BBenenue

B coBpeMEHHBIX YCIOBUSAX pa3BUTHS He(PTEra30BOW OTpaciu 0COOYIO aKTyalabHOCTh ITPUO0-
petaeT nmpodiaema 3 (HEKTHBHOMN 3KCITyaTallMi MECTOPOKICHUH ¢ TPYIHON3BIICKAEMbBIMH 3ariacaMu
yrieBoaopoaoB. OTHUM U3 HaHOOJIee MePCIeKTUBHBIX METOIOB HHTCHCU()UKAIIMH JOOBIYU SBIISICTCS
TexHosorus ruapopaspseia miacta (I'PII), koTopas B coueTaHUM ¢ TOPU3OHTAIBLHBIM OYypEHHUEM I0-
3BOJISICT IKOHOMHUUYECKH IIeJIeco00pa3Ho pa3padaTeiBaTh Takue MecTopokaeHus [1, 2]. KiroueBbim
(akTopom ycrenrHoro mposeaeHus onepaiuu I PIT sBiisieTcst mpaBUIIbHBIN BEIOOP paboUeil KU IKOCTH.

COBpeMeHHBIe KUAKOCTHU [JIsd THAPOPA3pbIBa IIPEACTABIAIOT coboii BOAHBIC PACTBOPLI C ,I[06aBJ'IeHI/IeM
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3arycTureliei, O3BOJSIOINX CHU3UTh TpeHne. Oco0oe BHUMAHUE B MOCIEIHUE TOJIbI YICISIETCS
pa3paboTkaM pacTBOpPOB Ha OcHOBe mosnuakprwiaMuaa (PAA), obnanaronero onTuMaabHBIMK 9KC-
IUTYaTallMOHHBIMH XapaKTePUCTUKAMHU U SKOJIOTMYECKOM 6e301acHoCThIO [3].

CmmThle refiv Ha OCHOBE MOJIMAKPUIAMHU/IA IEMOHCTPUPYIOT Psi/l yHUKAJIbHBIX CBOWCTB, BKIIIO-
Yasi yJIy4dIIeHHBIE BSI3KOYIPYTHE XapaKTePUCTHKU, TEPMOAMHAMUYECKYIO YCTOHYMBOCTh U CHOCO0-
HOCTB 3()()EeKTUBHO TPAHCHOPTHPOBATH PACKJIMHUBAIOMINN areHT [4—6] mpu rugpopaspbiBe macra.
IIpu 3TOM monuMepHas CTPyKTypa MoJHaKpUIaMHUAA MO3BOISAET MCIOIB30BaTh €r0 KaK B KauecTBE
TPaJMLIUOHHOIO TIOHU3UTENS TPEHUS IPH HU3KUX KOHIEHTPAIMIX, TaK U B KauecTBe () (PEKTUBHOTO
resieo0pasyolIero areHTa Mpu BbICOKMX KOHIEHTpauusx. CIINThIe MOJTHAKPUIAMUHBIE T SIB-
JS0TCS OfHUM 13 Hambosee 3ddexrnBHbIx MarepuanoB ['PII mist yBenmuenus nedreornaun. Mx
OCHOBHOE Ha3HA4YEHUE — CO3JaHHE HEIPOHUIIAEMBIX IKPAHOB B BHICOKOIIPOHHIIAEMBIX 30HAX IIACTA,
YTO MO3BOJISIET NIE€PEepacIpeesIuTh NOTOKH 3aKaulBaeMOi BOJIbI U BOBJICUb B pa3paboOTKy paHee He-
JPEHUPYEMBbIC YIaCTKHU 3aJICHKH.

Peonornyeckoe moBeeHNE CIIUTHIX I'eliel ONpeaeIsieTcs NX CIIOCOOHOCTHIO MPOSIBIIATE KakK BA3-
KHe, TaK ¥ yIpyrue cBoiictsa npu nedopmaiuu [7]. M3yueHue BI3KOyNpyrux XapakTePUCTUK TAKUX
MaTepHaJIOB TIO3BOJISET IPOrHO3UPOBATH MX ITOBEJCHNE B PA3IIMUHBIX YCIOBHUSX IKCILITyaTallMH U OIl-
TUMHU3UPOBATh TEXHOJIOTMYECKUE TPOLECcChl X npuMeHeHus. [Ipu aTom ocoboe 3HaueHHe mpuoo-
peraeT BEIOOp MaTepuata M KOHIEHTPAIMM CIIMBAIOIIMX areHTOB, a TAK)Ke METOJOB MX BBEICHHS
B IIOJTUMEPHYIO MaTPUILY.

B nocniennee BpeMst Takue CMOJBI, KaK aMHHO(QOPMaJIbIETHIHbIE H (EHOIPOPMaIbICTUIHBIE,
HCTIONB3YIOTCS B KAYECTBE CIINBAOIIETO areHTa JJIs1 BOAOPACTBOPUMBIX ITOJTMMEPOB, TAKUX KaK ITOJIH-
aKpHJIAMUJ, JJII CHHTE3a Telisl C JBOWHOMN ceTKoi. OJHaKO TPaAUIIMOHHO HCIIOIb3yEeMbIe MOJICKYJIbI,
(deHon u GpopmasbIeru, IBISIFOTCS BEBICOKOTOKCHYHBIMH. B KauecTBe ajibTepHaTuBbl (hopmabaeru-
Jly ¥l IPOM3BOAHBIM MOJIEKYJIaM (peHOIIa peIaraeTcst HCIoIb30BaTh MAJIOTOKCHIHBIE COCAMHEHUS —
AMUHOCHJIAH U TNIMOKCaib. B maHHON paboTe MpoBEACHO W3yUYCHHE BIMSHUS CIIMBAIOIINX areHTOB,
TaKMUX KaK aMUHOCHJIAH U INIMOKCaJlb, HA BA3KOYIIPYT'He CBOMCTBA MOJIyyaeMbIX renei [8—9].

I'muokcane mpencTaBiseT co00i OpraHuYecKoe COSTUHEHNE, IBIAIONICECs TUAIbIeTHIOM IIfaBe-
JIEBOM KHCJIOTHI U ITPEJCTABIISIONIEE COOO0M JKEJITYIO0 KUAKOCTh C XapaKTEPHBIM 3anaxoM (opmasnHa.
['rokcaib MUPOKO MPUMEHSETCS KaK CIIUBAIOIINN areHT, CIIOCOOHbII chopMUpOBaTh MONEPEUHbIC
CBSI3U B ITOJIMMEPHBIX CTPYKTYpax, YTO 3HAUUTEIIBHO YIyqIIaeT uX (pru3nko-MexaHH4eCKHUe CBOHCTBA.
B TexHONOrMM MOTyYEHUS CIIUTHIX I'eliei 3TO COeAMHEHNE TO3BOMSET CO37aBaTh MAaTEPHAJIBI C 3a-
JAHHBIMH XapaKTePUCTHKAMH ITPOYHOCTH U AIACTUYHOCTH, @ TAK)KE 00ECIedrBaeT UX CTAOMIBHOCTh
B pa3nuuHbiX cpexax [10]. IlonmakpunaMuHbIe TeIH B MPUCYTCTBUH TITHOKCAJII UMEIOT HECKOJIBKO
MIPaKTUYECKNX MPUMEHEHUH, B TIEPBYIO O4Yepeb B MIPOMBIIUICHHBIX U HEPTIHBIX oOmacTsax. Obpa-
3YIOIIMECS CTAOMIIBHBIC TPEXMEPHBIC CETH Tejisl CIIOCOOHBI OJIOKMPOBATHh BOIHBIC KaHAJbI, IOMOTas
CHHM3HUTH HEXEJIATEIbHYIO JOOBIUY BOABI M MOBBICUTH 3((GEKTUBHOCTH J00BIYM HE(TH B yCIOBHIX
Pa3IUYHON COJICHOCTH U YMEPEHHBIX Temnepatyp [11].

Lenbto TaHHOM PaOOTHI SIBIISIETCS] N3y YEHHUE BA3KOYMPYTHX CBOWCTB TEPMOCIIMBAIOIINXCS I'elleH
Ha OCHOBE TIOJIMAKPHJIAMHUIA B IPUCYTCTBUHM aMHUHOCHJIAHA U TNIMOKCAJIsl. AKTYyalbHOCTh paboThI 00-
ycIIOBJIeHa HEOOXOAMMOCTBIO JETAILHOTO IIOHUMAHUS B3aUMOCBSI3M MEK/y KOHIIEHTpAIMeH CIInBa-
TeJel U PeoJOrHYeCKIMH XapaKTePUCTUKAMH T'eJiel ¢ MCTI0JIb30BAaHNEM COBPEMEHHBIX METO/IOB aHa-

mu3a. Ocoboe BHUMaHUe yAeseTcs U3YUCHHUIO Ipoliecca TepMociuBanus pu Temreparype 80 °C
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B Te4eHue 12 4, 4TO MO3BOJISICT OLCHUTH BIIMSHUE TEPMUUYCCKON 00pabOTKH Ha (POPMHUPOBAHUE TTIPO-

CTpaHCTBGHHOﬁ CCTKHU U U3MCHCHUC BA3ZKOYIIPYTHUX Moz[yneﬁ.

MarepuaJibl U METObI

B pa3paboTaHHBIX TelsiX OCHOBOW BBICTYIAJl YaCTUYHO T'HJPOJIM30BAHHBIN IOJMAKpHIIA-
MU ¢ MaccoBoi koHueHrtpamued 0,7 % c monexkynspHod maccoit 10,5 M/la, npuoOpeTeHHbII
y Schlumberger Limited. I'muokcans (nanee — GLX), nprodperennsiii y OO0 «Xumkpadt», 1 amu-
HoOcHIIaH (3-(TpUMETOKCUCHIIIII)-IIPONIMIIaMIH, ajee — AS), mpuodpeTeHHbli y Sinograce Chemical,
HCITIONIF30BAIMCh B KadecTBE CIIMBaTeneil. MaccoBas KOHIIGHTpPALUs B CIIMTOM Teje TIIHOKCas
1 aMMHOCHJIaHa Obli1a paBHOM M BapbupoBaiack ot 0,2 1o 1 %.

[Tporecc cuHTE3a MOJUMEPHBIX M I'€JIEBBIX CHCTEM HaYMHAETCS CO CTAOMIIM3AIMK BOJHOIO pac-
TBOpa TOJIMAKpHJIaMHia B TedeHne 12 4, 4To obecrneuynBaeT paBHOMEPHOE paclipejesieHHe MaKpo-
MOJICKYJT U (DOPMHUPOBAHKE MTPEIABAPUTEIIHHON CETKH 3a CUET CadbIX (PU3MUECKUX B3aUMOACHCTBUM.
Ha crenyromem stane B cucTeMy BBOAUTCS aMuHOCHIIaH rpu Temreparype 40 °C ¢ oqHOBpeMEHHBIM
MeXaHHUYECKUM IepeMelnBaHieM B TeueHue 15 muH. [locie atoro no6asisercs ramokcanb. Ha nan-
HOM 3Tare oroupaercs mpoda s peosornyeckoro anaiusa. Jlanee cmecs BeiaepxuBaetcs mpu 80 °C
B TeueHne 12 4. [Tocie 3aBepiueHus TeMnepaTypHON BBIICPKKH TaKKe MPOBOAATCA U3MEPEHUS IH-
HaMHUYECKOH BSI3KOCTHU M BSA3KOYIIPYTHX CBOHCTB, YTO ITO3BOJISIET OLEHUTH CTENEHb CIIUBKU U CTPYK-
TYPHYIO CTa0UIBHOCTH MOJIYUYSHHOTO TeJIsl.

Jltst onpeziesnieHus BI3KOYPYTHX CBOMCTB I'eJieii HCIOIb30BaJIOCh JMHAMHYECKOE OCIMIIISATOP-
HOE TeCTUPOBAHHME HA BPALIAIOUIEMCs] peoMeTpe. DTO OCHOBHOM M CaMblil HHPOPMATHUBHBIA METO/,
IIpU KOTOPOM H3MEPSIIOTCS BA3KOYNPYTHE MOAYIIHM B 3aBUCHMOCTH OT JedopManuu casura. Peoso-
THYECKHE U BA3SKOYIPYTHe XapaKTepUCTHKU Oblin mosry4yeHsl Ha peomerpe MCR 302e (Anton Paar,
ABcTpust). DKCHEPUMEHTHI MTPOBOIIIACH C UCIIOJIB30BAHUEM M3MEPUTENIFHON T'€OMETpHUN THIA KO-
Hyc/muta (25 MM, 2°) nipu nocrosiHHol Temmneparype 25 °C. Bszkoynpyrue monynu (yrnpyrocta G’
u BsizkocTH G”’) ObUIM M3MEPEHBI B KOJIEOATEIHFHOM PEXXKMME aMIUIATYIHON pa3BepTKH C yYBEIHUNBa-
IOICHCS aMILTUTYI0H nedopMalinu CABUIa Mpu yrioBoit yactote 10 paa/c. luanason nedhopmanuu

casura coctaisia ot 0,001 mo 1000 %.

Pe3yabTaThl U HX 00CyKIeHHE

Peonornyeckue xapaKTepUCTUKH CIIMTHIX Tejed MOJHaKpPHUIAMHAA UTPAIOT KIIOUEBYIO POJIb
B UX 3(QPEKTUBHOCTH NpH NOBBIIEHNH HedTeoTnaun npu nposenennn ['PII. OcHoBHEIM mapame-
TPOM, OIPEEIISIOUIMM YCIICUIHOCTh IPUMEHEHUS! Ielieil, sIBISeTCs UX CIIOCOOHOCTH MPOSIBIISTh He-
HBIOTOHOBCKOE TIOBEIEHUE, TO €CTh U3MEHATH BSI3KOCTh B 3aBUCHMOCTH OT CKOpOCTH ciasura. Ilpu
HU3KHUX CKOPOCTSIX CIIBUTI'A I'eJib IOJDKEH 00J1a1aTh BHICOKON BSA3KOCTBIO 115 3 (hEeKTUBHOTO OJIOKHPO-
BAHMS BEICOKOIIPOHHIIAEMBIX KAHAJIOB, @ IPH BBICOKUX CKOPOCTSIX — CHHKATh BSI3KOCTh, YTO IT03BOJISI-
€T eMy IIPOHUKATh B yJaJIeHHbIC YYaCTKH IJIACTa.

OnpeneneHre BI3KOCTU M HAPSDKEHUS CABHUIa CIIUTHIX Ielled Ba)KHO JJIsS NOHUMAHUS UX pe-
OJIOTHUYECKUX CBOMCTB, KOTOpPBIE ITOMOTAIOT MPEACKAa3aTh MOBEACHUE CUCTEMBI IIPU Pa3IUYHBIX yC-
JIOBUSAX, HAIIPUMEP MPU TEUEHUHU, MEXaHUYECKOM BO3AEHCTBUU WM M3MEHEHUHU TeMIepaTyphl. 3a-
BUCHMOCTH BSI3KOCTHU M HAIIPSIKCHUSI CIABUTA OT CKOPOCTH CIBUTA Iejiel Ha OCHOBE MOJMaKpUiIaMuaa

¢ GLX/AS mpencrasiensl Ha puc. 1 1 2 cooTBeTcTBeHHO. Kak U clienoBaio 0XuaaTh, BI3KOCTh Ieyei
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CYIIECTBEHHBIM 00pa30M 3aBHCHUT OT CKOPOCTH ciBura. [loBeneHue BA3KOCTH OT CKOPOCTH CIABHTA
OIIpe/IesIIeTCsl BHYTPEHHEH CTPYKTY PO Teilsl M CHIIAMU B3aMMOJICHCTBHS MEXK/y €r0 KOMIOHEHTaMH.
Bsi3koCTh HccIenyeMbIX resield Mpu YBeIWUYeHHH CKOPOCTH CABUIAa YMEHBINAJIACh, 3TO XapaKTEpHO
JUTSI TICEBJIOTIIIACTUYHBIX MaTEpPHAIIOB.

Bb110 moydeHo, 9To BA3KOCTH Iefisl Ha OCHOBE TMONIHAKPHUIAMHU/IA CO CUTMBATEISIMU BO3pPACTaeT
10 cpaBHEHHIO ¢ ronumepHoi ocHoBoH (0,7 % PAA Ge3 cmmBareneil). [Ipn yBennyeHun KOHICH-
Tpanuu ciuparesnei 10 1 % Ha01101a10Ch YBEIHYCHUE BA3KOCTH T'eJiel BO BCEM HCCIIEAYyEMOM Jua-
ra3oHe ckopoctel cisura (puc. 1a). PocT HanpsKeHNs cABUTa CHIMTOTO Tellsl MPH (UKCHPOBAHHOMN
CKOPOCTH CI[BUT'a 03HAYAET, YTO I'elib OKa3bIBaeT OOJIbIIEE COMPOTUBIICHUE TedeHuo (puc. 2). Takoe
MIOBEZICHUE MOXET OBITh CBSI3aHO C M3MEHEHHMEM CTPYKTYPBI Tells, YCHIICHHEM MEXMOJICKYJISIPHBIX
B3aumojencTBuil [12]. TpéxmepHas cTpykTypa reist popMupyercs B pe3yJibTare peakiiui, B KOTOpOi
AMUHOCHJIAH ¥ TJIMOKCAJIb BBICTYMAIOT B KAYECTBE CIIMBAIOIINX areHTOB, CBS3bIBAIONINX MOIHAKPH-
JaMUJIHBIE TIeTH B ceTh [13,14].

Ha puc. 3 mnpuBemeHsl 3aBHCUMOCTH Bs3KOCTH OT KoHmeHTpamumu GLX/AS o6pasios
PAA+GLX+AS npu ABYX CKOpPOCTAX clBUTA. VIcTOIb30BaHNE TIIHOKCATA C aMHIHOCHIIAHOM TTO3BOJIS-
€T YBEIIMYUTH BS3KOCTh cUCTEMBL. Tak, Harpumep, Bsa3kocTh 0,7 % PA A nmpu ckopoctu casura 0,1 c-1
coctasisina 37,2 ITac, arenu ¢ 0,2 u 0,4 % GLX/AS —47,6 u 37,7 I1a-c cooTBeTCcTBEHHO. JlanpbHeH it
POCT KOHIICHTpAIIUU CIIUBATEJICH MPUBOIII K pocTy BsizkocTH cBbite 100 ITa-c (puc. 3a). [Tocne BEI-
JIEP’)KKH TIPU BBICOKOM TeMITepaType OCHOBA refieil nerpaauponana (BsI3KocTh 6a3oBoro oopasma PAA
CHIDKaJach 0ojiee yeM Ha JiBa OpsAIKa, Kak BUAHO U3 puc. 3). Tak, Bsa3kocts 0,7 % PA A ipu ckopocTn
0,1 u 1 ¢! mocie TeMmepaTypHOM BBIAEPKKH CHU3MNIACK ¢ 37,2 10 0,223 Ia-c u ¢ 7,07 mo 0,183 Ia-c co-
OTBETCTBEHHO. DTO CBHJICTEIBCTBYET O TOM, UTO I1OCIIE HArPEBAHMUS MTPOU30ILIA AECTPYKIHS ITOJIH-
akpriiamuaa. JlecTpyKius nojuMepa Ipu BBICOKOI TeMIeparype sIBJISIeTCsl CEPbe3HOU MpoOIIeMOii.
OT0 CyIIeCTBEHHO OCIOKHAET npoBenenue onepannu I'PIT u camkaeT 3 hekTnBHOCTH MOTMMEPHOTO
3aBOJIHEHHSI — €1IIe OJJHOTO PaclpoCTPaHEHHOTo MeToa yBenndeHus Hedreornauu. [loaromy paspa-

0oTKa MCTOAOB ITIOBBIIICHU A TepMOCTa6I/IHBHOCTI/I NOJIUMCPOB ABJIACTCA OUYCHDb aKTyaJ’ILHOﬁ 3az[aqef/'1.
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Puc. 1. 3aBUCHMOCTB BSI3KOCTH OT CKOPOCTH cBura oopa3noB PA A+AS+GLX: (a) 1o TeMnepaTy pHOU BBIICPIKKH;
(6) mocae Beraepkku npu 80 °C B TeyeHue 12 4

Fig. 1. Viscosity dependence on shear rate of PAA+AS+GLX samples: (a) before temperature holding; (b) after
holding at 80 °C for 12 h
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Puc. 2. 3aBucumocTh HalpsKeHUs OT CKOpocTH caBura oopasuoB PAA+AS+GLX: (a) mo TemmepaTypHOi
BbIIepKKH; (0) mocie Beiaepkku npu 80 °C B Teuenue 12 4

Fig. 2. Dependence of stress on shear rate of PAA+AS+GLX samples: (a) before temperature holding; (b) after
holding at 80 °C for 12 h

V renei, CIINTBIX aMUHOCHIJIAHOM M TIHOKCAJIEM, TaKXe HaOJII0aIoch HEOOIbIIOe CHUKEHHUE
BSI3KOCTH TeJiei 1ocie TeMIeparypHol BeIIEpKKHU. Tak, y reneit, cogepxkamux 0,2 u 0,4 % GLX/
AS, npu 0,1 ¢! Bs3kocTh cHU3MIIACK HA 75 U 54 % cooTBeTcTBEHHO (puc. 3a), a pu 1 ¢'—49 u 59 %.
CHMXeHHe BA3KOCTH MOTJIO 03HA4aTh, YTO IO BO3JEHCTBHEM TeMIepaTyphl CTPYKTYypa reis u3Me-
HUJIACh U MIPOU3O0ILIO OCJIA0JICHNE MEKMOJICKYIISIPHBIX CBS3EH MIIN pa3pyIlleHHEe YacTH CLUIMBOK, YTO
NPUBEJIO K YMEHBILICHHUIO BHYTPEHHET'0 CONPOTUBIICHUS MaTepuaia npu aedopmanyn. OxHako Bius-
HUE TeMIIepaTypPHOH BBIICPKKH Ha CIINTHIE aMHHOCHIIAHOM U TJIMOKCAJIeM T'eJii ObIJIo He CTOJb 3Ha-
YUTEIBHBIM U 0CJIa0eBaJIO C YBEIMUCHHEM KOHIEHTpaIMK cluuBareis. KoHueHTpauus cuinparenei
SIBJISIETCS] KPUTHYECKUM N1apaMeTPOM, ONPEACISIONINM CTENEeHb CIIMBaHMsI ONUMepHOH cetu. [lpu
HEI0OCTaTOYHOM KOHIIEHTPAIUH I'ellb OyIeT MMETh HU3KYIO TPOYHOCTH M OBICTPO pa3pyIaThes, a mpu

HU30BITOYHON — CTAHOBUTBLCS CJIIMIIKOM KECTKHM U HECIIOCOOHBIM MPOHUKATH B IOPHLI IJIACTA. Iloxa-
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Puc. 3. 3aBucuMoCTb BA3KOCTH OT KOHLIEHTpaluK ciuBareneit s rexeid PAA+AS+GLX: (a) ckopocTh caBura
npu 0,1 ¢!; (6) ckopocts casura nipu 1 ¢!, 1 — 10 TeMnepaTypHOii BbLIEPKKH, 2 — nocie BeiaepKKu npu 80 °C
B TeueHue 12 9

Fig. 3. Dependence of viscosity on crosslinker concentration for PAA+AS+GLX gels. (a) shear rate at 0.1 s”'; (b)
shear rate at 1 s!. 1 — before holding, 2 — after holding at 80 °C for 12 h
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3aHO, YTO NMPHU KOHIIGHTpAIUK ciuBaTesieit cBoiie 0,6 % reixu sSABISIOTCS TEPMOCTAOUIBHBIMHA — HX
peornorus cnabo MOABEPIKEHA BO3IEHCTBHIIO TeMIiepaTypsl (puc. 30). [Ipu 3Toi KOHIIEHTpauH (PIK-
cupoBajcs poct Bs3kocTH rens. Konnentpanus cimBarens 0,6 % sBAseTCS ONTUMAIbHOM, TaK Kak
0oJiee BRICOKAS KOHIIGHTPAIUSI MOXKET MIPUBECTH K 3aTpaTaM IPH 3aKa4Ke KIIKOCTH B ILIACT BBUIY
BBICOKOM BSI3KOCTH.

Jaiee mpoBecHO M3MEpeHHE MOAYJIeH ynpyroctu (puc. 4) u BSI3KOCTH (PHC. 5) HCCIIETyeMBIX
resieil. B pexxuMe aMITUTYZHOM pa3BepTKU OBUIM MOTYyYEHBI 3aBUCUMOCTH BS3KOYHMPYTHX MOAYJIEH
ot nedopmartiu capura. [Ipu HeOONBIIUX NEePOPMAIUIX Telb MPOSBISLCT CBOMCTBA, XapaKTEPHBIC KaK
JUISL YIIPYTHX TeJ, TaK W JUIs BA3KUX MatepualioB. C yBenndeHueM JedopMaluy CABUra MOXKHO Ha-
OIrOIaTh M3MEHECHHE BSI3KOYTPYTUX MOIYJIEH, TAKMX KaK MOIYIb YIIPYTOCTH W MOAYJb NOTeph. [Ipn

YBCJINMYCHUHN KOHICHTpAIUU CIIIMBaTEIIEH B TMOJIMAKPUIaMUAHOM I'€JIC MOAYJIN YIPYTOCTHU U BA3KOCTH,
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Puc. 4. 3aBucumMocTs MOIYyIs ynpyroctu ot nedopmanuu casura reieii PAA+GLX+AS: (a) o Beraepxku; (0)
niocie Beiaepkku mpu 80 °C B Teuenue 12 u

Fig. 4. Dependence of the storage modulus on the shear strain of PAA+GLX+AS gels. (a) before holding; (b) after
holding at 80 °C for 12 h
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Puc. 5. 3aBucumocTb MOIYJIsl BS3KOCTH OT Aedopmariuu casura reiaeid PAA+GLX+AS: (a) no TeMiepaTypHOii
BbIICpKKH; (0) mocie Beraepxkku npu 80 °C B Teuenue 12 9

Fig. 5. Dependence of the viscosity modulus on the shear strain of PAA+GLX+AS gels. (a) before temperature
holding; (b) after holding at 80 °C for 12 h
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KaK MMpaBuIio, Bo3pactaroT. Tak, ¢ yBenndyenuem koHieHtpanuu GLX/AS wabmtomancst 3HaYUTeIbHBIN
POCT MOJyJIel yIIPYTOCTH ¥ BSI3KOCTH, ITPH 3TOM MX OTHOLIEHHE TAKXKe YBEJINIUBAIOCH. MOIYIIb YIIpY-
roctu (puc. 4) yeenuuuics ¢ 12,6 Ia y ocaosbl 10 52 [Ta y rensi ¢ 1 % GLX/1 % AS, a MomyJib BSI3KOCTH
(puc. 5) m3menwmcs ¢ 3,7 Ia o 8,0 Ta. DTO MPOUCXOANT MOTOMY, YTO OOJIBIIIEE KOTMYECTBO CIINBATEIIS
IPUBOAUT K 00pa3oBaHUIO OoJiee TUIOTHOIM TPEXMEPHOI CETH MOJMMEPHBIX IETel, YTO yBEeJIHUHUBaeT
CTPYKTYPHYIO IIEJIOCTHOCTb Tellsl U €r0 COIPOTHUBIEeHHUE AeopMauy. B pe3yibrare reib CTaHOBUTCS
Ooiee )KECTKUM M MEHEE CKJIOHHBIM K TEUEHHIO T10]] BO3/ICHCTBHEM BHEIIHUX CHJL.

[ocne BBIIEP)KKHM TpU BBICOKOW Temrieparype ocHoBa (PAA) mmema momyne Bszkoctu 0,95
ITa (puc. 50), a Moaysb yrpyroctu Obu1 B 3,5 pa3a menbiie — 0,27 I1a (puc. 40). Takum oOpa3om, mo-
CJIe TEeMIIePaTyPHOI BBIACPKKH 3TH XapaKTEPUCTUKN YMEHBIIMIHCEH Ooiee 4eM B 10 pa3. DTo Takxke
HOJATBEPXKIACT TO, YTO MOJIMAKPHIAMUJL AErpaarupoBall 0e3 cumBareneil. [locie TemneparypHO BbI-
JIEP>)KKHU HAOJIF0]aII0Ch CHIYKEHHE BSI3KOYTIPYTHUX XapaKTEPUCTHK IIPH JTIF0OOM HCCIIlyeMOM COJepIKa-
HUM cuiuBarenei (puc. 6).

OpnHaKo, KaK y>ke ObIJI0 OTMEUYEHO, 3TO CHHKEHHE OBIJIO HE CTOJIb 3HAYUTEIBHBIM 110 CPABHEHUIO
¢ 6a3oBeIM renem. Ilocie BeIIEpKKH TPH BEICOKOW TeMIIepaType CHH)KEHIE MOIYJIeH COCTaBHIIO OKO-

10 30 %. C YBCIIMYCHUECM KOHHCHTPALIUU CITUBATCIISI MOAYJIN YIIPYTOCTH U BA3BKOCTH BbIACPIKAHHBIX

10 4
©
- c 8
< <
G 5
2 S 6 -
= 4
a o 4
S @
> " 4
0
S, = ]
g 10 o 27 o
= a a = [|]
0 T T T T T T T T T 1 OI T T T T T T T T T 1
0 02 04 06 08 1 0 02 04 06 08 1
KoHueHTpauus, % KoHueHTpauus, %
60 - 10
8 () 1 (")
a0 0
= 45 4 a 3
Z =
9 2
< 30 o 13
3 5 5
o g S
q:)15i =} [ [ o o
o—+—r—7—+ "+ 01 +——7—"—"—+——+—+
0 02 04 06 08 1 0 02 04 06 08 1
KoHueHTpauus, % KoHueHTpauus, %

Puc. 6. 3aBucuMocTr Moyelt ynpyroctu (a), Momys moteps (0), KOMIIIIEKCHOTO MOJYJISI CIBHTA (B) ¥ TAHTEHCA
noreps (1) ot korneHTpanuu GLX/AS npu 10 % nedopmaruu cisura reneif. 1 — 10 TemMneparypHOil BBIICPKKH;
2 — nmocne Beraepkku mpu 80 °C B Teuenne 12 4

Fig. 6. Dependences of storage modulus (a), loss modulus (b), complex shear modulus (c) and loss factor (d) on
the GLX/AS concentration at 10 % shear deformation of gels. 1 — before temperature holding; 2 — after holding
at 80 °C for 12 h
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Puc. 7. 3aBUCMMOCTH KOMIUIEKCHOH BSI3KOCTH () U KOMIUIEKCHOU TekydecTH (0) oT koHneHTpanuu GLX/AS npu
10 % nedopmanuu casura reaei Ha ocHoBe PAA. 1 — 1o TemneparypHOH BEIAEPKKH; 2 — MOCIHIE BEIACPKKHU MPH
80 °C B Teuenue 12 4

Fig. 7. Dependences of complex viscosity (a) and complex fluidity (b) on the GLX/AS concentration at 10 % shear
strain of PA A-based gels. 1 — before temperature holding; 2 — after holding at 80 °C for 12 h

IIPH BBICOKOH TEMIIEpaType reiiei Bo3pacTaroT. Emie ogHIM BasKHBIM BEIBOJIOM SIBJISIETCS TO, YTO ObIIa
MPOJIEMOHCTPUPOBAHA BO3MOXKHOCTD YIIPABICHUEM KOHLIEHTpAIMEH CIIMBaTeNel JOOUTHCS TOTO, UTO
relln, IO/IBEPTHYTHIE TEPMOCTapEHHIO, OYAYT NMETh OJU3KHE WIIH JIaXKe JIydIIne BSI3KOYIpyTrue Xa-
PaKTEPUCTHKHU 10 CPABHEHUIO C TEISAMH, HE MOJABEPTHYTHIMH TepMOCTapeHHUIo. Tak, B 4aCTHOCTH,
6110 1TOKa3aHo, 4To Ipu KoHHeHTpanusx GLX/AS Beimie 0,6 % HaOmrogacs 1ByKpaTHBIH POCT MO-
JIyJsl yOPYTOCTH M yBEIHYEHUE MO BA3KOCTH Ha 60 % M0 CPaBHEHHUIO C UCXOIHBIM MTOTUMEPHBIM
resieM, He TIOIBEPTHY THIM TeMIIepaTypHOI BBIIEPIKKE.

[loBenenue Moayelt ympyrocTH U BA3KOCTH, a TAaKyKe KOMIUIEKCHOT'O MOTYJISI IOKa3aHo Ha puc. 6.
OTHOIICHNE MOAYJISI BA3KOCTH K MOJYJIIO YIIPYTOCTH Ha3bIBAETCSl TAHTEHCOM MOTEph (pHuC. 6T) U 110-
Ka3bIBaeT, KaKasl YacTh PHEPIHH, IPUIIOKEHHON K MaTepHaily, pacCeMBaeTcs B BUJE TEIUIA, a KaKkas
coxpaHsieTcsl B BHJIE yIpyroi negopmaruu. TaHTeHC OoTeph, MPEeBIIIAIONINI 3HaueHue 1, yKa3bIBa-
€T Ha TO, YTO MOJYJIb OTEPb MpeodiiaiaeT Hal MOIYJIEM YIPYTOCTH. DTO 03HAYAET, YTO MaTepual
B OouiblIel cTeneHn BenET cedst Kak BSI3KOE TeJIo, YeM KaK ynpyroe, ¥ 3HaUMTeIbHAs 9YacTh SHEPrUH,
MPHJIOKEHHOH K T'ellio, paccenBaeTcs B BUE Teria. CHU)KEHUE TaHTeHCa MOTEePh I'elisl C KOHIEHTPa-
nueit cimBatens 0,6 % nocie TemnepatypHoi Beaepkku (mpu 80 °C B TeueHue 12 1) MOXKET yKa3bl-
BaTh HA U3MEHEHHUSI B CTPYKTYPE I'eJIsl UIIU B €70 PEOJOrHYeCKUX CBOHCTBAX. BO3MOXKHO, TPOUCXOIUT
YIPOUYHEHHE CTPYKTYPBI I'elisl ¢ JaJIbHEHIITNM CHIMBAHUEM MOJICKYJI TIOJIMMEPA WIIH C MePECTPOHKOI
BHYTPEHHEH CTPYKTYPHI T'ells M0J] BO3ACHCTBHEM TeMIepaTy phl.

Ha puc. 7 noka3ana 3aBUCHMOCTb KOMIUIEKCHOM BSI3KOCTH M KOMIUIEKCHOW TEKY4YeCTH OT KOH-
ueHTpanuu cuimBareieii GLX/AS. TekydecTs reseii siBAsSCTCS BEIUYHUHON, 00PATHON KOMIUICKCHON
BA3KOCTH, KOTOpAsi PACCUUTHIBAETCSI HA OCHOBE KOMILIEKCHOTO BA3KOYIIPYTOro MOAYJIs. DTH XapaKTe-
PHUCTHKH B [IEJIOM MOJTBEPK/AAI0T MOJyYCHHBIE BBIIIE BHIBOJII OTHOCUTEIBHO BIUSHUS CIINBATENEH
Ha BSI3KOYTPYTHE XapaKTEPUCTUKH MCXOIHBIX M BBIJICPKAHHBIX IIPU BBICOKOW TEMIIEpaType TejeH.
TexyudecTh resei 1mociie TEPMOCTAPEHHUS MOBBIMIACTCS Oosiee YeM Ha HOpsoK. [lyTeM MoBbIIeHUS

KOHHOCHTPALUX CIIUBATCIISI MOKHO MMOHU3UTH TEKYUCCTh 10 UCXOAHOT'O COCTOAHM .
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3akJaueHue

BeImonHeH CHHTE3 U aHAJIHM3 BSI3KOYNPYTUX CBOWCTB OPUTHHAIBHBIX TEPMOCIIMBAIOLINXCS T'e-
JIEBBIX CHCTEM Ha OCHOBE MOJHMAaKpHiIaMua. B kadecTBe cumBarenei HCHOIb30BAINCh AMIHOCHIIAH
1 TauoKcanb. VccienoBanne BSI3KOYNPYTHX CBOMCTB ITOJYUYCHHBIX T'elied ¢ HCIOJIb30BAHHEM CO-
BPEMEHHBIX PEOJOrHYECKUX METOAOB TO3BOIIIIO OMPEICINUTh ONTUMAJIBbHYI0 KOHIIGHTPAIUIO CIIH-
BaTeJIeH /ISl MOJTYUYSHHsI MaTepUasioB C 3aJaHHBIMH XapakTepucTukamu. Ocodoe BHUMaHHE OBLIO
yAENEHO BIUSHUIO TEMIIEpaTypHOH BBIIEPKKH Teneld mpu Temmeparype 80 °C B teuenue 12 4. 310
MTO3BOJIMJIO OLCHHUTH 3PPEKT TepMuUIecKoi 00padoTku Ha (hopMUpOBaHHE TPOCTPAHCTBEHHON CETKH
U U3MEHEHHUE BI3KOyNpyrux momyneil. [TokazaHo, yTo BappupoBaHHEM KOHIIEHTPAIIUU CIINBATENeH
GLX/AS 1 TepM000pabOTKOM MOXKHO B IIMPOKHX JUANa30HaX YIPABIATH PEOJIOTMUECKUMHU MTapame-
TpaMU U CTENEHBIO CUIMBKHM CHHTE3UPOBAHHBIX Tejieil. cnoap30BaHNe TEPMOCIIUBAIOIIUXCS TOTH-
MEPOB C MOBHIIIAIOIIEHCS BA3KOYNIPYTOCTHIO IPU CIINBAHUH TIOMOTAET IMPEAOTBPATUTH pa3pyllIeHNe
MOJTUMEPOB MPU HATPEBAHUU.

[Nomy4yeHHbIE pe3yabTaThl MOTYT HAITH IPUMEHEHHE IPU Pa3padOTKe HOBBIX ()YHKIIMOHAIBHBIX
MaTeprajoB ¢ KOHTPOIUPYEMBIMH MEXaHUYECKUMHU CBOWCTBaMH. I10 cpaBHEHUIO ¢ TPaIUIIMOHHBIMU
CIIMBAIOIIMMHU areHTaMH1, TAKUMHU KaK XpOM MJIM (DEHOJI, TIINOKCAIh MeHee ToKcHueH. CIINThIe 11o-
JMHAKpUIAMUIHBIC TENH MPEACTABISAIOT COO0H MEPCIEKTUBHYIO aJbTepPHATUBY TPAJINLUOHHBIM I'ya-
POBBIM cHCTEMaM, OCOOEHHO B YCIIOBUSX HEOOXOANMOCTH TOBBIIIEHUS 3(P(HEKTHBHOCTH M CHIKCHHS

3aTpar Ha npoBeaeHue ['PII.
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Abstract. Using semi-empirical methods, we determined the standard heat capacity and entropy of
compounds formed in the CaO-Y,0;-SiO, system. The temperature dependences of the molar heat
capacity of CaSiOs, Ca;Si,O; calcium silicates and Y,SiOs, Y,Si,0; yttrium silicates were calculated

using the Neumann-Kopp and Kubashevsky methods.
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Meronamu Helimana-Konna u KyGameBckoro paccuuTanbl TeMIEepaTy pHbIe 3aBUCHMOCTH MOJISIPHOM

TEIJI0EMKOCTH cuiukaToB Kaibius CaSiOs, Ca;SipO; u uttpus Y,SiOs u Y,Si,0;.

KiroueBnble ciioBa: OKCHUHBIC COCAUHCHU S, TCIIJIOCMKOCTD, SHTPOIIU A, TCPMOANHAMUYCCKHUC CBOMCTBA.

[utuposanue: Jlenucosa JI. T., benoycosa H. B., benokonsitosa 1. B., Jlenncos B. M. Tepmonnnamuueckue CBOHCTBAa OKCHAHBIX
coequnenunii cuctembl Ca0-Y,05-Si0,. Kypn. Cud. dpenep. yH-ta. Xumus, 2025, 18(2). C. 305-314. EDN: UQIMEY
https://elibrary.ru/uqjmey

BBenenne

Huarpamma coctosiaust cucteMbl CaO-Y,053-Si0, monHoCcThIO He mocTpoeHa. B cucreme CaO-Y,0s-
SiO, obpa3yroTces cienyromue okcuanble coenmaeHns: CaSiO;, CasSi,0, Ca,Si0y4 [1, 2], CaY,04, Ca;Y,0s,
CaY405 [3], Y,SiOs u Y,S1,07 [1, 4-6], Ca;Y,Si30,, [7-12], Ca,Y,Si,09, Ca3Y,SicOs u Ca,YsSicOy6 [11,
12]. HanGonpmmii MHTEpEC U3 HUX MPEJICTABISIOT COSANHEHHS, B COCTaBe KOTOPBIX ecTh Y H Si. IT0
CBSI32HO C BO3MOYKHOCTSIMH MX IPAKTHYECKOr0 IIPUMEHEHHMsI B KauecTBe JTIoMHHO(opoB [8—10] 1 kepaMuku
[13-15]. OTmMeTHM, 4TO ycTaHOBICHHOE B pabdoTax [1, 16] Hanmnuue B cucteme Y,0;3-Si0, coennHeHUs
Y,4Si30;, nmo3aHee He moaTBepkaeHo [6]. Kpome Toro, cornmacuo [S], coenunenue Y,SiO; uMeeT 4eThIpe
pas3nuuHbIe MOTUHUKaInH (o, B, Y 1 J), Toraa kak B padbote [16] orMedeHo ux mecTs (Y, a, B, v, d u z).

Huarpamma cocrosinust cucteMbl Ca0-Y,0;-Si0, monHoCThIO He mocTpoeHa. Jlist ee TepMou-
HaMHUYECKOT'0 MOACITUPOBAHUS HYKHBI HAJC)KHBIC TaHHBIC TI0 TEPMOJUHAMUYECKIM CBOHCTBAM BCEX
OKCHIHBIX COCAMHEHUI, 00pa3yoUuXcs B 3TOH cucTeMe. MIMErOTCsl CBeIeHHs O MOICINPOBAHU I
nuarpamm Ca0-Y,0;-[3] 1 Y,05-Si0, [6]. JanHBIE O TEMIIEpaTyPHBIX 3aBUCHMOCTSIX TEIIOEMKOCTH,
KOTOPBIE SIBJISTFOTCSI OCHOBOI JIJIsl OIIPe/ieNIeHHS] TEPMOJAMHAMUYECKUX CBOMCTB KPUCTANINYECKUX (a3
[15], nast Y,S1,07, 1o 1aHHBIM pa3HBIX aBTOPOB [6, 16—18], pasnuuaroTcs Mexx 1y coOoil. Pe3ynbrarst
m3Mepenus tennoemkoctu C, = f(T) aToro coenunenus, omy6IMKoBaHHbIE aBTOpaMHu paboT [16, 17],
OIIM3KH MEXKy cO0O0M, Toraa Kak mpuBeacHHbIC B [0, 18] Ha 25 JTx/(Mons K) BBIIIE BO BCeM HCCIeno-
BaHHOM HHTEpBaje Temieparyp. MeroTcs naHHbIe 0 TeMIepaTypHOI 3aBUCHMOCTH TETJIOEMKOCTH
Y,SiOs [11]. B pabote [2] npuBeneHs! pe3ynbTaThl pacdeTa H3MeHeHus sHeprun [ mboca peakium B3a-
umogueiicteust CaO ¢ SiO, B TBEpOM COCTOSIHUH OKcU 0B 1 coeaunenuii Ca0, SiO,, CaSiOs, Ca3Si, 0,
Ca,Si04 n Ca;SiOs Ha onuH MOJIb KHCIIopoaa B nHTepBase Temmeparyp 298—1800 K. Tepmopnnamu-
4yeckoe MoJieTupoBanue paBHoBecuit B cucteme CaO-Y,0; mposeneHo B padote [3]. Onpenenensl Tep-
MOIWHAMUYECKHUE MapaMeTphl oopa3oBanus coenuuenuit CaY,0,, CaY,04 u Ca3Y,04. CTanmapTHBIC
sHTaJIbUKU 00pa3oBanus Y,SiOs u y-Y,Si,0; npusenensl B [6].

[IpuHUMas BO BHUMaHHE CKa3aHHOE BEIIIE, IPEACTABISIIOCh HEOOXOIUMBIM ITPOBECTH PacdeT

TEPMOAMHAMHYCCKHUX CBOUCTB OKCUIHBIX coeauHenui cuctembl CaO-Y,05-SiO,.

BKCHepl/IMeHTaJI])HaSI JacThb

PacueT cTarmapTHO# TeroeMKocTH coennHeHm cucteMbl Ca0-Y,0;-Si0, mpoBeleH, Kak U paHee
Hamu 11 repmanaToB CasR ,Ge;Op; (R = Er-Lu, Y) [19], ¢ ucnons3oBanreM MOJIETBHBIX TPEICTABIIE-

Huii. [Ipu pacuere agnutuBHBIM mpaBmioMm Heitmana-Komma (HK) [20]
C;)),298 M= Z nicg,zgg(i)’ M
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e Cp,og(i), ni — CTaHIAPTHASA TEMIOEMKOCTh M YHMCIIO MOJNEH i-TO COCIMHEHHS B j-TOM CIIOKHOM
COEIMHEHNH, B KAUECTBE MCXOIHBIX TaHHBIX UCIIONB30BAIN 3HAUCHHU S, IPUBEICHHBIE B padoTe [21].
Onpenenenue C;,’yzgg ¢ momoisio nHKpeMeHTHoro metoga Kymoka (MMK) [22] mpoBezeHo 1o co-

OTHOIICHHUIO

C;)),298 M= C;)),298 (K)-ng + C;)),298 (A) - ny, )

1€ Cp o5 (K) 1 Cp 595 (A) — MHKPEMEHTbI KATHOHOB M aHHOHOB, Nk M N5 — YACJIO KATHOHOB U aHHOHOB
COOTBETCTBEHHO.

Hpyrum cioco6om pacueTa Cy g ABNAETCA MeTOR Kenora (Kem) [23, 24].

PesynbraTsl pacueToB C;;yzggOKCI/II[HBIX coequuenuii cucrembl Ca0-Y,0;-SiO, mpusene-
Hbl B Tabu. 1. M3 Hee ciexyer, 4TO JIydlliee COIJIACHE C U3BECTHBIMH DKCIEPUMEHTAJbHBIMH
pesynbratamu gaet meron Heiimana-Komma. OTMeTHM, YTO €ClIM HCIOJIB30BaTh SKCIIEPUMEH-
TaJIbHbIE PE3yJIbTATHI 110 TerioeMKocTH st Y,SiOs [11] u Y,Si,07 [17], To pa3HuuIa Mexay
PACCUMTAHHBIMU U ONBITHBIMU AaHHBIMU C, CyIECTBEHHO BO3pacTaeT (Halmpumep, 11 Y,SiOs
merton Heiimana-Konna naet A = 22.44 %). B paborax [11, 17] nns onpeneneHus TemIOeMKOCTH
HCIIOJB30BAM METOJ Ja3epHOH BCHBIIKH [26, 27]. [Ipu 3TOM ommubOKa M3MEPEHUS TEIIO0EMKO-
ctu coctaisiia ~ 10 % [17]. Bo3MoxHble NPUYUHBI TAKOW OMIMOKN M3MEPEHHH pPacCMOTPEHBI
B pabore [28].

Panee Hamu ObuTO ycTaHOBJeHO [30], YTO cTaHIapTHAs TEIJIOEMKOCTh CHIIMKATOB IIEIOYHBIX
MetaiioB K,0-nSiO,, Rb,0nSiO, u Cs,0-nSiO, npu uzmeHenun #n ot 1 10 4 U3MeHseTCs JTNHEHHO

" OIMUCBIBACTCA YPABHCHUEM

Tabnuma 1. DKCreprMEHTAIBHBIC W PACCYMTAHHBIC 3HAYCHHS TEIMIOCMKOCTH Cpagg (JK/(Momb K) OKCHIHBIX
coenunenuii cucteMbl Ca0-Y,0;-Si0, (B ckOOKaxX — OTKIOHEHHE,%0)

Table 1. Experimental and calculated values of heat capacity Cp,9g (J/(mol K) of oxide compounds in the CaO-
Y,05-Si0, system (deviation in parentheses,%)

CoenuHeHne Cp, 9Kc. HK NMK Ken
CaSiO; 86.42 [22] 86.84 (0.49) 89.5 (5.63) 91.97 (6.64)
86.5 [31] (0.39) (3.48) (6.32)
CasSi,O, 211.51 [22] 216.1 (2.17) 223.0 (5.43) 227.01 (7.33)
214.39 [27] (0.80) (4.02) (5.89)
CaySiO, 125.76 [22] 129.26 (2.78) 133.5 (6.15) 135.05 (7.39)
126.81 [27] (1.93) (5.26) (6.50)
CaY,0, 144.93 142.1 146.26
Ca3Y,0¢ 229.77 230.1 232.42
CaY40, 247.44 240.2 249.43
Y,SiOs 147.25 [6] 146.93 (-0.22) 143.6 (-2.48) 154.22 (4.73)
Y,Si,0; 191.76 [6] 190.95 (—0.42) 189.1 (-1.39) 203.10 (5.92)
Ca,Y,Si,09 276.19 277.10 285.65
Ca;Y,Si;0,, 393.03 366.6 419.89
Ca;Y,SicOs 496.29 498.30 593.79
Ca,YSic0z 761.40 754.0 839.98
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Cpaos = @+ bn. 3)

[TomoOHBIC 3aBUCHMOCTH OBUTH yCTaHOBIEHH U s cucteM M,0-nTiO, (WO;, B ,05, TeO,,
UQO»), tie M = Na, K, Cs [31] u SrO-Bi,0;, V,05-Bi,0;, PbO-Fe,0;5 [32]. AHamoruunbie TaHHbIC
st cucteMbl Y,05-Si0, moka3aHbl Ha puc. 1. BunHo, 9T0 1 B 3TOM ciiydae 3aBUCUMOCTH 6117)298 =

f(n) MmoxeT ObITH OnUcana JuHeHbIM ypaBHeHHeM (3). Ono st cucremsl Y,0;-Si0, umeer cieny-

TOLIUH BUL:
Cpaos = (102.54 £ 0.09) + (44.63 £ 0.07) * ng;p, - )
[lono6ubIe pe3ynbraThl noday4deHsl u aias cuctembl CaO-SiO; (puc. 1, ypaBaenue (5))
208 = (40.75 £ 0.64) + (40.14 + 0.50) * ngqo- )

Koaddummentsr koppensuuu ais ypasaenui (4) u (5) pasusr 0.9999.

Temnepatypusie 3aBucumoctu C, = f(T') CUINKATOB KalblMs MOKA3aHbI Ha puc. 2. Jlns cpaBHe-
HUS, KpOME 3KCIEPUMEHTAIbHBIX JaHHBIX [25], mpUBeaeHbl U paccuuTaHHbIe pe3ynsTarsl. [Ipn pac-
gyete MeTogoM Heiimana-Konma ncrnonb3oBany qBa BapHaHTa: U3 MPocThIX okcuaoB C,(Ca0) = f(7)
[23], Cy(Si0,) = = A(T) [11] (HK,) u C,(CaSiOs) = A(T) [25], C,(CaO) = fA(T) [23] (HK,). Bo Bropom
CITy4ae UCXOIUIIHU U3 TOTO, YTO JJIS MOBBIIIEHUS TOYHOCTH ITOI'0 METO/Ia IIPOBOIUTCS CyMMHUPOBAaHNE
CBOWMCTB OoJiee KpyIHBIX “TiceBHOKOMIIOHEHTOB” [15, 21]. B ocHoBe MeTonma KyOamreBckoro Jexut

KJ1accuieckoe ypaBHeHue Maitepa-Kennu
Cp, =a+bT +cT?, ©)

napaMeTpbl KOTOPOTO ONPCACIIAOT IO COOTHOLMICHUAM

c=-419-10°m, 7)
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Puc. 1. Biusaue comepxanust SiO, Ha CTaHIAPTHYIO TEIJIOEMKOCTh OKCHJHBIX COCTUHCHHI, 00pa3yroIInXcs
B cucteMax Y,0;18Si0; (1) 1 nCaO-SiO; (2): Y,05 —[21], Y,SiOs u Y,Si,0;7 — [6], SiO, — [21], CaSiO; u Ca,SiO, — [25]

Fig. 1. Influence of SiO, content on the standard heat capacity of oxide compounds formed in the Y,0;-nSiO, (1)
and nCaO-Si0O, (2) systems: Y,0; —[21], Y,SiOs and Y,Si,0; — [6], SiO, — [21], CaSiO; andCa,SiO,4 — [25]
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. (25.64m + 4.19 - 10° - m - T2 — Cpa0s) ®
(Trm - 298) '

a = Cp,og — 298b + 4.71m. ©)

D

B HUX m — 4uCII0 aTOMOB B MOJIEKYJIE COEUHEHHUS, T}, — TemiepaTypa miasjieHus. Temnepary-
PbI IIABJIEHH ] CHJIMKATOB KaJlbliMs B3AThl U3 paboThl [33], a 3Hauenus Cp 98 — B [25].

U3 puc. 2 crenyer, 4To B LEJIOM Hanboliee OJIU3KHE K SKCIEPUMEHTAIbHBIM PE3yJIbTaTaM JaeT
meton Kybamesckoro. Hanbonbiue oTkinonenns Habmroparorces npu pacyere C, = f(T) meTonom
HK;,. Kax nonoxxutenpHble, TaK U OTPHUIATEIbHbIE OTKJIOHEHHS PACCUMTAHHBIX 3HAYCHUH METOJIOM
Heiimana-Komma oT sKciepuMeHTaTBHBIX BETHYHH CBSI3BIBAIOTCS ¢ M3MECHEHUSMH B 9aCTOTaX KOJe-
0aHUi aTOMOB B CJI0)KHOM OKCHIIHOM COCJMHEHHUH 110 CPAaBHEHUIO C MPOCThIMU okcuaamu [34]. Jlyu-
miee coryiacue ¢ IKCepuMerToM naet metox HK,.

TemmneparypHbIe 3aBUCUMOCTH TETNIOEMKOCTH OKCUIHBIX coequHeHnii CaY,0y4, CazY,04, CaY,0,
n Ca;Y,Si;0,, paccmarpuBarh He OyZieM, Tak Kak CBEIEHHS 00 SKCIIEPUMEHTAIBEHOM ONPEACICHUN
JUISL HIX OTCYTCTBYIOT.

BnusHue TemmepaTyphl Ha TEIJIOEMKOCTH CHUIUKAaTOB UTTpus Y,SiOs u Y,Si,O; mokazaHo

Ha puc. 3. Kpome sxcneprMeHTaIbHBIX Pe3yJIbTaToOB [6] MPUBEAEHBI, KaK U JUIS OKCUIHBIX COEIHUHE-

140

o> o - 3
o 2 0-° 2 3;of 6 L
g 130} e E P
5 ot z D e e
v ~
l:f 120 f;:”'.: = é 280 | o’;g“fﬁ%”'“'—ﬂ_'ﬁ
= Qe S g5
10} ) %/v
v I v I
100 | i ul A o 2
s 3 . :
90% 20 s 4
400 600 800 1000 7y 400 600 800 1000 7K
190 00

Cy il (moas K)
»
)
bQ
»
%
A
%

160
150 ﬁfgjﬂ/

1 L L L

400 600 800 1000 TX

vl
o o
W
o

[ I |
[ SR

o b

Puc. 2. BiusiHue TemmepaTypbl Ha MOJSPHYI TEIJIOEMKOCTh cuiukatoB kambinus CaSiO; (a), Ca;Si,0;
(6) u CaySiOy4 (B). 1 — skcmepumeHT [25], 2 — pacyer metonoM Heiimana-Konma (HK;), 3 — pacuer meTomom
Ky6amesckoro, 4 — pacuer metonom Heiimana-Konma (HK)

Fig. 2. Effect of temperature on the molar heat capacity of CaSiO; (a), Ca;Si,0; (6), and Ca,SiO,4 (B) calcium
silicates. 1 — experiment [25], 2 — calculation by the Neumann-Kopp method (NK;), 3 — calculation by the
Kubashevsky method, 4 — calculation by the Neumann-Kopp method (NK,)
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Puc. 3. BiusiHue TemnepaTypsl Ha MOJSIPHYIO TeIIoeMKocTh Y,SiOs (a) u Y,Si,07 (0): 1 — sxcnepumenT [6],
2 — pacuet meTonom Helimana-Konma (HK;), 3 — pacuer metonom Kybamesckoro, 4 — pacuet metogom Heiimana-
Konm (HK,)

Fig. 3. Effect of temperature on the molar heat capacity of Y,SiOs (a) and Y,Si,07 (0) silicates. 1 — experiment [6],
2 — calculation by the Neumann-Kopp method (NK,), 3 — calculation by the Kubashevsky method, 4 — calculation
by the Neumann-Kopp method (NK»)

Huit cuctemsl CaO-SiO; (puc. 2), 3aucumoctu C, = f(T), paccuntanHble MeTogamu Heiimana-Konma
n KyGamesckoro. 13 puc. 3 cnenyer, aro mist Y,Si0s n Y,Si,07 ydinee coryiacue ¢ 9KCIIEpUMEHTOM
nmaet meton Heitmana-Komnma. Ilpu pacdere TemmepaTypHOI 3aBUCHMOCTH TETUIOEMKOCTH METOJIOM
HK; ucnonszosanu ganusie 11 Cy(Y,Si0s) = f(T) [6] u Cy(SiO,) = A(T) [11]. Jna meTona Kybaies-
CKOT'O TeMIIEPaTyPhI MIABICHHS 3TUX COeNUHEHNH U 3HaueHUs C,, 293 Opay u3 paboTsI [6].

CranpapTHasi SHTPONHS Sy paccuuTaHa agmuTuBHbBIM MetoxoMm Heiimana-Komma (HK) (uc-
XOJIHBIE TaHHbIe Opanu u3 padotsl [35]), uHKpemeHTHBIM MeTooM Kymoka (MMK) u meronom ['epria
110 YpaBHEHUIO [36]

1/3
ml

S308 = Kp (M/Cg,z%) (10)

rae Kr — mocrosinnas, M — MmomsipHast Macca, m — KOJIMYECTBO aTOMOB B MOJIEKYJIe COSIMHEHUSI. 3Ha-
o

genns Kr oIpenensiy o U3BECTHBIM JaHHBIM S20g U CHIMKATOB KaJblus. [loJdydeHHbIE pesyilb-

TaThl MPUBEACHBI B Ta0J1. 2. MOKHO OTMETHUTh, YTO JJIsI CUJIMKATOB KaJbIMsl HA0II0aeTCs YIOBICT-

BOPUTECJIBHOC COIIaCrue paCCUYUTAHHBIX 3HAYCHHH C HUMCIOIIIUMHUCA PE3YyJIbTaTaMU.

TaGnuna 2. PaccuutaHHble pa3iIMuHBIME METOJAMHU 3HAYCHUS Syog OKCHIHBIX coeimHeHui cucremsl CaO-
Y203-Si02, I[)K/(MOJ'[]: K)

Table 2. Calculated values of S5y (J/(mol K) for oxide compounds in the CaO-Y,05-SiO, system

CoennHeHme SJos HK MK r
CaSiOs 81.93 + 1.25 [25] 81.59 (-0.41) 84.0 (2.53) 84.64 (3.31)
Ca;81,0, 210.67 [31] 202.99 (:3.65) 2117 (0.45) 203.09 (3.60)
Ca,SiO; 120.38 £ 0.84 [25] 121.34 (0.80) 1277 (6.08) 118.90 (-1.23)
CaY,0q4 138.85 140.4 134.05
CazY,04 218.35 227.3 202.03
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Ta6numa 2. [IpogomkeHue

Table 2. Continued

CoennHeHHe S908 HK MK r
CaY,0, 237.95 237.1 233.84
Y,SiOs 184 [6] 140.94 137.0 154.85
Y,Si,0; 208 [6] 182.78 177.3 205.41
Ca,Y»Si,09 262.29 264.7 340.56
Ca3Y,Si;0p, 343.87 348.7 351.16
Ca;Y;Si0yg 469.33 469.6 639.52
Ca,Y5Si006 726.94 716.0 980.99

3akJiloueHue

3Ha4YCHHUS CTAHIAPTHON TEIIOEMKOCTH OKCHAOB cucTteMbl Ca0-Y,0;-Si0, paccuuTaHbl Me-
tonamu Helimana-Konmna, Kenmora u mHkpemeHTHBIM MeTonoM Kywmoka. IlonydeHHble 3HAUYCHHS
C{,’yzgg VAOBJIETBOPUTEIBHO COTTIACYIOTCS C IKCIIEPUMEHTAIBHBIMU pe3yinbraramu. [ns cuimkaTa
Ca3Y,Si;0;, Takue JaHHBIC MOAy4YeHbI BriepBbie. CTaHAAPTHAS SHTPOIHUS dTUX COCAUHCHHUI paccum-
TaHa aJIUTHBHBIM METOJOM, HHKPEMEHTHBIM MeToIoM KyMoKa W 1O SMIUPHYECKOMY ypaBHEHUIO
I'epra. Ilony4yeHHbIe pe3yabTaThl UMEIOT yIOBICTBOPUTEIHHOE COTTIACHE C UMEIONTUMHUCS JaHHBIMU
JUTISL CHITUKATOB KaJbIMS. YCTAaHOBIICHO, YTO TEMIIEPATypPHBIC 3aBUCUMOCTH TEILNIOEMKOCTH CHIIUKA-
toB CaSi0;, Ca3Si,0; u Ca,Si0y, paccuntannbie MeTo0M KybarieBckoro, Hanboee OJIM3KHU K IKCIIe-
PUMEHTAIBHBIM pe3yibraTaM, Torna kKak s Y,SiOs u Y,Si,0; ayudiiee coriacue ¢ 9KCIIepUMEHTOM

noxydeHo jis Metona Helimana-Konma.
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Abstract. The features of thermal decomposition of solid fuel such as birch bark and lignite coal were
studied. Using thermogravimetric analysis, it was found that the processes of coal decomposition
strongly depend on the composition of the atmosphere, in particular on the oxygen concentration. As a
result of a calorimetric study, a linear dependence of the calorific value on the concentration of lignite
coal particles in a mixture with birch bark was established. The research presented here is a significant
step in the direction of utilizing birch bark and lignite coal in the fuel industry in a more efficient and

environmentally sustainable manner.
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Oco0eHHOCTH TepMHUYEeCKOro npeodpa3oBaHus

TOIIVINBHBIX KOMIIO3UTOB HA OCHOBE GI/IOOPFaHI/I‘IeCKOFO CbhIPbA

A.T. Booy?, M. B. MypaaoBa® %,

M. C. Mokpuna®, A.B. Kyiuk®,

B.E. Curnuxosa?, C. H. Mokpun®, A. A. [lonomapesa™ °
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Poccuiickaa ®eoepayus, Cankm-Ilemepbype

% [lanvhesocmounblil (heOepanviblil YHUGEPCUMEM
Poccuiickas ®@eoepayus, Braousocmok

AHHoOTanus. VcciaenoBansl 0COOEHHOCTH TEPMHUYECKOI'0 PA3JIOKEHUS TBEPIOTO TOIIMBA HA OCHOBE
6epézoBoro sryba u Oyporo yris. [Ipy momomy TepMorpaBUMETpHUYECKOr0 aHAJN3a ObIJIO YCTaHOBJICHO,
YTO MPOLIECCHI PA3JIOKEHUST YISl CHIIBHO 3aBHCAT OT COCTaBa aTMOC(ephbl, B Y4CTHOCTH OT COJIePIKAHUS
Kuciopoaa. B pesynbprare KaJopuMeTpHUECKOTO HCCIIEIOBAHUSI OblJIa YCTAaHOBJICHA JIMHEIHAS
3aBHCHUMOCTbH BEJINYHUHBI TENJIOTHl CTOPAHUS OT KOHIIEHTPAIIUH YaCTHIl Oyporo yris B CMECH
¢ 6epézoBbIM s1yOoM. McciienoBanus, MpOBEICHHBIE B IaHHOM paboTe, SIBISIIOTCS Ba)KHBIM IIaroM
K 6onee 3h(heKTUBHOMY U SKOJIOTHYECKH YHCTOMY HCIIOJIb30BaHUIO Oepé30Boro yba u Oyporo yris

B TOILJIMBHOU MIPOMBIIIJICHHOCTHU.

KuaroueBble cioBa: 6€p630BLIﬁ J'Iy6, YroJjib, TEPMHUUYCCKOC Pa3JI0KCHUEC, MHACKCHI TOPCHHW A, HU3IIAasAd

TEIJIOTA CropaHus.

Baaronapuoctu. Pabora BeinosHeHa npy GprHAHCOBO# Noiepkke MUHUCTEPCTBA HAYKH U BBICILIETO

obpasoBanus Poccniickoit @enepanuu (mpoext FZNS-2023-0031).

Hutupoanue: boby A.I., Mypanosa M. B., Mokpuna M. C., Kynuk A.B., Cutrnukosa B. E., Mokpun C. H.,
TTonomapeBa A. A. OCOGEHHOCTH TEPMUUYECKOTO MPEOOPa30BaAHMS TOIUTMBHBIX KOMIIO3UTOB HAa OCHOBE OMOOPTaHMYECKOTO
coipbst. JKypn. Cud. ¢penep. yH-ta. Xumus, 2025, 18(2). C. 315-326. EDN: HAJEGT

BBenenne

JlpeBecHasi OMomacca Kak MCTOYHHUK SHEPI'HH, KOTOPBIH HE YBEIMUNBAET YPOBEHb YIIIEPOAHBIX
BBIOPOCOB M MOYKET 3aMEHUTh TPaJULUOHHBIC HCKOAEMBbIE TOIIMBA, CIIOCOOCTBYET YBEIUYCHHIO JOIH
BO300HOBJISIEMOM SHEPI MU IS YIOBJIETBOPEHHSI PACTYILEr0 CIpoca Ha AeKTpodHepruio [1]. Dto Takxke
MIPHHOCHUT PsiJi SKOHOMHYECKHUX BBITOJI, B YACTHOCTH, CTAOMIIM3ALMIO [ICH Ha TOIUTMBO M HEBBICOKHE
WHBECTUIMOHHBIE PACXOJIbI C YUETOM HAJIMUYKS OOJIBIIOr0 KOJMYECTBA OTXO/IOB HA JIECO3arOTOBUTEIb-
HBIX ¥ JIec000padaThIBAIOMIMX MIPONU3BOACTBAX [2, 3]. OCOOEHHOCTH JIPEBECHOTO TOILINBA, TAKUE KaK
BBICOKOE COJIEPYKAHHE JIETYYHX KOMIIOHEHTOB M HU3KOE COJIPIKAHNE CBSI3aHHOTO YIJIEpOo/ia, a TaKKe
OpraHWYeCcKHi COCTaB (JIMTHUH, FEMULICIITION03a U LIEIITF0II03a), 00YCIIaBIMBAIOT OBICTPOE BBIACICHUE
rasoB, MaJible BpEMEHa TOPEHUsI U 00pa3oBaHKe HEOOBIIOro KojaudecTsa caxu [4]. C apyroii cTopo-

HBI, J'Iy6, HBJ'I?[IOH.[HfIC?[ 0oJiee BIIaKHOM U J0JIT0 pa3nara}01uel71(:$[ YaCTbIO APEBECUHBI, IPAKTUYICCKU
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HE UCIIOJIB3YETCs, a M3-3a CYLIECTBYIOIIEH TPOOJIEMbI yTHIIM3aLUU OCTATKOB KOPbI, HEOJIArOIPUSITHO
BIIUSICT HA 9KOJOTHUYECKYIO OOCTaHOBKY JIECOB.

Ha naHHBIH MOMEHT IPOM3BOJCTBO AJIEKTPOIHEPTUU M3 PACTUTEIBHON OMOMAacChl BCIIEICTBUE
pasMalMoOHHBIX MOTEPh NpH 00pa3oBaHUU caxxu He Tak dppexTuBHO (1625 %), kak n3 yras (33—
38 %) [5, 6]. OgHaxo B CBA3M C BBICOKOH noneil BeigensieMoro npu cxuranuu yris CO, Begymue
SKOHOMHUKH MHPa HHULIMUPOBAJIH BBEJICHNE PA3JINIHBIX MEp, HAIIPABJICHHBIX Ha CHUYKEHNE BBIOPOCOB
NapHUKOBBIX I'a30B, HAIIPUMEP 3aMEHY HCKOMAEMbIX TOILIUB OMOTOILUINBOM [7]. OQHUM M3 TepCIieK-
THUBHBIX HallPABJICHNH YHEPTETUKH B HACTOSIIIIEE BPEMS SBIISCTCS COKUTaHHUE TOTNIMBHBIX KOMITO3UTOB
Ha OCHOBE YTJIsl U paCTUTEIHHONW OMOMACChI B BUI€ IPEBECHBIX TPaHyII, Ha3bIBa€MbIX MejseTaMu [§].

[ennetsr — HeOombImue (nrameTp 4—8 MM, mutrHa OT 0,5 10 7 cM) IpeBeCHBIE TPAHYIBI IAIUH-
JpUYECKOii pOpMBbI, H3rOTaBIMBAEMbIC HA CIIEIIMAJIBHOM 000PYI0BaHUH METOIOM IipeccoBanumst. [len-
JETH3aLHsI PACTUTEIIBHON OMOMAcChl IPUMEHSIETCS [T YTy UIICHHS Ka4eCTBa TOIUINBA, YBEIHUCHHS
SHEPreTUYECKOi MIOTHOCTH U 0OJIETYeHH s TPAHCIIOPTUPOBKU U XpaHeHus [9]. IlenneTs! ncnoiasiy-
I0TCSl B Ka4eCTBE TOIIMBA JUUIsl 000TpeBa KIJIBIX 34aHUN M IPOMBIIIJICHHBIX TIOMEIIEHHUI, a TaKkKe
JUISL TIPOM3BOJICTBA JICKTPOIHEPTUU B KOTEIBHBIX M Ha TerjoanekrpocTtannusax [10, 11]. B EBpome
n CeBepHoii AMepuke Ha TOC B kauecTBe 100aBKH K OCHOBHOMY TOIUIHBY, KOTOPBIM SIBJISIETCS yTOJIb,
BCE Yalle UCIOIb3YIOT MEJIJICTHI, 4TO CIIOCOOCTBYET PA3BUTHIO OMOTOIIJIMBHOIO PhIHKA [8].

B npensiaymmx paborax ObIIO YCTAaHOBIICHO, YTO COBMECTHOE CKUTAHUE IPEBECHON OMOMAacChl
U YTJIsl MOXKET OBITh MCIOJIB30BAHO JJIs TIOBBIIICHUS] CTA0OMIILHOCTH FOPEHHUS M YBEJIIMYCHUSI BPEMEHH
TOPEHUS, UTO, B CBOIO OYEPE/Ib, HMEET 3KOJIOTMUECKHE ¥ SKOHOMUYECKHE TpenMy1ecTna [6]. B nccie-
JoBaHUM MoK u koijer [12] Oblin U3y4YeHB! XapaKTePUCTUKH TEPMUUYECKOT'O Pa3JIOKEHHUS U BHIOPO-
COB JIBIMOBBIX T'a30B. B paboTte OblI0 TOKa3aHO, YTO HMHTEHCHUBHOCTH TOPEHUS PacTeT C yBeINUEHUEM
JIOJIU YTJISI B CMECH.

[Tpn n3y4eHnn cMemaHHbIX TOIUIMB 0c000€ BHUMAHHUE yJIENISIETCS TOMY, KAK KOMIIOHEHTHI TO-
IJIMBA B3aUMOJICHCTBYIOT APYT C APYTOM. B HEKOTOPHIX MCCIEIOBAaHUAX OTMEYAETCs, YTO TAKOTO
B3aMMOJICHCTBHUS HE HAOJIIOAAETCS, U 3TO MO3BOJISIET IPUMEHSTH NPUHIUI aJTUTUBHOCTH MPH BBI-
YUCJICHUH XapaKTePUCTUK TOIIIUBHBIX KOMIIO3UTOB HA OCHOBE COCTABJISIIOIIMX UX KOMIOHEHTOB [13].
B npyrux pabotax OblI0 0OOHAapy>KEHO BIMSHHE OJHOIO KOMIIOHEHTA Ha JIPYTOH, 4TO HPUBOJUIIO
K ynyuienuto [14] wim yxyamenuto [15] xapakrepuctuk ropenus. B padore [16] Ob110 06HapykeHO,
YTO NMPUHIMIT aJTUTUBHOCTH BBITIOJIHSETCS JINIIb B ONPEAEICHHOM JHara30He COOTHOLICHUH Macc
MEX /1y KOMIIOHEHTaMU CMEIIaHHOT O TOIIIUBA.

JlanHas paboTa MOCBANIEHA U3YUCHHIO TEPMUYECKOr0 PpeoOpa3oBaHus TOIUIMBHBIX KOMIIO3H-
TOB Ha OCHOBE O0ep&30B0oro Jiyda u Oyporo yriis, a TakyKe aHaJIUu3y BIHMSHH 3TOT0 IIpoliecca Ha Xapak-

TEPp TCPMHUYCCKOI'O PA3JIOKCHUA U TOPCHUSA CUCTEM J'Iy6-yFOJ'IL.

MarepuaJibl U METObI

Jluist iiccniennoBaHuid, pUBENEHHBIX B paboTe, UCIOJIb30BAIUCH Oy pblii yroib [1aBioBckoro mecTo-
poxaenus ([Ipumopckuii kpaif) u 1y6 Oepesbl moBUcIoi (Betula pendula). VicxomHbIe MaTepratbl ObLTH
U3MeJIbYCHbl MEXaHMYECKHU POTAIIMOHHBIM M3MENIbUUTEIIEM, MIOCIIE Yero MPOBOIUIICS 0TOOpP (paKiuii
Bpy4YHYIO (cuTOBBIM pacceBoM) oT 0,1 MM 10 0,2 mm it yroast v ot 0,25 M 10 0,8 MM st my0a.

Jnsa ompeneneHus TePMUUYECKON CTaOMIBHOCTH U CTPYKTYPHl JIETYYHX KOMIIOHEHTOB IIO-

JTYUYCHHBIX 06pa3u0B TBEPAOTO TOINIMBA HCIIOJIb30BAJICA TepMOFpaBHMeTpH‘IeCKI/Iﬁ aHaJIn3aTop
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Netzsch TG 209 F1 Libra (I'epmanusi). BeiOpanHbiii MeTo]1 aHaIM3a OCHOBAH Ha HENPEPHIBHOM pe-
TUCTPAllH 3aBUCUMOCTH M3MEHEHHUS MacChl 00pasla OT BpeMeHH U TemmepaTypsl [17]. B akcme-
PUMEHTE HCCIIeI0BAIUCh IPOOBI yIIIs U y0a B arMocepe CHHTETHYECKOro Bo3ayxa (azor OU 5.4
TV 2114-004-37924839-2016 (IITK «Kpuoren», Poccus) oovemuas gomnst N, He menee 99,9994 %
+ kuciopox BU 5.0 TY 2114-006-37924839-2016 (IITK «Kpuoreun», Poccus) oo6bemuas gomns O,
He MeHee 99,999 %) npu pa3auuHBIX KOHIEHTpanusax kuciaopoaa (B 00.%: 20 %, 14 %, 10 %, 6 %
u 0 %). Bce uamepeHusi mpoOBOAUIIUCH NP CICAYIONIMX MapaMeTpax: pacxoa Bo3ayxa 50 mir/MuH,
nuana3zoH Harpesa 25-900 °C, ckopocts nosbimenust remneparypsl 10 °C/muH. Macca kaxaoi
npoOsl cocTaBnsina 11 + 1 mr.

Jis ompeneneHusl HU3IIEH TEIJIOTHl CTOPAHUS CMece Ty0a U yIIIs HCIOIh30BaJICS KaJIOPUMETP
IKA C 6000 (I'epmanust), ocuaienusiii repmoctarom IKA RC 2 basic (I'epmanust). B sxcriepumenTe
MIPUMEHSUTICH TIPOOBI Oyporo yriis, 6epe30Boro ryda U UX CMECeil C MACCOBBIM CONCPIKAHUEM YT
90 %, 75 %, 50 %, 25 % u 10 %. Bce oOpasibl npenBapUuTeIbHO U3MEIbYAINUCH B IOPOIIOK C pa3-
mepoM gactur ot 0,1 1o 1 MM u B3BemmMBaIuCh Ha aHanmuTHdeckux Becax Ohaus Explorer EX324/
AD (CIIA) c tounoctsio a0 0,1 mr. TepmocTar noaiep >kuBajl TeMIEpaTypy BOABI B KaJOpUMETpeE
ITOCTOSTHHOM JT0 HadyaJia SKCIIEPUMEHTA, B X0JIe KOTOPOTO B KAJIOPUMETPHUICCKON O0MOE, ITOTpyKEHHON
B BOISIHYIO pyOaIKy, COKMIaioch H3BECTHOE KOJIHUYECTBO IPOOBI B KUCIOPOAHOM cpene (kucmopon BY
5.0 TY 2114-006-37924839-2016 (ITTK «Kpuoren», Poccus) oovemuas gomns O, He meree 99,999 %).
Pe3ysbraT u3MepeHus HU3MLIeH TeIIOThl CrOPAHUs OCHOBBIBAJICS HA M3MEHEHUH TEMIIEPATyPhl BOJIBI
B KaJIOPIMETPE TIOCIIe CTOPAaHUs TOILINBA M M3BECTHOM TEIIOEMKOCTH Bcel cuctemsl. [lepen Hava-
JIOM DKCIIEPUMEHTa KaJOpUMETp ObLI OTKaJIMOpPOBaH C MCIIOJb30BaHHEM 00pa3iia 3TajJOHHOIoO Be-
mecTBa. DTAIIOHHBIM BEIISCTBOM CIIYXKWJa OCH30WHas KuciaoTa HammoHampHOTO 0FOpPO CTaHIAPTOB
(NBS-Standard Sample 39 J) ¢ rapanTHpOBaHHO# TEMIOTOM cropanus. J{Jis mosydeHus J0CTOBEPHBIX
AKCIEPUMEHTATBHBIX JaHHBIX HCCICIOBAINCH IO TpH 00pasna Kaxaou mpoosl. CTaTucTHueckas 00-
paboTka TaHHBIX KAJIOPUMETPHH BKIII0Yalia B ce0sl ONpPE/ICICHUE CPETHETO 3HAUSHH S 110 TPEM H3Me-
PEHUSM ¥ BBEIYHCIICHHE CTaHAaPTHOTO OTKJIOHCHHS C IMIOMOIIBIO MaKeTa aHaln3a JaHHBIX Microsoft
Excel 2021.

Pe3yabrarsl n 00cyxkaenue

TepmorpaBumetpus. [Torydennas repmorpasumetpudeckas (TT) kpuBas pa3inosxkeHus 6epé3o-
BOTO J1y0a, n300paxéHHast Ha puc. 1A, oTpa)kacT MOCICI0BATEALHOCTh (PU3MUCCKUX U XUMHYCCKHUX
MIPOIIECCOB, MPOUCXOAAIINX ITPH HarpeBanuu. Ha HavanpHO# cTagnu (1o 230 °C) uaét mporecc aeru-
JpaTaiuu, BO BpeMs KOTOPOTO Bilara, Haxoasmascs B 1yoe, ucrapsercs [18]. B nannoii dasze nabdito-
JlaeTcs MOCTENEHHOE YMEHbIIEHHE Macchl oOpasna. Jlanee ciexyeT ocHoBHOI aTan (230550 °C), mpu
KOTOPOM HAa4MHAETCsI MHTCHCHBHOE TEPMUUYECKOE Pa3JIOKCHHE OPraHWYeCKHX KOMIIOHEHTOB Ty0a.
DTOT mpoIecC BKIFOYACT B ce0s MUPOITU3, TEPMOISCTPYKIIUIO LIEJLTFOIIO3bI, TeMUIICIITION03EI U APY-
UX OPraHMYEeCKUX COCAMHEHUH, npucyTcTBYOmUX B J1yoe [18]. [Ipu nanbHeiiinem HarpeBanuu o0-
pasma (ot 550 °C) moBenenune kpuBoid TT 3aBUCUT OT KOHIEHTPAIMH KUCIOPOA: TPU KOHIICHT PALIHH
kucioposa 20 00.% kpuBas cTabUIM3UPYETCs, IPU MEHBLIMX XK€ KOHIECHTPALMsIX HaOIoaeTcs 3a-
TATUBAHHE MPOIIECca Ha CTAUU PA3JI0KCHUS OCTATKOB BBIJCIUBIINXCS JICTYYHX BEIIECTB U CBS3aH-
Horo yriepoaa [19]. CpexHsig BeTudrHA 30JbHOTO OCTaTKa M0 OKOHYAHUH SKCIEPHMEHTa COCTaBUIa

1,66 % mu1st KUCIIOPOTHOU Cpebl, B OSCKHCIOPOIHOM cpe/ie 0CTaTOK MacChl cocTaBm 24,19 %.
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Puc. 1. Tepmudeckoe pasznoxeHne 6epe3oBoro 1ybda mpu pa3nudHoM coaepkanuu kuciopoaa: A —TI'A, B— ATI

Fig. 1. Thermal decomposition of birch bark at different oxygen concentration: (A — TGA, B — DTG)

[onyuennas muddepennuansHas tepmorpaBumerpudeckas (JTI) kpuas, mzo0paxEéHHas
Ha puc. 1B, Taxke CBUIETENBCTBYET O TOM, UTO IIPOLIECC Pa3JIoKEHHUs1 0epE30BOro 1yda IeTUTCs Ha TPH
JTamna: oT TeMneparypsl Hayaia ucciegoBanus 10 230 °C, ot 230 o 550 °C u ot 550 °C no temnepa-
Typbl OKOHUaHHsI ucclienoBanus. Habaronaemplii Ha KpUBOM MHK, COOTBETCTBY IOINN MAaKCUMAaJIbHOM
CKOpPOCTH TEPMHUECKON NECTPYKIHH, JIEKUT B TeMIieparypHoM auanaszone 350-370 °C.

VYBenuueHne KOHIIEHTPAIIUU KUCIOPOa B MCCIEyeMOl cpeie BIUSIEeT Ha HHTEHCUBHOCTH ITPO-
TEKaHMsI OCHOBHOTO 3Tana pazioxenus (230-550 °C), a Tak)ke Ha MIPOLECCHI, CBSI3aHHBIE C 10T0Opa-
HUEM YTJIEPOJHOTO OCTATKA: yBEJIMYCHUE KOHIIGHTPAIIUU KHCIOPO/AA IPUBOJIUT K MHTEHCU(DUKALIMH
TEPMHYECKOTO0 Pa3JI0KeHNs OepE30Boro 1yda 1 ero 3aBepUICHNI0 IpK 00Jiee HU3KUX TeMIIepaTypax
OTHOCHUTEJIBHO peaKLUil, IPOTEKAOIUX [IPU HU3KOW KOHIIEHTpaluuu kuciopona. IIpu sTom BHe 3a-
BHCHMOCTH OT KOHLEHTPALlMU KUCIOPOJAa BCE MPOLECCHl NPAKTUUYECKH 3aBEPIIAIOTCS MPHU JOCTH-
xenun 700 °C.

Ha puc. 2 npencrasnenst TT- u I TT-kpuBbie mporiecca TEpPMUYECKOTO Pa3IOKEHUsS Oyporo yris
IPY pa3IMYHBIX KOHIEHTPAIMIX Kuciiopoaa B armocdepe. [1o noiayueHHbIM H300paKeHUSIM KPHBBIX
MOJKHO YCTaHOBHTD, UTO IIPOLIECC TEPMUUECKOT0 Pa3JIOKEHHS yIIIel NennTes Ha Tpu cTaaui. [lepas
CTa/us IPEACTaBJICHA IPEUMYIIECTBEHHO BbIJIEIEHHEM CBOOOIHOI BOJbI 1 HEOOJIBILIOrO KOJIMYECTBA
JEeTy4HuX ra3oB. Bropas craaus BKIOUaeT B ceOs pa3iokeHHe OCHOBHOW YacTH JIETYYHX ra3oB, CO-
JIepKAIINXCs B UCCIEeAyeMOM o0pa3siie, a TAKKe TOPeHHEeM CBA3aHHOTO yriepoaa. Ha mocnenneii cta-
JIIY TJIaBHBIM 00pa3oM MPOTEKaeT MPOLECC BEITOPaHHUSL.

Ha nepsoii ctaguu (1o 280 °C) KpuBBIe, COOTBETCTBYIOILINE Pa3HBIM KOHIIEHTPALIMSIM KHCIOPOAa
B arMoc(epe, HaKIaAbIBAIOTCS IPYT Ha Apyra. V3 3TOro MoXHO 3aKJIIOYUTh, YTO MPOTEKAHNE TPO-
[IECCOB JIETUIpaTallui U HadaabHOU Aerazanuu yrieu (Beinenenue CO, CO,, CHy, C,Hg u N,) [18]
cJ1a00 3aBUCUT OT KOHIIEHTpaMK KHuciopozaa B armocdepe. [Tomumo storo, mpu conocrasienun TI-
u JATT-kpuBbIX 17151 y0a U yIiisi CTOUT OTMETHTh, UTO BellMunHa masoro nuka Ha JITT-kpuBoii yris,
cooTBeTcTBYIommas Temreparype 100 °C, mpakTuiyecku B Ba pasa BhIIIe, 4eM y 1yOa. B pesynbrare
MOJTHOTO MCHIAPEHHU I BOZBI TPOOBI J1y0a TEPSIOT B CpeAHEM 5 % Macchl, TOria KaK YMEHbIICHHUE MacChl

YT'OJIBHBIX HAaBCCOK COCTABJIAIOT B CPEAHEM ~10 %, 4TO roBOpUT O OOJIBIIEM BJIAaroCOACPIKaHUU 00-
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Puc. 2. Tepmuueckoe pasiioxeHue Oyporo yriisi Ipu pa3iIndaHOM cofepxkanun kuciopona: A — TTA, B — AT

Fig. 2. Thermal decomposition of lignite coal at different oxygen concentration: (A — TGA, B — DTG)

pas1oB Oyporo yris, NCIIOJIE30BaHHBIX B AKCIIEPUMEHTE, CIIEA0BATEIBHO, B IPOLIECCE TOPEHHS Oy po-
T0 yTJIs 3aTpadynBaeTcs OOJIbINE SHEPTUY Ha NCTIAPEHUE BOBI.

Ha Bropoii craguu (ot 280 no 550 °C) pasHuIa NpOTEKAaHUS IIPOLECCOB IOPEHUS TIPH PA3HBIX
KOHLIEHTPAIUIX KUCIOPO/Ia B aTMOC(epe CTAHOBUTCS 3aMETHOM: C POCTOM KOHIIGHTPALMU KHCIIOpOo/a
Habmronaetcs casur TI- u ATT-kpuBBIX B CTOPOHY MEHBIINX Temieparyp. Kpome Toro, yBemnde-
HHUE KOHICHTPALUK KUCIOPOIa HHTCHCU(DUIIUPYET MPOIECC TEPMUUYCCKON TeCTPyKIuu (cM. puc. 2B).
Taxoxe Ha JITT-kprBOit 00HAPY)KUBACTCS CABUT IMHKA, COOTBETCTBYIOIIEI0 MAaKCUMATBHON CKOPOCTH
MOTEpU Macchl 00pasiia B MPoLecce Pa3JIoKEHUS: €CIId IPU MUPOJIM3e U KOHICHTPAIMSIX KHCIopoaa
B armMoc(epe meHee 20 00.% MUK CKOPOCTH MOTEpH Macchl nmpuxoautcs Ha 410 °C, To npu KOHIEH-
Tparuu kuciopoaa 20 00.% nuk casuraercs 10 370 °C. JlaHHOE SIBICHHE MOXKHO CBA3aTh C TEM, YTO
MOBBIIICHNE KOHIIEHTPALNN KUCIIOPO/Ia YMEHBIIAET TEMIepaTypy BocIuiaMeHeHus (cM. Taou. 2). [Ipu
9TOM B TEPBYIO O4Yepelb YMEHBIIACTCS TEMIIEpPaTypa BOCIUIAMEHEHHS JICTy4YHX BEIIECTB, BBICIC-
MbIX yraém. Ilocne yero Temio, BEICBOOOXK1aeMO€E JIETYyYHMHU BEIIECTBAMH IIPU TOPEHUH, TIPUBOIUT
K OONBIIEMY BBIACTICHHUIO T'a30B U3 yIJIA, KOTOPBIE TAaK)Ke MOIBEPraloTcs pasiokeHuto. biaromgaps
3TOMY BOCIIJIAMEHEHHE CBS3aHHOIO YIJIEpOJa, IPEACTABICHHOIO B yIje JINIITUHUTOM U MHEPTHHH-
ToM [20], TPOUCXOIUT IPH 3aMETHO 00JIce HU3KOM TeMIepaType, 4eM MPH KOHLEHTPAIMAX KUCI0POaa
menee 20 06.%.

Ha TpeTheil crannuu, cTaguy BITOPaHUs, HA KPUBBIX, COOTBETCTBYIOIINX KOHIICHTPALIUSIM KHUC-
nopoxa 10, 14 u 20 00.%, HEe TPOUCXOAUT BUIUMBIX H3MEHEHUH. MOXKHO MPENIONOKUTh, YTO TIPU
JpYTUX KOHLEHTPALUsIX KUCIOpOAa Macca odpasia mepecTaéT yMEHBIIAThCs MpH 00Jiee BHICOKUX
temneparypax. [Ipu 3ToM npu KoHIEeHTpanusax kuciaopona menee 10 00.% siBHO HaOnromaeTcs 3ats-
THBaHUE Mpolecca Pa3oKeHUsI BIUIOTH 10 BeICOKUX Temmeparyp (1o 700 °C).

Bb110 1oKa3aHo, 4TO yBEJIMYCHNE KOHIICHTPAIIMK KHCIOPO/a IIPUBOAUT K MHTEHCH(UKAIIUH TIPO-
1iecca TOpeHHUst ¥, COOTBETCTBEHHO, K YMEHBIICHUIO 0CTaTOUHOM Macchl [21]. Tak, Hanmpumep, B OTCYT-
cTBHUE Kucnopona ocratouHas macca npu 900 °C cocrasuia 42,5 % OT U3Ha4aabHOH, B TO BpeMs Kak
cpenHee 3HaYeHHe 30JIbHOTO OCTaTKa B KUCIOPOIHOM cpene He mpeBbimalo 4,55 % OoT n3HaualbHON

MacCChbl HAaBC€CKH.
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Tabnuua 1. Pesynbrarel pacuéra xapakTepHUCTHYECKMX HHJIEKCOB IIpoliecca TOpeHHs! dacTull jyba (MeHee
0,8 MM) B 3aBUCHMOCTH OT KOHIICHTPAIIHH KHUCI0poaa B aTMochepe (00.%)

Table 1. Results of calculation of the characteristic combustion indexes of bark particles (less than 0.8 mm)
depending on the oxygen concentration in the atmosphere (vol.%)

Kigf(f;g;ia:ﬁ‘f’j% Ty, °C | Tnaxs °C | T, °C | At, mutt (dW/f:I);:*’%/ D10 | €107 |Cy1072| S10°8
20 256 | 366 | 420 | 333 4,44 376 | 3.60 | 578 | 110
14 263 | 361 | 461 | 359 4,40 3,55 | 345 | 457 | 8386
10 263 | 356 | 485 | 393 431 345 | 340 | 3,93 | 8,03
6 263 | 353 | 496 | 424 4,04 340 | 334 | 275 | 673

Tabnuua 2. PesynbrarTel pacyéra XapakTEPUCTHYECKHX HHICKCOB MPOLECCa TOPEHHs YacTHIl Oyporo yris
(menee 0,2 MM) B 3aBHCHMOCTH OT KOHIIEHTPAI[UH KHCIOpoza B aTMochepe (00.%)

Table 2. Results of calculation of the characteristic combustion indexes of lignite coal particles (less than 0.2 mm)
depending on the oxygen concentration in the atmosphere (vol.%)

Kié’;ig‘giafgff‘% T2C | T, °C | TooC | At, M (dW/fﬁ;r;x’%/ D105 | C10°5 |Cy102| S10°8
20 277 | 372 | 546 | 332 3,46 229 | 114 | 695 | 549
14 288 | 399 | 571 | 359 3,21 195 | 1,02 | 324 | 343
10 288 | 402 | 652 | 48,0 236 126 | 075 | 1,14 | 1,65
6 288 | 405 | 754 | 637 1,93 089 | 061 | 0,59 | 091

IIpumeuanue: 7; — TeMneparypa BOCIIaAMEHEHHUS, T, — TEMIIEPATYpPa, IPU KOTOPOii HAOII0aeTCsl MAKCUMallbHasl CKOPOCTh

o, — — —
notepyu Maccsl (npu ckopoctu Harpesa 10 °C B MunyTy), Ty, — TEMIEpaTypa Bbiropanus, 4¢ — Bpems Bbiropanus, (dw/dy)
MaKCHMallbHasi CKOPOCTh MOTEPU Macchl, D; — MHAEKC BocruiaMeHeHus, C — MHAEKC BocruiaMeHsaeMocTH, Cy, — HHACKC
BBITOPaHUs, S — KOMIUICKCHBIN HHIEKC TOPEHUSI.

Note: 7; — ignition temperature, T,,,x — temperature at which the maximum mass loss rate is observed (at a heating rate of
10 °C per minute), T}/, — burnout temperature, 4¢ — burnout time, (a’w/dt)mX — maximal mass loss rate, D; — ignition index,
C — flammability index, Cy/, — burnout index, S — complex burning index.

OmnpeaelieHue XapakTepucTUYeCKHX MH/IEKCOB Ipouecca ropenus. B npouecce tepmorpa-
BUMETPUYECKOTr0 aHaJIn3a OJHOBPEMEHHO PErHCTPHUPOBAIUCH YOBLIIb MACChl, BPEMS H TEMIIEPATY PbI,
KOTOpBIC UCTIONTH30BAIHCE I COCTABICHUS MIPOQIIISI TEPMUYCCKOTO Pa3ioKeHHs. V3 TOITyUYeHHBIX
JlAaHHBIX OIPENESJINCh TEIUIOBbIE IapaMeTpPhl, BKIIOUABIINE TEMIIEpAaTypy BocliaMeHeHus 1;, TeM-
nepaTtypy BbiropaHus 7j, U HTUKOBYIO TEMNEPATYPY Iiax, AJIs1 OMUCAHUS XapaKTEPUCTUK Ipouecca
ropeHus. DTH HapaMeTpsl OTPakaloT TEIUIOBOE MOBEIEHHE OPraHMYECKOro BEIIeCTBa B Ipolecce
TEPMUUECKOI0 PA3JI0KEHUS U ONPEACIISIIOT OKOHYaHUE TOPEHUSI MU BhIropaHue. JlaHHbIe TapaMeTpbl
ObLIM ONPEEIICHbI METOIOM, OITMCAHHBIM B cTaThe [22].

TemnepaTypa BocnjaMeHeHusl 7; — HAUMEHbLIas TeMIepaTypa BellecTBa, IPpU KOTOPOU mapbl
HaJl IOBEPXHOCTBIO FOPIOYEr0 BELIECTBA BBIACISIOTCS C TAKOH CKOPOCTBIO, YTO IIPU BO3AEHCTBUU
Ha HUX UCTOYHUKA 3a)KUTaHHS HAONIOIaeTCs BocIuIaMeHeHne. TemmepaTypa BeIropanus Iy, Oblia
oIpe/esieHa Kak TeMIepaTypa, mpu kotopoit npoduis ITT rocTuraet Touku nepernda KpUBOu 1mo-
CJIe OCHOBHOI'0 3Tana pasyioxeHus [22], B TO BpeMs Kak MUKOBasi TeMneparypa Ty.x COOTBETCTBYET
TeMIepaType Ipu MaKCUMaJbHOM CKOPOCTH IOTEpHU Beca. Ha OCHOBE BBISBICHHBIX [1apaMeTPOB

ObLIx OIIPCACIICHBI XapPaKTCPUCTUUICCKUC NHACKCHI IPOHECCA TEPMUICCKOTO PA3JIOKCHUA COTJIIACHO
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dbopmynam, mpeacTaBICHHBIM B padoTe [23]. 3HaYCHUS WHICKCOB TOpPeHUs Oepe3oBoro jybda mpu
Pa3IMUYHBIX KOHIEHTPAIMSIX KHCIOpoAa B arMocdepe mpuBeneHbl B Tadu. 1, mis Oyporo yris —
B Ta0JI. 2.

I/IH,ZleKC BOCIIJIIaMCHCHU A Di OIpeacadica nu3 CJICAYIOUECTO YPaBHCHUA:

_ (dw/dt)max

: T; X Ty o
rae (dW/ dt)max — MaKCHMallbHas CKOPOCTh yOBUIH Macchl. 1, — TemIepaTypa BOCIUIAMEHEHUS,
a Ty — COOTBETCTBYIOIIAS TEMIIEPATYPa BBITOPAHUS.

WHnekc BocmmaMeHeHUs D; 0Tpa)kaeT CIIOCOOHOCTH TOITMBA K BOCINIAMEHEHHIO. UeM OH BEIIIIE,
TeM Jierde BOCTUIAMEHSIETCS TOIIUBO. [[poBO/Is aHAIN3 OMYYSHHBIX 3HAYSHUH MHIEKCa BOCIIIIAMEHEe-
HUS U1 1y0a | TSl yTIIs,, MO’KHO HaOJI0aTh, 9TO YBEITUYCHHUE JTOJTN KUCIOPO/IA B CHCTEME OKa3bIBa-
eT 0oJiee MHTEHCUBHBIN A(EKT Ha MPOLIECC TOPEHHUsI YIJIsl, UEM Ha IPOLIECC ropeHust 1yda: u3mMeHe-
HHE WH]IEKCA BOCTUIAMEHECHHS [Tl CUCTEMBI C YTIEM IIPH YBEIIMUCHUN KOHIICHTPAIIUU KUCIOPOa OT 6
10 20 % 06. — ot 0,89 107 10 2,29 107>, J{ns ny0a e JaHHBIN TTOKA3aTeNb IPU TEX K€ U3MEHEHUAX
KOHIIEHTPALMK KMCJIOPOa B cucTeMe usmensercs ot 3,40 -107 no 3,76 -1075.

Taxke JJIsl OLIEHKH MPOIECCOB TOPEHHUs YTl U Jiyda B arMocdepe KUCiIopoaa OblI pacCUMTaH

HHACKC BOCIIJIAMCHACMOCTHU C. I/IH,I[CKC BociiameHnsieMoctu C OIpeacadaiicda n3 ypaBHCHUA:

(dw/dt)max
C= T
L
WHneke BocniaMeHsIeMOCTH YKa3bIBAeT HAa TEHACHIINIO M3MeHeHHst KpuBoi TI oT Touku BocIia-
MEHEHHUS 10 MAKCUMaJIbHOW CKOPOCTH TMOTEPU MACChl U XapaKTEPU3yeT PEaKIIMOHHYIO CIIOCOOHOCTD
ncclielyeMoro oopasia B MOMEHT BOCIIAMEHEHHSI, €ro roprodecTs. Uem Oouiblre HHAEKC BOCIIaMe-
HSIEMOCTH, TeM OOJIbIIE FOPIOYECTh TOIUIMBA B JJAHHBIX ycinoBusiX. CorylacHo pe3ysbraTaM pacyéTos,
MPEICTABICHHBIX B Ta0M. 1 W 2, yBeNMYeHNHE KOHLEHTPAIMKM KUCI0posia B o0enx cucremax (yrias
1 J1y0a) IPUBOAMT K YBEJIHMUEHHIO TOPIOYECTH 000uX 00pa3ioB. [Ipu 3ToM npolece ropeHus yrisi, Kak
1 B CITy4ae ¢ MHJEKCOM BOCIUIAMEHEHU S, OoJiee YyBCTBUTEIICH K COJIEPKAHNIO KUCIIOPO/ia B atMoc(e-
pe. 3HaueHus UHIEKCca BOCINIAMEHAEMOCTH /IS HETO MPH N3MEHEHUH KOHIICHTPALlUH KUCIOPoAaa OT 6
10 20 06.% Bapbupytorest ot 0,61 <107 mo 1,14 -1075. Jlus ny6a ke AaHHBIH OKA3aTeNb, IPH TEX KE
yCIIoBUsX, u3Mensercs ot 3,40 <1075 mo 3,76 -1075.
Wnnexe Boiropanust Cyo, 3HAYCHUST KOTOPOT'O MTPECTABICHBI B Ta0J. | 1 2, ABJIIETCS XapaKTepH-
CTUKOM CTEIEHU BBITOPAHUSI HCCIIEAYEMbIX 00pa3IoB 0ep&30Boro jryda u Oyporo yrisi U onpeaesisiics

COTJIAaCHO YPABHCHUIO:

Cyyo = fi X f. 2
To
rae fi=(my-mi)/Am — OTHOIICHHE U3MEHEHHS Macc 00pa3ia 0 U MOCJIe BOCIIAMEHCHUS, 3aBHCSIIAs
OT COCTaBa M KaueCTBa TOIUIUBA; fr=(Mo-m,)/Am — CKOPOCTh H3MECHEHUS MACCHI TIOCJIC BBHITOPAHIS;
To — BpEMsi BBITOPAHUS; 11 — IICPBOHAYAIbHASI MACCa HABECKH, /71| — MacCa HABECKH B MOMEHT BOCILIa-
MEHEHHUSI, 11y — MACCa HABECKH B MOMEHT BBITOPAHUsL, Am = my-m.
Cyy, coueTaet B cebe (haKTOpbl BIHUSIHUS yCTOWYUBOCTH TOPEHUSI TOTLIIMB U BHITOPAHUS B ILJIaMe-

HH: YeM OO0JIbIIE €ro 3HAYCHHUEC, TEM JIYUIIC XaPAKTCPUCTHUKHN I'OPCHUS TOILJIMBA.
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Jls1 000MX BHAOB TOILIMBA HAOIIOMACTCS 3HAYUTEIIHPHOC YBEIIMUCHHE HHICKCA BRITOPAHUS MTPH
YBEITWYCHUHU TOIU KUCIOPOIa B CHCTEME, YTO TaKXKe IMOATBEPKIAACTCS MPEACTABICHHBIMH Ha puc. 1
u 2 TTA- u JTT-xpuBbIMU: YeM OOJIbIIIe KOHIIEHTPAIHS KHUCIOPO/Ia, TEM PaHbIlle HACTYIAeT BHITOpa-
HUE, TO €CTh TEMIIEpaTypa MOMEHTA BRITOPAHUS TOIIJIUBA YMEHBIIACTCS.

KoMmiutekcHbI# nHIEKC ropeHus S sABIsieTcss 0000IICHHON XapaKTePUCTHKON IIPOIecca TOPCHHMS.
Ero Benm4mHOI MOKHO OLIEHUTH aKTHBHOCTH IpOIlecca TOPEHUS HCciaeayeMoro oopasma. boee BbI-
COKOE€ 3Ha4YCHHUE S yKa3bIBACT Ha JyYIINE XapaKTEPUCTHKH TOPEHUst 00pas3ioB. KOMITICKCHBINA HHICKC

TopeHUA S orpeaeasycs CoriiaCHO YPaBHCHHUIO!

_ (dw/dt)max X (dw/dt)mean

S 2
T? X Ty /4

’

rie (dw/df)mean — CPEIHSS CKOPOCTh TOPCHUS.

[To paccunTaHHBIM M MPEACTABICHHBIM B Ta0l. | U 2 KOMILIEKCHBIM HMHJIEKCaM FOpeHHs J1yda
W YTJISI MOXKHO CHENIaTh BBIBOA, YTO IIPOLECC FOpeHUs 0ep&30Boro yda MpoTeKkaeT akTHBHEE, YeM
npoiiecc roperust Oyporo yrisi. [Ipu 5ToM B 0001X cliydasix yBeIHUSHHE IOJIU KMCIOPO/ia B CHCTEME
MIPUBOJIUT K HHTEHCU(HUKAIIMH IIPOIIecca FOPEHUsI.

PesynbraThl pacuéra XxapakTepUCTUYECKMX HHJEKCOB Ipoliecca TOpeHHs JacTuil jJyba (MeHee
0,8 MM) B 3aBUCHMOCTH OT KOHIIGHTPALMX KUciiopozaa B armocdepe (00.%) npuseneHs! B Tad. 1.

PesynbraThl pacuéra XapaKTepUCTUYECKUX MHJEKCOB IPOLECCa TOPEHUsT YaCTHUI] Oyporo yris
(menee 0,2 MM) B 3aBHCHMOCTH OT KOHLEHTpAILMHM KHCIOpoaa B aTMmocdepe (00.%) mpuBeeHBI
B Ta0I1. 2.

CpaBHHBasI pe3yJbTaThl OLCHKN MHJEKCOB TOpeHUs 1y0a n yrist (Tabiauibl) MO AaHHBIM Tep-
MOI'PAaBUMETPHUH, MOJYyUYECHHBIM MPU OJUHAKOBBIX YCIOBHUSIX, MOXKHO OTMETHTh, YTO KOMILICKCHBIH
WHJEKC TOpeHus 1 ayda B 2 u Oojee pa3 BBIIIE, YeM JUIst yIiis. VIHIeKChl BOCIUIAMEHEHUS U BBITO-
paHMsl XOTh U CPABHUMBI C MIOAOOHBIMU MH/IEKCAMH Yy J1y0a, HO MIMEIOT MEHBIIYIO 4yBCTBUTEILHOCTh
K KOHIIEHTPALNU KHUCIopoa B armocdepe. [Ipu 3ToM MHIEKC BOCIUIAMEHSIEMOCTH B TPU pa3a BHIIIIE,
a 3HAUUT, YaCTHLIAM J1y0a 3HAYUTENBHO JIerdye BOCIIJIAMEHUTHCS B IOTOKE, 4eM yactuiam yris. [To pe-
3yJIbTaTaM aHaJIM3a MH/IEKCOB TOPEHNU S, IPUBEJCHHBIX B TA0JINIIaX, MOXKHO C/IEJIaTh BBIBOJL O TOM, UTO
UCIIOJIb30BaHKE Oepe30BOro 1yda B KauecTBe TOIUIMBA IIPEAIIOYTHTEIbHEE, ueM Oyporo yriist. OnHako
JTAHHOE YTBEPIKJICHHE SABIISCTCS MPEKAEBPEMEHHBIM, TOCKOIBKY MH/IEKCHI TOPEHUS HE OTPAKAIOT Te-
IUIOTBOPHOM CIIOCOOHOCTH paccMaTpUBaeMbIX BUOB TOILIUBA.

Kanopumerpuyeckue ncciaenoBanusi. st OlEHKH YAEIBHOTO SHEPIrOBBIICICHUS HCCIIENye-
MBIX TOILIMB OBUIH MTPOBEIEHBI SKCIIEPUMEHTHI 10 ONPEJIeNICHHIO HU3LIEeH TeIIOThI CropaHus oopas-
110B Oepe30Boro J1yda 1 Oyporo yrirsi, a Takke UX cMeceil. Pe3ynpraTsl KallopuMeTpHUIECKOT0 HCCIle-
JIOBaHUS MpecTaBieHbl Ha puc. 3. Ha rpaduke 1o ocu abcuucce npuBeeHa MaccoBasi KOHIEHTPAIHs
Oyporo yrist B mpo0e, 1o OCH OpJIMHAT — HU3IIAs TEMJIOTA CrOPAaHUs UCCIIeyeMbIX cmeceld B J/T.
IInankaMy MOrpemHOCTEN OKa3aHO CTaHAAPTHOE OTKJIOHEHHE.

Kak BugHO u3 rpaduka, B n1uana3oHe MaccOBOTO pacHpeieseHns KOMIIOHEHTOB C COAEpKa-
HueM yriist o 0 o 1 u3MeHeHHMe HH3IIeH TEerIOThl CrOpPaHUs TMOAYMHSETCS JTUHEHHOMY 3aKOHY
(y = 707,79x + 17492). 10T (haKTOp SABISETCS MOIOKUTEIBHBIM C TOUYKH 3PEHUS MaTEMaTHIECKOTO
MOJICJIMPOBAHUSI IIPOLIECCOB FOPEHUSI U MOA00PA TEXHOJIOTMUYECKUX PEKUMOB HCIOJIb30BAHMS TAKUX

cMeceil NMpH NMPOEKTHPOBAHUHU TOIIOYHOTO O0OPYIOBAHUS SHEPrOTCHEPHPYIONINX yCTaHOBOK. Kak
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Puc. 3. 3aBUCHUMOCTH HU3IICH TEIIOTHI CTOPAHUS CMECH YacTHIl Oepe30BOro Jiyba u Oyporo yris OT MacCOBOM
KOHIICHTpPAIMH yIJs B pobe: Q — HU3IIast TerioTa cropanust, JI5K/T; Mo, — MaccoBasi KOHIICHTPAIUS YIJIsI

Fig. 3. Dependency of the lower heating value of birch bark/lignite coal blends on coal mass fraction: Q — lower
heating value, J/g; ®.., — mass concentration of lignite coal in probe

BUJIHO M3 pUC. 3, KaJOpUHHOCTHL Oyporo yris B cpeaHeM Ha ~17,3 % Bolme, yeM y Oepe3oBoro iyoa,
B TO e BpeMs 25 % mo0aBka OHOOPraHMYECKOrO ChIPhsl CHIKAET OOIIYIO TEIJIOTBOPHYIO CIOCO0-
HOCTh cMecH Ha ~4,4 %, 4TO MOYKHO CUMTATh HE3HAUHTEIBbHBIM. TakuM 00pa3oM, HCIIOIb30BAHNE
TOILJIMBHBIX KOMIIO3UTOB Ha OCHOBE Oyporo yrist 1 6ep€30Boro jy0a siBiIsieTCs: NePCIeKTUBHBIM IS
C)KMTaHMS Ha MPOMBIIIJIEHHBIX YHEPTrOreHEPUPYIOMINX 00beKTax 0e3 KaKMX-I100 3aTrpar Ha MOJEp-
HU3AIMIO U TIEPEOCHAICHHE TOIIOYHOr0 000py/I0BaHMS, HAIIPIMeEp Ha KOTEJIBHBIX, UCTIOIb3YIOIIHNX
CJI0EBOM MeToJ cxxuranus Oyporo yrist. Kpome Toro, 3T0 o3BOJIMT YIIyUIINTh XapaKTEPUCTHKN BOC-
IIaMeHeHHs: Oyporo yriisi, CHU3UTh KOJMYECTBO 0Opa30BaBIICHCS 30J1bI U YBEIUYHUTD IKOJOTHUECKUE

XaPAKTECPUCTHUKU 00BEKTOB OHEPreTUKH.

3akJoueHue

B nanHoii paboTe ¢ UCIO0Ib30BAHUEM METOI0B TEPMOTIPAaBUMETPHUECKOT0 U KaJOPUMETPUUYECKO-
T'0 aHaJM3a OBbUIH BBITIOJTHEHBI HCCIIEI0BAHMNS, IO3BOJIMBIINE YCTAHOBUTH OCHOBHBIE XaPaKTEPUCTHKHI
poIeccoB ropenus oepézoBoro J1yda u Oyporo yris. [1o JaHHBIM TEPMHUECKOT0 pas3JIokKeHus 1yoa
BUJIHO, YTO KOHIICHTPAIHS KHCIO0poaa B arMocepe B OOIbIIeH CTENeHH CKa3bIBAETCs Ha IpoIeccax,
CBS3aHHBIX C JOTOpaHHEM YTJIEpOTHOro ocTtatka npu temneparypax Beime 400 °C. Ilpu 3Tom, BHe
3aBHCHMOCTH OT KOHIIEHTPALMN KHCIOPOJa, BCE MPOIECcChl MpakTudecku 3asepmarores 1o 700 °C.
[Tporiecchl jxe pas3yiokKEHHUs yIiisl CUIBHO 3aBUCAT OT COCTaBa aTMOC(Epbl, B YaCTHOCTH OT COZAEPIKa-
HUS KUCIOPOJa, 3aTATUBASCh BIIOTH JI0 BBICOKMX Temreparyp (Bbime 700 °C) yxe mpu KOHIEHTpa-
uuu kucnopona B 10 06.%

B pesynbrare KaJopuMETPHYECKOrO HCCIENOBaHUS Obllla yCTAaHOBIJICHA JMHEHWHAs 3aBHCH-
MOCTH BEJIMYUHBI TEIJIOTH CTOPaHUs OT KOHIEHTPALIMH YaCTUIl OypoTro yIiIs B cMecH ¢ 0epE30BBIM

J'Iy6OM. I[aHHafI 3aBUCHUMOCTD SABJIACTCSA IOJIC3HBIM HHCTPYMEHTOM B YCJIOBHAX, KOTAa H606X0,Z[I/IMO
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ONTHUMHU3UPOBATH MPOLECC FOPEHHS TOIUIMBHBIX MEJUICT U Oyporo yris myTéMm mojdopa, Moaxo-
JUIIIETO JUTSL IOCTABJIEHHBIX TeJIe ¥ 000pyIOBAHUS TEXHOJIOTHIECKOTO MPOIECCca H3TOTOBICHUS.
COFHaCHO HOquCHHBIM JaHHBIM, MOXXHO Hpe):[l'[OJ'IO)KI/ITI), YTO COBMECTHOC CXKUT'aHUC YaCTHUL 66-
pé3oBoro 1yba U 6yporo yriis IpUBEAET K CHHEPTETHIECKOMY 3P PEKTyY: 100aBKa TOTUIMBHBIX ITEJI-
JIET B Ka4€CTBE MPHUCAJKH MO3BOJIUT MOBBICUTh XapaKTEPUCTUKH IOPEHHSI Oyporo yrisi, CHU3UTh
KOJIMYIECTBO 00pa30BaHHOM 30JIbI HA €UHUILY TIPOU3BEAEHHON dSHEPTHH O€3 MOTEPH TEMIOTBOPHOM
CITOCOOHOCTH.

HccemoBanmst, IPOBEICHHBIE B JaHHOM paboTe, ABJISIOTCA BaKHBIM IIaroM K 6osee > PpeKkThuB-
HOMY U 9KOJIOTHYECKH YCTOMYHNBOMY HMCIOIB30BaHUIO O€PE30BOro jyba u Oyporo yriist B TOILITHBHOM

MNPOMBIIIJIICHHOCTH.
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