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Abstract. Acid-base centers on the sulfonated coal surface have been studied with Hammett method
using indicators of acid orange, acid blue anthraquinone and methylene blue. It has been established
that sulfonated coal is a medium-acid sorbent of cations, which works effectively in the pH 4-10
range, which corresponds to all types of natural and industrial waters containing heavy metal cations.
Elemental analysis of the resulting sulfonated coal showed the presence of sulfogroups on the surface
in an amount of 3—4 %, which is sufficient for a monolayer uniform modification of the sorbent surface.
The resulting sorbent is characterized by a specific micropore surface of 171 m?/g and a micropore
volume of 0.062 cm?/g with dimensions of 0.8—2.0 nm, which corresponds to the majority for modified
coals. The maximum sorption capacity of sulfonated coal on Cu (II) is 0.23 mg/g, compared with the

sorption capacity of the source carbon material of 0.02 mg/g in a neutral medium.
Keywords: heavy metals, sulfonated coal, coal, sorbent, sorption, isotherms, modification.
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Bausinue cyib(pupoBaHus yris

Ha KHCJIO0THO-0CHOBHBIC HEHTPLI NOBEPXHOCTHU

H. C. MypsaxkaceivmoBa?, H. A. Bekrenos®, C. M. BoJibicGexoBa®,
B.11. Murynos™, K. B. Cepeopsikos”, M. A. I'aBpujieHK0"
“Tapa3ckuii pecuoHaIbHBIL YHUGEpcUmem um. [yramu

Kazaxcman, Tapas

*Kazaxckuil HayuoHabHblll nedazo2uveckutl ynueepcumem um. Abas
Kaszaxcman, Anmamor

S AcmanuHCcKuLl MeicOYHapoOHbILL YHUBEPCUmen

Kaszaxcman, Acmana

*TomcKutl nonumexHu4ecKull yHugepcumem

Poccuiickaa ®eoepayus, Tomck

dTomcKutl 20CYOapPCMEEHHbLIL YHUBEPCUMEN

Poccuiickaa ®eoepayus, Tomck

AnHoTauus. KuciI0THO-0CHOBHBIE LICHTPBI HA IIOBEPXHOCTHU CYJIb(OUPOBAHHOTO YTJIsl ObUIH U3y UCHBI
MeTo/I0M ['aMMeTa ¢ HCIOIb30BaHUEM HHAMKATOPOB KUCIOTHOTO OPAaHKEBOIr0, KUCIOTHOI'O CHHETO,
AHTPAaXWHOHA U METHJCHOBOTO CHHET0. YCTAaHOBJICHO, YTO CYJb()HUPOBAHHBIN YTOJb SBJISICTCS
CPEIHEKUCIOTHBIM COPOCHTOM KaTHOHOB, KOTOPbIN 3 pexTuBHO paboraeT B nuana3one pH 4-10,
YTO COOTBETCTBYET BCEM THUIIaAM NMPUPOJAHBIX U MPOMBIIIJIICHHBIX BOA, COACPKAINIUX KATHOHBI
TSDKEJIBIX METAJIIOB. DIEMEHTHBIH aHATU3 TOJIYYSHHOTO CYJIb()MPOBAHHOTO YTJIs MOKA3aJl HAJIHUNE
CyJb(OTpyIII HA MOBEPXHOCTH B KoJaudecTBe 3—4 %, 4TO SIBIISICTCS JOCTATOYHBIM 11 MOHOCIOHHON
paBHOMEpHO# MoAu(pUKALMK TOBEPXHOCTU copOenTa. [TonyueHHbIN COPOCHT XapaKTepu3yeTcs
yIEAbHON MOBEPXHOCTHIO MUKponop 17010 M%/r u cpenauM o0bemMom mukpomnop 0,062 cm/r
¢ pa3mepamu 0,8—2,0 HM, YTO COOTBETCTBYET OOJBIIUHCTBY MOKa3aTeei sl MOJUPHUIIMPOBAHHBIX
yriieid. MakcuMalbpHasi COpOIIMOHHAs CIIOCOOHOCTH Cysb(upoBanHoro yriis mo Cu (II) cocrasiser
0,23 MI/T 110 CPAaBHEHHUIO C COPOLIMOHHON CIIOCOOHOCTHIO UCXOHOTO YIIEPOJHOI0 MaTepHUala,

coctasistoriei 0,02 Mr/r B HEUTPaJIbHOI cpejie.

KuioueBble ciioBa: TsDKEINble METaILIbI, CYJIb(UPOBAHHBIN YTOJb, KAMEHHBIN YTOJIb, COPOEHT, COpOIIHS,

HU30TCPMBI, MO,I[I/I(i)I/IKaL[I/Iﬂ.

Bﬂarouapnocrn. I/ICCJ'ICZ[OBEIHI/IC BBIITIOJIHCHO IIPU NOAACPIKKE I'paHTa MI/IHI/ICTepCTBa 06p330BaHI/I$I

u Hayku Poccuiickoit @enepannun FSWN-2025-0013.
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1. Introduction

In the literature there are many examples of the use of various adsorbents for the sorption of
metal cations Me (II), including carbon sorbents [1, 2] widely used for this purpose. Accessibility and
cheapness are the main argument for the use of carbon sorbents, however, the main disadvantage is a
rather low selectivity with respect to individual elements and groups of elements. Chemical treatment
of the carrier surface allows to increase the efficiency of sorbents upon the adsorption of heavy metal
cations Me (II). For example, by varying the content of OH groups on the surface of the carrier, a higher
selectivity of the sorbent [3] can be achieved. In addition, when using various methods of pretreatment
of the carrier and sorbent, the size of the Me (II) cation associates on the surface can be adjusted, which
affects the sorption capacity [4,5].

The authors [6] synthesized high porous activated carbons for sorption extraction of heavy
metals obtained from plant raw materials of cornelpit by chemical activation of the surface using
orthophosphoric acid. The sorption capacity with respect to heavy metal ions was studied, the sorption
range was determined: Cd (II) > Cu (IT) > Cr (III) > Zn (II) > Ni (II). The paper also presents the results
of studies of activated carbons of various preparation methods for the completeness of sorption of Cu
(IT), Fe and Mg (IT) [7]. The separation ability of activated carbons and fullerene-modified activated
carbons with respect to mixtures of non-ferrous metal cations [8] has been studied. The authors have
shown that the selectivity range for the extraction of cations from an aqueous solution is represented
by the sequence: Ag (I) > Cu (II) > Pb (II).

Theauthors [9], using activated carbon modified with N, N’-diacetyl-4-bromo-2,6-di(aminomethyl)
phenol, developed a sensitive, simple and relatively fast method for removing trace amounts of Ni (II),
Cu (II), Cd (II), Zn (II) from water and plant extracts. It is often discussed [10, 11] the use of activated
carbon for removing cations from drinking water, depending on the degree of sorption on pH, phase
contact time, amount of activated carbon, and source metal concentration.

In this regard, sulfonated coal with various modifying groups on its surface is of great interest,
whose unique porous structure and high specific surface area can positively affect the properties of
the resulting sorbent. A characteristic feature of carbon sorbents, which determines some specific
properties relative to other hydrophobic sorbents, is that their structure is formed by dehydrogenated
polyaromatic fragments with conjugated systems of sp> bonds. The absence of hydrogen atoms in
this structure makes possible the closer contact of the molecules of the dissolved substance with the
surface of the sorbent, unlike the hydrocarbon chains of polymer organic sorbents [12]. The specific
surface area after sulfonation is somewhat inferior to the specific surface of carbon sorbents, which
affects their sorption capacity, that in most cases is significantly lower than the sorption capacity of the
source coals. The porous structure of sorbents of this type is mainly represented by micropores, which
significantly reduces their effectiveness in the adsorption process.

The aim of the work was to study the changes in the sorption characteristics of sulfonated coal by
the Hammett method and the effect of modified surface sulfogroups on the sorption of Cu(Il), Hg(II)
and Ni(II) cations.
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2. Materials and methods

2.1. Obtaining sulfocoal

The coal from the Shubarkol deposit was processed in a furnace at a temperature of 110 °C during
2 hours, until a humidity of no more than 1 % was reached. After heat treatment, the coal is modified
with concentrated 96 % H,SO, with a ratio of solid and liquid phases of 1:2. After coal modification
with H,SOy, a loose black sulfocoal product was formed, which was then washed with 5 % NaOH
solution to remove unreacted substances and a fine fraction [13] was selected. Elemental analysis of
the obtained sulfocoal showed the presence of sulfogroups on the surface in an amount of 3—4 %,
which is sufficient for a monolayer uniform modification of the sorbent surface. The IR spectra of
the obtained sulfocoal contain characteristic absorption bands of valence vibrations C-S (582—-612
cm-1), symmetric valence vibrations S=O (1031-1035 ¢m™) and asymmetric valence vibrations S=O
(810950 cm™") of grafted sulfogroups.

2.2. Reserach of acid-base surface centers

An adsorbent weighing 0.0500 g was placed in a test tube, then 10 ml of an aqueous solution of
the indicator was added with source concentrations of malachite green and methylene blue 5.0 - 107
and 5.0 - 10-* M, respectively. The resulting suspension was left for 25 hours (including 5 hours of
shaking). The pH was measured in the suspension, the optical density was centrifuged and measured
in the pH range from 5.50 to 7.00, then the equilibrium concentration of the indicator was determined

from the spectra of the indicators.

2.3. Reagents

The natural coal from the Shubarkol deposit (Nurinsky district, Karaganda region, Republic of
Kazakhstan) was used in the work. Copper sulfate (II) (CuSO,4,98 %), sodium hydroxide (NaOH, 98 %),
sulfuric acid (H,SOy4, 98 %), Potassium dihydrogen (KH,P0499,5 %), sodium dihydrogen phosphate
2-aqueous (NaH,POy, - 2 H,0, 99,5 %), pyridylazonaphthol (C sH;;N ;0 PAN), ethyl alcohol (C ,HsOH)
(Chimica, Kazakhstan) and a set of indicators for the Hammett method (Sigma-Aldrich, India).

2.4. Equipment

The characteristics of the porous structure of the samples were measured using nitrogen
adsorption data at a temperature of =196 °C on a 3Flex gas adsorption analyzer (Micrometritics, USA).
To construct the pore distribution per size, the BIH-Desorption methods were used with the analysis
of the desorption branch of the nitrogen adsorption-desorption isotherm and Horvath-Kawazoe
(construction of the micropore distribution per size). Before starting measurements, samples weighing
350-500 mg were degassed in vacuum (100 mtorr) at a temperature of 80 °C for 2 hours. The structure
of the samples, as well as the morphological features of sorbents with Me(Il) cations, were studied
by scanning electron microscopy (SEM) on a Apreo 2S high-resolution field emission microscope
(Thermo Fisher Scientific, the USA) at an accelerating voltage 10 kV and current 0.4 nA. To conduct
a spectrophotometric study, Shimadzu UV-1800 (Japan) spectrophotometer was used, which allows
measurements in the range from 200 to 800 nm. Laboratory pH meter I-160 (‘Spetstekhnika’, Belarus)
was used to prepare solutions with a given pH value. MultiBioRS-24 multirotator (Biosan, Latvia) was

used to mix the sorbent with the samples.
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3. Results and discussion

3.1. Sorption characteristics of sulfocoal samples

The nitrogen adsorption-desorption isotherms and corresponding pore distributions per size for
sulfocoal samples at different stages of modification Fig. 1 are characterized by an HI type hysteresis
loop in the relative pressure range 0.65—0.80, which indicates a mesoporous structure. The shape of
the hysteresis loop indicates the cylindrical geometry of the pores [14]. The textural characteristics
of the samples Table 1 are represented by a narrow pore distribution per size from 6 to 9 nm (BJH
method), which is typical for the carbon surface [15]. In addition, the resulting sorbent is characterized
by a specific micropore surface (t-Plot method) of 171 m?/g and a micropore volume of 0.062 cm?/g
(Horvath-Kawazoe method). The contribution of micropores with sizes of 0.8-2.0 nm is also typical

for modified coals.
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Fig. 1. Adsorption-desorption isotherms (a) and pore distributions per size (b) for the studied coal samples at
different stages of sulfonation (on H.-K. — Horvath-Kawazoe method) [16]
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Table 1. The textural characteristics of the coal samples at different stages of sulfonation

Sample SBETa mz/g Vpora Cm3/g Dpor: nm Smicroa mz/g Vmicroa Cm3/g Dmicroa nm
Heat treated 781 1.17 8.1 171 0.195 0.91
coal
Source coal 580 0.87 7.6 123 0.146 0.95
Sulfocoal 575 0.88 7.6 105 0.142 0.92

Modification of Shubarkul coal with sulfuric acid after heat treatment leads to small shifts in the
hysteresis loop towards lower relative pressures, and the pore volume decreases from 1.17 to 0.87—
0.88 cm’/g. A partial change in the shape of the hysteresis loop to type H5 is observed at a relative
pressure of 0.55—0.68 for heat-treated coal compared to the source coal sample. Difficulties in nitrogen
desorption may be the result of partial blockage of coal pores by natural resinous compounds [17]. The
pore size distribution shows that the modification of heat-treated coal with concentrated sulfuric acid
leads to a change in the porous structure, namely, to a decrease in the volume of pores with a pore
diameter of 7-9 nm, while as a result of partial unblocking of pores, pores of a smaller diameter of 5—7
nm appear as a result of the dissolving interaction of sulfuric acid with natural resinous compounds.
The slightly reduced pore volume of micropores is explained by the localization of sulfogroups and
indicates the distribution of sulfogroups in mesopores without filling micropores.

The introduction of sulfuric acid without temperature also leads to a decrease in the volume of
pores with a pore diameter of 7-9 nm, but compared with a sample heat-treated with sulfocoal, this
decrease is insignificant. The appearance of a small number of pores with dimensions of 4—7 nm
may be the result of the destruction of sulfuric acid inside the pores of coal with the dissolution of
natural resinous compounds. On the other hand, an additional number of small mesopores may result
from the formation of new pores after the dissolution of resinous compounds. A small number of thin
mesopores may indicate a subsequent more uniform distribution of associates Me (II) on the surface
of the sulfocoal.

A preliminary assessment of the change in the sorption capacity of coal after a change in the
acidity of sorption centers was carried out using the example of the Cu (II) copper cation as widespread
d-element. The results obtained are consistent with the data of microscopic studies: associates Cu
(IT) of two types were formed on the surface of sulfocoal after sorption. Part of the cations Cu (II)
is distributed in the adsorbed state uniformly throughout the sorbent structure, which corresponds
to a monolayer adsorption mechanism (Fig. 2). Particles of 3—9 nm in size and agglomerates of such
particles are also observed on the surface of sulfonated coal. Two types of distribution of cations on
the surface of the sorbent have been established: particles with sizes of ~ 1 nm uniformly distributed
in the pores of the sample and a small number of associates with sizes of 4—9 nm located on the outer
surface. Account must be taken of that the actual number of associates with sizes less than 1 nm may
be higher, but cannot be detected due to limitations of the method. Small particles Me (IT) with a size
of less than 2 nm are mainly localized inside the pores of the sulfocoal.

For the quantitive evaluation of the acid-base centers of the solid surface, the Hammett indicator
method is used [18]. To determine the acidity of the surface of a solid, a change in the pH suspension

is recorded over time, and from the data obtained, it is possible to determine pKj, of surface functional
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Fig. 2. Distribution of sorbed Cu (II) cation (light) on the sulfocoal surface

groups [19]. There were studied the patterns of adsorption of indicators of various natures on natural
and modified coals are considered. The adsorption of acid orange (AO), acid blue anthraquinone
(ABA) — acid indicators and methylene blue (MB) — the main indicator. On the surface of the source
coals, there is a significant adsorption of the acidic dye ABA, noticeably less AO and insignificant
(50 times less than AO) for the main dye (MB). The data obtained are consistent with the fact [20]
that protonated main groups, adsorbing organic anions AO and ABA and like-charged cations MB
repelling from the surface predominate on the surface. Thus, it is possible to carry out sulfonation of
coal directly with sulfuric acid through its inorganic anions. The amount of adsorption of dyes depends
on pH, which is demonstrated on the adsorption isotherms of AO Fig. 3, the calculated limit values of
the sorption of dyes AO and ABA depending on pH are presented Table 2.

The presence of sulfogroups on the coal surface significantly exceeds the AO adsorption and
does not depend on the solutions pH. The physico-chemical properties of the sulfogroup determine the
high adsorption properties to cationic compounds of organic and inorganic nature [21]. Using a set of
indicators allows to calculate the quantitative determination of total Lewis and Bronsted acidity with
differentiation of reaction centers by type and strength depending on the pK,, of the indicator used.
The data indicate a negatively charged surface of sulfocoal in the pH range 5.5-7, which is proved
by the adsorption of acid-base indicators. According to the results of the study of individual cations
sorption from aqueous solutions on the source carbon and sulfocoal, the sorption isotherms Fig. 4 were
obtained, which are one of the main criteria for evaluating the sorption properties of the materials
under study.

The sulfocoal capacity for Cu (II) cation is higher than the source coal, the amount of adsorbed
cation Cu (II) increases with increasing concentration of the source solution. The sulfocoal sorption
isotherm has the L-shaped form, which is characterized by the constancy of the total heat of adsorption
on the surface and the lack of competition from the solvent. The sorption isotherm of the source coal
has the S-shaped form, the source part of which is curved. Sorbents with type S isotherms form the

most suitable surface for sorption in the absence of chemical interactions, only due to dispersion forces,
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Fig. 3. AO adsorption isotherms on the surface of the source coal in the range pH 2—8

Table 2. Monolayer capacities (a,,, pmol/m?) of AO and ABA dyes at different pH

am pH2 pH 4 pHo6 pH 8 pHO
A, (AO) 0.95 0.77 0.48 0.35 0.31
am, (ABA) 2.17 2.09 1.98 2.00 2.04
CCu(II)’ mmol/g
3.5+
2
3.0
2.5+
2.0
1.5
1
1.0
0.5
° 0|5 1|0 1|5
. . . Ccu{ll)' mmol/g

Fig. 4. Sorption isotherms of Cu (II) cation of source coal (1) and sulfonated coal (2)
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Fig. 5. Parameters of Langmuir (a) and Freundlich (b) isotherms of cation sorption Cu (II) with sulfocarbon

which is confirmed in our case [22]. Based on experimental data, the parameters of the linearized
Langmuir and Freundlich isotherms under sorption Cu (II) with sulfocoal and the source carbon
sorbent are calculated. The linear dependence of the sorption value was obtained in almost the entire
range of equilibrium concentrations according to both equations, however, linearization according to
the Langmuir method is more consistent for sulfocoal due to the presence of the chemical component
of the sorption interaction (Fig. 5).

Thus, the resulting sulfated coal represents a medium-acid sorbent of cations, which works
effectively in the pH range 4—10, which corresponds to all types of natural and industrial waters. Studies
have shown that the maximum sorption capacity of sulfocoal on Cu (II) is 0.23 mg/g, compared with
the sorption capacity of the source carbon material of 0.02 mg/g in a neutral medium. The modification

increases the sorption capacity of sulfated coal in relation to heavy metal cations by 11 times.

3.2. Sorption of heavy metal cations

To determine the sorption properties of sulfocarbon with respect to the sum (SMC) of some heavy
metal cations Cu (II), Ni(IT) and Hg(II), a series of standard solutions containing salts of sorbed metals
in different concentrations was prepared. 1 g of sorbent was placed in each standard solution with a
volume of 100 ml, shaken for 5 minutes and left for two days until sorption equilibrium was reached.
Then the solutions were filtered through a dense “blue ribbon” filter and the residual content of the
sorbed metal cation was determined in the filtrate. The equilibrium concentrations of metal cations
were determined by the spectrophotometric method with the addition of 1 ml of 0.002 % organic
reagent 1-(2-pyridylase)-2-naphthol (PAN), which forms colored complexes with all the listed Me (IT)
cations [23, 24]. The dependence of the optical density of a solution containing PAN on the pH of an
aqueous solution of Cu(II), Ni(II), and Hg(II) cations shows the pH range common to all cations in

which sorption is effective (Fig. 6).
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Table 3. Comparison of the quality of purification for model water solutions with SMC spiked

Sorbent Object Spiked SNiC, Removed Si\/IC, 5%
mg/ dm mg/ dm
L 0 <0.015 -
l)orllllzléig;g) water (outdoor water 03 0312004 5
focol 0.6 0.59+0.06 7.1
Isn‘i ) ocoal Sger=550 I3 ater 0 0.03£0.01 13
& (Sample 1) 0.3 0.34+0.05 59
River water 0 1.024+0.13 5.1
verw 03 1.26+0.17 5.4
Initial coal Tap water 0.08 0.05+ 24
(Sample 2) 0.16 13
River water 0 0.92+0.22 9.6
Shungite carbon, 0.3 1.31+0.36 11
Sper=520 m%/g Tap water 0 0.030.01 13
(Sample 1) 0.3 0.31+0.08 10
. River water 0 1.02+0.05 2.0
Granular activated 0.3 1.2940.05 1.6
carbon, Sggr=600
m?/g Tap water 0.08 0.07+ 12
(Sample 2) 0.16 11
max
0.8

2 4 6 8 10 pH

Fig. 6. Optical density of a metal cation solution with added PAN from pH: 1 — Cu(Il); 2 — Ni(II); 3 — Hg(II)
(concentration of each metal cation = 20 mg/dm?, V = 50 ml, t = 10 min)

The quality of sulfocarbon water treatment was tested by the analysis of spiked samples using the
example of drinking water from urban plumbing and outdoor water intake devices (Table 3) in static

mode [25], which corresponds to the technological scheme of most modern industries [26].
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The data indicates the correctness of the analysis methods and the repeatability of the determination
results. Sulfonation makes it possible to change the sorption capacity by a factor of 6—8 relative to the
initial coal. This brings natural coal treated with sulfuric acid closer to industrial grades of purified

activated carbon.

4. Conclusion

When processing Shubarkul coal with sulfuric acid H,SOy, it was possible to obtain a sorbent with
a high sorption capacity in relation to heavy metal cations due to the formation of phenolic groups and
acidic groups —SO;H, —COOH, —OH on the carbon surface. The Hammett method for the adsorption of
acid-base indicators proved the increasing role of negatively charged sulfocoal surface in the sorption
in the pH working range 5.5-7, which leads to an increase in the sorption capacity of sulfated coal in

relation to heavy metal cations.
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Abstract. The study investigates the solvation dynamics and interactions of potassium chloride (KCI)
in an acetone-water mixture by examining changes in density, viscosity, refractive index, and UV
absorbance. As KCl is introduced into the mixed solvent system, notable changes in these physical
properties are observed, revealing insights into the interplay between KCl ions and the acetone-water
environment. The results indicate that increasing KCI concentration initially increases viscosity and
refractive index due to ion-solvent interactions but also causes a gradual decrease in solution density.
UV spectra reveal that water stabilizes KCI ions more effectively than acetone, resulting in higher UV
absorbance in water-rich solutions. These findings underscore the role of solvent composition in governing
solvation behaviour of KCl and provide a foundation for further exploration of electrolyte behaviour in

mixed solvents, which is crucial for applications in analytical chemistry and materials science.
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JAnHamMuka cojbBaTauuy U (PM3HKO-XUMHYECKHE CBOMCTBA

XJIOpH/Ia KAJIHA B CHCTEMe PacTBOpHTEJIeil aneToOH-Boa

Anuta Buxxasacyngapam, Humar ®aruma,

Cyaxa Pamanmn, CenbBapamky lllnBamann
Hnoicenepno-mexnonocuueckuil KOI1e04C UHIICEHEPHBLU (aKyIbmem
Ynueepcumem mexnonoauti u npukiaoHuIX HAYK

Oman, Canana

AnHoTanusi. PaboTa nocesileHa n3y4eHHIo TMHAMUKHU COJIbBATAI[MU M B3aUMOJICHCTBHS XJIOpUIa
kanust (KCl) B cMecn aneToH-Bosa Iy TeM M3y4eHHU s U3MEHEHNUH TUIOTHOCTH, BSI3KOCTH, OKa3aTes
npenomienus u YO-nornouienus. [Ipu Beegennn KCl B cMemannyo cuctTeMy pacTBOpUTEINICH
Ha0II01aI0TCs 3aMETHBIC N3MEHEHHS 9THX (DU3UYECKUX CBOWCTB, UTO MO3BOJISIET JyUIIE MOHATH
B3aumoelicTrue Mexay nonamu K™ u Cl™ u cpenoii arieToH-Boaa. Pe3yabTarhl MOKa3bIBalOT, YTO
yBenndenue konueHTpanun KCI nepBoHadaibHO yBETHYMBACT BSI3KOCTH 1 TTOKA3aTEIb MTPEIOMIICHHS
13-3a B3aUMOJIEHCTBUI HOH-PACTBOPUTEIIb, HO TAKIKE BbI3bIBAET IOCTEIIEHHOE CHUKEHUE IIJIOTHOCTH
pacTBopa. Y®-CreKTphl MOKa3bIBAIOT, 4TO Boja cTabminu3upyeT nonsl K+ u Cl- 6onee s dexTnsHO,
YeM aleTOH, YTO IPUBOJIUT K OoJiee BEICOKOMY YD-TIOTIIOMEHHI0 B 00raThIX BOJOH pacTBOpax.
OTH pe3ynbTaTsl MOAUYEPKUBAIOT POJIb COCTABA PACTBOPUTEIS B YIIPABICHHUH COJIbBATALIMOHHBIM
noseneHneM KCl u obecrnieunBatoT 0OCHOBY ISl JaIbHEHILEr0 N3YUeHHU s TOBEICHUSI JIEKTPOIUTA
B CMEIIAHHBIX PACTBOPUTEINSIX, YTO UMEET PELIAIOIIee 3HAUCHUE U1 IPUIIOKEHUH B AaHATUTUYECKON

XUMHUHU U MaTCPUAJIOBEACHUU.

KaioueBble ciioBa: XJI0pu/1 Kanus, pACTBOPUMOCTb, pACTBOPHUTEIb alleTOH-BOAA, (PU3UKO-XMMUYECKUE

CBOI\/‘ICTBa, JWMHaMHKa COJIbBaTaluu.

Huruposanue: Aunrta Bumkascynnapam, Humar ®aruma, Cynxa Pamann, CensBapapky llluBamanu. J[uHaMuka conbBaTaluu
1 GpU3UKO-XMMHYECKUE CBOMCTBA XJIOpH/a KaJusl B CHCTEME pacTBopuTeneii aneton-soza. XKypa. Cub. denep. yH-ta. Xumus,
2025, 18(3). C. 343-354. EDN: IQJBWW

Introduction

The solubility of ionic compounds in mixed solvent systems is a crucial area of study in chemistry,
offering insights into the behaviour of electrolytes in environments that differ from pure solvents [1].
Potassium chloride (KCI) serves as an ideal model compound due to its widespread occurrence and
relevance in various fields, including biochemistry, pharmacology, and materials science [2]. Understanding
the solubility of KCI in mixed solvents, particularly in an acetone-water mixture, is essential for elucidating
the interactions that dictate solute behaviour in complex solvent environments [3].

Acetone, a polar aprotic solvent, possesses unique properties that make it an intriguing candidate
for solubility studies. Its ability to dissolve a wide range of substances, along with its low viscosity and
relatively low boiling point, enhances its utility in various chemical processes. When mixed with water,

acetone significantly alters the solvation dynamics of ionic compounds like KCI [4—6]. Water, known
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for its high polarity and strong hydrogen-bonding capabilities, interacts differently with ions compared
to acetone, leading to complex solvation phenomena that warrant detailed investigation [7].

The study of KCI solubility in acetone-water mixtures provides insights into the interplay between
solvent polarity, ion-dipole interactions, and hydrogen bonding [8]. Previous research has shown
that solvent mixtures can either enhance or hinder solubility, depending on their composition [9].
Specifically, the presence of acetone can affect KCl solubility by altering the dielectric constant of the
solvent system and modifying the hydration shell around the K* and CI~ ions [10]. Understanding these
interactions is crucial for predicting solubility trends and for applications requiring precise control of
ionic concentrations. Additionally, the physical properties of the solution such as density, viscosity, and
refractive index play a significant role in characterizing solution behaviour [11, 12].

Density measurements offer insights into molecular packing and interactions within the solution,
with changes in density at varying KCl concentrations indicating alterations in solvation structures
or the formation of ion pairs [13]. Viscosity reflects the resistance to flow within the solution and is
influenced by the size and interaction strength of solute particles; higher viscosity values often suggest
stronger solute-solvent interactions or greater disruption of the solvent structure [14]. The refractive
index is another critical parameter that provides insight into the solution’s composition and behaviour
[15]. Changes in the refractive index with varying KCI concentrations reveal important information
about solute-solvent interactions and the degree of ionization. As KCl dissolves in the acetone-water
mixture, alterations in the refractive index quantitatively relate to ion concentrations, serving as a
tool for estimating solubility limits [16, 17]. Furthermore, analysis of ultraviolet (UV) spectra offers
additional insights into the electronic transitions of dissolved species [18]. The UV spectra of KCl in
acetone-water mixtures reveal shifts in absorbance peaks and changes in the electronic environment of
the ions, indicating solvation effects, ion pairing, or the formation of transient species [19]. Employing
UV spectroscopy allows for a comprehensive understanding of how KCl interacts with the mixed
solvent system on a molecular level [20].

While several studies have examined solubility of KCI in various solvent environments, most
have focused on aqueous solutions. Although KCI is well-known for its high solubility in water,
solubility trends change significantly when mixed with organic solvents like acetone [21-23].
Research has established that solvent polarity, hydrogen bonding, and ion-dipole interactions are
crucial in dictating solubility [24]. Specifically, studies have shown that the presence of polar aprotic
solvents like acetone can enhance the solubility of ionic compounds due to their ability to stabilize
charged species [25-27].

Despite existing studies exploring the physicochemical properties of acetone-water mixtures,
such as density and viscosity, specific investigations into KCI solubility in this context remain limited.
Recent research indicates that the interactions of ions with mixed solvents lead to unique solvation
structures, impacting both the physical properties and solubility of solutes [28]. Some studies have
reported that varying the acetone-to-water ratio significantly alters the solubility and associated
physicochemical parameters of dissolved ions [29-30]. However, a comprehensive characterization
of KCI solubility in these mixed solvents focusing on density, viscosity, refractive index, and UV
spectra has not been thoroughly explored. This gap in knowledge is particularly noteworthy given
the increasing interest in mixed solvent systems for applications such as drug formulation, where

solvent properties significantly impact solubility and bioavailability. Addressing this gap is crucial
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for advancing understanding in solution chemistry and for applications involving mixed solvents.
This research uniquely contributes to the field by providing a thorough investigation of the solubility
behaviour of KCI in an acetone-water mixture, emphasizing the interdependence of solubility and
physicochemical properties. By systematically measuring and analysing density, viscosity, refractive
index, and UV spectra across various concentrations, this study aims to unveil the underlying solvation
dynamics that govern behaviour of KCI in mixed solvents. The integration of these parameters offers
a holistic view that has not been previously reported, thus enhancing our understanding of solute
interactions in complex solvent environments.

The primary aim of this study is to investigate the solubility of potassium chloride (KCI) in
an acetone-water mixture and to analyse its physicochemical properties, including density, viscosity,
refractive index, and UV spectra, across a range of concentrations. The objectives are: (i) to determine
the solubility of KCI in acetone-water mixtures at various ratios; (ii) to measure the density of KCl-
acetone-water solutions at different concentrations; (iii) to evaluate the viscosity of the KCl-acetone-
water solutions; (iv) to determine the refractive index of KCl solutions in the mixed solvent; (v)
to analyse the UV spectra of KCI in the acetone-water mixture; and (vi) to elucidate the solvation

dynamics and interactions of KCl in the acetone-water mixture.

Materials and methods

Materials

Potassium chloride and acetone were procured from VWR International, Pennsylvania, USA.
Double distilled water was used in this research unless specified. Analytical weighing balance,
volumetric cylinder, pycnometer, Ostwald viscometer, refractometer and U V-visible spectrophotometer
(Shimadzu UV-1800) were used for measuring mass of solute, volume of solvent, density, viscosity,

refractive index and UV spectra of solutions, respectively.

Methods

Solutions were prepared in 11 beakers by dissolving 1 g of KCI in each flask with various solvent
volume ratios. The combinations included: 100 mL of water; 10 mL of acetone with 90 mL of water;
20 mL of acetone with 80 mL of water; 30 mL of acetone with 70 mL of water; 40 mL of acetone with
60 mL of water; 50 mL of acetone with 50 mL of water; 60 mL of acetone with 40 mL of water; 70
mL of acetone with 30 mL of water; 80 mL of acetone with 20 mL of water; 90 mL of acetone with 10
mL of water; and finally, 100 mL of acetone. The solutions were evaluated for their solubility, density,
viscosity, refractive index, and UV spectra using various methods. The visibility test was employed
to assess solubility, while density was measured with a pycnometer. Viscosity was determined using
an Ostwald viscometer, and a refractometer was used to measure the refractive index. Finally, the UV

spectra were analysed with a UV-visible spectrophotometer.

Results and discussion

Solubility of KCI in acetone-water mixture at various ratios:

Table 1 shows the solubility of KCI in acetone-water mixture. In samples 1 to §, where the
proportion of acetone is gradually increased while water decreases, KCI remains soluble. This indicates

that KCl dissolve effectively in these mixtures, likely due to the presence of sufficient water, which is
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Table 1. Solubility of KCl in acetone-water mixture at various ratios

Sample # Mass of KCl (g) Volum;gi;l cetone Volurr(lreng water Solubility
1 1 0 100 Soluble
2 1 10 90 Soluble
3 1 20 80 Soluble
4 1 30 70 Soluble
5 1 40 60 Soluble
6 1 50 50 Soluble
7 1 60 40 Soluble
8 1 70 30 Soluble
9 1 80 20 Not soluble
10 1 90 10 Not soluble
11 1 100 0 Not soluble

a highly polar solvent that promotes the dissociation of the ionic compound into K* and CI ions.
However, in samples 9 to 11, where the acetone content becomes dominant, KCI is no longer soluble.
This shift suggests that as the polarity of the solvent mixture decreases, the ability of KCI to remain
dissolved diminishes significantly (Fig. 1).

Several factors contribute to this solubility behaviour. First, nature of KCl as an ionic compound
means it requires a polar solvent to dissolve effectively. Water, being highly polar, facilitates the
separation of KCl into its constituent ions, allowing it to dissolve well in lower acetone concentrations.
However, as acetone levels rise, the overall polarity of the mixture declines, which hinders the
dissociation process. Furthermore, water molecules play a crucial role in stabilizing the K* and CI
ions in solution through solvation.

With increasing acetone, there are fewer water molecules available to solvate these ions, leading
to decreased solubility. Additionally, higher concentrations of acetone introduce interactions that
further impede the separation of the ions. This interplay between solvent polarity, solvation, and ion

interaction ultimately governs the solubility of KCl in these mixtures.

Effect of mass fraction of KCI in KCl-acetone-water ternary mixture

on density of solution

Fig. 2 shows a plot of the density of a solution (in g/mL) versus the mass fraction of potassium
chloride (KCl) in a ternary mixture of KCl-acetone-water. As the mass fraction of KCl increases, the
density of the solution decreases gradually. This inverse relationship suggests that the addition of KCl
affects the overall density of the solution, causing a reduction in density with each incremental increase
in KCI concentration.

At lower mass fractions, the density starts close to 1.02 g/mL, indicating a relatively high density
in the mixture with less KCl. As the mass fraction of KCI increases, the density decreases steadily,
reaching around 0.9 g/mL at the highest mass fraction on the graph. This consistent decrease implies
that the ternary mixture may be increasingly dominated by a less dense component, resulting in a
reduction in the overall density despite the addition of more KCI. This trend could be explained by
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Fig. 1. Solubility of KCl in acetone-water mixture at various ratios
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Fig. 2. Effect of mass fraction of KCI in KCl-acetone-water ternary mixture on density of solution
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the interaction between KCI and the other components in the mixture. In ternary mixtures, solubility
of KCI and its dissociation could be influenced by the solvent mixture, especially if both water and
acetone are present. The decreasing density with increasing mass fraction of KCl may indicate that
the structure or molecular interactions in the solution change, leading to a more expanded solution
structure that reduces density.

Effect of mass fraction of KCI in KCl-acetone-water ternary mixture

on viscosity of solution

Fig. 3 represents the relationship between the mass fraction of potassium chloride (KCI) in a
ternary mixture and the viscosity of solution, measured in Poise (P). As the mass fraction of KCl
increases, the viscosity of the solution initially rises, reaching a peak around a KCI mass fraction of
approximately 0.0110. This trend indicates that adding KCl to the mixture initially increases resistance

to flow, likely due to the interactions between KCl ions and the solvent molecules.

0,016
0,014
0,012

0,01
0,008

0,006

Viscosity of solution (P)

0,004
0,002

0
0,0097 00101 00105 00109 00113  0,0117

Mass fraction of KCl in ternary mixture

Fig. 3. Effect of mass fraction of KCI in KCl-acetone-water ternary mixture on viscosity of solution

At lower mass fraction, the viscosity starts below 0.01 P, but as the mass fraction of KCl increases,
the viscosity steadily rises, reaching a maximum close to 0.0142 P. This peak suggests an optimal
concentration where the molecular structure or intermolecular interactions of solution are at their
strongest, possibly due to ion clustering or changes in the structural arrangement of solution. Beyond
this peak concentration, the viscosity begins to decline slightly, indicating that further additions of
KCI1 may disrupt these interactions or lead to ion saturation, which reduces the overall resistance
to flow. This behaviour reflects the complex interplay between KCI concentration and the solvent
environment in the ternary mixture, where a balance between cohesive and disruptive interactions
is achieved. The initial increase and subsequent decrease in viscosity suggest that the solution may
reach a saturation point or structural change that affects the ability of KCI to further impact viscosity
at higher concentrations.
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Effect of mass fraction of KCI in KCl-acetone-water ternary mixture

on refractive index of solution

Fig. 4 shows the relationship between the mass fraction of potassium chloride (KCI) in a ternary
mixture and the refractive index of the solution. As the mass fraction of KCl increases, there is a steady
rise in the refractive index, indicating that the addition of KCI to the solution significantly influences

the optical density of the mixture.
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Fig. 4. Effect of mass fraction of KCl in KCl-acetone-water ternary mixture on refractive index of solution

Starting from a mass fraction of approximately 0.0099, the refractive index is around 1.33. With
incremental increases in the KCI mass fraction, the refractive index progressively climbs, reaching
close to 1.365 at a KCl mass fraction of 0.0116. This steady increase in refractive index reflects the
enhanced ability of the solution to bend light as more KCl is dissolved. The refractive index of a solution
depends on the concentration and nature of dissolved solutes, as well as the density of solution. In this
case, the addition of KCl ions contributes to a denser, more optically refractive medium. This upward
trend suggests that KCl induces greater interaction among the particles in the solution, likely due to
the presence of charged ions, which alters the way light propagates through the solution. It also implies
that the optical properties of such ternary mixtures can be tuned by adjusting the concentration of KCI,
which could be beneficial for applications where control over light refraction is desirable. The linear
nature of the increase in refractive index indicates a strong correlation between KCI concentration and

the solution’s refractive properties, with no apparent saturation point within the studied range.

UV spectra of various proportions
of KCl-acetone-water ternary mixture

In the UV spectra, the solution containing pure water exhibits the highest absorbance peak,
suggesting maximum absorbance (Fig. 5). This high absorbance is likely due to properties of water

as a polar protic solvent, which provides a highly stabilizing environment for the dissociated K" and
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——1 g KCl + 100 mL water ——1 g KCl + 90 mL water + 10 mL acetone

1 g KC1+ 80 mL water + 20 mL acetone 1 g KCl+ 70 mL water + 30 mL acetone
——1 g KCl+ 60 mL water + 40 mL acetone 1 g KCl + 40 mL water + 60 mL acetone
——1 g KCl+ 50 mL water + 50 mL acetone 1 g KCl + 30 mL water + 70 mL acetone

L
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Fig. 5. UV spectra of various proportions of KCl-acetone-water ternary mixture

CI ions. Water, with its high dielectric constant and strong hydrogen-bonding capabilities, effectively
supports the complete dissociation of KCI.

When KCI is fully dissociated, more ions are available in the solution to interact with UV
light, resulting in a strong absorbance peak. However, as acetone is introduced to the solution in
increasing amount (from 10 up to 70 mL), the absorbance peak gradually decreases, indicating a
reduction in UV absorption of KCI. This trend is likely due to the different characteristics of acetone
as a polar aprotic solvent with a lower dielectric constant than water. Unlike water, acetone does
not stabilize the ions as effectively, and as its concentration rises, it disrupts the typical solvent
environment that water provides. This change in the solvent composition may lead to a reduction in
ion dissociation or solubility of KClI in the water-acetone mixture. The decreased dissociation and
stabilization mean fewer free ions are available in the solution, reducing its absorbance of UV light
and thus lowering the peak intensity. Additionally, slight shifts in the absorbance peak positions
suggest that acetone alters the interactions of KCI with the light as the solution composition changes.
Hence, the data implies that pure water enhances the dissociation and absorption capacity of KCl,
while increasing acetone levels weaken these effects, leading to lower and broader absorbance peaks

in the UV spectra.

Solvation dynamics

The solvation dynamics and interactions of KCI in the acetone-water mixture reflect a complex
interplay influenced by the differing solvent properties of water and acetone.

As KCI is introduced into the acetone-water mixture, the density decreases gradually with
increased KCl concentration. This trend indicates that the addition of KCI causes the solution structure
to expand, leading to a reduction in overall density. This may be due to limited solubility of KCI in

acetone, which disrupts the density equilibrium typically maintained in a purely water-based solution.
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Thus, while water can effectively dissolve and stabilize KCl ions, the presence of acetone modifies
these interactions, impacting the solution density and molecular arrangement.

The viscosity of the solution initially rises with the increase in KCI concentration, reaching a peak
before slightly declining. The initial increase suggests enhanced ion-solvent interactions, likely due to
the formation of ion clusters or structured regions within the solution. As more KClI is added, these
interactions intensify, increasing resistance to flow. However, beyond a certain concentration, further
addition of KCI disrupts this structured arrangement, reducing viscosity. This indicates a saturation
effect or structural reorganization in the solution, where the solvation capacity of the acetone-water
mixture reaches its limit, affecting influence of KCI on viscosity.

The refractive index increases with higher KCI concentrations, which suggests enhanced optical
density of the solution due to the presence of ions. As KCl dissolves, it alters the refractive properties
of the mixture by contributing charged ions that modify light propagation through the solution. This
increase in refractive index suggests that the interactions among KCl ions and the mixed solvent create
a denser, more refractive environment that can be precisely controlled by adjusting KCI concentration,
which is valuable in optical applications.

The UV absorbance of KCl varies with the ratio of water to acetone. Pure water shows the highest
absorbance peak, as high dielectric constant of water and hydrogen-bonding capability stabilize
the dissociated K" and CI ions, allowing for greater UV interaction. As the acetone concentration
increases, the absorbance peak decreases, indicating reduced ion dissociation or solubility of KCI in
the mixture. Acetone, being a polar aprotic solvent with a lower dielectric constant, does not stabilize
K" and CI" ions as effectively as water. This decrease in dissociation and stabilization leads to fewer
free ions, resulting in lower UV absorbance. This trend demonstrates how varying solvent composition
affects solvation dynamics of KCI and interactions in the acetone-water system.

In summary, the solvation of KCI in an acetone-water mixture is influenced by the ability of
solvent to stabilize ions, with water promoting greater dissociation and interaction compared to
acetone. These dynamics affect key physical properties such as density, viscosity, refractive index,

and UV absorbance, reflecting a nuanced balance between KClI concentration and solvent composition.

Conclusion

The study highlights the complex solvation dynamics of KCI in an acetone-water mixture,
demonstrating how solvent composition influences the physicochemical properties of the solution. The
results reveal that increasing KCl concentration causes a decrease in density and an initial rise in
viscosity before reaching a saturation point. The refractive index also increases with KCI concentration,
reflecting enhanced optical density. UV absorbance decreases as acetone concentration rises, indicating
reduced ion stabilization compared to a water-dominant system. Overall, this study illustrates that the
acetone-water ratio plays a critical role in modulating KCl solvation and interactions, which could
be beneficial for designing mixed solvent systems for specific industrial and laboratory applications.
These findings enhance our understanding of ion-solvent interactions and may inform future work on

electrolyte behaviour in various solvent environments.
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Abstract. Electrospinning is attracting significant research interest due to its versatility, adaptability,
ease to use and economic feasibility. To meet strict requirements, efforts are being made to generate
multi-characteristic nanofibers by blending various polymers. In the present work, electrospun nanofibers
were fabricated from a mixture of CA/CS/PVA using a solution of acetic acid and water. At this time,
the characterization of the polymer solutions (rheological properties, conductivity and pH value), as
well as the morphology and diameters of the nanofibers was conducted. Thus, the various solutions with
different total concentrations (5, 6, 7 and 8 % w/v) and ratios of CA/CS/PVA were utilized to assess their
effects on the characteristics of the resulting nanofibers. The results show that, a total concentration of
8 % with polymer ratios of CA/CS/PVA (1.6/1.6/4.8 wt.%) exhibited the best solution, and nanofibers
were successfully obtained. The electrospinning was conducted under the following parameters; voltage

30 kV, feed rate 0.5 mL/h, and tip-to-collector distance 115 mm resulting in a mean dimeter of 277 nm.
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BausiHue CBOKCTB pacTBOpa alerara
EeJTI0JI0O3bI/ XU TO3aHA/TIOJIUBUHUJIOBOTO CITUPTA

Ha MOP(}0JI0TrHI0 JIEKTPOCHPAICHBIX HAHOBOJIOKOH

E.3. I'edopemapbsam?, M. A. Xumma?,

P.O. OuexnoBu4®, M. B. Yenenckan® ®
“Xumuxo-mexnonozuveckuu yeump, Ynusepcumem HUTMO
Poccuiickaa ®eoepayus, Cankm-Ilemepbype
SCankm-Ilemep6ypeckuil 20cyOapCcmeeHHblll YHUGEPCUMen
Poccuiickaa ®eoepayus, Cankm-Ilemepbype
‘Canxm-IlemepoOypeckuti norumexHu4ecKuil yHugepcumem
Ilempa Benuxozo

Poccuiickas ®eoepayus, Cankm-Ilemepoype

AHHOTAIHA. DICKTPOCIUHHUHT PUBIICKACT 3HAUUTEIBHBIN HCCIICIOBATEIBCKUI HHTEpEC Omaromaps
cBOEH YHUBCPCAJIBHOCTHU, TEXHOJOTHYHOCTHU, IPOCTOTEC B UCIIOJIB30BAHUU U 3KOHOMHMYECKON
nenecooOpa3HocT. UTOOBI COOTBETCTBOBATH CTPOTUM TPEOOBAHUAM, IPEATTPHHUMAIOTCS yCHITHS
Mo CO3JIaHWI0 HAHOBOJIOKOH C PAa3JIMYHBIMU XapPaKTCPUCTUKAMU IYyTEM CMCUIMBAHUA Pa3JIMYHBIX
rmomMepoB. B HacTosimelt paboTe OB U3TOTOBIICHBI AIEKTPOCIIPSICHBIC HAHOBOJIOKHA U3 CMECH
CA/CS/PVA ¢ ucrionp30BaHHUEM PacTBOPA YKCYCHOM KUCIIOTHI M BOJIBL. B 3T0 Bpems Obliia mpoBeicHa
XapaKTepPUCTHKA PACTBOPOB IMOJIUMEPOB (PEOJOTHUSCKUE CBOMCTBA, 3JICKTPOIPOBOTHOCTH U 3HAYCHHE
pH), a Tak>xe MOpQoJIOTHS U JUAMETP HAHOBOJOKOH. Takum oOpa3oM, JIJis OEHKH WX BIMSHUS
Ha XapaKTCPUCTHUKU MOJTyUYCHHBIX HAHOBOJIOKOH OBLIN MCIIOJIH30BAHBI PA3JIMYHBIC PACTBOPHI
C pa3IUYHON CyMMapHOW KOHIeHTpanuel (5, 6, 7 u 8 % mo macce) u cootnomeHusmu CA/CS/PVA.
Pe3ynbraThl MOKAa3bIBAIOT, YTO HAMITYYIIIEE PEICHHE OBLIO OTYYEHO PH O0IIeH KOHIIeHTpanun 8 %
u cootHomenuu nonumepoB CA/CS/PVA (1.6/1.6/4.8 mac.%), 1 HAHOBOJIOKHA OBLIN YCIICIITHO MOTYYCHBIL.
DnexTpodopMoBaHHE TPOBOAIIOCH IIPU CICAYIOMINX MapaMeTpax: HanpspkeHne 30 kB, ckopocTs
nozgaun 0,5 MI/4 1 paccTOsIHUE OT HAKOHEYHHKA JI0 KoJieKkTopa 115 MM, B pe3ynbrare 4ero cpeaHuii

JIUaMeTp COCTaBIIsI 277 HM.

KuroueBble cioBa: QJICKTPOCHMHHUHI, aleTaT HCJIJI0JIO3bl, XUTO34H, MOp(i)OJ'IOFI/IH, HaHOBOJIOKHO,

JIMaMeTp BOJOKHA.

Iutuposanne: I'edpemappsm E. 3., Xumma M. A., Onexunosuu P.O., Yenenckas M. B. Bausinue cBoiicT pacTBoOpa anerarta
LEJITI0N03bI/XUTO3aHA/TIOJMBUHUIIOBOTO CITUPTA HAa MOP(OJIOTUIO MEKTPOCIPsIEHBIX HaHOBOJIOKOH. JKypH. Cub. penep. yH-
ta. Xumus, 2025, 18(3). C. 355-367. EDN: OKCOUK

Introduction

Electrospinning is a process that creates nanofibers from polymer solutions or molten polymers
by applying a high electric field. This simple and versatile technique of producing nanoscale fibers

has attracted significant research attention due to its economic viability, ease of use, diversity, and
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adaptability [1-5]. These nanofibers offer several benefits compared to conventional fibers, including
a higher surface-to-volume ratio, lightweight characteristics, porosity, flexibility, and the possibility
of incorporating chemical functionalities relative to other known materials [6—8]. Consequently, due
to these characteristics, the use of nanofiber materials has recently increased across a wide variety
of applications, including scaffolds for tissue engineering, filtration media, controlled drug release,
biosensors, wound dressings, specialized membranes, and antimicrobial activities [3, 9].

Although electrospun nanofibers have been used in various applications, the mechanical properties
of these nanofibers play a critical role in determining their performance and success. The mechanical
properties of nanofibers, particularly their stiffness, significantly influence cell behavior and tissue
regeneration by affecting cell migration and elongation, which are crucial for tissue engineering
applications [10]. In addition, the mechanical strength of the fibers can influence the rate of drug
release, which is critical for controlled drug delivery applications [11]. To enhance the properties of
nanofibers and achieve the desired properties of the nanofibrous material, it is better to blend two or
more polymers. This is especially important when producing nanofibers based on biopolymers due to
their low mechanical properties.

Among natural polymers, chitosan has attracted considerable interest due to its advantageous
biological properties [12]. It has been extensively researched for use in biomedical and separation
technologies due to its unique features, which include biocompatibility, hydrophilicity, bioactivity,
and low toxicity [13, 14], as well as excellent antimicrobial, antioxidant properties, moderate thermal
degradation [14, 15]. Nevertheless, chitosan nanofibers exhibit poor chemical, and mechanical
stability, and they swell excessively in water, which reduces their mechanical strength and makes them
unstable [16]. Furthermore, the mechanical properties of the fibers depend on their orientation; an
increase in fiber disorientation leads to a decrease in these properties. Thus, chitosan contributes to the
disorientation of the nanofibers [17]. On the contrary, chitosan is a promising absorptive material for
various applications due to the abundance of free amine (—-NH,) groups, which allow for the absorption
of heavy metals [15, 17, 18].

Cellulose is another the most abundant naturally occurring polymeric material, characterized
by its polyfunctional macromolecular structure and environmentally benign nature. The CA has
many desirable properties that make it ideal for a variety of applications such as good mechanical
properties, biodegradability and biocompatibility with high thermal degradation characteristic. The
fabrication of electrospun nanofiber based on cellulose is nevertheless challenges due to complexity
of cellulose structure and properties, its solubility [1, 3, 19-22], and its lack of reactive functional
[17]. Thus, blending chitosan and cellulose acetate can improve the mechanical and absorption
properties of the nanofibrous material, as cellulose acetate has excellent mechanical properties,
while chitosan contains primary amine (—-NH2) and hydroxyl (—OH) groups, and the hydroxyl (OH)
groups in cellulose acetate (CA) can better reaction groups for the sorption of metals [12]. Besides,
during the preparation of the polymer solution using a binary solvent of acetic acid and water.
The cellulose acetate is insoluble in water due to strong intermolecular hydrogen bonding [13], but
mixing of acetic acid with water enhance the solubility of cellulose acetate. On the other hand, the
electrospinnability of chitosan and cellulose acetate can be improved by blending with other polymers
such as polyvinyl alcohol, polycaprolactone and polylactic acid or demineralize, deproteinize, and

deionized water as a solvent [13, 23, 24]. Poly (vinyl alcohol) (PVA) is a water-soluble polymer with
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several hydroxyl groups in its side chains [25]. PVA solution is a synthetic polymer that is non-toxic,
air soluble, and has excellent thermal, gas permeability, and chemical resistance properties [26].
Blending PVA with polysaccharides such as cellulose and chitosan enhances the spinnability in
electrospinning [25-27]. Besides, the structural matrix formed by the consolidation of chitosan and
cellulose shows remarkable mechanical performance and biocompatibility, making them idea for
biomedical application [28, 29].

Despite this, preparing the appropriate solution of the three polymers for electrospinning is the
main challenge, as the properties of the polymer solution affect the results of the electrospinning
process. The polymer solution parameters (polymers molecular weight, viscosity and conductivity),
processing conditions (voltage, the distance from the spinneret tip to the collector, flow rate, etc.),
and ambient conditions (relative humidity and temperature) can influence electrospinning and the
morphology of the resulting fibers. Thus, understanding these parameters enables the construction
of electrospinning configurations that can affect the final fibers' shape, size, and alignments [30—
32]. Therefore, the main objective of this work was to study the possibility of obtaining electrospun
nanofibers from a solution of cellulose acetate, chitosan and polyvinyl alcohol using acetic acid and
water as components of binary solvents. In addition, characterization of the morphology and diameters

of electrospun nanofibers was conducted.

1. Materials and Methods
1.1. Materials

The materials utilized for this study were Chitosan (CS) (M,, = 200 kDa), Cellulose acetate (CA)
(the average M,, = 31.65 kDa), and Polyvinyl alcohol (M,, = 25.6 kDa). The chosen solvents were acetic
acid (> 99 %) and distilled water. These solvents were selected based on the significantly solubility of

chitosan, cellulose acetate and polyvinyl alcohol in them.

1.2. Nanofabrication of CA/CS/PVA
1.2.1. Solution Preparation

The solution of CA/CS/PVA with different concentrations (5, 6, 7 and 8 %) and ratios of the
polymers were utilized with the mixture of acetic acid/distilled water (70/30 Vol.%) as a solvent.
In the same way, the different ratios of the polymers (0.5/0.5/4, 0.75/0.75/3.5, 0.6/0.6/4.8, 0.9/0.9/4.2,
0.7/0.7/5.6, 1.05/1.05/4.9, 0.8/0.8/6.4, 1.2/1.2/5.6, 1.4/1.4/4.2, 1.75/1.75/3.5, 1.6/1.6/4.8 and 2/2/4 wt.%)
CA/CS/PVA respectively were used. Hence, at this time the polymers were dissolved step by steps first
cellulose acetate, chitosan and polyvinyl alcohol were added successively. Thus, in order to achieve the
homogenous solutions for each solution carried out 300 rpm using magnetic stirring for 3 h and with

temperature of 60 °C.

1.2.2. Characterization of the Solution

After each solution were prepared conductivity and pH value of the solutions were measured by
SevenCompact Duo pH/Conductivity meter S213 (METTLER TOLEDO) with a temperature of 25 +
1 °C. In the same way, the non-Newtonian behavior of the solution was analyzed using a Rheometer
MCRS502 (Anton Paar) to determine the kinematic viscosity of the solution. For each measurement

were made at room temperature (25 °C) and the shear rate rage was 0.1 to 955 s\,
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1.2.3. Electrospinning Process

The electrospinning of CA/CS/PVA nanofibers was performed using NANON-01A (MECC CO.,
LTD., Fukuoka, Japan). The electrospinning undertaking was carried out at a temperature of 25 +2 °C
and a controlled relative humidity of 50 + 2 %. Hence, in order to obtain the nanofibers without defects
the technical parameters of electrospinning were changed as follows; applied voltage from 20 to 30 kV,
feed rate from 0.1 to 1 mL/h, and tip-to-collector distance was set to 115mm. Then, the fibers were

collected on a plate collector covered by aluminum foil.

1.3. Morphology and Mean Diameter of Nanofibers

The morphology of CA/CS/PVA electrospun fibers was observed under optical microscope
Olympus STM6 (OLYMPUS Corporation, Tokyo, Japan). To improve colorfulness and contrast the
result of the fibers differentially interferential contrasting technique (DIC) was utilized. The diameters
were analyzed by ImagelJ software (National Institutes of Health, Bethesda, MD, USA).

1.4. Statistical Analysis

The results were conducted by selecting hundreds of fibers samples, in order to determine the
mean diameter of the nanofibers. The data were analyzed using one-way ANOVA, p-value of less than

0.05 was considered statistically significant.

2. Result and Discussion

The formation of fibers and morphology of fibers are significantly influenced various solution
parameters including concentration, molecular weight, viscosity and conductivity. The pH value
significantly influences chemical and physical properties of the fiber, but has less effect on spinnability
in electrospinning [33]. In Table 1, various solution of CA/CS/PVA polymer ratios were presented
with the total concentrations ranging from 5 % to 8 % using acetic acid/water (70/30) solvent system.
Similarly, the physicochemical parameters such as viscosity, conductivity and pH value of the
solution were carried out. Hence, when the concentration and the polymer ratio of CA/CS increase the
parameters such as conductivity and viscosity of the solutions increase. Although the total concentration
percentage remained constant, the viscosity and conductivity of the solution increased due to rising
amounts of cellulose acetate and chitosan. On the other hand, as the concentration and polymer ratio
increase the pH value decrease.

Electrical conductivity plays a crucial role in shaping the formation and structure of electrospun
fibers. It determines charge mobility, which influences electrostatic repulsion force and impacts the
morphology of electrospun fibers. The increase of electrical conductivity of the solution, leads to a
significant decrease in diameter, whereas at low conductivities, the jet elongation is inadequate to
produce uniform fibers [34, 35]. In this place, the conductivity of the solution was carried out by
increasing the ratios of CA/CS, while simultaneously decreasing the ratio of PVA. The relationship
between the total concentration and polymer ratios of CA/CS/PVA on electrical conductivity was
conducted based on the outcomes of the solutions presented in Table 1.

In Fig. 1 shown, the total concentration of CA/CS increases, the electrical conductivity of the
solution increased from 647 puS/cm to 1036 puS/cm. Chitosan acts as a partial polyelectrolyte and

increases the conductivity of polymer solutions [17]. Furthermore, the electrical conductivity increases
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Table 1. Solution parameter results in different total concentration and polymer ratios

Total . .. . .

°°n°e($jj)“°“% <c§7éys7§\52t$f.%) Coni?luﬁtsl/vclg © Vlisrf?rfgz.sm) pH value

5 0.5/0.5/4 647 743.51 3.18

0.75/0.75/3.5 769 787.34 3.1

) 0.6/0.6/4.8 762 764.65 3.15

0.9/0.9/4.2 805 806.23 3.07

; 0.7/0.7/5.6 801 790.61 3.01

1.05/1.05/4.9 924 832.73 2.90

. 0.8/0.8/6.4 863 805.68 2.95

1.2/1.2/5.6 975 §58.82 2.87

, 1.4/1.4/4.2 925 1312.50 2.91

1.75/1.75/3.5 1013 1965.72 272

. 1.6/1.6/4.8 1006 2528.85 2.82

2214 1036 2736.43 2.68

with the addition of CA due to the larger amount of oxygen in CA molecules [36]. Fig. 2 present the
concentration increased from 5 to 8 %, and increasing the polymer ratio of cellulose acetate and chitosan,
while decreasing polyvinyl alcohol. In this case, the viscosity of the solution has increased from 743.51
mPa.s to 2736.43 mPa.s, with a shear rate range of 0.1 to 955 s! and at room temperature (25 °C). The
viscosity is significantly enhanced due to the hydrogen bonding interaction between the -NH, and
-OH groups of chitosan and the -OH groups of PVA, along with the entanglement of polymers and the
random orientation of the polymer chains [37]. As the shear rate increases, the viscosity decreases,
which can be explained by the influence of exposed -NHj on electrostatic and steric repulsion, as

well as the reorganization of the polymeric structure[38, 39]. An increasing in polymer concentration
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Fig. 1. Effect of the total conecntration of CA/CS/PVA on electrical conductivity of the solution
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Fig. 2. Effect of polymer ratio on the electrical conductivity of the solution

leads to higher viscosity and more chain entanglements. This makes the greater viscoelastic force to
counterbalance the Coulombic streatching force leaing to the formation of polymeric nanofibers with
fewer or no beads [40].

If the CA/CS total concentration increase and the decreasing in PVA (Fig. 3 (e)) drastically
increased the viscosity of the solution. In fact, the viscosity of a polymer solution is influenced by
both the concentration of the polymer and its molecular weght. Hence, the molecular weights of CA/
CS are much higher than that of PVA, which results in an increased viscosity of the solution.-Table 2
presented the process of fabricating nanofibers through electrospinning utilizing the different ratios
of CA/CS/PVA wt.%. In addition, the total concentrations varied from 5-8 %, along with technical
parameters of the electrospinning process such as applied voltage, feed rate and tip-to-collector
distance. The tip-to-collector distance was set at 115 mm, a feed rate range of 0.1-1 mL/h and a
voltage range of 20 kV-30 kV. Based on the data presented in Table 2, fibers were not obtained
when the total concentration was 5 %. However, when the total concentration increased to 6 % with

voltages of 25 and 30 kV, electrospinning began to obtain the fibers with several defects. On the
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Fig. 3. Effect of concentration (d) on viscosity (e) of the solution in different ratio of CA/CS/PVA
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Table 2. Results of electrospinning nanofabrication at various total concentration/CA/CS/PVA ratio

Tip-to-collector distance (mm)

Freed rate (mL/h)

Total concentration| CA/CS/PVA,
% (W/v) wt.%

Applied
voltage (kV)

0.1

0.2

0.3

041050607
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0.9

20

0.5/0.5/4

25

30

20
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25

30

20

0.6/0.6/4.8

25

30

20

0.9/0.9/4.2

25

30

20

0.7/0.7/5.6

25

30

20

1.05/1.05/4.9

25
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other hand, as the total concentration increased to 7 and 8 %, better fiber results were obtained with
electrospinning voltages at 25 and 30 kV.

Indeed, the electrospinnability of a polymer solution to be electrospun into fibers, depends on
various intrinsic factors, such as the rheological properties of the spinning dope and conductivity, as
well as environmental factors such as air flow rate, humidity and temperature. In numerous instances,
when the spinning dope lacks adequate molecular entanglement, it tends to break into separate droplets
instead of creating a continuous jet, leading to the formation of particles rather than fibers [41-43]. As
previously mentioned, the PVA is a common polymer to utilized in electrospinning and to enhance
spinnability of other polymers. Therefore, in this work the total concentration of CA/CS polymers were
increased until they were possible for processing in electrospinning and allowing for the production
of defect-free nanofibers. Thus, to obtain defect-free nanofibers, the parameters and the setup of the
electrospinning process should be controlled. The microstructural characteristics of the electrospun
CA/CS/PVA polymer were examined. The morphology and nanofibers mean diameter are affected by
the total concentration and the ratio of polymer. Despite utilized various ratio of CA/CS/PVA polymers
and total concentration, however the results of electrospinning were defects when below and above the
specific ranges.

In this work, a good fiber result was obtained at the total concentration of 8 %. Fig. 4 shows
the morphology and diameter distribution of CA/CS/PVA fibers at a total concentration of 8 % with
polymer ratios of 1.2/1.2/5.6 and 1.6/1.6/4.8 wt.% respectively. Indeed, a polymer ratio of CA/CS/PVA
(2/2/4 wt.%) was used to obtain fibers; but measuring their diameter is challenging because of the many
imperfections in the fibers, which make it difficult to measure. Consequently, to successfully produce
defect-free nanofibers through electrospinning, use a polymer ratios of 1.2/1.2/5.6 and 1.6/1.6/4.8 (CA/
CS/PVA) along with the following technical electrospinning parameters; applied voltage of 25 kV and
30 kV, a feed rate of 0.5 mL/h, and a tip-to-collector distance of 115 mm. According to the literature as
the CA concentration of increase, the diameter of result fibers also increases. This is due to the higher
solid content and a higher viscosity that would resist the flow and elongation and result in less stretched
jet[44,45]. Onthe contrary, an increase in the CS concentration and higher voltages lead to the formation
of smaller fiber diameters. This behavior between the diameter of nanostructured membranes and the
concentration occurs, because CS acts as a partial electrolyte, increase conductivity of the polymer
solution and thereby decreasing the diameter of the nanostructured membranes. Another reason to
decrease the diameter can be observed, when increasing concentration due to the partial clogging
or restrictions to flow at the tip of the needle [46—48]. The mean diameter in this study ranges from
232 nm to 294 nm.

3. Conclusion

This study investigated the possibility of production electrospinning nanofiber based on CA/CS/
PVA and evaluation effects of solution properties of CA/CS/PVA on the morphology and mean diameter
results of receiving fiber. During the production of nanofibers through electrospinning, several factors
were taken in accounts such as solution total concentration, viscosity, conductivity, and polymer ratio,
which significantly affect the final morphology of the electrospun nanofibers. The solutions were
prepared with various ratios of CA/CS/PVA and total concentrations ranging from 5 to 8 % (w/v) using

a solvent mixture of acetic acid and water (70/30 Vol.%). Despite this, a total concentration of 8 %
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(w/v) with polymer ratio of CA/CS/PVA (1.6/1.6/4.8) successfully produced nanofibers. The mean fiber
diameter varied from 232 nm to 294 nm at voltage of electrospinning in 25 kV and 30 kV, feed rate of
0.5 mL/h and a tip-to-collector distance of 115 mm.
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Abstract. The article presents the results of studies of the influence of aluminum hydroxide concentration
on the regularities of changes in the crystallization process of composite materials based on a polypropylene
random copolymer / processing aid / aluminum hydroxide (PP-R/ LIBAID T-2 /AI(OH);). In this study,
LIBAID T-2 was used as a physical coupling agent to improve the compatibility between polypropylene
random copolymer and aluminum hydroxide. The amounts of aluminum hydroxide varied within the
range of 1-50 wt%. The crystallization process of composites was studied by the stepwise dilatometric
method under a load of 5.3 kg on the IIRT-1 device, converted into a dilatometer. The following parameters
have been determined, such as specific volume, density, occupied and free specific volume, temperature
of first-order phase transition and isothermal crystallization, and glass transition temperature. The glass
transition temperature of the studied polymer composites increased with an increase in the content of
aluminum hydroxide in the polymer matrix. The crystallization temperature for all studied samples was
120 °C. With an increase in the amount of aluminum hydroxide, a decrease in the specific volume value
and, accordingly, an increase in density were observed. Based on the Kolmogorov-Avrami equation,
the kinetic regularities of isothermal crystallization of the studied composites were studied and the
mechanism of formation of crystalline structures depending on the content of the introduced filler in

the composition of the polypropylene random copolymer was described.

Keywords: aluminum hydroxide, polypropylene random copolymer, processing aid, flame retardant,
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Kunernveckue 3aKOHOMEPHOCTH KPUCTAJNJIU3AUN
PaHAOM COIIOJIMMEPA IMOJUIIPOIIHJICHA,
HAIOJHCHHOI'0O THAPOKCHUAOM AJJIOMUHUA /

CMECHI0 METAVINYECKOI'0O MblJiA KUPHBIX KHCJIOT 1 aMHUia

®. A. Mycradaena, H. T. Kaxpamanos,

A.A.T'acanoBa, ¥.B. baruposa

Hncmumym nonumeprulx mamepuanos Munucmepcmea nayku
u obpaszosanus Azepoatiosxcancroti Pecnybnuxu
Asepbatioocan, Cymeativim

AHHOTanms. B ctaTbe npencTaBIeHbl pe3yabTaThl HCCIIEIOBAHUH BIMSHIS KOHIICHTPALIUY THAPOKCH A
AJTIOMHUHUS Ha 3aKOHOMEPHOCTH M3MEHEHHS IPOolecca KPUCTAIM3AIlMH KOMIIO3UTHBIX MaT€pHalioB
Ha OCHOBE PaHIOM COMOJIMMED MOJUIPONUIICHa / TEXHOJIOrnuecKas 100aBka / ruapokcu anomunust (PP-R
/ LIBAID T-2 / AI(OH);). B nannom uccnenosanuu LIBAID T-2 ucnonb3oBaiics B kKauecTBe (U3NIECKOTO
CBSI3YIOIIET0 areHTa JJIs YIy4IIeHUsI COBMECTHMOCTH MEX/1y PaHAOM COMOINMEPOM MOTUIIPOIIICHA
¥ TUAPOKCUIOM anmoMuHus. KonnuecTBa ruipokcnia aTloOMAHAS BapbUpoBaiu B npenenax 1-50
Mmacc.%. Iponecc kpucTamIn3anuy KOMIO3UTOB HCCIE0BAIN METOIOM CTYTIEHYATON JUIaTOMETPUN
npu Harpyske 5.3 kr Ha mpudope NNPT-1, nepeobopynoBanHoM B ausiatomeTp. OlpenesieHs! Taknue
napameTphl, Kak yaelabHbIl 00beM, INIOTHOCTh, 3aHSTHII U CBOOOAHBIN yACIbHBIA 00bEM, TEMIIEpATypa
(azoBoro nepexoja MepBoro poja U K30TEPMHUUIECKON KPUCTAIUIN3ANNH, TEMIIEpaTypa CTCKIOBaHHMS.
TemmepaTypa CTEKIOBaHUS UCCIETYEMBIX MOJNMEPHBIX KOMIIO3UTOB MOBHIIIATACH C YBEIHUECHUEM
coziep>KaHMsI THAPOKCH/IA aIFOMHHUS B COCTaBe MOJIMMEPHON MaTpHIbL. TeMneparypa KpUCTauTH3aliu
JUISL BCeX UCClieoBaHHbIX 00pa3uoB Obuia paBHa 120 °C. C yBelnueHHEeM KOJINYEeCTBa I'UIPOKCUIA
QIIOMUHUS HaOTI0AJIOCh yMEHBIIICHUE 3HAYEHUS yIeTbHOTO0 00beMa 1, COOTBETCTBEHHO, YBEJINUCHHUE
niotHocTH. Ha ocHOBe ypaBHeHHS KoimoropoBa-ABpaMu H3y4eHBI KHHETHYECKUE 3aKOHOMEPHOCTH
MN30TEPMHUUYECKON KPUCTAIUIM3ALNN UCCIIEJOBAaHHBIX KOMIIO3UTOB U ONMCAaH MEXaHU3M (POPMHUPOBAHUS
KPUCTAJUIMYECKUX CTPYKTYP B 3aBUCHMOCTH OT COJEP)KaHUS BBEICHHOI'O HAIOJTHUTEN I B COCTaBe

PaHAO0M COIIOJIMMEPA NOJIUITPOITHIICHA.
KuaroueBnble ciioBa: TUAPOKCUI aJIIOMUHUS, PAHAOM CONOJIHUMEDP MOJUIIPOINIICHA, TCXHOJIOIN4YECKag

no0aBKa, aHTUIHPEH, TUAPOKCH MeTalla, KPUCTAJUTH3aIs, YACTbHBIH 00heM, ypaBHEeHHE ABpaMH,

CBOOOIIHEIN yACTBHBIN 00BEM, TIIIOTHOCTD.
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Introduction

The most widely used modifying additives in plastics include zinc stearate and calcium stearate
[1-3]. Fatty acid salts are often added to polymers as processing aids. The metallic stearates (zinc stearate,
calcium stearate and magnesium stearate) are multifunctional polymer additives. Currently, the share of
nanothermostabilizers containing toxic substances is strictly limited. Therefore, in recent years, there
has been a significant increase in interest in the use of non-toxic stabilizers such as zinc stearate and
calcium stearate. Ca and Zn soap salts are non-toxic and environmentally friendly thermal stabilizers
for polymeric materials. In addition, calcium and zinc stearate-based stabilizers contain fatty acids,
which gives these thermal stabilizers good lubricating properties, ensuring good processability of filled
polymer composites [4]. Metal stearates are also effective dispersants for inorganic fillers, resulting
in their uniform distribution throughout the polymer matrix. In all likelihood, this may be due to the
preliminary modification of the surface of the filler particles, which ensures their high compatibility
with the hydrophobic polymer matrix [5].

The ability of polymer composites to crystallize and form a segregated crystalline structure is of
great scientific and applied significance. Isothermal crystallization of a polymer from a melt to a solid
state is a first-order phase transition. A comprehensive study of the crystallization regularities of polymer
composites plays an important role in understanding the processes occurring in the polymer matrix
during cooling of the product in a mold or calibrating nozzle during injection molding and extrusion. For
the efficient and rational use of polymer products in various areas of industry, it is necessary to properly
manage the processes of their processing and cooling, i.e. crystallization from the melt. Numerous
studies conducted in this direction show that the concentration of filler in the polymer matrix plays a
key role in the regularity of measuring their main physical and mechanical characteristics. For example,
in polymeric materials, aluminum hydroxide in composites is widely used as a filler, since it exhibits
flame retardant properties while simultaneously suppressing smoke and flame as a result of the release
of water vapor [6—10]. In this regard, it seemed interesting to study the effect of aluminum hydroxide
concentration on the crystallization processes of composites based on polypropylene random copolymer
(PP-R) in the presence of various technological additives [11]. In this study, in order to improve the
dispersion of AI(OH); in the PP-R matrix and the effectiveness of its effect on properties, it was physically
mixed with the technological additive LIBAID T-2, which is known to be a mixture of metallic soap of
fatty acid and amide. The crystallization process of PP-R/LIBAID T-2/A1(OH); based composites was
investigated using the stepwise dilatometry method, and the kinetics of isothermal crystallization was

studied using the Kolmogorov-Avrami equation.

Experimental

Materials

The object of the study was PP-R of the Topilene® R200P brand (HYOSUNG CHEMICAL
CORPORATION) with a melt index of 0.2 g/10 min (temperature = 230 °C, load = 2.16 kg).

— 370 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 368-380

Volume Density (%)
N o
I ]

0 R R B | S Sl £ I 3 B T i B R LS T UL L | PR TR i 5 1 Ui B S |
001 01 10 100 1000 1,0000 10,0000

Size Classes (um)

Fig. 1. Particle size of aluminum hydroxide used in study

Aluminum hydroxide was used as a filler. The particle size of aluminum hydroxide was: Dv (10) =
0.0197 um, Dv (50) = 0.0559 um, Dv (90) = 0.159 um (Fig. 1). The particle size of aluminum hydroxide
was assessed using a laser particle size analyzer Mastersizer 3000 (Malvern Instruments, England)
with a measurement range from 0.01 to 3500 pm.

The processing aid used was LIBAID T-2 (Liberty Chemicals), a blend of fatty acid metal soap
and amide. It is used for uniform dispersion of AI(OH); in a polymer matrix. LIBAID T-2 has sites
in its structure that are accessible for the formation of hydrogen bonds and can therefore act as a
physical coupling agent between the polymer matrix and filler particles. This circumstance allows
LIBAID T-2 to be considered as an effective dispersing agent for highly filled systems, resulting in a
more uniform and homogeneous mixture. LIBAID T-2 has the following characteristics: appearance —
creamish powder, melting point — 100—105 °C, flash point > 300 °C. The advantages of using LIBAID
T-2 in mineral filled polyolefin compounds include improved melt flow at processing temperatures and

homogeneity of filler distribution.

Preparation and composition of the studied composites

PP-R/ LIBAID T-2/A1(OH); based polymer composite materials were obtained by mixing the
components on laboratory rollers (small roller of type No. 58 of the Kostroma plant) at a temperature of
160 °C within 8—10 minutes. The mixing of the components was carried out in stages. The LIBAID T-2
was added to the melt of the polymer, and then the filler. At a pressing temperature of 180 °C (P-483
brand hydraulic press), plates were molded, from which the corresponding samples were cut out for

testing. Table 1 lists the amounts of components in each sample.

Characterization

Dilatometric study of composites

The study of the dilatometric characteristics of the composites was carried out in the process of
stepwise cooling in the temperature range from 180 °C to room temperature and a load of 5.3 kg on an
IIRT-1 device converted into a dilatometer. The principle of the method is to measure the regularity
of change in the volume of materials depending on temperature. The dilatometric method of analysis

is a highly accurate and sensitive method for assessing the first-order phase transition and the kinetic
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Table 1. Identification and formulations of all prepared samples

Sample code PP-R (wt.%) Al(OH); (Wwt.%) LIBAID T-2 (wt.%)

PL 99 - 1
PLA, 98 1 1
PLA; 96 3 1
PLA; 94 5 1
PLA, 89 10 1
PLA,, 79 20 1
PLAz 69 30 1
PLAj, 49 50 1

regularities of crystallization in the Kolmogorov — Avrami coordinates. Analysis of crystallization

kinetics was carried out based on the methods proposed in the works of [12, 13].

Differential Scanning Calorimetry (DSC)

DSC of samples was performed using STA 6000 Simultanecous Thermal Analyzer, by Perkin

Elmer. At all stages, the rate change in temperature was constant at 10 °C/min.

Result and Discussion

In general, polymer crystallization is divided into two parts: primary and secondary crystallization.
Primary crystallizationincludes the formation of nucleation centers and the growth of crystalline formations
with the formation of primary spherulitic or lamellar crystals with characteristic through chains in the
amorphous interspherulitic phase [14]. Primary crystallization always occurs in the amorphous phase,
secondary crystallization occurs in the crystalline superstructure, where crystal growth is disrupted by
adjacent primary plates [15]. The main part of industrial polyolefins are semi-crystalline polymers. When
semicrystalline polymer material is cooled from the melt, crystalline superstructures are formed due to a
shift in the equilibrium between the amorphous and crystalline phases.

The introduction of fillers into the polymer matrix is an effective way to change the ability of
the polymer matrix to crystallize. It should be noted that the adhesive contact of the polymer with
the surface of the filler particles plays an exceptional role in changing the crystallization regularities
of polymer composites. Moreover, the influence of the content, size and shape of the filler particles
on the crystallization process is quite significant. The crystallization process is also influenced by
factors such as cooling rate and interphase interaction between polymer and filler. Due to the large
specific surface area, nanosized filler particles can significantly influence the degree of crystallinity
of polymers and the mechanism of heterogeneous and homogeneous nucleation. The process of
nucleation in semicrystalline polymers in the presence of nanofiller affects the structure and properties
of nanocomposites. The physical and mechanical properties of semicrystalline polymers depend on the
morphological features of the formed crystalline structure and, to a large extent, on the mechanism and
degree of crystallization.

The dilatometric research method allows obtaining information about the glass transition

temperature of composites, specific free and occupied volume depending on the temperature and filler
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content. There are several methods for studying crystallization, including dilatometry, differential
scanning calorimetry, and X-ray diffraction. The versatility of dilatometric analysis lies in the
application of this method to perform analytical tasks on the characterization of composite materials and
is therefore widely used in materials science. Dilatometry is a relatively simple method that can be used
to determine phase transition temperatures. When a material undergoes a first-order phase transition,
the lattice structure changes and this is, in principle, accompanied by a sharp jump in the change in
the specific volume of the sample. The dependence of the specific volume of polymers on temperature
is especially often used for numerical modeling and control of the injection molding process. In this
study, the specific volume of the composites was measured at different temperatures from 180 °C to
room temperature. As a result of crystallization, graphs of the dependence of the specific volume on
the temperature of composite materials depending on the filler content were constructed, which are
presented in Fig. 2. The dilatometric curve allows one to determine the crystallization temperature,
glass transition temperature and specific volume in the temperature range of 180 °C —room temperature.
Comparison of the specific volume values of PP-R / LIBAID T-2 / AI(OH); composite mixtures with
different A1(OH); contents shows that the specific volume decreases with an increase in the amount of
aluminum hydroxide in the composite, i.e., there is an increase in the density of the sample (Table 2).
The crystallization process of semi-crystalline polyolefins involves nucleation and crystal growth.
It is known that in the process of crystallization of polyolefins, along with the formation of primary
crystalline formations, crystal defects occur, which to a certain extent excludes the formation of 100 %
crystallinity [16]. The formation of crystal defects and interspherulitic regions together contributes
to the formation of an amorphous region based on through chains connecting adjacent spherulitic
structures. In short, the segregated structure of polyolefins is divided into amorphous and crystalline
components, each of which plays a significant role in changing their basic physical-mechanical and

physical-chemical characteristics. The role of the segregated structure becomes even more noticeable
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Fig. 2. Dependence of specific volume on temperature for PP-R/LIBAID T-2/A1(OH)3 based composites
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Table 2. Some crystallization parameters of PP-R/LIBAID T-2/A1(OH); based composites

Sample code crystallization ({))nset glass transiti(:n density at room .
temperature, °C temperature, °C temperature, g-cm

PL 120 -26 0.8983
PLA, 120 -20 0.9108
PLA; 120 -18 0.9145
PLA; 120 -16 0.9283
PLAo 120 -16 0.9632
PLAy 120 -14 1.0284
PLA;, 120 4 1.1008
PLAs, 120 12 1.2897

when introducing various types of mineral fillers into the composition of polyolefins. The process of
polymer crystallization always begins with the formation of nuclei of a new phase, which, depending on
the composition, structure and phase state of the polymer melt, can be homogeneous and heterogeneous.
In this case, aluminum hydroxide acts as a heterogeneous nucleating agent, influencing the formation
of the crystalline structure and properties of the polyolefin.

Table 2 presents the results of a study of the influence of aluminum hydroxide content on density,
first-order phase transition temperature, and glass transition temperature, which characterizes the
second-order phase transition. From a comparative analysis of the data presented in this table, it is clear
that the crystallization onset temperature does not undergo any changes and remains within 120 °C.

Polymer crystallization occurs during a typical first-order phase transition, and its kinetics
describes the mechanism of nucleation, growth, and slowing down of the formation of crystalline
structures [17]. Primary crystallization is initiated in the melt of the polymer matrix by fixing nucleation
centers from small macrosegments located parallel to each other. From these centers, further growth of
crystalline structures occurs with the formation of a 3-D spherulite structure. As crystallization time
progresses and the size of the spherulites increases, a volumetric effect begins to appear, according
to which interspherulite amorphous regions are formed, limiting further improvement and growth
of crystals [18]. In this case, a noticeable slowdown in the crystallization process is felt. The use
of mineral fillers contributes to the formation of heterogeneous centers along with the formation of
homogeneous nucleation centers. An increase in the total number of nucleation centers leads to the
formation of a fine-spherulitic supramolecular structure.

One of the important characteristics of polymer composites is the glass transition temperature,
which varies significantly depending on the content of the introduced filler. Its value determines the
lower limit of the temperature range for the application of polymeric materials. The degree of its
change in the presence of a filler indicates the level of interaction of the matrix polymer with the
surface of solid particles. The glass transition temperature of the composites was determined from
the intersection point of the upper and lower branches of the dilatometric curves (Fig. 2). The glass
transition temperature of composites is directly related to the segmental mobility of macrosegments
in crystalline and amorphous structural units. The lower the T, value, the higher the conformational

mobility of the polymer macrosegments. An increase in the concentration of filler particles leads to a
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decrease in the conformational mobility of macrosegments with a subsequent increase in T, due to the
formation of adhesive contact with the filler particles. According to the data presented in Table 2, with
an increase in the content of aluminum hydroxide in the composite, an increase in T, is observed, i.e.
a shift in the value of this indicator from —26 to +12 °C is observed.

As can be seen from Fig. 2, when extrapolating the dilatometric curve to absolute zero (—273 °C),
the occupied specific volume is recorded on the ordinate. Thus, knowing the specific volume at any
temperature and the occupied volume of the sample, it is possible to determine the free volume from
the difference between these indicators. The specific “free volume” V¢ is calculated using the equation
Vi=V,;-V,, where V, is the “occupied” specific volume [12].

Fig. 3 shows the dependence of the free specific volume on temperature for composites based on
PP-R/LIBAID T-2/A1(OH); in the temperature range from 180 °C to —273 °C (0 K). As can be seen
from the figure, the “free” specific volume decreases with an increase in the amount of filler in both
the viscous flow and post-crystallization states.

Our dilatometric and calorimetric results complement each other, thus revealing the molecular
interaction between PP-R and AI(OH);. Phase transitions are processes in which changes in
thermodynamic functions (enthalpy, volume) occur in a system. Thermodynamic characteristics of the
composites (enthalpy, melting temperatures) were measured using a differential scanning calorimeter
at a heating rate of 10 °C/min. The melting temperature (T,,) of a semicrystalline polymer is related
to the thickness of the crystal plates. The melting behaviors of the PLAs and PLAs, composites is
shown in Fig. 4. As can be seen this figure, the melting of PLAs reaches a peak at a temperature of
146.40 °C. The enthalpy of melting of PLAs is 68.7304 J/g. Depending on the composition of the
composite, a significant change in the values of the melting enthalpy is observed. When 50 wt% of
aluminum hydroxide is introduced into PP-R, significant changes occur on the thermogram: the shape
of the melting peak changes somewhat, and the melting enthalpy decreases. With an increase in the
content of aluminum hydroxide in the mixture from 5 to 50 wt%, the value of AH,, decreases from
68.7304 J/g to 34.1302 J/g. As follows from the data in Fig. 4, the melting enthalpy of the studied
composites decreases with increasing filler content. According to the data presented in Fig. 4, the

Vi, em’-g
0.2 1
0.1
0 T 7 T T - T N T .
273 -250 -200 -150 -100 -50 0 50 100 150 200 T,°C

*PL -~ PLA, PLA; PLAs -0-PLAjy 4 PLAy —2PLAs —-PLAs
Fig. 3. Dependence of free specific volume on temperature for PP-R/LIBAID T-2/A1(OH); based composites
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Fig. 4. DSC of composites based of PLAs (a) and PLAs, (b)

addition of aluminum hydroxide contributes to some broadening of the melting peaks. At the same
time, practically without affecting the melting temperature, it leads to a decrease in the enthalpy of
melting. The enthalpy of melting characterizes the amount of energy spent on the transition of the
crystalline phase to the amorphous one. Increasing the proportion of aluminum hydroxide in the
composite helps to reduce the enthalpy of melting and, accordingly, the degree of crystallinity [19].
Thus, a decrease in the values of the enthalpy of melting indicates a decrease in the mobility of polymer
macromolecules due to the interaction of macrosegments with the filler surface.

It is obvious that the description of crystallization kinetics is necessary in order to have a more
complete understanding of the morphology of the composite material depending on the filler content.
One of the most frequently used models for describing the crystallization kinetics of polymers, metals
and glasses is the Kolmogorov-Avrami equation for both isothermal and non-isothermal experimental
conditions [20]. The main assumptions of this model are that phase transformation occurs during
the growth of crystalline formations with the continuous formation of crystallization centers. The
overall kinetics of isothermal melt-crystallization of PP-R / LIBAID T-2 / AI(OH); was analyzed using
the Kolmogorov-Avrami equation. This equation is widely used to study the kinetics of isothermal
crystallization and to analyze the mechanism of formation and growth of crystalline structural units in
the polymer volume. Equation (1) is the standard way to describe the traditional Kolmogorov-Avrami

model:
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n

P (1)
where ¢ is the part of the polymer that has not yet undergone transformation into the crystalline
phase; K is the generalized constant of crystal nucleation and growth; the value for n depends on
the crystallization mechanism and lies usually in the range of an integer number between 1 and 4, is
defined as the tangent of the angle of inclination of the curve to the abscissa axis and depends on the
mechanism of nucleation and the shape of growing crystals in the composites under consideration.
This is an indicator, the value of which depends on the mechanism of nucleation and the form of crystal
growth during the continuous formation of homogeneous and heterogeneous nucleation centers. It is
quite obvious that at a filler concentration above 1.0 wt% the role of heterogeneous nucleation centers
in changing the crystallization mechanism will increase.

To obtain a linear function, the Kolmogorov-Avrami equation (1) can be transformed into the

following equation after taking the double logarithm:
lg(-lnp)=1gK +nlgr )

Fig. 5 shows the crystallization isotherms of composites depending on the filler content. Analyzing
the curves in this figure, one can notice that with an increase in the content of aluminum hydroxide, the
slope of the curves decreases.

A decrease in the slope of the curves clearly indicates a decrease in the rate of crystallization
and, accordingly, a change in the mechanism of formation of crystalline structural formations. This
is explained by the fact that with an increase in the filler content, the viscosity and density of the melt
increases, as a result of which the crystallization processes slow down. For example, for the initial PL
the value of n is equal to 3.75, and for composites with 1.0 and 3.0 wt.% Al(OH); content the value
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Fig. 5. Kinetic regularities of crystallization of PP-R/ LIBAID T-2 /AI(OH); based composites in logarithmic
Avrami coordinates in the region of the first order phase transition
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Table 3. Effect of AI(OH); content on crystallization rate constants of PP-R based composites

PL PLA, PLA, PLA; PLA PLA, PLAs, PLAs,
K 15 1.6 1.8 2.0 24 25 29 37
n 375 371 3.52 2.25 2.01 172 1.51 1.38

of n is respectively equal to 3.71 and 3.52, which in all three cases corresponds to the volumetric
spherulitic type of crystal growth with continuous formation of nucleation centers. When introducing
5.0, the value of the n indicator decreases to 2.25, when introducing 10 wt.% it becomes equal to 2.0,
according to which it can be stated that the crystal growth type in these samples is lamellar. With
a further increase in the filler content within 20-50 wt.%, the value of n becomes even smaller and
changes in the range of 1.72—1.38, which corresponds to the simplest linear type of crystal growth with
the continuous formation of crystallization centers. Below in Table 3 are the results of the study of the
influence of the AI(OH); content on the change in the values of K and n in composites based on PP-R.

By substituting the obtained values of K and »n into equation (2), the following equations can be
obtained depending on the content of AI(OH);:

lg(-Ing) =—1.5 + 3.751gt PL

lg(~Ingp) =-1.6 + 3.711gt PLA,

lg(~Ingp) = 1.8 + 3.521gT PLA;

lg(—Ing) =—-2.0 + 2.251gt PLA;

lg(~Inp) =-2.4 + 2.011gt PLA o

lg(—Ine) = -2.5 + 1.721gt PLA,,

lg(—Inp) =-2.9 + 1.511gt PLA;3,

lg(~Ingp) =-3.7 + 1.38lgt PLAs,

From the given equations it follows that, given the isothermal crystallization time in seconds (7),

it is possible to determine the proportion of the crystallized composite.

Conclusions

In the process of stepwise dilatometry, the influence of the content of nanosized AI(OH); on the
crystallization regularity of nanocomposites depending on temperature was established. This method
made it possible to determine phase transitions of the first and second order. The values of specific
occupied and specific free volume depending on temperature were determined. It is shown that with
an increase in the filler content, nanoparticles are embedded into the free volume in the interspherulitic
amorphous space. The kinetics of isothermal crystallization in Kolmogorov-Avrami coordinates was
studied. The values of K and » have been determined, allowing us to obtain reliable information about

the crystallization mechanism of nanocomposites depending on the content of the nanofiller.
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Abstract. The effect of the alkaline environment on the oxidation of glucose into gluconic acid (gluconate
ion) without the participation of a catalyst was studied by the density functional theory. It has been shown
that the solvation environment destabilizes the intermediates of the reaction and, first of all, the glucose
diolate R-CHO(OHY), the formation of which becomes unlikely. As a consequence, under real catalytic
conditions, glucose diolate should be formed on the surface of the catalyst. Destabilization of intermediates,
as well as an increase in the energy difference between the triplet and singlet states of the R-CHO(OH)™...
O, complex in the solution enhances the activation barrier in an alkaline environment to 140 kJ/mol (101
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HekaTaanTnyeckoe a’pooHOe OKHUCJIeHHE TJTIOKO3bI
B IVIIOKOHOBYI0 KHCJIOTY B IIeJIOYHOM cpeje:

TCOPETUYECCKOEC MOACIUPOBAHMEC

A.M. lllop, B. A. Hacay3os, E. A. UBanoBa-Illop
Hnemumym xumuu u xumuuecxou mexronocuu CO PAH,
QU] «Kpacnoapckui nayunviid yeump CO PAH»
Poccuiickaa ®eodepayus, Kpacnosapck

Cubupckuti ¢hedepanvHulii yHugepcumem

Poccuiickaa ®edepayus, Kpacnosapck

AHHOTauusl. BiusHNE MENT0YHOr0 OKPY)KEHU Ha OKHUCIICHUE TIIOKO3BI B TTTIOKOHOBYIO KHCIIOTY
(rurroKOHAT MOH) 6€3 yJacTHs KaTajlnu3aTopa U3yueHO METOIOM TeOpHUH (PyHKIIMOHAJIA TUIOTHOCTH.
IToka3aHo, 9TO CONBBATAIMOHHOE OKPYXKEHHE JeCTaOUIN3NPyeT HHTEPMEINAThl PEakKliMK U MPEexK e
Bcero nuoiat riaoko3sl R-CHO(OH)™, oOpa3oBanue KOTOPOro CTAHOBUTCS MaJloBepOsITHBIM. Kak
CJIEZICTBHE, B PEaJIbHBIX KaTAJUTUYSCKUX YCIOBUSIX IUOJIAT TIIFOKO3bl 00pa3yeTcst Ha IOBEPXHOCTH
Karajnu3aTopa. Jlecrabminzanns HHTEpPMEeINaToB, a TAKXKE YBEINYEHUE B PACTBOPE SHEPreTHUECKOM
PA3HOCTH MEXY TPUIIJIETHBIM M CHHTIIETHBIM cocTOsiHUSIME KomIutekca R-CHO(OH)™...O,, noBkImaer
AKTHBAIMOHHBINA Oapbep B MeT09HOM OKpyxkeHnn a0 140 kJx/moib (101 xIk/Mob B ra30Boi (ase).
W3 nBYX M3y4eHHBIX (AaKTOPOB — HECTAOUIBHOCTH JIMOJIATA IIFOKO3bI U BBICOKOT'O aKTHBALIMOHHOTO
Gapbepa — mepBbIil (AaKTOp UT'PACT PELIAIOIIYIO POJIh B IPEMATCTBOBAaHNU POTEKAHHUIO PEAKLIUH

B pacTBOpE.

KuarwueBble cjoBa: TJIFOKO3a, TJIFOKOHOBAs KUCJI0Ta, INTIOKOHAT, HICJIOYHOC OKPYIXKEHUC, MECTO

q)yHKLII/IOHaJ'Ia IIJIOTHOCTH.

Buaaronapuoctu. Pabota BbInosHeHa B paMKax IPOEKTa rocynapcTBeHHoro 3axanus Ne FWES-2021—
0012 MucTuTyTa XuMuu 1 xumudeckoit rexuosnoruu CO PAH. ABropsl Onarogapst Cubupckuii

cynepkomibiotepHsiii ieHTp CO PAH (1. HoBocnOmpck) 3a mpeocTaBieHHbIE BEIYUCIUTEIBHBIE PECYPCHI.

Hutuposanue: lllop A.M., Haciy3os B. A., IBanoa-11lop E. A. Hekatanutuueckoe aspoOHOE OKUCICHUE IITFOKO3BI B ITTIOKOHOBY O
KHUCJIOTY B LICTIOYHOH cpefe: TeopeTnyeckoe moaenuposanue. JXKypH. Cub. dpenep. yH-ta. Xumus, 2025, 18(3). C. 381-391.
EDN: KGJUNA

Introduction

Glucose (G) is the most common natural monosaccharide [1], obtained in industrial conditions
by hydrolysis of cellulose [2]. Gluconic acid (GA), which results from the oxidation of glucose [3], is
an important intermediate used in the chemical, food, pharmaceutical and light industries [4-6]. At
present, GA is produced primarily by biochemical oxidation using bacteria or enzymes [7]. As an
alternative to this approach, chemical (catalytic) methods for the production of GA are being developed
using metal nanoparticles such as Pt, Pd and Au [8, 9]. Although G can be easily converted to GA

— 382 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 381-391

in aqueous solution, the efficiency and stability of catalysts increases significantly under alkaline
conditions [7]

Since the aldehyde -CHO group of glucose participates in the formation of GA in an alkaline
environment, the generally accepted reaction mechanism is largely similar to the mechanism of
aldehyde oxidation. That is, being in an alkaline solution, the —CHO group of glucose is subjected
to a nucleophilic attack of the hydroxide ion (OH™) with the formation of a deprotonated geminal
diol -diolate, (R-CHO(OH)"), GOH™ [10, 11], which in turn is adsorbed on the catalyst surface. The
gluconate ion (Gnt™) acting as a product of the reaction is formed as a result of either oxidative
dehydrogenation [12, 13] or direct interaction of GA™ with adsorbed oxygen [10, 14]. In both cases,
depending on the form in which oxygen is present on the surface of the metal particle — molecular or
dissociative — the additional product of the reaction is either H,O, or H,O [11].

Despite the rather long history of studying the process of obtaining GA (GA”) in an alkaline
environment, the details of the reaction mechanism remain poorly understood. Thus, it is usually
assumed that diolate spontaneously forms in solution. However, this intermediate is in most cases an
unstable compound, and its determination in a reaction medium is difficult [15]. Theoretical calculations
can make a significant contribution to the understanding of this process. However, to the best of our
knowledge, the theoretical works mainly concern the electrocatalytic oxidation of glucose both in
cyclic (pyranose) [16-18] and open form (G) [19, 20]. Therefore, this work aims to fill the existing gap
in the theoretical consideration of the oxidation of G in an alkaline environment. Since this reaction is
assumed to take place not only on the surface of the catalyst, but also in solution, our goal was to study
the effect of a aqua-alkaline solution on the formation of intermediates and the course of the reaction

without the participation of catalyst.

Computational Details

Quantum-mechanical calculations of the studied complexes were performed with the linear
combination of the Gaussian-type orbitals fitting function (LCGTO-FF) density functional method
[21] implemented in the program package PARAGAUss [22], using the meta-generalized gradient
approximation (meta-GGA) functional of Tao, Perdew, Staroverov, and Scuseria (TPSS) [23] for the
exchange-correlation (XC) energy. The choice of the TPSS XC functional was due to its nonempirical
nature and its ability to accurately describe weakly bound systems without applying empirical variance
corrections [24]. To describe the Kohn—Sham orbitals, full-electron Gaussian-type basis sets of triple
zeta quality with diffuse functions were used, (6slp/4slp) for H [25] and (9s5pld/5s4pld) for O and C
[25, 26]. The auxiliary basis set used in the LCGTO-FF method to represent the electron charge density
for calculating the classical Coulomb term of the electron—electron interaction was constructed by a
standard procedure [21]. Calculations of complexes with closed electron shells were performed on
spin-restricted level. The molecular oxygen and its complexes with glucose diolate GOH™, as well as
the complex of gluconate ion with H,O,, were calculated on a spin-unrestricted level both in singlet
and triplet electronic configurations. Structural optimization of all complexes was carried out without
taking into account any geometrical constraints. Binding energies were calculated taking into account
the basis sets superposition error [27] on the equilibrium geometries of the complexes in the gas phase.
To evaluate transition states, the «string» method [28] implemented in the ParaTools package [29] was

used. The wave functions of free O, and its complexes in open shell singlet configuration were found
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to be contaminated with triplet wave functions. As a result, the {S2) for such systems is equal 1 instead
of 0. To eliminate the contribution of triplet states the approximate spin-projection method [30] was
applied. The corrected singlet open shell energies were estimated by carrying out single point energy
calculations.

The solvent effect was taken into account using the C-PCM polarizable continuum model — the
variant of conductor-like screening model COSMO [31] implemented in PARAGAUSS [32]. For the
relative dielectric constant of water — alkaline environment, a value of 78.54 was chosen.

Gibbs free energies of reactions in solution, AG,", were derived from thermodynamic cycles [33]
and were evaluated as the addition of the free hydration energy, AGy, of each particle involved in the

reaction to the corresponding free energy in the gas phase
AG{ = AG," + AGy @

In turn, Gibbs free energies of the complexes in the gas phase, AG,’, were calculated taking into
account the zero-point energy correction and thermodynamic correction at 298 K estimated from the
analysis of normal vibrational modes. Since AG,® corresponds to the ideal gas state at 1 atm and 298
K (24.46 1/mol), but in solution the standard state corresponds to IM (1 mol/l), AGy", the AG,’ values
were adjusted to 1M

AG, = AG,’ + AG*™" @

In the gas phase, the correction term, AG°~", is equal to RT/n(24.46) = 7.9 kJ/mol [34].

Results and discussion

The reaction modeled in the paper consists of two steps. The first involves the attachment of a
free hydroxyl group to the aldehyde group of glucose in open form (G), which leads to the formation
of deprotonated geminal diol (diolate) (GOH"):

R-HCOH-CHO + OH™ — R-HCOH-CHO(OH)~ 3)

At the second stage, GOH™ interacts with molecular oxygen to form gluconate ion (Gnt™) and
hydrogen peroxide:

R-HOCH-CHO(OH)™ + O, — R-HCOH-COO~ + H,0, “)

The structures of the open form of glucose (B isomer), as well as the GOH™, are shown in Fig.
1. Calculations show that GOH™ can exist in two forms. In the first of them (Fig. 1b), the aldehyde
group —CHO is transformed into the group —CHO(OH), 1GOH™. However, in this case, oxygen Ol
becomes coordinatively unsaturated. As a result, a proton from the neighboring -C202H group can
migrates to this atom, which leads to the formation of a end group with two hydroxyls (-CH(OH),),
2GOH™ (Fig. 1c). The possibility of proton transfer from the hydroxyl group coordinated on the
carbon atom C3 cannot be excluded either. In the gas phase, both forms of GOH™ are close in
energy. The Gibbs free energy difference does not exceed 0.6 kJ/mol with a slight energy advantage
of the 1IGOH™ isomer (Table 1). In solution, the difference in free energies increases to 3.7 kJ/mol.
Both forms of GOH™ are separated by a relatively small energy barrier that is independent of the
environment (22.0-22.4 kJ/mol).
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Fig. 1. The calculated structures of glucose (G) in the open form (a) and its two hydrogenated anionic forms
(deprotonated geminal diols): 1IGOH™ (b) and 2GOH™ (c)

Table 1. Relative electron energies (4E) and Gibbs free energies (relative to the total energies of the initial
reagents) in the gas phase (4G,’) and aqua-alkaline solution (4G;") of reactants, intermediates and products of the
glucose oxidation reaction, as well as the energy barriers of the reaction in the gas phase (44G,°) and the alkaline
environment (44G;")

Reagents, intermediates and Designation AE 4G 4G AAG.O AAG,
products € €

R-HCOH-CHO + OH™ + O, (G) 0.0 0.0 0.0

R-HCOH-CHO(OH)™ + O, (1GOH") -313.0 -261.4 13.5 22.0 22.4
R-HCO-CH(OH),™ + O, (2GOH") -311.9 -260.8 17.2
[R-CHOH-CHO(OH)]"...0,* (I1GOH"...0,) | -305.1 -223.8 57.8 63.6 82.8
[R-CHOH-CHOO]"...H,0," (Gnt™...H,0,) -538.1 -450.0 -175.8

[R-CHOH-CHOO]™ + H,0, (Gnt") -456.4 -415.0 -187.7

® The complex of the deprotonated germinal diol with O, (Fig. 4a); ® the complex of the gluconate ion with H,O, (Fig. 4b).

The formation of a geminal diol or diolate, as in our case, in an aquatic or alkaline environment, as
an initial intermediate in the process of glucose oxidation, follows one of the most likely mechanisms
proposed to describe the oxidation of aldehydes and ketones [35]. Suggesting possible mechanisms
of catalytic GA production, experimenters proceed often from the assumption that GOH™ is formed
in a alkaline environment and only then adsorbed on the catalyst surface [10—12, 14]. Indeed, in gas
phase, values of the AE and 4G,” energies of GOH™ with respect to reactants (OH™ and G) (Table

|
1) are close to the energies of —C — OH bonds in a number of alcohols and carboxylic acids [36],
|
which indicates the high stability of glucose diolate in the gas phase. However, taking into account
the solvation environment has a significant effect on the stability of the GOH™. Both diolates are
destabilized relative to reactants, as indicated by positive values of 4G,", 13.5-17.2 kJ/mol (Table 1). It
follows that in an aqua-alkaline solution, a sufficiently long existence of GOH™ is unlikely, since even
in the case of formation, it immediately decomposes into the initial reactants — G and OH™.

Considering the possibility of the formation of GOH™ in a solution, it should be pointed out that
the attack of the aldehyde group is not the only way of interaction between the G and OH™. The free

|

hydroxyl anion readily interacts with protons of glucose ~-OH and —CH groups to form the glucose
|

anion (G7) and H,O. The latter interactions play a decisive role in the isomerization of G in an alkaline
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Fig. 2. Calculated structures of deprotonated glucose (G™) complexes with H,O after the interaction of OH™ with
|

protons of -O2H (a) and —C2H (b) groups — 1G™... H,0 and 2G™... H,O, respectively
|

|
environment [37]. Thus, the interaction of OH™ with the —C2H group leads to the formation of glucose
|
enodiolate, a key intermediate in the conversion of glucose into fructose [38]. Note, in the latter
case OH™ acts as a catalyst in the glucose isomerization reaction. Fig. 2 shows the structures of the
|
complexes of glucose-water anions formed as a result of the interaction of protons of ~O2H and —C2H
|
groups with OH™ (1G™...H,0 and 2G™...H,0, respectively). As follows from the data presented in Fig.
3, both complexes are even more unstable than GOH™. However, unlike glucose diolate, which breaks
down exclusively into G and OH™, both complexes, in addition to returning to their original state,
easily lose a water molecule, which leads to the formation of isolated glucose anions (G7) in an aqua-
alkaline solution, which are metastable species. Thus, the G™... H,O complexes can be considered as

activation complexes of deprotonation reactions:
R-HCOH-CHO + OH™ — R-HCO-CHO™ + H,O )

R-HCOH-CHO + OH~ — R-COH-CHO™ + H,0 ©).

Thus, the calculated data show, the existence of GOH™ in an alkaline environment is unlikely,

both due to the intrinsic instability of this anion and due to competition from deprotonation reactions

150
100+

-50+4

AG, kJ/mol

-100-
-150-

-187,7
-200- Gnt™..H,0, Gnt™+H,0,

Fig. 3. Free energy diagram corresponding to an oxidation of G to gluconic acid (GA) in aqua-alkaline solution.
Blue numbers — AG;" relative to initial reagents, red number — 44G,” relative to 1IGOH™...0,. The maximum
on the graph corresponds to the minimum energy crossing point (MECP) between singlet and triplet potential
energy surfaces (PES)
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leading to the formation of glucose anions. Hence, it is quite reasonable to conclude, in the presence of
a metal catalyst GOH™ is more likely to be formed on its surface, as a result of the joint adsorption of
glucose and the hydroxyl group. The low probability of the existence of GOH™ in the reaction medium
should undoubtedly prevent the reaction from taking place in solution.

As already mentioned, in the second step of the oxidation reaction, GOH™ interacts with molecular
oxygen. Since there are no fundamental differences in the data obtained using 1IGOH™ and 2GOH~
isomers, IGOH™ was used in further consideration of the reaction. Already electron energies in the gas
phase indicate (Table 1) that the most stable complex IGOH™... O, (Fig. 4a) has the triplet electronic
state (C1GOH™... O,) and is unstable with respect to free glucose diolate and O, (4E = 7.9 kJ/mol).
Switching to the Gibbs free energy scale increases the instability of the complex to 37.6 kJ/mol. Taking
into account the solvation effect does not affect the stability of this complex as significantly as it is
observed in the case of GOH™. In an alkaline environment, the instability of 31GOH"...0, increases
by only 6.7 kJ/mol (Table 1, Fig. 3). The fragility of the complex is also indicated by a number of its
structural parameters. For example, in a solution, the length of the O-O bond in an oxygen molecule
(125 pm) is only 1 pm longer than in a free O,. In turn, the intermolecular O—H distances exceed 220
pm, which clearly do not correspond to any more or less strong chemical bond (Fig, 4a). Note that
although the stability of *IGOH™...0, in the gas phase increases slightly, this is reflected both in the
intermolecular O—H distances, which become shorter by 14-23 pm, and in the length of the O—O bond.
The latter increases by 2 pm (Fig, 4a).

Unlike the 31GOH™...0, complex, the complex of gluconate with hydrogen peroxide (Gnt™...
H,0,) (Fig. 4b) is the most stable in the gas phase intermediate in the reaction pathway. With respect
to the initial reactants, its 4G’ is equal to —450.0 kJ/mol, and with respect to the reaction products
(Gnt™ and H,0,) 4G, is equal to —35.0 kJ/mol (Table 1). Despite this, in the solution, the Gnt™...H,0,
complex becomes unstable with respect to the reaction products, AG," = 11.9 kJ/mol (Fig. 3).

To calculate the IGOH™...0, — Gnt™...H,0, reaction step, it should be taken into account that at
this step there is a change in the spin configuration of the system under study from triplet (1GOH™...
0,) to singlet (Gnt™...H,0,) states. Structural characteristics of IGOH™...0, in triplet (1GOH™...0,)
and singlet ("1GOH™...0,) states differ slightly. However, energetically, '1GOH™...0, at 60.4 kJ/mol
in the gas phase and 82.5 kJ/mol in solution is less stable than 31IGOH™...0,. It is reasonable to assume
that the singlet-triplet splitting (4E(S-7)) in 1GOH™...0, is determined by the strength of a given
complex and, as a result, by the stretching of the O—O bond in the oxygen molecule. The longer the
bond in O,, the smaller the 4E(S-T), as observed in the gas phase. In contrast to 1IGOH™...0,, the

Fig. 4. The calculated structures of the complexes 1IGOH™ with O, (a) and gluconate (Gnt™) with H,O, (b) —
31GOH™... 05 and Gnt™ ... H,0,, respectively. The intermolecular distances presented are in pm. The data in
parentheses refer to the gas phase complex
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Fig. 5. Energy profiles of IGOH™ + O, interactions in an aqua-alkaline environment along the reaction pathway
on the singlet PES (red line) and along the projection of this path on the triplet PES (black line). The free energy
of 31GOH™...0, is taken as a reference point

singlet configuration is the ground state of the resulting Gnt™...H,0, complex. Stability of 3Gnt™...
H,0; is lower by 156.0 kJ/mol both in the gas phase and in the solution. It should also be noted, in
3Gnt™...H,0, hydrogen peroxide decays into two OH= radicals, with the O—O distance of 196 pm.

Since the ground state position of 1IGOH™...0, on the singlet potential energy surface (PES) is
higher than on the triplet PES, and the ground state position of 'Gnt™...H,0, is significantly lower
than 3Gnt™...H,0,, then there must be an intersection of the singlet and triplet PES’s. The transfer
from triplet reaction pathway to singlet one occurs at the minimum energy crossing point (MECP)
lying on the intersection line. Since no gradients of the energies corrected by spin projection method of
spin contaminated complexes in singlet state were calculated the approximate location of the MECP
was detected during the motion on the singlet PES alone the reaction pathway between the structural
configurations corresponding to *1GOH™...0, and 'Gnt™...H,0, and subsequent projection of the
obtained pathway onto triplet PES.

The calculated energy profiles in an alkaline environment are shown in Fig. 5. A similar picture
is observed for the gas phase. The calculated reaction pathway corresponds to the almost simultaneous
transfer of two hydrogen atoms from 1GOH™ to O,. As can be clearly seen, the MECP of the singlet
and triplet PES’s corresponds to the maximum on the triplet-singlet pathway. Note, structurally the
MECP calculated is not a real transition state, since it is not stationary point on the both PES’s. The
energy barrier obtained in this way (relative to 31GOH™...0,) is 63.6 kJ/mol in the gas phase and
82.8 kJ/mol in solution (Table 1, Fig. 3), i.e. it depends on the energy difference of *1IGOH™...0, and
"1GOH"...0, configurations. In the gas phase, the value of the activation barrier, calculated relative
to free IGOH™ and O,, is equal to 101.2 kJ/mol. However, relative to the initial reagents (G, OH™, O,),
the activation complex is located 160.2 kJ/mol lower. This is different from what is obtained in the case
of accounting for the solvation environment. In the latter case, the activation barrier of the reaction
calculated now relative to the initial reactants is equal to 140.6 kJ/mol (Fig. 3). The calculated barrier

is quite high, but it is unlikely that it can completely block the non-catalytic reaction in the solution.

Conclusions

Calculations performed by the density functional theory method show that taking solvation

into account has a significant effect on the energy profile of the glucose-to-gluconic acid conversion
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reaction, compared to the reaction that could take place in the gas phase. The transfer of the reaction
to an alkaline environment leads to the destabilization of the main intermediates, glucose diolate,
relative to the initial reagents, and the gluconate-hydrogen peroxide complex, relative to the reaction
products. The presence of the solvent significantly affects the height of the activation barrier, which
increases from 101.2 to 140.6 kJ/mol in an alkaline environment. It should be noted that the calculated
trends observed during the transfer of the reaction from the gas phase to an aqua-alkaline solution fully
correspond to those experimentally observed for any reactions proceeding by the ionic mechanism
[39].

The instability of glucose diolate in an alkaline environment indicates a low probability of its
formation in this environment, which should adversely affect the possibility of the reaction in solution.
An additional, but no less important, factor affecting the formation of glucose diolate in an alkaline
environment is the processes of glucose deprotonation, leading to its subsequent isomerization or, in
the presence of oxygen, to its oxidative degradation into light acids. Increasing activation barrier in
the alkaline environment, in comparison with the gas phase data, is largely determined by two factors:
(1) transient character of glucose diolate (41G,=13.5 kJ/mol) and (2) the energy difference between the
triplet and singlet states of the diolate-O, complex, which in solution is ~20 kJ/mol higher than in the
gas phase.

Considering the factors affecting the non-catalytic pathway of gluconic acid production in an
alkaline environment, it should be noted that it is the low probability of glucose diolate formation in
the reaction medium that prevents the reaction from taking place.

Thus, the data obtained show that the effect of the catalyst on the process of glucose oxidation
is not only to lower the activation barrier, but also to stabilize the reactants and intermediates on its

surface, which otherwise might not form.
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Abstract. The concentration interval for the formation of phase-pure zinc-containing pyrochlores
based on bismuth tantalate was established. It was shown that for the Biy,(Zn,;Tay;)0,, and
Bi, 4sZn;Ta, Oy series, single-phase samples are formed at 1.575 < x(Bi) < 1.725 and 0.90 < x(Zn)
< 1.14. The cubic unit cell parameter (space group Fd-3m) for the first and second series of samples
increases from 10.5295(5) to 10.5486(5) A and from 10.5310(5) to 10.5435(5) A, respectively, following
the Wegard rule. It was shown that a significant part of Zn(II) ions is located in the bismuth position. In
all cases phase-pure pyrochlores are formed in the case of bismuth deficiency in the bismuth sublattice
by 42.5-47.5 at.% for Biy*(Zn,3Tay3) 80y, and the filling degree of the octahedral sublattice of Ta(V)
with bismuth ions is limited to 30-38 %. It was found that the deficit of bismuth ions in the bismuth
sublattice depends on the amount of zinc in the samples with the more zinc in the samples, the less
vacancy of the bismuth sublattice. The inclusion of pyrochlore with Bi;,ZnTa;,04 ideal composition
in the composite pyrochlore region and the exclusion of the Bi,Zn,;Ta, 30, monoclinic zirconolite-like
phase are confirmed. It was shown that low-porosity sintered samples are formed, while the porosity

of ceramics decreases with increasing molar ratio of n(Bi)/n(Ta) and the amount of zinc in the samples.
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Oco0ennoctu ¢pa3000pa3oBaHusA NUPOXJIOPOB
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AHHOTANHUA. YCTAHOBJICH KOHIICHTPAUMOHHBIH HHTEPBAJ (OPMUPOBAHUSA (Pa30BOUYHUCTHIX
HMHKCOJePKAUIMX TUPOXJIOPOB HA OCHOBE TaHTaliaTa BUCMYTa. [loka3aHo, 4TO sl psiJIOB
Bi2+x+3(Zn2/3Ta4/3)+8O7_y u Biy ¢sZn;.Ta, Oy omHOPa3HBIE 00pa3nbl 00pasyrores mpu 1.575<x(Bi)<1.725
n 0.90<x(Zn)<l1.14. Tlapamerp KyOuueckoii aemeHTapHol siueiiku (np.rp. Fd-3m) mist nepBoii
U BTOpOii cepuu 06pasios BozpacTaeT ot 10.5295(5) no 10.5486(5) A u ot 10.5310(5) mo 10.5435(5) A,
COOTBETCTBEHHO, OAUNHSAICH paBmiy Berapna. ITokasano, uto 3HaunTenpHas 9acTh HOHOB IuHKa(I])
pa3MeInaeTcs B MO3HUIIMH BICMYTa. Bo Bcex cirydasx (pa30BOYHCTHIC MUPOXIIOPEI 00pa3yroTCs B CIIydae
neduirTa BACMyTa B BACMYTOBO# MOJpEIeTKe HA BenmnuuHy 42.5—47.5 at.% mist Bi2+x+3(Zn2/3Ta4/3)+807_y,
a CTETICHb HATIOJTHEHUSI OKTadIPHYCCKON TToIpemeTKe TanTana( V) HOHaMH BUCMYTa O pPaHUYHUBACTCS
untepBaioM 30-38 %. [TokazaHo, 4To 1e(HUIUT HOHOB BUCMYTa B BUCMYTOBOH MOAPEIICTKE 3aBHCUT
OT KOJMYECTBa IMHKA B 00pa3nax. YCTaHOBJICHO, YTO YeM OOJbIIe IMHKA B 00pa3iax, TeM MCHBIIE
BaKaHTHOCTh BUCMYTOBOH nojipenieTku. [ToaTBepkaeHO BKIIOUYEHHE TUPOXJIOpa C UealbHbIM
coctaBoM BizpZnTas ;09 B KOMIO3UIHOHHYIO 00JIACTh MIPOXJIOPA W UCKIFOUCHHE MOHOKITHHHOHN
U PKOHOIHUTONOI00HOH (ha3sl BirZn,3Tay;0;. [lokazaHo, 4To 00pa3yrOTCss MAJOMOPHUCTHIC CIICYCHHBIC
o0pasmbl. [loprcTocTh KepaMUKH YMEHBIIASTCS ¢ YBEIIMYSHUEM MOJIBHOTO cooTHOmeHus n(Bi)/n(Ta)

Y KOJIMYECTBA IIUHKA B 00pa3iax.

K.1ioueBbIe cJ10Ba: MHPOXJIOP, TOMHMPOBAHKE LIMHKOM, (ha3000pa3oBaHne, MUKPOCTPYKTYPa, KEPaMHKa.

Iurtuposanue: Kopones P. 1., Maxkees b. A., Ilerpoa O.B., Mypasses B. A., )Kyk H. A. Ocobennoctu ¢pazoobpazoBaHus
MHPOXJIOPOB B cucteMe Bi,0;—Zn0-Ta,0s. Kypr. Cub. dpenep. yu-ta. Xumus, 2025, 18(3). C. 392—403. EDN: HTJJRC
https://elibrary.ru/htjjrc

— 393 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 392-403

1. Introduction

Synthetic pyrochlores are of intense interest to researchers due to their wide range of physical and
chemical properties. Depending on the chemical composition, pyrochlores exhibit metallic and ionic
conductivity, superconducting and ferroelectric properties [1], as well as ferro- and antiferromagnetism,
magnetoresistance, and the state of spin glass [2]. Pyrochlore-based materials are used in solid-state
devices as thin-film resistors, thermistors and communication elements, photocatalysts, and are used
as components of ceramic molds for radioactive waste. Oxide bismuth-containing pyrochlores are
promising as dielectrics for multilayer ceramic capacitors, tunable microwave dielectric components,
resonators, devices for microwave applications due to excellent dielectric properties, possibility of
regulation of dielectric properties by electric field, low sintering temperature and chemical compatibility
with fusible Ag- and Cu-conductors [3]. The crystal structure of double oxide pyrochlores is described
by the formula A,B,0; and consists of two sublattices: A,O and B,Oq [1, 4]. The octahedrons of the
B,0¢ basic structure form a vertex-bound tetrahedral framework, the voids of which contain two large
cations A and an additional atom O for each formula unit of the (BO;), framework. Relatively small B
cations (Ti(IV), Ta(V), Nb(V)) are placed in the oxygen octahedra, while large A ions (Bi(III), Pb(II),
TI(I)) are located in a polyhedron of eight oxygen atoms of the A,O and B,Og sublattices. The wide
range of cation substitutions in the A and B crystallographic positions is due to the structural flexibility
of pyrochlores caused by the tolerance of the A,O sublattice to the formation of cationic and oxygen
vacancies. Therefore, along with traditional A,B,0; pyrochlores such as A**,B*,0; and A**,B**,0;,
which cationic sublattices are homogeneous and filled with ions of the same chemical nature, mixed
A,BB’0; pyrochlores with a B,Og sublattice filled with different valence ions B and B’ are also known.
The concept of tolerance factor based on the ratio of cationic radii of ions of A,O and B, sublattices is
widely used to describe the stability of the formed compositions. According to [1] the range of rA/rB =
1.46-1.80 values for A3*,B*",0; and 1.40-2.20 for A%*,B>",0O; limits the stability of binary pyrochlores.
The proposed criterion has proved to be excellent for evaluating the preservation of the pyrochlore
structural type for binary oxide pyrochlores formed in 3+/4+ or 2+/5+ stoichiometry. Meanwhile, for
mixed pyrochlores, the stability criterion has an indirect application and does not give an understanding
of the maximum capacity of dopants in the pyrochlore cationic sublattices. Generally, the concentration
fields of mixed pyrochlores formation are currently determined experimentally, as it has been done for
pyrochlores in Bi,O;—MO,~Ta(Nb),0s (M — Co, Ni, Mn, Fe, Cu, Zn) systems [5].

Zinc-containing synthetic bismuth-based pyrochlores have attracted close attention of researchers
for several decades due to their special behavior and properties. The practical significance of zinc-
containing pyrochlores is determined by their low sintering temperature and compatibility with fusible
conductors, as well as their excellent dielectric properties [5, 6]. The Bi,0;—ZnO—Nb,0Os system was
found to contain two ternary structurally related phases: pyrochlore Bi;»Zng 9,Nbs,07_5 and monoclinic
zirconolite BiyZn,;3Nby;307 [6]. The Bi;»ZnNb;,O; composite is characterized by a high dielectric
constant about ~170, low dielectric loss of 0.0004 at 1 MHz, and a negative temperature coefficient of
capacitance (TCC) of —400 ppm/°C [6]. At temperatures below room temperature, pyrochlore exhibits
dielectric relaxation associated with polarization of the crystal lattice due to the placement of bismuth,
zinc cations on the A-positions [7]. As shown in [8], the ideal composition of Bi;,ZnNb;,0; does not
correspond to a phase-pure pyrochlore and includes an impurity of zinc oxide. The stability range

of zinc pyrochlore is characterized by a small compositional region and includes bismuth-depleted
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compositions since a significant fraction of zinc ions is distributed in the A,O sublattice position. Thereby,
Biz»Zng 9,Nb;,07_5 pyrochlore composition is denoted as (Bi 3,721 .4,)(Nb32Zng 5) O7_5 [8]. According to
[9], Bij sZnyNb, 5 nOg.5_1.5n (at N = 0.73—1.20) solid solutions are expected to be single phase at 0.8 <N
< 1.07. For such solutions dielectric permittivity varies from 147 to 165 and dielectric losses increase in
the range of 3.8-10~4-1.4-10~*. Bi,Zn,;3Nby;0- (space group C2/s) zirconolite-like phase does not exhibit
dielectric relaxation, is characterized by lower values of dielectric permittivity about ~90, dielectric loss
of 0.0004 and positive TCC of +150 ppm/°C at 1 MHz [7]. For the zirconolite-like phase stability, it is
essential that the metal cation maintains asymmetric octahedral coordination, which the Zn(II) cation,
in contrast, for instance magnesium, is capable of due to the filled Zn 3d atomic orbital [8]. The synthesis
of composites with a certain combination of these phases will allow to obtain dielectric ceramics with
practically zero value of TCC. Mixed placement of ions on two cationic sublattices is typical not only
for zinc pyrochlores, but also for pyrochlores containing Co(II), Cu(Il, I), and Mn(II) ions. Apparently,
these cations are united by such similar characteristics as large ionic radius, oxidation degree and ability
to tetrahedral coordination. For this reason, pyrochlores possessing such a feature of cation arrangement
are called misplaced-displacive cubic pyrochlores. As noted above, the misplacement of traditionally
octahedral and tetrahedral B cations in the position of large A ions is accompanied by a disruption
of the displacement in the A,O substructure to provide lower coordination for the smaller ions. The
reason for the mixed placement of transition element cations has not yet been definitively elucidated.
It was suggested in [6] that the main reason for the mixed placement of cations is the distortion of the
octahedral framework due to the presence of oxygen vacancies, atypical polyhedral environment of the
dopant, disproportionality and heterovalence of dopant ions to the B-sublattice cations. As shown in
[10], misdistribution of zinc ions is the cause of glass-like dielectric behavior or dielectric relaxation in
ceramics. In contrast to niobium pyrochlores, Bis;,ZnTasz,0- tantalum pyrochlore shows low dielectric
constant of 58 and dielectric loss of 0.0023 at 30 °C and 1 MHz, independent of temperature, and TCC of
156 ppm/°C in the range of 30-300 °C at 1 MHz [11]. The low values of tantalum pyrochlores dielectric
permittivity are attributed to the low polarizability of TaOs octahedrons and high porosity of ceramics.
Studies of the subsolidus phase diagram of the Bi,0;—Zn0O-Ta,0s system have established that the
composite region of pyrochlore has a trapezoidal shape. According to [12], the pyrochlore homogeneity
region in the phase diagram is close in size and location to the Nb,Os-based system and includes the
Bi, sZnTa, sO; ideal composition. Additional studies [13] of Biy(Zn,;3Tay3),07— (1-7)(Bi3nZny 0)(Zny 5 Tas )
07 (0 < r<I) pyrochlores in the Bi,0;—Zn0O-Ta,0s system showed that the pyrochlore phase is formed at
r<0.30 and the zirconolite phase at » > 0.74, respectively. The dielectric permittivities of the ceramics
vary from 58 to 80, and the dielectric losses are low for all samples (less than 0.003).

Previously, we determined the compositional region for the formation of nickel compositions
with pyrochlore structure [14]. In the current work it is suggested that in addition to the geometrical
criterion (tolerance factor), the critical factors in the single-phase mixed pyrochlores formation are
the presence of vacancies in the bismuth sublattice and the achievement of an average cation charge
of +8 (for A,"B,"*0; composition) or +10 (for A,"?B,"0, composition) cations average charge at the
filling of the octahedral sublattice. It is shown that the possible composition of nickel pyrochlores is
expressed by the formula BiyNij+yTas yOg_5, 0 <x <0.5,-0.10 < y < 0.14, with the bismuth sublattice
vacancy of 17-33 at.%, and the degree of substitution of Ta(V) ions by Ni(II) ions is limited to the

interval 30-38 %. In order to evaluate the correctness of the above assumption and the possibility of
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transferring the concentration range for nickel compositions to mixed pyrochlores with two-charged
cations, as well as to reveal the peculiarities of zinc pyrochlores formation, the homogeneity region
of pyrochlores formed in the Bi,0;—Zn0O-Ta,05 system was investigated. The Zn(II) ionic radius is
larger than Ni(IT) and Ta(V) ones and equals R(Zn(Il)). ,,.¢ = 0.074 nm, R(Ni(Il)). ¢ = 0.069 nm and
R(Ta(V))cn-6 = 0.064 nm, respectively [15]. The difference in ionic radii and preference of zinc ions for
tetrahedral coordination determines the probability of zinc ion distribution on cationic sublattices of
both Bi(III) and Ta(V), which will inevitably affect the concentration limits of zinc pyrochlore phase
stability. This will allow us to estimate the fraction of zinc ions migrating to bismuth positions and
compare it with that for Ni(II) ions.

Thus, in this work the compositional stability region of Zn-doped bismuth tantalate pyrochlore
has been experimentally determined and the regularities of formation of zinc-containing pyrochlores

have been revealed.

2. Experimental part

The samples were synthesized by solid-phase synthesis using the of Bi(III), Ta(V) and Zi(II) oxides
as precursors. The mixture of oxides in stoichiometric amounts was thoroughly ground in an agate
mortar for one hour. Then the ground homogeneous mixture was pressed into disk-shaped compacts.
The samples were synthesized in four stages of 15 hours each at 650, 850, 950, 1050 °C. After each stage
of calcination, the samples were homogenized and pressed into disk-shaped compacts.

X-ray diffraction (XRD) data were measured using a Shimadzu 6000 X-ray diffractometer (CuK,-
radiation; 26 = 10+80°; scanning speed 2.0 deg/min). The surface morphology of preparations and local
quantitative elemental analysis were studied by scanning electron microscopy and energy dispersive
X-ray spectroscopy (electron scanning microscope Tescan VEGA 3LMN, energy dispersion spectrometer
INCA Energy 450). The optimum working distance (WD) was fixed within 15 mm with operating
voltage at 15-20 kV.

3. Results and discussion

The concentration range for the zinc-containing pyrochlores formation in the Bi,O;—Zn0O-Ta,0s
system was determined based on the phase composition study of two series of samples and the stability
fields of nickel and magnesium compositions [14]. The choice of chemical compositions of the investigated
samples was determined by the following conditions: the bismuth A,O sublattice should be partially
vacant, the B,Og sublattice should be completely filled with mixed cations, and the number of doubly
charged dopant ions in the pyrochlore composition should achieve the average cation charge of cations
filling the octahedral sublattice, which is equal to +4 for A,"3(BB’),"0, compositions containing
Bi(IIT) ions. We obtained these conditions earlier when investigating the composite stability region of
nickel pyrochlores [14]. It is clearly seen that the Biz+x+3(Zn2/3Ta4/3)+807,y compositions satisfy these
conditions. The above formula corresponded to the compositions from the first series of samples. By
varying the value of the index x within the interval —0.65 <x < 0.5 (1.35 <x(Bi) <2.5), it was possible
to experimentally determine the area of phase-pure pyrochlores formation equal to —0.425 <x <-0.275
(1.575 < x(Bi) < 1.725). It should be noted that the samples with a fixed degree of substitution of Ta(V)
ions by Zn(II) ions equal to ~33 at.% and with bismuth sublattice vacancy varying in the range from
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Fig. 1. XRD patterns of Biy;,Zn,;3Tay 307, at —0.65 < x < 0.50 and variation of the pyrochlore unit cell parameter
as a function of the x index. X-ray diffraction patterns of single-phase samples are marked in blue

17 to 55 at.% were studied. Thus, it was found that phase-pure pyrochlores are formed in the case of
bismuth-deficient compositions of 42.5 to 47.5 at.%.

XRD patterns of the studied samples are presented in Fig. 1. XRD patterns of phase-pure compositions
are shown in blue. On the pattern impurities of triclinic bismuth orthotantalate BiTaO, (space group
P-1, 1.8 <x(Bi) < 2.5), ZnTa,0¢ (space group Pbcn, 1.35 < x(Bi) < 1.5) and monoclinic zirconolite
BiyZn;3Tay ;307 (space group C2/c, x(Bi) = 2.5) are present outside the single-phase interval of the samples.
The calculation of the unit cell parameter for single-phase samples showed that with increasing x or x(Bi),
the cell constant increases linearly from 10.5295(5) to 10.5486(5) A, obeying the Wegard rule, which is
associated with a decrease in the content of large-sized bismuth ions (R(Bi(IIl)). s = 0.117 nm) [15].

It is noteworthy that the concentration interval of stability for zinc pyrochlores is much narrower
than for magnesium and nickel compositions. Moreover, this interval corresponds to a large degree of
vacancy of the bismuth sublattice of 42.5-47.5 at.%, which should lead to its significant destabilization.
It should be noted that, during the formation of nickel pyrochlores, the vacancy rate of the bismuth
sublattice reaches 17-33 %, and that of magnesium pyrochlores is 22.5-37 %. The apparent contradiction
is resolved provided that a significant part of zinc ions is distributed in the bismuth position. Compared
to nickel compositions, the vacancy degree of the bismuth sublattice is greater by ~25 at.%, which

corresponds to the amount of zinc that migrated to the bismuth position. Taking into account the filling
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of the bismuth sublattice with zinc ions, the vacancy of the bismuth sublattice does not exceed 32-33
at.% as for magnesium or nickel pyrochlores. The significant distribution of zinc ions into the bismuth
sublattice is due to the tendency of zinc ions to tetrahedral coordination. It can be assumed that zinc
ions entering the octahedral positions of Ta(V), cause oxygen vacancies and significant distortions of the
octahedral framework. This leads to the expulsion of a substantial fraction of zinc ions into the bismuth
positions. Thus, the bismuth-deficient compositions of phase-pure pyrochlores ensure the placement
of a significant fraction of zinc ions in the Bi(IlI) position without the formation of impurity phases.

Since we know the vacancy interval of the bismuth sublattice, we aimed to determine the permissible
degree of filling of the octahedral sublattice of Ta(V) with zinc ions. For this purpose, we synthesized
compositions with a fixed degree of vacancy of the bismuth sublattice (45 at.%) and a variable degree of
substitution of tantalum ions in the range from 28 to 42 at.%. Thus, a series of Bij ¢sZnj.xTa, O9,—0.16
<x<0.26 (0.84 <x(Zn) < 1.26) samples were synthesized.

According to XRD data, single phase samples are formed at —0.10 < x <0.14 (0.90 < x(Zn) < 1.14).
For samples outside this interval, triclinic bismuth orthotantalate BiTaO, (P-1, x(Zn) < 0.84) and ZnO
(space group P63mc), 1.26 < x(Zn)) are formed as an impurity. The calculation of the unit cell parameter
for single-phase samples (—0.10 < x < 0.14) showed that with increasing x or decreasing x(Ta(V)) the
cell constant increases linearly from 10.5310(5) to 10.5435(5) A, obeying the Vegard rule, which is
related to the large ionic radius of Zn(II) compared to Ta(V) (R(Ta(V))cn.-6 = 0.064 nm, R(Zn(I1)) .6
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Fig. 2. XRD patterns of Bi; 45Zn;;,Ta, ,O at —0.16 < x < 0.26 and variation of the pyrochlore unit cell parameter as
a function of the x index. X-ray diffraction patterns of single-phase samples are marked in blue
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=0.072 nm) [15]. The fact that, for the samples of this series, the unit cell parameter increases with an
increasing zinc content indicates the predominant incorporation of zinc ions into the Ta(V) positions.
Thus, phase-pure pyrochlores are formed when Ta(V) ions are replaced by zinc ions from 30 to 38 at.%.
It is interesting to note that the degree of substitution of tantalum ions with zinc ions almost coincides
with magnesium-containing (from 30 to 38 at.%) and nickel-containing (from 33 to 40 at.%) pyrochlores.
Taking into account the migration of zinc ions to the bismuth position, we decided to investigate the
influence of the degree of substitution of Ta(V) ions with Zn(II) ions on the permissible vacancy of
the bismuth sublattice. For this purpose, samples with the same degree of tantalum ions substitution
(37 at.%) and with varying the bismuth sublattice vacancy were synthesized. Thus the compositions of
Bi, «Zn; 11 Ta; 80Oy 5 at x = 0.5 (50 at.% Bi); 0.425 (47.5 at.% Bi); 0.2 (40 at.% Bi); 0.08 (36 at.% Bi) were
investigated. The results of XRD study of these samples are shown in Fig. 3.

According to the XRD data, it was found that with increasing zinc ion content, the deficit of
bismuth ions in the bismuth sublattice becomes smaller. In particular, the vacancy interval of the
bismuth sublattice for Bi, Zn,; ,Ta; 9O9_;s shifted to the low values of 40—45 at.%. Such behavior may
be associated with the fact that zinc ions primarily saturate the octahedral sublattice until the critical
structural tension associated with geometric distortions and oxygen vacancies is reached. Excess zinc
ions migrate to the bismuth sublattice, causing oxygen displacements and vacancies in it due to the
small charge, ionic radius, and a different type of coordination. Therefore, to level the action of Zn(II)
ions and stabilize the structure, the degree of vacancy of the bismuth sublattice is lower. The effect of
zinc on the vacancy of the bismuth sublattice is shown by the asymmetry of the compositional region of
zinc-containing pyrochlores. Moreover, the deficiency of bismuth atoms in the bismuth sublattice will
depend on the zinc content. If we neglect this influence, the compositional region is described by the
following inequality: (BizxZnsyTay Oy 5, —0.425 <x <—-0.275,-0.1 <y < 0.14) or, in other words, the
deficiency of bismuth ions is 42.5 to 47.5 (for 33 at.% Zn), and the degree of substitution of tantalum ions
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Fig. 3. XRD patterns of Bi,_,Zn; 1;Ta; §009_sat 0.08 <x < 0.50. X-ray diffraction patterns of single-phase samples
are marked in blue
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by zinc varies from 30 to 38 at.% (for 45 at.% Bi). It is interesting to note that the ideal composition of
Bi, sZn, ¢ Ta; 507 pyrochlore practically satisfies the above inequality, which is confirmed by the data of
[13]. The zirconolite Bi,Zn,;Tas 305 is not included into the concentration field of pyrochlore, which was
confirmed in [13,16]. Thus, phase-pure zinc-containing pyrochlores are formed in the case of bismuth-
deficient compositions, which is due to the placement of a part of zinc ions into the bismuth sublattice.
The degree of substitution of tantalum ions with bismuth ions practically coincides with ones of the
nickel- and magnesium-containing pyrochlores. The deficiency of bismuth ions is determined by the
zinc content in pyrochlores. As shown above, the more zinc in the samples, the less bismuth deficiency.
Based on these data, we calculated the possible compositions and plotted the concentration region of
the formation of zinc-containing pyrochlores as a function of zinc content without taking into account
the change in the vacancy of the bismuth sublattice. According to the current studies and data from [16],
it is apparently, that compositions in which the mole fraction of zinc oxide exceeds 40 % do not form
the phase-pure pyrochlore. Our studies extend the concentration stability region of zinc-containing
pyrochlores on the basis of bismuth tantalate with the compositions that contain the highest bismuth
deficiency and tantalum content.

Microphotographs of the surface of Bi, 7,5ZnTa,0y_y and Bi, s75ZnTa,04_, samples with varying
bismuth content are shown in Fig. 4 and Fig. 5. The figures show that both samples are characterized by
a low-porosity microstructure with implicit grain boundary outlines. With increasing bismuth content
the number of pores in the ceramics decreases due to the low melting point (817 °C) of Bi(III) oxide
used as a precursor. In order to trace the influence of zinc content, we investigated the microstructure
of ceramics with fixed bismuth content on Bi, ¢sZng9Ta,09_y and Bi; ¢sZn; 14Ta,09_y samples.

The micrographs (Fig. 5) show, that increasing the zinc content in the samples leads to the formation
of a dense low-porosity microstructure with indistinguishable grain boundaries.

As noted earlier in [17], zinc has a sintering effect on ceramics, which is confirmed by our data.

4. Conclusion

The concentration stability region of zinc-containing pyrochlores on the basis of bismuth tantalate
is extended with the series of Biy,?(Zny;3Tas ;)07 (1.575 < x(Bi) < 1.725) and Bi, ¢sZn;,Ta, Oy
(0.90 < x(Zn) < 1.14) solid solutions. It is shown that phase-pure zinc-containing pyrochlores are formed
in the case of partially filled bismuth sublattice, and the degree of substitution of cations of octahedral
Ta(V) sublattice with zinc ions is limited to the interval 30—-40 %. It is shown that Zn(II) ions within
25 at.% are distributed in the position of bismuth. It is established that the degree of substitution of
ions of the octahedral sublattice is influenced by the degree of vacancy of the bismuth sublattice. The
microstructure of the samples was investigated and the influence of zinc and bismuth ions on the

ceramic’s microstructure was revealed.
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Abstract. Microemulsions are transparent, thermodynamically stable, low viscosity systems that are
formed by two immiscible liquids. They can solubilize a large number of substances. For biological
applications they must consist of non-toxic, biocompatible components. In this regard, we have obtained
and studied a reverse AOT/isopropyl myristate/ KCI aqueous solution microemulsion. The required
concentrations of components were selected. One of the promising areas for application of such systems
is the extraction of protein from raw materials. Protein extraction using reverse microemulsions typically
involves two steps: forward extraction and backward extraction. Forward extraction is the step-in which
proteins are dissolved in the aqueous pool of microemulsions, while backward extraction is recovering
the solubilized proteins from them to aqueous solution. Wheat germ proteins are an effective plant
protein rich in amino acids, especially essential ones such as lysine, methionine and threonine, which
are deficient in many cereals, and are also a source of vitamin E. In this work, the extraction of defatted
wheat germ protein by reverse microemulsion was studied. The effects of KCI concentration, extraction
time and temperature on the forward extraction efficiency were tested. The experimental results lead to
the conclusion that the highest forward extraction efficiency was reached at the KCl concentration 0.1
mol/L, time 30 min and temperature 40°C. Under these conditions, the forward extraction efficiency
achieved 70 %. Thus, the obtained microemulsions can be effectively used for the extraction of proteins

from wheat germ, used for medical and cosmetic purposes.
Keywords: microemulsions, proteins, extraction, biocompatible system, extraction parameters.
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AHHOTanMsA. MUKPOAMYIBCUH — 3TO NIPO3PavyHble, TEPMOANHAMHUYECKH CTaONIIBHBIE CHCTEMBbI
C HU3KOU BS3KOCTBIO, 00pa30BaHHbBIC ABYMsI HECMEIIMBAIOUIUMHUCS KUIKOCTAMH. OHH CIIOCOOHBI
COJTIOOMITM3UPOBATH OOJIBIIOE KOIMYECTBO BemecTB. /st OMoIoruueckux MpUMEHEHHH OHU JTOJKHBI
COCTOSITh U3 HETOKCUYHBIX, ONOCOBMECTUMBIX KOMIIOHEHTOB. B CBsI3M € 3TUM HaMH MOJIyueHa
1 uccienoBana oopaTHas MUKpoamybens Bopa/ AOT/m3onponunmupuctar. [lonoObpansr HeoOXoaUMBbIe
KOHI[EHTpALMX KOMIOHEHTOB. OHOW M3 NEPCIEKTUBHBIX 00JIacTeil TPUMEHEHU ST TAKUX CUCTEM
SIBJISICTCSI SKCTPAKIMSL O€JIKa U3 TPUPOIHOTO CHIPhsL. DKCTPAKIHs OeIKa C HCIIOIb30BaHUEM 00paTHBIX
MHKPO3MYJIbCHH OOBIYHO BKJIIOUAET JIBA dTala: MpsiIMy U 00paTHYI0 sKcTpakuu. [Ipsmas
9KCTPAKIUS — 3TO JTAIll, Ha KOTOPOM OEJIKH pacTBOPSIIOTCS B BOAHOM Cpefie MUKPOAMYJIbCH, a 00paTHas
AKCTPaKIUsI — 3TO TAIl U3BJICUCHHS CONIOOMIN3UPOBAHHBIX OEJIKOB B BOJIHBIN pacTBOp. benku
3apoibIel MIeHNUIBl — 3()(HEKTUBHBIN PaCTUTENBHBIN 0€JI0K, O0TraThlii aAMUHOKHCIIOTAMH, 0COOCHHO
HE3aMEHUMbIMH, TAKMMU KaK JIN3UH, METHOHUH M TPEOHHH, J€PUIUTHBIMH BO MHOTHX 3J1aKaX,
a Tak’Ke SIBJISIIOIIMMUCS HCTOYHMKOM BUTamMuHa E. B nannoii pabore nccienoBanach SKCTPaKus
00€3)KUPEHHOro 0eJiKa 3apOoAbIIIeH MIIEHHUIIbI C TOMOIIBI0 00PaTHON MUKPOIMYJILCUHU. BblI0
nccnenoBaHo BiausHue KoHueHTpanuu KCl, BpeMeHu 3KCTpaKkIuK 1 TeMIiepaTypbl Ha 3 (GEeKTHBHOCTH
NpPSIMOM AKCTPAaKLMU. Pe3ybTaThl KCIEPUMEHTA IMO3BOJISIIOT CJIeaTh BBIBOJ|, YTO HAMOOJbIIas
3¢ HeKTUBHOCTH NPSIMON SKCTpAKIMKU gocturaercs npu korueHTpanuu KCI 0,1 mons/i1, BpemeHu
skcrpakiuu 30 MuH u temrneparype 400 °C. TIpu 3TuX yciaoBusX 3pPpEeKTHBHOCTD MPSMOi SKCTPAKLIUU
nocturana 70 %. Takum oOpa3zoMm, MOJy4eHHBIE MUKPOAIMYIBCUH MOTYT OBITH 3P (PEKTUBHO
UCIIOJIB30BAHBI JIJIsl OKCTPAKIIUU OSIIKOB U3 3apPOAbILICH IIIEHUI[bI, HCIIOIb3YEMBIX B MEAHIIMHCKUX

U KOCMCTHYCCKUX LECIIAX.
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KuroueBble ci10Ba: MUKPOIMYJIBCHH, OCIIKH, IKCTPAKIMs, OMOCOBMECTUMAs CUCTEMA, [TaPAMETPBI

OKCTPAaKIHNU.

Baaronapuocrtu. PaboTa BeimosHeHa npu GUHAHCOBON moanepkke MUHHUCTEpCTBA HAYKH
u BbIcIIero oOpa3oBanus Poccuiickoir deaepaiini B paMKax rocyapCTBEHHOIO 3a1aHUsI HA OKa3aHHE
rOCYJapCTBEHHBIX YCIyT (BbInonHeHue padot) ot 29.12.2022 r. Ne 075-01508-23—-00. Tema uccienoBanus
«Co31aHne Hay4YHbIX OCHOB IOJIYYEHHSI HOBBIX MYJIbTH()YHKI[MOHAJIBHBIX MaTEPHAJIOB IIIHPOKOTO
crnektpa npumeHeHus» (FZSG-2023-0008).

CraThbst HOATOTOBIICHA MTPH MoaAepxkKe birarorBoputensroro Gouaa Baagumupa [loranuHa.

Iurtuposanue: Caytuna H. B., lansmeraunos 0. T. Muxpoamynbscust Boga/AOT/H30nponHIMUpHCTaT KAk HAHOPEAKTOP JUIS
OYHCTKH U N3BJICUCHHsI OMOJIOTHUECKH aKTUBHBIX COSIMHEHHH U3 3apoabimeit mueHnnsl. XKypa. Cub. dpenep. yH-ta. Xumus,
2025, 18(3). C. 404—414. EDN: QRWQSG

Introduction

Microemulsions (ME) are transparent, thermodynamically stable low viscosity systems that are
formed by two immiscible liquids. These self-organized systems are used for enhanced oil recovery,
metal processing, enzymatic catalysis, chemical synthesis of nanoparticles, in the food, cosmetic and
pharmaceutical industries, and for protein and protein extraction [1-4].

The high solubilizing ability of microemulsions reveals their potential as nanoreactors for such
processes as extraction of various compounds under mild conditions, which is very important for
sensitive bioactive and phytochemical substances, including proteins [5—8]. In addition, compared with
traditional solvents, microemulsion extraction of proteins from various plants is an environmentally
friendly and efficient method with low production costs [9—11].

Wheat germ proteins are an effective plant protein rich in amino acids, especially essential amino
acids such as lysine, methionine and threonine, which are deficient in many cereals, and are also a
source of vitamin E [12]. Most often, alkaline extraction and isoelectric precipitation methods are
used for their extraction. In addition, many new technologies have been developed such as ultrasound
extraction, microwave extraction, and enzymatic method. However, they have many limitations such
as the generation of huge amounts of wastewater, low raw material processing capacity, use of large
amounts of chemical reagents, and enhancement of protein denaturation phenomena [9]. In contrast to
these methods, the use of reverse microemulsions for extraction allows the original protein structure
to be preserved.

Depending on the extraction method used, there may be different protein yields. For example,
with the alkaline extraction method, a protein yield of 35.4 % can be obtained [13], and with the use of
reverse microemulsions AOT / isooctane / aqueous solution of KCl, a 37 % yield is achieved as a result
of backward extraction [3].

The number of publications using microemulsions for protein extraction is increasing. However, it
should be considered that for biological applications, the microemulsion should consist of biocompatible
components. For example, Nishino et al [14] examined the extraction of protein, which was cytochrome
C, using a backward ME system based on a biodegradable polymeric surfactant, poly(ethylencoxide
monooleate)-block-poly(D, L-lactide) (MOPEO-PLA). The highest protein extraction was observed at
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pH=10.1, which corresponds to the isoelectric point of cytochrome C. In addition, the degree of protein
extraction increased with heating. We obtained biocompatible systems based on tetraethylene glycol
monodododecyl ether [15] and lecithin [16]. But most often, toxic solvents such as isooctane are used
for microemulsion extraction [9, 13, 17].

The aim of this work was to select the optimal conditions for protein extraction from wheat germ

by the microemulsion method using a biocompatible system of AOT/isopropyl myristate/KCl solution.

Methods

Chemicals and reagents

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT, 99 %), was purchased from Sigma Aldrich,
isopropyl myristate (IPM, 98 %) was purchased from Alfa Aesar and generally recognized as safe
(GRAS) according to [3]. All the chemicals were used without further purification. The chemical
structure of AOT (HLB=10.5) imparts a well-balanced hydrophilic-lipophilic property. This unique
feature allows the formation of alcohol-free reverse microemulsions in nonaqueous and aqueous media

without any co-surfactant.

Preparation of the reverse microemulsion

The microemulsion of AOT/isopropyl myristate/ KCl solution 20/70/10 wt% was prepared
according to the method of [18]. The calculated amount of surfactant was dissolved in oil and stirred
for 30 min on a magnetic stirrer at 70 °C. After that, the aqueous phase in the form of KCI solution with
the given concentration of 0.1, 0.2, 0.3, 0.5 and 0.75 mol/L was added to this mixture and stirred for
30 minutes. Optical isotropy of the samples, absence of crystallization, was recorded by polarization

optical microscopy (Olympus BX51).

Particle size analysis and zeta potential measurements

Size characteristics and zeta potential of microemulsions were determined by dynamic light
scattering measurements (DLS), using Malvern Instrument Zetasizer Nano (Worcestershire, UK).
Measured autocorrelation functions were analyzed by Malvern DTS software, applying the second-
order cumulant expansion methods. The effective hydrodynamic radius (Ry) was calculated according
to the Einstein-Stokes equation D = kgT / 6nnRy, where D is the self-diffusion coefficient, kg is the
Boltzmann constant, T is the absolute temperature, and n is the viscosity. The viscosity value was
equal to the viscosity of isopropyl myristate (5.5 mPa-s). The diffusion coefficient was measured at least

three times for each sample.

Method of protein extraction from wheat germ

Powder obtained by grinding wheat germ (Huaian Xinfeng Flour Mill (Jiangsu, China)) was used
as an extractable substance. Protein extraction from wheat germ powder using ME systems consisted
of two stages: forward and backward extraction (Fig. 1).

Forward extraction. In the initial step, a calculated weight of wheat germ powder (0.02 g) was
added in dry form to the obtained microemulsions (2 g weight) with KCI content of 0.1, 0.2, 0.3, 0.5,

0.75 mol/L and stirred at 400 rpm for 15 minutes on a magnetic stirrer.
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Fig. 1. Scheme of forward and backward extraction by reverse microemulsion techniques

It was found that at stirring speeds below 400 rpm, the powder solubilization time increased to
60 minutes, while at stirring from 400 rpm to 600 rpm, the solubilization time decreased to 15 minutes.
A speed of 400 rpm was chosen to optimize the extraction process parameters.

When developing the initial microemulsions, we determined the droplet size of the water/AOT/
isopropyl myristate microemulsion depending on the time of ultrasonic treatment in a YX 2100
homogenizer at a frequency of 20 kHz, as well as depending on the composition of the components. The
optimal time chosen was 30 minutes. In this regard, the resulting mixture was subjected to ultrasonic
treatment in a YX 2100 homogenizer at a frequency of 20 kHz for 30 minutes. After determining the
optimum concentration of the salt solution, the optimum temperature conditions were determined
at different temperatures (25, 30, 40, 50, 60 °C) and stirring time (15, 20, 30, 60, 90, 120) minutes.
To determine the extraction efficiency, the top layer of the microemulsion was poured off with the
solubilized powder. The undissolved precipitate was separated by centrifugation on an OPN-8
centrifuge at 3000 rpm for 20 minutes. The resulting precipitate was separated from the solution using
a filter. After drying of the precipitate, its mass was determined.

The percentage of protein and water-soluble biologically active substances (BAS) solubilized in

the microemulsion was determined according to formula 1:

m solubilizate in ME

% extracted protein = —ddod raw material * 100 % (D)

The mass (m) of solubilizate in ME was calculated as the mass (m) of added raw material minus
mass of precipitate.

Backward Extraction. To the microemulsion with solubilized protein and BAS, an equivalent
amount of aqueous KCI solution with a given concentration was added. The resulting mixture was
stirred on a magnetic stirrer at 240 rpm for 10 minutes at 35 °C. The mixture was then centrifuged
at 4000 rpm for 25 minutes to achieve a clear separation of the two phases. Next, the aqueous phase
was analyzed. To determine the amount of protein, a spectrophotometric method with a standard
protein was used according to [19]. The calibration graph for the standard protein (albumin) in the

same solvent (0.1 M KClI solution) was plotted (Fig. 2). Then we determined the optical density of the
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Fig. 2. The calibration curve of albumin at a wavelength of 280 nm

standard solution at different concentrations by absorption spectroscopy on a Perkin Elmer Lambda 35
spectrophotometer.

The concentration of protein in the test solution was determined from the calibration graph at
a wavelength of 280 nm. This wavelength absorbs the amino acids that make up the protein, namely
tryptophan and tyrosine.

The backward extraction efficiency was calculated as the ratio of the mass of extracted protein as
a result of backward extraction to the mass of protein introduced into the microemulsion at the initial

stage, similar to formula 1.

Discussion

Characterization of microemulsion

Reverse microemulsions can be prepared using various surfactants including anionic, cationic,
zwitterionic, nonionic and their mixtures. Due to the presence of an aqueous core, they can encapsulate
biomolecules with subsequent release. For successful protein extraction using ME systems, it is
necessary to investigate the feasibility of both forward and backward extraction processes. For this
purpose, a number of issues related to protein purification such as type and concentration of surfactant,
chloride and water content, extraction temperature and time, molar ratio of water to surfactant need to
be solved [13].

Earlier in our works [20], it was determined that the maximum solubilizing ability has a
microemulsion of composition water/AOT/isopropyl myristate (10/20/70) at the degree of hydration
W =12.4, which is defined as the molar ratio of water to surfactant in the system (W=[H,O]/[surfactant]),
as it has a forward effect on the particle size. Therefore, a system with this concentration composition
was used for further experiments.

The hydrodynamic diameter of droplets of microemulsion was determined using the dynamic
light scattering method and is 8.7 nm (Fig. 3).
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Fig. 3. Hydrodynamic droplet size of water/AOT/isopropyl myristate microemulsion 10/20/70 % wt

Zeta Potential of microemulsion —33.9+1.35 mV. A negative zeta potential value indicates high

stability of the microemulsion [21].

Selection of optimal conditions for forward protein extraction

Forward extraction is solubilization of protein and water-soluble BAS, including amino acids
and vitamins, which are contained in wheat germ shoots, in microemulsion. As a result of forward
extraction, the feedstock is purified from water insoluble substances and impurities. At the initial
stage, the optimal concentration of KCI in the composition of the aqueous core was determined. It
follows from the experimental data that when the concentration of KCl increases from 0.1 to 0.75

mol/L, the efficiency of forward extraction, calculated by formula 1, significantly decreases (Fig. 4).

80

75

55

50 T T T
0,1 0,3 0,5 0,7
C KCl1, mol/l

Fig. 4. Effect of KCI concentration on the efficiency of forward extraction
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The optimal concentration of KCI, at which the highest efficiency (70 %) is achieved, is 0.1
mol/L. This is explained by the compression of the double electric layer of the microemulsion, which
leads to a decrease in the size of micelles [1], as well as by the shielding effect [13], which inhibits
the solubilization of protein and water in reverse MEs. Therefore, in further experiments, KCI was
introduced into the microemulsion at a concentration of 0.1 mol/L.

Toevaluate the effect of temperature on the efficiency of protein solubilization using microemulsions,
protein extraction from wheat germ was carried out at different temperatures from 25-60°C. While
investigating the effect of temperature on the efficiency of forward extraction, its maximum was found
at 40°C. With further increase in temperature, the efficiency decreased significantly (Fig. 5). These
results can be explained in terms of two effects. First, protein solubilization in reverse MEs increases
with increasing temperature; however, too high a temperature leads to the displacement of water from
MEs and decreases solubilization. A second explanation could be the instability of reverse micelles at
high temperature; when they break down, protein and introduced BAS are easily released. In addition,
protein denaturation occurs at high temperatures.

To establish the extraction time, we calculated the protein content in the ME after certain time
intervals. As can be seen from the data in Table 1, the efficiency of forward extraction increases and
reaches a constant value after 30 minutes, which is the optimal extraction time. Probably, the equilibrium
between solubilized components and the aqueous core of reverse micelles in the microemulsion is
established during this time period.

Thus, we selected the optimal conditions for protein extraction using microemulsions: t
stirring = 30 min, T = 40°C, KCI concentration = 0.1 M. Then we used the solubilizate obtained under

these parameters to evaluate the efficiency of backward extraction.

70

65 -
X

60

55 T T T
25 35 45 5§

T, °C

Fig. 5. Effect of temperature on the efficiency of forward extraction

Table 1. Influence of extraction time on the efficiency of forward extraction

Time t, min

15

20

30

60

90

120

%

57

66

70

70

70

70
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Protein extraction from reverse microemulsions (backward extraction)

Backward extraction is the transfer of solubilized protein from a microemulsion to an aqueous
solution. When an equivalent amount of aqueous KCI solution (0.1 M) is added, the microemulsion is
broken, resulting in the release of protein and active components solubilized in it.

Based on the calibration graph, the concentration of extracted protein and the yield of backward
extraction were found by the obtained value of optical density. It amounted to 57.1 %, which is 1.5

times higher than the available data [3].

Conclusions

1. A biocompatible reverse microemulsion system AOT / isopropyl myristate/ KCl aqueous
solution, was obtained, which can be applied as a nanoreactor for the extraction and purification of
proteins from natural raw materials.

2. Optimal conditions for forward extraction of wheat proteins using the obtained system were
selected: t stirring=30 min, T=40°C, KCI concentration= 0.1 M.

3. The concentration of extracted protein, as well as the efficiency of forward and backward
extraction were determined. The obtained parameters of backward extraction are 1.5 times higher

than the known data.
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Abstract. Isolation of proanthocyanidins from Siberian larch bark (Larix sibirica Ledeb.) with water and
15 % aqueous-ethanol solution was carried out. It was found that the use of 15 water-ethanol solution allows
increasing the yield of proanthocyanidins from 0.75 % to 0.92 %. The composition of proanthocyanidins
isolated from larch bark was characterized using UV, FTIR and *C NMR spectroscopy. By transformation
of the obtained proanthocyanidins in the presence of hydrochloric acid into colored anthocyanidins,
flavonoids such as delphinidin, cyanidin and pelargonidin were identified in their composition. It was
found that larch bark proanthocyanidins contain 54.5 % prodelphinidin, 40.6 % procyanidin and 4.9 %
propelargonidin. It has been shown that preliminary extraction of resinous substances from the bark

does not have a significant effect on the yield of extracted proanthocyanidins.
Keywords: larch bark, extraction, proanthocyanidins, prodelphinidin, procyanidin, propelargonidin.
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IIpoaHTOLHAHUIUHBI KOPbI JIUCTBEHHU LBl CHOMPCKOU
(Larix sibirica Ledeb):

Bbl/JeJieHUe U (JIABOHOU/IHBIN COCTAB

A.B. Jlesnanckuii®, H. B. Fapbinnesa® 5,

B. A. JleBnanckmii®, C. A. HoBukoBa?®

Uncmumym xumuu u xumuyeckou mexrnonoeuu CO PAH
QUL «Kpacnospckuti nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

*Kpacnospckuti 20Cy0apcmeenHblil a2paphblil YHUGepCument
Poccuiickas ®edepayus, Kpacnosapck

AnnoTtanus. [IpoBefieHa SKCTPAKIUS TPOAHTOIIMAHUINHOB U3 KOPHI TUCTBEHHUIBI cnOnpcekoit (Larix
sibirica Ledeb.) Bomoii u 15 % BOIHO-3TaHOJIBHBIM PACTBOPOM. YCTAHOBJICHO, YTO HCIIOIb30BaHue 15 %
BOJIHO-3TAHOJIBHOTO PAacTBOPA MMO3BOJISIET YBEINYUTh BBIXO/ IpoaHTonunanuanHoB ¢ (0,75+0,02)%
10 (0,92+0,02)% 1o cpaBHEHHMIO ¢ dKCTpakuuei Bogoii. Metogamu Y@, UK u 3C SIMP-cnexkTpockonun
OXapaKTEPU30BaH COCTAB BBIJICICHHBIX U3 KOPHI JTHUCTBEHHHUIIBI TPOAHTONHAHUINHOB. [TyTéM
MPEBPAILEHHUSI TOJYUYEHHBIX IPOAaHTOIMAHUANHOB B OKpallleHHbIC aHTOI[UAHUIUHBI B UX COCTABE
HICHTUPHUITIPOBAHBI (DIIaBOHOHMIBI — AeNb(OUHUINH, [THAHUIWH U TICJIAPTOHUINH. YCTaHOBJICHO, YTO
MPOAHTOIMAHUAMHBI KOPBI TUCTBEHHHUIIBI copepikar 54,5 % nponensbunununa, 40,6 % nponnaHuanHa
1 4,9 % nponenapronuauHa. [TokazaHo, 9T MpeaBapUTEIHLHOE U3BJICUCHIE CMOIUCTHIX BEIIECTB U3 KOPBI

HEC OKa3bIBA€T CYIICCTBEHHOI'O BJIMUAHUA HA BBIXOA U3BJICKAEMBIX IPOAHTOIWMAHUIUHOB.

KuoueBble ciioBa: Kopa JIMCTBEHHHUIIBI, SKCTPAKIIUS, IPOAHTOLMAHUUHBI, TPOJIEab()UHUINH,

OponuaHUuAWH, ITPpONCJIaproHuAnH.

BaaropapaocTu. Pabora BeinonHeHa B pamkax rocynapcrsennoro 3aganus UXXT CO PAH npoekt
FWES-2021-0017 ¢ ucrionp3oBanueM odbopynoBanusi KpacHOsIpCKOro peruoHaIbHOrO IEHTPa
KoJutekTuBHOTrO ToJib3oBanuss UL KHI[ CO PAH.

Hutuposanue: Jlesnanckuit A.B., I'apsinuesa H. B., Jlesnanckwuii B. A., HoBukosa C. A. [IpoaHTOIMaHUTUHBI KOPBI JIUCTBEHHHUIIBI
cubupckoit (Larix sibirica Ledeb): Beinenenue u ¢pnaBonouausiii coctas. JXKypH. Cub. denep. yH-ta. Xumus, 2025, 18(3).
C. 415-425. EDN: ETOGCD

BBenenne

[IpoaHTONMAaHUIWHBI TPEACTABIAIOT 3HAYUTEIBHBIN HHTEPEC 111 COBPEMEHHON MEIMIIMHBI KaK
rpymmna OHOJIOTHYECKH aKTUBHBIX COEAMHEHUH, 001a/1aloX pa3Hoo0pa3Hoi GpapMaKoIornuecKoi
AKTHUBHOCTBIO, B TOM YHCJI€ aHTHOKCHAAHTHOM, IPOTUBOBOCIIAINTENbHON, aHTHAPUTMHUYECKOH,
TUIIOTEH3UBHOHN M aHTUpaAuKalbHOH [1-4]. C ToUkH 3peHHsI XMMHUYECKOTO CTPOEHUS IPOaHTOLHA-
HUJIMHBI [IPEJCTABISIOT COO0I nouMepHble (uiaBaH-3-0J1bl, KOTOpble UMEIOT TUIHUHBIH C6-C3-C6-

(I)J'IaBOHOI/II[HHﬁ ckenet. Hanbonee IIHAPOKO B paCTUTCIBHOM CbhIPbC MPCACTABJICHBI IPOAHTOLMAHU-
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Puc. 1. BaszoBas cTpykrypa mnpoantonuanuauuoB: R;=H, R,=H (nponenaprouuaunsl); R;=H, R,=OH
(mpoumanuanubl); Ri=0OH, R,=OH (ipoxenbhuHu HHbI)

Fig. 1. Basic structure of proanthocyanidins: R;=H, R,=H (propelargonidins); R;=H, R,=OH (procyanidins);
R;=0H, R,=0OH (prodelphinidins)

JUHBI C PACIIONOKEHUEM THIPOKCHIBHBIX TPYII B OJ0KeHUH 3',4'- B Koublle B 1 mponenshuHu IHBI
¢ 3'4,'S"-tpuruapokcu-3amemenuem (puc. 1) [5, 6].

[IpoaHTONMAHUIUHBI CYIIECTBYIOT B BHJE PACTBOPUMBIX OJIMTOMEPOB, CONEPKAIINX OT JIBYX
JI0 TIECTH KAaTEeXMHOBBIX €AUHUII, a TAK)KEe B BUJE HEPACTBOPUMBIX B BOJIE MOJHUMEPOB CO CTETICHBIO
MTOTUMEPHU3AIUN OT CEMH U BBIIIE, KOTOPHIC IIPEICTABISIOT c000i ocHOBHYIO (110 80 %) 4acTh mpo-
AHTOIMAHUJIMHOBBIX KOMILIEKCOB [6, 7]. KaTeX1HOBBIE €IMHUIIBI B TPOAHTOIMAHUINHAX B OCHOBHOM
CBsI3aHBI Yepe3 aTOMBI yrieponaa, Haxonsmuecs B 4-M, §-M U 6-M TOJIOKEHUSIX, OHH OTHOCSTCS

k tuny b (mumepst (puc. 2) [8].

TIpoaHT oI aHH THHEI
b-tuna ¢ C4 C8 cBsA3b10

HO R
OH
R=H npornuanunux IIpoanTomIaHN TUHEI
R=0OH npopensbuHUIITH B-tuna ¢ C4 C6 cBa3bio

Puc. 2. CTpyKTypHBIE pa3inuus IPOAHTOUAHUINHOB-IMMEPOB (1aBaH-3-oia b-Tumna
Fig. 2. Structural differences of B-type flavan-3-ol dimer proanthocyanidins
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VICTOYHUKOM MHPOMBIIIJICHHOTO TMOJYYEHHUS [POAHTOLMAHUIUHOB SIBIISIIOTCS KOCTOUKH
BuHorpana (Vitis vinifera) n xopa cocusl (Pinus maritima) u (Pinus radiata). OqHaxo HeCMOTpS Ha TO,
YTO MPOAHTOLMAHHIMHBI BCTPEUAIOTCSl BO MHOTUX PACTEHMSIX, COACPIKAHUE MX JOCTATOUHO HHU3KOE
W JaXe TMPH ONTHMANBHBIX YCIOBHUAX JKCTPAKIIMH BBIXOJ KOHCYHOTO MPOAYKTAa HE IIPEBHIIIACT
0,1-0,5 % oT Maccel CyXOro HMCXOAHOTO ChHIphs [2]. B cBA3M ¢ uyeM KOHEYHBIH MPOAYKT HUMEET
BBICOKYO 1IeHy: oT 3500 $/kr [9], 1o 50000—-100000 $/xr [10] B 3aBUCHMOCTH OT YUCTOTHI. YUUTHIBAS
YCTOHYHUBBIN HHTEpEC (HapMaKOIOrHUECKOM MPOMBIIIIICHHOCTH K Mojiy4deHuio bBAB 1 MequinHCKHX
IpenapaToB Ha OCHOBE IIPOAHTOLMAHUINHOB, PACIIUPEHIE CHIPbEBOIl 0a3bl HCTOYHUKOB TTONTYUCHUS
MPOAHTOIMAHNUJUHOB OJHOBPEMEHHO C YTHJIM3Al[Mell TaKUX OTXOJO0B, KaK KOpa XBOMHBIX MOPOJ
JPCBECHHBI, SIBIISICTCS aKTyallbHOW 3a/1aueii.

Lenb paboThl — BbIJCICHNUE MPOAHTOLMAHUINHOB U3 KOPbI JUCTBEHHUIbI cuOUpCKOM (Larix

sibirica Ledeb.) n u3ydeHue ux (praBOHOMIHOTO COCTaBA.

JKcHepuMeHTAIbHAS YacTh

B kauecTBe MCXOMHOTO ChIPbS HCIIOJB30BAIMA KOPY JTHUCTBCHHHIIBI CHOUpCKON (Larix sibirica
Ledeb.), 3arorosnennyio B utone 2024 r. B EmenbstHoBcKOM paiione Kpacuosipckoro kpas. O6pasis
KOpBI 0TOMpau ¢ oHoBo3pacTHBIX (70—80 sieT) mucTBeHHUI Ha paccTosiHuK 1-2 M oT komuis. [lepen
HCIOJIb30BaHUEM KOPY BbICYIIHBaNy npu Temneparype 100+5 °C B redenue 5—6 4, u3Menbyaiu, mo-
cIie mpocenBaHus oToOupaiu Gppakuuio 1-3 MM. XMMHUECKHUIT COCTAB KOPBI IUCTBEHHUIIBI OIIPEAEIIs-
JI¥ TI0 OOLIETIPUHSTHIM B XUMUU ApeBecuHbl MeToaukaMm [11]. CoxeprkaHre OCHOBHBIX KOMIIOHEHTOB
KOpbI NTUCTBEeHHUIBI (% OT Macchl a.C. KOphI): Hesutono3a — 25,3, murauH — 38,8, SKCTpaKTHUBHBIE
BeecTna — 19,6, 1erkoruIpoiu3yemMble nonucaxapuasl — 13,2, TpyJHOrUIpOJIM3yEeMbIE TIOJIUcCaxapu-

Il — 24,7, 301bHOCTD — 2,3.

Obeccmonusanue KOpbl TUCMEEHHUY bl

BeicymieHHY0 U M3MENBYEHHYIO KOPY SKCTPAarupoBaJIid TeKCAaHOM B TeueHHe 24 4 B ammapare

Cokcnera émkocThio 1 1. Beixon cmonucteix BemecTB 4,3+0,2 % oT Macch a.c. KOpBbI.

Buidenenue npoanmoyuarnuounos

Beiienenye mpoaHTOIMAHU/IMHOB U3 HEOOECCMOJICHHOM N 00€CCMOJIEHHON KOPBI JINCTBEHHULIBI
MPOBOJUITN SKCTPAKIIMEH KOPbI BOAOH U 15 % BOAHO-3TaHONIBHBIM PACTBOPOM. B KpyTIIOMOHHYIO KOJI-
0y 00béMOM 2 11, CHAaOKEHHYIO MEMIAIKONH W 00paTHBIM XOJOAMIBHHUKOM, 3arpysxanu 100,0 r xopsl
JIMCTBEHHUIIBI, 3aJIMBaHU 1,5 1 AUCTUIIUPOBaHHOM BoAbI WiH 1,5 11 15 % BOIHO-3TaHOIBHOTO PACTBO-
pa ¥ KUISATUIN IPU UHTEHCUBHOM IEPEMEIINBAHNY B TeueHUe | 4. 3aTeM ropssuuil pacTBOp OTAEIISLIH
¢dunsrpoBanuem, mpombiBasu 100 M1 ropsiueii Boabl u noay4vanu 1,3—1,4 11 sxcTpakTa. DKCTPAKT KOH-
LEHTPUPOBAIH 0] BaKyyMoM Iipu Temneparype 50-55 °C Ha poranuonHoM ucnapurene 10 350-370
MJI M HachIIAJHM XJOopuaoM HaTpus. OOpasyrouuiics ocagok Mmojau(eHoIbHbIX BEIIECTB OTACISIIH
¢unpTpoBanreM. OUIBTPAT TPUKABI SKCTPArMpOBAIN NOpUUAMHU dTHianerara mo 200 mi, momy-
YEHHBIH 9KCTPAKT MPOAHTOLMAHUINHOB CYIININ HaJl O€3BOIHBIM Cylb(haToM HATpHs. 3aTeM ITHU-
JAIeTaTHBINA PAaCTBOP KOHIECHTPHUPOBAIH MO BaKyyMoM 10 00béma 50—60 mur u pa3daBisiin B 7—8
pa3 xsuopodopMoM, IPH 3TOM MPOAHTOLUAHHUIUHBI BbINIAIA]IN B 0CAJIOK B BUJIE XJIONBEB KPEMOBOTO

OBETa, UX OTACIIAIN (I)I/IJ'ILTpOBaHI/IeM.
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J1s n3yueHHs XMMHYECKOTO COCTaBa MOJTYYEHHBIX NMPOAHTOIMAHUIMHOB MX IpEeBpaliain
B aHTOIMAHUMHBI U3BECTHBIM METOIOM [3, 6] — HarpeBaHWEM B ATAHOJIE B IIPUCYTCTBHH COJISHOMN
KUCIOThI. Jlyisl pa3iesieHusi CMeCH aHTOLMAHUIWHOB HPHUMEHSUIM KOJOHOYHYIO Xpomarorpaduio
Ha TIOJIMAMHIHOM copOeHTe. DnmronpoBaHue mpoBonmiud 96 % staHomom, comepxkammum 0,01 %
COJIIHOM KHUCIOTHI. [lo Xoxy ABMKEHHUS DIIOCHTA MO KOJOHKE HAOII0Aamu TpHU YETKO BhIPAKCHHBIC
30HBI OKpaIINBaHUs. Bbl/ieleHHbIE BEIIECTBA MPEICTABIISIIN COO0M KPHCTAILIBI OOPJOBOTO IIBETA.

Opakuuu GraBOHOUIOB aHATM3UPOBAIN METOAOM YD-CIEKTPOCKONUU. DNEKTPOHHBIE CIIEKTPBI
TIOTJIOMICHUS TTOJTyYEHHBIX aHTOLMAHUINHOB 3allMCaHbl HAa ckaHupymomeM Y®-crnekrpomerpe Leki
SS2109-UV (Leki Instruments, ®unnsaaus) B 1 ¢M KBapIieBOH KIOBETE B JHAla30HE IJWH BOJH
600—450 M. Tepmocratuposanue (+ 0.1 °C) mpoBoxmnu ¢ nomormbio Tepmocrara Haake K15,
ocHaiénnoro kouTposiepom Haake DCI10, npu Temneparype 20 °C. CriekTpbl 00pa3ioB ObLIH CHSTHI
OTHOMOMEHTHO TIPH BBIAEICHNUHN U3 KOJIOHKH 0€3 JOMOIHUTENbHOI ouncTku. Bee criekTpsl 00pasios
OBbLIN TOJIYYEHBI B 3TAHOJIE C COAepKaHueM Boabl He 6osee 10 %.

3amuce UK-cnextpoB Bemosnsanun Ha WMK-®Dypee cnexrpomerpe [RTracer-100 (Shimadzu,
Slnonwust). 3anuckiBanu CrekTp (oHa — CIEKTp MOTJIOMIEHHUST YUCTOro Kpucrajuia u3 ZnSe. 3aremM
Ha KpHUCTa/UI momemanun obOpasen u mposoxmiu perucrpanuio MK-cnekrpa oOpasma. /lnamason
peructpauuu MK-cnekrpa: 630-4000 cm™!, paspemenne cbémku — 4 cM’!, umcino ckaHoB — 32.
Pe3ynbTupyIomuM CIIEKTPOM SIBJISIIACH PA3HOCTH CIIEKTPOB oOpasua u GoHa. O6paboTKy CHEKTPOB
MPOBOJIMJIN C UCTONIb30BaHUeM nakera mporpamm OPUS7.5 (Bruker).

SIMP  BC-cmektpsl npoantonuanuguuoB cHsatel B (CD;),CO npu temmneparype 25 °C
¢ ucnosib3oBanueM crekrpomerpa Bruker Avance III 600 MI'n ¢ npuBs3koil k aeiTepueBomMy

PE30HAHCY PaCTBOPUTEIISL.

Pe3yabTaThl M 00CyKAEHUE

B pab6orax [13—15] Hamu u3y4eH (IaBOHOUIHBIA COCTAB MPOAHTOIMAHHMIMHOB, BBIICICHHBIX
13 KOPBI XBOHBIX TIOPOJI ICPEBbEB — IMMUXTHI, COCHBI U Kezpa. [lokazaHo, 9TO IKCTPaKIus KOpsl 15%-
HBIM BOJHO-3TaHOJBHBIM PACTBOPOM IO3BOJISCT YBEIMYHUTh BBIXOZ IMPOAHTOLMAHUIUHOB U3 KOPBI
nuxtsl ¢ 0,32-0,33 % no 0,36—0,38 %, u3 xopsl cocHsl ¢ 0,44—0,46 % no 0,62—0,64 %, U3 KOpbI
keapa ¢ 0,42-0,44 % mo 0,57-0,60 %, Mo CpaBHEHHIO C DKCTpaKIMEeH BOJOW. YCTAHOBJIEHO, UYTO
yYBEIUYCHHE KOHICHTPAIMH dTaHOJa B pacTBope Oojee 15 % He MPUBOMUT K YBEIUUYCHHUIO BBHIXONA
MPOAHTOIIMAHU IUHOB.

[upokuii crieKTp OMOIOTHUSCKOW aKTHBHOCTH TPOAHTONHAHUINHOB CTUMYIIHPYET pa3padoTKy
3¢ (HEeKTUBHBIX CIIOCOOOB HMX BBIACICHHS M TOHCK HOBBIX HCTOYHHKOB CHIPbs. B mpomomxeHue
paboT O BBIIACICHUIO W H3YYCHHIO MPOATONHUAHWUIUHOB W3 KOPBI CHOMPCKHUX XBOWHBIX TOPOJ
JICPEBBEB B HACTOSIIEM HCCIICAOBAHUU OBLIM W3YyYCHBI IPOAHTOLMAHUIUHBI KOPBI JTUCTBCHHHIIBI
cubupckoit (Larix sibirica Ledeb.). B Tabn. 1 mpuBeneHbl JTaHHBIE O BBIXO/E MPOAHTOIMAHIIHHOB
U3 HEO0OECCMOJIEHHON M 00€CCMOJIGHHON KOPBI JINCTBEHHMIIBI TIPU AKCTPAKLIUU BOJOH U 15%-HbIM
BOJIHO-3TaHOJIEHBIM PaCTBOPOM.

Kak ciieyer u3 npeacTaBiIeHHbIX TaHHBIX, ACHOIb30BaHUE IJII SKCTPAKIIHMH [IPOAHTOLMAHU TUHOB
15%-HOT0 BOTHO-3TAHOJIBPHOTO PACTBOpPA IMTO3BOJSET YBEIMYHTH BBIXOJ IMPOAHTOIMAHUIUHOB B 1,2
pasa, 10 CpaBHEHUIO C IKCTpakmuei Booi: 0,92 mac.% mo cpaBHenuto ¢ 0,75 mac.% (tadim. 1). Berxon

NpOaHTOUHWAHUIWHOB U3 00ecCcMOICHHO KOPBI JIMCTBCHHUIBI COITIOCTAaBUM C BBIXOAOM U3 PICXO,Z[HOf/i
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Ta6nuua 1. Beixon mpoaHTONMAHUIUHOB MPH SKCTPAKIIUKA UCXOJHOH U 00CCCMOJICHHON KOPBI JIMCTBEHHUIIBI
BO/IOH U 15 % BOAHO-ITAHOJIBHBIM PACTBOPOM

Table 1. Yield of proanthocyanidins during extraction of initial and deresined larch bark with water and 15 %
water-ethanol solution

Hcxonnas xopa ObeccmonenHas Kopa

Ne ombiTa Boxa 15 % BonHO-
STaHOIBHBII pacTBOP

15 % BogHO-

Bopa o
STaHOJBHBINA PACTBOP

BbIxon npoaHTOLMAHUIUHOB,Y OT MAcChl a.C. KOPBbI

1 0,76 0,91 0,77 0,94

2 0,74 0,93 0,75 0,96

3 0,75 0,92 0,78 0,93
CpenHee 3HaUeHHE 0,75+0,02 0,92+0,02 0,77+0,04 0,94+0,04

Kopbl. TakuM 00pa3oM, HU3KOE COzepKaHNe B KOpE JINCTBEHHUIIBI CMOJIMCTHIX BemecTs (4,2+0,2)%
HE OKa3bIBAET CYIIECTBEHHOI'O BIMSHMS Ha CTENEHb MU3BJICUYCHUS U3 He€ MPOAHTOIMAHUANHOB, KaK
IIPU SKCTPAKLHMK BOJIOH, TaK U 15%-HBIM BOAHO-3TaHOJIBHBIM PACTBOPOM.

CTpoeHue ToJIyYeHHBIX U3 KOPBI JINCTBEHHUIIBI TPOAHTOIMAHUIUHOB ObLIIO U3yUeHO METOAAMHU
VO, UK u 3C SIMP-crieKTpOCKOIHH.

Ha puc. 3 npuBenens! UK-crekTprl MpOaHTONMAHUANHOB, BEIJICICHHBIX U3 KOPBI TUCTBEHHHUIIBI
BOJIOH M 15%-HBIM BOAHO-3TAHOJIBHBIM PACTBOPOM, KOTOPBIE OTPAXAIOT WX MOJU(PEHOIBHYIO MPH-
poay ¥ npHucyTCTBHE PyHKIMOHAIBHBIX Ipynil. UK-cnekTpel 000ux 00pa3ioB NpoaHTOIHaHUITHOB

NICHTHUYHEI. B mux MNPUCYTCTBYIOT OCHOBHBIC ITOJIOCHI IOIJIOIICHU A, XapaKTCPHBIC AJI NPOAHTOL -
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Puc. 3. UK-criekTpbl TpOaHTONMAHU JUHOB, BBIICIICHHBIX U3 KOPBI JTUCTBEHHULBI BOO# (1) 11 15%-HBIM BOgHO-
9TaHOJBHBIM PACTBOPOM (2)

Fig. 3. FTIR-spectra of proanthocyanidins isolated from larch bark with water (1) and 15 % water-ethanol solution (2)

— 420 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 415-425

-1 COOTBETCTBYCT BAJICHTHBIM KOJIeOaHUsIM

anuauHOB. lIupokas monoca nornomenus npu 3313 cm
O-H cBs3eili B GpenonbHBIX Tpynnax. Banentneie konebanns C—H cBsizeit mpenMyIecTBEHHO B Me-
THUJICHOBBIX MOCTHKAaX MEXJY MOHOMEPHBIMH €IUHHUIIAMHU OTPAXKAIOTCS TMOJIOCON MOTJIOMEHHS TPU
2935 cm!. B nuanasone «orneyarkos najibues» (1500-500 ¢cM™) 0TYETIMBO NPOSBIAIOTCA T10JI0CH,
cBsi3aHHbIC ¢ AeopmanroHHbIMU KoieObanusimu O—H cBs3elt (mostoca moromieHus npu 1446 cm?)
1 BaJICHTHBIMH KOJICOAHUSAMH cBsizell yriepoa-kuciopos (C—O) (eHOoNbHBIX TPy U FeTepOnNKIIN-
4ecKoro kucyioposaa (mosoca mornoimeHus npu 1280 cm ). Hanbonee uHPOPMATUBHBI MOJOCHI KO-
neGaHui apoMaTHYecKuX KoJel (aaBaH-3-0I0BBIX MOHOMEPOB: BasleHTHBIe Konebanus C=C cBszeit
KoJiblla HaOtonatoTest npu 1517 u 1608 cm™', a BHemiockocTHbIE Jedopmanonnblie kosnedanus C—H
cBsA3ed apomaTuyeckux cucteM — rpu 817 u 764 cm' [16, 17].

UK-crnexkTpbl MpOaHTOIIMAHHUIMHOB, BBIICJICHHBIX U3 KOPBI TUCTBEHHHUIIBI, OTIINYAIOTCSA HATUYHUEM
cnaboii mosockl nornouenus B oomactu 1705 cm!'. Cornacuo [12, 16] maHHas monaoca MOTJIOMIEHHS
npuHAISKUT KojeOaHusiM cBsi3n C=0 KkapOOHWJIBHOW TI'pyNIIbl OCTaTKa TaJUIOBOH KHCIIOTBI,
Haxozsmerics B nojoxxeHnu C3 konbra C gpraBoHOMAA. DTO yKa3bIBAET HA TO, YTO ITPOAHTOLHAHUAUHBI
KOPBI TUCTBEHHUI[BI B CBOEM COCTABE COJAEPKAT MPOU3BOJHBIC TAJIJIOBOI KHUCIOTHI, YTO 3HAYUTEIHHO
YBEJIMYUBACT MX LEHHOCTh, T.K. YCTAHOBJECHO, YTO IIPOM3BOAHBIC T'aJUIOBOM KHCIOTHI B COCTaBe
MPOAHTOIIMAHUIMHOB TIOBHIIIAIOT UX aHTUPAIUKAIBHYIO0 aKTUBHOCTS [18].

Awnanusz BC SIMP-crekTpoB NPOaHTOIUAHUIMHOB KOPbI TUCTBEHHUI! (Larix sibirica Ledeb.)
IPOBOJUIN C UCIOJNB30BAHMEM M3BECTHBIX MaHHBIX JUISI HPOAHTOLMAHWIWHOB KOPBI COCHBI
nyunctoit (Pinus radiata) [12], enwn uépHoit (Picea mariana) [8], xenpa (Pinus sibirica) [13], muxTsl
cubupckoit (Abies sibirica Ledeb.) [15], cocHbl 00bIkHOBeHHOH (Pinus sylvéstris L.) [14] u niaomoB
nuiennd uuauiickoit (Dillenia indica Linn.) [16]. B 3C SMP-cnekTpax NpOaHTOLMAHHIMHOB
KOPBI JINCTBEHHUIBI (pHcC. 4) IPUCYTCTBYIOT CUTHABI BCEX aTOMOB YTJIEpoJa, XapaKTepPH3yIOIHUX
CTPYKTYpY MpPOAHTOIUAHUIUHOB. [lookeHust curuanos atomoB yriepoga B '3C SIMP-cnektpax
(puc. 4) MpPOAHTOIMAHUANHOB, BBIJICICHHBIX U3 KOPBI JIMCTBEHHHMIIBI dKCTpakiuend Bomoil u 15%-
HBIM BOJHO-3TaHOJIbHBIM PAacTBOPOM, COOTBETCTBYIOT JUTEpaTypHbIM JIaHHbIM [8, 12, 16], uto
CBHJICTEJILCTBYET 00 UACHTUYHOCTH TOJIYYEHHBIX IPOAHTOIUAHHIHHOB.

B o6mactu 170,0-172,0 M.i1. IpHCYTCTBYET CHUTHAJ aTOMa yTIEpOna CIOKHOI(PHUPHON T'pyIIBI
(-O—C=0) ramnokarexuna. B odmactu 156,0-158,0 m.1. curnansl aromoB yriepoaa C5, C7 kosnblia
A. CurHasbl aToMOB yriepojaa Konblia B TpyaHopasmuuumbl u Haxomstes B PC SIMP- cnekrpe
B obnactu 144,3 m.1. s npouraHuarHa U B obnactu 144,6 m.a. auist npoaenbGuanuHa. CUrHaibl
mpu 117,0 m.1. (C2', C5"), 117-119 m.1. (C6") u 144 m.11. (C3', C4") mpuHamrexar konbiry B. 3BectHO [8],
410 001acTh 70—90 M.11. 4yBCTBUTEIbHA K cTepeoxumuu Koblia C ¢uiaBoHOM10B. CHTHAI B 00J1aCTH
76,0-79,0 m.n. otHocAT K C2 muc (SMUKATEXWH/IMHUTAILIOKATEXUH) CTEPEOM30MEpaM, a CHTHAI
npu 82,0-84,0 m.x. k C2 TpaHC (KaTexWH/TaJUIOKaTeX1H) crepeon3omepam. VIHTEHCUBHBIN CHTHAI
B obnactu 76,0-79,0 m.a.'3C SIMP-criekTpoB (puc. 4) NPOAHTOIUAHUIHHOB KOPBI JHCTBEHHHUIBI
yKa3bIBaeT Ha IPUCYTCTBUE LIUC-CTEPEON30MEPA, COCTOAIIETO B OCHOBHOM U3 3BEHHEB AMUKATEXHHA.
[To manHBIM paboTsl [8], curHanm atoma yriepoxa B obmactu 61,0—63,0 M.A. PUHAIICKUT aTOMY
yraepoaa C6 IIIIOKO3UIHOTO OCTaTKa.

AHanu3 (¢IIaBOHOMJHOTO COCTaBa IPOAHTOLMAHUAWHOB KOPBI JIMCTBEHHHIIBI ITPOBOAMIIN
nocje MX MPEeBpalleHus B OKPAIICHHbIC aHTOIMAHUAWHBI U MOCIEIYIOUIETO Pa3AeiIeHHUs METOJOM

KOJIOHOYHOM XpOMaTOFpa(l)I/II/I Ha neJIaproHuiuH, TMaHUAWH 1 I[eﬂb(l)I/IHI/I,HI/IH.
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Puc. 4. 13C SAMP-cniekTpbl IpOaHTOLMAHUUHOB, BBIACICHHBIX U3 KOPBI JIMCTBEHHULIBI BoJoH (1) u 15 % BogHO-
staHosbHbIM pacTBopoM (2) (PC — mpoumnanuauuel, PD — npoaenb(GUHUAMHBI, M.U. — CpeJHEe 3BEHO, t.u. —
KOHIIEBOE 3BEHO, €.U. — YJIMHSIOIIEEe 3BEHO, U.U. — BEPXHEE 3BEHO)

Fig. 4. 3C NMR-spectra of proanthocyanidins isolated from larch bark with water (1) and 15 % water-ethanol
solution (2) (PC — procyanidins, PD — prodelphinidins, m.u. — middle unit, t.u. — terminal unit, e.u. — extension
unit, u.u. — upper unit)

U3BectHo [13], yTO aHTOLMAHUIUHBI, COAEPIKALIUE B OPTO-IOJIOKEHUAX KOJblla B ruipokcuib-
HBIE TPYIIIIBI, CTIOCOGHBI IaBaTh YCTOMYMBBIE KOMIUIEKCHI ¢ Fe3', AI3Y, Sn*" ¢ yriy6nenuem okpackwu,
IIPU 3TOM MAKCUMYyM IOTJIOIICHUS B BHANMOH 0o0nacTu Y®D-crmekTpa mepememaercss 0aToOXpoMHO
Ha 16-35 um [2, 13].

YO-crekTp menaproHuanHa IMEeeT MAaKCUMYM TIOTJIOMICHUS B BUIAMOU 00TACTH Apay = 529 HM,
MUAHUTUHA — Apax = 547 HM, a AeIbOUHUIUHA — Ay = 556 HM. [Ipu B3auMOAEHUCTBUU B pacTBOPE

9TaHOJIa € XJIOPUAOM AJIIOMUHUS MAKCUMY MBI ITOTJIONICHU S CMECIIAIOTCA B JJIMHHOBOJIHOBY IO 00acTh
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Tabnuna 2. CnexkTpaibHble M XpoMmarorpaduyeckne XapaKTepUCTUKHM aHTOLHMAHHIWHXJIOPHUIOB KOPBI

JIMCTBCHHUIIbI

Table 2. Spectral and chromatographic characteristics of anthocyanidin chlorides from larch bark

7\'max’ HM
BemecTso Brixon,% R¢x 100 TaHom + A\, HM
9TaHOJI
AlCl;
[enaprouuuHXI0pU] 4,9 71 529 529 0
Huanuauuxiaopus 40,6 52 547 569 22
JenbhuHuIUHXITIOPU T 54,5 34 556 581 25

cnektpa. Jnsg nmuanuanHa K 569 HM, nenppuananAa K 581 HM, a MAaKCUMyM TOTJIONICHUS ITeJIapro-
HUJIMHA He u3MeHseTcs. [lonydeHHbIe JaHHbBIE TOKA3bIBAIOT, YTO OCHOBHBIMH MTPOAHTOIIMAHUIUHAMK
KOPBI JINCTBCHHHUIIBI SBIISIOTCS MPOLUAHUINH U TpoAenbuauanH. Ha ux monro mpuxogutcs Ooee
96 % MpOaHTOIMAHUANHOB, COIEPIKAIIMXCS B KOPE TUCTBECHHHIIBI.

B Tabn. 2 mpuBenmeHBI CHEKTpalbHBIE M XpoMaTrorpaduueckue XapakTEPHUCTHKU aHTOIHAHU-
JIMHOB, TMOJIYYCHHBIX MMPU 00pabOTKE MPOAHTOLUAHUIUHOB KOPBI JIMCTBCHHHIIBI COJISTHON KHUCJIOTON

B 5TaHOIJIC.

3ak/loueHue

W3yueH cocTaB MPOAaHTOIMAHHUIMHOB, BBIACICHHBIX M3 HMCXOIHOM M 00ECCMOJICHHOH KOPBI
JUCTBEHHUIIBI CHOMPCKON BOHON u 15%-HBIM BOTHO-3TAHOJIBHBIM PACTBOPOM. YCTAHOBJICHO, UTO
MPUCYTCTBUE CMOJHMCTBIX BEHIECTB B KOPE JUCTBEHHHIIbI HE OKa3bIBAET CYIECTBEHHOTO BIMSHUS
Ha BBIXOJ U ()JIABOHOUIHBIA COCTAB MPOAHTOIMAHUIMHOB MIPH €€ IMOCIEAYIOMICH 3KCTPAKITUU BOJION
u 15%-HbIM BOJHO-3TaHOJBHBIM pacTBOpoM. [lokazaHo, 4TO MPH AKCTPAKIIUU KOPHI BOJON BBIXO
npoanTonuanumHoOB coctasiuseT (0,75+0,02) mac.%, a 15%-HbIM BOAHO-3TaHOJIBEHBIM PACTBOPOM —
(0,92+0,02) mac.%. Meronamu YO, UK u 3C IMP-cneKTpoCKOIUH yCTAHOBIEHO, YTO IPOAHTOLHA-
HUJIWHBI KOPHI JINCTBEHHHUIIBI coaepikar 54,5 % npoxenshunuauna, 40,6 % npounanunuaa, u 4,9 %

IpONeIaproHuuHa.
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Abstract. The influence of Sevilen 11808—340 on the rheometric parameters of the rubber compound,
physical-mechanical and operational properties of rubber used for the manufacture of products used
in sea water has been studied. The rubber compound contained: divinylstyrene coutchouc (SKMS-30
ARK or DSSC-628V) and chlorobutyl coutchouc KhBK-139, vulcanizing agent — sulfur; vulcanization
accelerators — dibenzothiazol disulphide, diphenylguanidine; vulcanization activators — zinc white,
stearic acid; antioxidant — naphtham-2; fillers — carbons black P 514 and P 803, natural chalk, trans-
polynorbornene; softeners — rosin, oil-polymer resin “Shinplast”, factis; plasticizers — petroleum bitumen
and industrial oil I-12A. Sevilen 11808-340 was introduced into the rubber compound in an amount from
5.0 to 15.0 parts by mass per 100.0 parts by mass of coutchoucs. The rubber compound was prepared
on laboratory rollers LB320 160/160 at a roller temperature of 60—70 °C. The vulcanization parameters
of the rubber compound were studied using a MDR3000 Basic rheometer from Mon Tech at 150 °C
for 40 minutes in accordance with ASTM D2084-79. Standard samples for determining physical and
mechanical properties were vulcanized at a temperature of 150 °C for 30 minutes in a vulcanization press
type P-V-100-3RT-2-PCD. The main characteristics of the vulcanizates were determined according to
the standards in force in the rubber industry. It has been established that rubber containing 5.0 parts by

mass of Sevilen 11808340 has better physical and mechanical properties and resistance to sea water.

Keywords: sevilene 11808-340, divinylstyrene SKMS-30 ARK and DSSC-628V coutchoucs, chlorobutyl

coutchouc KhBK-139, rheometric and physical-mechanical properties, sea water.
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HccaenoBanue BIAMSAHUA CIBUJICHA HA CBOMCTBA Pe3UHbI

Ha OCHOBE€ ITMBUHUJICTUPOJIBHOI'O U XJIOpﬁyTI/IJIKay‘IyKOB

E.H. Eropos?, C. /. Canganos®, H. 1. Koabuos?

Yygauwickuil cocyoapcmeennwviii ynusepcumem um. M. H. Yivsanosa
Poccuiickas ®edepayus, Yeboxcapul

*Yebokcapckoe npouzsodcmeennoe obvedunenue um. B. M. Yanaeea
Poccuiickas ®edepayus, Yeboxcapuol

Annoranus. MccnenoBano Binusinue coBuiiena 11808340 Ha peomeTpuyeckue rnokazareiau pe3uHOBON
cMecH, (PM3UKO-MEXaHMUYECKHE U SKCIUTyaTalIOHHbIE CBOMCTBA PE3HHBI, IPUMEHSIEMON JJIS1 U3TOTOBIICHHSI
W3JIENHH, SKCIUTYaTHPYyEMbIX B MOPCKO Bojie. Pe3nHOBast cmech coneprkaia: JUBUHUIICTHPOJIBHBII
kayayk (CKMC-30 APK unu JICCK-628B) u xnop6ytunkayuayk XBbK-139, Byakanusyromuii aredt —
cepy; YCKOPHUTEIH ByJIKaHU3aUH — 2,2"-1rn0eH3THa30aAuCy IO, TNHEHUITYaHUINH; aKTHBATOPBI
BYJIKAHU3aLMH — O€JIMJIa IMHKOBBIE, CTEAPUHOBYIO KUCIIOTY; aHTUOKCUIAHT — Ha(hTaM-2; HAMIOJIHUTEIN —
texHmaeckue yraepoast [1 514 u [T 803, men mpuponHbIi, TpaHC-TIOTHHOPOOPHEH; MSATYHTENN — KAHU(OITB,
HedrenoauMepuyto cmony «llunnmacTy, pakruc; miacTuGuKaTopbl — OUTYM He(DTIHON U Macio
unaycrpuanbHoe MU-12A. B pe3unoByto cmechk BBonuics caBuieH 11808-340 B konuyectse ot 5,0 1o 15,0
macd. Ha 100,0 Macu. kayuykoB. Pe3nHOBYt0 cMech TOTOBMIIM Ha JiaboparopHbix Bauiblax JIb 320 160/160
pu TeMnepaType Bankos 60—70 °C. BynkaHu3allMOHHBIE TapaMeTPbl PE3UHOBOM CMECH UCCIIEN0BATHChH
Ha peomerpe MDR3000 Basic pupmsr «Mon Tech» npu 150 °C B Teuenue 40 MUH B COOTBETCTBUU
¢ ASTM D2084—79. CranmapTHBIC 00pa3Ilbl AT ONpeaesieHus (PU3UKO-MEXaHHISCKHUX TTOKa3aTeel
ByJIKaHn30BaH pu Temneparype 150 °C B Teuenue 30 MuH B ByJIKaHU3AI[MOHHOM Ipecce Tuna P-V-100—
3RT-2-PCD. OcHOBHBIE XapaKTEPUCTUKH ByIKAHU3ATOB OMPEIEIISIIN COMIACHO AEHCTBYIOMIMM B PE3UHOBON
MIPOMBIIIIEHHOCTH CTaHAapTaM. YCTaHOBJIECHO, UTO pe3nHa, conepxamas 5,0 macy. copuiiera 11808-340,

06naz[aeT JIy4YIIuMH (1)I/IBI/IKO-M€X3HI/I‘ICCI(I/IMI/I CBOMCTBAMH U YCTOI>'I‘II/IBOCTLIO K MOpCKOﬁ BOJC.

Kurouesnie cioBa: casuiier 11808-340, nusununcruponsasie CKMC-30 APK n JICCK-628 B kayuyku,

xyopOyTrikayuyk XbK-139, peomerpuyeckue u GpU3NKo-MeXaHHMUECKUE CBOMCTBA, MOPCKasl BOJIA.

Iuruposanue: Eropos E. H., Cannanos C. ., Konsuos H. U. MiccinenoBanue BiusHUS C3BUIIEHA HA CBOMCTBA PE3UHBI HA OCHOBE
JMBUHUIICTHPOIIBHOTO ¥ X110pOyTHiIKaydykoB. JKypH. Cub. denep. yn-ta. Xumus, 2025, 18(3). C. 426—432. EDN: FWKPYG

B Hacrosmee BpeMs akTyaIbHBIM SBISCTCS pa3paboTKa pe3rH, UCTIONB3YEMBIX ISl U3TOTOBICHHUS
YCTOMYHUBBIX B MOPCKOM BOJIe U3/ieanid. Takue pe3uHbl TOTOBSITCS HA OCHOBE JMBUHUJICTUPOJIBHBIX Ka-

YUyKOB 1 xyopOyTrnkayuyxa [ 1, 2]. OnHako M3roTOBJICHHbIE M3 HUX JAETaJIN HE BCET/a YAOBICTBOPSIOT
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SKCIUTYaTaIlMOHHBIM YCIOBHSAM IPU BO3AEHCTBUU MOPCKOH Bobl. C APYToi CTOPOHBI, H3BECTHO, YTO
PE3MHBI, B COCTaB KOTOPBIX BXOAT CIBUJICHBI, 00JIa/Iaf0T XOPOIIMMH (PH3UKO-MEXaHNIECKHMH TT0Ka3aTe-
JISIMH, BBICOKOH T€pMO- U aTMoc(epocToiikocThio [3—5]. B [6] ycTaHOBIIEHO, 4TO KOMIIO3UIIMK HA OCHOBE
M3MEJIBYEHHOT 0 BYJIKAHU3aTa U COBUJIEHA 00J1a/1al0T MOBBIIICHHBIM MOIYJIEM YIPYTOCTH U XOPOIIeH
TEKY4eCThIO0 U TEPMOCTA0MIIBHOCTHIO. B padore [7] n3yueHa BO3MOXKHOCTb UCIIOJIb30BaHUSI 100ABOK
MaJICHHU3UPOBAHHOTO MOJIUIIPOIMIICHA U COBUJICHOB JJIsI TOBBIIICHHS B3aUMOJCHCTBUS Ha I'PAHULIEC
paszena (a3 TepMOIIACTUYHBIX BYJIKAaHM3ATOB HA OCHOBE Kay4yKOB Pa3JIMYHOM MOJISIPHOCTH U TOJIH-
npornmieHa. IToka3aHo, 4To COBMECTHOE ITpUMEHEHHE JOOABOK yydIllacT COBMECTHMOCTbh KOMITOHEHTOB
cuctembl. B [8] ycTaHOBIIEHO, 4TO CIBUIICHBI TO3BOJISIIOT JIETKO JIMCIIEPTHPOBATh HAHOIOPOILIKU B aMOp -
HOU Kay4uyKoBo# (a3ze. TaknM 00pazom, HaAJIMYHE NOJISIPHBIX BUHUJIAIETATHBIX 3BEHBEB B COBHIICHAX
CIMOCOOCTBYIOT UX XOPOILEMY pacIpeelieHnI0 B Kayuykax. [Ipu 3ToM 00pa3yroTcst KOOpIMHALMOHHbBIE
CBSI3M MEXK/Y 0-3BEHBSIMU MOJICKYJI Kay1yKa U HOJIIPHBIMHU I'PYTIIIAMH COMIOJIMMEPOB, TEM CAMBIM ITOBBI-
I1asi IPOYHOCTHBIE U SKCIUTyaTallMOHHbIE CBOWCTBA pe3uHbl. B padoTax [9, 10] nccnenoBano BIusHue
COBMJICHOB Ha TEPMO- M MACIOCTOHKOCTh pe3nH. [lokazaHo, 4To yBeIHUCHHE COEPKAHUSI CIBUIICHOB
J0 ONPCACIICHHBIX BEJIUYUH ITPUBOAUT K YBECIUYCHUTIO TepMOCTOﬁKOCTH, MacJjo- M BJaroCTOMKOCTH
BYJIKAHH3aTOB C COXPAaHEHHEM HX YIPYTOINPOYHOCTHBIX XapakTepucTuk. B pabdore [11] nccienoano
BJIMSIHUE pPAa3HbIX MapOK COBUJICHOB Ha CBOMCTBA PE3NHBI HA OCHOBEC 6yTa}1HeH-HI/ITpI/IHBHOFO Kaydyka
CKH-2645 n ycTaHOBIICHO, UTO pe3nHa, coxepxkaas capuieH Mapku 11808-340, obmanaet BbICOKOH
TepPMOarpeccuBOCTONKOCTHIO. B [12] moka3aHo, 4TO ATOT K€ COBUJICH MOBBIIIAET TEXHOJIOTHUECKUE
1 DKCILTyaTallHOHHBIE CBOMCTBA MOJMMEPHON KOMIIO3NIIMN Ha OCHOBE M30IPEHOBOI0 KaydyKa U T10-
nunponuieHa. B nanHoi pabote uccneaoano Biausinue couiieHa 11808340 Ha cBoiicTBa pe3uHBI
Ha OCHOBE JUBUHHJICTUPOJIEHOTO M XJIOPOYTHIIKAydyKa, IPUMEHSIEMON ISl N3TOTOBIICHHS U3/IENNH,

JKCILIYaTUPYEMBbIX B MOPCKOM BOJE.

BKCHepl/IMeHTaJI])HaSI JacThb

OcHOBOI  HM3y4aeMOH pE3MHOBOM CMECH CIIY)KUIM JUBUHUICTUPOJIBHBIA  Kaydyk
(CKMC-30 APK unu JICCK-628 B) u xnopbytunkayuyk XbK-139. Pe3unoBas cMech Takke BKIIIO-
yaJia ByJIKAaHU3YIOIUH areHT — cepy; YyCKOPUTEIH BYJIKaHU3AINK — 2,2"-1n0eH3Tnazonaucynbhu,
JUGEHMITYaHUAMH; aKTHBATOPbl BYJIKAHU3allMM — OeluiIa IUHKOBBIE, CTEAPUHOBYIO KHCIIOTY;
AHTHOKCHUIAHT — HapTam-2; HAMONHUTEIN — TexHnYeckuid yraepox I1 514 u I1 803, men mpupon-
HBIH, mpanc-NoINHOPOOPHEH; MATYUTEIN — KaHU (DO, HedTenonumepHyto cmony «IluHmmacTy,
(axTuc; muactudukaTopsl — OUTyM HeTsTHOW m Macio mHAycTpuanbHoe U-12A. Jlns ymydie-
HUsl (U3MKO-MEXaHUYECKUX M IKCIUTYaTAI[MOHHBIX CBOWCTB B PE3MHOBYIO CMECh BBOJUIICS COBU-
neH 11808340, nnst KOTOpOro cofep:kaHue BUHUJIALIETATa U MOKa3aTellb TEKYUYECTH COCTaBISIOT
26-30 % u 28—40 r/10 mun npu Temneparype 125 °C. ComeprkaHue CIBHICHA B Pa3JUUYHbBIX BapH-
aHTax pe3nHOBOM cMecH BapbupoBaiiochk oT 5,0 1o 15,0 mac.u. Ha 100,0 mac.u. kayuykoB. MHrpenu-
SHTBI CMEIINBaIH Ha JabopaTopHbiX Baibiax JIb 320 160/160 B TeueHnue 25 MUH PU TEMIIEpaType
BasnkoB 6070 °C. Oxnax/JeHue pe3nHOBOM CMeCH IPOBOJUIIM HA METAIIITMYECKOM CTOJIE HE MEHEE
24 vacoB, mociie u3MepsuIH e€ peoMeTpruUecKue nmokasarean Ha peomerpe MDR 3000 Basic B co-
orBercTBUU ¢ ASTM D2084—79. 3aTeM pe3nHOBYI0 CMECh BYJIKAHH30BalN B BYJIKAaHU3aLUOHHOM
npecce P-V-100-3RT-2-PCD npu 150 °C B teyenue 30 MUH M Onpejessiidi OCHOBHbIC (HU3UKO-

MCXaHHNYCCKHNEC XAPAKTCPUCTUKU BYJIKAaHU3aTOB COTJIACHO ﬂCﬁCTByIOHIHM B pGSHHOBOﬁ IIpOMBIII-
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JIEHHOCTH CTaHJapTaM: YIPYTONPOYHOCTHBIE CBOMCTBA MpH pacTsokeHuu omnpeaensuiun mo 'OCT
270-75; tBepnocth no lopy A —no 'OCT 263-75; conportusinenue pasaupy —no 'OCT 262-79,
3JaCTUYHOCTH M0 OTCKOKY — 1o 'OCT 27110—86; n3MeHeHHe yCIOBHON MPOYHOCTH IIPU PaCTsIKe-
HUH, OTHOCHTEIBHOTO Y/UIMHEHHUS NIPH pa3pbiBe U TBEPAOCTH IMOCIE BO3JCHCTBHUS MOPCKOM BOMBI
(8 %-i1 BomHbIH pacTBOp Mopckoit conu) — mo ['OCT 9.030-74 (meTox B); nu3MeHeHne Macchl Mocie
sKkcrio3unuu B Mopckoit Boje — mo I'OCT 9.030-74 (metoxm A).

Pe3yabTaThl U 00CyKIEHHE

B Tabn. 1 npuBeneHsl ncclieIoBaHHbIE BAPHAHTHI PE3MHOBOI CMeECH.

ITepssiii (0a30BbIH) BapuaHT pe3nHOBOH cMmecu copepskai kayuykn CKMC-30 APK u XBK-139.
Bo BTOpOM, TpeTheM 1 4eTBEPTOM BapHaHTaX B PE3MHOBYIO CMECH JIOTIOTHUTEIBHO BBOAMIICS CHOBHIICH
11808—-340 B konnuectse 5,0; 10,0 u 15,0 mac.4. cooTBETCTBEHHO. B 11TOM, 111€CTOM U CEABMOM Bapu-
aHTaX PE3MHOBBIX CMecel MpoBoaMIach paBHOMaccoBas 3ameHa kayuyka CKMC-30 APK na kaygyx
JACCK-628B. B st BapuanTtsl Takxe BBoauics cisuiieH 11808-340 B xonuuectse 5,0; 10,0 u 15,0
Mac.4. COOTBETCTBEHHO.

Ha pucynke npencrasiens! cHATbIe Ipu TemnepaType 150 °C kpuBble ByIKaHHU3ALMUK IS U3-
YYCHHBIX BAPHAHTOB PE3NHOBOM CMECH.

Ha ocHOBe ByJIKaHM3AIIMOHHBIX KPUBBIX OBUIM OINpPEIEIICHbl PEOMETPHUECKUE MOKA3aTeIH IS
Pa3JIMYHBIX BapUAaHTOB PE3WHOBON CMECH: MaKCHMajbHbIE U MUHUMAJbHBIC KPYTAILIUE MOMEHTHI,
a Tak)Ke BpeMsl HauaJja ByJKaHU3AUU U ONTHMAJIEHOE BpEMs Ipoliecca ByJIKaHU3auu (cM. Taou. 1).
W3 tabn. 1 cnenyet, 4To MO CpaBHEHHIO ¢ 0a30BBIM BapUAHTOM JIJIsl BADUAHTOB PE3MHOBOI cMecH 2,
3, 4, comeprkalMX BO3pacTaroliee KOJNYECTBO CIBUIIEHA, HAOMIONAETCSl YMEHBIICHNE MaKCHMAallhb-
HOT'O0 ¥ MUHHMMAJIBHOTO KPYTSAILIUX MOMEHTOB, a BPeMs Hadalla U ONTHUMAJIbHOE BpeMs BYJIKaHU3a-
LMK HE3HAYUTEIBHO Bo3pacTatoT. PaBHoMaccosas 3amena CKMC-30 APK na ICCK-628B B Bapuan-

Tax pe3sMHOBOM cMmecu 5, 6, 7, yBennUeHHE COACPKAHMSA CIBHIICHA TAK)Ke MPUBOIUT K YMEHBIICHUIO

Tabnuua 1. BapuaHTHI U peOMETpHYECKHE CBOHCTBA PE3UNHOBOM CMecH

Table 1. Variants and rheometric properties of the rubber compound

BapuaHnTsl
Kayuyxn

1 2 3 4 5 6 7
CKMC-30 APK, mac.u. 75,0 75,0 75,0 75,0 - - -
JCCK-628B, mac.u. - - - - 75,0 75,0 75,0
XBK-139, mac.u. 25,0 25,0 25,0 25,0 25,0 25,0 25,0
CoBunen 11808-340, mac.. - 5,0 10,0 15,0 5,0 10,0 15,0

Peomerpuueckue cBoiicTBa

Stmax> AH'M 5,94 5,01 4,53 3,93 6,64 5,80 5,49
Sin, AHM 0,90 0,76 0,71 0,60 111 1,09 0,99
t, MUH 10,63 12,57 14,19 16,57 7,92 9,56 10,13
t99, MUH 29,10 29,37 29,77 30,30 26,40 26,75 26,96

IIpumeuanue: Sy, — MAKCUMAJIBHBIA KPYTSAIIUA MOMEHT; Spin — MUHUMAJbHBINH KPYTSIIMIA MOMEHT; f; — BpeMs Hauaja
BYJIKAHU3AIUH; fo9— ONTUMAJIBHOE BPEMsl ByJIKAaHU3ALUH.
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Pucynok. Kpusble ByjkaHU3alMK Pe3UHOBOM cMecH (HOMepa KPUBBIX COOTBETCTBYIOT HOMEPAaM BapHaHTOB)

Figure. Rubber compound vulcanization curves (curve numbers correspond to option numbers)

MAaKCHUMaJbHOT'0, MUHUMAJIbHOI'O KPYTAIIUX MOMCHTOB 1 HC3HAYUTECIIbHOMY pPOCTY BPpEMCHU Haydalia

" OIITUMAJIBHOI'O BPEMCHH BYJIKAHU3AllUH.

Pesynbrarhl uccnenoBaHuil pU3MKO-MEXaHUYECKUX CBOWCTB BYJIKAHW3AaTOB PE3WHOBOM CMECH
MIpeCTaBIICHBI B TA0M. 2.

W3 nannabIX Ta61. 2 caenyert, uto npu 3ameHe CKMC-30 APK na JICCK-628B ycrnoBHas IpO4HOCTH
IIPH PACTSKEHUU BYJIKaHU3aTOB BO3PACTAET, @ OTHOCUTENBHOE yIJIMHEHUE IIPU Pa3pbIBE YMEHBIIIAETCSL.
BBenenue capuiieHa NPUBOAUT K HE3HAUUTEIBHOMY YMEHBLICHUIO YCJIOBHOW IPOYHOCTH IIPU PACTS-
JKEHUH ¥ BO3PACTAHUIO OTHOCHTEIBHOTO YIUIMHEHUS IpU pa3peie. 13 Tabm. 2 BUIHO, 4YTO HANMEHB-

1Iee M3MEHeHHE (PU3UKO-MEXaHUYECKUX CBOMCTB MOCIIC BO3ACHCTBHIS MOPCKOM BOJIBI IIPH TEMIIEPAType

Ta6nnua 2. ®U3HKO-MEXaHMYECKHE CBOMCTBA BYJIKAHU3aTOB

Table 2. Physical and mechanical properties of vulcanizates

Bapuants! pe3sunoBoii cmecu

[ToxazaTenu
1 2 3 4 5 6 7
Du3HMKO-MeXaHHUECKHe CBOMCTBA BYJIKAHN3aTOB
Jp» MIla 33 3,0 2,8 2,6 5,3 5,0 4,9
&p, %0 520 530 540 580 440 450 470
H, en. op A 58 58 58 58 55 54 55
B, xH/m 28 29 25 23 27 26 25
S, % 30 30 31 31 19 21 22

V3menenust GU3NKO-MEXaHNIECKUX CBOHCTB BYJIKaHU3aTOB MOCIIC BEIICPKKH
B Mopckoi# Boze pu 23 °C B Teuenue 24 4

Ay, % 6,1 5,3 5,5 5.8 47 5,1 5.4
Ay, % 5,2 -4.9 5,1 5,7 3.3 42 -4.9
AH, ex. Ilop A -1 -1 2 2 -1 -1 -1

M3meHenmne Macchbl BYJKaHM3aTOB I10CJIE BBIJIEPIKKU B MOpCKoii Bosie ipu 23 °C B TeueHue 7 CyToK

Am, % 0,50 0,49 0,46 0,43 0,33 0,30 0,29

IIpumeuanue: f, — yCIOBHAS IIPOYHOCTH TIPU PACTSIKEHHHU; &, — OTHOCUTENILHOE YJUIMHEHHE TIPU pa3pbiBe; [ — TBEPHOCTS;
B — conpoTuBiieHHe pa3pupy; S — JJMACTHYHOCTH 110 OTCKOKY; Afy,, Ae, B Am — OTHOCHTENbHBIE M3MEHEHHs YCIIOBHOM

MIPOYHOCTH IIPU PACTSKEHUH, OTHOCUTEIBHOTIO YIUIMHEHHUS IIPH pa3phlBe U Macchl; A/ — pa3sHOCTb TBEPAOCTEH Pe3uHBI OCIEe
1 J10 BBIJIEP’KKH B MOPCKOH BOJIE.
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23 °C B TeueHune 24 4 xapaKTepHO JIJIs ByJIKAHU3aTa MATOTO BapUaHTa PE3UNHOBON CMECH. DKCIO3HITHS
BYJIKAHU3ATOB B MOPCKOM BOZie B TeueHHe 7 cyTok npu 23 °C nokasbplBaeT He3HAUUTENbHOE, MeHee 1 %,
BO3pacTaHHe UX MacChI, IIPH ATOM CIBUJICHCOAEPIKAIIINE BYyTKAHN3AThI XapaKTePU3YIOTCS MEHBIIIUM U3-
MEHEHHEeM Macchl. TakuM 00pa3oM, 10 COBOKYITHOCTH (PU3MKO-MEXaHHUECKHX CBOWCTB ONTUMAJIBHBIM

ABIIAETCS ByJTKaHM3aT Ha ocHOBe Kayuyka JICCK-628B, conepxkamuii 5,0 macd. caBUIeHA.

BuiBoabl

B pesynbraTe npoBeneHHbIX UCCIEI0BAaHUN yCTaHOBIJIEHO, YTO caBUieH 11808—340 oxa3biBaeT
BJIMSIHUE Ha BYJIKAaHM3AI[MOHHbBIC XapaKTEPUCTUKH PE3MHOBOI cMecH, (U3UKO-MEXaHHMUECKUE CBOM-
CTBa BYJIKAHM3aTOB Ha OCHOBE KoMOnHaruii tuBuHMICTHposbHOrO (CKMC-30 APK mmn ICCK-628B)
kayuyka u xjopOyruikayuyka XBK-139. Jlyummumu (usnko-mMexaHHUECKUMHU M IKCILTyaTallMOH-
HBIMH CBOMCTBaMu 0o0JaaeT BapuaHT PE3NHOBOW CMECH Ha OCHOBE JIMBHHWIJICTHPOJIBHOTO KaydyKa
JCCK-628B, conepxamuii 5,0 Mmac.4. COBUIICHA, KOTOPHIH PEKOMEHIYeTCs ISl H3TOTOBJICHUS yCTOIi-

YHUBBIX K BO3H€ﬁCTBHm MOpCKOI>'I BOJbI PE3NHOTCXHUYCCKUX PI3,Z[€J'IHI7[.

Kondukt nurepecos

ABTOpBI 3asBJISIOT 00 OTCYTCTBUM KOH(IIMKTa HHTEPECOB, TPEOYIOLIEr0 PACKPBITHS B JAHHOM

CTaThbE.
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Abstract. Guaiacol is a lignin model compound often used to study of the lignin and bio-oil
hydrodeoxygenation (HDO) pathways, as well as to determine the efficiency of the catalysts used.
In the present work, the guaiacol HDO process was studied in the presence of nickel, ruthenium and
bimetallic Ni/Ru catalysts prepared on the basis of the pre-oxidized carbon support “Sibunit”. The
hydrodeoxygenation process was carried out at temperatures of 200-250 °C, an initial H, pressure of
1.5 MPa in a medium of water, ethanol and dodecane. The bimetallic catalyst containing 10 wt.% Ni
and 3 wt.% Ru (3RulONi/C) turned out to be the most active and selective in the conversion of guaiacol
into aromatic compounds and cyclic derivatives of alkanes in an aqueous medium. A catalytic study of
the guaiacol HDO process in the presence of this bimetallic catalyst was carried out. The influence of

the catalyst nature and characteristics on the HDO process routes is discussed.
Keywords: hydrodeoxygenation, guaiacol, ruthenium, nickel, carbon support.
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Uncmumym xumuu u xumuyeckou mexronoeuu CO PAH
QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

®Cubupckuil hedepanvhbiii ynueepcumem

Poccuiickas ®edepayus, Kpacnosapck

AHHOTaUMs. ['BasgKol ABIICTCS COCAIMHCHUEM, MOJICIIHPYIOIIUM JINTHHH, YaCTO HCIIONb3yeTCs IS
U3ydeHus MapipyToB ruapoacokcurennposanus (I'J10) nmurunna u OMoHEPTH, a TAKIKE ONPEICIICHUS
3 PeKTHBHOCTH UCIIONB3YEMBIX KaTalln3aTOpoB. B HacTosmiei padote uccnenoaH npormecc ['J1O
rBasikoJia B IPUCYTCTBUH HUKEJIEBOTO, PYTEHHEBOr0 n dumMeraiinyeckoro Ni/Ru kaTanuzaropos,
MIPUTOTOBIICHHBIX HAa OCHOBE MPEABAPUTEIBHO OKHCICHHOTO YTiieponHoro Hocutens « CuoyHuty. [Ipomecc
THUIPOCOKCUTEHUPOBAHMS OCYIIECTBIAIH NpH Temieparypax 200-250 °C, nauansHoM naBieHuu H,
1,5 MIla B cpene Boabl, 3TaHONA U 10JleKaHa. bumeTtaninueckuil kataiauzarop, conepxkamuid 10 mac.%
Ni u 3 mac.% Ru (3RulONi/C), oka3zascsi Haubosiee ak THBHBIM U CEJIEKTHBHBIM B KOHBEPCHHU I'BasKoJIa
B apOMaTHUYECKUE COCTMHEHUS M IIUKIUYCCKIC ITPOU3BOIHBIC aIKAHOB B cpelie Boasl. [IpoBeneHo
KaTaJINTHYecKoe uccienoBanue mporecca [JI0 raaskona B MpUCYTCTBUHU 3TOT0 OMMETaTITHYECKOTO
kaTtanuzaTopa. O0CyxKaaeTcs BIUSHUC TPUPOABI H XapaKTECPUCTUK KAaTAIH3aTOPOB Ha MaPIIPYTHI

nporecca ['JIO.
KuroueBble ci10Ba: ruIpoACOKCUTCHALIN S, TBASKOI, PyTEHUH, HUKEIb, YIJIEPOAHBIH HOCUTEINb.
BaarogapuocTu. VccnenoBanue BRINOMHEHO B paMKax rocyaapctseHHoro 3aganus UXXT CO PAH

(mpoexkt FWES-2021-0012) ¢ ucnionnb3oBanuemM odopynoBaHust KpacHOSpCKOro pernoHaabHOTO IEHTpa
KosutekTuBHOTO nonb3oBanust UL KHI] CO PAH.

Iutuposanue: bapeimuukos C.B., Ceiue B. B., Tpoukuii fO. A., Ckpunnukos A. M., Mupomnuxkosa A. B., Ky3uenos b. H.,
Tapan O.I1. l'maponeokcureHnpoBaHKe rBasKOIa B IPUCY TCTBUM KaTalu3aTopoB, coaepxkamux Ni 1 Ru Ha okuciaeHHOM
yriaeponHoM Hocutene «Cudynut». XKypH. Cub. denep. yu-ta. Xumus, 2025, 18(3). C. 433-444. EDN: TQLEOE
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BBenenue

JIurauH npencTaBiIseT cOO0H IPUPOTHBIH MOIUMEP, SBIISFOIIHIACS OJJHUM U3 OCHOBHBIX CTPYK-
TYPHBIX KOMIIOHEHTOB PaCTUTENILHOM OMOMACChl M COCTOSIIMI U3 METOKCHIIMPOBAHHBIX (peHHIITTpOIa-
HOBBIX equHUI] [1]. JINTHHH UMeeT 3HAYUTEIBHEIH MOTCHIINAI B KA9eCTBE BO30OHOBIISIEMOT0 pecypca
JUTSI TPOM3BOAICTBA LICHHBIX XUMUYECKHUX MTPOAYKTOB C BEICOKOH 100aBOYHOM CTOMMOCTBIO, B TOM YHCIIE
apOMaTHYECKUX YTICBOIOPOAOB U UX MPOU3BONHEIX [1, 2]. B mociennee BpeMst akTHBHO Pa3BUBAIOTCS
UCCIIEJIOBAHUS 110 KaTaJIUTHUYECKOI nepepaboTKe JIMTHUHA B ICHHbIE XUMHYECKHUEe TPOAYKThL. BoccTaHo-
BUTEIFHOE KaTaJTUTHYECKOE THAPOACOKCUTCHUPOBAHNE C MCIIOIh30BaHUEeM H, sIBIIsIeTCSs OMHUM U3 ITep-
CIIEKTHBHBIX MPOLECCOB MEPepadOTKH JIMTHIUHA B BOCTPEOOBAHHBIE HU3KOMOJICKYJISIPHBIE YTITIEBOIOPO/IbI,
a reTepOreHHBIC KaTalln3aTOPHI ABJISIOTCS HANOOIIee MOIXOIAIIINMHE IS €70 OCYIIECTBICHUS, C TOYKH
3peHUsl KOHLICNIUU «3eJIeHOi xumumn» [2—4]. Mcrionb3oBanne OMpyHKIMOHAIBHBIX KaTaJIn3aTOPOB
C METaJUTOCOACPKANTIMH H KUCTIOTHBIMHE IIECHTPAMH ITO3BOJISICT HHTEHCU(PUITUPOBATH ACTIOTUMEPH3AIIIIO
JIMTHUHA U YBEJIUYHUTH BBIXOJBI MOHOMEPOB [2, 3]. OmHaKO MEXaHHU3M pa3pbiBa aprI-3(pUPHBIX CBS3CH
Y CTENCHb KOHKYPEHITUH IPOoIiecca THIPOreHOII3a ¢ apaJuIeIbHBIMA PEaKIIUSIMH, TAKIMHA KaK THAPHU-
POBaHUE U ATKUIHMPOBAHNE, OCTAIOTCS MPEAMETOM JTUCKYCCHH U TPEeOYIOT TaTbHEHIINX UCCICOBAaHUI.
HccnenoBanne MexaH3Ma KOHBEPCHH JIMTHUHA SIBIISICTCS CIIOJKHOM 3aja4eid, TOCKOIBKY B IIPOLIECCE €ro
MPEBPALICHUS OTHOBPEMEHHO MPOTEKACT IEIIBIN PsI/I MOCTIEAOBATENBHBIX U MAPAJUICIBHBIX XHMHYECKIX
peaxkuui, 4To onpenessieT CI0KHbIN cocTaB npoaykToB. [loatomy s uccnenosanus peakuuit I'J10 nur-
HUHA 00BIYHO MCIOIB3YIOTCS HHANBUIYaJIbHBIC COSTUHEHNU ST, Moaeaupytoriue pasauaasie C—C u C-O
CBsI3U ero MakpoMoJekyisl. Hanbomnee gacto B mporecce ['JIO TUTHUHA 1 €T0 MOJICITBHBIX COCTUHEHUN
UCIIOJIb3YIOTCS KaTain3aropsl Ha ocHoBe ruiatnHon 0B (Pt, Pd, Ru u .1.) miu Ni [4]. Tak Ru, HaHeceHHbIi
Ha aKTUBHPOBAHHBIN YToJIb, 04€Hb aKTHBeH B peakiusx I J1O reaskona, ¢peHona [S], a karanusarops! Ru/C
u Pt/C, Pd/C akTHBHBI B THAPUPOBAHUH aPOMATHUECKUX COCTUHECHU C 00pa30BaHKUEM IIHKJIOATIKAHOB
[6—8]. HemocTaTkoM KaTanu3aTOpoB HAa OCHOBE OJIATOPOTHBIX METAJIIOB SIBIISICTCS UX BEICOKASI CTOMMOCTH,
OJIHAKO PYTEHUH MEHee JIOPOT [0 CPABHEHUIO € JPYTrUMHU IiaTnHoniamu. Katanuzaropsl Ha ocHoBe Ni,
Fe, Co u Cu [9-15] menee akTuBHbI B peakuusix ['J10 no cpaBHenuto ¢ Ru-cogepxkaiinmu Karain3aro-
paMu, HO IPOSIBIISIIOT BHICOKYIO CEJIEKTUBHOCTB, B pa3pbiBe C-O cBsizeit 6e3 ruapupoBaHus apoMarnye-
CKOT'0 KOJIbIIa. buMeTammaeckue KaTaau3aTopsl SIBISIOTCS HanOoJIee MePCIeKTUBHBIMA IS TPOIIECCOB
I'J10, nockoIbKy CrioCOOHBI TIPOSIBISITH «CHHEpreTndeckuit addex» [16], mpuBOASsIINiL K MOBBILICHHUIO
KaTaJIMTHYECKO aKTHBHOCTH H CEIIEKTUBHOCTH. B paborax [17, 18] moka3aHo, 4T0 OMMeTaTHIeCKHe
Kataau3aropsl Ha ocHoBe Pd/Ni 6osee addexTrBHO paciierisitoT ¢Bsi3u C-O B pa3saIudHbIX MOICIBHBIX
COCIMHCHUAX TUTHUHA B ycroBusAX [J]0, veM MOHOMETaITHYECKUE KaTaTu3aTOPhl. YUHTHIBAsI BRICOKYIO
LCHY METAJJINYECKOr0 Majuiaaus, rejecoodpasHa ero 3amena Ha Ru. B padotax [19-21] ycTaHoBieHa
BBICOKAs aKTUBHOCTH KaTanu3aropoB Ru-Ni B mpomeccax ['JIO TUTHUHA ¥ €r0 MOJICITBHBIX COCIMHECHUI.
I'Basiko, sIBJISISICH TPOJYKTOM JIIOJIMMEPU3AIIMK JTUTHIHA, Han0oJIee 4acTo UCIOJIb3yeTCsl KaK MO b-
HOE COeIMHEeHHME s n3ydeHust MexaHu3MoB [ /IO, mOoCKOIbKY COIepIKUT (PEHONBHYIO THAPOKCHITBHYIO
¥ METOKCHJIBHYIO TPYTIIBI, KaK ¥ MHOTHE MPOIYKTHI JeTIONIMMEpHU3aiy JTUrHuHa [22]. I3BecTHO, 4TO
B niporiecce ['JIO MapipyThl THAPOTEHOIN3a U THAPUPOBAHUS TBasKONIa KOHKYPHPYIOT MEXIY COO0MH
[23-26]. I'maporenonus csizu C—OH siBisiercst kitoueBoit cranueii I'/10 ¢peHonoB 1 MeToKcu(eHoIoB,
B TOM uuce reasikona [27, 28]. Ilpu I'/IO o00bruHO peanusyroTcs 1Ba MapiipyTa: THAPHPOBAHUE apoMa-
THYECKOT0 KOJbIIa C TOCIAEAYIOIINM ICOKCUTEHUPOBAHNEM CIIUPTOB ¢ 00pa30BaHUEM IIMKJIOATKAHOB HIIN

npamas ICOKCUT'CHALUS Iy TEM PACHICIVICHUS CBA3U C-OHc O6paSOBaHI/I€M ApCHOB. I[J'IH peann3anuun
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MEepBOro MaplipyTa OyaronpusiTHa 0ojiee HU3Kas TeMIlepaTypa peakiuu (M3-32 YMEHBIICHHSI SHEPI U
CBSI3M T10CJIE HACBIIIICHNSI apOMAaTHYECKHUX KoJiel) [29] 1o cpaBHEHHUIO CO BTOPHIM MapIIPyTOM.

Panee Hamu uccieoBaHbl KaranuTudeckue cBoiicTBa Ru, Ni n Ru-Ni karani3aTopoB Ha OKHCIEHHOM
yriaepoxHoM Hocutenne «CHOyHUT» B Ipolieccax BOCCTAHOBUTEIBHON JETIONMMEPU3aIK JINTHUHA [27,
30, 31]. I ycTaHOBJIEHU BO3MOXKHBIX MapIIpyTOB MPEBPAILCHHI TUTHUHA IeJIeCO00pa3HO U3YUUTh
CBOMCTBA ITUX KaTAJIM3aTOPOB B KOHBEPCUU MOJIEIBHBIX COEIUHEHUN JINTHUHA.

B manHoit paboTe mpoBeACHO CpaBHUTEIbHOE HccienoBanue mpoiecca ['JI0 reasikona Ha Ni,
Ru-conepxamux n 6umerammmyeckoMm Ni/Ru karanuzaTopax, IpUTrOTOBISHHBIX METOAOM MPOIUTKH
MPeIBAPUTEIBHO OKHCICHHOTO yIaIepoaHOro HocuTest « CHOYHHUTY, C LIENbI0 yCTAaHOBJICHUS BIMSHUSA

MPUPOABI KaTAJIN3aTOPOB U UX XAPAKTCPUCTHUK HA COCTAB IMTPOAYKTOB M BO3MOXKHbBIC MAPIIPYThI pCaKHHﬁ.

JKcHepuMeHTAIbHAS YacTh

Kamanumuueckoe zudpoc)eOKcueeHuposaHue 26AaAKo1A

I[Mponecc xaranmutiaeckoro I'/10 reaskomna B cpefie BOAOPOA IPOBOANIH B PEaKTOPE aBTOKIIABHOTO
tuma oobemom 150 mit (R-201, pecniyonuka Kopest). B peaktop 3arpyskajin Karajiu3aTop U3 pacuera
25 mac.% ot mMacchl rBasikona (5 Mmouib) 1 go0aBssin 30 Mu pacTBopuTeINst. PeakTop onpeccoBbIBaIN
Y YCTaHaBJIMBAJIM Ha4aIbHOE AaBJICHUE BOJAOPO/a B peakTope B auanasone ot 1,5 mo 3,0 MIla. 3atem
peakTop HarpeBaiu 10 Hy>kHOH Temneparypsl (200-250 °C). [Tponecc npoBoxnny B Tedenune 3—10 gacos
IPU IIEPEMEIINBAHNN PEAKIIMOHHON CMECH MEXaHNYEeCKOW MEIIaIKOM C MAaTHUTHBIM IIPUBOJIOM CO CKO-
poctbio 800 06/mMuH. [Tocne okoHUaHMS TpoIecca PeakTop OXJIaXK Il 10 KOMHATHOM TeMIIepaTyphbl,
ra3000pa3Hble TPOAYKTHI COOMPANIN B Ta30METP, U3MEPSIN UX 00BEM U ONMPEICIISIIN BEIXO METaHa
METOIOM I'a30BOi Xpomarorpaduu. PeakinoHHYIO CMeCh KOJIMUYECTBEHHO BBIT'PYKaJIM U3 aBTOKJIABA,
¢dunpTpoBanu uepes OyMaKHbINH QUIBTP U1 OTACNEHUs KaTtaiu3aropa. V3 peakimoHHoro cyocTpara
OTOMpAJIN ATMKBOTHYIO P00y 11t onpeaeneHust MetogoM I X—MC-cnekTpoMeTpun cocTaBa 1 Bbl-
xona nponykroB ['JIO reasikona. [Tpoayxrst ['J1O raasikona ananu3upoBaiu Ha xpoMmatorpade Agilent
7890A, xanmuisipHast kosonka HP-5MS (30 m), netextop cenexktuBHbIX Macc Agilent 7000A Triple
Quad. MnenTudukanuio coeMHEHUN TPOBOINIIM C UCIIOIb30BaHHEM 0a3bl JaHHbIX prodopa NIST MS
Search 2.0. MeTaH onpezensiii METOI0M ra3oBoi xpomarorpadun Ha xpomarorpade «Kpucrama-5000»
(Xpomatak, P®), kononka Porapak-Q, miiaMeHHO-MOHM3AMOHHBIN geTekTop. KoHBepcuio reasikosa
(X) 1 cenekTuBHOCTH (S) 1o apeHam onpeensau no Gopmynam (1) u (2). Beixon apeHos (Y,p), HHKIIO-

aJIKAHOB, X MTPOM3BOJHBIX U BBIXOJ METaHa onpeaessuin no popmynam (3) u (4).

gy () +my, ()

X= x 100 %, 1
) & ®
m,,i \I’
S = Mapi (1) X 100 %, )
My (1)
My, (1) )
Yop = ) 100 %, 3)
mMeTaHa(r)
= T 2 %1009 4
Yyer —C) 100 %, ©)

TJIE My, — MACCA APEHOB U UX MPOU3BOAHBIX (I); /77, — HMKJIOANKAHOB U UX IPOU3BOJHBIX; Miycx — MAcca

IBasKOJIA, 3arPy»KAaEMOro B peakTop (I), M,y i — Macca apeHa (I), 71y, — Macca KuAKHX mpoaykTos I'JIO (r).
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Hpueomosﬂeyue u ucciedosanue Kamaiusamopoe

OKHCIIEHHBIC YTTIEPOJHBIC HOCHTENH TOTOBMIM OOpPaOOTKOM KOMMEPYECKOTO ME30MOPHCTOrO
yriaepoauoro marepuana (YM) «Cubynut-4» (S4) xuciaoponom (20 06.% O, B N;) B IpuCyTCTBUHU
napoB BoAsl pu 450 °C B Teuenue 2 yacos [32]. Hukenp HAHOCHIIN METOAOM MPOMUTKHU 10 BIaroeM-
KOCTH BOJHBIM pacTBopoM xyopuaa Hukesst (1) rekcarnapara (NiCl, 6H,0) ¢ nocnenyroeii cymkoii
IIpU KOMHATHOU TeMrnepaType B TeueHue 3 4 u rnpu 60 °C B Teuenue 12 4. BoccTaHOBIEHNHE aKTUBHOIO
KOMIIOHEHTA MPOBOAIIIN B KBapIEBOM peakTope B Toke Bomopoaa mpu 450 °C B teuenue 2 4. [locne
OXJIQX/ICHUS 10 KOMHATHOW TeMIIepaTypbl B aTMoc(epe BO0opoia KaTalu3aTop NacCHBUPOBAIIH Ta-
30BoM cMmechio 1 % O, B N, [33]. Hanecenust pyTeHUsI MPOU3BOAMIM METOIOM MPOMUTKH IO BJIATO-
emMKkocTH BOgHBIM pacTBopoM Ru(NO)(NOs); ¢ mocenyromiei Cykoi npu KOMHaTHOH TeMIiepaType.
BoccraHoBneHre akTHBHOTO KOMIIOHEHTA MMPOBOAMIIN B Toke Bogopoaa rpu 450 °C B Teuenue 2 4. [o-
CcJIe OXJIaXKJICHHSI 1O KOMHAaTHOM TeMIIepaTypbl B aTMOC(epe BOAOpOo/a KaTaau3aTop NacCHBUPOBAIH
razoBoii cmechio 1 % O, B N, [32]. bumeTannnueckuii Karajau3aTop TOTOBHIJIM METOJIOM MOCIOHHOTO
HaHeceHUs1. BHavyae npon3BOANIN HAaHECEHUE HUKEIS! (KOMIIOHEHT ¢ 00JIee BEICOKUM COAEPIKaHUEM),

a 3aTeM pyTeHHsI.

HUccnenoBanue KaTa/Ju3aTopoB

TekcTypHBIC XapaKTEPUCTUKU 00pa3IOB HOCHTENCH U KaTaJIHM3aTOPOB ONPEACIISIHN 10 U30Tep-
Mam ajacop6ruu N, ¢ ucnonb3oBanuem npudopa ASAP-2020 Plus («Micromeriticsy, CIIIA). Diek-
TPOHHBIE MUKPO(DOTOrpaduH BEICOKOT'O PAa3pemICHUs I KaTaIu3aTOPOB OBLIH IMOJIYYCHBI C TIOMO-
IO MMPOCBEUMBAOIIETO 3IeKTpoHHOr0 Mukpockona HT7700 (Hitachi, Smonwus, 2014).

Mopdosoruio MOBEpXHOCTH H3yYall Ha CKaHUPYIOIIEM 3JIeKTpOHHOM MHuKpockomne Hitachi
TM4000 Plus ¢ mpucTaBKO# AJIs1 SHEPTOAMCIIEPCHOHHOIO0 MUKpPOAHaJn3a, MPeAHA3HAYCHHOTO IS
M3MEPCHUI TUHEHHBIX pa3MepoB 3JIEMEHTOB MHKpopenbeda M 3JICeKTPOHHO-30HIOBOTO PEHTI'CHO-
CIEKTPaJIBHOTO KaueCTBEHHOI'0 M KOJIMYECTBEHHOI0 MUKpoaHaiu3a coctaBa oopasua. upopma-
LU0 O MIOBEPXHOCTH IOy YaJIH ITyTEM 00IydeHHs 00pa3ia y3Ko CHOKYCHPOBAHHBIM JIIEKTPOHHBIM
nyukoM. HaOnroneHns TOHKOM CTPYKTYpbl MOBEPXHOCTH 00pasna MpOBOAMIIM 32 CUET yBeJIude-
HHS U OTOOpaXCHUS Ha dKpaHe WH(POpPMAINH, [TOIYUYSHHOW B 00OpaTHO-PACCEIHHBIX U BTOPHYHBIX
9JIEKTPOHAX.

['ucrorpaMMBbl pacrpeie’eHus YacTHI] [0 pa3MepaM OBLTH MOJTyYeHBI B pe3yIbTaTe CTaTUCTHU-
yeckoit (500—800 vactuir) 06padoTku MukpodoTorpaduii. KHCIOTHOCTH KaTain3aTOPOB OLICHUBAIN
1o Touke HyJseBoro 3apsiaa (TH3) cnocobom 3épencena — e bprouna [34]. [Topomkossie qudpakun-
OHHBIC JaHHbIC MOy YeHbI ¢ ucnonb3oBanuem CuKa uznydenus va nudppaxkromerpe X'Pert PRO ¢ ne-
texktopoMm PIXcel (PANalytical), cHabxeHHBIM I'paduTOBEIM MOHOXpOMATOpPOM. ChEeMKH TIPOBOANIIN
py KOMHATHOM TeMIIepaType B MaJoyrioBoM Juana3one ot 5 10 80° no mkasne 20, marom 0,026°,
At—-50c.

O0cy:x1eHne pe3yJbTaToOB

[IpuroToBiicHa cepus KaTanu3aTopoB, coaepxkaux 1, 3 mac.% Ru u/unu 10 mac.% Ni, Ha ocHOBe
rpaduTonogodHoro Mmezonopuctoro Y M cepun « CHOYHUTY, IIPEIBAPUTEIBHO OKUCIEHHOTO /1151 (hop-
MHUPOBaHHSI IOBEPXHOCTHBIX KUCIOTHBIX rpyni (Tabm. 1). OkucnurenbHas odpaborka YM npu 450

OC, TaK K€, KaK 1 HAHCCCHUEC PYTCHU A, IPUBOAUT K YMCHBIICHUIO yZ[eJ'ILHOﬁ rjomaa NOBEPXHOCTHU
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Tabnuna 1. XapakTepucTHKH yIiIepoaHbIX HocuTenei u Ni, Ru-conepikaminx kaTajanu3aTopoB Ha KX OCHOBE

Table 1. The characteristics of carbon supports and Ni- and Ru-containing catalysts based on them

p Cpenuuit TexcrypHble
a3MepHI ApAKTEDHC 4
No KHochenL/ WTudpp wactim Ni, pasmep pHis? XapaKTCpUCTUKU
aTann3aTop ) 4aCTHI Seets | Vions | <duor™
HM 5 D p
Ru, M M¥r | em/r HM
1 |Sib-4 Sib - - 7,54 375 0,55 5,87
2 | Sib-4-0x450* S450 - - 5,33 380 0,53 5,66
3 | 10 %Ni/Sib-4-0x-450 10NiS450 21,4 - 8,70 315 0,51 5,61
4 |1 %Ru/Sib-4-0x-450 1RuS450 - 1,06 6,06 368 0,52 4,80
5 |3 %Ru/Sib-4-0x-450 3RuS450 - 1,13 6,89 341 0,50 5,86
) 0/ N3 /]ih_4-
6 ixﬁg‘éﬂo /oNi/Sib-4 3RulONIS450 | 22,1 1,41 890 | 315 | 051 | 56l

Ipumeuanus: 'Pasmep uacTui onpeaesen no ypasuenuto lleppepa, ocHosbiBasch Ha peduekce Ni (200). 2Pazmepsl yacTHIl
[OJTyYEHBI [OCPEACTBOM CTATUCTHYECKOiT 00paboTkn maHHbIX [IOM. 3pHrys — pH Touku HyneBoro 3apsga. *TekcTypHble
XapaKTePHCTHKH MOJTYYEHBI B pe3ylbTare 00pa0OTKU JaHHBIX HU3KOTEMIIEPATypHOH agcopOuuu a3orta (Sper — yAETbHAs
HOBEPXHOCTB 110 Mozenu BAT (M%), Vyop — CyMMapHblit 06beM 1op (cM*/T), <dyop™> — CPeLHNMIA pasMep mop (HM))

(SgeT), 00BEMaA NOP (Vyp) M CpeHETO pazMep HOP (dpop), TPEANONOKUTENBHO, B PE3YJILTATE YACTHY-
HOT'O pa3pbIXJeHus rpaduTononodHoi cTpykTypbl YM CulbyHut-4, no Mepe OKUCICHHS, U YacTHY-
HOT'O OJIOKMPOBAHUS HEKOTOPBIX TIOP HOCUTEIIS YACTHIAMHU aKTHBHOI'O KOMIIOHEHTA ITPH HAHECEHUH
(tabin. 1). MccnenoBaHue KUCIOTHBIX CBOMCTB HOCHUTENEH MOKa3ayio CHMXeHue pH.,, mpu okuciu-
TeNbHON 00paboTke Y M, KOTOPOE MOKHO OOBSICHUTH TTOBBIIICHHEM KOHIICHTPAIIMH MOBEPXHOCTHBIX
KHCIOTHBIX Tpynn [32]. Hanecenune pyTeHHs IPUBOANUT K HE3HAYNTEIHHOMY MOBBIIICHUIO 3HAUEHU N

PH.ys, @ HAaHECEHUE HUKENS — K O0Jiee 3aMETHOMY yBelnn4deHuo pH,,; (cM. Tadu. 1).

Hccnedosanue pacnpedenenus memaiios

no nosepxrnocmu kamaauzamopa memooamu COM, [IOM, P@A

ITo manuaeiM COM, pacnpenenenue yactui Ni 110 pa3MepaM Ha IOBEPXHOCTH KaTalln3aTopa
3RulONiS450 sieisiercst mupokum. Cpenuuii pasmep cocTaiseT 159 HM, a TaK)Ke UMEIOTCSI OTICIIb-
Hble arnomeparsl pazmepom 300—-400 M. D1eMEHTHOE KapTUPOBAHKE ITOKA3AJI0 TAK)KE HATHUHE METI-
koxnucnepcHoro Ni u Ru (puc. 1 A). UccaenoBanue metomaom [19M nipu 6ojiee BRICOKOM pa3peIieHun
110Ka3aJI0 HaJINYME Ha MOBEPXHOCTH KaTaJIN3aTopa YacTHIl HUKels pasmepoM 20—-50 HM, a pyTeHui
HAXOJUTCS B HAHOJUCIIEPCHOM COCTOSIHUH, pa3Mep YacTHI] COCTaBIAeT 1-3 HM, arJoMepaToB He Ha-
omonaercs (puc. 1 b). lns monoMeTtaminyeckux katanusaropoB 1RuS450 u 3RuS450 pacripenene-
HHUE YaCTHUI[ METAJUIOB UMEET CXOXKH XapakTep ¢ oumeraundeckum 3RulONiS450, nanHble MUKPO-
CKOITHH TIPENICTaBJICHHI B padoTax [27, 30, 31].

Ha penrrenorpammax katanusaropa 3RulONiS450 npucyTCTBYIOT XapaKTepHbIC IJIs METall-
nuyeckoit popmer Hukens peduexcs (111), (200), (220) na 20 yrmax 44, 52, 76, TUKU OKCHIHBIX
dhopm orcyTeTBYIOT (prc. 2). Pasmep uactui o ypaBuenuto llleppepa, ocHOBbIBasiCh Ha pediiekce
Ni (200), cocrasmnsier 20.1 HM, uTO XOpomIo coriacyeTcs ¢ pesynbratamu [I1OM. OrcyTcTBHE nH(-
PaKIIMOHHBIX MMUKOB, XapaKTEPHBIX 111 Ru 1 ero okcuaoB, yKa3pIBaeT Ha €ro BBICOKYIO JUCIEpPC-

HOCTB (puc. 2).
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Fig. 1. SEM image of nickel particles A, elemental mapping of the surface of 3RulONiS450 B
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Puc. 2. Pertrenorpamma karanuszaropa 3RulONiS450

Fig. 2. X-ray diffraction pattern of catalyst 3RulONiS450

Kamanumuueckas I']]O 2easxona

W3y4eHo BIUSHNE IPUPOJIBI PACTBOPUTEIS, TEMIIEPATY PbI, ITPOJOJIKUTEIIBHOCTH MPOLECCa, Hauallb-
Horo asneHust H, v mpupozipl KaTanu3aTopoB Ha KOHBEPCHIO I'BasIKOJIa U BBIXO TpotykToB ero I'J10.

B kadecTBe peaknnoHHOH cpenbl 1utst mpoBeaeHus /10 reaskona ObLIM NCIIONB30BaHbI 3TAHOIM,
JIofieKaH u Bozia. B cpene aTaHoa KaTanu3aTopsl oKa3ail HU3KY0 aKTHBHOCTb 110 CPABHEHHIO C BO-
JHOH cpenoit u nozpekaHoM (tadu. 2). Tak, B mpucytcrBuu karannzaropa 3RulONiS450 konsepcus
He npesbimana 26,0 mac.% (radi. 2). B cocraBe 00pa3yromuxcs poayKTOB IPaKTHYECKH OTCYTCTBO-
Basu OEH30I1 M IMKJIOrekcaH (cymmapHo MeHee 0,5 mac.%). Panee Ob110 MOKa3aHo, 9TO PAaCTBOPUTEIN
C BBICOKOM INOJIIPHOCTBIO U OCHOBHOCTBIO 110 JIbtoHCy (METaHOI, 3TaHOJI) 3aMETHO CHUXKAIOT aKTHB-
HocTh Ni-KaTaJIn3aTOpPOB B T'UAPOTCHOIN3E MOJICIIBHBIX COCIMHEHUI TUTHIHA [35].

B npucyrcrBuun karanuzatopa 3RulONiS450 koHBepcHs rBasikoiia B JojaeKaHe Obljia MakKCH-

MaJbHON 1 gocturana 98 mac.% (tadmn. 2). OnHAKO B 3TOM Cilydyae CEJIEKTHBHOCTH 110 apoMaTHye-
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Ta6nuna 2. CoiicTBa Katanuzaropos B mpoiecce ['JIO reasikosia

Table 2. Properties of catalysts in the HDO process of guaiacol

S, mac9

Ne Karazmsatop Mjii% MZ?.Y‘;A) Msag.:’% C4Hs | CeHO ’C GHIZA) CeHRO|  Jip. MZZI;Z“
1 S450 - - - - - - - - -

2 1RuS450 71,0 5,7 8,0 1.8 6,2 2,5 52,0 37,5 6,6

3 3RuS450 94,5 8,5 9,0 2 7,0 10,0 56,6 24,4 8,9

4 10NiS450 4,8 34 70,0 12.0 59,0 0,5 9,5 18,6 0,2

5 | 10NiS450+3RuS450' | 63,5 21,0 28,6 4.4 24,2 6,0 57,2 21,2 -

6 3RulONiS450 79,0 50,6 64,0 14,0 50,0 4,0 24,0 8,0 5,3

7 3Rul0NiS450? 26,0 15,0 57,6 1,8 55,8 3,8 35,2 34 -

8 3Rul0NiS4503 98,0 - - - - 58,0 32,2 9,8 -

T—225°C, t — 3 uaca, Pyp(navansroe) — 1,5 Mmna, 5 mmoub reasikona, 0,1 r karanusaropa, ¥ — 30 ma H,O; ' — cooTHOmIEHHE
karanuzatopos 50:50, o6mas cymma 0,1 r; 2 — B 30 M1 9Tanoma; * — B 30 MJI 10/1eKaHa; 4 — B epecyeTe Ha Maccy TBasKoOJa.

CKHUM IPOAYKTaM OKa3aJiach O4eHb HU3KOMU. [loleKkaH, Kak apOTOHHbIM HENOJIPHBIN PAaCTBOPUTE b,
croco0CcTByeT 00pa30BaHMIO MKJIOAIKAHOB M MX MTPON3BOAHBIX [35]. Mcxomast U3 MOITydeHHBIX pe-
3yJBTaTOB, BCE MOCIEAYIONNE SKCIIEPUMEHTHI 110 KaTanutudeckomy I'JIO rBaskoia MpoBOAUIINCH
B BomHOU cpene. [lonydeHHble qanHbIe 00001IeHH! B Tabn. 2. Metogom ['X—MC ocymiecTBIeH aHa-
JIU3 POy KTOB IpoLiecca, TAKUX Kak 0eH3011, PeHOJI, IUKIIOTeKCaH, [UKJIOTeKCAHO, 2-METOKCHU LU~
KJIOT€KCaHOJI, METHJIMKJIOT€KCAHOJI U 1Ip. B mpucyTcTBUM pyTEeHHEBOTO KaTanu3aTopa KOHBEPCHS
rBasikoJia focturaia 94,5 mac.%. BenencTBue BICOKON aKTUBHOCTH PYTEHHSI B THIPUPOBAHUH apO-
MaTHYECKOTO KOJbIla OCHOBHBIMU IpoaykTamu ['JIO rBasikosa sSIBISIOTCS MUKJIOTEKCAH M LIUKJIO-
rexkcanon (Tab6in. 2). HukeneBslil kaTanin3aTop HE MPOSBMUJ BBICOKOW aKTHBHOCTH (KOHBepcus 4,8
Mac.%), OZIHAKO €T0 CEJNEKTHBHOCTH 110 apOMaTHYECKUM YTJIEBOIOPOJAaM OKa3ajlach 3HAYUTEIHHO
BBIILIE, YeM JIJIsi PyTEHHUEBOIro Karaiuszaropa (tadi. 2). B mpucyTcTBUM OMMETaIIMYEeCKOro KaTa-
mu3aropa 3RulONiS450 konBepcus reaskoina gocturaia 79,0 mac.% a ceJIeKTUBHOCTH MO apeHaM
65 % (Tabui. 2).

OTOT pe3ynbTaT JeMOHCTpHpyeT cuHepreTudeckuil sddext mexny Ru m Ni, mossosio-
MU CYHIECTBEHHO MOBBICUTH CEJICKTHBHOCTh OMMETANJIMYECKOr0 KaTallu3aTopa B OTHOUICHHH
apoMaTH4ecKuX NMpoayKToB B mpouecce /IO raaskosa mo CpaBHEHHIO C MOHOMETAJUIMYECKH-
mu Ru- u Ni-comepxamumu karanuzaropamu. [Ipu ucnonb3oBaHnM MexaHuuyeckoi cmecu Ru-
n Ni-coJepKalnuX KaTaJIu3aTOpOB BBIXO apEHOB MOBBICHIICS TOJIBKO 10 21,0 Mac.%, a KoHBepcHs
110 63,5 mac.% (tabum. 2). YBenuueHue HadaapHOTO nasienus H, ot 1,5 no 3,0 MIla npuBoauT K 1o-
BBIIICHNIO KOHBepcuu reasikosa ot 79,0 no 94,0 mac.% (puc. 3 A), HO CHUIKEHHUIO CEJIEKTUBHOCTH
[0 apOMATHYCCKUM COCAMHCHUSM 110 6,4 % B pe3yibraTe HHTCHCU(DUKAMH PEAKIIHU THAPHUPO-
BaHMS apoMarHueckoro koisia. I[Ipu Temneparype npouecca 200 °C Habnr0gaI0Ch YBEJIHUCHUE
BBIXO/Ia IMKJIOTEKCAHOJIa U €r0 IPOU3BOAHBIX, a 00jice BrICOKas Temiepatypa (225 u 250 °C) ona-
TONPHUATCTBOBAJIA THIPOTEHOIN3Y I'BasgKkoia ¢ oOpazoBaHuem Oenszona u ¢penona (puc. 3 b). Han-
6oJjee BBICOKHE 3HAUEHUsI KOHBEPCHH I'Basikoiia 10 90 Mac.% U ceIeKTUBHOCTHU 110 AapOMAaTHUECKUM

coenuueHusaAM (o 76,0 mac.%) nocruranuce npu 250 °C.
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Puc. 3. [Ipouecc I'J10 reasikona B npucyTcTBUH Katanuzatopa 3Rul0ONiS450 A. BnusHnue Ha4anbHOTO TAaBICHHS
H, (225 °C, 3 4); B. Bousaue temneparypsl nponecca (H, 1,5MIla, 3 4); B. Biusane npogoiKuTEeIbHOCTH
npouecca (H, 1,5MI1a, 3 u)

Fig. 3. HDO process of guaiacol in the presence of catalyst 3RulONiS450. A. Effect of initial H2 pressure (225 °C,
3 hours); B. Effect of process temperature (H2 1.5 MPa, 3 hours); B. Effect of process duration (H> 1.5 MPa,
3 hours)

Mapwpymuvl npoyecca kamarumuuecxou I /][O eeasxona

Metonom I'’X-MC Oblita n3yueHa JUHAMHUKa H3MEHEHHU S COJIEPKAHN S TBASKOJIA U IPOJLYKTOB €TI0
npespaiieHus B npucyTcTBuu karanuzatopa 3RulONiS450 B reyenue 10 yacos (puc. 3 B). Boictpoe
CHIDKEHME COZICpYKaHMsI IBAsKOJIa B PEaKIMOHHOM cMecH HaOitogaeTcst B epBble 3 daca mporecca
I'10, npu 0IHOBPEMEHHO OBICTPOM YBEJIMUYCHHH Bbixoaa (heHosa BiioTh 10 50 mac.%. JlaHHbii GakT
CBHJICTEJILCTBYET O TOM, UTO IIEPBOM CTaJANCH THIPOTreHOIN3a TBASIKONIA SIBJISIETCS OTIIETIIICHNE Me-
TOKCHJIBHOTO 3aMeCTHTEIIsI ¢ oOpa3oBanueM (eHosa. OgHako oOpa3zoBaHue GeHoa MOKET TPOUCXO-
JUTH IO JIByM MapuipyTtam: 1) 1eMeToKCHInpoBaHue; 2) AeMETHINPOBAaHIE C 00pa30BaHHEM ITHPOKa-
TEXMHA U ero MOCIey IOIUI IMAPOreHonu3 1o Gpenomna. J{is ycraHOBICHUS BKIIala KaXKJ0Tr0 U3 3TUX
MapHIpyToB B 0Opa3oBaHue (eHONa OBLI NMPOBEAEH aHAJIN3 HA COAEp)KaHHE METaHa ra3000pa3HbIX
npoaykToB mponecca ['JIO (tabn. 2). [TomyueHHble pe3ynbTaThl OKa3aal, YTO BBIXOA METaHa TP
MIPOYMX PaBHBIX YCIOBHX 3aBUCEI OT IPUPOABI METAJIA M €T0 COACPIKAHUS B KaTaJIn3aTope.

MaxkcuMaJsbHbII BBIXOJ] METaHa, KOTOPBIH MOKHO MOJYYUTh U3 MOJIEKYJIbI TBasKOJIA IIPU JeMe-
TUJIMPOBAHUH, cOCTaBisAeT 12,9 Mac.% oT HaBeckH rasikoina. B mpucyrcTBuu karanusaropa 3RuS450
obpasyercs 8,9 mac.% meTaHa, 4TO cocTaBisieT okoo 70 % OT TeOpeTHUYECKH BO3MOKHOTO. BricOokne
3HAYEHUS BBIXO/Ia METaHa B IPUCYTCTBUHU PYTEHHEBBIX KaTaJIM3aTOPOB YKa3bIBAIOT HA ITpeodiaganne
BTOPOr0 MapuipyTa odpazoBanusi peHola yepe3 CTaauio 00pa3oBaHus IPOMEKYTOYHOTO IPOJYKTa —
MMpoKaTexnHa. BeposiTHO, CKOPOCTh THIPOr€HOIM3a IIMPOKATEXWHA 10 (PEeHOa 3aMETHO BBIIIE, YeM
CKOPOCTb JIEMETOKCHIIMPOBaHUs rBaskoa. Tak, BBIXOJ MMPOKATEXHHA B MIEPBbIC TPU Yaca Ipolecca
I'’10 we npesbiman 0,2 Mac.%, a mpu OOJNBIIEH MPOAOIKUTEILHOCTH IIPOIECca PErUCTPUPOBAIINCH
JIMIIB €r0 CJeA0Bble KosinyecTBa. B npucyTcTBun katanuszaropa 3RulONiS450 Beixox MeTaHna cocTa-
Bui 5,3 mac.% (okono 40 % OT TEOPEeTUIECKH BO3MOKHOT'0), CIICOBATEIIEHO, CHU3HIICS BKJIA]] ATOTO
HaIpaBJIeHUs B MapiIpyTe oopazoBanus (heHoa. Pe3koe yMeHbIIEHHE BEIX0/1a METAHA B IIPUCY TCTBHH
Ni-cozmeprkaiero katannzaropa (Menee 0,2 Mac.%) yka3bslBaeT Ha TO, UTO B 3TOM ciiydae (eHOI 00-
pasyercs uepe3 CTaJHI0 MPSIMOro JIEMETOKCUIMpOBaHUsl TBasikona. [lociie ocTkeHsI MaKcuMyMa

gyepe3s 3 gaca mporecca ['J10 copeprkanne GpeHoIa CHIDKAIIOCh B Tocieayomue 7 gacos ¢ 49,0 mo 18,0
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Puc. 4. Mapuipyt nponecca ['JIO reasikona B mpucyrctBun Ru u/mnn Ni-copepkalmx KaTaan3aTopoB

Fig. 4. Reaction pathway of guaiacol HDO process in the presence of Ru and/or Ni-containing catalysts

Mac.% BCIEICTBHE MPOTEKaHMS PEAKINU JETHAPOKCUIMPOBAHNS U TUAPUPOBAHMS apOMATHUECKOTO
KOJIbLIa ¢ 00pa30BaHHEM OEH30J1a M IIUKJIOTEeKCaHOTIa COOTBETCTBEHHO. KprBhIe HAKOMICHUS APYTHUX
OCHOBHBIX ITPOAYKTOB HMEIOT NOJIOTUH PO HIIb (BBIX0 O€H3051a ¥ TPOLYKTOB I'MIPHPOBAHUS KOJTb-
I1a TOCTETIEHHO YBEJIIMUNBAETCA B X0A€ Iporiecca). Ha ocHOBaHMM aHaIHM3a MOYYSHHBIX PE3yJIbTaTOB
10 KHHETHKE HAKOIIJICHN I OCHOBHBIX ITPOAYKTOB /IO MOKHO ITPpeIIOKNUTh MapIIpy ThI IIPEBPAIEHU I
reasikosia. B npucyrcreuu Ru (puc. 4 A) u NiRu karanuzaTopos, Ha nepBom 3rtare, heHos oopasyercs
T10 JIByM HalpaBJICHUSIM KaK OCHOBHOH poayKT (puc. 4, peakuuu | u 3). Jlanee dpenon npesparnaercs
10 IBYM HAIpaBJICHUAM: 1) MyTeM AeTrHApOKCHINpPOBaHUA 10 OeH3ona (puc. 4, peakuus 4; 2) ruapu-
poBaHue 10 nuKIorekcanomna (puc. 4, peakuus 2). Ha TpeTbem 3Tane HHUKIONEKCAHON THAPHPYETCS
JI0 IUKJIOTeKcaHa (puc. 4, peakus 5).

B npucyrcrsun Ni-comeprkariero katajnszaropa (peHoI MpenMyIIecTBEHHO 00pa3yercsl uepes
CTaJUIO MPSIMOTO ICMETOKCUIIMPOBAHUS rBasikoja (puc. 4, peakuus 1). Jlanee ¢eHon npespaiaercs
10 IBYM HAIPaBICHUSIM: 1) MyTeM JIeTHIPOKCHINPOBaHMs 10 OeH30a (Ipeodiaiaromee Harpasiie-
Hue, puc. 4, peakuus 4); 2) THAPUPOBAHKE 0 HUKJIOrekcanona (puc. 4, peaknus 2). B mpucytcTun
karanu3atopa 10NiS450 Tperuit sTan npeBparieHus MUKJIOTeKCaHoIa B IUKIIOI€KCAH MPAKTHUECKH

OTCYTCTBYET (puc. 4, peakuus 5).

3akjrouenne

ComnocTaBIeHBI aKTHBHOCTH U CEIIEKTHBHOCTE Ru 1 Ni-coepiKaIimx KaTain3aTopoB Ha OKUCIICH-
HOM yTrieponHoM Hocutene «Cubynut» B mporecce /10 reasikosa B BOAHOH cpeje. B mpucyTcTBUN
Karajims3aropa, cogepkamiero 3 mac.% Ru Ha okuciennom Cubynute (3RuS450), nocturanach Makcu-
MallbHasi KOHBepcus rBaskona (94,5 mac.%), a ocHOBHBIMH MTpoaykTaMu peakuuii I'JIO okazanuce 1iu-
KJIOTEKCaHOJ M IUKJIorekcaH. Hukenesslii kaTanmsarop, copepxkamuii 10 mac.% Ni (10NiS450), mpo-
SIBUJT HU3KYIO aKTUBHOCTD B THIPOJICOKCUTEHAIIMH TBasikoia (koHBepcus 4,8 mac.%), c o0paszoBaHuemM
MIPEUMYIIECTBEHHO OeH30a. B mpHUCYyTCTBUH OMMETAITHYECKOrO KaTaim3aropa, comepskamiero 10
mac.% Ni u 3 mac.% Ru Ha okuciaerHoM CHOYHUTE, OCHOBHBIM MapIIPYTOM IIPEBPAIICHUS TBasIKOJIA
SIBUJIOCH €0 JICMETOKCHIIMPOBAaHUE ¢ 00pa3oBaHUEM (eHONIA. DTOT OMMETAITHYCCKUI KaTalln3aTop
MoKa3all CUJIbHBIN cuHepreTuueckuii a¢dext B npouecce ['JIO reasikosa, BHIPA3UBIIUICS B PE3KOM

IIOBBIIICHHUH (60J'IGC 9eM B 5 pa3) CCJICKTUBHOCTH IO apOMAaTUYCCKUM COCAUHCHUAM. Ha coctaB npo-
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aykros nponecca I'J10O reasxona 3aMeTHOE BIUSHUE OKa3bIBAIOT NPUPOAA PACTBOPUTENS, TEMIIEpa-
Typa Impouecca U AaBjeHHe BoAopoja. Mcrnoab30oBaHHe BOAHON Cpelbl, MOBBIMICHHE TEMIICPATyphI
nporecca 70 225 °C u cHUKeHHe HavyaJbHOT O IaBieHus Bojopoaa A0 1,5 MIla cmocoGCTBYIOT MOBBI-

HICHUIO CCJICKTUBHOCTH 11O apOMATUYCCKUM COCANHCHUAM.

Cnucok autepatypsl / References

[1] Tejado A. et al. Physico-chemical characterization of lignins from different sources for use in
phenol—formaldehyde resin synthesis. Bioresource Technology, 2007. 98(8): p. 1655-1663.

[2] Luo Z. et al. Precise oxygen scission of lignin derived aryl ethers to quantitatively produce
aromatic hydrocarbons in water. Green Chemistry, 2016. 18(2): p. 433—441.

[3] Diaz-UrrutiaC. et al. Catalytic acrobic oxidation of lignin-derived bio-oils using oxovanadium
and copper complex catalysts and ionic liquids. Journal of Molecular Catalysis A: Chemical, 2016.
423: p. 414-422.

[4] Zakzeski J. et al. The Catalytic Valorization of Lignin for the Production of Renewable
Chemicals. Chemical Reviews, 2010. 110(6): p. 3552-3599.

[5] Chang J. et al. Hydrodeoxygenation of guaiacol over carbon-supported metal catalysts.
ChemCatChem, 2013. 5(10): p. 3041-3049.

[6] Diao X. et al. Catalytic hydrodeoxygenation and C—C coupling of lignin and its derivatives
into renewable jet-fuel-range cycloalkanes. Green Chemistry, 2024. 26(23): p. 11406—11426.

[7] Gundekari S. and Kumar Karmee S. Recent Catalytic Approaches for the Production of
Cycloalkane Intermediates from Lignin-Based Aromatic Compounds: A Review. ChemistrySelect,
2021. 6(7): p. 1715-1733.

[8] Zhao C. and Lercher J. A. Selective hydrodeoxygenation of lignin-derived phenolic monomers
and dimers to cycloalkanes on Pd/C and HZSM-5 catalysts. ChemCatChem, 2012. 4(1): p. 64—68.

[91 YU Y.-x. et al. In-situ hydrogenation of lignin depolymerization model compounds to
cyclohexanol. Journal of Fuel Chemistry and Technology, 2013. 41(4): p. 443—447.

[10] Tang W.-w. et al. Hydrodeoxygenation of anisole over Ni/a-A1203 catalyst. Chinese Journal
of Chemical Physics, 2016. 29(5): p. 617-622.

[11] Chen X. et al. Lignin valorizations with Ni catalysts for renewable chemicals and fuels
productions. Catalysts, 2019. 9(6): p. 488.

[12] Moon J.-S. and Lee Y.-K. Support Effects of Ni2P Catalysts on the Hydrodeoxygenation of
Guaiacol: In Situ XAFS Studies. Topics in Catalysis, 2015. 58(4): p. 211-218.

[13] He J. et al. Mechanisms of selective cleavage of C—O bonds in di-aryl ethers in aqueous
phase. Journal of Catalysis, 2014. 309: p. 280-290.

[14] Boscagli C. et al. Mild hydrotreatment of the light fraction of fast-pyrolysis oil produced
from straw over nickel-based catalysts. Biomass and Bioenergy, 2015. 83: p. 525-538.

[15] Zhai Y. et al. Depolymerization of lignin via a non-precious Ni—Fe alloy catalyst supported
on activated carbon. Green Chemistry, 2017. 19(8): p. 1895-1903.

[16] Cai S. et al. Highly active and selective catalysis of bimetallic Rh3Nil nanoparticles in the
hydrogenation of nitroarenes. Acs Catalysis, 2013. 3(4): p. 608—612.

[17] Zhang J.-w. et al. Facile and selective hydrogenolysis of f-O-4 linkages in lignin catalyzed
by Pd—Ni bimetallic nanoparticles supported on ZrO 2. Green Chemistry, 2016. 18(23): p. 6229—-6235.

— 443 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 433—444

[18] Mauriello F. et al. Catalytic transfer hydrogenolysis of lignin-derived aromatic ethers
promoted by bimetallic Pd/Ni systems. ACS Sustainable Chemistry & Engineering, 2018. 6(7): p.
9269-9276.

[19] Li R. et al. Hydrodeoxygenation of phenolic compounds and raw lignin-oil over bimetallic
RuNi catalyst: An experimental and modeling study focusing on adsorption properties. Fuel, 2020.
281: p. 118758.

[20] Wang H. et al. One-Pot Process for Hydrodeoxygenation of Lignin to Alkanes Using Ru-
Based Bimetallic and Bifunctional Catalysts Supported on Zeolite Y. ChemSusChem, 2017. 10(8): p.
1846-1856.

[21] Wu I. et al. Study on Selective Preparation of Phenolic Products from Lignin over Ru—
Ni Bimetallic Catalysts Supported on Modified HY Zeolite. Industrial & Engineering Chemistry
Research, 2022. 61(8): p. 3206-3217.

[22] Zhang X. et al. Production of hydrocarbons via hydrodeoxygenation of lignin-derived
phenolic compounds. Progress in Chemistry, 2014. 26(12): p. 1997.

[23] Hellinger M. et al. Catalytic hydrodeoxygenation of guaiacol over platinum supported on
metal oxides and zeolites. Applied Catalysis A: General, 2015. 490: p. 181-192.

[24] Bykova M. et al. Stabilized Ni-based catalysts for bio-oil hydrotreatment: Reactivity studies
using guaiacol. Catalysis Today, 2014. 220: p. 21-31.

[25] Peters J.E., Carpenter J.R. and Dayton D.C. Anisole and guaiacol hydrodeoxygenation
reaction pathways over selected catalysts. Energy & Fuels, 2015. 29(2): p. 909-916.

[26] Wang W. et al. Highly selective catalytic conversion of phenols to aromatic hydrocarbons
on CoS2/MoS2 synthesized using a two step hydrothermal method. RSC advances, 2016. 6(37): p.
31265-31271.

[27] Kazachenko A.S. et al. Reductive Catalytic Fractionation of Flax Shive over Ru/C Catalysts.
Catalysts, 2021. 11(1): p. 42.

[28] Chang J. et al. Hydrodeoxygenation of Guaiacol over Carbon-Supported Metal Catalysts.
ChemCatChem, 2013. 5(10): p. 3041-3049.

[29] Bredenberg J.-s., Huuska M. and Toropainen P. Hydrogenolysis of differently substituted
methoxyphenols. Journal of catalysis, 1989. 120(2): p. 401—408.

[30] Taran O.P. et al. Reductive Catalytic Fractionation of Spruce Wood over Ru/C Bifunctional
Catalyst in the Medium of Ethanol and Molecular Hydrogen. Catalysts, 2022. 12(11): p. 1384.

[31] Miroshnikova A.V. et al. Reductive Fractionation of Flax Shives in Ethanol Medium over
RuNi Bimetallic Catalysts. International Journal of Molecular Sciences, 2023. 24(14): p. 11337.

[32] Taran O.P. et al. Sibunit-based catalytic materials for the deep oxidation of organic
ecotoxicants in aqueous solutions. III: Wet air oxidation of phenol over oxidized carbon and Rr/C
catalysts. Catalysis in Industry, 2013. 5(2): p. 164—174.

[33] Srebowata A. et al. Hydrodechlorination of 1,2-dichloroethane and dichlorodifluoromethane
over Ni/C catalysts: The effect of catalyst carbiding. Applied Catalysis A: General, 2007. 319: p. 181-192.

[34] Tewari P.H. and Campbell A.B. Temperature dependence of point of zero charge of cobalt
and nickel oxides and hydroxides. Journal of Colloid and Interface Science, 1976. 55(3): p. 531-539.

[35] Wang X. and Rinaldi R. Solvent effects on the hydrogenolysis of diphenyl ether with Raney
nickel and their implications for the conversion of lignin. ChemSusChem, 2012. 5(8): p. 1455-1466.

— 444 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 445-454

EDN: DUGLBK
VIIK 546.682+542.6

Extractants for the Extraction of Gallium

from Zinc Sulfate Solutions

Isaak Yu. Fleitlikh and Natalya A. Grigorieva*®

Institute of Chemistry and Chemical Technology SB RAS
Federal Research Center “Krasnoyarsk Science Center SB RAS”
Krasnoyarsk, Russian Federation

Received 23.01.2025, received in revised form 04.08.2025, accepted 27.08.2025

Abstract. The problem of gallium extraction from zinc sulfate solutions can be solved by extraction. In
this work, gallium extraction with the following cation-exchange extractants was studied: di(2-ethylhexyl)
phosphoric acid (D2EHPA), 7-(4-ethyl-1-methyloctyl)-8-oxyquinoline (Kelex 100), 5-nitro-7-(—4-ethyl-1-
methyloctyl)-8-oxyquinoline (Kelex-NO,), poly(2-ethylhexyl)phosphonitrile acid (P2ZEHPNA). It was
shown that these reagents are arranged in the following order according to their extraction capacity:
P2EHPNA > Kelex-NO2 > Kelex-100 > D2EHPA. The compositions of the compounds to be extracted
are proposed. Gallium stripping from all extractants except P2ZEHPNA can be carried out with sulfuric
acid solutions. Gallium stripping from P2EHPNA is carried out with oxalic acid solutions. Systems
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3KCTpaFeHTbl AJIF U3BJICUCHUSA I'aJ1JINdA

U3 CEPHOKMCJIBIX HMHKOBBIX PACTBOPOB

N.10. ®aeiitiinx, H. A. I'puropresa

Hncmumym xumuu u XuMuueckou mexHonio2uu
Cubupckozo omoenenus Poccutickou akademuu HayK —
o0bocobnennoe noopasoenenue UL KHI] CO PAH
Poccuiickaa ®edepayus, Kpacnosapck

AnHoTanus. [Ipobraemy BeIIeJICHUS TAJUTHS U3 CEPHOKHUCIBIX IIMHKOBBIX PACTBOPOB MOXHO PELIUTH
C ITOMOUIBIO AKCTpaKuu. B paboTe n3yueHa skcTpakIus rajuins cielyomnMH KaTHOHOOOMEHHBIMH
skcTpareHTaMu: qu(2-stunrekcuin)dochopnas kuciora (A20I'OK), 7-(4-3tun-1-metniioktui)-8-
okcuxuHouuH (Kelex 100), 5-autpo-7-(—4-31Hin-1-metunoxrun)-8-okcnxunoiuH (Kelex-NO,), momu(2-
stuirekcuin)pochonutpunbias kuciota ([120I'OHK). [TokazaHo, 4ToO M0 SKCTPAKIIMOHHON CIIOCOOHOCTH
9TH peareHTsl pacrnonararores B ciaegyromuii psa: [12OIGHK > Kelex-NO, > Kelex-100 > [120I'®K.
IIpennoskeHbl COCTaBBI IKCTPAruPyeMbIX COSAMHEHNN. PeakcTpakums rajutis U3 Bcex 3KCTPareHToB,
kpome [120T' ®HK, moskeT ObITH OCyIIeCTBICHAa pACTBOPAMH CEPHOM KHCIOTHI. PeaKCTpaKIyst ramus
u3 [120I'OHK npoBoauTCs pacTBOpaMHU IIaBEICBOM KHCA0ThL. Hanbombuii HHTEpeC 15 U3BJICUCHUS

rajius npeacTapistor cuctemel ¢ [129I GHK.

KuaoueBsbie cioBa: l"aJ'IJ'IHfI, CCPHOKHUCJIBIC HUHKOBBIC PACTBOPHBI, IKCTpAKI U, KaTHOHOOOMEHHBIE

9KCTPAreHThl, oK (2-3THirekcuit) GocHOHUTPHIIbHAS KUCIOTA, PEIKCTPAKIIHSL.

BaarogapuocTn. PaGoTra BbINOJIHEHA B paMKax roCcyAapCcTBEHHOro 3ajanusi HcTUTyTa XUMUH
n xumuueckoit rexnonorun CO PAH (mpoextr FWES-2021-0014) ¢ ncrionb3oBanueM 000pyA0BaHHS

KpacHosipckoro peruoHajIbHOTO IIEHTpa KoJeKTUBHOTO noinbk3oBanus OUI KHI CO PAH.

Hutupopanue: Oaeiitaux W. 0., I'puropresa H. A. DxcTpareHThl 1715 U3BIEUEHUS TaJIJIUs U3 CEPHOKHUCIIBIX IUHKOBBIX
pactBopoB. XKyph. Cub. dpenep. yn-ra. Xumus, 2025, 18(3). C. 445-454. EDN: DUGLBK

Brenenue

CoenuHenus rauius 00J1a1al0T OTIAMYHBIMY TT0JIYITPOBOJHMKOBBIMH CBOHCTBAMH H IIUPOKO
HCIIONIB3YIOTCS B IIPOM3BOJCTBE MOOMJIBHOW CBSI3HM, HOJYyHNPOBOAHHUKOB, CBETOJMO/OB, CIIJIABOB
U MEIULMHCKHUX YCTPOHCTB. B HacTosmee BpeMs rajaanii 00nbIIel 4acThI0 U3BIEKAETCS U3 pac-
TBOPOB MPOMU3BOJCTBA adtoMuHU [1]. B kKauecTBe mepCreKTUBHON CHIPHEBOI 0a3bl raJlIHs BO3-
MOJXKHO €r0 IMOIMYyTHOE H3BJICUYCHHE MPHU MepepadoTKe MUHKOBOro Chipbs [2]. IIpu rugpomera-
JyPrUYECcKOM criocode rmepepaboTKN MUHKOBBIX IMOIYIIPOAYKTOB HX, KaK IPABUIIO, PACTBOPSIOT
B CEpHOH KHCIIOTE, C JAaJbHEHIINM BBIACICHUEM TaJlIUsI U3 PAaCTBOPOB METOJAMH COPOIIMN UIU
9KCTPAKINH. YUUTHIBAS CIOXKHBIN COCTAB MMOJIyYeHHBIX PAaCTBOPOB M0 1eMeHTam (Zn, In, Ga, Fe
U JIp.), IPEANOYTUTEIbHEE HCIIOIb30BAaHUE TAKOTO BBICOKOCEIEKTUBHOIO METO/a, KaK KUAKOCT-

Hasl OKCTpaKOus.
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Hazno oTMeTHTh, 4TO KPyT KOMMEPYECKH JOCTYITHBIX 3KCTPAreHTOB BeCbMa OTpaHUYCH, IIPU 3TOM
JIaJIeKo He BCe M3 HUX MOXKHO IIPUMEHSTDH JUIS BBIACJICHHS rayus. Hanpumep, ucnonb30BaHie MOHO-
KapOOHOBBIX KHCIIOT THIa Versatic 10 BpsiJ Jiu 11€1eco00pa3Ho, YYUTHIBAsE UX HEBBICOKYIO CEJIEKTHB-
HOCTb |, TJIABHOE, BEICOKOE 3HaueHue pH st s dextuBHOrO m3pneuenus ramius (pH okoio 4) [3].

Bouiee BbICOKOH SKCTPAKIIMOHHON CIIOCOOHOCTHIO 001a1a10T asiKiiI(hocHOpHBIE KUCIOTHI, B 4ACT-
HOCcTH mu(2->Tunrekcun)docdopras xkuciota (201 DK) [4-7]. B [4] uzydeH XUMHU3M IKCTPAKIIUU
rajnus JI20I'®K B kepocHHE U3 CEPHOKHUCIIBIX PACTBOPOB, TI€ OKAa3aHO, YTO IKCTPATUPYEMBIH KOM-
eKe raiaus oreedaeT cocraBy GaR;e3HR, a ontumaneusiit iunana3on pH nis skerpaxun Ga(I1l)
coctapisieT 1,6—2 npu KOHICHTPALUKA OPTaHUYECKOro peareHta, pasuoi 0,5—0,6 MoJIb/I1.

Wuanit v ranauii npu nepepaboTKe pacTBOPOB HHMHKOBOI'O IPOW3BOACTBA C HCIIOIB30BAaHHEM
JI2OI'OK moryT ObITH pa3ae/icHbl KaK Ha CTaIHH SKCTPAKIIUHU, TaK M IIPU UX PeIKCTpakiuu. Hucnxama
1 JIp. TIOKA3aJIF BO3MOXKHOCTh COBMECTHOH KCTPAKIIMH TaJTUS U MHIMS C UX HOCIIEYOIINM pa3zere-
HUeM B rpotiecce peakerpakuu [S]. [N JL. [TamkoBeIM 1 Ip. TaKKe MOKa3aHa BO3SMOKHOCTh COBMECTHOTO
W3BJICUEHMS MH/INS M TAJUTUS C MX MOCIIETYIOIIMM pa3eiieHHeM Ha CTaJlH PE3KCTPAKLUH [6].

Haubonee npuemiieMoil MOXKHO CUMTATh CXEMY C Pa3/ieIbHbIM M3BJICUCHUEM MHIUS M TaJlus.
[Tpu 3TOM IIpOBOIMTCS pEABapUTENbHAS SKCTPAKINS HHAMS C €r0 OT/ICJICHHEM OT raJliius, a Ha BTO-
POH cTafuK AKCTPArupyroT yKe rajiiinii u3 uHaneBoro papuHara. PeskcTpakius HHIUS TPOBOIUTCS
pacTBOpaMHU CEPHOM KUCIIOTHI B CMECH C XJIOPHJIOM HATpPHs, a TAJUIHsI — CEpPHOM KUCIOTOM. [l yiyd-
HICHUS PEIKCTPAKIMH TAJUTHS B OPraHHUuecKyto (ha3y BBOIST HEOOJIBIIOE KOJHUECTBO TPHAJIKHIIAMH-
Ha (TAA) [6].

WHTepecHBIE pe3yabTaThl OMTYUYCHBI B [7], TIe MOKa3aHa BO3MOKHOCTH CEJIEKTUBHOTO pa3zese-
Hus In, Ge n Ga. Ha nepBom sTamne usBiekaercs uHaui pactBopom [120I'DOK B kepocune (25-50 r/n
H,S0,), nanee nociaenoBatenbHo Ge u Ga U3BIEKAIOTCS CUHEpPreTHYeckoi cmechio J[20I'OK u pea-
reara Y W100 (x coxkanenuto, popmyia 3TOro peareHTa He packpbiBaeTcs). Ge sKCTparupyercst mpu
pH = 0,3, a Ga npu pH = 1,38. Coxepxanue 1uHKa 10 52 r/1 HUKaK He BiuseT Ha u3BiedeHue Ge
u Ga. l3BieueHue rajivs cocTaBuiIo okoJo 98 %.

EctectBenHo, kpome /20T DK paccmarpuBaniuch u apyrue pochopopraHuuecKue KUCIOThI 1JIs
m3BiedeHus rawms. B [8] mis atoro ucnonsizoBanu m3oponenuiadocheranopyro (MAJDK) u gu-
3o0ktHdochuHOBYt0 (JJUODK) KucnoTel. PeskcTpakius rajuis B 3TUX CHCTEMax IMpoTeKaeT doliee
MIOJIHO U JIeTKo B cpaBHeHUU ¢ JI20I'DK, oqHako sKCcTpakuMs rajiaus 3aMeTHO Xyxke. Psna skcrtpa-
rupyemoctu Ga umeet Bug JUODK < MJIJIOK < JI20I'OK. B memoM 3TH 3KCTpareHThl HE UMEIOT
KaKUX-THO00 3aMETHBIX IPEUMYLIECTB 110 cpaBHEeHHUIO ¢ JI20I'PK, k ToMy ke OHM 10CTaTOYHO AOPOTH
U MEHee JIOCTYIIHBI.

Kpome pocdopopraHnueckux KUCIOT B KaY€CTBE IKCTPAreHTOB U3YUYaINCh PeareHThl aMHHHOTO
tuna. B [9] nzyuena sxcrpakuus nono Ga(lll) u3 cynbdaTHbIX cpes TEXHUYECKUMU MIEPBUYHBIMU
anudaTHIecKuMN aMUHaMH. YCTaHOBJIEH COCTaB SKCTPArHPyeMOro KOMIUIEKCA, OTBEHAIOINH op-
myze [(RNH),SO,4]Gay(SO4);. K coxanenuto, 5Tu 3KCTpareHThl U3BJICKAIOT TaJUINH B KpaiiHe OrpaHu-
yerHoM nHTepBaie pH (1, 5-3,0).

U3 3troro He6GobIIOr0 0030pa BUIHO, 4TO BBIOOP AKCTPATreHTOB JIJIsl U3BJICUSHH S TaJIINs KpaiiHe
OI'paHNYEH, [TI0O9TOMY MOUCK HOBBIX 3()()eKTUBHBIX IKCTPAreHTOB JOCTAaTOYHO aKTyalleH. B HacTos-
uiei padote OyAyT pacCMOTPEHBI 3KCTPareHTh, Hapsay ¢ JI2OI' DK, koTopeie 10 3TOro HE HCCIIeI0Ba-

JIUCh I U3BJICUCHUS TaJIJIIUA U3 CCPHOKUCIIBIX PACTBOPOB.
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B pabote BrepBbIe H3yUYCHO MU3BICUCHUE TAJUTHS 7-(—4-3THI-1-METHIIOKTH)-8-OKCUX UHOJIMHOM
(HR, toprosast mapka Kelex 100) u3 cepHOKHCIBIX IUHKOBBIX PacTBOPOB. PaHee 3TOT AKCTpareHT
MPEKpacHO ce0st MPOsIBUIT ITpH u3BiiedeHnr Ga U3 MICIIOYHBIX aTIOMHUHATHBIX pacTBOpoB baiiepa [10].
Kpowme Toro, 6b11a ipoBepena skcrpakuus Ga u ¢ HuTpoBaHHEIM npoxykroM Kelex 100, koTopsrit
TOKE MPEACTABISICT HECOMHEHHBIN HHTEpEC NI U3BJICUEHHUS ITOrO AJIeMeHTa. B kadecTBe IKcTpa-
TeHTa MCCiefoBaiach Takke noiu(2-aruirekcmn)dochornrpunphas kucinora (129 PHK), conep-

xkarast pparMeHTbl

OR OR
|
[-P -NH-P=N-],,
[
0 OH

raen = 2—4; R — ankuapHbIN paguKal.

B pabotax [11, 12] 6pu1a mOKa3aHa BEICOKAS 3 (EKTHBHOCTE ITUX KUCIOT MPH AKCTPAKITMOHHOM
M3BJICYCHUHN PAJMOAKTHUBHBIX 3JIEMEHTOB M MHAMS. PaHee 3KCTpaKIus rajins 3KCTpareHTaMu 3TOro
KJIacca He N3y4Jaliachb.

JIOonOTHUTENIbHY 0 HH(POPMAITHIO O APYTHX IKCTPAreHTaX JJIsl TajlIus MOKHO HalTH B [2].

BKCHepl/IMeHTaJI])HaSI JacThb

Peacenmur

B kauectBe sKCTpareHTa HUCIoJb30Basiach au(2-3Tmirekcun)pochopnas kuciora (20T 0K,
HR) nmpoussoactea OO0 «Bonarorpaanpommnpoext (Poccust), ounmennas no meroauke [13], ¢ co-
JIep)KaHUEeM OCHOBHOTO BerecTa 98 %. Mcmonb3oBanack Takke TeXHUYECKas Tu(2-3TUiarekcui)dhoc-
(hopHas xkucioTa, conepxkamas 68 % ocHoBHoro BemecTBa (TY 2435-028—-82006400-200800).

B npoMBIIIIEHHBIX YCIOBUSX IS OTMBIBKH TEXHUYECKOT0 IKCTpareHTa ot npumecu M23I'OK
MOXXHO PEKOMEH/I0BAaTh 00pabOTKy AKcTpareHTa ¢ onpeaeiaéHHoi konnentpanneit 129I'PK crexuo-
MeTpuueckuM koixmdectsoM 0,1-0,2M pactBopa NaOH B pacuéte Ha conepkanue M2OI'®OK. Ilocne
4ero opraHuyveckas Gpasa KOHTaKTHPYETCs ¢ pacTBOPOM cepHOM KucioTsl (1,5-2,0 Monb/i) au1st nepe-
BOza 3KcTpareHTa B H-popmy.

[Ipu sToM comepkanre ocHOBHOTO BetmecTBa (J23I'DK) cocraBut 95-96 %.

B kauecTBe dKCTpareHTa UCIONIb30Balu 7-(—4-3Tumi-1-metTunoktun)-8-okcuxunonun (HR, Top-
roBas mapka Kelex 100 ¢ cogepxanuem ocHOBHOTO BemmecTBa 90 %, mpenocTaBIeHHbBIH KOMITAaHHEH
Schering/Sherex (B Hactosiniee Bpems Boimyckaercss Henkel Corporation, USA nox Ha3Banuem Lix
26), a TakKe S-HUTPO-7-(—4-3THII-1-METHIIOKTHII-)-8-OKCUXMHONNH, cuHTe3upoBanHblii B UXXT CO
PAH u3 Kelex 100.

B pabote ucnonp3oBanu nonu(2-stunrekcun)dochorurpribnyio kuciaory (I[123IPHK, HX)
(TVY 95.104.86) ¢ conepxanuem ocHoBHOro BemiecTBa 90 %. [lepen sxcTpakiueil opraHu4eckyo hasy
obpabareBasn 10 % pactBopom Na,CO;, nanee Bogoi u 1,5 MOJISIpHBIM paCTBOPOM CEPHON KHUCIIOTHI
npu O: B=1:1. O6paboTka mpoBoOUIaCk ISl yIAJCHHUS HEKOTOPBIX IPUMeECceH, B 4aCTHOCTH, OT MOHO-
rpynn [12OT'®HK [14].

B kauectBe pacTBoputeins npumensiau kepocut (CigHy,, TY 38.401-58—8-90) u tonyon (TOCT

5789-78). Conu, KUCIIOTHI ¥ MIETIOYH HCIIOTB30BATUCH KBATU(UKAIINH «X.9.» UITU «9.11.2.).
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MeToauka 3KcnepuMeHTa

MeTonuka 3KCTPaKIMOHHOI'O SKCIIEPUMEHTA MAJIO YEM OTIMYAJIach OT METOIAUKH, OITMCaHHOH B [15].
OmnbiThl TIpOBOIMIIK TTpU Temnepatype 22-25 °C. Bpemst koHTakTa (a3 mpu dKCTPAKLUK COCTABISLIO |
4. Eciiit 0HO M3MeHs110Ch, B TeKeTe 00 3ToM coodimanock. OTHomeHne 06bEMoB ¢a3 (O: B) paBasuiocs 1.

KoHmeHnTpanuu ramuidss W TpUMeEceil METaloB ONpeessINCh Ha MAacc-CIIEKTPOMETpe
C MHIYKTUBHO-CBs3aHHOM 1u1asmoit Agilent 7900 Technologies. ConepxaHnue ramuims 1 HEKOTOPBIX
JPYyTUX METAJUIOB, B YaCTHOCTH IIMHKA, B OPraHUYecKux (pazax onpeaessiioch Mo pasHULE MEXIy
HCXOAHBIM COIEp)KaHUEM MeTajula B BOJHOM pacTBope M paduHare. OTHOCHTENbHAS ITOTPENTHOCTH
onpeneneHus rajmnus coctaBuia <l %. 3nauenust pH ompenensiin Ha pH-MeTpe cO CTEKISHHBIM
ANEKTPOIOM, ucnonb3obanu pH-merper: Axksunon pH-410 u ELWRO 5170.

Jlnst 00paboTKH KpUBBIX (OMpelelieHue TAaHTeHCOB YIIIOB HAKJIOHA PA3JTUYHBIX 3aBUCUMOCTEN)
WCIIOJIb30BaJIM METO/] HAMMEHBIINX KBApaTOB. TOYHOCTH MOy YeHHBIX 3HAUCHUI OXapaKTepu30BaHa

JIOBEPUTEIBHBIM HHTEPBAJIOM C 95 % BEpOATHOCTHIO.

Pe3yabrarhsl 1 00cyxaeHne

Ha puc. 1 (xkpuBas 1) mpexacrtaBieHa 3aBHCUMOCTH Kod(duimeHTa pacrpeneneHus: rajuins
B siorapumuueckux koopaunatax (Dg,) ot pH paBHOBeCHOH BOJHOM (ha3bl MPU IKCTPAKIUHU FaJIINS
13 CePHOKHCIIBIX IIMHKOBBIX pacTBOPOB. BHaHO, 4TO 3 ek THBHOE N3BIICUCHHE TAJUIHSI UMEET MECTO
npu pH > 1,7. 910 cormacyetcst ¢ naHHbIMU [4]. B onTHManbHBIX YCIOBUSIX JJIS U3BJICUEHUS TaJUIUs
(pH = 1,7-1,8) u3BieyeHne MuHKa cocTaBUT 0Koio 10 %.

DxcTpakius ramius gumepHbiMu MosekysnamMu HR (I29I'@K) B kepocune [11] MoxkeT OBITH

omrcaHa ypaBHerueM (1):
Ga,*" + 3[(HR),], <> (GaR3*3HR), + 3H",, ey

I'JIe MHJEKCHI (B) 1 (0) OTHOCSITCS K BOJHOM M OpraHMYecKoii (hazaM COOTBETCTBEHHO.

2,5 -
2
2,0 -
1,5 -
o 1
210 A
05 -
O’O T T T T
00 0,5 1,0 / 1,5 2,0
-0,5 - pH

Puc. 1. Dkerpakiusi rauidsi U3 CEPHOKHCIBIX LIMHKOBBIX PAacTBOPOB (ochopopraHMUECKUMH KHUCIOTAMHU.
Bonnas dasa, r/m: Ga—0,75; Zn — 80. Opranudeckas ¢aza: 1-0,41 M JI2OI'®K B kepocune; 2—0,41 M 120 K
+0,1 M M2OI'OK B kepocuHe

Fig. 1. Extraction of gallium from zinc sulfate solutions with organophosphorus acids. Aqueous phase, g/l: Ga —
0,75; Zn — 80. Organic phase: 1-0,41 M D2EHPA in kerosene; 2-0,41 M D2EHPA + 0,1 M M2EHPA in kerosene
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OTKyl1a BUIHO, YTO C yBeJIrueHHeM pH aKCTpakiiys KaTHOHOOOMEHHBIMH 9KCTPAreHTaMHU JIOJIK-
Ha YBEJIMYUBATHCA.

Heobxoaumo oTmMeTuTth, 4yTo Texuuueckas JI20I'DK comepxuT B CBOEM cocTaBe MPUMECh —
MOHO(2-3THarexkcui)pochopuyro xkucnory (M2OI'®K). Dta KkuciaoTa M3BJIEKAET TajUIMH ropas3ito
nyqme, yem 29T @K [16]. Kak BuaHO 13 puc. 1 (kpuBas 2), 10CTaTOYHO AaKe CPAaBHUTEIBHO HE-
6oxnbmoro konuyectBa M2OT' DK B cmecu ¢ 20T PK, aTo0s! skcTpaknus Ga 3aMETHO yBEIHUYH-
Jack. DTO KpalHe HeXKeIaTeNbHO, TaK KaK P ATOM CYIIECTBEHHO yXYIIaeTCs peIKCTPAKIUS raj-
JUsl, HO TJIABHOE — M3-3a BBICOKOH pacTBOopuMocTH M2OI'®K B BopHOI (a3e oHa OyneT TepsThCs
B OKCTPAKI[MOHHBIX [[UKJIAX, YTO OYAET NPUBOAUTH K HEIIOCTOSHCTBY U K YXYAIICHHIO SKCTPAKIIHH
rajus. [ToaToMy mepen sKcTpakIuel rajins SKCTPareHT, 0 BO3MOXXHOCTH, JOJKEH OBITh O4YH-
meH oT M22T'®K.

Ha puc. 2 (xpuBast 1) mpuBeneHbI JaHHBIE 110 dKCTpaKIuy raurms SkctpareaTom Kelex 100 B To-
IyoIe.

OueBUAHO, YTO 3TOT SKCTPAreHT M3BJEKACT raJUIMi M3 PacTBOpa JOCTATOYHO 3(P(PEKTHUBHO,
u npu pH > 1,4 ussneuenue Ga cocrasiusier 6osee 91 %. V3 cpaBHEHUs! KCTPAKIMOHHOM CIOCO0-
voctH Kelex 100 u JI20T'®K moxHO caenaTh BeiBOA, uTo Kelex Goiee CHIBHBIN SKCTPAreHT, 4eM
J20I'®OK. Tak, pH nmomyskcrpakuuu (pHi,) y ankun-8-okcuxuHonuHa coctasiseT 1,1, Torma kax
y 29T ®K 1,3. ITpu sToM coskerpaknus nuHka He npesbimaet 0,58 %. Peskcrpaknns Ga u3 Kelex

JIOCTATOYHO MPOCTO ocymecTBiusieTcs 1,0 mo-

JISIPHBIM PacTBOPOM CEPHOI KHCIOTHI.

2] Ha stom xe pucynke (kpuBas 2) mpuBe-
JIeHbl pe3ynbTaTsel no skcTpakuuu Ga 0,4 M
2,0 4 pactBopom HuTpoBanHOro Kelex (5-uutpo-7-
(—4-3TUN-1-METUITOKTHII-)-8-OKCUXUHOIMH)
15 2 B ToxlyoJie. BBeneHue 31MeKTPOHOAKIIEITOPHOM
! HUTpOrpymsl B MoJiekyry Kelex 100 mpuBoguT
ED K YCHJICHHIO KHUCJIOTHBIX CBOMCTB 9KCTpareHTa
L0 (pKa 8-okxcuxmuonuu pKa = 10,4, Torma xak
y 5-HUTp030-8-okcuxunonuua pKa = 7,59 [17]).
0,5 1 B wTore 3HauMTENBHO YIIy4INAeTCs HKCTPaK-
nust Ga, kpuBas 2 cMeIaeTcs B 00Jiee KUCIYIO
0.0 . . . . obmacts, pH nomyskcrpakuuu (pH,,) y Kelex
’ 0lo J 05 10 15 2,0 100 coctaBmnsieT 1,1, Toraa kKak y HUTPOBAHHOTO

pH nponykra — 0,33.
05 - Cyns no HakJoHy 3aBucumocreit logD —
Puc. 2. DKCTpakuus Tauldsi W3 CEPHOKHCIBIX pH, 6muskomy x 3 (3,3+0,2 mns Kelex 100

LIUHKOBBIX pacTBopoB ¢ Kelex B Tomyome. Bomnas

pasa, i 1 - Ga-0.74, Zn-80: 2- Ga-0.687, Zn-80 n 2,840,2 mis mutpoanHoro Kelex), cocras

Oprannueckas ¢asza: 1-0,4 M Kelex 100; 2-0,4 OKCTParupyeMoro coeiuHeHus, kak u B [10],
M Kelex 100-NO, orBeuaeT popmyne GaRs.
Fig. 2. Extraction of gallium from zinc sulfate solutions K coxanenunro, cucrtemsl ¢ Kelex mmeror

with Kelex in toluene. Aqueous phase, g/1: 1 — Ga-0,74,
Zn-80; 2- Ga-0,687, Zn-80. Organic phase: 1-0,4
M Kelex 100; 2-0.4 M Kelex 100-NO, CUJIBHO 3aMeJIJIEHHA, ISl JOCTUIKEHUSI PABHO-
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Becusi HeoOxonuMo He MeHee 60 muHyT. [lo-BunHMOMY, TpoBeneHue dKcTpakuun Ga B cuctemax
¢ Kelex BO3MOKHO IIpH TTOBBIIIEHHOH TEMIIEpaType UIIN B IPUCYTCTBUHU KAKUX-TNOO KHHETUIECKUX
J100aBoK.

Oco0blil MHTEpeC BBI3BIBACT SKCTPAKIMS TAJUIMS C TMOJU(2-3THITEKCHIT)(POCHOHUTPUIBLHON
kuciorort (I120I'®HK). 13 puc. 3 BuIHO, 4TO dKCTpakuoHHas criocoOHocTh [I120I'@HK HamHoro
BhImIe 1o cpaBHeHUIo ¢ J203I'OK (pH, ), y I[I2OT'®HK cocrasmser —0,15, Torna xak y JI20I' @K 1,3).
[o-BuaMMOMY, 3HAYUTEIBHOE MOBBIIIEHHE YKCTPAKLIIMOHHON CIIOCOOHOCTH OOBSICHSETCS JIMHEHHOI
CTPYKTYpPOH HOJIMMEPOB, 00JIeryarone MoJInIeHTaTHYI0 KOOPANHALINIO, U OTCYTCTBHEM LIUKIINYe-
ckoi gumepuzanuu, xapaktepHoi nisa J20I'OK [11]. C Bo3pacTaHneM KHUCIOTHOCTH BOIHOTO pac-
TBOpa D ramims majmaroT, 4TO FOBOPUT O KATHOHOOOMEHHOM XapakTepe Ipolecca. YTosl HakJoHa
3apucumoctu 1gD — pH mns [12OTOHK 6nu3ok k 3 (2,840,2). [lo ananoruu ¢ skCTpakiuend apyrux
Tpéx3apaaHbIX ameMeHToB [11] peakmus skcrpakuun ramms ¢ [12O0IOHK moxer ObITh ommcaHa

ypaBHEHHEM (2):
Ga* )+ 3(HX )y > GaX5(HX)3n30) + 3H ), )

rae HX — MoHOMepHasi rpyIia SKCTpareHTa.

Oxcrpakiusa Ga ¢ [120I'@HK gocraTouHo 20
OBbICTpasi, pABHOBECHE YCTaHABIUBAETCs 38 3—5
MUHYT. 13 puc. 3 TakKe MOXHO CZeJaTh BbI-
BOJI, YTO PEIKCTPAKIMS TaJlJIksi MUHEPaIbHbI- 15 | 5
MU KHCJIOTaMH KpaliHe 3aTpyJHeHa, OOHAKO JI0-
CTaTOYHO MPOCTO MOXKET OBITh OCYLICCTBIICHA

pacTBOpaMu LIaBeJeBOi KUCIOTHI (Tadu. 1).

log D
=

Ha puc. 4 mpencraBieHBI 3aBUCUMOCTH
CTENeHM HU3BJIeUeHUs rannus (€,%) B OpraHu-
YEeCKyI0 a3y ¢ pa3IuIHBIMH IKCTPAreHTAMHU.

Takum 00pa3oM, HaUIydIas SKCTPAKIUS
nmeeT Mecto B cucteMe ¢ [120I'HK. B 06mmem /
ciydJae peasu3yeTcs CIeNY I MOpsI0K dKC- A
tpakuun: [123I'O@HK > Kelex-NO, > Kelex 100 ()I 5U’U 0lo 015 1lo/ 1|5 zlo
> JI20I'OK.

B nanHOIT paboTe He paccMaTpHBAESTCS MO- pH

0.5 -
BEJICHUE MpUMECEH, HO HYKHO OTMETUTh, YTO Puc. 3. DxcTpakuus ramaus U3 CEPHOKUCIBIX

IUHKOBBIX pacTtBopoB [I20I'®K wu [120I'®HK
B KepocuHe. Bognast dasa, r/m: Ga — 0,32; Zn — 80.
U3 pacTBOPOB IIMHKOBOI'O NPOU3BOIACTBA SIBJISA- Opranuueckas dasa: 1-0,41 M (N) 120 ®K; 2-0,2

eTcs ero otTaenenue ot xenesa. [lepesox Fe (111) N II29T'®HK

OCHOBHOM HpO6J'ICMOI\/’I IIpH U3BJICYHCHUH T'aJlJInA

B Fe (II) petaer psig npobinem, T.k. Fe (II) akc- Fig. 3. Extraction of gallium from zinc sulfate solutions
of D2EHPA and P2EHPNA in kerosene. Aqueous
phase, g/lI: Ga — 0,32; Zn — 80. Organic phase: 1-0,41
U IPYTUMH KATHOHOOOMEHHUKAMH TIJI0XO. M (N) D2EHPA; 2-0,2 N P2EHPNA

Tparupyercs cucreMaMu Ha ocHoBe 20I'®K
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Ta6nuua 1. Peakcrpakiiust rajins pactBopamu miaseneBoid kucinoTsl u3 [12OI'@HK Oprannyeckas dasza: 0,2 N
TI20I'®HK B kepocune, coaepxamas 2,78 r/n Ga BoxHas ¢asa: pacTBOpHI IIaBEJICBONH KUCIOTHI IEPEMEHHON
KOHLIEHTpaLuu

Table 1. Gallium stripping with oxalic acid solutions from P2EHPNA Organic phase: 0.2 N P2ZEHPNA in kerosene
containing 2,78 g/l Ga Aqueous phase: oxalic acid solutions of variable concentration

H,C,04,% Caagm), I/11 Caa) T/ CTETIeHb PEIKCTPAKINU,Y0
1,0 1,98 0,8 71,2
2,0 2,63 0,15 94,6
3,0 2,78 0,01 99,7

100 +

2
1

80 1 4 3
X
£ 60 -

40 -+

20 T T T T 1

-0,5 0,0 0,5 1,0 1,5 2,0

> > > >

pH

PPIC. 4 I/I3BJ’I€'~I€HM€ rajjiusa us3 CepHOKI/ICJ'[le IMUHKOBBIX paCTBOpOB B pa3.]'ll/1‘~IHl)IX 3KCTpaKL[I/IOHH]>IX CUcTemMax.
Bonnas ¢asa, r/m: Ga- 0,32—0,75; Zn = 80. Oprannveckas daza: 1-0,41 M JI2OI'DK B kepocune; 2—0,4 M Kelex
100 B Tomyose; 3—0,4 M Kelex-NO, B Tonyone; 4—0,2 N [120I'dHK B kepocune

Fig. 4. Extraction of gallium from zinc sulfate solutions in various extraction systems. Aqueous phase, g/l
Ga- 0,32-0,75; Zn = 80. Organic phase: 1-0,41 M D2EHPA in kerosene; 2—0,4 M Kelex 100 in toluene; 3—0,4
M Kelex-NO; in toluene; 4—0,2 N P2EHPNA in kerosene

3akjrouenmne

B pabote nokazaHa BO3MOXXHOCTb M3BJICUCHUS T'aJIJIUSI U3 CEPHOKHCIIBIX PACTBOPOB IIHHKOBOTO
MIPOU3BO/JCTBA. [ alINii U3 pacTBOPOB MOXKET OBITH M3BJICUEH C TIOMOIIBIO SKCTPAKIIMH KaTHOHOOO-
MEHHBIMH 3KCTpareHTaMHu, B ToM unciie au(2-sruirekcun)docdopHoii kucnotoit (J20I' OK), nonu(2-
stunrexcun)pochorntpuiibHoi kucaotoit (I1229T PHK) u ap.

HauOonbinii nHTEpEC 115 M3BlieueHus rayus npeacrasiser [120I'OHK, B kotopoit Hapsiay
¢ 3 PEeKTUBHON IKCTPAKIIMEH HMEET MECTO ero d3PEeKTHUBHASI pEAIKCTPAKIMSI pACTBOPAMH IIaBEIEBOH

KHCJIOTHI.
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Abstract. A comparative study of lignins isolated from woody plants of Sorbus aucuparia, which grew
for three decades on the territory of the former radium mining enterprise, was carried out. It was found
that radiation stress led to a decrease in the degree of lignification of mountain ash wood. Using methods
of chemical analysis, NMR, IR and EPR spectroscopy, the peculiarities of the chemical structure of
stress lignins were revealed. The quantitative ratios of guaiacyl, syringyl, and p-coumarin structural
units, as well as the number of carboxyl groups and phenolic hydroxyls, have been established. The
paramagnetic properties of lignins were investigated, and the concentration of stable radicals was
determined, which varied in different samples in the range of 2.4-5.1 x 10'7 spins/g. As a result of the
study, it was concluded that radiation stress did not significantly affect the monomeric composition of
lignins. However, an increase in the concentration of phenoxyl radicals was detected, which correlated
with an increase in the number of phenolic hydroxyl groups. Information on the chemical structure and
properties of stress lignins is necessary to predict the long-term effects of chronic radiation exposure

on plants, as well as for their rational use in scenarios of environmental changes in territories.
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Bausinue 3K30reHHOro cTpecca Ha CTPYKTYPHLIE 0CO0EHHOCTH

JIMTHUHA psiOuHBbI Sorbus aucuparia

A.Il. Kapmanos?, JI. M. lllanomHnkoBa®,

H.T. Paukosa?, JI C. KoueBa®,

O.10. [IepkaueBa®, B.I1. JIiotoes®, B. A. Beblii"
“Uncmumym 6uonocuu @PHUL] Komu HL] YpO PAH
Poccuiickas ®@eoepayus, Coikmvigxkap
SUncmumym 2eonoeuu OUL] Komu HI] YpO PAH
Poccuiickas ®@eoepayus, Coikmvigxkap

*Buicuwias wikona mexuonozuu u snepeemuxu CII0I'VIIT]]
Poccuiickaa ®eoepayus, Cankm-Ilemepbype
*Uncmumym xumuu PUL Komu HL] YpO PAH
Poccuiickas ®@eoepayus, Coikmvigxkap

AnHoTaums. [IpoBeIeHO CpaBHUTENBHOE HCCIEAOBAHUE TUTHUHOB, BBIICICHHBIX U3 IPEBECHBIX
pactenuit Sorbus aucuparia, Ipou3pacTaBIINX B TEUCHUE TPEX ACCATHICTHH Ha TSPPUTOPUH,
3arps3HCHHON OTXOJaMH OBIBIIETO MPEANPUITHS MO 100bIUe panusi. YCTAHOBICHO, YTO
paauaMOHHBIN CTpecC IPUBET K YMEHBIICHUIO CTCTICHH JIUTHU(HUKAIIHT JPESBECHHEI PIOUHEI.
C MOMOIIIbI0 METOA0B XUMHUYECKOro ananusa, 2D-AMP-, UK- u DIIP-criekTpockonuu ObLIN
BEISIBIICHBI 0COOSHHOCTH XUMUYECKOHN CTPYKTYPBI CTPECC-TUTHUHOB. YCTAHOBIICHBI KOJTHYECTBEHHBIC
COOTHOIICHUS TBASIUIBHBIX, CADHHTHJIBHBIX U 71-KYMapOBBIX CTPYKTYPHBIX €IUHHUII, & TAK)KE TUCIIO
KapOOKCUIBHBIX TPYIIT U (PEHONBHBIX THIPOKCUIIOB. McciaeqoBaHBl TapaMarHUTHBIC CBOMCTBA
JUTHUHOB, W OMpeAeIeHa KOHIIEHTpaIHsl CTAaOUIBbHBIX PaJUKaJIOB, BADbMPOBABINAS B PA3IHYHBIX
o6pasuax B uarepsaie 2,4-5,1 x10"7 cnun/r. Caenano 3akjl04eHUe, 4TO PAJUALIMOHHBIN CTpeECC
HEe 0Ka3all CylIECTBEHHOTO BIUSHUS HA MOHOMEPHBIH cOCTaB TUTHUHOB. OHAKO OBIJIO BBISIBJIEHO
YBEIHYCHHUE KOHIICHTPAUH ()SHOKCHUIIFHBIX PAJUKAJIIOB, YTO KOPPEIUPOBAIO C POCTOM JHUCIIA
(heHONBHBIX THIPOKCHIIBHBIX TpyIi. MHPOpMALIHSI 0 XMMUYSCKOM CTPYKTYPE U CBOWCTBAaX CTpecC-
JUTHUHOB HEOOXOIUMa IS MPOTHO3a OTHAIEHHBIX TOCIEICTBHI XPOHUUECKOTO paIHAIHOHHOTO
BO3JICHCTBUS HA PACTEHUS, & TAK)Ke JJISI pAllHOHATBLHOTO UX MCIIOIb30BAHMS B CIICHAPUSIX U3MEHEHHU S

9KOJIOTMH TEPPUTOPHUH.

— 456 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 455-465

Ki1roueBble cJji0Ba: cTpecc-TUTHIH, PaAHAallHOHHBIN CTPEcC, XUMHUYECKas CTPYKTypa, apaMarHuTHbIC

CBOMCTBA.
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BBenenne

PacTenus cTankuBarOTCAd C MHOTOYUCIEHHBIMHU CTPECCAMU Pa3JUYHON IPUPOJIbI B CBOEH ecTe-
CTBEHHOW cpezie oOuTanus. PagroakTHBHOE BO3JEHCTBHE OTHOCHTCS K YHCIY aOMOTHYECKHX (hak-
TOPOB CTpecca, KOTOPbIE OKAa3bIBAIOT BIIMSHHE HA POCT, PEPOAYKTUBHBIE CBOICTBA, CONPOTHUBIIsIE-
MOCTB ¥ CTPYKTYPHYIO OpraHH3alHI0 PAaCTEHUI Ha MOJIEKYJISIPHOM, KJIIETOYHOM U (PM3HOJIOTTYECKOM
ypoBHsx [1]. CuctemaTnueckue MCCIEIOBAHUS MO MpobIeMe BIUSHUS paJdalni Ha XUMUUYECKYIO
CTPYKTYpy NPUPOJHBIX JIUTHUHOB TOJbKO HaunHatoTcs [2]. be3ycnoBHo, aTa mpobiema nMeeT 00ib-
I0€ HAayYHO-NIPAKTHYECKOE 3HAYCHHUE, MIOCKOJIbKY JIMTHUHBI UTPAIOT KIIFOYEBYIO POJIb B )KHU3HH pac-
TEHHH, BBITIOIHSS pAa3HOOOpa3HbIe 3aINTHRIE PYHKINH. JINTHUH UTpaeT 3HAYNMYIO0 POJIb HE TOJIIBKO
B IIPOLIECCE POCTA ¥ PA3BUTHS PACTEHUI B HOPMAJIbHBIX YCIIOBUSX, HO M B UX a/IalITUBHBIX PEAKIIHIX
Ha pa3InyHble abNOTHYEeCKHe cTpecchl [3]. B CBsI3M ¢ 3TUM JUTHNH, CHHTE3UPOBAHHBIN B OTBET HA He-
raTHBHbIC BO3JICHCTBUS, HA3bIBACTCS CTPECC-TUTHUHOM (stress lignin), MM 3alIUTHBIM JIMTHUHOM
(defense lignin), B oTimmare oT THOUYHOTO TUTHIHA pa3BuTHs (developmental lignin) [4]. He uckirode-
HO, 4TO HH(POPMAIUS O CTPYKTYPE M CBOHCTBAX JUTHUHOB PA3JIMYHBIX JIPEBECHBIX MOPOJ, IIPOU3paCc-
TAIOIIMX B HEOJATONPUSATHBIX YCIOBHX, MOXKET OBITH TIOJIE3HA JJIS CIIEI[HAINCTOB, KOTOPhIE 3aHUMa-
IOTCSl BOIIPOCaMK 00ECIIeYeHHs APEBECHOTO ChIPhs ISl LEIUTI0JIO3HO-0YMaXKHOM MPOMBIIIIEHHOCTH.
BwMmecTe ¢ TeMm 3TH TaHHBIE UMEIOT U OOJIBIIOE TeopeTHUecKoe 3HaueHne. Kak n3BectHo, B mpolecce
OMOCHHTE3a JIMTHUHA Ha 3Talle POCTa MAKPOMOJIEKYJIbl TeHETHYECKUI KOHTPOJIb HE OCYIIECTBIISETCS,
B OTJIMYME OT CHHTE3a BCEX JPYI'MX PACTUTENBHBIX nonmuMepoB. CoriacHo [5], oOpazoBaHne Makpo-
MOJIEKYJIbI JIMTHUHA TIPOUCXOJUT B COOTBETCTBHH C 3aKOHOMEPHOCTSIMU JI€TEPMUHUPOBAHHOI'O Xa0oca
B INHAMHMYECKOM PEXXHMME CTPAHHOI'0 aTTPAKTOPA. YUUTHIBAS, YTO OMOCHHTES in ViVOo IPOTEKAET B OT-
KPBITOW CHCTEME, y4acTUE PaJUallMOHHOro (haKTopa, Kak JOMOJIHUTENBHOIO YIIPABIISIIONIEro napa-
METpPa, MOXKET IIPUBOAUTH K HEKOTOPOMY M3MEHEHHUIO TEUSHHSI X0/ JICTHIPOIIOIMMEPU3aINH MOHO-
JIMTHOJIOB U, COOTBETCTBEHHO, K M3MEHEHHUIO HA00pa MUKPOCTPYKTYPHBIX DJIEMEHTOB ¥ XUMHUECKOH
CTPYKTYpPbl MaKpOMOJIEKYJIBI B IIeJIoM. TakuM 00pa3om, UCCIeJOBAaHUE CTPYKTYpPbI paJnalliOHHBIX
CTPECC-TUTHUOB MOTYT IPHHECTH HOBBIC JaHHBIC, MOJE3HbIC IS AalibHellIel npopaboTKu Teope-
TUYECKOW KOHLENIHMKM OMOCHHTE3a JIMTHUHA. JJaHHas cTaThs IOCBSIEHA U3yUYEHHIO OCOOCHHOCTEH
XUMHYECKON CTPYKTYPBI U CIIEKTPAJIbHBIX CBOMCTB CTPECC-IMTHUHA B JIPEBOCTOSAX PIOMHBI Sorbus
aucuparia, KOTOpbIE IIPOU3PACTAIIN HA TEPPUTOPHUAX C ITOBBIIICHHBIM YPOBHEM €CTECTBEHHOU pajna-

WU HAa TPOTAKCHHUU BCEX DTAIIOB CBOCTO PAa3BUTHUA.
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3KCﬂepl/lMeHTaﬂbHafl HacTb

Pacmumenvuviii mamepuan TPeICTABISUT OO0 CTBOJIOBYIO YacTh JPEBOCTOEB PSIOMHBEI Sorbus
aucuparia, KOTOpbIEe MPOU3PACTAIIN HA yIaCTKAX ¢ HOPMaJIBbHBIM (Ne 1) ¥ TOBBIIIIEHHBIM PaINOAKTHBHBIM
¢onom (yuactku Ne 2 — Ne 5) Ha TeppUTOpHH, 3arpsi3HEHHOH Oonee 60 JieT Ha3a ] OTBalIaMH OBIBIIETO
MPOMBIIIUIEHHOTO IPEANPHUATHS 110 T00BIYE paarsi, pacloI0KEHHON Ha TPaHHIE CPeJHEH U CeBEepHON
Taiiru (63° c.u1., 53° B.x1., YXTHHCKNH paiioH, Pecrrybnmka Komn). KimnMat ymepeHHO-KOHTHHEH TaJIbHBIH
CO cpenHeronoBoii Temmneparypoii —2 °C. Panee HaMu ObLIO NOKA3aHO, YTO y/ENbHAS AKTUBHOCTH *2°Ra
B OTBaJIaX MHOTOKPATHO IIpeBbIacT (JOHOBBIC 3HaUeHU [6], 4TO 00yCIaBIMBACT TOBBIIICHHBIH paana-
UOHHBIN (hOH Ha yuacTkax. TeppuTopus ncciaeaoBaHus Obliia Mpe/icTaBlIeHa CMEIIAaHHBIM JIECOM C IIpe-
o0J1alaHIEM eITi, COCHBI, Oepe3bl, OCHHBI, OJIbXH, B ITOJIECKE ITpeodianaia psouHa. J{ist uccienoBanus
ObLIM BHIOPAHBI JIEPEBbS BHICOTOI 4—5 M M IMAMETPOM CTBOJIOBOI yacTu B npenenax 4,1-5,1 cm. Bos-
pacT psIOMHBI OIPEEIISIIN TTOICYETOM I'OIMYHBIX KOJIEIl Ha CIIMJIaxX U3 HYKHEH yactu ctBoda [7]. [omy-
YCHHBIH BO3pacT yka3aH B Ta0J. 1. Jluamerp cTBOIOBOM YacTu (03 KOPbI) U3MEPSUIH I TAaHT CHIIUPKYJIEM
KaK CpefHee U3 BYX NEPHEHANKYISIPHBIX n3Mepennil. ConeprkaHue JIMTHUHA B 00pasiax ApeBECHHbI
oTpeneNsanu KiaccuaeckuM metogom Komaposa. IIpenapaTsl [TuoKcaHIUTHUHA U3 ApeBecuHbl (SB-1,
SB-2, SB-3, SB-4 u SB-5) Bergensin metonoM llemnmepa, kak B padote [2].

Dynxyuonanbrwiil ananus. OnpeneneHne GyHKIMOHATBHBIX TPy (eHombHbIX OHy, 11 KapOOoKcHIb-
Hbix COOH, npoBoany o cTaHAapTHBIM METOANKAM, KOTOPBIE IPUMEHSIOTCS B XUMHUHU JTUTHUHOB [§].

FTIR-spectra. IndpakpacHble crieKTpbl OblIu mosyueHbl Ha Dypbe-crnekrpomerpe Jlromekc
®T-02 B nuanaszone 400—4000 cm™! ¢ MHCTPYMEHTAIBHBIM Pa3pELIEHHEM 2 CM™' M KOJIMUECTBOM HAKO-
mwieHui 256. O0pasiibl 111 CbeMKH CIIEKTPOB MPEACTABIILIA co00i TabieTku, cocrosiue u3 300 mr
KBr u ~1 mr uccnenyemoro oopasua. MK-criekTpbl HOpMHPOBAIMCh HA HHTETPaIbHOE TOTJIONICHNE
B o0mactu 1840-770 cm’l. Jlns ompenenenus IMONOKEHHs TTIMKOB MCIIONB30BAJICS UCXOMHBIA CIIEKTP
TIOTJIOMICHUS! AMOKCAHIUTHUHOB PSIOMHBI W CIIEKTP BTOPOM IPOM3BOAHOW. BTOpbIE NMpOM3BOJHBIC
NK-crekTpoB ObLIN MOTYUYEHBI C MOMOINbI0 anroputma CaBunkoro-Ioies, KOTOPHIi MO3BOJISIT OTHO-
BPEMEHHO CIIIaKMBATh SKCIIEPUMEHTAIBHBIE CIIEKTPHI 110 17 TouKaM.

2D AMP-cnexmpul TATHUHOB perucTpupoBaiu Ha ciiekTpomerpe Bruker Avance I1300. HaBecky
o0pasia maccoii ~0,1 r pactopsutu B 0,6 cm® JIMCO-D6. Criektpsl Beicokoro paspemtenus (HSQC)
OBLIM MOJyYeHbI C IPUMEHEHHUEM CTaHJapTHBIX METOIMK KoMranuu Bruker u npu cieayromux Ha-
crporikax: TD:4096/512, NS:18, AQ=0.6824436/0.0199497 cex, D1=2 ¢, CNST2=145 I'm. CrexTpsl
OBIITM COMOCTABIEHBI ¢ OcTaTOYHBIMU curHagamMu DMSO (2.49 ppm ans cnexkrpos 1H u 39,5 ppm
qutst ciektpos 13C). O6paboTka 1 aHaIU3 TaHHBIX OBUIN BBIIIOJIHEHBI ¢ Hcnonb3oBanueM Topspin 2.1.

DIIP-cnexmpul OTy4deHbI Ha pagrociekTpometpe X-nquana3ona (9,4 I'T) RadioPAN SE/X-2547
IIp¥ KOMHATHOHU Temneparype oopasua. KaauOposka g-¢akropa npou3BeeHa 110 3TaJOHHOMY 00pas3-
my LiF: Li® (g=2,002288), 1151 OLEHKH KOHIEHTPAIMH TTapAMATrHUTHBIX [EHTPOB UCIIOIB30BaH CEp-
tuduunpoBannbiii o6pasen JDIIT (g=2,0036) ¢ konuuecTBOM ciMHOB 1,96%10'7, GUTTUHT CIEKTPOB

MPOU3BOIMIICS C IMOMOIIBIO TTporpaMmbl Origin 5.0.

Pe3yabrarsl n 00cyxkaeHue

Kak 6bL10 YKa3aHO BBILIC, IUTHUH UT'PACT KJIKOYCBYIO POJIb B aJdlITUBHBIX PEAKIHAX paCTCHI/Iﬁ
Ha pa3JIndHbIC a0noTHYeCcKue CTPECCHI. He sBnsieTcst HCKITIOUECHUEM B pa)Z[PloaKTHBHI)Iﬁ CTpeCC, KOTO-

pblﬁ OKa3bIBACT CCPLE3HOC BJIIMAHUC HA ) KUBHCACATCIIBHOCTD paCTeHHﬁ. B Tab6a. 1 HNpEeaACTaBJICHLI I1O-
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Ka3aresiu paJlMOaKTUBHOIO ()OHA, B YCIOBHUSIX KOTOPOI'0 IPOU3PACTAIH UCCIIEyeMble PACTHTEIbHbIC
00BEKTBI — IPEBOCTOM PSIOMHBI — Ha BCEX dTANax CBOETO Pa3BHTHS, BKJIIOUYAs 3apOIBIIICBBIN, Bere-
TaTUBHBII U nepuos 3penocTd. Bo3pacT npeBoctoeB coctapisin B cpenneM 30 net. Ha koHTpoapHOM
yuactke Tepputopun Ne 1 yposens panuamuu coctanisii 0,14+0,005 mx3s/4.

HopMmasbHbIM pajuaniuoHHbIM GOHOM cuuTaeTcs ypoBeHb B uHTepBane ot 0,05 10 0,2 Mx3B/4,
II03TOMY MOXKHO CUHTAaTh, YTO PACTEHHE HA 3TOM yYacCTKE HE HCIIBITHIBAJIO JOIOJIHUTEIBHON pain-
AIMOHHOM HAarpy3KH M, COOTBETCTBEHHO, JUTHUH (00pa3zelr] SB-1), U3BIEUEHHBIH 13 KCHUIIEMBI 3TOTO
pacTeHus, MOXKHO OBIJIO CYMTATh TUITMYHBIM MM «HOPMAJIBHBIM». Bee ocranbHble HCcIeOBaHHBIE
00pasIsl SBISIOTCS, IO CYTH, CTpECC-IMTHUHAMU. B xoje nccnenoBanuii Obla mpoBeaeHa OlleHKa
CTETIeHH JUTHU(UKALNN KCHIIEMBI IpeBoCcTOeB Sorbus aucuparia. Ha puc. 1 mpeacTaBieHbl JaHHbBIC
o comeprkaHnu nurHuHa KomapoBa B uccinenyemMsix o0pasiax, KOTOpbIe CBUIETEIBCTBYIOT O IOCTO-
BEpHOM cHMkeHuu (t-test, p<0.01) cTenmeHn TUTHUPHUKAIMK PACTUTEIBHONW TKaHHU M3 30HBI C PAHO-
AKTHBHBIM 3arpsI3HEHHUEM OTHOCHUTEJIBHO KOHTPOJIS.

Takyro peakiuio pacTeHUH Ha paJIMOaKTUBHBIA CTPECC MOXKHO CUMTATh HECKOJIBKO HEOXKHIAHHOH,
HOCKOJIBKY DK30T€HHBIE CTPECCHI Yallle MPUBOASAT K YCUJICHHIO MTpOLeccoB JurHudukanmu. Tem He Me-
Hee CYIIECTBYIOT ITPUMEpBI, IEMOHCTPUPYIOIINE, YTO PEAKLUsl PACTCHUH MOXKET OBITh CaMOW pa3HOH,
00yCJIOBJIEHHOI MX OOTaHUYECKUM BHJIOM W THIIOM cTpecca. Tak, MeJHbIH cTpecc MPUBOAMI K yCUIle-
HUIO JIMTHA(UKAIIMNA KOPHEH TOpoXa, a B KOPHSIX WHHWH, HAIIPOTHUB, IPOMCXOIMIIO CHIKEHHE COiep-
»kaHug muranHa Knacona [9]. Io pesynsraram uccienosanuii [10] cBeTOTEHEBO# CTpece Takke BBI3BIBAI
CHI)KEHHE CTENEHH JIMrHU(UKanuy credieil nmeHuus! 7riticum. 3Ha9UTeNTbHBIA HHTEPEC MPEICTABIISET
uH(pOpMALIUS 0 XUMUYECKOW CTPYKTYpe CTpecc-TUrHUHOB. B Tabi. 1 mpencraBiieHb! jaHHbIE 0 (QyHK-
LIMOHAJIEHOM COCTaBE MCCIIEyeMbIX JTUTHUHOB. ClieyeT 00paTUTh BHUMAaHUE Ha 3aMETHOE yBEINUICHHE
(enonbrbix OH-rpymn B 00pa3uax cTpecc-TUrHIHOB IPH BO3PACTAHUH PAJHAIIMOHHOIO ()OHA. DTH MOKa-
3aTeJH KOPPEIHPYIOT MEX Ty co00i ¢ koadduirenTom koppemsinui R = 0,78, 4To yka3pIBaeT Ha TECHYIO
CBSI3b MEXy HUMHU. Kpome Toro, He0OX0MMO yKa3aTh Ha HAJIMYUE OUYeHb TECHOI 00paTHO MPOMOPIHO-
HaJIBHOW KOPPEJSIIMY YPOBHS PAJHAIIMOHHOTO (DOHA ¢ KOJTMYECTBOM KapOOKcHIIbHBIX rpym (R =—0,91).

Huxe OyayT NpHBEINCHBI pe3yJibTaThl MCCIEHAOBAHUS PSOMHOBBIX JUTHUHOB MeTopamu WK-
n OIIP-cniektpockonuu. Ha puc. 2A npencrasnenst MUK-ciekrpsl (MKC) ncenenyembix o6pasios psi-

OMHBI [IOCJIE HOPMUPOBKH Ha HHTETPANBHOE TIorIomenue B oonactu 1840-770 cm!. Kak u cnenosano
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Puc. 1. Comeprxanue TUrHIHA B 00pasiax apesecunbl Sorbus aucuparia (t-test, p<0.01)

Fig. 1. Komarov lignin content in the Sorbus aucuparia wood samples. (t-test, p<0.01)

— 459 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 455-465

Ta6nuua 1. Bo3pacT apeBocTOCB psiOMHBI, YPOBEHb PaIHAIlMOHHOrO (JOHA HA ydacTKaX MX MPOU3PACTAHHSI
U KOJIMYECTBO (byHKL[I/IOHaJ'lI)HbIX rpyII B UCCIEAYEMBIX 06pa3uax JIMTHUHA

Table 1. The age of rowan plants, radiation background level in plant growing areas and the number of functional
groups in the studied lignin samples

Bospacrt Pa[MaIMOHHbIi KonngecTBo QyHKIIMOHANBHBIX TPYIIL, %
O0pasen

JIpeBOCTOEB, 1eT | (oH, MK3B/4 S COOH OH,
SB-1 30 0,14 2,74+0,07 2,57+0,06 1,77+0,08
SB-2 37 0,60 3,51+0,08 2,14+0,07 2,70+0,06
SB-3 27 1,80 2,95+0,06 1,33+0,06 2,45+0,09
SB-4 23 2,40 3,59+0,07 1,03+0,05 3,20+0,07
SB-5 31 4,18 3,50+0,08 0,90+0,04 3,16+0,10

OXXHUJATh, CHEKTPBI BECbMA ITOXOKH M OTIMYAIOTCS JIUIIb HHTCHCHBHOCTBIO HEKOTOPHIX MOJIOC, YTO
MOJITBEPIKIAETCS TAKKE aHATU30M CIIEKTPOB BTOPOI Mpou3BoHOM (puc. 2B).

Heranbubiii anann3 MKC nmo3BossieT BEISIBUTH HEKOTOPBIE CTPYKTYPHBIE OCOOCHHOCTH CPaBHU-
BaeMbIX JUrHUHOB. B MK-crniekTpax Bcex 00pas3ioB MPUCYTCTBYET MHTEHCHBHOE MOTJIOIIEHHE, 00-
YCIIOBJIEHHOE BaJICHTHBIMH KosieObanusiMu OH-rpynn JurHnHa n ajcopOMpoBaHHOW BOIBI C MaKCH-
MyMOM TIOJI0CHI 0KOJIO 3430 u teuom mpu 3240 cml. O6pasusr SB-1, SB-2, SB-3 umeror 6auskue
3HA4YEHUS] MHTEHCUBHOCTEH 3TUX mosioc. OcraiabHble 00pa3ibl MOKHO OOBEINHUTE B JIPYTYIO TPYII-
Iy, KaK UMEIOLIYI0 MeHee MHTEHCUBHYIO nonocy mpu 3240 cm™l. B o6nactu wactot 3100-2700 cm’!
(o6macTp BanenTHbIX Konebanuit CH-cBszeit B CH-, CH,- u CH;-rpynmnax) HaGmonarorest 10 momnoc
CpeaHeld MHTEHCHBHOCTH M OJM3KMMHU YacTOTaMHU. DTH I0JIOCHI CBsi3aHbl ¢ konebanuem CH-rpymmn
apoMaruyeckux koiuern npu 3120 u 3080 cm!, OCH;-rpymmst mpu 3000, 2940 u 2840 cm™, a takske
xone6anuem CH,-rpynmer mpu 2920 u 2850 ¢m!. Ha puc. 2B mpencTaBiensl CEKTPBI BTOPOH MTPOU3-

BOJIHOH B 001aCTH BaJICHTHBIX Kojebanuit CH-rpynm.
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Puc. 2. UK-cnexTpsl uccieayeMbix JUrHUHOB B cpeaHeM UK-nuanazone (A) u CieKTpbl BTOPOI MPOU3BOIHOM
B 06aactu yactor 800-3100 cm™! (B)

Fig. 2. IR spectra of the studied lignins in the middle IR range (A) and spectra of the second derivative of the
lignins in the frequency range of 800-3100 cm™' (B)
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Kak n3BecTHO, CIIEKTPbI BTOPBIX IIPOM3BOAHBIX MO3BOJISIIOT HAOJIOAATH CAMble HE3HAYUTEIbHbIC
HIOAHCHl B COOTHOLIEHWH MHTEHCHBHOCTEH I1oiioc. B 1aHHOM ciyuyae 3aMeTHbIE pa3iuyus B CIEK-
Tpax CTPECC-TUTHUHOB HAOIIONAIOTCS B HHTEHCUBHOCTAX moyoc npu 2920 u 2850 cm™!, koToprie 06-
YCIIOBJIEHBI CHMMETPHYHBIMHU M aCHMMETPUYHBIMHU KojeOanusiMu CH,-rpynmbl. AHanu3 nokasbiBa-
eT, 4To obpaserr SB-4 xapaxrepusyercst 3aMeTHO Oonee BeicokuM coxepxkanunem C,H,OH. B MKC
B obnactu yactor 1800—-400 cm! perucrpupyercs HabOp MOJIOC, OTHOCAIMXCSA K IIOCKOCTHBIM Ba-
JICHTHBIM U JIe(OpMaI[MOHHBIM KOJIEOAHHUSIM apOMaTHUYECKOTO KOJIbIa, 1e()OPMALIMOHHBIM KOJIe0aH -
ssMm C—H u O-H cBs3eit B anupaTudeckux 1ernoykax TUrHUHOB. OCHOBHEIC Pa3IHIHs 3aKITIOYal0TCS
B U3MEHEHNUU MHTEHCUBHOCTEH I0JIOC, YTO MOKHO BHJIETh M TI0 UCXOIHBIM CHEKTPaM, M IO BTOPHIM
MIPOU3BOJHBIM. DTH, XOTSl ¥ HEOOJbIINE, PA3JIINYUS TOBOPSAT O BapbHPOBAHUH KOJIMYECTBA OIpesie-
JICHHBIX I'pyHI U (hparMeHToB. PacueTshl HHTErpalibHBIX MHTEHCHUBHOCTEH 110JIOC MOKA3aJIH, YTO 3Ha-
YEeHU s MHTErPaJioB HanboJiee MHTEHCUBHBIX 0JIOC B CHEKTPAX UCCIEAYEMBbIX TUTHUHOB H3MEHSIOTCS
B npenenax £10 %. Hanpumep, muts nonockl npu 1600 cM™! HabmogaroTes koineOaHus M0 MHTEHCHB-
HOCTH B inanasone 6 %. JJis Apyrux nojoc KojebaHus MHTEHCUBHOCTEN HeMHOr0 0oJbiie: 1505 cm!
(9 %), 1330 em™! (10 %), 1125 cm™! (16 %). UHTErpanbHble HFHTEHCUBHOCTH CIAOBIX II0J0C BAPBUPYFOTCS
3HAYUTENBHO 3aMETHEE: HarmpuMep, mosockl npu 1270 cm™! (59 %), 920 em! (25 %), 880 cm! (39 %)
1 1720 cm™! (62 %). DTH HAGIIOAEHUS IOATBEPKAAIOT (PAKT BIMSHUS PAJAUALMOHHOIO CTPECCa Ha XHU-
MHUYECKYIO CTPYKTYPY JUTHUHHBIX ITOJTHMMEPOB.

Kak m3BectHo [11-14], MK-crieKTpoCKONMMI0 MOKHO HCIIOIB30BATh U JJISI OLIEHKH KOJIMYECTBA CHU-
pUHTIIIBHBIX (S), rBasumiibHbIX(G) M, COOTBETCTBEHHO, n-THAPOKcH(peHnIbHEIX (H) apomaTruecknx
enunuil. OmHAM U3 MapKEPOB HAMYHS S-CTPYKTYp sBiseTcss monoca npu 1125 em!. Cornacno man-
HbIM [12, 13], oHa cBsI3aHa C IJIOCKOCTHBIMH JIe(hOPMAIIHOHHBIME KOJICOAHUSIMU apOMATHYCCKIX KOJIeIT
u cBs3u O—C meroxcuibHOM rpymisl (C,-O-CH;). YunTheiBas HHTEHCUBHOCTH 3TOH IHOJIOCHI, a TaK)Ke
nosockl ipu 1330 em™! (mockocTHOE iehOpMAIIMOHHOE KOJEOAHHE CUPHHTHIIBHOTO KOJIbIIA U U3MEHE-
Hue cBs3U C,-O METOKCUIIBHOM TPYIIIBI), MOKHO C YBEPEHHOCTBIO YTBEP)KIaTh, YTO B UCCIETYyEMBIX
JUTHUHAX JOMUHUPYIOT CHPUHTHIIBHBIC CTPYKTYpHBIE eAnHUIbI [13]. 'BasiuuibHbIe CTPYKTYPHI B p-
OMHOBBIX JIUTHUHAX, XOTS U B HEOOJIBIIMX KOJINYECTBAX, TOKE IPUCYTCTBYIOT, O YEM CBHJICTEIbCTBY-
eT Hajuuue nojoc mpu 880 u 1270 cM™! (1ockocTHOE KoeOaHKe MBasIMILHOIO KOJIbIIA M KoJeOaHue
cBsizu C,,-O [14]). st KonruecTBEHHOM OIIEHKH CONEP>KaHUsI CHPUHTHIIBHBIX U TBAsSIIUIBHBIX €IHMHUI]
ObLTH paccudTanbl UHTErpansl noioc 1330 u 1270 em!. Jlns pacuera G-crpykryp 1o ganasiv MKC
UCTIONB3YIOT KOPPENSALMOHHYIO 3aBUCHMOCTD. OMHOCUMENbHAS UHMEHCUBHOCb NONOCHL KONeOAHU
2easyunvrozo komvya npu 1270 e (Lazg) — konuuecmeo G-edunuy. J{yis KaaubpOBKU MCIOIb30BaHbI
YeThIpe JUOKCAHIUTHUHA, CPEAN KOTOPBIX ObLIN OJUH XBOWHBIH (Picea abies) M TPU TUCTBEHHBIX: 3B-
KaunToBeli (Eucalyptus globulus), 6epe3oBsrii (Betula pendula) n akanueBblit (Acacia mangium) ¢ u3-
BECTHBIM cojiepkanueM S- u G-enunuil [12]. ITokazaTens /579 paCCUUTHIBAJICS TyTEM JIEICHUSI HHTEH-
CHBHOCTH 3TOM IOJIOCHI HA CYyMMY MHTEHCHMBHOCTEH ABYX mosioc npu 1270 u 1330 cm™!. B3aumocsssb
Mexay conepsxanneM G-eIUHUIL B TMTHUHE U OTHOCUTENILHOM HHTEHCHBHOCTBIO MONOCKE pu 1270 cm™!
OIUCHIBACTCS JIMHEHHBIM ypaBHeHHeM [G] =85,1% 157 + 10,0, mpuyem xoaddunment koppensaun R
pasen 0,98. Kak mokaszanu pacuetsl, conepkanne G-enunmuil no nanueiM MKC xopormio cormacyercs
C pe3yJibTaTaMu, NOJIyYeHHBIMHA HaMu MeTooM SIMP-criekTpockonnu (tadr. 2).

J1y1sl OLIEHKM COAEpIKAHUSI CHPUHTHIIBHBIX €JMHUIL B HCCIEAYEMbIX Ipernaparax JUrHuHa Obliia

HCIIOJIb30BaHa KaHI/I6pOBKa — JIMHEWHAs 3aBUCHMOCTh OTHOCHUTEIILHON MHTCHCHUBHOCTH IIOJIOCHI KO-
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Ta6nuua 2. Konmnuectro S, G u H equnun no nanaeiM SIMP*- u UK**-cniekTpockonuu

Table 2. The number of S, G, and H units according to NMR* and IR** spectroscopy data

Ob6pasen S* Niaa G* G** H* H**
Sb-1 81,6 79,0 17,2 18,5 1,2 2,5
Sb-2 81,5 81,8 16,6 15,6 1,9 2,6
Sb-3 81,3 81,2 17 16,3 1,7 2,5
Sb-4 84,3 83,3 13,7 14,0 2,0 2,7
Sb-5 81,4 82,6 16,3 14,8 2,3 2,6

ne0aHuil CAPMHIMIBHOIO Kojibla npu 1330 cM™! u comeprkanue S-eMHUIL B YKAa3aHHBIX BbILIE XBOi-
HOT'0 U JIMCTBEHHBIX JInTHHHAX. KanubpoBouHas npsimMast umeeT Bu: [S] =83,1% [1330+ 4,3. 13 Tadu. 2
BHJTHO, 9TO HAOIIONACTCS KOPPEISAIHS MEXKIy JaHHBIMHA O COICPKAHUU CHPUHTHIBHBIX CTPYKTYD,
nonydeHHbIME MeTonaMu SIMP-13C u UK-cnekrpockonuu. Pe3ynasrarsl nccnenoBaHui, MpuUBEIeH-
HBIX BBIIIE, YOSIUTEIHFHO IEMOHCTPHPYIOT 3 pekTuBHOCTE MeTona MK-crekTpockonuu uist ompee-
JICHU ST KOMITO3UIIMOHHOTO COCTaBa JUTHUHOB. OO 9TOM CBHJIETENILCTBYET MPAKTUYCCKH OAMHAKOBBIN
COCTaB, yCcTaHOBJIEHHbIN Kak MeTtonoM SIMP, tak u merogom MKC. MoxHO Takke OTMETUTb, YTO
KOMIIO3UIIMOHHBIH COCTaB CTPECC-TUTHUHOB MAJI0 OTJINYASTCS UM MOYTH HE OTIMYAeTCs OT COCTa-
Ba jurHuHA (SB-1), BEIAENCHHOTO M3 IPEBOCTOS, MPOU3PACTABIIETO Ha KOHTPOIBFHOM yuacTke. [lo-
BUMMOMY, paJHaIlHOHHBIN CTPECC B JAHHOM CJIydae He OKa3aJl CYLIECTBEHHOTO BIMSIHUSA HAa KOMIIO-
3UIHOHHBINA COCTaB JIUTHHHHBIX ITOJIMMEPOB.

JIurauHbBI, KaK U3BECTHO, 001aal0T MapaMarHUTHBIMU CBONMCTBAMH, YTO OTIMYAET X OT BCEX
JIPYTHX OHOTOIIMMEPOB PACTUTEIBHOTO MPOUCXOKICHH [2]. braromapst 5ToMy MBI MOKEM HCIIOIB30-
BaTh MeTOA DIIP-CeKTPOCKOMMY ISl TIOJIYUYCHHUS TIOJIe3HONH HH(OPMAIIMKA O XUMUYECKOW CTPYKType
MaKpOMOJICKYJI TUTHHHOB. OITHUM W3 TIIaBHBIX JOCTOMHCTB dTOI'0 METO/IA SIBISCTCS €ro BHICOKAS TyB-
CTBHUTEJIBHOCTb, YTO O0ECIIEUMBACT BHICOKYIO TOUHOCTh B ONPENEJICHUH KOHICHTPALUK apaMarHuT-
HbIX neHTpoB (IIMLI). CorlacHO paHHUM JINTEPAaTYPHBIM UCTOYHHKAM, Hanndue I[IML] B muranHax
CBSI3aHO C IIPUCYTCTBUEM B MAKPOMOJIEKYJIe ClIEHU(PUISCKUX IPYIITUPOBOK XUHOMIHOTO THIA. OIHAKO
B HACTOSIIIEE BPEMsI IPHHITO CYUTATH, YTO TApaMarHeTH3M JTUTHHHOB, HE3aBUCHMO OT WX THIIA U IIPO-
UCXOXKACHHSI, 00YCIIOBIICH HAJIMYMEM HECHApEHHBIX T-3JIEKTPOHOB, CTAOMIIM3UPOBAHHBIX B TIOJUMEP-
HOW MAaTpHIle, COCTOSIICH U3 CTPYKTYPHBIX AJIEMEHTOB ¢ (DCHONBHBIMH THIPOKCHIIAMHU. DTO O3HAada-
€T, YTO JIMTHUHBI, KaK TOJIMMEPHbIE COCIMHEHHMSI, IOJDKHBI COJIEPXKATh CTA0MIIbHBIE MaKpOPaHKaJIbl
(heHOKCHIIFHOTO THIA, KOJIMYECTBO KOTOPHIX JIOJDKHO KOPPEITHPOBATH C KOIHYSCTBOM (DEHOIBHBIX
OH-rpymn. Do BrosiiHe 000CHOBaHHAsI TOYKA 3PEHHSI, yUUTBIBAsI, YTO B OCHOBE MEXaHN3Ma OMOCHHTE3a
JUTHHUHA JIOKUT PEAKIHs IETUIPONOINMEPHU3ANNYA MOHOJIUTHOJIOB KaK TIOCIIEIOBATEIBHOIO IpoIecca
BO3HHKHOBCHUS M PEKOMOMHAIINN (DEHOKCHIIBHBIX PaJMKaJIOB Pa3IMUuHON CTPYKTYPHI U pa3mepa [2].

B 0030pHBIX crIeKTpax (He MPeCTaBICHBI) UCCICTyEMBIX PSIOMHOBBIX JIMTHUHOB HAMU OBLITH O0OHA-
Py KeHbI clIa0OBBIPasKEHHBIE JIMHUH C g-(hakTopoM okouto 4,0, a TakKe IHUPOKasl TI0JI0ca C OUSHb HU3KOM
WHTEHCHUBHOCTHIO U g-(hakTopoMm mpumepHo 2,1. Ha 3Ty monocy HakmaaeiBaeTcss Hanubojiee MHTCHCHB-
Hblii curHan — DIIP-criekTp GeHOKCHIbHBIX pagukaioB (puc. 3. [Ipunoxkenue), 3HaueHHE g-(PaKTOPOB

HaxoAMTCs B y3KoM nuamnasone ot 2,0042 no 2,0044. HlupuHa n1uHAN, U3MEPEHHAS [10 TOUKaM 3KCTpe-
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MyMoB (ABpp), coctaBnser ot 0,76 1o 0,84 mMT (tabma. 3). Bce DIIP-crieKTphl UMEIOT aCHMMETPUIHY O
(hopmy, TIpH 3TOM UX BBICOKOIIOJIEBBIC KPBUISI HECKOJIIBKO paclIMpeHbl. Takas gopMa CIeKTPOB 00b-
SICHSICTCSI OOMCHHBIM CY)KEHHEM JIMHHH B aPOMATHYECKUX IIEISAX MaKPOMOJICKYJ, KOTOPOE MPOHUCXO-
JUT B YCIOBUSAX KOHKYPEHIIUH C YIIHPSHUEM, BEI3BAHHBIM HEepa3pemIEHHOW CBEPXTOHKON CTPYKTYpOi
ot ipoToHOB. Kpome Toro, Ha (hopMy BIHSIOT pacrpenciCHHbIN xapakTep g-(hakTOpOB U AUIOJIBHOES
B3aMMoJIeiicTBHe CITHOB. EIle 0HOM MPUYUHON aCHMMETPHH SBJISCTCS OPUCHTAIMOHHOE YIIHPCHHE
CIIEKTpa, BBI3BAHHOE AHU30TPOMHUEH g-(PakTopa MapaMarHUTHBIX LEHTPOB. AHanu3 (OPMbI JIMHUU
CIIEKTpa IOKa3ajl, YTO OHA XOPOIIO OMHCHIBACTCS CYyNEPIO3UINCH OTHOTO JOPEHIIMaHa U JIByX Tayc-
CHAHOB C pa3IWYHBIMU TapameTpamu (puc. 3. [Ipunoxkenue). JlopeHieBa coctaBistomas mpeacTaBis-
eT co0oli 0OMEHHO-CYKEHHBI CHUTHAJ, OOYCIIOBIICHHBIHN AeJOKaIn3aliell HeCIapeHHOro AJIeKTPOHa
Ha (pparMeHTax C COMPSOKCHHBIMHU JBOMHBIMU CBSI3IMHU. [ayccoBbI (POPMBI JTUHHI OOBSCHSIIOTCS HE-
Ppa3pemEHHOl CYTIePCBEPXTOHKON CTPYKTYPOH OpraHMYSCKUX PAIUKATIOB U IIPUCYTCTBHEM IIPOTOHOB.

Kak BumHO u3 Ta0i. 3, KoHIeHTpanus pangukanoB N B oopasiax SB-1 u SB-2 npumepHo B 1Ba
pasa HuXxe, 4eM B oOpasuax SB-4 u SB-5. B oOpasue SB-3 Oblio omnpeneneHo cpenHee 3HaYeHUE
N- 3,5x10"7 cnun/r. Pacnpenenenue nmapuuanbHeIX BKIag0B KoMnoHeHToB L, G1 u G2 B memom co-
OTBETCTBYET Pa3IUYMsIM B KOHIIEHTPAIUAX CIIMHOB B 00pa3max. OOpasibl ¢ HU3KOI KOHICHT paluei
I[IMII (SB-1 u SB-2) umerot B coctase DIIP nuaun rayccoB KoMnoHeHT G2 HU3KONH MHTEHCHUBHOCTH
C BBICOKHMM 3Ha4cHHEM g-(hakTopa. B oOpasmax ¢ Beicokoii koHmeHTparueir [IMI] Ha no110 JaHHOTO
KOMITOHEHTa npuxoauTcs: okoso 30 % oOIeil KOHIEHTPAIUK CIIMHOB, a ero g-(hakTop UMEeT MEHb-
mue 3HaveHns 2,005-2,006. B o6pasie co cpenneii konnerTpanueii N (SB-3) Ha nonro G2 nmpuxoant-
cs moutu 50 % cymmapHoi koHueHTparuu [IMII.

Bapuanuu 3HaueHuit g-(hakTOpOB KOMIIOHCHTOB, U B MCHBIIICH CTEIICHN BapHaIll¥ HX [TUPHUHEI,
YKa3bIBAaIOT Ha ONpECNICHHbIE CTPYKTYPHBIE PA3INUHs PAAUKAIOB, KOTOPBIC OTPAXKAIOTCS B PE3yiib-

TaTaX OICHKH KOJINYECCTBa (1)yHK]_II/IOHaJ'IBHBIX TpymiIl, a TaKKe aHaJIu3a HK—CHGKTPOB.

Ta6numa 3. [TapaMeTpsl THHUU CBOOOIHBIX PaIUKAIOB 00PA3IIOB JUTHHHOB

Table 3. Free radical line parameters of lignin samples

IMapametp OITP-cnexTpa SB-1 SB-2 SB-3 SB-4 SB-5
Zep 2,0043 2,0043 2,0042 2,0044 2,0043
ABpp, mT 0,78 0,76 0,81 0,81 0,84
N, 10" cnun/r 2,4 2,3 3,5 52 5,1

JexonBomntonus cnekrpos DI1P

Jlopennman (L), g, 2,0043 2,0047 2,0045 2,0047 2,0050
ABpp, mT 0,42 0,51 0,55 0,51 0,55
Area% 19 33 38 32 54
layccnan (G1), g 2,0041 2,0041 2,0030 2,0034 2,0027
ABS'pp, mT 0,91 0,87 0,75 0,83 0,63
Area% 70 62 18 37 11
layccuan (G2), gc 2,0077 2,0087 2,0047 2,0057 2,0053
ABS%?pp, mT 1,28 0,76 0,97 0,96 0,90
Area% 11 5 45 30 35
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Puc. 4. 3aBucumMocTsh unciia CBO60)IHI)IX pagruKaioB N ot konmyecTBa q)eHOJIbHI)IX THUAPOKCUIIOB

Fig. 4. Dependence of the number of free radicals N on the number of phenolic hydroxyls

Pesynbratel, monydeHHble ¢ nomolnbio OIIP-criekTpockonnu, CBUAETENHCTBYET O TOM, UTO
CTPECC-TUTHUHBI OTINYAIOTCS OT JurHuHa SB-1 Oosee Bbicokoit koHneHTparuei [IMII. BrosHe pea-
JUCTUYHO, YTO 3TOT PE3YIIbTAT 00YCIIOBIICH PaInOAKTUBHBIM CTPECCOM, KOTOPBIN MCHBITHIBAIN Ape-
BOCTOH, IIPOM3PACTABIINE HA PagHaIllMOHHO-3aTPSI3HEHHBIX TEPPUTOPHAX. MBI mojaraeM, 4To pedyb
naeT 0 PEHOKCHIIBHBIX pajiiKaax, 9YTo MOATBEPKAACTCS HAJMYHEM TECHOH MOJI0KUTEIBHON Koppe-
JSIUU KOHLIEHTPALUU CIIMHOB N C KOJIMYECTBOM TakuX (YHKIIMOHAJIBHBIX I'PYII, KaK (EHOJbHBIE
TUIPOKCHUITHI (puC. 4).

B3aumocBA3p MEX1y YKa3aHHBIMH XapaKTepUCTHKAMHU BBIpakaeTca ypaBHeHHEeM y=1,92x-1,41,
rae X — OHg, y — N, a koaddunuent nuneiinoi koppensauun R pasen 0,80. DTo yka3pIBaeT Ha TO, 4TO

B CTPECC-IMTHHUHAX IMPONU30IIJIO0 HAKOIIJICHUE (beHOKCI/IJ'[BHBIX paauKaJioB.

3akJrouenne

[IpoBeneHO CpPaBHUTEIBHOE UCCIIEAOBAHUE JTUTHMHOB, BBIICICHHBIX M3 JPEBECHBIX PACTEHHH
Sorbus aucuparia, Tpou3pacTaBIINX HAa PaJHOAKTUBHO 3arpsA3HEHHOH Tepputopuu. [lokazaHo, 4To
paavanuoHHBIN (PaKTOP OKA3BIBACT ONPEIEICHHOE BIMSIHUE Ha CTENEeHb JIUTHU(QHUKAIIMH IPEBECHHbI
1 XUMUYECKYIO CTPYKTYPY JIUTHUHOB. YCTAaHOBJIEHO, UTO B YCJIOBUSIX IIOBBILLIEHHOIO paJUallHOHHOTO
(hoHA IPOHMCXOOUT yBEIMUYEHHE KOJIMYecTBAa (DEHONBHBIX T'MIPOKCHIIOB M YMEHBIICHUE YHCIA Kap-
OOKCHIIBHBIX TPYMIL. B TO ke BpeMsi MMOBBIILICHHBIH paJHallMOHHBIH ()OH HE OKa3all CyIIeCTBEHHOTO
BIIUSHUS HA COOTHOLIEHUE CTPYKTYpHBIX equHul S: G: H B cTpecc-nurunHax. Pagnannonnoe Bo3-
JICWCTBUE IPUBEJIO K POCTY KOHLEHTPAIMK CBOOOAHBIX PaIMKAJIOB, YTO COTJIACYETCSI C YBEIHUCHHEM
KoJin4ecTBa (DEHONBHBIX T'MIPOKCHIIOB M OOLIMMHU IIPEICTABICHUSIMHU O BIMSHAN PA3IMYHBIX BUIOB

CTpeccCa Ha JKUBHCACATCIIBHOCTDb PaCTUTECIIBHBIX OPTaHU3MOB.

JonosHuTenbHbIe MaTepuabl / Application
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Abstract. The redox properties of 1,3-bis((diphenyl)phosphinoxy)phenyl nickel(II) pincer complexes
(P'POCOPPMNiX [X =1 (1), OC(O)CH3; (2), OC(O)CF; (3)] bearing terminal iodide, acetate and
trifluoroacetate ligands were studied by electrochemical methods in acetonitrile. The redox behavior
of complexes 1-3 was found to depend on both the nature of the terminal ligand and the electrode
material. Complex 1 undergoes oxidation in two consecutive single — electron steps, 2—3 are oxidized
in a single one-electron step, corresponding to a change in the oxidation of the metal centers Ni'!/Ni'V
and Ni"/Ni™, respectively. The reduction of the complexes proceeds via different mechanisms: 1 follows
an ECECE, whereas 2-3 follow an EECE (E — electrochemical, C — chemical step). Schemes of their

redox transformations are proposed.
Keywords: electrochemistry, pincer complexes, nickel, reduction, glass carbon electrode, acetonitrile.
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DJIEKTPOXUMHYECKHeE NpeBpameHus KomiiekcoB Hukeas(11)
¢ nuHuepHbiM 1,3-0uc((audenna)pochunokcu)PpeHnIbHBIM

JMTAHIA0OM

J. B. 3umonun® %, . A. Ocranenko?,

H. 1. Ky3un?, C.A. Boponos™?,

B.B. Bepnexknn?, O.C. YUynun?, I'. B. Bypmakuna?
“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
QU] «Kpacnoapcku nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

*Cubupckuii pedepanvhviii ynusepcumem

Poccuiickaa ®edepayus, Kpacnosapck

AHHOTanHUsI. DIEKTPOXUMHUUYECKMMHU METOJAAMH M3YyUYEHBI PEJOKC-CBOMCTBA MUHLEPHBIX
1,3-6uc((nudenmn)hochuHOKCH)PeHIITBHBIX KoMILIeKcoB HUKeNA(1]) ¢ TepMUHATEHBIMEI HOIUTHBIM,
anetaTtHbIM 1 TpudTopaneTaTHeiM murangamu (P""POCOPPMNIX [X =1 (1), OC(O)CHj; (2), OC(O)CF;
(3)] B anieToHUTpHIIE. YCTAHOBIICHO, YTO PEAOKC-NIpeBpaieHust 1-3 3aBUCST OT MPUPOABI TEPMUHAIBHOTO
nuranga X u marepuaia padbodero snekrpoaa (Pt, CVY, p.k.3.). Kommiekc 1 okuciasieTcss B 1Be
[OCIIEI0BATEIBHBIE OJIHORIEKTPOHHBIE CTAINK C M3MEHEHHUEM CTENEHH OKUCIIECHHs MeTautoneHTpa Nill/
Ni' u Ni'"/Ni'V, 2-3 — B oany ognosnekrponnyio ¢ nepexogom Nil'/Ni'', Boccranosienre KOMILIEKCOB
Takke nmporekaeT no pazusiM Mexauu3mam: 1 — o ECECE, 2—-3 — no EECE (E — anekrpoxumunueckas,

C — xumudeckas craaus). [Ipeanoxensl CXeMbl UX PEIOKC-TIPEBPAIICHHH.

KutioueBble cJ10Ba: DJIEKTPOXUMHUS, HUKEIb, TUHIEPHBIE KOMIUIEKCHI, IJIATUHOBBIH, CTEKJIOYTIePOTHBIN,

PTYTHBIH KanenbHBIH AJIEKTPOJIbI, alleTOHUTPHIL.

Baarogapuoctu. PaboTa BINOJIHEHA B paMKaX rOCYJapCTBEHHOr0 3aanusi IHCTUTYyTa XUMHHU
u xumuueckoit Texnosnorun CO PAH (mpoekt 0287-2021-0012).

HMutuposanue: 3umonud /. B., Ocranenko M. A., Ky3sun H. I., Boponos C. A., Bepnekun B.B., Uyaun O.C.,
Bypmakuna I'. B. DiexrpoxuMunyueckue npespamienus kommiekco Hukessi(1l) ¢ munnepusv 1,3-6uc((nudenunn)pochurorcm)
(dennnbHBIM uran oM. XKypH. Cnb. denep. yn-ta. Xumus, 2025, 18(3). C. 466—475. EDN: KDQCWY

BBenenue

Pa3BuTHe XMMHUH TUHIEPHBIX KOMIIJICKCOB MEPEXOTHBIX METAJIOB 00YCIOBICHO MEPCIEKTH-
BaMH UX HCIIOJb30BaHMS B KAYSCTBE MPEKYPCOPOB JJIsl CO3MaHus (HYHKIIMOHAIBHBIX MATEPHUAIOB
[1] m xaTa;TU3aTOPOB B pa3IMYHBIX IIPOIECccaX: MPEBPANICHUN OPraHUYECKUX BEIIECTB, AJICKTPO-
KaTaJUTHYECKOT0 BOCCTAHOBJICEHHS IPOTOHOB /10 BOAOPOJA, peakiuil BocctanoBiaeHus CO, u ap.
[2—6]. TpuaeHTaHTHAS KOOPAWHAINS MUHIICPHBIX JINTAHIOB C aTOMOM MeTalllla yBEIUUYHBACT
TEPMOJIMHAMUYECKYIO0 YCTOMYUBOCTDH U CTEPUUECKYIO )KECTKOCTh METAJIIOKOMIIIIEKCHBIX CUCTEM

[7], a TAKXXC IMO3BOJIACT CTa6I/IHI/I3I/Ip0BaTB HEOOBIYHbBIE U HGYCTOﬁqHBble CTCIICHU OKHCJIICHHUSA MC-
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TAJUIMYECKOT0 LIEHTPA IIPU 00pa30BaHUH XENATHBIX METAIONUKIIOB [8]. Mopndukanus pa3indHbix
CTEPUUYECKHUX U IEKTPOHHBIX NapaMETPOB MUHIEPHOTO JIMTAH A B TAKMX CHCTEMaX MO3BOJISET
TOYHO PETryJIUPOBATh CBOMCTBA METAJINUECKOTO [IEHTPpa 63 3HAYNTEIbHOTO U3MEHEHHUS ITPUPOIBI
CBSI3BIBAHUS MeTaJI-Turan]. Hanpumep, cBoiicTBa KOMILIEKCOB MOXKHO BapbHPOBAaTh, U3MEHSIS THII
JIOHOPHBIX aTOMOB, UJIU MIPUPOLY 3aMECTHTENeH B KOOPANHUPYIOIIKNX I'PYINaxX WA BBOIS HOBBIE
TPYHIIBI B apOMAaTHYECKOE KOJIBIIO, KOBAJCHTHO CBsI3aHHOE ¢ MeTaJlsIoM [9]. ONHUMH U3 TaKUX
nuHUepoB sBisoTcs ouc(pochunut)dhennnsusie (POCOP nnu C¢Hy-[OPR,],, rie R — ankunbHbIii
WIIY apUIIBHBIA 3aMECTHTEIN) JINTaH/Ibl, HHTEPEC K KOTOPBIM 00YCIIOBIICH TEPMHUUYECKOMN 1 a’poOHOH
crabusbHOCTBIO [10], nerkocTrio cuuTe3a u Mogudukanuu [11-13]. Xumust 3THX KOMILIEKCOB CBSI-
3aHa B OCHOBHOM C OKHCIIMTEIbHO-BOCCTAHOBUTEIBHBIMH ITpOLIECCaMH. B KauecTBe MeTaIOneHTpa
KOMILJIEKCa B MTOCJIeAHEE BpeMs Bce OoJpliee BHUMAaHNUE IPUBIEKAIOT HEOJaropoJHbIe METaJIBI
M3-32 UX JOCTYIHOCTH 10 CPAaBHEHHUIO ¢ OaropogHbsIMu. [IoaToMy M3ydeHue peJoKc-TIpeBpaIieHui
MUHIEPHBIX KoMIUIeKcoB HUKeIA(Il) ¢ pa3nuuHBIMU NHHIEPHBIMU U BCIIOMOTATEJILHBIMU JTUTAH-
JaMH 3JIEKTPOXMMHYECKUMH METOJaMH SBIISICTCS aKTYaJIbHBIM. DTHM HCCIICIOBAaHUSM HOCBSIICHO
JOCTaTOYHO MHOrO padoTt, B ToM uucie u komiaekcam ¢ (RPOCOPR) nurangom [5, 6, 8, 14-27],
CTPYKTYPBI KOTOPBIX NPUBEICHBI Ha puc. 1.

CrnemyeT OTMETHUTD, UTO MIPEUMYIIECTBEHHO U3y YEHO IEKTPOXUMUYECKOE OKHCICHHE KOMIJICK-
COB B OCHOBHOM Ha I'pa)uTOBOM MJIM CTeKJIOyriepogHoM snekTponax B CH,Cl, [5, 8, 14-27]. Yera-
HOBJICHO BJIMSTHUE MPHUPOBI BCIIOMOTATEIbHBIX JUTAHI0OB U 3aMECTUTENEH B apOMaTH4YEeCKOM KOJIb-
11e TUHIIEPHOTO JINTaH/[a Ha TPOLECC UX OKUCICHUS M cTaOMIbHOCTB. [lokasaHo, 4TO OOIBITMHCTBO
KOMILJIIEKCOB OKHCJISIFOTCSI B OJIHY OJJHORJICKTPOHHYIO HeoOparumyto [5, 16, 20, 21, 25-27], nus psna
KOMIUIEKCOB KBa3nooOparumyro [15, 16] unu odparumyto [13, 14, 18, 24] cTaamio, COOTBETCTBY Oy IO
U3MEHEHUIO CTENeHH OKMCIEeHHs neHTpaibHoro atoma meramia Ni'l/Ni'll, Oxucienune nuHIEpHBIX

rkomIuiekcoB HuKessi(1l), copeprkamnx TepMUHAIBHBIC TAJIOTC€HNUHBIC JIUTAHABI (puc. 1), mpoTeKaeT

R O R 0SO,CFs IIII
7S i T i
. | )
E—N—= (i-Pr)P——Ni——P(i-Pr), E—N—FE (t-Bu)oP——Ni——P(t-Bu),
X (ljl NCMe cl
E = P(Ph),
Thx 2 1 25] E = P(t-Bu), 19]
R o g g e OSCCRs ] R =H, 4-CO,Me [16]
E = P(i-Pr) -

E = P(t-Bu), X =Br: R = H, 4-Me, 4-OMe, L=B(CeFs)3 [19]

X =Cl: R = OH [15] 4-CO,Me, 3-OMe,

X=Br:R=HI8, 16-17], 3-CO;Me, 3,5-tB,
4-CO,Me [16-17] 4-Br [16]

X =H: R=H, 4-OMe, 4-Me, 4-t-Bu [18] — SbFs

E=P(i-Pr),

X =CI[5]: R = OH[15] o)

X =Br: R = H [16-17, 20-21], 4-Br [16], o - ||3 8 'L,P | [
Ean e | T | T csns——he,
st fetn | PP N'\ P(i-Pr), Br )

X = CF3: R = OMe [22] N N= [21,26] X =Cl, Br[27]

R =H: X = Cl, SCHy-(4-CHs) [5],

OC(O)CHs, OSO,CF; [14], |/ /
CF,[22], SH [23]

[24]

Puc. 1. [Tunuepubie nHukenesbie kKomruiekesl (RPOCOPR) — tuna

Fig. 1. Pincer nickel complexes (RPOCOPR) — type
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B JIBE OJIHOAJICKTPOHHBIE CTAJIMU C TIOCIEI0BATEIIbHBIM U3MEHEHUEM CTEIIEHH OKHCJICHHUSI METaJlIo-
uentpa Ni'/Ni'"™ u Ni'/Ni'™V [21, 26]. B 3HaunTEIbHO MEHBIIIEH CTENEHU U3YYEHO JIEKTPOBOCCTAHOB-
nenue xKomiuiekcos. ITokasano, uyto mis kommiaekcos (RPOCOPR)NiX (R = i-Pr, X = Cl, SC¢H,CH;
[5]; R = Ph, t-Bu, X = C1 [6]), Ha CTEKJIOYTJIEPOAHOM 3JICKTPOC B AllETOHUTPUIIC HAOIIOIACTCS OTHA
OJIHODJIEKTPOHHAS CTaUsl BOCCTAHOBIEHHS, COOTBETCTBYIomAst nepexony Nill/Nil,

Hns 1,3-6uc((mudenmn)dochunokcn)heHnTpHBIX KoMILIekcoB HuUkes(Il) um3ydeHO TOIMBKO
okucnenue (P"POCOPPMNIX [X = OC(O)CH;, OSO,CF;] [14] u Boccranosnenue (""POCOPP")NiCl
[6]. B HacTosmelt paboTe mpeacTaBIeHBl PE3yIbTaThl UCCICIOBAHUS PEAKIIUN KaK OKHUCICHHUS, TaK
Y BOCCTaHOBJICHUS MTUHIEPHBIX 1,3-0uc((nudenmn)dpochunokcr)pennnbabix komiekcoB Hukesi(11)
C TePMHUHAIBHBIMU HOJUIHBIM, alleTaATHBIM U TPUPTOPAIETATHBIM JTUTaHIAMU (P"POCOPPM)NiX [X
=1, OC(O)CH;, OC(O)CF;] B alleToHUTpHIIE HA TPEX Pa3IMUHBIX JIEKTPOJAX, O3BOJISIONINX OoJiee
MoAPOOHO N3y4YaTh PEAOKC-TIPEBPAILCHHSI COSIMHEHUH. YCTaHOBJICHO BJINMSTHNAE IPUPO/IBI TEPMHUHAIb-
HOro Jiuranjia X 1 MaTepualia pabouero 3JIeKTpo/ia Ha DIIEKTPOXUMHUYECKUE TPEBPAIICHUS KOMILIEK-

COB.

JKCcHepuMeHTAIbHAS YaCcTh

Kommnexe (P"POCOPP)NiI (1) cunresuposan no peakuuu (CH;CN);Nil, ¢ 1,3-6uc((nudenn)
pocpunorcm)oenzonom [14, 28]. Kommiekcsr (F"POCOPP")NiX [X = OC(O)CH; (2), OC(O)CF; (3)]
MOJyYeHbI B3auMojieiicTBreM 1 ¢ ameTaToM Wik TpUdTOopaieraroM cepedpa [14].

DJEeKTPOXMMHUYECKUE M3MEPEHNUsI CBE)KEIPUTOTOBICHHBIX PACTBOPOB KOMIUIEKCOB B AllETOHH-
tpusie (MeCN [Me = CH3;], ocu) mpoBoauiu B arMocdepe aprosa nmpu KOMHaTHO#H Temieparype. B ka-
gecTBe (POHOBOTO AMekTponuTa uctonb3osanu 0.1 M terpastunammonuii TetTpadropdopat (Ety;NBF,
[Et = C,H5]). [TonstporpaMMbl 1 UKIHYecKue BoasTamneporpaMmsl (L{BA) peructpupoBanu Ha mo-
tennuocrare IPC-Pro M (OOO HT® «Bonbra», Cankr-IletepOypr, Poccus). B kagectBe padounx
9IIEKTPOJOB | MCIIOJIB30BaJIM PTY THBIN KanedbHbIN 31€KTPOJ (P.K.3.) C IPUHYAUTEIBHBIM OTPBIBOM Ka-
mexnb (m = 3.6 mr/c, T = 0.23 ¢) u cTarmoHapHkIe: TIaTHHOBEIH (Pt) (d = 1 MM) Wl cTeKIIOyTIIepOTHBIN
(CY) (d = 5 mm) anekrponusl, B TedoHoBbIX Koprycax (d = 10 Mm). DIEKTPOIOM CPpaBHEHUS CITYKHI
nonyanemeHT Ag/0.1 M AgNO; B MeCN, coenHEHHBIH C SUCHKON 3JIEKTPOIUTHIECKUM MOCTOM,
3ar0JHEHHBIM (DOHOBBIM DIIEKTPOJIMTOM, uepe3 Kammuisip Jlyrruna. B kadecTBe BcriomoraTenbHO-
'O BJIEKTPO/IA IPUMEH SN TUIATHHOBYIO CIIMPAJh, IOMEIICHHYIO B CTEKIISIHHYIO TPYOKY C IIOPHUCTBIM
¢bunbTpoM. UKCIIO AIIEKTPOHOB, YYACTBYIOIIMX B KaXKJOH PEIOKC-CTAUH, ONPEACISUIN CPaBHEHUEM
BBICOT BOJIH MCCJIEYEMbIX COSTUHEHUH ¢ BBICOTOM BOJHBI 0OPATUMOTO OHO3JIEKTPOHHOI'O PEIOKC-

nepexona GpepporeH-PeppoLeHU.

Pe3yabrarsl un 00cyxaeHne

MetonaMu LIMKINYECKOH BoibprammepoMerpuu Ha Pt m CY anektpomax, moisiporpaduu
Ha P.K.5. B allETOHUTPUJIEC U3Y4EHBI penoKc-cBoiicTBa KommiekcoB (P"POCOPPMNIX [X =1 (1),

OC(0O)CHs; (2), OC(O)CF; (3)] m ux npexypcopoB. [lonydeHHBIE JIEKTPOXUMUYECKUE XapaKTepH-

Vcronb30BaHUE PA3IMYHBIX PAOOYHMX INICKTPOJOB MO3BONISCT UCCIEIOBATH MPOLECCHl OKUCICHHS U BOCCTAHOBICHUS
COeIMHEHUH B OoJiee INUPOKOii 00IacT noTeHnuanoB. Tak, paboyas 001acTh U3MEPEHUS MOTCHIIUAJIOB B allETOHUTPHIIE
(ornocurensHo Ag/0.1 M AgNO; 8 MeCN) na p.k.3. HaxonuTcs B mpenenax ot 0.30 xo -3.20 B, na Pt u CV snekrpomax —
o1 2.0 10 -2.20 B u ot 2.0 10 -2.90 B cooTBETCTBEHHO.
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Tabnuna 1. DnekTpoxumMudeckue xapakTepuctuku coenunennii 1-3, (""POCOPPMH, KI u CF;COOH (MeCN,
0.1 M Et4yNBF,, 2 MM, v =25 mMB/c, otH. Ag/ 0.1 M AgNO; B MeCN)

Table 1. Electrochemical characteristics of the compounds 1-3, (P"POCOP"™H, K1 and CF;COOH (MeCN,
0.1 M Et;NBF,, 2 mM, scan rate 25 mVs™, vs Ag/0.1 M AgNO; in MeCN)

Eip, B (n)*
CoennHenne Pt cy Px.o.
Oxwci. Boccr. Oxwuci. Boccer. Boccr.
(""POCOPPM)NiI® (1) 0.35(1) -1.94(1) 0.45%(1) -1.98(1) -2.05(1)
1.05%(1) 1.10%(1) —2.49(<1) -2.50(<1)
-2.89(1)
(""POCOPPMNi(OC(O)CH3) 5 (2) 0.38(1) - 0.47(1) -2.13(1) -2.15(1)
-2.35(1)
-2.91(1)
(""POCOPPMNi(OC(O)CF3) (3) 0.60(1) -1.63(1) 0.63(1) -1.68%(1) -1.83(1)
-2.13(1) -2.30(1)
-2.50(<1) —2.88(1)
(""POCOPPMHS 0.97(<1) - 1.02(<1) -2.51(1) -2.84(1)
KI* 0.13(2) -1.85(2) 0.27(2) -2.49(1) -
0.30(1) 0.77(1) -2.88(1)
CF;COOH - - - -1.95(2) -1.99(2)
—2.44(1) —2.47(1)
-2.99(<1)

TMpumeuyanue: (a) — N — YKCIIO HIEKTPOHOB, YUACTBYIOMIUX B DIIEKTPOXUMHUUECKOM CTaIUU (3HAK «<» 03HAYAET,
YTO BHICOTA BONHBI HCCIENYEMOrO COCAMHEHMS MEHBIIE, YEM BLICOTA OAHOXJIEKTPOHHON BonHBI); (6)! —
aneToHUTpII/ 6en3odn (4:1); (B) — kBaznoOpaTumast ctaaus; (T) — pearupyeT ¢ pTyThIO.

Notes: (a) — n — the number of electrons transferred in a particular electrochemical stage (the sign «<» indicates
that the wave height is smaller than the height of the one-electron wave); (6) — MeCN/ C¢Hg (4:1); (B) — quasi-
reversible stage; (r) — Reaction with Hg

CTHKHU COCIUHEHUI npuBeAcHBI B Tabn. 1, mpumep LIBA xommiekcos 1-3 — Ha puc 2(I), ux monspo-
rpamM — Ha puc. 2(1I).

YcranoneHo, yTo komIutekehl Hukelns (II) 1-3 crmocoOHBI Kak OKHCIATHCS, TaK U BOCCTaHABIIHU-
BaThCs B U3YUYCHHBIX yCI0BHX. Penokc-cBoiicTBa 1-3 3aBHUCAT OT IPUPOJIBI TEPMUHAIIBHOTO JIUTaH/ I
X u marepuana padouero snekrpona (Pt, CY, p.x.3.) (tabm. 1, puc. 2).

Oxuciienne KkoMIiekca 1 ¢ TepMUHAIBHBIM HOIUIHBIM JinranaoM Ha Pt u CY anekrpoaax mpo-
TEKaeT B JIB€ NocneoBaTenbuble kBasnoopaTumsle (I,/I,, = 0.62 n 0.60, puc. 2I, nukn A,', A, n A3,
A3 COOTBETCTBEHHO) OIHORJICKTPOHHBIC CTaAHH, KOMILICKCOB 2, 3 C alleTaTHBIM HJIA TpUdTOpaIeTaT-
HBIM JIUTAaHIOM — B OTHY HEOOpAaTUMYIO OTHOAIIEKTPOHHYIO cTanuto (Tabdm. 1, puc. 2 (I)).

B pa6otax [14—17] moapoOHO HM3YUYCHO SIEKTPOXMMHYECKOE OKucieHue nuuuepabsix POCOP
KOMIUJIEKCOB HUKEJS C TEPMUHATBHBIMH XJIOPUIHBIM H OpOMUIHBIM JTUTaHaMu. [loka3aHo, 94To 3TH
KOMIIJICKCHI OKHCIISIFOTCS B OJ{HY OJIHOAJIEKTPOHHYIO CTa/IMI0, COOTBETCTBYIOIIY IO H3MEHEHHUIO CTEIe-
HU OKMCJIEHUs LeHTpajibHoro aroma Metasuia Ni''/Ni'™, kommiekcs [21, 26] — B 1BE OIHOIJIEKTPOH-

Hble cTaauu, coorBeTcTByronme nepexonam Ni'l/Nil y Ni'll/Ni'V,

! Huskas pacTBOPHMOCTH KOMILIEKCOB 1, 2 B auleTOHHTpHJE OO0yCIOBUIA HEOOXOAMMOCTh M00aBicHHs OeH30ia

JJId UX IMOJHOTO pPacTBOPCHHUA. Panee YCTaHOBJICHO, 4YTO OCH30JI HE OKa3bIBaCT BJIMSIHHUS Ha JJICKTPOXUMUYCCKUC
XapaKTCPUCTUKH KOMIIJIICKCOB.
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(m

9 MKA I (a)

(6)

(8)

/L

. y 7/ T T T i | —p—— — v o, fom— P — — — — T
2 1 -2 -3 0,0 0,5 -1,0 1,5  -2,0 25 30 -35
Notenyman (B vs Ag/0.1M AgNO,) MoteHuyuan (B vs Ag/0.1M AgNO,)
Puc. 2. Huknnueckue Bonsramneporpammbl (1) u nonsporpammer (II): (P"POCOPPM)NiX [X = I (a), OC(O)CHj3
(6) OC(O)CF; (B)] (MeCN mmm MeCN/Cg¢Hg (4:1), 0.1 M EtyNBF,, C =2 MM, v = 25 mB/c)

Fig. 2. Cyclic voltammograms (I) and polarograms (II) of (""POCOPF")NiX [X =1 (a), OC(O)CHj; (6) OC(O)CF;
(8)] (MeCN or MeCN/C4Hg (4:1), 0.1 M EtyNBF,, C =2 mM, scan rate 25 mVs™).

Ha ocnoBanun TMOJYYCHHBIX PE3YJIbTATOB U JIUTEPATYPHBIX JAHHBIX MPEIJI0KEHBI CXEMbI OKHUC-

nenus Ha Pt u CVY snekTponax komiekca 1:
(*"POCOPP)Ni"l — e == [(*"POCOP™)Ni"'[]*

[(P"POCOPPMN]* — e === [(""POCOP"")Ni!VI]?*

U KOMIIJIEKCOB 2, 3:
(""POCOPPMNI"'X — e — [(P"POCOPPMNi'X]*

X = OC(0)CH; (2), OC(O)CF; (3).

3HaueHus TTOTEHINAJIOB OKHUCIEHUSI KOMIUIEKCOoB 1-3 cMmemaroTcs B aHOHYIO OOJIACTh B Clle-
nytomeM nopsinke: X = 1 < OC(O)CH; << OC(O)CF;, uTO KOppelnupyeT ¢ 3EKTPOAOHOPHOM CIIO-
COOHOCTBIO JTUTAHJOB. Tak, HOAML SBISETCS XOPOLIUM G, T-JOHOPHBIM JTUTAHIIOM, a TpU(pTOpaneTaT
Onarojapsi AJIEKTPOOTPHUIIATENBHOCTH (HTOPA SIBISIETCS CIIA0BIM G-JIOHOPOM, UTO MPUBOIUT K YBEIH-
YEHHUIO AIIEKTPOPHIBHOCTH METAJUINYECKOT0 ICHTPA M YBEJINYCHNIO SHEPTUH BBICIICH 3aMI0THEHHOH
MoJteKyJsipHO# opouTtanu (B3MO) komriiekca.

BoccranoBienne kommiekcoB 1-3 B 3aBHCHMOCTH OT IPUPO/IBI TEPMHUHAIBHOTO JIMTaH1a X U Ma-
Tepuana pabouero snektpoaa (Pt, CY u p.k.3.) Takxke npoTekaeT 1Mo pa3HbIM MexaHu3mam (tabi. 1,
puc. 2 (I), (IT)). Kommurekc 1 BoccranaBnuBaeTcs Ha CY 351eKTpo/ie ¢ HeOOpaTUMbIM IIPUCOSINHEHHEM
OJIHOT'O JIEKTPOHA Ha NIepBOM CTaJUU.

B paborax [5, 6] nns poncrBenHbIX ragoreHuaHbIX (Cl, Br) koMIIekcoB ycTaHOBIIEHO, YTO TIPO-
[[eCC UX BOCCTAHOBJICHHUS IPOTEKAET C HEOOPATUMBIM MPUCOCIMHEHUEM JIEKTPOHA, COOTBETCTBYET

nepexoay Ni'l/Ni' u npuBOaUT K 3MTUMHUHHPOBAHUIO TEPMUHAIBHOTO [aJOrEHUIIHOTO JIMTaH A ¢ 00-

— 471 —



Journal of Siberian Federal University. Chemistry 2025 18(3): 466—475

pa3oBaHUEM AllETOHUTPHIIBHOTO KOMILIeKca. TakuM oOpa3oM, MOXKHO MPEIOI0KNUTh, YTO HeoOpa-
THMOE OJJHOAJIEKTPOHHOE BOCCTAHOBIICHHE KOMILIEKca 1 MPHBOAUT K 00pa30BaHHUIO HEYCTOWYHUBOTO

AQHMOHA-paNKaJIa, IPEBPAIIAIONIETOCs B ALl TOHUTPUIBHBINA KoMIuieke HuKemsi(1):
(P"POCOPMNII + ¢ — [(P"POCOPP")Ni'I]-
[(P"POCOPPMNI'T] + MeCN — (P"POCOPP"Ni/(NCMe) + I
OG6pasytomuiics anetTonuTpuibHbii kKomrieke Hukens(l) (P"POCOPPMNi/(NCMe) npucoennus-

€T JJICKTPOH Ha BTOpOfI 3HCKTpOXI/IMI/I‘IeCKOﬁ CTaaun ¢ UBMECHCHUEM CTCIICHU OKUCJICHUS LEHTPAJIb-

Horo aroma metasia Ni'/Ni%

(P"POCOPP")Ni'(NCMe) + e — [(P"POCOPP)Ni®(NCMe)]

Ha p.x.5. HaO1r0A@eTCsl TPEThs OTHOANIEKTPOHHAS CTa/INsl BOCCTAHOBJICHHSI KoMILIekca 1, 3HaueHue
E,/» KOTOpOIi O11H3KO0 K noTeHnuany Bocctanopenns (""POCOPPMH (a6 1, puc. 3), HO HEMHOTO CMeIIe-
HO B KaTOJHYIO 001acTh. [Ipu 3TOM Ha PTYTHOM Karuie mocie JIBYXJIEKTPOHHOTO BOCCTAHOBIICHHS KOM-
miekca 1 oOpasyercst MeTayuindeckas 4epHb. CIeIoBaTeNbHO, alleTOHUTPUIBHBIN KoMIUTeKe HUKeIs1(0)
HEYCTOMYHB M PacaaaeTcs ¢ 00pa3oBaHUEM METAJIIMUCCKOIO HUKEIIS M aHUOHA MUHIEPHOrO (hparMeHTa,

BOCCTaHABJIMBAIOLIErOCS MTPH OOJIEE OTPHUIIATENBHBIX 3HAYEHUAX oTeHMana, ueM (P"POCOPPMH:
[(P°"POCOPPMNi’(NCMe)]" — Ni’ + (P"POCOPP") + MeCN

(*"POCOP™) + ¢ — (P"POCOPPhY>

B otnuume ot xomrmiekca 1, ogHORIEKTpOHHOE BoccTaHoBieHHe 2—3 Ha CVY ajexTpone mpo-
TekaeT kBaznoopatumo (Ipa/Ipc = 0.43 u 0.30, puc. 2 I, nuku b, b/, u B, B,' cooTBeTCTBEHHO), UTO

CBHJICTEJILCTBYET 00 00pa30BaHMM OTHOCUTEIILHO YCTOHUMBOrO aHMOH-PaiuKaja Ha IepBOM CTAIHH:

(C)

(6)

y T Y T y T Y T y
0,0 -0,5 -1,0 -1,5 -2,0 -2,5 -3,0 -3,5
MoTteHuuan (B vs Ag/0.1M AgNOz)

Puc. 3. Ioasporpammsr: (F"POCOPPMNi(OC(O)CF;) (a) u (P"POCOP™™H (6) (MeCN, 0.1 M Et;NBF,, C =2 MM,
v =25 mB/c)

Fig. 3. Polarograms of (""POCOP"Ni(OC(O)CF;) (a) and (""POCOPP"H (6) (MeCN, 0.1 M Et-ZNBF,, C =2 mM,
scan rate 25 mVs™).
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(P"POCOPPMNIIIX + e == [(P"POCOPP")Ni'X]"
X = OC(0O)CH; (2), OC(O)CF; (3)

JlanbHelimee BoccTaHoBIeHHE aHHOH-paaukana [(P"POCOPP)Ni'X ] ma BTopoii cTagum mpouc-
XOJIMT C M3MEHEHHEM CTEIIEHH OKHUCIIEHHUs LEHTpanbHoro aroma Ni'/Ni’, snumMuHupoBanuem anerar-

HOI'O JIMraHaa u O6pa3OBaHI/IGM AllCTOHUTPUIIBHOT'O KOMILJICKCA HI/IKCJ’IH(O)Z
[(P"POCOPP")Ni'X]" + e + MeCN — [(P"POCOPP)Ni®(NCMe)] + X

X = OC(O)CH; (2), OC(O)CF; (3)

CrieoBaTenbHO, SIMMUHUPOBAHNE TEPMUHAIBHOTO JIMTAH/Ia B KOMIUIEKCax 2 U 3, B OTIUYHE
oT 1, IPOUCXOAUT B pPe3yibTaTe MOCICAOBATEIBHOIO IPUCOCTUHECHIS IBYX IeKTPOoHOB. OOpa3yro-
IIUHCS B pe3ybTaTe JBYXAJIEKTPOHHOTO BOCCTAHOBJICHHS 2, 3 alleTOHUTPUIIbHBIA KOMIIJIEKC HUKE-
11(0) [(P"POCOPP")Ni’%(NCMe)]- pacmagaeTcs 10 METAIINYECKOrO HUKEIS M MHHIEPHOrO aHHOHA,
BOCCTAHAaBJIMBAIOILIETOCS HA TPEThEH AEKTPOXMMHUYECKON CTaUU MO CXEME, OIIMCAHHOM /ISl KOM-
miekca 1.

Taxum o6pazom, BocctanopieHue kommuiekca 1 mporekaer no ECECE, 2—-3 — no EECE mexanus-

My (E — anexrpoxumnyeckas, C — XuMu4eckast cTaaus).

3akJioueHue

Merogamu HUKIMUECKO BosbTamiiepomerpun Ha Pt u CY anektpoaax, noyisporpaduu Ha p.K.d.
B allETOHUTPUJIC U3YUICHBI peIOKC-CBONCTBA KoMIuiekcoB HuKeIsi(11) c muanepabiM 1,3-0mc((audenmr)
dochunokcn)penunbapiM aurangom (PPPOCOPPHNIX [X = 1 (1), OC(O)CH; (2), OC(O)CF; (3)].
YCcTaHOBIICHO, YTO peOKC-TIpeBpamieHusi 1-3 cyIecTBEHHO 3aBUCAT OT IPUPOJBI TEPMHUHAIBHOTO
nuragaa X u matepuaia anektpoaa. Kommieke 1 okucisercs B aBe, 2—3 — B 0JJHY OHOIIEKTPOHHYIO
cTaguio ¢ oopasopanueM coequueHuit Hukesi(1V) u aukensa(I11l) coorBeTcTBeHHO. BoccTaHOBICHME
xomruiekca 1 nmpotekaet no ECECE, 2-3 — no EECE mexanusmy (E — anexktpoxumnueckas, C — xu-

MHYCCKasA CTaZ[I/IFI). HpCI[J'IO)KeHBI CXEMBI UX peﬂoxc-npeBpameHHﬁ.
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Abstract. Of the industrial by-products, fly ash (FA) from coal combustion is of the greatest interest as a
component of geopolymer binders. Using FA to reduce the proportion of cement or replace it completely
contributes to savings in the production of building materials and improves the environmental situation.
Specimens of geopolymer binders (GB) obtained on the basis of two industrial fractions of high-calcium
fly ash of similar chemical composition, differing in dispersion and phase composition, were studied. The
factors influencing the thickening time of the geopolymer mortar and the strength of the samples with
a curing time of 28-90 days were determined. It was found that the value of the compressive strength
(20-27 MPa) is 3 times higher for the fraction with a smaller particle size and a high content of Ca-
silicate glass. It was determined that in the composition of the geopolymer binder, a large fraction with
a high content of the CaO phase allows obtaining samples with a strength 2.7-2.9 times higher than that

of cement technology due to interaction with the silicate component of the reagent.

Keywords: geopolymer binder, high-calcium fly ash, phase composition, thickening time, strength,

thermal analysis.
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IHonyyeHue u cBOIiCTBA reonoOJMMeEPHBIX
BSIKYIIUX MATEPUAJIOB

Ha OCHOBE€ BBICOKOKAJbIHUEBLIX JIETYYHUX 30J1

O.M. IllaponoBa® B.B. FOmamies?, C.C. o6pocmpbic10B% ®
“Uncmumym xumuu u xumuyeckou mexuonoeuu CO PAH—
0b6ocobenHoe noopasoenerue

QUL «Kpacnospckuil nayunsiii yenmp CO PAH»

Poccuiickaa ®edepayus, Kpacnosapck

®Cubupcruil hedepanvubviii ynueepcumem

Poccuiickas ®edepayus, Kpacnosapck

‘DedepanbHblil UCCIE008AMENbCKUL YEHMD

«Kpacnoapckuu nayunvii yenmp CO PAH»

Poccuiickaa ®edepayus, Kpacnosapck

AHHOTAaUMsA. 113 TOOOYHBIX IPOAYKTOB IPOMBIIILICHHOCTH JieTy4due 30JbI (JI3) OT coxuranust yriei
BBI3BIBAIOT HAaWOONBIINI HHTEPEC B KAUECTBE KOMIIOHEHTA T€OTIOTMMEPHBIX BSIKYIIIUX MaTCPHUAIIOB.
HWcnonb3oBanue JI3 1Jist cCOKpalleHus I0IH IIEMEHTA HJIU MOJIHOM ero 3aMeHbI CIOCOOCTBYET IKOHOMUHU
B IIPOU3BOJICTBE CTPOUTEIBHBIX MATEPUAJIOB U YTy YIICHIIO KOOI HIECKOM CHTyaruu. VccnenoBansl
00pa3ibl reONOIMMEPHBIX BSDKYIIHUX MaTepuaioB (GB), momy4eHHbIe Ha OCHOBE IBYX MPOMBIIIIJICHHBIX
(hpakIuif BEICOKOKAJBIIMEBOW JIETYYeH 30JIbI OITM3KOr0 XUMHUYECKOTO COCTaBa, OTIIHYAFOIIUXCS
JIUCIIEPCHOCTHIO U (ha30BbIM cocTaBoM. OnipesesieHbl (GaKkTOPhl BIUSHUSI Ha BPEMsI 3aryCTCBaHUS
T'COMOTMMEPHOT0 PACTBOPA U Ha TPOYHOCTH 00pa3IoB IIpH BpeMeHH TBepaeHUs 7—90 cyTOK. YCTaHOBIICHO,
YTO BeJIMYMHA MPpouHOCTH Ha cxaTue (13—27 MIla) B 3 paza Bbiwie [uist ppakiy C MEHBIIHM pPa3MepOM
YaCTHII ¥ BRICOKHM cofiepkanneM Ca-CHIMKAaTHOTO cTekIa. OmpeneneHo, 9To B COCTaBE TeOMOINMEPHOTO
BSDKYIIEro KpymnHasi (pakius ¢ BBICOKUM cofepxanueM (azpl CaO mo3BossieT noinyyaTs 00pasisl
C MMPOYHOCTHIO B 2.7-2.9 pa3a BbllIE 10 CPABHEHUIO C LIEMEHTHOM TEXHOJIOTHEH 3a CUET B3aUMOJEHCTBU S

C CHJIMKAaTHBIM KOMIIOHEHTOM pCarcHra.

KarueBble cjioBa: TreOnOJIMMEPHOC BAXKYIICE, BLICOKOKAJIbIIUCBAA JICTy4Yas 30J1a, (1)3.30BBII71 COCTaB,

BpeMs 3aryCcTeBaHusl, IpOYHOCTD, TCpMI/I‘ICCKI/Iﬁ aHaJIn3.
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BaaropapuocTn. PaGoTta BbINOJIHEHA B paMKax roCyAapCcTBEHHOro 3ajanus HcTUTyTAa XUMUH
n xumndeckoii Texnoiornu CO PAH—o6oco6nennoro noppasaenennst UL KHI[ CO PAH (mpoekt
FWES-2021-0013) ¢ ucnosns3oBanuem o0opyaoBanus KpacHOSIpCKOrO peruoHaIbHOTO IEHTpa
KoJutekTuBHOTrO ToJib3oBanuss UL KHI[ CO PAH.

Hutuposanue: laponosa O. M., FOmames B. B., Jloopocmsicios C. C. [TonyueHue u CBOHCTBA T€OMOIMMEPHBIX BSIKYIUX
MaTepUajIoB Ha OCHOBE BHICOKOKAJIBI[UEBBIX JIeTy4HX 3011. JXKypH. Cub. penep. yu-ta. Xumus, 2025, 18(3). C. 476—487. EDN:
MPPKRM

BBenenne

['eononmMepHbIe BAXKYIINE MAaTepHaIbl Bce OOJBIIE PACCMATPUBAIOTCS B KAUECTBE aJIbTEPHATUBEI
noptiranauemenTy (I1L1), mockonbKy nX IpON3BOACTBO O3BOJISIET CHU3HUTH BEIOpockl CO, n sHEpromno-
TpebiieHne 110 CpaBHEHHIO ¢ Iipon3BozcTBoM [11] kinHKepa, a Tak)Ke paclIMPUTh 00JIACTH TPUMEHEHUS
3a CUET psifla TEXHUYECKUX MPEUMYIIECTB, TAKMX KaK BEICOKAsI TEPMOCTOUKOCTE, KHCIIOTOCTOMKOCTb,
BOJIOHEIIPOHUIIAEMOCTh, OBICTpOE 3arycteBanue o cpasuenuto ¢ 111 [1-3]. K mpeumymiecTBaM reo-
ITOJIMMEPHON TEXHOJIOTHH OTHOCHUTCS TaK)KE UCIIOIH30BAaHUE BMECTO IMIPHPOIHBIX KOMITOHEHTOB TEX-
HOT'@HHOT'O ChIPbsl, CPEJIM KOTOPOro Handosee BocTpeOoBaHbl sieTy4as 30ia (JI3) oT coxuranus yriei
u nomeHHBIH nak (L) [4—7]. CokparieHue 10w IIeMeHTa 3a CYeT 3aMeHEHI ero Ha JI3 cocoOcTByeT
SKOHOMHH B ITPOU3BOACTBE CTPOUTEIBHBIX MATEPHAJIOB U YIYUIICHHUIO KOOI MYECKON CUTYaIllH, B TOM
yucie BOKpyT yroiasHblx TOL 3a cueT cHukeHus HakonneHus JI3 B 3omoorBanax [8].

B reononnmepax Ha ocHoBe aitromocunukaTHoit JI3 kiacca F ¢ conepxanunem CaO 1.8 % 00-
pa3oBaHHE MPOYHON CTPYKTYPHI IIPH aKTUBHPOBAHUH B IMICJIOYHOHN Cpejie HaONI0MAI0Ch TOJIBKO MPH
Harpese BeIe 55 °C, IpOYHOCTH BO3pacTala ¢ yBeIrndeHneM TeMneparypsl 10 115 °C u koHIeHTpa-
uuu NaOH B pactBope 10 14 % [5]. TloBBIIICHIIO pEaKIIHOHHON CIIOCOOHOCTH aJTFOMOCHITHKATHBIX
JI3 B oTHOMIECHHUH 1IeI0YHOTr0 akTUBaTropa (cMecb NaOH u cunukara HaTpus) Ipu KOMHATHOW TeMIIe-
paType crocoOCTBOBAIIO TPUMEHEHIE MEXaHIMYECKOW aKTUBAIIMH, YTO IIO3BOJIHIIO YBEITUYUTH MPOU-
HOCTB Ha cxatue B 2-3 pa3za [4, 6].

JUtst ymydmeHns: TeXHOJIOTHYECKHUX MapaMeTPOB pa3padaThIBAIOTC TCOMOIMMEPHBIC BSKYIINE
Ha OCHOBE JIETy4el 30JIbI U TJOMEHHOT O 111aka [7, 9]. YCTaHOBIEHO, UTO B KOMITO3UIIUSIX TOHKOIUCTIEPC-
Hoit JI3 (comepxkanme CaO 12.8 %) ¢ nomenHbIM nntakoM (CaO 38.8 %) xummudeckast akTHBHOCTH J{I1T
3HAYHUTEIIBHO BhIIle, 4eM Yy JI3. ABTOpBI [7] CBS3BIBAIOT 3TO ¢ 0OJIeE BHICOKOW CKOPOCTHIO PACTBOPEHUS
[IUIaKa B LIEJIOYHOM Cpesie M3-3a BBICOKOTO COZIEpKaHMUs KaJbIus 1o cpaBHeHHIo ¢ JI3. ['eononmmep
Ha ocHoBe /[III nMeeT KOpOTKOe BpeMsi CXBAThIBAHHS U HU3KYIO PACTEKaeMOCTh, a fobaBnenue JI3 3Ha-
YUTENHHO YIIYYIIAST 3TH CBOHCTBA, YTO MOXXHO OOBSCHHUTH CPeprIecKoil (JOpMOI YaCTUIl B OTHOCH-
TEJIbHO MeHblIel akTuBHOCTHIO JI3 1o cpaBHenuto ¢ JII. B pabore [9] usy4anu BiusiHue 100aBKU
JII (CaO 39.2 %) x JI3 ¢ conepkannem CaO 18.5 %. Ycranosuiwm, uto yBenuuenue copepxanus J{I
ot 10 10 50 % mpHUBOAUT K CHIDKEHHIO PACTEKAEMOCTH, YBEIMUYEHHUIO BSI3KOCTH U YMEHBIICHUIO Bpe-
MEHH TBEPACHUS TEOMOIUMEPHOTO PACTBOPA, IIPH ITOM IIPOYHOCTH Ha CIKATHE TIOBBIIIANACH B 2 pas3a.

C Touku 3peHust 6oibinel akTuBHOCTU Ca-CUIIMKATHOTO CTEKJIA B IIETIOYHOH Cpejie MHTEPEC Mpe/l-
CTaBIISIIOT BBICOKOKaJIbIMEBbIe JI3, kak ocHOBA /715 reonosimMepoB. Ha TaHHBIM MOMEHT OHM U3yUEHBI
B MeHbIIEH cTeneHn. Hampumep, 11 TeonoinMepoB Ha OCHOBE BBICOKOKaJIbIMeBoH JI3 (conepxanue

CaO 25.5 %) ycTaHOBIIEHO, YTO MOBBIIIEHHE KOHIIeHTpanuy pactBopoB NaOH ot 8 o 18 M npusomut
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K yBEJINYEHHUI0 BpeMeHH TBepaeHus oT 130 mo 270 MuH, a mpodHOCTH Ha cxatue oT 43 mo 56 Mlla
Ha cenpMble cyTKH [10]. Beicokol MpOoYHOCTH CIOCOOCTBOBAIA TepMUYECKast 00padboTKa 0Opa3IoB Ipu
40°C B TeyeHHe TIEPBBIX CyTOK. ABTOpamH [11] BBITIOTHEHO HMCCIEOBAHKUE T€OMOJIMMEPOB Ha OCHOBE
JI3 ¢ comepxanuem CaO 28.8 % 1o BIMSHUIO Ha UX CBOMCTBA TAKUX KJIIOYEBBIX ()AKTOPOB, KAK KOH-
LCHTpAIMs aKTUBaTopa B pacTBope, Moayib Si0,/Na,O aktuBatopa (Na,SiO;+NaOH), maccoBoe co-
OTHOIIICHNE BOJIBI U JieTyueit 30kl (B/JI3), TemnepaTypa orBepxkaeHus. [To Mepe yBesndaeHust MORYIIS
BpEMSsI CXBATBIBAHUS U TBEPACHHS YCKOPSJIOCh, HO IIPOYHOCTh I'eONoIMMepa yMeHblaiack. [1o mepe
YBEJIUUCHHS KOHIEHTPAIMH aKTHBAaTOpa BpeMs TBepAeHHs cmeceil ¢ moayneM 1.0 u 1.5 yBenmunsa-
JIOCh, HO COKPAILIAJIOCH JJIsl cMeceid ¢ MozyseM 2.0, isl KOTOPBIX Oblia BbINIE TPOYHOCTb. [loBbIILICHHAS
temrieparypa oteepxkieHus (50°C) criocobcTBOBaA YTy UIIEHHIO IPOYHOCTH I'EOTIOIUMEPOB.

Takum 00pa3oM, TPaIUIUOHHO T'€ONOJIMMEPHBIC BSDKYIIHME TPEOYIOT ONTHMH3AIMH COCTaBa
KOMITO3MIIMH, BBICOKOW KOHLIEHTPAIMH IIEJIOYHOT0 aKTHBATOPa, TEPMUUIECKOro oTBepkIeHMs. Kak
oTMedaeTcsi B 0030ope [3] HIMpOKOMY BHEIPEHHUIO T€ONOJUMEPHOIl TEXHOJIOIHH OyleT crocoOCTBO-
BaTh pa3paboTka OoJiee MPOCTHIX O COCTAaBY I'€ONOJUMEPHBIX CUCTEM M 0€3 HCIIOJIb30BaHUS Tep-
MHUYECKOro OTBepiKIeHus. 1{enplo nanHOoi paboThl ObLIO OmpenenuTh (HaKkTOpbl BIUSIHUS Ha BPeMs
3arycTeBaHus U IPOYHOCTH 00Pa310B I'eONOINMEPHBIX BSDKYIINX (GB), MOIy4YeHHBIX TPH KOMHATHOH
TeMIleparype, Ha OCHOBE BBICOKOKaNbLUEeBbIX JI3 ABYX (paxiuii O1M3KOro XMMHUYECKOI'0 COCTaBa,
OTIIMYAIOIINXCS TUCTIEPCHOCTHIO U (pa30BBIM cocTaBoM. J{Jisi TOCTHIKEHUS 1eneil paboThl ObUIN T10-
CTaBJICHBI clienyromue 3aaaqn: (1) mpu KOMHATHON TeMIleparype MoJyduTh 00pasiibl TeOMOIHMMEP-
HBIX BSDKYIIMX Ha OCHOBE JIByX ()paKkIMi BBICOKOKAJIBIMEBOH JI3, OTIIMYAIONINXCS JUCTIEPCHOCTHIO
U ($azoBbIM COCTABOM; (2) OIpeAeauTh (GaKTOPbI BIMSIHUS HAa BpeMsl 3aryCTEBaHUsI IeONOIMMEPHBIX
PacTBOPOB U HA TPOYHOCTH OTBEPXKACHHBIX T€OMOIMMEPHBIX 00pa3IoB; (3) ONpeaeanTh TePMUUECKOE

MOBE/ICHHE T'€ONOIMMEPHBIX 00pa3I[0B HAa OCHOBE pa3HbIX (Ppakiuii meromom CTA.

1. MaTrepuajabl 1 METOABI

Hcxoonvie gppaxyuu svicokokanvyueswvix JI3

J1tst oy ueHH st reOnOoIMMEPHBIX BSDKYIIMX OBLIN B3SIThI ()PAKIIMK BHICOKOKAJIBIUEBBIX JI3, 10-
Jy4YeHHBIE OT MBUICBUIHOTO CoKUTaHMsI Oyporo yriist Mmapku b2, orobpannsie ¢ 1 u 4 moneii anexTpo-
¢bunwsrpoB (Frl u Fr4, 1abin. 1) yctaHoBku 3o0i0yaaBiauBanust KpacHosipckonr TOII-2. /151 monydeHus
IeJI09HO-cIKaTHOro pearenTa (SH+SS) ncronszoBans SM pacTBOp ruIpoKcHIa HATPHS (KOMIIO-
HeHT SH), mpurorosneHHsIi u3 peaktuna «Hatpus rugpooxucs, NaOH, 4.1.a.» u pacTBOp CHIHKaTa
Harpus «Crekio Harpuesoe xuakoe» o FTOCT 130782021 ¢ mnotHocThi0 1.47 r/em® (koMIoHeHT
SS). TonukapbokcunatHeiii cynepriactudukatop Melflux 5581F (BASF Construction Solutions,
I'epmanms) NCTIONIB30BAIH B KQUECTBE AUCIEPrUPYIONIEH 100aBKH.

[MoproroBka 00beqUHEHHBIX P00 (Gpakumii JI3 1 1poO s UCTIBITAHUI BBIIIOJIHEHA COTJIACHO
I'OCT 23148-98. ns dpaxuuii JI3 onpeneneHo pacrpeaeneHue Mo pazMepam 4acTHI] C IIOMOIIBIO JIa-
3epHoro ananuzaropa ANALYSETTE22 MicroTec (Fritsch, 'epmanust), XuMu4yeckuii MakpoOKOMIIO-
HEHTHBII COCTaB, KOTOPBIH BKIIIOYAET XMMHUECKUE IEMEHTHI B OKCHJIHON (hOpMe C KOHIICHTpanuei
6osee 0.2 mac.%, a ©x cymma coctaBisieT > 99 mac.% — MeTogamMu XxuMudeckoro ananusa mo 'OCT
5382-91, ¢azoBBIi cOCTaB — METOJJOM MOPOIIKOBOIO PEHTICHO(A30BOTO aHATH3a C MPUMCHCHHEM
noaxozna Pursenpaa 1 MUHUMU3aLUU IPOU3BOAHON pa3HOCTU. [leTanbHOE ONUCAaHUE ITUX METOLOB

Y JaHHBIC 7151 PpaKuil MpuBeacHEI paHee [12].
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Tabnuua 1. Xumunueckuii u pasossiii coctas (Mac.%) ¢pakuuid Frl u Fr4 [12]

Table 1. Chemical and phase composition (wt.%) of fractions FrI and Fr4 [12]

Komnonenmul xumuueckoeo cocmasa

Opaxk- . .
s CaO SIOZ A1203 F3203 MgO SO; Na20 K20 TlOz II.II.II.
Frl 46.15 20.89 453 | 12.65 9.92 3.60 0.75 0.20 0.25 0.60
Fr4 39.69 24.60 730 | 14.29 8.24 2.29 0.71 0.20 0.25 1.96

Komnonenmol ¢hazosoco cocmasa

Dpak- . Deppo- | AmopdHras
st Ca3Al, 0 | CarFe,AlyOs | CaO | MgO | a—SiO, | CaCOs | CaSO4 | Ca(OH), I (basa
Fri 12.7 18.7 23.5 9.3 6.2 - 7.4 - 32 19.0
Fr4 9.9 16.9 4.2 57 53 49 6.5 2.1 2.4 42.1

Opakuu Fri v Fr4 uMer0oT T0CTaTOYHO OIM3KUN XUMHUYECKUAN cocTaB (Tabi. 1), B KOTOpoM mpe-
obnanaromum komnoHeHToM sBiisercst CaO (40—46 %), B MeHblIIeH Mepe COAepKUTCS (110 yObIBAHUIO)
Si0,, Fe,03, MgO, Al,O; u SO;, KoTophle B CyMMe COCTaBISIOT 97.7 1 96.4 % coOTBETCTBEHHO. 3Ha-
yuMble OTIINYUs (a3oBoro cocraa Frl cocrosar B 6osee BoicokoM conepxkannu ¢pasel CaO (23.5 %)
n Oojee HU3KOM conepxaHuu amopHoi Gassl (19 %) o cpaBuenuto ¢ Fr4—4.2 n 42.1 % coorser-
CTBEHHO. 13 3JIeKTPOHHO-MHKPOCKOITMYECKUX CHUMKOB, TPUBEACHHBIX Ha pHC. | cienyeT, 4To Gpak-
LIUU COCTOSIT IPEMMYIIECTBEHHO U3 MUKpocdep pasHoit Mmopdostorun. [Ipu atom ppaknus Frl nmeet
CYIIECTBEHHO OObIINi pasmep MuKpochep — BenuuuHa doy cocTariseT 39 MM, BeauduHa dsy—12

MKM B OTJIMYME OT F74, 1151 KOTOPOW 3TH BeAMYUHBI paBHbI 10 1 4 MKM COOTBETCTBEHHO.

Obpa3sybl 2e0NOIUMEPHBIX BAHCYUUX U MEMOObL UX UCCIe008AHUSA

B Tabu1. 2 npuBeeHbI COCTaBbl U BPEMSI 3aryCTEBAHUS UCCIIENYEMbIX 00pa3IOB IeoNnoIMMEPHbBIX

BsDKyIIMX. McnbpITaHus BpeMeHn 3arycTeBaHus OblIN IpoBeieHs! Ha mpubdope Buka mo FOCT 310.3—

TM-1000_4351 x500 200u TM-1000_4367 x5 00 L

Puc. 1. DIEKTPOHHO-MHUKPOCKONUYECKHE CHUMKH UCXOIHBIX (DPAKIMii BHICOKOKAJIBIL[UEBBIX JICTYUHX 30JI: CIICBA
—Frl; cipaBa—Fr4

Fig. 1. Electron micrographs of the initial fractions of high-calcium fly ash: left — Fr/; right — Fr4
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Ta6numa 2. O6pasibl reonoauMepHbIX BsOKyIuX (GB). O6o3naueHus: SH — 5M pactBop NaOH; SS — cunukat
Hatpus (Na-xunkoe crekiio); Na,O — cymmapusiii Na,O, % k JI3; moayis B pearente M=Si0,/Na,O; B — Boza;
Beyn — cymmapnas Bona; MF — cynepnnactudukarop Melflux 5581F; t, — Bpems KoHIa 3arycTeBaHus

Table 2. Samples of geopolymer binders (GB). Designations: SH — 5M NaOH solution; SS — sodium silicate
(Na-liquid glass); Na,O — total Na,0, % to FA; modulus in reagent M=Si0O,/Na,0; B — water; By, — total water;
MF — Melflux 5581F superplasticizer; t, — end of thickening time

O06pa-3en ®p ?II;HH;[ Pearenr | Na,O, % M B/JI3 Beyw/J13 | HobGaBka BII';’H
GBI Frl SH+SS 5 1.2 0.33 0.62 - 50
GB2 Fr4 SH+SS 5 1.2 0.33 0.62 - 60
GB3 Fril SH+SS 5 1.2 0.33 0.62 MF 120
GB4 Fr4 SH+SS 5 1.2 0.33 0.62 MF 120
GBS Fr4 SH+SS 5 1.2 0.33 0.54 MF 70
GB6 Fr4 SH 13 0 0 0.83 - 80
GB7 Fr4 SS 11 2.6 0 0.60 - 5
GBS Frd SS 2.2 2.6 0.53 0.65 - 50
GB9 Frd SH+SS 6 0.5 0.33 0.64 - 70

76. VI3mepeHust MpOBOAMIINCH C UCHOJIB30BAHUEM HIJIBL, JIJIs1 KOTOPOU NEPHOIMYECKH OIpe/IeNsiach
rIyOWHA MOTPYyKEHHsI B 3aIyCTEBAIOLUIT [€OIIOJIMMEPHBIH PACTBOP.

Jns ompeneneHUss MPOYHOCTH HM3TOTABIMBAINCH 00pasnbl-KyOukm pasmepom 20x20x20 mm
B (hopme 6MDK-20, mpepHa3HAUCHHOH ISl U3TOTOBJICHHUS J1abOpaTOpHBIX 00pa3loB U COOTBETCTBY-
romeit [OCT 22685-89. OTBep:kaeHHBIE 00pa3lbl XPaHWINCH HAJl CIIOEM BOJBI B IKCHKATOPE IIPU
KOMHATHOI1 Temnepatype B TedeHue 1-90 cytok. McnbITanus IpOuHOCTH 00pa3iioB BIIIOJIHEHBI C 110-
MOIIEI0 HACTONEHOU JBYXKOJIOHHON MCTBITaTeNbHON MamuHE Instron 3360 (Instron, CIIIA) co cko-
POCTBIO JIBUXKEHUS TPaBepca 5 MM/MHUH.

Cunxponnslii Tepmuueckuil ananns (CTA) oTBepikJICHHBIX 00pa3LOB IOCIE CYIIKH B Teye-
Hue 2 vacoB npu 60°C BeimonHeH Ha npuodope Jupiter STA 449C («Netzsch», 'epmanus) ¢ macc-
crniekTpaibHbIM aHanu3aropoM Aeolos QMS403C («Netzschy, ['epmanns) B Pt-Rh Turmsax ¢ kperm-
Ko# ¢ ucronp3oBanueM HaBecku 20.0+0.1 mr. Peructpanns usmenenus maccsl (TT, ITT), renmosoro
nortoka (JICK) u coctaBa ra3000pa3HbIX IPOAYKTOB (110 MOJEKYJIIpHbIM HOHaM Ar+, CO,", H,O%)
HPOBOAMIIUCH IIPU MOJbEMe TeMIeparypbl co ckopoctbio 10 °C/MuH B nuanasoHe temmneparyp 40—
1000 °C ¢ nonaueii razosoit cmecu 20 %0, +80 %Ar (06uuii morox — 50 cm® HTI/mun). Koadduru-
eHT yyBcTBUTEIbHOCTH ceHcopa JICK-TT ompenesnsiiics U3 TEMIOEMKOCTH CTAHAAPTHOIO carndupoBo-

TO JUCKa, OTHOCHUTENbHAS omnoOKa onpeneneHus AH we mpessimana 4 %.

3. Pe3ysbTaThl U 00CYKAeHHE

Jlis 06pa3LoB reonoIuMEPHBIX BSKYIIMX Ha OCHOBE JABYX (DpaKlMil BHICOKOKaJIbIIHEBBIX
JI3 (tabum. 2) ObLIM ompeeeHbl BpeMsl KOHIIa 3aryCTeBaHUsI T€OIOJIMMEPHOTO pacTBOpa, MpoU-
HOCTb Ha CXaTue npu TBepAeHuu 7, 28 u 90 cyTok, TepMHUecKoe MoBeAeHue nMpu Harpese ot 40
o 1000°C.
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Bpems sacycmesanus

Bpewmst koH11a 3arycteBanus (t,) Tpyu KOMHATHOH TemriepaType 1uist oopasua GBI cocTaBiseT OKOJIO

50 MHH U J10BOJIBHO Om3Kk0 00pasiy GB2 (60 MuH), a claeI0BaTEIbHO, AUCICPCHOCTh (BpaKIuil cia-
00 BIMSIET Ha 3TOT IOKA3aTeNb B JAHHBIX ycIoBUX (Tadum. 2). Ilpu nobaske k atum coctaBam 0.12 %
cynepruiactudukaropa Melflux 5581F (MF) Bpemst 3arycTeBaHusi yBeJIM4MUIIOCh IIPUMEPHO B 2 pasa,
Kak J1s oopasna GB3 (120 muH), Tak u 1151 o6pasna GB4 (120 muH). [Ipu ymeHbIeHIH OTHOIICHUS B/
JI3 01 0.33 110 0.25 (Bgyy 0T 0.62 10 0.54) 1 T0li 3x€ KoHUeHTpanuu MF Bennunna t, causunace 10 70 MuH
B 00pasue GBJ, uto He ycrynaeT obpasuam GBI u GB2, HO UMeeT MOTEHIMAJl HOBBIIICHHS IIPOYHOCTH.
[Tpu orcyTcTBHM BOIBI M 3aMeHe B peareHTe koMmnonenta SS Ha SH B o0pasie GB6 Bpems
3arycreBanus coctaBuiio 80 muH (Tadin. 2). Hanporus, npu 3amene SH Ha SS B 06pasue GB7 BpeMs
3aryCTeBaHUs YMEHBIINIOCH 10 5 MHUH, OTKYZa CIEAYET, 4TO SS CHIbHEE OCTaJIbHBIX KOMIIOHEHTOB
BIIMSIET HA BpeMsI 3aryCTeBaHMs. YBenIndeHuo t, 10 50 mun (o6pazen; GBS) cnocobcTBOBAIO pa3das-
JIeHHe KoMIoHeHTa SS Boyoii B 5 pa3. Biusuue cumxenne monysis M=Si0O,/Na,O B pearente ot 1.2
10 0.5 mpuBeo K yBEeIHMUCHHUIO BpeMeHH 3arycreBanus 10 70 MuH B o6pasue GBY no cpaBHeHHIO ¢ 60
MUH B 00pa3iie GB2. VI3 moiay4eHHBIX pe3yabTaToB (Tadll. 2) CIenyeT, 4YTO peryJupoBaHue BPeMEHHU
3arycTeBaHMs BO3MOXKHO IyTeM n3MeHeHus cootHomrenuit B/JI3, M=Si0,/Na,O B pearente n 106as-

Koit cynepruiactuduraropa (MF).

HpO"lHOCWlb Ha corcamue

3HauYNTENbHBIC Pa3INUMs HAOIIOAAIOTCS B IPOYHOCTH OTBEPXKACHHBIX 00Pa3IIOB, MOTyUYCHHBIX
Ha ocHoBe (pakuwuii Frl u Fr4. Hanpumep, npodHocTh Ha cxkarue odpasna GB2 Ha ocHoBe Fr4 co-
crasisier 13, 20 u 27 MIla, uro npumepHo B 3 pasa Oosblie 1o cpaBHEHHIO ¢ oOpasuom GBI Ha oc-
HoBe Frl, npu cpokax tBepaeHus 7, 28 u 90 cytok coorBercTBeHHO (puc. 2). lobaBka MF, crioco6-
CTBYIOIIAs TPAKTUYECKN OAMHAKOBOMY YBEIMUYECHUIO BPEMEHH 3aryCTEBaHHUsI, IPUBENIA K CHHKCHHIO
MPOYHOCTH 110 CpaBHEHHUIO ¢ oOpasiamu 6e3 MF npumepro B 1.4 pasa mis obpasia GB3 Ha 0CHOBE
Frl, n B 1.5-1.6 pa3a — nns ob6pasua GB4 Ha ocHoBe Fr4 (puc. 2), IPOYHOCTH KOTOPOTO OCTAETCS
3HAYUTENBHO BhIIIE (B ~2.8 pa3a) oTHOCUTENBHO 00pasma GB3. [lonoxuTenbHOe BIUSHUE CynepIiia-
crudukaropa (CII) Ha Bpems 3arycreBaHus, OCOOCHHO B ciiydae Ooiiee TucCIiepcHON Fr4, TTO3BOISET
YBEJIMYUTH JIOJIIO 30JIbI B KOMIIO3UIIMU, CHU3UTH oTHOWeHue B/JI3 no 0.25 (GBS, puc. 2), coxpansis
KOHCHUCTEHIIMIO cMecH, Onm3koil obpasiy GB2 6e3 MF, npu 3toM npodHocTh noBbimaercst Ha 20
u Ha 78 % oTHOCUTENBHO 0Opasua GB4 ¢ MF u B/J13=0.33.

[Tpu npoBeaeHHBIX paHee HCCIICMOBAHNAX ATHX (PPAKIIUH B KAUECTBE KOMIIOHEHTA TAMITOHAXKHBIX
neMeHToB, npu otHomenun B/J13=0.5 6e3 CII, nmpouHocTh 00pa3uoB Ha ocHoBe Frl u Fr4
pasnuuanach B ~8 pa3 u cocrasisia Ha 28 cytku 2.4 u 19 MIla coorBerctBenHo [13, 14]. OnHum
u3 (pakTOPOB CHMIKEHHUS POYHOCTH SIBIISIETCS MEHbIIAs AUCIIEPCHOCTD Frl, 1Jisi KOTOPOM BeNMYUHA
dgg cocTaBisieT 39 MkM, B oTiirane oT 10 MkM 1u1st Fr4. O CHIIBHOM BIUSHAW TUCTICPCHOCTH (QPaKIIUi
BBICOKOKaJIbLIMEBBIX JI3 TP I0CTATOUHO OJIM3KOM X UMHUECKOM U (Da30BOM COCTaBE ObIJIO YCTaHOBJICHO
(panee) aBropamu [15]. Kpome paszmmumii B pasmepe yacTui, ¢pakius Frl/ otimuaercs oT Frd
COJIep)KaHUEM TaKMX KOMIIOHEHTOB (ha30BOro coctasa, kak (asel Ca0-23.5 u 4.2 %, Mg0-9.3 u 5.7 %,
crexnodaza—19 u 42 %, B menseit mepe, CazAl,04~12.7 1 9.9 %, CaSO4~7.4 1 6.5 % COOTBETCTBECHHO
(ta6um. 1). [Ipu runparanuu BeicokokasibiueBoi JI3 npoucxoaut odpazosanue rugpokcuioB Ca(OH),

u Mg(OH), mo peakmusm (1) u (2), 3aHUMaONX B 2 paza OONBIINI 00heM, YeM HCXOIHBIC OKCH/IBI,
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Puc. 2. IIpounocTs Ha cxxatue 00pa3ios Ha ocHoBe Fr/ (GBI u GB3) u Ha ocHoBe Fr4 (GB2, GB4 u GBY)
Fig. 2. Compressive strength of Fr/-based (GBI and GB3) and Fr4-based (GB2, GB4 and GB5) specimens

a Takke oOpa3oBaHHUE CYIb(POaTtOMUHATOB Kajbius Tuna dTTpuHruTa CagAly(SO4)3(OH),°26H,0
W3 aJIOMHUHATOB H CyJb(ara KaJbIUs 1Mo peaknuu (3) ¢ 00beMOM MpPOIyKTOB B 2.2 pa3a OoibIie

MCXOMHBIX BemecTs [16, 17].
CaO + H,0 = Ca(OH), (1)
MgO + H,0 = Mg(OH), (2)

3C83A1206 + 3CaSO42HzO + 25H20 = C36A12(804)3(OH)12‘26H20 (3)

Takwue azoBbie IpeBpaIIeHus CIOCOOCTBYIOT OOJIBIIEMY CHHIKEHHIO IIOTHOCTH OTBEPIKICHHOTO
MaTepHuasa B ciydae Oosee BeIcokoro copepxkanus ¢az CaO, MgO, Ca;Al,0¢ u CaSO,4 B ncxoqHOM
¢bpakuun, ocoderno ¢aszpr CaO, pa3iuuusi B KOTOPOH COCTABIISIIOT 0osiee yeM B 5 pas (tadum. 1). 1o
MO TBEPIKIAETCS JAHHBIMHU MO MJIOTHOCTH OTBEPXKJICHHBIX 00pa3loB—HA OCHOBE Frl/ ee BeIMYMHA
CyIECTBEHHO MeHblIe 1.24-1.26 r/cM’, B TO BpeMs Kak Ha OCHOBE F7 4 TIIOTHOCTH COCTABIISAET
1.71-1.75 r/cm?® npu TBepaenun ot 28 g0 90 cyrok. Kak ciencrsue, 00pasubl Ha OCHOBE Frl HMEOT
MPOYHOCTH B 8 pa3 HIDKE, 4eM 00pa3iibl Ha ocHOBE Fr4 [13, 14].

CpaBHEHHE TeoloIMMEepHBIX 00pa3noB Ha ocHoBe (pakuuit Fr/ u Fr4 mokazayno, 4T0 OTINYNS
B IUIOTHOCTH U MPOYHOCTH HE SIBISAIOTCSA CTOJb PaJUKAIBHBIMHU, BEINYNHA IJIOTHOCTH COCTAaBIISACT
1.62-1.66 r/cm3u 1.71-1.74 r/em? cooTBETCTBEHHO, IPH CpOKax TBepaeHus 28—90 cyTok. ITo mpounocTu
o0pa3ibl Ha ocHOBe Fr4 Onu3ku xapakrepuctukam oopasuos (19-27 MIla npu 28-90 cyrkax [13]),
MTOTYYCHHBIX 10 TPATUIIMOHHOW IEMEHTHON TEXHOJOTHHU. B TO ke Bpems o0pa3isl Ha ocHOBE Frl
UMEIOT 00Jiee BBICOKYIO IUIOTHOCTH M, KakK CIEACTBHE, 0ojice BBICOKYIO MpOYHOCTH (7-9 MIla),
KoTopas B 2.7-2.9 paza Goblie OTHOCUTEIBHO 00pa3IoB, MONIYYCHHBIX IO IIEMEHTHOW TE€XHOJIOTHU
[13]. Ucxons u3 BeICOKOTO cozmeprkanusi cBodomuoro Ca0, 3a cuet ero 60j1ee aKTHBHOTO PACTBOPEHUS
B IIEJOYHOH Cpene W B3aUMOJCHCTBHS C CHIMKATHBIM KOMIIOHCHTOM pearcHta, o0pas3yercs
JIOTIONTHUTEIbHOE KoJIu4ecTBO TruapaToB Ca-cunukatoB u Na, Ca-CHINMKAaTOB, YCHJIMBAIOIIMX

MOPOYHOCTH U yJIy4YIIAaromuX CBOIICTBA BSDKYLICTr0 MaTepuaJia.
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Jannwvie memooa CTA

W3 mauHbIX prc. 3 1 HCXOOHBIX Qpakiuil Frl u Fr4 sunHo, uTo 10 350 °C mpakTHYecKu He Ha-
OyromaeTcsl CyIeCTBEHHBIX M3MEHEHHWH B MX COCTOsiHMM. B mHTepBane temmeparyp 350-450 °C
MIPOUCXO/INT BBIAEICHNE BOMBI 3a cueT pasnokenuss Ca(OH), ¢ Toukoit skcTpemyma oxoso 420 °C,
HECKOJIBKO 00Jiee BbIcoKoe B citydae Fr4. [Ipu temmneparypax 600—680 °C nabmrogaeTcs motepsi Mac-
CBI 3a CUET Pa3JIOKEHUsI KapOOHATOB Kayblus ¢ BeiesieHrneM CO,, 4TO COMPOBOXIACTCS DHIOTEP-
MUYECKUM dPHEKTOM ¢ TOUKOH IKcTpeMyma okosio 670 °C. Dk3orepmuyeckuii 3hdexT rnpu Temie-
parypax 850-950 °C 6e3 morepu Macchl MOXKET OBITH OOYCIIOBJIECH KpHcTaJuIM3anueil creknodaspl
¢ oOpa3oBanueM (has3bl BOJUIACTOHUTA, KOTOPBIM HaOIOMAJICS B HHTEpBaje Temiepatyp 847-938 °C
qutst JI3 B pabote [18], B uaTepBane 832-936 °C B padore [19]. [Inomans nuka yBennyusaercs ¢ 17.2
10 24.1 MkB/Mr u MoxeT OBITH CBsI3aHA C YBEJIHYCHHEM JOJH CTEKJI0(a3bl (PEHTIeHOAMOP(HHOIro
ocrarka) ot 19 no 42 mac.% ot Frl no Fr4 (tadm. 1).

UccnenoBanusa metonom CTA oTBepKAEHHBIX 00PA3I0OB MO3BONISIOT OIICHUTH OOIIYIO0 CTETICHb
TUAPATANNH, ONIPENCNINTh OCHOBHBIE TEMIIEpaTypHbIC HHTEPBAJIBI IETUAPATAIINH, SHA0- U IK30Tep-
muueckue 3 dextsl GpazoBbix nmpespaennil. 13 nanueix CTA reononnmepHsix oopasuos GBI u GB2
npu 28 cyTkax TBepAeHus (puc. 3, Tadi. 3) ciuenyert, 4To yaajueHue O0iblIel YacTH BOIBI TPOUCXOIUT
B uHTepBane 60-350 °C c rmaBHON TOuKOM FKcTpemyMma npu ~150 °C u MeHee BBIpa3UTEeIbHBIMU IPU
~270 °C u ~330 °C, yT0o 00yCIIOBIICHO JleTnpaTaliell IpoyKToB, 00pa30BaBIINXCs B MIPOIecce TH-
JIpaTalyy 1 reornoJMMepH3aliy, CO3IA0IIMX IIPOYHOCTHYIO MaTpHIly. BennunHa Bkiana gecopouuu
BOJIBI Bo3pacTtaeT oT 7.6 1o 10.2 % s obpasuos GBI n GB2, 4TO KOPPEIUpyeT C BEIUYHHONW MpoU-
HOCTH, KOTOpast yBeau4yuBaeTcs oT 7 10 20 Mmna cooTBEeTCTBEHHO.

IIpn temneparypax mo 200 °C germaparanuu IoABepraroTcs ciaabOOKPHCTANIN30BaHHbIC
ruapatel KanpnuicunukatoB (C-S-H), xansumitamromocunukaTtoB (C-A-S-H), kanpuuii HaTpuii-
amomocunukatoB  (C-(N-)A-S-H) wu ostrpuaruT 3Ca0°Al,0;°3CaS0432H,0 [20-22]. B wuH-
tepasie 200—-400 °C mpoucxomuT neruapatanus Ooyiee YHNOPAJOYCHHBIX CTPYKTYp THIAPOCHU-

pugt Tl AT {S%duns)
% K ueBlur) T K uBtlvr)
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T FTTTEes /,»--.-u--:-.,:\ﬁ,isczi\, :
ar W o P =L
5

b f B'c
wil

8

4.5
[ 200 30 “o 500 500 % 800 90 1000 100 200 300 [ B 500 [ 800 £ 1000
Tounsperypa 1 Teunaparjpa I

a b

Puc. 3. Jaunbie TT, JITT u JICK: @ — nis ucxonubix ¢hpakuuit Frl u Fr4; b — nist oopasuos GBI u GB2 nipu 28
CyTKaX TBEPACHHUS

Fig. 3. TG, DTG and DSC data: a — for initial fractions Fr/ and Fr4; b — for specimens GBI and GB2 after 28
days of hardening
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Ta6numa 3. [Torepst Macchl 06pa3ioB (Mac.%) reonoTMMEPHBIX BOKYIIMX M0 faHHBIM TT

Table 3. Loss of mass (wt.%) of geopolymer binders according to TG data

Obpasen WnuTepBans! Temmneparyp
60-200 °C | 200-350 °C | 350—410 °C | 410-520 °C | 520-750 °C | 750-1000 °C | 60-1000 °C
GBI 43 33 1.8 24 3.1 0.8 15.8
GB2 6.4 3.8 1.6 1.0 5.0 0.6 18.4

JIMKATOB, MPOJIYKTOB JIErMJpaTallii ¥ DPa3JIOKEHUs ITTPUHTUTA, a Takke (a3 AFm, B nepsyto
odepesb THIA ruApaToB MoHO-KapOoamomunara CasAl,(OH),CO55H,0 u noiy-kapboanoMuHaTa
Ca;Aly(OH)5(C0O3)0.524H,0 [20, 22].

B unTepsane 400-520 °C ¢ sxctpemymom nipu ~435 °C norepu Macchl 00yCI0BICHBI pa3ioxkKe-
Huem Ca(OH), [20, 21, 23], koTOpOro, B IPOTHUBOIOJIOKHOCTh HCXOAHBIM (PAKIUIM, 3HAUUTEIBHO
MeHbIe B oOpasue GB2 no cpaBHeHHIO ¢ GBI. DTO CBUAETENBCTBYET 00 aKTHBHOM IIPEBPAICHUN
Ca(OH), B mpyrue mpoayKThl, TAKHE KaK THAPOCHIMKATHI, KapOOAJTFOMUHATHI, KAPOOHATHI KaJib-
uus. IloaTBepkaeHnEM 3TOMY SIBISIOTCS 3HAYUTENIBHO Oo0Jiee BHICOKHME IOTEPH MACChl HE TOJBKO
OT JlerujipaTalyy IpoayKToB rpu Temneparypax ot 60 go 350 °C, HO u OT pa3iioKeHus: KapOoHa-
toB CaCO; B nnTepBane 520-750 °C [20, 22, 23] B o6pa3ue GB2 no cpaBHeHUIO ¢ 00pa3nom GBI
(tabm. 3, puc. 3).

3akjrouenne

1. HccnemoBaHbI 00pa3ibl TEOMOIUMEPHBIX BSDKYIIUX, TIOTYYEeHHBIC IIPU KOMHATHON TeMIIepa-
Type Ha OCHOBE IBYX (h)paKIUi BHICOKOKAJIbIIUEBOU JI3 1 111eI04HO-CHIIMKATHOTO pearenta. Opakiuu
JI3 uMeroT 10CTaTOYHO ONM3KHI XUMHUECKHA COCTaB U CYIIECTBEHHO OTIMYAIOTCS JUCTIEPCHOCTHIO
U (pa3oBBIM COCTABOM.

2. OmpeneneHsl (GakTOpsl BIUSHUS Ha BpeMs 3aryCTeBaHHS TE€ONOJIMMEPHOTO pacCTBO-
pa ¥ Ha MPOYHOCTH 00pa3OB NMpU BpeMeHH TBepAeHus 7-90 cyTok. PerynmpoBanue BpeMmeHHU 3a-
T'yCTeBaHMSI JIOCTUTAETCsl MyTeM u3MeHeHust cootHomenuit B/JI3, M=SiO,/Na,O B pearente u no-
0aBKOU cynepriiacTU(GUKaTOpa. YCTAHOBJICHO, YTO BEJIMYHMHA MPOYHOCTH Ha cxarue (13—27 Mlla)
B 3 pasa BeImIe i (pakIUy ¢ MCHBITUM pa3MEpPOM YacTHIl U ¢ Ooliee BEICOKUM copepykanneM Ca-
CHJIMKATHOTO cTekia. Jlist KpymHo#l )pakimu ¢ HU3KUM COJep)KaHueM CTEKJI0(a3bl U BHICOKUM CO-
nepxanueM ¢aspl CaO ompeneneHo, 9To TEONOTUMEPHOE BSIKYIIEe Ha €€ OCHOBE UMEET IPOYHOCTh
B 2.7-2.9 pasa BbIIlIe IO CPABHEHMIO C IIEMEHTHON TEXHOJIOTHUEH 3a CYET B3aUMOJIEHCTBUS C CHIIMKAT-
HBIM KOMITOHEHTOM PEareHTa.

3. CpaBuurenbHblii aHann3 meronoM CTA reomnonumepHbIXx 00pa3ioB Ha OCHOBE JIBYX (pak-
it JI3 mpu 28 cyTkax TBepAeHUS TOKa3ajl, YTO OCHOBHOW BKJIAJ AECOPOITUH BOABI OT MPOAYKTOB T'H-
JpaTaiyy U reonojnuMepHu3auu 000ux 00pa3noB npoucxoaut B uatepsaie 60—350 °C u cocraBiser
7.6 1 10.2 %, uTo KOppenupyet ¢ ux npounoctbio—7 u 20 MIla coorBeTcTBeHHO. OOpa3Ibl HA OCHOBE
KPYIHOH (PpaKIMK OTIMYA0TCs 00JIee BRICOKMM coaepxkanueM Hernpopearuposasiinero Ca(OH),, mis
MPEBPAIICHUS KOTOPOTO B THAPATHI CUIINKATOB KaJIBIIHS PEKOMEHIYEeTCS UCTIONH30BAaTh OOJIBIIIEE KO-

JIMYECTBO CUJIMKATHOI'O KOMIIOHCHTA B pC€arcHTe.
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Abstract. The possibility of obtaining porous materials with magnetic properties and pyrolysis bio-
oil in the process of thermocatalytic transformation of fir bark sawdust is shown. It is established that
ZnCl, and NiCl, promote multistage destruction of fir bark biomass in the process of thermochemical
transformation. The solid product obtained from a mixture of fir bark sawdust and zinc chloride contains
a crystalline phase of ZnO and has a specific surface area of up to 1160 m?/g, and the solid product
obtained from a mixture of fir bark sawdust and nickel chloride has magnetic properties and is classified
as a soft magnetic material. It was found that the modifiers significantly affect the composition of the
bio-oil. The bio-oil obtained from the original bark contains a wide range of organic compounds, the
main ones being phenols, methoxyphenols, carboxylic acids and their homologues. Pyrolysis of the
modified bark leads to enrichment of liquid products with carboxylic acids and esters of carboxylic
acids. It is assumed that an increase in the selectivity of individual compounds in the pyrolysis liquid
with the simultaneous formation of a highly porous composite from the modified fir bark is associated

with the thermocatalytic effect of the modifiers.

Keywords: fir bark, pyrolysis, ZnCI2, NiCl2, magnetic properties, composite, bio-oil.
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TepmokaTtanuTuyeckasi nepepadoTKka KOPbl MUXTHI
C MOJIyYeHHeM MOPHCTOr0 MArHUTHOTO KOMIIO3HUTA

U MM POJIU3HON OuoHedTH

C.HU. lpiranosa?, A. M. CKpunuukos® %,

0.10. ®erucosa® 5, E. H. Masyposa?, O.I1. Tapau®°
“Uncmumym xumuu u xumuyeckou mexunonoeuu CO PAH,
QU] «Kpacnoapckui nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

SCubupckuii pedepanvhbiii ynusepcumem

Poccuiickaa ®edepayus, Kpacnosapck

AHnHoTanus. ITokazaHa BO3MOXHOCTH MOJYUYEHHUS MOPUCTHIX MAaTEPHATIOB C MATHUTHBIMU CBOM-
CTBaMU ¥ NMUPOJIN3HON OMOHE(TH B IIpoIecce TEPMOKATAINTHYECKOTO IIPEBPAIEHUs OITNIIOK KOPBI
NUXThL. YcTaHoBJeHO, uTO A00aBku ZnCl, u NiCl, crmocoOCTBYHOT MHOTOCTaAMHHON ASCTPYKIIUN
OGromacchl KOpbI ITMXTHI B IIPOIECCE TEPMOXUMHUYECKOTO TIpeBparieHus. TBepabIil IPOMyKT, HOTyYeHHBIH
U3 CMECH OIMUJIOK KOPbI MUXThI U XJIOPHIa IUHKA, COICPKUT KpUcTalnueckyto ¢azy ZnO u umeer
YAEIBHYIO HOBEPXHOCTH 110 1160 M?/T, @ TBEP/IBIA MPOLYKT, OJYYEHHBIH U3 CMECH OIMKMJIOK KOPBI MXTHI
U XJIOpU/JIa HUKEJIs, 00J1aJaeT MAarHUTHBIMY CBOMCTBAMH M OTHOCHTCSI K MAlHUTOMSITKUM MarepuaiaMm.
MonnhukaTopsl CyIECTBEHHO BIMSIOT Ha cocTaB OnoHedtu. buoned s, momyuennas n3 ncxomaHoi
KOPBI, CONEPXKUT MIUPOKUIN CIIEKTP OPTaHMYECKUX COSIUMHEHNUM, OCHOBHBIMHU M3 KOTOPBIX SBIISIIOTCS
(enob1, MeTOKCH(EHOIIBI, KapOOHOBBIE KUCIOTHI X UX TOMOJIOTH. [Tnponn3 MoauduIinpoBaHHOH KOPEI
MPUBOAUT K 00OTAIEHHUIO )KHJIKUX MTPOJYKTOB KapOOHOBBIMHU KUCIOTaMU 1 d(upamMu KapOOHOBBIX
kuciot. [Ipeanonaraercs, YTO MOBBIIIEHNE COJEPXKAHUS OTACIBHBIX COSUHEHNN B TUPOIU3HOMN
YKUJKOCTH C OJHOBPEMEHHBIM 00pa30BaHNUEM BBICOKOIIOPUCTOIO KOMIIO3UTA U3 MOJAM(DUIIMPOBAHHOMN

KOPBI ITUXTHI CBSI3aHO ¢ TEPMOKATAINTHIECKUM 3P dexToM Moan(pruKaTopos.

KumioueBblie c10Ba: Kopa MUXTHL, ponu3, ZnCl,, NiCl,, MarHuTHEIE CBOHCTBA, KOMITO3UT, OHOHE(TH.

Baarogapuoctu. PaboTa BeinonHeHa B pamkax ['ocymzapctsennoro 3aganust MXXT CO PAH ®UIL]
KHII CO PAH, mpoekt 0287-2021-0012.

Huruposanue: Lpiranosa C. 1., Ckpunnukos A. M., ®dertucosa O.10., Masyposa E. H., Tapan O.II. TepmokaranuTuueckas
nepepadoTKa KOPhI IMUXTHI ¢ MOJYYEHHEM HOPHCTOr0 MAarHUTHOTO KOMIIO3HTA U MUPOJIN3HOH OnonedTH. XKypn. Cub. denep.
yH-Ta. Xumus, 2025, 18(3). C. 488-499. EDN: RGVVBQ
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Kopa npeBecuHbI SBISCTCS MOOOYHBIM MaJIOBOCTPEOOBAHHBIM IIPOAYKTOM JIECONIEPepadoTKH.
OObeMBbl HAKOIIJICHHSI KOPBI B KopooTBasiax B Poccuiickoit dexepanun exXerogHo J0CTUTAIOT OKOJIO
30 muta M° [1], co3maBast CyIECTBEHHYIO SKOJOTHIECKY IO OMTACHOCTh M BECOMBIi DKOHOMUYECKUH yIepo
[2]. B TO ke BpeMs Kopa COIEPKUT LIECHHbIE OpraHUUYECKUe COeAUHEH U [3], XapaKTepu3yeTcs MoJie3-
HBIMU (PU3UKO-XMMHUYECKUMH CBOMCTBAMHU M MOYKET BBICTYIATh SKOJOTMUHBIM, JIOCTYITHBIM ChIPhEM
JUTSL TIOTTyYSHHSI BOCTPEOOBaHHBIX IPOYKTOB CO CIIEIIHAIbHBIMH CBOHCTBAMH.

OnauM U3 Hanbosee YHHUBEPCAJIbHBIX M MEPCIEKTUBHBIX METOJIOB, HCIOIb3YEMBIX B COBpE-
MEHHBIX TEXHOJIOTHSX NepepadOTKH PACTUTEIBHON OHMoMacchl, BJIsIeTCs Mpolecc nupoausa [4, 51.
Hcnonb3ys paziinyHbie JOOaBKH, PEKUMbI HAarpeBa B IIPOIlECcCe MUPOJIU3a MOKHO 10JIy4YaTh TBEP-
JbIe, KUJKHE U ra3000pa3Hble TPOAYKTH. MeTogoMm ObicTporo (miau (iemr) muposin3a mojayqaroT
0oJIbIlIee KOJMYECTBO JKUJKUX MPOJYyKTOB, HAIIPUMED, OMOHE(PTH, KOTOPYIO MOKHO 1epepadoTarhb
¢ mosrydeHreM onotorauBa. OHAKO BEICOKHE YHEPTro3aTpaTsl U HE0OX0JUMOCTD JOMOTHUTEIBHON
CTa0MIU3AIMHU COCTABA MUPOJU3HBIX OMOHE(PTEH 7151 MPOMBIIIIICHHOTO UCIIOJIb30BAHHUSI B KAYSCTBE
aJBTEPHATHBHOIO TOIUIMBA TPEOYIOT 3HAYMTENbHBIX SKOHOMUYECKUX 3aTpar [6]. MemieHHbIH -
POJIN3 UCTIOIB3YIOT B OCHOBHOM JIJIS ITOJIyU€HUsI OUOYTIIS, KOTOPBIH ABISETCSA TBEPIABIM OCTaTKOM,
OoraTheiM yriepogoM [7]. ABTopsI B pabote [8] moka3anu mepcreKTUBHOE HAallpaBIeHUE B KOHTEKCTE
KPYITHOMAcCIITaOHOTO MPOU3BOACTBA PA3IUYHBIX MPOAYKTOB U3 OMOMACCH Ha MpUMEpe IKOHOMHU-
YeCKOH 11e1ec000pa3HOCTH MEAJICHHOT'O IIPOJIN3a KOKY Pl IypraHa ¢ IoJyYeHUEM OJJHOBPEMEHHO
OMOYyTIA U KUIKUX MPOIYKTOB. B 3TOM OTHOIIEHHH OCOOBIN MHTEPEC MPEICTaBIsIET TePMOKaTa-
JUTUYECKUI TTUPOJIN3, KOTOPBIH MO3BOJISIET 1TOJIyYaTh HE TOJIBKO BEICOKOIIOPUCTBIC MaTepuasl [8,
9], HO W 1eHHBIe XuaKue TponykThl [10, 11]. U3BecTHO, 4TO B pe3ysibTaTe MUPOIU3a IPEBECUHBI,
MOIUGHUIIMPOBAHHONW XJIOPHIOM IIMHKA (KaTaJau3aTOPOM KHCIOTHOTO Thma JIpiouca), moydaror-
Csl BBICOKOIIOPUCTHIEC YTIIEPOACOAEPKAIINE MAaTepUalIbl, KOTOPbIE TPUMEHSAIOT IPHU U3TOTOBICHUN
OITORJICKTPUYECKUX MPUOOPOB, Ia30BBIX CEHCOPOB M OMOCEHCOPOB, CYNEPKOHAECHCATOPOB H T.H.
[12—14]. To6aBkHu kene30- 1 HUKEIbCOASPKAIIUX COJIed B OMOMACCY MO3BOJISIIOT MOTyYaTh MaTe-
pHaibl ¢ MArHUTHBIMH CBOWCTBAaMHM, BOCTPEOOBaHHBIC B 00JIACTH pa3JesieHus U KOHIEHTPHUPOBa-
HUS BEIIECTB, U BCE Yallle MPUMEHsIeMbIe I OYUCTKHU OKPY KAOLIEH Cpebl OT BPEAHBIX BELIECTB,
W3BJICYCHUS M KOHIIEHTPHUPOBAHUS IEHHBIX IPOIYKTOB, @ TAK)KE B KaTaJIN3€, METaJIy prHUECKHUX,
XUMHUYECKUX, OMOMEIUITMHCKUX U ApyTux TexHoyorusx [15—18]. TepMokaTanutudeckas mnepepa-
60TKa OMOMAacChl PaCTUTEIBHOTO CHIPBS MPEACTABIIAET OCOOCHHBIM HHTEPEC IS MOJydYeHus Ono-
TOIJIMB, a TAKXKe IIEHHBIX OpraHn4ecKkux Bemects [19-21].

B nacrosimei paboTe mpoBeeHO HCCIeJOBAHUE IPOIecca TEPMOKATaTMTHYECKOTO peBparie-
HUS KOPBI TUXTHI C aHATHU30M COCTaBa, CTPYKTYPHI M CBOMCTB TBEPAOT0 OCTATKA M MUPOIU3HON KH -
KOCTH, C IIEJIbI0 OIIEHKH BO3MOXKHOCTH TOJIYHYEHHUSI HEJOPOTUX OMOIPOIYKTOB U3 MaJOBOCTPeOOBaH-

HBIX OTXOZ0B JPEBECHOU KOPBL.

BKCHepl/IMeHTaJI])HaSI JacThb

B kadecTBe MCXOMHOTO CHIPbS OBUIM MCITIONB30BaHbI ONMIIKK KOpbl nuxThl (KII). Kopa nuxTer
ObL1a coOpaHa B OKPEeCTHOCTSIX ropoza KpacHosipcka, mpoMbITa BOAO# /sl yIaIeHus IPUMECei U BbI-
cymeHa B cymmiabHOM mkady npu temmeparype 105 °C. [ocne cymkn ee n3Menbyain Ha pOTOPHOH
menbHuIe PM-120 (Poccus), npocenBanu ¢ oroopom dpakiuu meHee 1 mm. Cxxuranue npoObl OIu-

JIOK MOKAa3aJI0 cofeprkaHue 30116l B kope 2,0 mac.%.
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MoauduurpoBanue M3MENbYCHHON KOPbI MUXTHI MPOBOAMJIA METOAOM BOJIHOW HPONUTKH
pacTBOpaMu XJIOPUAOB IIMHKA M/WIM HHUKEIS; MacCOBOE COOTHOIIEHHE TorydeHHbIX cMeceit KII:
ZnCl,, KIT: NiCl, u KIT: ZnCl,-NiCl, coctasasio 1:1, 1:0,5 u 1:0,5:0,5 coorBercTBeHHO. [TonyyeH-
HbIe cMecH cymniu npu remreparype 102—105 °C B reuenne 2—3 cytok. [Tockonbky coib ZnCl, 06-
JaJjaeT BBICOKOI THTPOCKOITMYHOCTBIO U BRICYIIMBAHHE MOJYUYEHHBIX CMECEH 10 MOCTOSHHOT'O Beca
MPaKTHUYECKN HEBO3MOXHO, TO ISl JaJIbHEHIINX HCCIIeIOBAaHUHM OBUIM MCIIOJIB30BAHBI BO3YIIHO-
cyxue 00pasIibl.

Tepmuyecknii ananu3 oOpa3LoB nMpoBoauiIN Ha Tepmoanannsarope STA 449 F1 Jupiter mytem
HarpeBa o0pa3ioB 10 KoHeyHOH Temieparypsl 800 °C B TOKe rejus, MoJaBacMOM CO CKOPOCTBIO
40 cm?/c. UneHTUUKAIMIO KPUCTAILTMYECKUX (a3 B TBEPIOM MPOIAYKTE ONPEAEISIH Ha OCHOBAHUH
aHasm3a 1u(PaKIMOHHON KapTHHBI, perucTpupyemoii Ha nudpakromerpe JJPOH-3.

[Muponu3 NpUTOTOBICHHBIX 00pa3lOB MPOBOAMIIN Ha MPOTOYHONW YCTAHOBKE C TOPU3OHTAIb-
HBIM PEAKTOPOM B TOKE aproHa, MoJaBaeMoro co CkopocTeio 130 cm®/mun. Harpe mpoxomwmin
co ckopoctbio 10 °C/mun no remneparyp 400 n 800 °C n nocieayromniei BbIACPKKOH IPH KOHEUHOH
TeMrnepatype B TedeHue 30 MunyT. BonopacTBopruMyro 4acTk nmonydeHHoro Teepaoro ocrarka (TO)
YIaJISJIN C IOMOIIBIO OTMBIBKH €T0 B ropsidei AUCTHIIIMpoBaHHON Boae. Jlist aToro TO nomemanu
B CTEKJSHHBI CTAaKaH C JUCTUJJIMPOBAHHOW BOAOW, YCTAHOBJICHHBIM Ha MArHUTHYIO MEUIAJKY;
MIOCTOSIHHOE MEpEMEIINBAaHUE IPOBOAMIIOCH B TeueHue 1,5 yacoB npu temneparype 60 °C. 3atem
0CTaTOK OT(HIIBTPOBBIBAIM, HECKOJIBKO Pa3 NPOMBIBAIH JIUCTUIMPOBAHHON BOJOW U BHICYIIMBA-
JIM JIO0 TIOCTOSTHHOT'O Beca.

VYienbHY0 TOBEPXHOCTH MOJYUSHHBIX TBEPIIX MPOAYKTOB U3MEPSIN METOIOM TEPMOJECOpO-
My a3orta Ha aHanuzaTope ['azomeTp-1 u paccunteBann no merony bOT npu P/Py=0,2.

Mophonoruio NoBEpXHOCTH UCXOJIHBIX U MHUPOJIU30BAHHBIX 00Pa310B UCCIIENOBAIN HA CKaHU-
pyrforem arekTporHOM MuKpockone Hitachi TM4000 Plus ¢ mprucTaBKo#i A1t SHEProJUCIIepCHOHHOTO
MUKpoaHanu3a. MHpopmannio 06 3JeMEHTHOM COCTaBE TTOBEPXHOCTH IMOJydad MyTeM O0IydYeHUs
o0pasna y3Koc(OKyCHPOBAaHHBIM 3JIEKTPOHHBIM ITy4KkoM. HaOuroneHnus 3a TOHKOH CTPyKTYpo# Io-
BEPXHOCTH 00pa3siia MPOBOIUIIH ITyTEM YBEJIHUEHHS 1 BbIBOJA HA DKPaH HHPOPMAIUH, [10JyUYSHHOM
B 00paTHO-PACCEIHHBIX M BTOPHUYHBIX JIeKTpoHaX. OOpaboTka pe3yabTaToB IMPOBOINIACH C TIOMO-
b0 nporpammel Quantax 70.

MarHuTHbIE M3MEPEHHUS MPOBOAMIN HAa BHOPAIIMOHHOM MAarHWTOMETPE B MArHUTHBIX MOJSIX
10 £25 k3 [22]. UcTOYHUKOM MarHUTHOTO TOJIS CITY KHII AJIEKTPOMAarHuT KoHCTpyKuuu 1. M. Ily3zes.
[eTnu rucrepesuca perucTprupoBaINCH IIPH KOMHATHOH TeMIIeparype.

Kunakuil KoHAEHCAT, MONYUYCHHBIH B Mpolecce MUPoJIN3a Ha CTEHKaX KBapIeBOI'O PeakTopa,
CMBIBAJIM ATAHOJIOM U aHAJTU3MPOBAIIA HA Ta30BOM xpomarorpade Agilent 7890A, ocHaleHHOM Jie-
TEKTOpOM ceiekTuBHBIX Macc Agilent 7000 A Triple Quad u kanuspHO# KoaoHKOH HP-5ms 30 M x
0,25 mm % 0,25 mxM. B kauecTBe raza-HOCUTENSI UCIIOJIb30BAIN I€JIMNA BBICOKOM YHCTOTBI, CKOPOCTh
nortoka cocrasisuia 1,0 mii/muH. Temneparypbl HHXEKTOpa U JIMHUN epeHoca coctaiisiiu 305 u 310
°C cooTBeTcTBeHHO. HauanpHas Temneparypa TepMocTara ycraHaBinsaiach Ha ypoBHe 40 °C B Teue-
Hue 4 MuH, najee nosbiinanack 10 250 °C co ckopocthio 7 °C/mMuH u 3aTtem 10 300 °C co CKOPOCThIO
4 °C/muH B Teuenue 30 muH. CoeJuHEHN S HICHTH(HUIIMPOBAJIN HA OCHOBE CPABHEHHS MacC-CIEKTPOB
¢ ucnonbs3zoBanueM 6ubmnoreku NIST MS Search 2.0, a Takxke ariiaca Macc-CIEKTPOB M JIMHEHHBIX

HWHJACKCOB YCPKHNBAHU .
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Pesyabrarsl n 00cyxaenue

[o MeToAMKE, OMMCAHHOM B SKCIIEPUMEHTANILHOMN YaCTH, IPUTOTOBIICHA CEPUst 00PA3IOB U3 OITH-
sok kopel uXThl (KII), MomupuInpoBaHHBIX XJIOPUIOM IIMHKA, XJIOPHIOM HUKEIS U CMEChIO 3THX
coequuenuii. O6pasubr o6o3HaueHs KI1: ZnCl,, KIT: NiCl, u KIT: ZnCl,-NiCl, cooTBetrcTBeHHO. s
OIpECICHHS TEMIIEPaTyp MHTCHCUBHOIO Pa3IOKCHHS 00pa3IoB B MPOIECCE MUPOJIH3a MPOBEICHO

HCCIIeIOBaHNE METOIOM AU ((HEepEeHITNaIBHOT0 TEPMUUECKOTo aHaitu3a (puc. 1).

Jugppepenyuanvroiii mepmuveckuii anaaus (/[TA) oopasyos

Pesynbratel JITA vcxonHOH 1 MOAMGMUIIMPOBAHHONW KOPBI MUXTHI MOKAa3bIBAIOT 3aMETHOE BIIHU-
STHUE MOIM(UKATOPa Ha Mpolece AeCTPYKIMH OMOMacchl KOpbl. Tak, BBIXOX YTJIEPOIHOIO OCTaTKa
(YO), noyueHHOro 13 MOAUPHUIIMPOBAHHBIX 00pa3IoB MpH KoHeuHOH Temmeparype 800 °C cocras-
nset 32-38 mac.%, 94To npuMepHo Bbile Ha 7—-12 %, yem Beixog YO, nonydeHHoro u3 ucxonnou KII.

OCHOBHOE YMEHbIIICHHE MAcChl B MPOLECCE JAECTPYKLIUU UCXOAHOM KOPBI MUXThI HAOI0JaeTCs
B y3Kkoit oonactu Temneparyp 300—400 °C ¢ MmakcuMaIbHOW CKOPOCTHIO OTepH Macchl (6,8 °C/mun)
npu Temnepatrype 361 °C. UntencusHoe paznoxenue KI1: ZnCl, nporekaeT B ABYX TeMIepaTypHbBIX
obmactax — 215 u 568 °C ¢ 3aMeTHO MEHBIIMMHU CKOPOCTAMH noTepu Maccsl (1,5-2,3 %/MuH), yem
st KIT. Tepmopa3snoxenue KIT-NiCl, mpoucxoauT B OCHOBHOM B HHTepBajax temmepatyp 280—350
n 350-500 °C. Ilpu nuponuse cmecn Kopbl MUXTHI ¢ 1ByMs Monudukaropamu (KII-NiCl,-ZnCl,) na-
OmroaeTcst 6oJee CIOKHBIA XapaKTep pas3yIoKEHUs, YeM I APYTHX 00pa3roB. MOXKHO BBIACIUTH
TPH CTaJlNU JIeCTPYKIMHU 0Opa3iia npu Temmeparypax 214, 360 n 588 °C.

JICK-kpuBbIE€ CBHAETEIBCTBYIOT O JOMUHUPOBAHUH MTPOLIECCOB PA3I0KEHHUS C BBIICJICHUEM TEIl-
Ja i Bcex 00pa3noB B Auanazone Temmepatyp 200-550 °C (puc. 1). JanpHeliniee MOBbIICHHE TEM-
nepaTypbl MPUBOAMUT K IMOCTEHICHHOMY CHIKEHHIO IK30TEPMHUUECKOro s dexTa u JOMUHUPOBAHUIO
9H/IOTEPMHUYECKUX MPOIECcCOB (MOTMKOHACHCANNN M YHOPSI0YEHUS CTPYKTYpsl). [Ipruem 3H11030-
(hekThI OoJiee 3aMETHBI 151 MOAU(DUITHPOBAHHBIX 00PA3IIOB, YeM IJIsI HEMOAU(PHUIIHIPOBAHHON KOPBI.

Takum 00pa3om, 100aBKM MOTU(PHUKATOPA B OIMFJIKK KOPBI MOBBIIIAIOT BEIXO TBEPJOI0 OCTaTKa
npuMepHO Ha 7—12 % 1 M3MEHSIOT XapaKTep TepMOINpPEBpaIleHus B IPoIecce MUPOIU3a: B OTIHYNE
OT OJHOCTaJAMHHOI'0 HHTECHCUBHOTO PA3JIOKEHUST HEMOIU(PHUIIMPOBAHHBIX OMUIIOK KOPBI TPOUCXOIUT
JIByX-, TPEXCTaANITHOE MHTEHCHUBHOE pa3iokeHue. [lomoOHOe moBeeHHe, CKOpee BCEro, BBI3BAHO

OPpOMOTUPOBAHHUEM IPOLECCOB ACCTPYKUHUU MO,Z[I/I(l)I/IKaTOpaMI/I, 06na/:[a}0mnx KaTaJIUTUYCCKUMHU
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Puc. 1. Iudppakrorpammsr JITA kops! nuxtel (KIT) u komno3utos kopsl nuxtel ¢ ZnCl, n/unu NiCl,
Fig. 1. DTA diffraction patterns of fir bark (FB) and composites of fir bark with ZnCl, and/or NiCl,
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cBoifcTBamH. [yt manmpHEIero uccieqoBaHus IpoLecca MUPOJIn3a KOMIIO3UTOB BEIOPAHEI IBE TEM-
nepatyps! 400 u 800 °C, T.X. 1y Bcex 00pa3iioB OCHOBHBIE IPOLECCH AECTPYKIIMH OPraHUYECKOTO
BeIleCTBa MPOUCXOAAT B Iuamna3zoHe remneparyp 1o 400 °C, a nanpHei1iee MOBBIIIICHUE TEMIIEPATy-
PBI OJIATONPHUATCTBYET MTPOTEKAHUIO YIIOMSHYTHIX 3HJOTEPMUYECKHUX ITPOLIECCOB MOJIMKOH/ICHCAITUT

1 YIIOPAIOYCHHS CTPYKTYPHI yIiIeposa.

Mopdoaorus o6pa3uoB

Mopdotorust HOBEpXHOCTH 00pAa31IOB, MOJTYYESHHBIX IIPH PAa3HBIX TEMIIEpaTypax Harpesa, npej-
craByieHa Ha puc. 2. Kopa nuxThl, NoJy4YeHHas [IPH Pa3JIMIHbIX TEMIIEpaTypax HarpeBa, MMeeT He-
OHOPOJHYIO OPTaHNYECKYIO TIOBEPXHOCTH C BKJIFOUCHHUSIMH KyOndeckoi (opMbl. JncrepcroHHbIH
aHaJIM3 10Ka3ajl, YTO OCHOBHBIM DJIEMEHTOM TOBEPXHOCTH SIBISIETCS YIJIEPO/, & BKIIOUYEHHUIT — KaJlb-
nuii (puc. 3).

MonudunrpoBanue KOpbl COISIMU METaJUIOB IIPUBOAMT K 3aMETHOMY W3MEHEHHUI0 MOP(OJIOrHH
noBepxHocTH. Tak, Ha moBepxHocTH TBepaoro npoaykra KII-ZnCl,, nomyuennoro npu 400 °C, Ha-
OJro1aeTcst OOJIBIIOE KOJUYECTBO XaOTHUHO PACIIONOKEHHBIX TOHKOMTOJIBUATHIX YaCTHII, COEpIKa-
IIUX IPEUMYIIECTBEHHO IIMHK, KOJTMYECTBO KOTOPBIX 3aMETHO YMEHBIIIAETCS B 00pasiie, oIy Y4eHHOM
npu 800 °C. YMeHbIICHHE [TUHKCOASPKANIMX (PPArMEHTOB B BBICOKOTEMIIEPATYPHOM 00pasiie, Io-
BUJMMOMY, BBI3BaHO MIEPEXOJIOM B Ta30BYI0 (hasy IpH TEMIIepaTypax BBILIC TEMIICPaTypbl KUIICHHS
ZnCl, (T=732 °C). Teépasiii mpoaykT, noaydeHubrit u3 KI1-NiCl, mpu 800 °C, cogepkuT Ha OBEPX-
HOCTH OTPOMHOE YHCIJIO MEIIKHX HHKelbcomepxammx dyactul. ConepkaHue HUKENs B KOMIIO3UTE,

noiyuernroM nipu 800 °C, cocraiusier 43 mac.% (/Jon. mamepuanet puc. SI), 470 00yCIOBICHO TEM-

FB FB-ZnCl2 FB-NiCl2 FB-ZnCL-NiClz

Puc. 2. Mukpodororpapun COM-00pa3nos, MOTyIeHHBIX U3 UCXOAHOW M MOAU(GHINPOBAHHOW KOPHI MUXTHI
MIPH pa3IUYHEIX TeMIepaTypax (CbeMka mpu ysenndeHuu 50 pm)

Fig. 2. SEM-micrographs of original and modified fir bark at different temperatures (magnification 50 pm)
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Puc. 3. PeHTreHoBckue Au(pakTOorpaMMbl 00pasioB, MUPOJMU30BAaHHBIX MpH Temmeparypax 400 u 800 °C
HCXOHON U MOAM(UIMPOBAHHON KOPBI MUXTHI

Fig. 3. X-ray diffraction patterns of the original and modified fir bark pyrolyzed at temperatures of 400 and 800 °C

nepatypoii kunieaust NiCl,, kotopas coctasnser T=973 °C. TBepablit npoaykT, noinyuenusiit n3 KII-
ZnCl,-NiCl,, umMeeT CXOKHil BHEUIHUN BH, XOTS KOHLICHTPAIMSA U pa3Mep BKIIOYCHHH 3aMETHO
BBIIIIE, OYEBU/IHO, 3TO BHI3BAHO OOJIBIIMM COAEP)KAaHHEM MHHEpAJIbHOW COCTaBISIOMIEH B oOpasme.
JlaHHbIe MUKpOaHaJIN3a MOKa3bIBAIOT, YTO HU3KOTeMIlepaTypHbiid komno3ut u3 KI1-ZnCl,-NiCl, co-
JIEP)KUT LIMHK, 3 B COCTaBE BHICOKOTEMIIEPATYPHOTO — IIUHK MTPAKTHYECKH OTCYTCTBYET, Kak U B CO-
CTaBe KOMIIO3HTA, ITOJIy4eHHOTo B TeX ke yciaoBusix u3 KII-NiCl,.

Takum 00pazom, MOPQOIIOTHs TOBEPXHOCTH MOAN(HUIIMPOBAHHBIX 00Pa31I0B 3aMETHO MEHSETCS
C TeMIIEpaTypoii, B oTiHuue oT MOp(hoJoruu HeMogudUIUpOBaHHOrO obpasua. JlobaBieHue conu
HUKEJS crIocoOCTBYET (OPMUPOBAHHIIO KOMIIO3UTA C OJHOPOIHBIM, MEIKOAMCIEPCHBIM pacrpeiesie-

HUEM HUKEJIBCOACPKAIIUX BKJIIOUCHUM Ha TMMOBEPXHOCTH.

Pentrenoda3oBblii aHaIM3 yIJIePOIHBIX IPOAYKTOB

PesynbraTel peHTTeHO(A30BOro aHajau3a OOpas3oB KOPbl M KOMIIO3MTOB, IOJIYYEHHBIX IPH
temmeparypax 400 u 800 °C, npencraBieHbl Ha puc. 3. JludpakiimoHHbIe KAPTHHBI KAPOOHU3ATOB,
MOJYYCHHBIX U3 UCXOIHOW KOPBI, XapaKTEPHU3YIOT B OCHOBHOM HM30TPOMHYIO CTPYKTYpY, @ CIa0bIi
rajoo0pasHblii BUJ criekTpa B obsactu 20° oTpa)kaeT HaJIMYUE KPUCTAJIIONON00HBIX (parMeHTOB.
Kommnosursl, nomyuennsie n3 KII-ZnCl,, conepxar kpucramumueckyo ¢gasy Zn O. Ha nudpakro-
rpamme koMo3uTos, noiaydeHHbix u3 KII-NiCl, u KII-ZnCl,-NiCl,, HaOnr0ma0Tcs Y4eTKHUE MOJIOCHI,
XapaKTepHBIE ISl CTPYKTYPBl METAJNIMYECKOro HUKeNsA. Takum o0pazoMm, U3 MOIU(HUIMPOBAHHON

KOPBI MOy YEHBI [[Ba MeTajuicoaepxkamux npoaykra — Ni/C u ZnO/C.
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YaeabHasi MOBEPXHOCTH YIJIEPOIHOI0 MPOAYKTA

VYaenbHas NOBEPXHOCTH — BaXKHAs XapaKTEPUCTUKA IOPUCTOr0 MaTepHala, KoTopas OnpeaesieT
HEKOTOpbIe (PU3NKO-XMMHUUYECKHX CBOMCTBA (aCOPOIIHS, KaTaJIUTHUECKasi aKTUBHOCTb, TEIIONPOBO-
JTHOCTB, pacTBOpUMOCTE). Ha puc. 4 npuBenens! ynenbHble nosepxHocTH (YII) momydeHHBIX TIPH pas-

JIMYHBIX TEMIIEPATYpPax TBEPIAbIX IPOAYKTOB.

. 400°C
1000 |- 800°C

2
Y esnbHas IOBEPXHOCTb, M /T
N D [0
S O o
o o o

N
o
o

KIT KIINCL,  KI1-ZnCl, KT-ZnCL-NiCl,

Puc. 4. YnenpHas HOBEpPXHOCTh 00Pa3LOB, TOJYUYCHHbBIX U3 HCXOJHOH U MOAU(DUIIMPOBAHHOW KOPBI MUXTHI IIPH
pasHbIX TeMIepaTypax

Fig. 4. Specific surface area of samples obtained from the original and modified fir bark at different temperatures

W3 rucrorpaMmbl BUAHO, YTO HAaMMEHBINYIO BennunHy YII nMeeT xapOOHU3aT, MOIYUYECHHBIH
13 HeMOAU(DHLIUPOBAHHON KOPBI MUXTHI — 77 M2/T pu T=800 °C. HanGonpmue senuuunnsl YII Ha-
OJTI01AI0TCS ISl MUHKCOAEpKAaIUX 00pa3ios, nosrydeHHbx npu 400 °C, ocobenHo 11t KapOoHM3a-
ta Ha ocHoBe TpexkomnoHeHTHOH cmecu (KII-NiCl,-ZnCl,), yaenbHas MoBepXHOCTh KOTOPOT'O paB-
Ha 1160 M?/r. TIoBbIlIEHIE TEMIIEPATY Pl HAPEBa UHKCOAEpKAMUX 00pasios 10 800 °C npuBoaUT
K CHMDKEHUIO YAETBHON MOBEPXHOCTH, YTO, OUYEBUIHO, O0YCIOBICHO HHTCHCHBHBIM IPOTEKAHUEM BBI-
COKOTEMIIEPaTypPHBIX MPOIECCOB IOJINKOHJICHCAIINH, B PE3YJIbTATE KOTOPBIX MPOMCXOIUT yaajeHue
HEYHOPSIOYCHHBIX CTPYKTYP (1€()eKTOB) U3 YIIIEPOIHON MATPHULIBI U CXJIOTIBIBAHHE TIOP.

Takum o6pa3om, 106aBKa XJIOpHIAa IMHKA B OMOMaccy KOPbI M MOCIEAYOLIMH MUPOJIN3 CII0CO0-

CTBYIOT CUHTE3Y BBICOKOIIOPUCTHIX MAaTEPHAJIOB C BBICOKMMHU 3HAYCHUAMUA y;:[eanoﬁ IMMOBEPXHOCTH.

MarHuTHbIe CBOHCTBA TBEPAbIX NPOAYKTOB

Hukenbsconepxaiine BKIIOUYEHUS IIPUBOIST K TOSBICHHIO MAIHUTHBIX CBOMCTB y yTIIEPOIHBIX
MarepuanoB [16, 17]. JlelicTBUTENBHO, BHICOKOTEMIIEPATYPHBIE HUKEIbCOAEPKAIINE 00pa3ibl Je-
MOHCTPHUPYIOT MAarHUTHBIA THCTEPE3HC, MO0 KOTOPOMY pPacCUMTaHbl MATHUTHBIE XapaKTEPUCTUKHU
(Tabm. 1).

Tsepapiit npoxykT, nomydennslid n3 KII-NiCl,, xapakTepusyercst 6osiee BHICOKOW HaMarHU4eH-
HOCTBIO, ueM TBepablid mpoaykT u3 KII-ZnCl,-NiCl,, Tem He MeHee 00a 00Opasiia OTHOCATCS K Mar-
HUTOMATKMM MarepuajiaM. Takum oOpa3oMm, MOIU(HUKAIMS KOPBI MUXTHI COJNSIMU IIUHKA M HUKEIS

C IOCJIEAYOIIUM ITUPOJIU30M IIO3BOJISIET IOy YUTh BEICOKOIIOPUCTHIN MarHUTHBIIA MaTepual.
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Ta6nuna 1. MarHuTHBIC CBOWCTBA TBEPAOro MpoaykTa, nonyderHHoro u3 KIT-NiCl, u KIT-ZnCl,-NiCl, (T=800 °C)

Table 1. Magnetic properties of the solid product obtained from FB-NiCl, and FB-ZnCl,-NiCl, (T=800 °C)

XapakTepucTuku/odpasern KII-NiCl, KIT -ZnCl,-NiCl,
Kospuunrusnas cuna (9) 70,0 28,0
Hamaraunuennocts Hacsimenus (I'e-cm/r) 9,9 7,0
Ocrarounas namarauueHHocts (I'e-cm?/r) 1,0 0,2

AHAJIU3 KUJKHX TPOAYKTOB MUPOIN3A

OraHonopacTBopuMas nuponuszHas xuakocts (1K), momydennas npu pasHbIX TeMIeparypax,
MpeCTaBisieT co00l MHOMOKOMIIOHEHTHYIO OpraHMYeCKYl0 cMech. BBuay e€ CllioHOro cocraBa
NICHTU(HUIIMPOBAHHBIE COCAMHEHHUS ObUIHM pa3eleHbl Ha MIECTh OCHOBHBIX I'PYMIL: (DEHOJ U ero ro-
MOJIOTH (METHII-, 3THII-, TUMETUII-, TPUMETUII()EHOIbI), TBASIKONIBI (METHII-, TUJI-, TPOIHJITBASKO),
HadTanuHb (HadTaJIMH, METWI-, TUMETUII-, TPUMETHII-, TeTPaMeTHIHA(TaTNHEI), (heHAHTPEHHI (Me-
THJI-, IUMETHII-, TeTpaMeTUI(peHaHTpeH), KapOOHOBbIE KUCIIOTHI (FeKcaeKaHoBas, renTaleKaHoBasi,
OKTaJIeKaHOBas, HOHAJIEKaHOBas M /p.) U A3UPBI KAPOOHOBBIX KUCIIOT (3THIIOBBIE 3(HUPHI FeKcaeKa-
HOBOI1, TeNTaIeKaHOBON U OKTaJeKaHOBOI KHCIOT). B HEOOMBIIOM KOMMYECTBE TaK)Ke OOHAPYIKEHBI
¢$ypdypoa u ero npou3BOAHbIE, TOMOJIOTH O€H30J1a U TeTpalnHa (TPUMETHIITETPAIINH), TEPIICHOBHIC
COCIMHEHUS U JIP.

Conep)kaHne OCHOBHBIX MJCHTH(HUIIMPOBAHHBIX BEIIECTB B MMPOIU3HON KHUIAKOCTH, ITOJTyYeH-
HBIX U3 IIPUTOTOBJICHHBIX 00PA3IIOB, IPEACTABICHO B /Jon. mamepuanax, puc. S2.

[Muponunsnas xkugkocTs, nonydenHas u3 KII, conepsxut mupokuii cnektp coenuHeHuin. OCHOB-
HYIO JI0JII0 COCTABIISIOT PEHOJIbI, METOKCH()EHOIIBI I'BaSsIIIIIBHOTO Psijia, KapOOHOBBIE KUCIOTHI M 3(u-
pBl KapOOHOBBIX KucioT. [Ipudem conepxanue mocineqHux B BeIcokoTeMrepatypHoi [IDK npumep-
HO B 5 pa3 6obie, yeM B Hu3koTeMmneparypHoit I1DK. JKuakue npoayKTel mupoan3a, morydeHHbIe
13 MOAM(UINPOBAHHON KOPBI MUXTHI, COJIEPXKAT 3aMETHO MEHBIIIE HU3KOMOJIEKYJISIPHBIX COEAHMHE-
Huit o cpaBHenuto ¢ 1K ucxonnoit kopsl. Tak, Ouonedrs, momyuennas uz KI1-ZnCl,, npakrnyecku
HE COAEPKUT (PEHOIBI 1 METOKCU(EHOIIBI ¢ MX roMosioramMu (MeHee 0,7 0TH.%), a COCTOUT B OCHOBHOM
13 KapOOHOBBIX KHUCIOT (10 35,5 0TH.%) ¢ mpeobiamanueM rekcaaekaHoBoil KucioTsl (14,6 oTH.%)
W TeNTaneKaHOBOH KUCIOTHI (15,2 0TH.%).

BeicokoTemiepary pHblii )kukuid npoaykt, nonydeHnbiit u3 KII-NiCl,, cogepxut B OCHOBHOM
a¢upsl kKap6oHOBBIX KucioT (55,1 otH.%). bruonedrs, nomyuennas n3z KII-ZnCl,-NiCl,, conepxut
JIOCTaTOYHO OOJIBIIOE KOJIMYECTBO ATHIIOBBIX 3(UPOB KapOOHOBBIX KHUCIOT (29,4 0TH.%), a Takxke
YTIIEBOIOPO/IOB (AJIKMIIMPOBAHHBIX HAa(TAIMHOB, TAKUX KaK AMMETHI-, TPUMETHI-, TETPaMETHII-
Ha)TAJUHBI U JIP.), COACPIKAHKME KOTOPBIX cocTaBisieT 14,8 oTH.%. [Ipeamonaraercs, uro ZnCl,, kak
KaTaJu3aTop KUCIOTHOTO THIA, YBEIMUNBACT HOJSIPHOCTh MEK/BHYTPUMOJIEKYISIpHBIX -OH cBsizeit
B CTPYKTYpe OMOMACChI, CIOCOOCTBYSI 00pa30BaHUIO BEICOKOPEAKIIMOHHOCIIOCOOHBIX KAPOOKATHOHOB
1, COOTBETCTBEHHO, BHICOKOMOJIEKYJISIPHBIX KAPOOHOBBIX KHUCIIOT; HUKEIb, KAK METAJIJIMYECKNH KaTa-
JM3aTOp, O0JIeryaeT MepeHoc aTOMOB BOIOPOA U MPOLECCHl THPUPOBAHUS APOMATHUYECKUX COE/IU-

HEHHUH U nocjaeayruero ruAporeHoans3a ¢ O6p330BaHI/ICM JICTY4YHX OPOAYKTOB, B PE3YJIbTATC YCTO
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npeBanupyer odpazoBaHue 3GUpOB KapOOHOBBIX KHCIOT. KpoMe TOro, TepMoKaTaaIuTHUECKOE Ipe-
Bpamenne KI1-ZnCl,-NiCl,, mo-BuaumMomy, crioco0CTBYeT IPOTEKAHNIO T'e€TEPOITUTHYECKUX IPOoIec-
COB I'HPOICOKCUTCHAIIMHU ¢ 00pa30BaHUEM YIJICBOAOPOAOB (Ha(TaIMHA U €r0 TOMOJIOI'OB).

Takum 00pa3om, 10O6ABKH XJIOPHIOB IWHKA M HUKEIISI B OMOMAcCy KOPbI TUXTHI TO3BOJISIIOT CO3-
JaTh HE TOJBKO BBICOKOMOPUCTHIN MPOAYKT C MAarHUTHBIMHU CBONCTBaMH, HO U MOTYYHUTH KUIKHE
MIPOAYKTHI, 00OTAIlCHHBIC XUPHBIMU KUCIOTaMH, 3(UPAaMHU KUPHBIX KHCIOT M yTJIEBOJIOPOAAMH,
KOTOPbIE MOTYT OBITh HCIIOJIb30BAHBI B KAYECTBE MOIOIIMX CPEJICTB, PACTBOPUTEIICH, CMa30YHbBIX Ma-
cei, ractTudukaTopoB U T.1. B paborax [23, 24] oTMedeHa BO3MOKHOCTD UCIIOJIB30BaHMS OMOHE(DTH
C BBICOKHM COJIEPYKAaHHEM >KUPHBIX KHCJIOT KaK MPUPOJHBIX MECTHIMIOB IS PELICHUsT TPOOIeMbI

3arpsA3HCHUA Opr)KaIOH.[eﬁ Cpeabl NCCTULIUAAMU.

3ak/oueHue

[Tokazana BO3MOKHOCTb OJTHOBPEMEHHOTO TOJIyYEHUS IEHHBIX MKHUJAKUX U TBEPIBIX MPOIYKTOB
13 OIMJIOK KOPBI MUXTHI METOJOM €€ MOIU(HUKAIMK XJIOPUJaMH [IMHKA W/WIIU HUKEJIS C TIOCIeyo-
UM nupoau3oM. JJobaBiaeHue Xaopuia HUHKA CIIOCOOCTBYET 0OPa30BaHUIO BHICOKOIIOPUCTOTO KOM-
nosuta ZnO/C ¢ yaenbHOlM MOBEPXHOCTHIO 10 770 M2/T. CMech XJIOpUa HUKETS ¢ OMUIKAMHI KOPBI
HPUBOJIUT K 00pa30BaHUIO MOpUcTOro komrno3uta Ni/C ¢ MarHUTHBIMU cBOMCTBaMH. Moaudukanus
ook aByms pearentamu (ZnCl, n NiCly) mprBOIUT K MOy YEHHIO TBEPIOTO IIPOIYKTa C BEICOKOH
YAENBHO TOBEPXHOCTHIO (1160 M?/T) ¥ MATHUTHBIME CBOMCTBAMH.

[Muponu3 MoauUIMPOBAHHONW KOPHI MPUBOANUT K 0OOTAIICHUIO KUAKUX MPOIYKTOB KapOOHO-
BBIMU KHCJIOTaMU H d(pupamMu KapOOHOBBIX KHCIIOT, KOTOPbIE SIBJSIOTCS LIEHHBIMU OPraHUYECKHUMHU
BemecTBamMu. CozpepkaHue KapOOHOBBIX KHCIIOT B ITMPOJIU3HOMN )KHUJIKOCTH 3aMETHO YBEIHMYNBACTCS
IIPY UCIIOJIb30BAHUU KOPBI C XJIOPUJIOM IIMHKA, a J0Jis 3PUPOB KApOOHOBBIX KUCIOT 3aMETHO PacTeT
TIPH THPOJIM3€ KOPBI C XJIOPUAOM HUKENS. YCTAaHOBIICHO, YTO XKHUAKHUE TPOAYKTHI, TosrydeHHbIe 3 KII-
ZnCl,-NiCl,, conepkat HauboJIblIee KOJIMYECTBO YITIEBOAOPOIOB — Ha()TaJIMHA M €r0 MPOU3BOJHBIX,
10 24 oTH.%. Kartanutnueckoe aeiicTBre J0OABOK B COCTaBE KOMIIO3UTOB Ha ITPOLIECC THPOIIH3a KOPbI
HNUXThI 00YCJIOBJICHO HAJMYHUEM KaTaJTUTHUECKH aKTHBHBIX [IEHTPOB: KUCIOTHBIX JILFOCOBCKOTO THIIA

y ZnO u Metayutnueckux y Ni.

BaarogapHocTs

ABTOpBI BBIpaXarT OJaroAapHOCTh U TI1yOOKYIO MPU3HATENBHOCTD Bell. HHKeHepy boHnmapeH-
ko I H. 3a momorp B mpoBeieHnH peHTreHo(a3oBoro aHain3a U HICHTH(UKAIIUN cOCTaBa UCCIETy-

€MBIX MaTepUalioB.

JonoHuTenbHbIe MaTepuabl / Application
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