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Abstract. The processes occurring during carbonization and subsequent mechanical activation of
coprecipitated gadolinium and zirconium hydroxides, as well as their effect on the synthesis of Gd,Zr,0-
during thermal and autoclave treatment of the obtained precursors have been investigated. It has been
revealed that when the coprecipitated hydroxides of Gd and Zr are saturated with carbon dioxide,
crystalline hydrated gadolinium carbonate is formed. It has been shown that carbonization reduces the
yield of gadolinium zirconate upon subsequent calcination of the precursor. As a result of autoclave
treatment of the initial and carbonized precursor at 250 °C for 4 h, zirconium and gadolinium-containing
phases crystallize separately, and Gd,Zr,0; is not formed. After thermal treatment of the mechanically
activated carbonized precursor at 900 °C for 3 h nanocrystalline fluorite-type Gd,Zr,0; is formed with
a yield of 100 %.
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Bausinue kapOOHHU3alMU M MEXaHOAKTHBALIUU
COBMECTHO OCAKJIE€HHbIX I'HIPOKCU/IOB I'a/I0JTUHUS

U IUPKOHUA HA cuHTe3 Gd,Zr,0,

B.10O. Bunorpanos, A. M. Kaaunkun

Huemumym xumuu u mexnonro2uu peoKux 371eMeHmo8
U MuHepanvbHo2o coipvs um. M. B. Tananaesa

@UL] «Konvckuti nayunsiit yenmp PAH»

Poccuiickas ®edepayus, Anamumul

AHHOTanms. VMccienoBaHbl NPOLECCH, IPOTEKAIONINE NP KapOOHN3ANH U TOCIeAY oIei
MEXaHOAKTHUBAIIUH COBMECTHO OCAK/ICHHBIX T'HJIPOKCUIOB TaJOUHUSA U IUPKOHUSA, a TAKKE UX
BiustHKe Ha cuHTe3 GdyZr,0; py TepMIUECKO U aBTOKJIABHONW 00pab0TKe MOIyYeHHBIX IPEKYPCOPOB.
YCTaHOBIICHO, UTO TIPH HACBIIIIEHUH COBMECTHO OCaXK/ICHHBIX TUAPOKCHI0B Gd 1 Zr yrieKuclibiM razomMm
o0pa3yeTcsl KpHCTAIITMYECKN I THPAaTHPOBaHHBIN KapOoHaT rafgonuaus. [lokazaHo, 4T0 KapOOHM3AIHS
CHIDKAET BBIXOJ IIUPKOHATA I'aI0MHUS IIPH MOCIEAYIOLIEM IPOKaINBAHUH TTpeKypcopa. B pesynbsrare
ABTOKJIABHOM 00pabOTKM MCXOJHOTO M KapOOHM3MpOBaHHOTO pekypcopa npu 250 °C B Teuenue 4 4
OT/IEJIPHO KPUCTAILIN3YIOTCS IUPKOHU- U ragoiaunuiiconepxaiue dassl, Gd,Zr,0; He oOpasyercs.
[Mocne mpokanBaHKs MEXaHOAKTHBHPOBAHHOTO KapOOHM3MPpOBaHHOTO TIpeKypcopa rmpu 900 °C B TeueHne

3 4 oOpasyercst HaHOKpucTamandeckuii Gd,Zr,0O; co cTpykTypoit (arooputa ¢ Berxogom 100 %.

KunioueBbie ciioBa: TUAPOKCU B, IUPKOHAT TaJ0JIMHUA, MEXaHOAKTHUBAIIU A, 1<ap60H1/13au1/1$[, TCpMUYECKaAA

¥ aBTOKJIaBHas 00paboTKa.

Lurupoauue: Bunorpanos, B. 10. Bausitue kapOOHU3aIMN U MEXaHOAKTHBAI[MH COBMECTHO OCAX/ICHHBIX T'MIPOKCHIOB
rajonuHus ¥ nupkonus Ha cuute3 Gd,Zr,0; / B.10. Bunorpaznos, A. M. Kanunkun // Xypn. Cub. denep. yn-ta. Xumus, 2022,
15(2). C. 161-169. DOI: 10.17516/1998-2836-0280

Introduction

Deposits of rare metal minerals such as loparite, baddeleyite, eudialyte and others containing
zirconium and rare earth elements (REE) are concentrated on the Kola Peninsula. During the chemical-
technological processing of such deposits, it is possible to obtain a variety of compounds, for example,
REE zirconates, which are widely used in many high-tech applications. Compounds with the general
formula Ln,Zr,0; (Ln - REE) have a number of unique properties. In particular, Gd,Zr,O; has a high
melting point (2500 °C), low thermal conductivity (1.28 W/(m'K) at 1000 °C), and is characterized
by high radiation, chemical, and thermal stability [1-3]. In this regard, REE zirconates, including
Gd,Zr,05, have been intensively studied in recent years as promising components of thermal barrier
coatings, catalysts, solid electrolytes, and matrices for immobilizing radioactive waste [1-5].

Previously, we studied the synthesis of Gd,Zr,0; from a precursor obtained by coprecipitation
of Zr and Gd hydroxides using mechanical activation (MA) [6]. It was shown that MA of a hydroxide

precursor followed by calcination resulted in formation of nanocrystalline fluorite-type gadolinium
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zirconate (polycrystalline sample, in which the average crystallite size is in the nanorange). The
specific surface area of the synthesized Gd,Zr,0; was 4-9 times greater than that of a similar sample
synthesized without the application of the MA. It was noted that, according to IR spectroscopy and
thermal analysis (TA), Gd and Zr hydroxides interacted with each other at the molecular scale during
coprecipitation, forming mixed hydroxides, and also reacted with the atmospheric carbon dioxide. In
particular, it was revealed that the IR spectrum of coprecipitated gadolinium and zirconium hydroxides
is not a superposition of the spectra corresponding to the separately precipitated hydroxides. In addition,
coprecipitated gadolinium and zirconium hydroxides displayed different thermal decomposition
behavior as compared to that of the mixture of the separately precipitated hydroxides. TA showed
that the release of CO, from the carbonate groups of the precursor occurred at noticeably higher
temperatures compared to the thermolysis of carbonate groups formed due to the absorption of carbon
dioxide from the air by the separately precipitated hydroxides of Gd and Zr. It was found also that the
MA of the precursor lead to mechanochemical interaction with atmospheric CO, [6]. The aim of this
work is to elucidate the effect of CO, on the synthesis of Gd,Zr,O;. We have studied the phase formation
during carbonization of coprecipitated gadolinium and zirconium hydroxides. The carbonization was
carried out using bubbling CO, through an aqueous suspension of Gd and Zr hydroxides. In addition,
the processes occurring during MA as well as the thermal and autoclave treatment of the prepared

precursor have been studied.

Materials and methods

The initial hydroxide precursor (IP) was prepared by adding a mixed solution of gadolinium nitrate
and zirconium oxychloride (molar ratio Zr: Gd = 1: 1) to the ammonia solution, followed by washing the
precipitate from nitrate and chlorine ions. The method for obtaining the precursor is described in detail
in [6]. Carbonization was carried out by bubbling CO, from a cylinder at atmospheric pressure at a rate of
30 L/min through an aqueous suspension of IP for up to 60 h with continuous stirring using a magnetic
stirrer. Samples were taken by filtration, and then they were dried at 100 °C for 12 h and analyzed for
carbon content using a CS-2000 analyzer. Autoclave treatment of the precursors was carried out using a
nickel-metal autoclave at 250 °C for 4 h with a load of 1 g sample + 40 ml distilled H,O.

X-ray phase analysis was carried out using a Shimadzu XRD 6000 diffractometer (CuK,-
radiation). The X-ray diffraction patterns were taken with a step of 0.02° (26), the dwell time was 1 s.
Thermal analysis was performed on a NETZSCH STA 409 PC/PG unit in the range 20-1300 °C. The
results were obtained in the mode of heating the sample at a rate of 10 °C/min in an alumina crucible in
an argon atmosphere. IR spectra were recorded with a Nicolet 6700 FT-IR spectrometer in potassium
bromide tablets.

The MA of the precursor carbonized for 60 h was carried out in an AGO-2 laboratory centrifugal-
planetary mill for 30 minutes at a centrifugal factor of 20 g in steel vials lined with zirconia using 150 g
of 8 mm balls also made of zirconium dioxide. The ratio of balls: loading was 20: 1. The mechanically

activated carbonated precursor is designated as MCP.

Results and discussion

The dependence of the CO, content of the precursor on the time of carbon dioxide bubbling is

shown in Table 1. From the data presented in Table 1 it follows that almost complete saturation with
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Table 1. The CO,; content of the precursor versus CO, bubbling time

CO,, wt% CO, bubbling time, h
6.31 0
12.2 10
12.3 17
13.2 40
13.4 60

carbon dioxide takes about 40 hours. The CO, content in the carbonated precursor after 60 hours of
bubbling (hereinafter referred to as CP) was 13.4 %, which is more than 2 times higher than in the
initial hydroxide precursor (IP).

According to the XRD data, the IP is X-ray amorphous (Fig. 1, curve 1), while in the precursor,
after 17 h of bubbling CO, (Fig. 1, curve 2), the formation of gadolinium carbonate Gd,(CO;);-nH,0
(n =2-3) is observed. With an increase in the bubbling time to 60 h (Fig. 1, curve 3), the intensities of
the peaks of gadolinium carbonate increase, and the amorphous background decreases. This indicates
a greater carbonization of Gd hydroxide. Mechanical activation leads to complete amorphization of
Gd,(CO3);;nH,0 formed during carbonization (Fig. 1, curve 4).

Fig. 2 shows the IR spectra of the precursors. The IP spectrum (Fig. 2, curve 1) differs markedly
from the spectra of carbonated precursors (Fig. 2, curves 2 and 3). At the same time, in agreement
with the XRD data (Fig. 1), the position and shape of the absorption bands in the spectrum of the
completely carbonized precursor (CP) (Fig. 2, curve 3) are very close to those in the spectrum of
Gd,(CO5);nH,0 [7].

Intense double absorption bands in the range of 1550-1300 cm™ in the spectra of all samples
(Fig. 2) correspond to stretching vibrations of the COs?>group [8]. The appearance of this band is

due to the carbonization of the precursor as a result of interaction with atmospheric carbon dioxide

Intensity (a.u.)
_ ¥

2 theta (deg.)

Fig. 1. XRD patterns: 1 — initial precursor (IP); 2 — precursor after 17 hours of bubbling CO,; 3 — precursor
after 60 h of bubbling CO,(CP); 4 — mechanically activated carbonated precursor (MCP). Solid phase: v —
Gd,(CO5);nH,0 (PDF 37-0559)
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Fig. 2. FT-IR spectra: 1 —initial precursor (IP); 2 — precursor after 17 hours of bubbling CO,; 3 — fully carbonated
precursor (CP); 4 — mechanically activated carbonated precursor (MCP)

(in the case of IP), as well as due to the bubbling CO, (for the carbonated precursors). It is noteworthy
that in the MCP spectrum (Fig. 2, curve 4), the shape of the stretching vibration band of the CO;*—
group and the positions of the corresponding absorption maxima differ significantly from those in
the CP spectrum (Fig. 2, curve 3). This reflects a significant change in the environment of carbonate
groups in the MCP under the influence of intense mechanical treatment, apparently associated with the
interaction of CO5> with metal ions.

For carbonized precursors, in comparison to IP, the intensity of the OH-group stretching vibration
band in the range of 3700-3300 cm™! decreases relative to the intensity of the CO5s>~group band in the
1550-1300 cm! region, which indicates an increase in the content of carbonate ions and, possibly,
dehydration. It can also be noted that the IP spectrum (Fig. 2, curve 1) contains a band at 1630 cm’!,
which corresponds to the bending vibrations of OH groups [8]. In the spectra of carbonated precursors
(Fig. 2, curves 2 and 3) and especially in the MPC spectrum (Fig. 2, curve 4), the intensity of the similar
band is much lower. This indicates that the modified precursors (CP and MCP) contain a noticeably
smaller amount of molecular water, in contrast to IP.

According to XRD data, annealing at 900 °C of IP (Fig. 3, curve 1) and MCP (Fig. 3, curve
3) results in formation of 100 % fluorite-type Gd,Zr,O;. The crystallite size in these samples was

calculated using the Scherrer formula
D =A/(B-cosb),

where A is the radiation wavelength, B is the integrated width of a reflection, 0 is the diffraction angle
of a line maximum. For IP and MCP the D value was 10 and 18 nm, respectively. The CP sample after
heat treatment at 900 °C is a mixture of Gd,O; and a solid solution Gd,Zr, O, 4, (0.18<x<0.45 [9]) with
the fluorite-type structure (Fig. 3, curve 2). Consequently, carbonization of co-precipitated hydroxides
prevents the complete synthesis of Gd,Zr,0; during subsequent calcination. The reason is probably an
increase in the degree of heterogeneity of the precursor after bubbling CO, due to the crystallization of

Gd,(COs);:nH,0. MA of CP results not only in amorphization of gadolinium carbonate and increasing
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Fig. 3. XRD patterns of precursors calcined at 900 °C for 3 h: 1 — initial precursor (IP); 2 — completely carbonated
precursor (CP); 3 — mechanically activated carbonated precursor (MCP). Solid phases: x — fluorite-type Gd,Zr,0
(PDF 80-0471); z — GdyZr; 4O« solid solution with the fluorite-type structure [9]; * — Gd,O3 (cubic) (PDF
No. 12-0797).

the degree of homogeneity of the precursor, but also, according to IR spectroscopy data (Fig. 2), leads
to interaction of zirconium, gadolinium, and CO;>~ ions, which contributes to the complete synthesis
of Gd,Zr,05 (Fig. 3, curve 3).

The results of thermal analysis of the CP and MCP are shown in Figs. 4 and 5, respectively. In
the DTA curves, the endothermic peaks at 110 °C (Fig. 4) and 115 °C (Fig. 5), associated with the
DTG peaks, correspond to the removal of adsorbed water. The exothermic DTA peaks of the CP in the
range of 500—700 °C (Fig. 4) probably correspond to the crystallization of both the GdyZr; 1O,/ solid
solution with the fluorite-type structure and Gd,O; in agreement with the XRD data (Fig. 3, curve 2). It
should be noted that the complete decomposition of gadolinium carbonate with the formation of Gd,05
occurs at temperatures not exceeding 520—-580 °C [7]. The exothermic DTA peak of the MCP at 662 °C
(Fig. 5) is likely related to the crystallization of Gd,Zr,0;.
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Fig. 4. DTA, TG, and DTG curves for the carbonated precursor after 60 hours of bubbling CO, (CP)
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Fig. 5. DTA, TG, and DTG curves for the carbonated precursor after 60 hours of bubbling CO, and 30 minutes
of MA (MCP)

Using the CO, content of the CP (13.4 %) and the TG data on total weight loss (26.98 %) we have
calculated the molar ratio of CO,/Gd,05;=2.46 of the CP. This value is 18 % less than the corresponding
value equal to 3 for Gd,(CO;);;nH,0. The reduced value of the degree of carbonization of the CP in
comparison to the stoichiometric one indicates an incomplete transformation of gadolinium from the
hydroxide form to the carbonate, that is apparently due to the interaction of Gd and Zr at the molecular
level during coprecipitation of hydroxides [6].

According to the TG data (Figs. 4 and 5), the weight loss in the range 600—-1300 °C, which can be
attributed to the removal of carbon dioxide as a result of the decomposition of CO3>groups, is 3.32 %
for CP, and 5.99 % for MCP. The CO, content of the CP (13.4 %) and the MCP (14.2 %) differs only by
0.8 %. Hence, it can be concluded that the carbonate groups in MCP are thermally more stable than in
CP. Indirectly, this agrees with the IR spectroscopic data indicating the nonequivalence of carbonate
ions in these precursors (Fig. 2).

Fig. 6 shows the XRD data for CP and MCP after autoclave treatment. Both samples contain
tetragonal ZrO, and basic Gd carbonates, and for the mechanically activated precursor, the relative
content of the latter is noticeably higher. It should be noted that autoclave treatment at 250 °C leads to the
crystallization of separately zirconium and gadolinium-containing phases, while no Gd,Zr,0 is formed.

Conclusions

Thus, our studies have shown that Gd hydroxide, upon carbonization of the hydroxide precursor
of gadolinium zirconate, is converted by about 82 % into Gd,(COs);:nH,0. Some amount of the
gadolinium probably remains associated with zirconium. Besides gadolinium carbonate, no additional
crystalline phases have been found in the carbonization product according to the XRD data. MA
of the carbonized precursor results in its homogenization and formation of a metastable amorphous
phase, in which metal ions and CO;* interact according to IR spectroscopy and thermal analysis
data. To clarify the nature of this phase, additional studies are required. The separation of Gd and Zr
in the course of carbonization of the precursor leads to the incomplete synthesis of Gd,Zr,0; upon

calcination. Autoclave treatment of the initial and carbonized precursor at 250 °C for 4 h results in
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Fig. 6. XRD patterns of MCP (1) and CP (2) after autoclave treatment at 250 °C. Solid phases: 0 — GAOHCO; (PDF
24-0421); ¢ — Gd,0O(CO5)," H,O (PDF 43-0604); t — ZrO, (tetrag.) (PDF 73-1441)

formation of tetragonal zirconium dioxide and basic gadolinium carbonates. Calcination of the initial
and mechanically activated carbonized precursors at 900 °C for 3 h allows one to prepare 100 %

nanocrystalline fluorite-type gadolinium zirconate.
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Abstract. The manometric and photoelectrocolorimetric methods as well as IR spectroscopy and
chromatomass spectrometry were used to study the kinetics of thermal decomposition of 2-substituted
gem-dinitroethyl 2,4,6-trinitrobenzoates. The mechanism of the limiting stage of the process was
established. The activation parameters of the limiting stage are determined; this stage is the break of
the C-NO, bond in the gem-dinitro group. The correlation between the reactivity (logarithms of rate
constants, activation energies) and steric constants of the substituent R in the alcohol component of the

ester was established.
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Kunernka repmopacnajaa cja0:kHbIX 3¢upoB 2-R-2,2-

AMHUTPOITAHOJIA U 2,4,6-TPUHUTPOOEH30HON KHCJIOThI

JI. A. Kpyrasikosa, K. B. Ilexorun, O. A. I'osryOonoBa

Cubupckuii 20cyoapcmeenHblil YHUgepcumem HayKu U mexHoa02utl
umenu axaoemurxa M. @. Pewemnésa

Poccuiickas ®edepayus, Kpacnosapck

AHHOTanus1. MaHOMETPHYECKUM U (POTOBIIEKTPOKOIOPUMETPUIECKUM METOAAMH C HCIIOJIb30BaHUEM
NK-CcrexkTpoCcKonuu 1 XpOMaTo-MacC-CIeKTPOMETPUH U3ydeHa KMHETHKA U YCTAHOBJIEH MEXaHU3M
TEPMUYECKOTO Pa3I0KCHUS 2-3aMEIICHHBIX TeM-THHUTPOITHIIOBBIX 3PUPOB 2,4,6-TpHHATPOOCH30MHON
KUCIOTHI. OmnpeeseHsl aKTHBAIMOHHBIE TApaMeTPhl JTUMUTHPYIONIEH CTaIUH MpoIecca, KOTOpoi
siBasieTcs pas3phlB cBsi3u C-NO, B reM-IUHUTPOrpymnme. YCTaHOBIEHA KOPPENAIIOHHAs 3aBUCUMOCTD
MEX/1y PEaKIMOHHOM CIIOCOOHOCTHIO (JIorapupmMamMu KOHCTAHT CKOPOCTH, SHEPTUsSIMH aKTHUBALIUN)

1 CTCPUYCCKUMU KOHCTAaHTAMU 3aMECTUTCIIA RB CHI/IPTOBOﬁ COCTaBJ’IHIOH.[eﬁ CJIOKHOI'O 3(1)1/1pa.

KiaioueBbie ciioBa: KHHCTHKA, TCPMHUYCCKOC Pa3JI0KCHUE, TEM-IUHUTPOITAHOJI, TpPIHPITpO6€H3OI>'IHa$I

KHCJI0TA, MCXaHU3M, AKTUBAITUOHHBIC ITapaMETPbl, CTCPUUYCCKHUEC KOHCTAHTBI 3aMECTUTEIIA, KOPPECIALUA.

Hurtuposanne: Kpyraakosa, JI. A. Kunetuka tepmMopacmnaga CI0XKHBIX 3pUpoB 2-R-2,2-1MHUTpPO3TaHOIA
u 2,4,6-tpuHuTpoben3oiinoi kuciotsl / JI. A. Kpyrskosa, K. B. ITexotun, O. A. T'ony6mosa // XXypu. Cub. denep. yu-ta.
Xumus, 2022, 15(2). C. 170-175. DOI: 10.17516/1998-2836-0281

Introduction

The derivatives of polynitro alcohols (acetals, ethers and esters) are energetic compounds and
may be of interest as promising plasticizers of the polymer base of mixed solid rocket fuels, as well
as components of explosive compositions for various purposes [1-7]. The negative inductive effect
of nitro groups in polynitro alcohols leads to a change in their reactivity compared to unsubstituted
alcohols, due to a decrease in the basicity of polynitroalcohols and nucleophilicity on oxygen atom
of the hydroxyl group [1, 6]. This complicates the further synthesis of acetals from them, as well
as esters of aliphatic and aromatic acids containing volumetric substituents [1]. Information on the
kinetics and mechanism of thermal decomposition of polynitroalcohol ethers in the literature is very
limited. At the same time, it was previously shown that the thermal decomposition of 2-nitroethanol
esters of various aliphatic acids proceeds through a quasi-heterolytic mechanism with the formation
of the corresponding acid and nitroethylene [8]. The reaction rate increases with a decrease in pK, of
the acid. However, this increase is not as large as can be expected from the values of pK, for a known
reason — poor conductivity of induction and steric effect by the carboxyl group. The introduction of the
second nitro group into the alcohol component changes the reaction mechanism, in which the limiting
stage is already homolytic breaking of the C-NO, bond. In this regard, it is interesting to identify the
relationship of the reactivity of esters in the reaction of thermal decomposition with the nature of the

substituent R in the alcohol component. This will make it possible to predict the targeted synthesis of
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compounds of this class with the specified parameters for chemical stability and guarantee their safe
production, processing and operation.

We studied the thermal decomposition kinetics of the reaction series of the general formula
2,4,6-NO,-C ¢H,COOCH,C(NO,),R,

where R = F (I), CH; (II), CH,N(NO,) CH; (I1T), NO, (IV), CI (V), CH,C(NO,),CH; (VI), Br (VII).

Experimental Part

Compounds (I)-(VII) were synthesized and purified by means of known methods [1]. For
investigation the chromatographically pure compounds were taken, contented the basic substance
about 99,4-99,6 %.

Thermal decomposition kinetics was studied by manometric method using a glass manometer
of Bourdon type [8] at residual pressure in the reaction volume 102-10"' mm of mercury.
Photoelectrocolorimetric method was moreover used to determine the rate of accumulation of nitrogen
dioxide during the reaction.

Gaseous products of thermal decomposition were analyzed on a mass spectrometer in a special
gas cell made of KBr on the IR spectrometer UR-10. Condensed decomposition products identified
on the MX-1312 effusion chromato-mass spectrometer (squalane capillary column temperature 60—
80 °C, effusion chamber temperature 105 °C, detector temperature 100 °C, injector temperature
130-150 °C).

The rate constants of thermal decomposition were calculated by the Guggenheim method. The
error in determining of the activation energy did not exceed 3.5 kJ'mol!, and for the pre-exponential

factor — 0.23 log units.

Experimental Results and Discussion

The study of thermal decomposition kinetics of compounds (I)-(VII) was carried out in a
solution of 1,3-dinitrobenzene (DNB), and compounds (II) and (V) also in the melt. It was found
that in the melt and solution thermal decomposition of the studied compounds was described by the
first-order rate equation up to conversion of 45-50 %. The rate constant in the melt is not affected by
the ratio of the substance mass to the volume of the reaction vessel (m/V = 1074~102 g-cm) and the
ratio of the reaction vessel surface to its volume (S/V = 0,8—4,2 cm™). Those observations evidenced
about homogeneity of the reaction not only in volume, but also on the walls of the reaction vessel.
Furthermore, the addition of gaseous products formed during thermal decomposition in the melt at a
conversion degree of 15 and 25 % to the initial substance does not affect the thermal decomposition
rate of compounds (II) and (V).

Experiments on thermal decomposition in the solution of DNB showed that the substance
concentration in the solution in the range of 2—6 wt.% does not affect the decomposition rate constant
of compounds (I)—(VII). Therefore, the dependence of the rate constant on temperature we studied in
2-3 % solutions of DNB.

The parameters of the Arrhenius equation are given in the table 1.

Analysis of the table data shows that the nature of the substituent R strongly affects the rate

constants and the activation parameters of the thermal decomposition. Thus, during the transition
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Table 1. Activation parameters of thermal decomposition of compounds (I-VII)

. . R Decomposition | kg, Ea, DS%160c, "
Ne Substituent R AT, °C conditions st kJ-mol! lg4 J-mol-K! 2
I |F 185-223 solution 6,62:10°8 186,7 15,34 37,3 1,56
solution 7,02:1077 180,6 15,63 42.8
1T} CHs 170-220 melt ** 1,44-10°6 179,5 15,81 46,3 0
[II | CH3N(NO,) CH, 170-220 solution 2,08:10°¢ 174,2 15,33 37,1 -0,58
IV |NO, 160180 solution 2,67:107 165,1 15,34 37,3 2,14
solution 1,07-10* 161,0 15,45 394
v|c 150-170 melt** 1,57-10* 160,3 15,53 40,9 2,81
VI | CH3C(NO,),CH, 150-170 solution 1,59-10~* 158.9 15,36 37,6 -3,22
VII | Br 140-160 solution 2,24-10°4 157,6 15,36 37,7 -3,44

Notes: * — the steric constants E; are taken from the work [9], ** — on accumulation of NO, during decomposition.

from compound (I) to compound (VII), the decomposition rate constant in the solution increases
by more than three orders of magnitude, and the activation energy decreases by about 30 kJ-mol ..
The reason for this is seen in the increasing in the volume of a-substituent R in the 2,2-dinitroethyl
fragment of the ester. A similar picture was observed earlier in the case of thermal decomposition of
geminal dinitro alkanes in the gas phase [10] u polyfunctional geminal dinitro compounds in inert
solvents [4, 9].

The found regularities of changes in reactivity due to the spatial interaction of the substituent R
with the reaction center — carbon atom in the geminal dinitro group in compounds (I)—(VII). They are
presented in fig. 1 and 2.

It can be seen from figures 1 and 2 that the points of compounds (I)—(VII) fit well into straight
lines, which are described, respectively, by the following regression equations:

lg k160 c =—(0,722+0,011) E — (6,100+0,026) 1)

r=0,999; S,=0,128; n=7

lg k
g VI

4t \%
VI

ST K 1l

6 F

Tt I

-4 -3 -2 -1 0 1
ES
Fig. 1. Dependence 1g kig0 oc = f (E;) for compounds (I)—(VII). The point numbers correspond to the compound
numbers in the table
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E, = (6,04+0,25) E-+(178,34+0,57) Q)

r=0,995; S5,=2,62; n=7

Ea
185 |

180 F
175 f
170 f
165

160 F

155 1 1 1 L L
-4 -3 2 1 0 1 E

Fig. 2. Dependence E, = f (E;) for compounds (I)—(VII).

The qualitative composition of gaseous thermal decomposition products of compounds (II), (V)
at a conversion degree of 20-30 % was as follows: NO, CO,, CO, H,0O, N ,0, N ,, HCN (traces).
In the condensed residue at a conversion degree of compounds (II) of 57 % at 170 °C, ester of
2,4,6-trinitrobenzoic acid and 2-ketopropanol was identified. In addition, at a conversion degree of 20—
25 % of compounds (V) at 170 °C, the formation of 2,4,6-trinitrobenzoic acid, 2,4,6-trinitrobenzene
was recorded, as well as some other products that could not be identified.

Photoelectrocolorimetric study of the kinetics of nitrogen dioxide accumulation during thermal
decomposition of compounds (II), (V) showed that it coincides with that for manometric measurements
for total gas release ~ up to 35-38 % transformation, which in combination with the found condensed
and gaseous decomposition products of the compound (II) allows to present a kinetic scheme of the

thermal decomposition of the latter:

N0y

+*
PcCOOCH,C(NO,),CH; — | PcCOOCH,C(NO,)CH; | —> 3)
— > PcCOOCH,C(NO,)CH; + NO,

PcCOOCH,C(NO,)CH; —» PcCOOCH,C(O)CH; + NO )

PcCOOCH,C(NO,)CH; + NO, — » PcCOOCH2é(O)CH3 + NO + NOo, ()

PcCOOCH,C(O)CH; —>  PcCOOCH, + CH,C=0 ©)
CH,C-0 + RH —> CH,C(O)H + R’ 7
PcCOOCH, + NO, —= PcCOO" + CH,0 + NO )
PcCOO" + RH —»> PcCOOH + R’ )
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PcCOO" —= Pc’ + CO, (10)
Pc + RH — PcH + R’ (11)
CH,0 + NO, —= CO + NO + H,0 (12)

where Pc — 2,4,6-trinitro-C ¢Ho,.

The limiting stage of thermal decomposition here is a reaction (3) involving a homolytic break in
the C-NO, bond in the geminal dinitro group. Within the framework of the mechanism (3)—(12), the
found regularities of the influence of the nature of the substituent R in compounds (I)—(VII) on the rate
constant, Arrhenius parameters and activation entropy are logically explained. Correlation equations
()—(2) are of scientific and practical interest for predicting of chemical stability in the synthesis of

1-R-1,1-dinitro ethanol esters of aromatic or heterocyclic acids.
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Abstract. Polyangelicalactone-graft-polystyrene copolymers (PAL-graft-PS) were obtained through
cationic polymerization. The resulting copolymers were completely destroyed when incubated in gray
forest soil over 28 weeks. Individual strains of fungi destroyed the copolymer partially within 13 weeks;
the most active among the studied cultures was Leptographium sp. The biodegradation products of
copolymers do not statistically have a toxic effect. The obtained results show that the modification of
polystyrene (PS) with the impurities of polyangelicalactone (PAL) gives them biodegradation abilities
and does not worsen the properties of the copolymers.

Keywords: biodegradation; copolymerization; polystyrene; a-angelicalactone; polyangelicalactone;
poly[oxidiyl(4-methyl-1-oxobut-3-en-1,4-diyl)]; poly[oxidiyl(4-methyl-1-oxobut-3-en-1,4-diyl)]|-graft-
poly(1-phenylethylene).
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Introduction

An urgent problem of modern civilization is determining how to give polymer materials the
ability to biodegrade into safe, nontoxic compounds in the environment [1-4]. One method is to obtain
copolymers with monomers or polymers that have this ability.

One new biodegradable polymer is polyangelicalactone (poly[oxidiyl(4-methyl-1-oxobut-3-en-1,4-
diyl)], PAL), a product of the anionic polymerization of a-angelicalactone (5-methylfuran-2(3H)-
one, AL). a-Angelicalactone (lactone of levulinic acid) is obtained from renewable raw materials,
fructose, cellulose, and other carbohydrates. The most interesting reactions are the polymerization
of AL with opening of the lactone ring, which occurs in the presence of sodium hydroxide, sodium
butylate [5, 6], and stannous octoate (Sn(Oct),) [7]. The products of such reactions have the ability
to biodegrade [5-9].

Saturated five-membered lactones are not usually subjected to ring-opening polymerization (ROP)
[13], but a double bond in the cycle can activate this polymerization. Therefore, opening the lactone
cycle to form polyester is allowed by thermodynamics [10].

Low-molecular PAL samples (M, 800—1100) undergo almost complete biodegradation via the
microorganisms Candida parapsilosis and Saccharomyces cerevisiae within 5-15 days and through
Streptomyces lividans and Streptomyces anulatus within 20-30 days [5, 6]. Higher molecular weight
PAL samples (M,, 15,000—19,000) undergo partial or complete degradation in the soil in 180 days, and
the stability of the polymers increases with an increase in their molecular weight [6].

Polystyrene (PS) is a large-scale industrial polymer. It is widely used, for example, to manufacture
disposable tableware. This increases the amount of polymeric waste dispersed throughout the environment
[1]. The problem of environmental pollution caused by these wastes can be solved by producing PS
biodegradable modifications.

Copolymers with molecular weights of 200,000-500,000 were obtained through the reaction of
melted PAL with styrene (1-5 mol%) in the presence of boron trifluoride diethyl etherate as a catalyst. Such
copolymers underwent complete biodegradation in gray forest soil in 140 days [9]. The copolymerization
products of AL and PAL with styrene (St), caprolactam, ethylene terephthalate, and methyl methacrylate
were shown to be susceptible to complete or partial biodegradation in the forest soil or in composting
plant wastes under conditions of anaerobic or aerobic digestion [8]. The emulsion polymerization of
polyangelicalactone with styrene was also carried out. High-impact biodegradable block copolymers
(M,, 40,000-1,000,000) containing 5—-40 wt% of styrene were prepared [12].

A wide range of the grafted copolymers were synthesized and studied recently [13]. The goal of
this work is to study the biodegradation of the polyangelicalactone-graft-polystyrene (PAL-graft-PS)

with a wide range of compositions.

Experimental part

PAL was obtained via ring opening polymerization in a solution in tetrahydrofuran in the presence
of aluminium isopropoxide and benzophenone ketyl-Na [13]. For this study, PAL with M, ~6000 g x
mol! was used. Cationic St polymerization, and PAL grafting with St was performed in the presence
of boron trifluoride etherate as the catalyst [13].

Biodegradation of the copolymer via pure fungal cultures was studied on a sample PAL-graft-PS

[20:80]. The fungi cultures Leptographium sp., Ophiostoma sp., Aureobasidium pullulans, and Tricho-
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derma harzianum (collection of the Sukachev Institute of Forestry at the Russian Academy of Sciences)
were used as destructors. For the liquid culture medium preparation, the diluted nonhopped beer wort
(the concentration of sugars was 1 °Bx) were sown with blocks (diameter 6 mm) cut from the colony
of the corresponding fungi culture on the wort agar and were incubated at 24 °C for three days. The
polymer film pieces with an area of 1,5-2,5 cm? and thickness 0,4—1,0 mm were decontaminated by
boiling in a water bath for 30 minutes and then exposed in stationary liquid culture medium at 24 °C
within 13 weeks, stirring manually once a week. Twin 60 (100 mg/L) was added to several samples dur-
ing sowing, which is known to have a positive effect on the rate of microbial decomposition of synthetic
polymers [14]. All operations were performed in a sterile manner.

Biodegradation of the copolymers in soil was studied on samples of gray forest soil (Greyic Pha-
eozems (Albic), WRB, 2006). Twenty samples of soil with a total weight of 10 kg from horizon A at a
depth of 0—5 cm were collected in continental subboreal forests (mixed forests with a predominance of
Pinus sylvestris) near the city of Krasnoyarsk, Russia (N 55° 59’ 26” E 92° 42’ 157, 250-270 m a.s.L.). All
sample preparation operations were performed under sterile conditions. All samples were combined and
thoroughly mixed. The soil samples were air-dried and sieved with a 2 mm sieve. Clods were crushed
and sieved again. Soil of the following composition was used for the experiments: moisture content,
32,4 + 2,6 wt%; pH of water extract, 5,2 + 0,3; humus content, 4,3 wt%; total organic carbon content,
31,2 £ 0,2 mg/g; total nitrogen content, 2,1 = 0,6 mg/g.

In a sterile chamber, polymer samples 5 X 5 x 1 mm in size with a weight of about 25 mg and 15 g
samples of carefully dried soil were placed in 45 mL glass tubes. The system was wetted via microdrip
irrigation with a sterile synthetic nutrient medium to maintain 100 % air humidity. Synthetic nutrient
medium was as follows: K,HPO,, 7,0 g; KH,PO4, 0,3 g; MgSO, % 7H,0, 0,1 g; (NH4),SO,, 1,0 g; sodium
citrate trihydrate, 0,5 g; MgO, 0,1 g, FeCls, 0,054 g; ZnSO, x 7H,0, 0,014 g; MnSO, x 4H,0, 0,011 g;
CuSO4 x 5H,0, 0,0025 g; CoSO,4 x 7H,0, 0,0028 g; H;BO;, 0,0006 g; Na,MoO,4 x 2H,0, 0,0049 g;
distilled water up to 1 1). The system was thermostated at 24 °C for 28 weeks.

Every fourth week, one test tube of each copolymer sample was taken out. The polymer samples
were then washed with distilled water to remove any residual soil particles and placed in a desiccator
to achieve a constant weight. After the mass measuring, the sample did not return to the experiment.

The next stage of the study, involving a statistical estimation of the toxicity of the polymer
degradation products, was carried out using water extracts of the cultivated masses. The cultivated
masses were dispersed in distilled water (45 mL of water per sample) using a mechanical disperser
over 3 minutes and then filtered. Then, 5 mL of synthetic nutrient medium (0,1 g/L NaCl; 0,01 g/L
KCI; 0,01 g/L MgSOy; 0,01 g/L CaCl,; 0,02 g/L NaHCOs) was added to the filtrates, boiled for 5 min,
and then cooled to room temperature. Stylonychia mytilus (Ehrenberg) and Daphnia magna (Straus)
cultures were used as the test organisms (Table 1). Stylonychia cultivations in the obtained media were
performed on the multicuvette cultivation device KVM-05 (LLC Europolitest). Daphnia expositions
were performed on the device for exposing crustaceans UER-03 (LLC Europolitest). A toxicity
assessment of the mortality, immobility, and young production of the test objects was carried out by
measuring the number of test objects via direct counting.

Identification of the species of fungi present in the cultivated masses was performed using the
four culture media Czapek agar, Starch-and-ammonia agar, Waksman agar, Wort Agar [15]. All media

were sterilized by autoclaving at 121 °C for 30 minutes. After sterilization and before sowing of Wort
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Table 1. Test organisms and a brief methodology of the mortality tests

Species . Feeding Exposure | Number of .
(test) Organism age organisms time duplicate runs Test endpoints
Stylonychia mytilus | One day — Saccharomyces .
(acute) exponential growth | cerevisiae Ih 64 Mortality
Daphnia magna <24h Olq —age None 48 h 64 Mortality
(acute) synchronized culture
Daphnia magna <24 hold —age- Saccharomyces Mortalilt}./,
(chronic) ;ynchronize d eulture cerevisiae, 28 days 16 immobility,
Chlorella vulgaris young production

Agar and Czapek agar, 0,4 % (by volume) of concentrated lactic acid was added to the molten agar in
a sterile manner.

Samples of cultivated masses (1 g) were transferred to 50 mL sterile test tubes and then diluted
with distilled water to prepare dilutions of 10! to 10~*. The next stage involved application of the
prepared dilution to a Petri dish with a culture medium. The plates prepared in this manner were
then incubated for 72 hours at a temperature dependent on the type of substrate used. Analyses of the
qualitative composition were performed based on the macro- and microscopic characteristics using

selected items from the taxonomic literature [16—19].

Results and discussion

The copolymers were synthesized according to scheme (Fig. 1) [13].

CH,
~ s
L BF,*OE,
H—0 1ou 4+ 3
O n

Fig. 1. Scheme of PS and PAL grafting

Biodegradation of the obtained copolymers by pure fungi cultures

The polymer degradation rates caused by individual strains are known to be slower compared to
the degradation rates caused by the natural colonies of various microorganisms in many cases. Over 3
months of incubation, the rectangular pieces of film in the cultures were overgrown with the mycelia
of fungi and did not lose their shape. In the cavities formed on the surface of the film, clusters of dark
mycelia Leptographium sp. and T. harzianum were observed. The data presented in Table 2 show that

the maximum weight loss of the samples observed in the experiments exceeded 30 % (Leptographium
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Table 2. Weight loss (%) of PAL-graft-PS [20:80] samples aged in liquid fungi strains for 3 months

Fungi species
Aureobasidium Triho_derma Ophiostoma sp. | Leptographium sp.
pullulans harzianum
Culture medium 14,6 23,4 26,0 34,3
Culture medium with Tween 60 - - 37,1 25,5

sp. culture). The level of degradation after 3 months was about the same in the cultures of 7. harzianum
and Ophiostoma sp. The least active film destruction was observed in the culture of 4. pullulans.

The high degree of film destruction in the Leptographium sp. culture may be associated with
the dark pigmentation of the culture. Dark-colored fungi with melanized mycelia are known to be
more resistant to adverse environmental factors, including technogenic sources of pollution, such as
unsaturated hydrocarbons and heavy metals [20].

The addition of Tween 60 to the cultivation media of the fungi likely acted selectively. Traces of
Tween 60 increased weight loss of the copolymer caused by the Ophiostoma sp. culture compared to
the variant of biodegradation without Tween 60. However, the rate of copolymer biodegradation caused
by the Leptographium sp. culture decreased in the medium with Tween 60.

Fig. 2 shows micrographs of the original and biodegraded copolymer samples containing 20 wt%
of PAL. The initial polymer was a two-phase system featuring spherical globules 5-40 micrometers in
size (Fig. 2a). Such globules were dissolved when treating the sample with an aqueous alkali (Fig. 2b);

hence, they were mainly ester polymers of AL.

) o

TM-3000 H D57 x500 200um TM-3000 H D58 x500 200um  TM-3000 D7.1 x500 20

Fig. 2. Micrographs of the original copolymer PAL-graft-PS [20:80] (a), hydrolyzed with an aqueous solution of
NaOH (b), and biodegraded (Leptographium sp.) samples (c)

Biodegradation of the copolymer (Fig. 2c) led to deeper and more inhomogeneous destruction
than degradation via copolymer hydrolysis using the NaOH solution (Fig. 2b). Moreover, traces of
biodegradation were clearly visible in the polystyrene matrix, the first of which were the matrix cracks.
It should be noted that when the content of PAL in the polymer was 20 %, the loss of its mass in the
process of biodegradation exceeded this value and reached 31 %-37 % (Table 3). Thus, the obtained
results show that biodegradation via the Leptographium sp. strain partially destroys the PS.
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Biodegradation

of the obtained copolymers in the soil

Table 3 shows the results of the biodegradation of PAL-graf#-PS in the gray soil. All the copolymer
samples, starting from 2 wt% PAL content, were fragmented in 28 weeks.

The first stage of copolymer biodegradation was observed by the weight method after four weeks
for the samples containing 80—100 wt% of PAL (a lost weight of 4—6 wt%). The St homopolymer was
much more stable under the conditions of biodegradation and lost only 0.02—0.07 wt% of its mass after
20-28 weeks of the process. Mechanical destruction of the copolymers with a high content of AL (> 50
wt%) occurred after weight loss of approximately 10 %. The copolymers with a low content of AL (<
30 wt%) were mechanically destroyed after weight loss of 3—4 %, and a 4—12-week induction period
of weight loss was observed for these copolymers.

Microbiological tests of the organic conglomerate samples after destruction of the copolymers
were also performed. In these tests, we found micromycetes, Phanerochaete spp., Acremonium spp.,
Aspergillus spp., Clonostachys spp., Fusarium spp., Mucor spp., Penicillium spp., Trichoderma spp.,
Ulocladium spp., and Umbelopsis spp.

A statistical estimation of the acute toxicity of the aqueous extracts from the biodegradation
products was carried out using Stylonychia mytilus and Daphnia magna as test organisms (Table 4).
Water extracts from the copolymer biodegradation mass at a concentration of 500 mg/l did not show
a toxic effect in terms of mortality for the test objects since the average mortality of Stylonychia and
Daphnia does not exceed 10 % [21-22]. According to terms and conditions of [21-22], such level of

Table 3. Weight loss of PAL-graft—PS samples during incubation in soil (wt%)

Sample 4 8 12 16 20 24 28

PS 0 0 0 0 0,02 0,03 0,07
PAL-grafi-PS [2:98] 0 0 0,05 0,52 1,87 2,92 F
PAL-grafi-PS [3:97] 0 0 0,05 0,57 2,50 4,01 F
PAL-grafi-PS [5:95] 0 0 0,06 0,89 3,66 5,98 F
PAL-grafi-PS [10:90] 0 0,01 0,16 1,62 479 F -
PAL-graft-PS [20:30] 0 0,15 0,71 3,18 F - R
PAL-graft-PS [30:70] |  0.02 0,53 1,26 4,49 F - R
PAL-grafi-PS [40:60] |  0.50 1,12 2,07 6,04 F ) -
PAL-grafi-PS [50:50] 1.10 2,01 4776 8,77 F - R
PAL-grafi-PS [60:40] 1.82 3,23 7,03 11,12 F - -
PAL-grafi-PS [70:30] |  2.66 4,06 9,75 F - ] R
PAL-graft-PS [80:20] |  4.04 6,39 12,82 F - ] R
PAL-grafi-PS [90:10] | 4.22 8,34 F R - _ -
PAL-grafi-PS [95:5] 4.56 9,42 F R - _ -
PAL-grafi-PS [97:3] 6.02 9,87 F R - _ -
PAL-grafi-PS [98:2] 578 9,72 F - - - -
PAL 6.20 10,30 F R - _ -

F — fragmented.
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Table 4. Dependence of the statistical assessment of acute toxicity of the water extracts from the products of the
biodestruction of PAL- graft -PS copolymers from the AL content in the copolymers

Sample Stylonychia mytilus Daphnia magna
Mortality (1 h), % | Standard deviation | Mortality (48 h), % | Standard deviation
PS 3.57 1.44 1.75 0.68
PAL-graft-PS [2:98] 3.81 1.54 1.35 0.87
PAL-graft-PS [3:97] 4.21 1.50 5.20 1.05
PAL-graft-PS [5:95] 2.19 1.39 1.40 0.90
PAL-graft-PS [10:90] 3.48 1.45 2.15 0.96
PAL-graft-PS [20:80] 2.40 1.10 3.30 1.33
PAL-graft-PS [30:70] 3.67 1.80 276 1.52
PAL-graft-PS [40:60] 278 1.28 2.62 1.49
PAL-graft-PS [50:50] 3.30 1.34 2.39 1.38
PAL-graft-PS [60:40] 3.63 1.25 2.36 1.46
PAL-graft-PS [70:30] 5.38 1.15 2.76 1.27
PAL-graft-PS [80:20] 3.63 1.26 2.16 1.37
PAL-graft-PS [90:10] 3.23 1.30 2.65 1.48
PAL-graft-PS [95:5] 2.69 1.24 2.00 1.38
PAL-graft-PS [97:3] 274 1.26 1.91 1.29
PAL-graft-PS [98:2] 2.93 1.35 2.32 1.49
PAL 4.00 1.60 2.50 1.55
Soil extract (control) 1.46 0.92 0.52 0.34
Water (control) 0.56 0.12 0.3 0.16

mortality corresponds to the toxicity lack. We observed only a few rare cases of the mass spontaneous
death of test subjects, likely due to the high concentrations of toxins of microorganisms involved in the

biodestruction of the polymers.

Conclusions

Series of polyangelicalactone-grafi-polystyrene copolymers were obtained through cationic
polymerization earlier [13]. Increasing the portion of styrene units in the copolymers improved the
strength properties and increased fragility. Increasing the PAL content in the copolymers increased the
elasticity of the materials obtained.

Biodegradation of the PAL-graft—PS [20:80] copolymer using pure fungi cultures (Leptographium
sp., Ophiostoma sp., Aureobasidium pullulans, and Trichoderma harzianum) for 13 weeks led to the
partial or complete degradation of the polyangelicalactone globules and partial destruction of the
polystyrene matrix. This biodegradation led to weight loss of the polymer composition up to 37 wt%,
and this value exceeded the content of AL in the polymer (20 wt%). The most active destructor among
the studied cultures was Leptographium sp. In the process of incubating the composition samples
in gray forest soil, a succession of soil microorganisms appeared on the surfaces of the samples.
Under the action of the enzyme systems of these microorganisms, the incubated samples of the

polymer compositions were mechanically destroyed within 28 weeks. The resulting water-soluble
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biodegradation products did not statistically demonstrate toxic effects according to mortality tests
with the Stylonychia mytilus.

Thus, the resulting polyangelicalactone-graft-polystyrene copolymers have physical and
mechanical properties corresponding to the requirements for general-purpose PS [13] and can
completely biodegrade in gray forest soil after 28 weeks.

There are two main problems in polymer biodegradation. The first is mechanical destruction of
the macrosamples, and the second is microplastic mineralization down to CO, and H,O. The obtained
results show that the modification of PS with impurities of PAL or AL can at least solve the first
problem without worsening the properties of the copolymers.
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JlabopaTopHble HCIIBLITAHUSA KUCJIOTHBIX
He(TeBBITECHAIOMUX KOMNIO3ULIM HA ocHoBe ITAB,
aJJYKTAa HEOPraHNYeCKOM KHCJIOTHI M I0JIN0JI0B

AJIS YBEJIUICHU S He(l)TQOTZ[an/I IJ1aCTOB

M. P. llloaunonos, B. B. Ko3.10B,

JI.K. Antynusna, B. A. Kysmunos, JI. A. CrtacseBa
Hnemumym xumuu nepmu CO PAH

Poccuiickaa ®eoepayus, Tomck

AHHOTanusi. B paboTe npeacTaBieHbl pe3ybTaThl Ja00PATOPHBIX MOACIbHBIX UCIBITAHUNA HOBBIX
KHUCJIOTHBIX KOMITO3UIIHY Ha ocHOBe [IAB, ajykTa HEOpraHMIECKOM KHCIOTHI U IMTOJTHOJIOB (TTUIICPHHA
1 copOuTa) B MPOLIECCE BBITCCHEHUS TSKEIOW BBICOKOBSI3KOW HEPTU. DKCIICPUMEHTBI ITPOBOIUIN
C UCIIOJIF30BaHUEM 000PYIOBaHUS I (PU3MUIECKOTO MOACITHPOBAHUS IIpoliecca He(PTEBHITECHEHUSI.
Db PEeKTUBHOCTH HOBBIX KHUCIOTHBIX KOMITO3UI[MH OICHUBAIH MPUMCHUTEIBHO K YCIOBHSAM
MECTOPOXKICHUH, HAXOMAIINXCS HA paHHEH ¥ TO3IHEH CTaqusaxX pa3paboTku. B pe3ynprare uccienoBanuii
YCTAHOBJICHO, YTO MCIIOIh30BAHUE KUCIOTHBIX KOMITO3HUIIMN HA OCHOBE IIUIICPUHA M COPOMTA IPHUBOIAUT
K BEIPAaBHUBAHUIO (DHIIBTPAIMOHHBIX ITOTOKOB C YBEJIWUCHHEM OXBaTa IIaCTa, BOCCTAHOBIICHHIO
MEPBOHAYAJIBHOM MPOHUIIAEMOCTH U, KaK CJICACTBHE, K CYIICCTBEHHOMY IPUPOCTY KO3 duirueHTa

He(bTeBBITGCHeHI/ISI KaK P HU3KUX, TaK U IIPU BBICOKUX TEMIIEpaATypax.

KuaroueBnble ci10Ba: TsoKenass BEICOKOBSI3Kas He(bTB, KHUCJIOTHAas KOMIO3UIUS, TOJHNOJIbI, YBSJINYCHUC

HedTeoTnaun, GpU3nUecKoe MoesInpoBanue, kodgduiueHT HedTeBbITEeCHEHUSI.

Iuruposanue: Hlonumomnos, M. P. JJaGopaTopHble HCIBITaHUS KHCIOTHBIX HE(TEBBITECHAIOMNX KOMITO3HIMI Ha ocHOBe [TAB,
aJIyKTa HEOPraHMYECKOM KUCIOTHI ¥ MOJIHOJIOB [UIsl yBenudeHust Hedreornaun miactos / M. P. Hlonnnonos, B. B. Ko3nos,
JLK. Anrynnna, B.A. Kysmmunos, JI. A. Cracsesa / XKyph. Cu6. denep. yn-ta. Xumus, 2022, 15(2). C. 186—-196. DOI: 10.17516/1998-
2836-0283

Introduction

The world resources of heavy and bituminous oil being estimated at 750 billion tons significantly
exceed the reserves of light oil. Canada and Venezuela are endowed with the largest oil reserves. Hence,
the oil reserves of Canada are 386 billion tons, where 25 billion tons are recoverable oils. Venezuela’s
reserves are estimated at 335 billion tons, of which 70 billion tons are recoverable oil. Mexico, the
United States, Russia, Kuwait and China also have significant reserves [1, 2]. Heavy oils and natural
bitumens are characterized by a high content of aromatic hydrocarbons, resin-asphaltene substances,
a high concentration of metals and sulfur compounds, high values of density and viscosity, increased
coking properties, which leads to high production and processing costs of such an oil.

In order to significantly increase the oil recovery of developed reservoirs, where from it is no longer

possible to extract residual oil reserves by traditional methods, it is necessary to apply new oil production
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technologies. Currently, the most used methods of enhanced oil recovery are waterflooding, methods of
thermal treatment of formation, such as cyclic steam soaking and injection of hot water or steam into the
formation, and physicochemical methods. Each of these methods has its own field of application [3, 4].

Physicochemical methods of enhanced oil recovery are mainly based on the displacement of oil by
aqueous solutions of various chemical reagents, which improve or change as necessary the displacing
properties of water. The most common technologies are based on the introduction of water-soluble
surfactants, polymers, acids and alkalis into the oil reservoir [5—9]. In particular, oil well acidizing
includes the injection of acid (mud acid, HCI, etc.) into the well in order to increase the productivity or
injectivity of the well, as well as to treat the bottomhole formation zone [10]. Surfactant-based chemical
compositions for oil recovery enhancement affect the following interrelated factors: interfacial tension
at the oil-water, water-rock, and oil-rock boundaries, which is due to the adsorption of surfactants at
the interface. In addition, the effect of surfactants is manifested in a change in the selective wetting of
the rock surface with water and oil, in the rupture and washing off of an oil film from the surface of
rocks, in the stabilization of oil dispersion in water, in an increase in the coefficients of oil displacement
by the water phase during forced displacement and capillary imbibition, as well as in an increase in the
relative phase permeabilities. [11, 12].

This paper presents the results of laboratory testing of new acidic chemical oil-displacing
compositions developed at the Institute of Petroleum Chemistry of the Siberian Branch of the Russian
Academy of Sciences (IPC SB RAS).

Acidic Chemical Oil-Displacing Compositions

In recent years, in order to increase the oil recovery efficiency by increasing the permeability of
reservoir rocks and the productivity of producing wells, as well as by increasing the oil displacement
efficiency, acidic oil-displacing compositions have been developed at the Institute of Chemistry of the
Siberian Branch of the Russian Academy of Sciences (Tomsk, Russia) (Table 1). These compositions
are based on an aqueous solution of a mixture of water-soluble surfactants, an adduct of an inorganic
acid, urea, and polyhydric alcohols (glycerol or sorbitol) [13—16].

Inorganic acid contained in the developed acid compositions, in particular, a weak boric acid
(pKa = 9.2) forms a boric acid glycerol complex when interacting with glycerol. It is three to four
orders of magnitude stronger (pKa = 5.7-6.5), so it is capable of dissociating into ions as a strong
monobasic acid characterized by low pH values. In an aqueous solution, when boric acid interacts
with a polyol, a dynamic equilibrium of two successive stoichiometric reactions is established [17, 18].
Figure 1 shows a diagram of the formation of a complex of boric acid and glycerol.

At low temperatures of 20—40 °C, the interaction of the acidic composition with carbonate rocks

results in the return of the original reservoir permeability without the formation of insoluble products

Table 1. Physicochemical characteristics of acidic oil-displacing compositions

Acidic oil-displacing compositions Viscosity, mPa-s Density, g/cm? pH
Glycerol-based oil-displacing compositions 12.8 1.187 2.37
Sorbitol-based oil-displacing compositions 1.83 1.073 3.27
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Fig. 1. Formation of a boric acid glycerol complex

and in a decrease in the swelling of clays, while the released CO, dissolves in the oil reducing its
viscosity by 2—6 times. This results in the additional displacement of residual oil from both high-
permeability and low-permeability zones of the formation.

In addition, urea, contained in the composition, dissolves in water. It is quite stable up to 70 °C,
but at high temperatures (under heat exposure) it hydrolyzes with the formation of carbon dioxide and
ammonia [19]. As a result, an alkaline ammonia-borate buffer system is formed having a high capacity
in the range of of 9.0-10.0 pH units, which provides optimal conditions for surfactant operation and
effective oil displacement. Figure 2 shows the scheme of urea hydrolysis with the formation of carbon

dioxide and ammonia [20].

(NH2)2CO — C02 + Hzo

Carbon dioxide dissolves in oil, which leads to a decrease in its viscosity. In addition, carbon
dioxide and ammonia in the vapor phase contribute to the preservation of the vapor-gas mixture at a
temperature below the steam-condensate temperature, which increases the efficiency of the transfer of
oil components by the distillation mechanism [21].

Being compatible with saline formation waters, the developed compositions have a low freezing
point (20 + —60 °C) and a low interfacial tension at the boundary with oil. They do not form any
precipitated hardness upon dilution but have a beneficial effect on the reservoir rock, since they
preserve its original permeability, reduce the swelling of clay minerals in the reservoir rock and poorly
react with carbonate rocks [19].

Table 1 shows the physicochemical characteristics of acidic oil-displacing compositions based on

surfactants and polyols (glycerol and sorbitol).

4 J

EBC @8N HO IH
Fig. 2. Hydrolysis of urea with the formation of carbon dioxide and ammonia
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High oil-displacing capacity, compatibility with saline formation waters, and a decrease in clay
swelling promote an additional displacement of residual oil from both high-permeability and low-
permeability zones of the formation. At high temperatures, the composition chemically evolves to
become an alkaline oil-displacing composition with a high buffer capacity, providing effective oil
displacement and prolonged impact on the reservoir.

It should be noted that acidic oil-displacing compositions prepared on the basis of glycerol have
a higher viscosity than compositions based on sorbitol; therefore, they are better in displacement of
more viscous oils. For the displacement of light oils (piston displacement), it is preferable to use acidic

compositions based on sorbitol.

Experimental

For laboratory studies of acidic oil-displacing compositions, four models of a heterogeneous
reservoir were prepared (as applied under the conditions of the Permocarbon reservoir of the Usinskoye
oilfield), each model consisted of two columns with different gas permeability parameters.

The Permian-Carboniferous reservoir of the Usinskoye oilfield is located in the depth interval
1100—-1500 m. Under initial conditions, the oil of the Permian-Carboniferous reservoir is characterized
by high values of dynamic viscosity about 710 mPa-s, which is due to the high content of asphaltene-
resin components. Permian-Carboniferous deposits have an extremely heterogeneous geological
structure. Hence, their reservoirs are of a complex type: cavernous-porous, fractured-porous, and
fractured-cavernous-porous. The current state of reservoir development is characterized by a high
degree of water cut in the produced products with low development of geological oil reserves [22]. This
creates the prerequisites for the use of various methods of enhanced oil recovery, in particular, for the
use of chemical compositions. Since the average reservoir temperature is 23 °C, thermal oil recovery
methods are widely used in the oilfield.

The columns were filled with disintegrated carbonate core material using a shaker
(GEOL-3915100000). Next, the gas permeability values were measured according to the method GOST
23409.6—78. Then the columns were sequentially saturated with models of formation water (salinity
62.1 g/1) and formation oil (heat-stabilized oil with the addition of 30 % wt of kerosene) from the
Usinskoye field (Table 2).

Table 2. Characteristics of models of a heterogeneous reservoir

Gas permeability, | Ratio of gas permea- | Oil viscosity, | Pore volume, | Initial oil
Model | Column pum? bilities of models mPa/s cm? saturation,%
1 2.30 43.0 93.2
1 1.92:1 64
2 1.20 422 87.7
1 0.44 46.0 73.8
2 1.76:1 60
2 0.25 39.7 70.5
1 1.10 43.0 64.6
4 1.23:1 55.3
2 0.89 437 62.6
1 1.86 374 63.0
5 3.64:1 52.6
2 0.51 357 64.4
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The gas permeability value of the columns of the heterogeneous reservoir model was in the range
of 0.51-2.30 um?. The permeability ratio of the columns of each model varied within the range 1.23:
1-4.07: 1. The viscosity of the oil was in the range of 47.2—-64.0 mPa/s. The initial oil saturation of the
prepared models averaged 67.6 %.

A laboratory testing of the acidic compositions was carried out using an installation for studying
filtration characteristics (KATAKON LLC, Russia) as applied to the conditions of the Permian-
Carboniferous deposit of the Usinskoye field. The installation, consisted of two columns with a volume
of 125 c¢cm? (core holders), filled with disintegrated core material and having different values of gas
permeability made it possible to simulate reservoir heterogeneity.

The study of the process of oil displacement with the use of acidic compositions was carried out
under conditions simulating the natural mode of development at a temperature of 20-23 °C, as well as
under steam-thermal and steam cyclic exposure at a temperature of 150 °C.

The study of the effect of acid compositions on the oil displacement process was carried out as
follows. First, oil was displaced with water until the products were completely water-flooded from
both columns at a given temperature. Temperatures, pressure values at the inlet and outlet of the
columns, volumes of displaced oil and water from each column were measured every 5—15 minutes.
The obtained data were used to calculate the pressure gradient grad P (MPa/m), filtration rate V (m/
day), fluid mobility k/u (um?/mPass), and coefficient of oil displacement by water Cq (%). After the
oil was displaced by water, a slug of the oil-displacing composition was simultaneously injected into
both columns, pushed with water for a predetermined distance, and thermostated for a certain time.
Then the water injection was continued. The measurement of the above parameters — temperature,
inlet and outlet pressure, volumes of displaced oil and water from each column — was continuously
carried out every 5—15 minutes. In addition, the pH of the fluid at the outlet from the columns and the
concentration of urea included in the compositions were determined. The obtained data were used
to calculate the pressure gradient, filtration rate, fluid mobility, and the absolute oil displacement

coefficient by composition and water.

Results and discussion

Figures 3—6 and Table 3 show the results of determination of the filtration characteristics and
the oil displacement coefficient under conditions simulating those of reservoir, at low temperatures
in natural recovery drive after preliminary treatment with acidic surfactant compositions based on
glycerol (models 1 and 2, Figures 3 and 5) and sorbitol (models 3 and 4, Figures 4 and 6).

The model of formation water of the Usinskoye field was filtered through the oil-saturated models
of the heterogeneous reservoir of the Usinskoye field until the full water cut of the products at the outlet
from the models. The oil displacement coefficient ranged from 43.5 to 51.6 % for all models (Table 3).

Then, a slug of an acidic oil-displacing composition based on glycerol (models of a heterogeneous
reservoir No. 1 and 2) in a volume of 0.5 of the model pore volume and a slug of an acidic oil-displacing
composition based on sorbitol (models of a heterogeneous reservoir No. 3 and 4) were injected at 23 °C
in the direction ‘well — reservoir’. The maximum pressure gradient when injecting acidic compositions
was 10.2 MPa/m. The models of the heterogeneous reservoir were kept for 24 hours and then the water
filtration was resumed. The treatment of heterogeneous reservoir models with acidic oil-displacing

compositions resulted in the additional oil displacement. Due to the treatment with the compositions
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Fig. 3. Filtration characteristics of models of a heterogeneous formation made of carbonate core material: gas
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second columns 0.44 and 0.25 um?, respectively (b) after treatment with an acidic oil-displacing composition
based on glycerol
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Fig. 4. Filtration characteristics of models of a heterogeneous formation made of carbonate core material: gas
permeability of the first and second columns 1.10 and 0.89 um?, respectively (a); gas permeability of the first and
second columns 1.86 and 0.51 um?, respectively () after treatment with an acidic oil-displacing composition
based on sorbitol

the oil displacement efficiency increased from 1.1 to 12.6 % for high-permeability columns and from
10.2 to 21.3 % for low-permeability columns, respectively (Table 3). During filtration, the fluid mobility
in the columns significantly decreased, while the pressure gradient increased from 2.075-6.125 to
7.45-7.875 MPa/m for all models of a heterogeneous reservoir.

The next step was to simulate the oil displacement process under the combined treatment with
acidic oil-displacing compositions and heat treatment. For this purpose, the temperature of the
heterogeneous reservoir models was raised to 150 °C and held for 24 hours. After thermostating, the
filtration of the formation water of the Usinskoye field was continued. As the temperature in the models
has risen to 150 °C and the fluid in the columns has become more mobile, while the gradient of pressure
created when injecting formation water into the reservoir model decreased. Due to the filtration of
formation water at 150 °C, the oil displacement coefficient has increased from 1.1 to 11.1 % in high-
permeability columns and from 0 to 0.5 % in low-permeability columns.

After that, acidic oil-displacing compositions were re-injected into the model of a heterogeneous
reservoir at 150 °C (two slugs of a sorbitol-based composition were sequentially injected into the model

of a heterogeneous reservoir Ne . 3). The heterogeneous reservoir models were kept for 24 hours and
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then the injection of formation water was resumed. At the same time, additional oil displacement was
observed. Due to the treatment with compositions at 150 °C the increment in the oil displacement
coefficient reached 9.5 % for high-permeability columns and from 2.8 to 11.1 % for low-permeability
columns.

In all experiments performed, the equalization of filtration flows (changes in fluid mobility in the
columns) was observed (Figures 5-6).

An increase in the oil displacement efficiency due to the use of acidic compositions occurred
both at low and high temperatures. Hence, the increment of the oil displacement coefficient due to
the treatment with compositions at 23 °C ranged from 1.1 to 12.6 % for high-permeability columns
and from 10.2 to 21.3 for low-permeability columns, respectively. In the case of the treatment with
compositions at 150 °C it ranged from 1.1 to 4.8 % for high-permeability columns and from 8.1 to
14.5 % for low-permeability columns (Table 3). The maximum gradient of pressure created during
filtration was in the range of 0.12—8.3 MPa/m for heterogeneous reservoir models.

Despite the fact that the viscosities of the applied glycerol or sorbitol-based compositions were
different, the results of filtration tests showed in all experiments the equalization of filtration flows. In

addition, all compositions revealed a high efficiency in the process of heavy oil displacement.
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Fig. 5. Changes in fluid mobility in models of a heterogeneous formation made of carbonate core material: gas
permeability of the first and second columns is 2.30 and 1.20 pm? respectively (a); gas permeability of the first
and second columns is 0.44 and 0.25 um?, respectively (b)
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Fig. 6. Changes in fluid mobility in models of a heterogeneous formation made of carbonate core material: gas
permeability of the first and second columns is 1.10 and 0.89 um? respectively (a); gas permeability of the first
and second columns is 1.86 and 0.51 pm?, respectively (b)
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Table 3. Summary of the conducted experiments

Mobility ratio Oil-displacement coefficient
No. of Gas Displacement with Increment of the oil the oil-
model No. of | permeability Before water / water and | displacement coefficient due to the
(expe- column | of column, | injection of | composition, % applicatif)l}
riment) pm? composition | After injection of of the composition, %
composition 23°C | 150°C x
1 2.30 20.6/458 | 12.6 3.6 16.2
1 23.5:1 2.75:1
2 1.20 3.60/38.5| 204 14.5 349
1 0.44 43.0/53.6 7.8 2.8 10.6
2 6.69:1 1.32:1
2 0.25 442/66.5| 12.8 9.5 22.3
1 111 38.5/494| 6.1 4.8 10.9
3 10.9: 1 5.4:1
2 0.89 27.6/509| 10.2 13.1 233
1 1.86 49.5/51.8 1.1 1.1 2.20
4 3.3:1 1.0:0.7
2 0.51 410/33.5| 213 8.1 29.4

Potentiometric analysis of water samples taken at the outlet from the heterogenecous reservoir
model showed an increase in the pH values to a maximum of 8.9 pH units, while the pH values are
determined from the hydrolysis of urea and depend on the temperature of the experiment. Hence, at
low temperatures, the pH values ranged from 5.6 to 7.0 pH units, while at high temperatures they lay
in the range of 8.5-8.9 pH units, which is optimal to ensure the most effective detergent ability of
surfactants.

The concentration of urea at the outlet from the models of a heterogeneous reservoir determined by
the photocolorimetric method depends on the temperature of model. So, at temperatures below 90 °C,
partial hydrolysis of urea and a significant concentration of urea at the outlet were observed, while at a
temperature of 150 °C and a sufficient time of holding the composition in the model of a heterogeneous
formation almost complete hydrolysis took place, and the concentration of urea decreased to trace
values. Following on from the results of the experiments, the amount of urea in the sampled water
was 21.7-95.4 % of the initial concentration on a whole for the models. This suggests different degrees
of urea hydrolysis. The low degree of urea hydrolysis is primarily due to the low temperature. At an

experimental temperature of 150 °C, the degree of urea hydrolysis tends to 100 %.

Conclusions

As a result of the studies, it was found out that the injection of acidic compositions based
on surfactants, glycerol or sorbitol leads to the equalization of filtration fluid flows in reservoir
models. This makes it possible to increase the oil displacement and the sweep efficiencies through
water and steam flooding. The acidic components of the oil-displacing composition interact
with the rock, which allows returning or preserving its permeability. As a result, the injectivity
of the wells increases or persists. In addition, a significant increase in the oil displacement
efficiency is observed under the natural recovery drive and in the case of simulation of thermal
steam stimulation. The increment of the oil displacement coefficient due to the treatment with

compositions at 23 °C ranged from 1.1 to 12.6 % for high-permeability columns and from 10.2 to
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21.3 for low-permeability columns, respectively. In the case of the treatment with compositions
at 150 °C it ranged from 1.1 to 4.8 % for high-permeability columns and from 8.1 to 14.5 % for
low-permeability columns. The total increase in the oil displacement coefficient over the entire
experiment was from 2.20 to 34.9 %. Thus, it was found out that acid compositions based on a
surfactant, an inorganic acid adduct, polyol, and urea are effective for enhancing oil recovery
from high-viscosity oil deposits due to an increase in the oil displacement and sweep efficiencies
through water and steam flooding.

The work was carried out within the framework of the state assignment of the Institute of
Petroleum Chemistry SB RAS, funded by the Ministry of Science and Higher Education of the Russian

Federation.
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Abstract. Sulfation of diethylaminoethylcellulose with chlorosulfonic acid in 1,4-dioxane was studied.
It is shown that with an increase in the amount of chlorosulfonic acid and the duration of the process,
an increase in the sulfur content in diethylaminoethylcellulose sulfate is observed. The maximum
sulfur content (13.8 wt.%) in DEAE-cellulose sulfate is observed at a ratio of CISO;H:(DEAEC) of
20.22:1 (mmol: g) and a process duration of 180 min. The introduction of a sulfate group into the
DEAEC molecule was confirmed by elemental analysis and FTIR spectroscopy. In the FTIR spectra of
ethylaminoethylcellulose sulfate there are absorption bands related to stretching vibrations v(C—O-S) at
810—815 cm™!' and asymmetric stretching vibrations vas(O=S=0) at. 1249-1254 cm'. Using X-ray phase
analysis and optical microscopy, it was shown that during the sulfation of diethylaminoethylcellulose,
amorphization of the material is observed. It has been shown by gel permeation chromatography that
with an increase in the duration of the sulfation process, glycosidic bond cleavage reactions are also

observed with the formation of products with a lower molecular weight and greater polydispersity.
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CyabsdaTupoBanue AM3THUIAMUAHOI TUIEJIIJI03bI

XJIOpCY/b(oHOBOM KKMCa0TOM B 1,4-1M0KCaHe

A.C. Kazauenko® %, H. KO BacuaseBa® ®, 0. H- Maasip™®,
E.B' Eacygnes?, 5. I: bepe:xknasa®, H. Uccaoyn®
“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
QU] «Kpacnoapckui nayunvii yeump CO PAH»
Poccuiickaa ®eoepayus, Kpacnosapck

*Cubupckuii pedepanvhbiii ynusepcumem

Poccuiickaa ®eoepayus, Kpacnosapck

*Ynueepcumem Monacmupa

Tynuc, Monacmup

AnHoTauus. V3ydeHo cynbdaTupoBaHue AUITUIAMUHOITUIILEIIIIONO03bI XJI0PCYIb(HOHOBOH
KHUCI0TOH B 1,4-1nokcane. [loka3zaHo, 4TO ¢ yBeJIMUYCHHEM KOJIMYECTBA XJIOPCYITH(OHOBOI KUCIOTHI
U IPOAOJKUTEIBHOCTH Ipolecca HaOIoAaeTCs yBeJIMYeHUE COICPIKaHUs Cephl B Cysbdare
JUATHIIAMHHOA THIILEJLTION03bl. MakcumaiipbHoe conepkanue cepsl (13.8 mac.%) B cynbdare
JADAD-nemntono3sl Habmogaercs npu cootHomenunu CISO;H:(ADADI) 20,22:1 (Mmouib: T) U
MPOJIOJDKUTENBHOCTH Iponecca 180 muH. BBenenune cynbdaTHoi rpymnmns! B Mostekyry J12ADLI-
MOATBEPKICHO JaHHBIMHU 3JIeMeHTHoro aHanu3a u MK-®ypre-cnekrpockonuu. B MK-cnekTpax
CyJb(aTa STHIAMUHOI THIILIEIIIIONI03bI IIPUCY TCTBYIOT HOJIOCHI ITOTJIOMIEHH S, OTHOCSIIIUECS K BAJICHTHBIM
kose6anusm V(C—O—S) mpu 810—815 cM™! M acUMMETPHUYHBIM BaJIEHTHBIM Kostebanusm vas(O=S=0) npu
1249-1254 c¢m™!. MeTogamu peHTreHo(pa30BOro aHaInu3a 1 ONTUYECKOH MUKPOCKOIIHEN OKA3aHO, YTO
B IIporecce cyIbhaTUpOBaHUS JUITHIAMHHOA THIILIEIIIIONO3b! HAOII0AaeTCs aMop(u3anus MaTepuana.
MeTo10oM resb-IipoHMKAoNIe XpoMarorpaduu ImoKa3aHo, YTO ¢ YBEITUYEHHEM ITPOJOIKUTEIEHOCTH
npouecca cyiabhaTupoBaHus Tak)kKe HAOIIOJAIOTCsl peaKlMU pa3pbiBa MIIMKO3UIHBIX CBs3EH

¢ 00pa30BaHNEM MPOLYKTOB C MEHBILIEH MOJIEKYJISIPHON Maccoii 1 OOJIbIIEH MOIHUINCTIEPCHOCTEIO.

Karouesble ciaoBa: 1neinmno3a, JJDAD-nemronos3a, 1,4-guokcan, XIopcynb(QoHOBast KUCIOTA,

cyib(haTupoBaHue.
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Introduction

Modern polymer chemistry is focused on the creation of biodegradable materials that meet
increasingly stringent economic and environmental requirements. In this regard, special attention has
been paid to natural biopolymers from renewable raw materials, such as cellulose, starch, and chitin
[1]. Such raw materials are the basis for biodegradable and biocompatible materials that can become an
alternative to synthetic polymers obtained from petrochemical raw materials.

Cellulose is the main structural component of lignocellulosic biomass and a valuable chemical raw
material from which valuable chemical compounds can be obtained [2]. Cellulose, as the most widespread,
renewable biopolymer resource, attracts a lot of attention from researchers for the production of new
cellulose materials. Such unique properties of cellulose as biocompatibility, non-toxicity, polychirality,
multifunctionality, mechanical strength, high crystallinity, the ability to form certain superstructures.
determine its use to create materials with a variety of properties. Cellulose derivatives are widely used
in the food, pharmaceutical, and chemical industries [3—6]. Thus, cellulose acetate sulfates can also
have mitogenic activity [7]. Among mixed cellulose esters, carboxymethyldiethylammoniummethyl
cellulose and carboxymethyl-2-diethylaminoethyl cellulose can be distinguished, which are used to
separate gold, platinum, and palladium [8].

Among cellulose derivatives, special attention is paid to products containing a sulfate group.
Cellulose sulphation is a new way to obtain water-soluble products with demanded quality characteristics,
in particular, the ability to enzymatically decompose compared to native cellulose. Cellulose sulfates
are used in various industries as thickeners, sorbents, ion exchange materials, etc. [five]. In addition,
cellulose sulfates have anticoagulant activity [6], and the presence of various functional groups can
significantly expand the scope of their application. Sulfuric anhydride complexes with various bases
are widely used as sulfating reagents for hydroxyl-containing organic compounds, which are used not
only to obtain a sulfating mixture, but also as a reaction medium [10].

Previously [9], we were the first to obtain a new derivative, diethylaminoethyl cellulose sulfate,
using sulfamic acid in 1,4-dioxane and in a eutectic mixture with urea. It has been shown that when
using a eutectic mixture of sulfamic acid-urea, side reactions of carbaming occur.

Diethylaminoethylcellulose is a positively charged resin commonly used in ion exchange
chromatography to separate biomolecules and, in particular, to purify proteins and nucleic acids
[11]. Diethylaminoethylcellulose is a commercially available compound. As a derivative of
cellulose, it is environmentally friendly and easily decomposed. The study of other areas of use of
diethylaminoethylcellulose and its derivatives, in addition to simple use in chromatographic technologies,

is of particular interest. For example, its modification with sulfate groups leads to the formation of a

— 199 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 197-205

material whose surface contains both cationic and anionic groups. Such materials can be used as a basis
for microcarriers in biomedical technologies [12].

In order to obtain water-soluble multifunctional cellulose with the simultaneous presence of cationic
and anionic functional groups, the process of sulfation of diethylaminoethylcellulose with chlorosulfonic
acid in 1,4-dioxane was studied. The structure and composition of the sulfation products were studied
by FTIR spectroscopy, X-ray diffraction, optical microscopy, gel permeation chromatography, and

elemental analysis.

Experimental part

We used diethylaminoethylcellulose (DEAE-Cellulose) (Reakhim, Russia).

The sulfur trioxide complex with 1,4-dioxane used for sulfation of DEAE-cellulose was obtained
by the reaction of 1,4-dioxane with chlorosulfonic acid [10]. To do this, 25 ml of 1,4-dioxane were
placed in a three-necked flask equipped with a thermometer, a mechanical stirrer, and a dropping
funnel, and 1-4 ml (15.2—60.8 mmol) chlorosulfonic acid.

Sulfation of DEAE cellulose with the previously prepared sulfur trioxide complex was carried
out according to a modified procedure [13]. 2.5 g of DEAE-cellulose was added to the complex of
sulfur trioxide and 1,4-dioxane with stirring at a temperature of 20—22 °C, and the reaction mixture
was stirred at this temperature for 60—180 min. Upon completion of the sulfation process, the reaction
mixture was neutralized with an aqueous ammonia solution to pH 8-9. To remove inorganic salts and
other low molecular weight compounds, the neutralized reaction mixture was subjected to dialysis
against water. Dialysis was carried out in a cellophane dialysis bag brand MF-503—-46 MFPI (USA)
with a pore size of 0.1 pm for 10—15 hours, changing the water every hour. After dialysis, an aqueous
solution of sulfated DEAE-cellulose was evaporated to dryness in a vacuum on a rotary evaporator and
a solid residue was obtained — sulfated DEAE-cellulose in the form of an ammonium salt containing
6.3—-13.8 wt.% sulfur.

Elemental analysis of DEAE-cellulose sulfate was performed on a Flash EA-1112 elemental
analyzer (Thermo Quest Italia).

The FTIR spectra of DEAE-cellulose and DEAE-cellulose sulfate were recorded using a
Shimadzu IR Tracer-100 IR Fourier spectrometer (Japan) in the wavelength range of 400—4000 cm-1.
The spectral information was processed using the OPUS program (version 5.0). Solid samples for
analysis were prepared as tablets in a KBr matrix (2 mg sample/1000 mg KBr).

Optical microscopy data were acquired with an OSEELANG OSL-017 microscope (Wuyi,
Zhejiang, China) and processed with S-Viewer 1.0 software.

Weight average molecular weight (Mw), number average molecular weight (Mn) and polydispersity
of liquid product samples were determined by gel permeation chromatography using an Agilent 1260
Infinity IT Multi-Detector GPC/ SEC System with triple detection: refractometer (RI), viscometer (VS)
and light scattering (LS). Separation was carried out on 2x Aquagel-OH mixed M and Aquagel OH-30
columns using a 0.1 M aqueous solution of LiNO3 as a mobile phase. The column was calibrated using
polydisperse PEG / PEO standards (Agilent, USA). The flow rate of the eluent was 1 (ml / min), the
volume of the injected sample was 100 pl. Before analysis, the samples were dissolved in the mobile
phase (5 mg/ml) and filtered through a 0.45 um PTFE membrane filter (Millipore). Data collection and
processing was performed using Agilent GPC / SEC MDS software.
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Results and Discussions

A well-known method for the sulfation of hydroxy-organic compounds is the use of complexes of
sulfur trioxide with organic solvents [10, 14], which can also be obtained by reacting chlorosulfonic acid
with the corresponding bases. The use of 1,4-dioxane in the sulfation of polymers with chlorosulfonic
acid has a number of advantages. First, 1,4-dioxane is a less toxic organic solvent than pyridine, which
is often used in sulfation reactions. Second, sulfation by the complex of 1,4-dioxane with sulfur trioxide
proceeds in a lower temperature range than during sulfation with other reagents [13]. The SO;—1,4-
dioxane complex is unstable when the temperature rises above 30 °C; therefore, DEAEC was sulfated
with this complex at a temperature of 2022 °C.

In Table 1 presents the results of a study of the effect of the ratio of reagents on the sulfur content
in DEAE-cellulose sulfate during sulfation with chlorosulfonic acid in 1,4-dioxane.

According to the data presented in Table 1, with an increase in the amount of chlorosulfonic
acid and the duration of the process, the formation of a more sulfated product occurs, reaching the
maximum value of sulfur (13.8 wt.%) at a ratio of CISO;H: (DEAEC) 20.22: 1 (mmol: g) and process
duration 180 min. Moreover, for a given ratio of reagents, with a decrease in the duration of the process
from 180 to 60 min, a symbatic decrease in the sulfur content in the target product, DEAE-cellulose
sulfate, is observed.

In comparison with the results obtained during sulfation of microcrystalline cellulose (MCC)
under similar conditions [15], sulfation of DEAE-cellulose made it possible to synthesize a water-
soluble sulfated product with a high sulfur content (13.8 % versus 9.3 %). The greater reactivity of
DEAE cellulose compared to MCC in the sulfation reaction may be due to the different morphology of
the initial objects, and hence the greater availability of reactive hydroxyl groups.

The embedding of a sulfate group into the DEAE-cellulose molecule was confirmed by FT-IR
spectroscopy (Fig. 1). In the FTIR spectra of ethylaminoethylcellulose sulfate there are absorption
bands related to stretching vibrations v(C—O-S) at 810-815 cm™! and asymmetric stretching vibrations
0,5(0=S=0) at. 1249-1254 cm™".

Comparison of X-ray diffraction patterns of initial diethylaminoethyl cellulose and sulfated
DEAE cellulose (Fig. 2) shows that amorphization of the material is observed, which occurs as a result

of a decrease in the number of —OH groups and the destruction of ordered polysaccharide during

Table 1. Effect of the reagents ratio on the sulfur content in DEAE-cellulose sulfate upon sulfation with
chlorosulfonic acid in 1,4-dioxane

Ne CISO;H:(DEAEC), mmol: g Time, min Sulfur content S, wt.%
1 5,04:1 60 6.3

2 5,04:1 120 6.6

3 12,63:1 60 8.4

4 12,63:1 120 9.0

5 12,63:1 180 9.5

6 20,22:1 60 12.6

7 20,22:1 120 13.2

8 20,22:1 180 13.8
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Fig. 1. FTIR spectra: 1 — DEAE-cellulose, 2 — DEAE-cellulose sulfate
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Fig. 2. XRD diffraction patterns: 1 — DEAE-cellulose, 2 — DEAE-cellulose sulfate

Fig. 3. Optical microscopy data: 1 — DEAE-cellulose, 2 — DEAE-cellulose sulfate

sulfation. On the X-ray diffraction pattern of the DEAE-sulfate sample, there is a noticeable smoothing
of the peaks in the range of angles from 15 to 25°q, which confirms the amorphization of the material
structure that has occurred [16—18].

The obtained XRD data are consistent with the data of optical microscopy (Fig. 3). In accordance

with the data of optical microscopy (Fig. 3), it is shown that the fibrous structure of DEAE-cellulose is
disordered during sulfation.

— 202 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 197-205

According to optical microscopy (Fig. 3), DEAE cellulose consists of filamentous tubular
structures of various sizes. Sulfation of DEAE cellulose leads to the formation of particles of various
shapes and sizes, which form aggregates, which, in turn, agrees with the data of [9].

On Fig. 4 shows the molecular weight distribution curves (Mw) of DEAE-cellulose samples
sulfated with a sulfur trioxide complex with 1,4-dioxane at different process times.

According to GPC data, the duration of the process significantly affects the profile of the MWD
curve of sulfated DEAE cellulose. The product obtained after 60 min treatment of DEAE-cellulose
with a complex of sulfur trioxide with 1,4-dioxane is characterized by low polydispersity (1.88)
and Mw 26133 Da. A similar profile of the curve was observed in [9], while chlorosulfonic acid is a
more aggressive sulfating agent, which leads to an acceleration of the breaking of glycosidic bonds
[19] in the polymer chain of DEAE-cellulose. As a result, with an increase in the duration of the
process, the MWD curve gradually shifts to the low molecular weight region with a simultaneous
increase in the polydispersity of the samples. On the MWD curves of DEAE-cellulose sulfates,
three main regions are clearly distinguishable: 1) 30-60 kDa, which refers to a low-substituted
polymer; 2) 10-30 kDa, corresponding to a modified partially depolymerized product; 3) the region
below 10 kDa is represented by oligomeric hydrolysis products, partially removed during product

dialysis.

4 4 2
3 -
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Fig. 4. Curves of molecular weight distribution of samples of DEAE-cellulose sulfates (at the ratio
CISO;H:(DEAEC), 20,22:1 mmol: g): 1 — at a duration of 60 min, 2 —at 120 min, 3 — at 180 min

Table 2. Molecular weight characteristics of DEAE-cellulose sulfate samples (at the ratio CISO;H:(DEAEC),
20,22:1 mmol: g): 1 — at a duration of 60 min, 2 —at 120 min, 3 — at 180 min.

Sample Mn (Da) Mw (Da) PD
1 13901 26133 1,88
8619 19478 2,26

5316 14885 2,8
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Conclusions

This paper presents the results of a study of the process of sulfation of DEAE-cellulose with
chlorosulfonic acid in 1,4-dioxane. The influence of the ratio of reagents on the sulfur content in
DEAE-cellulose sulfate has been established.

The embedding of a sulfate group into the DEAE-cellulose molecule has been proven by IR
spectroscopy. In the FTIR spectra of diethylaminoethylcellulose sulfate there are absorption bands
related to stretching vibrations v(C—O-S) at 810-815 c¢m™ and asymmetric stretching vibrations
0,5(0=S=0) at. 1249-1254 cm™".

It was shown by XRD that the introduction of a sulfate group leads to amorphization of DEAE
cellulose due to a decrease in its order. This is also indicated by optical microscopy data. According
to optical microscopy, DEAE-cellulose consists of filamentous tubular structures of different sizes.
Sulfation of DEAE-cellulose leads to the production of particles of various shapes and sizes, forming
aggregates.

It has been shown by gel permeation chromatography that the duration of the process significantly
affects the profile of the MWD curve of sulfated DEAE cellulose. With an increase in the duration of
the process, the MWD curve gradually shifts to the low molecular weight region with a simultaneous

increase in the polydispersity of the samples.
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KosmvecTBeHHOE onpene/ieHue KOHIEHTPALMHU
JIEKAPCTBEHHBIX BellleCTB B Ta0JleTKaX HMTPaMOHA
MeToaoM AuddepeHIUPOBAHNS CIEKTPOB

norJioumeHns nojJJuHomamu YeoOnimena

T. H. HoxoBa, JI. U. Koti10Ba
Tromenckutl 20cy0apcmeennviil MeOUYUHCKUL YHUBEPCUMeNn
Poccuiickas ®edepayus, Tomenw

AHHOTauus. M3ydeHa 3(peKTHBHOCTD HCIIOIb30BAHMS KOJHYSCTBEHHOTO aHAIH3a KOMIIOHCHTOB
tabnetok «{urpamon — I1» oT pasubIx npousBoauTenei MetonoM auddpepeHunpoanus YO-CrekTpos
TIOTJIOIICHU S TOJIMHOMaMu YeOblneBa. YCTaHOBICHBI KPUTEPUH €T0 YCHEIIHOTO TPUMEHEHU L.
Pa3paboTrana MeTOMKa pa3BeAEHU TabJIETOK IUTPaMOHa, OJ0OpaHbl PACTBOPUTENH [JIs IPOBEICHU
Ka4eCTBEHHOr'0 U KOJIMYECTBEHHOI'O aHai3a 00pa3loB. BelsiBiieHa JTHHEHHAS 3aBUCHMOCTD MEKIY
KO3 PUIIMEHTAMH ONTUMAJIbHBIX TIOJMHOMOB U KOHIIGHTPALMEH IS KaXkJIOr0 KOMIIOHEHTa CMECH
B TOYKaX MaKCHMAaJIbHOTO MOIOIeH . HaliieHbl ypaBHEHHS IPaly HPOBOYHBIX TPaHUKOB, 00CYKICHBI

YCJI0OBUSA UX UCIIOJIB30BaHU.

KawueBblie ciioBa: NMUTpaMOH, KUCJIOTa ane€TUJICalInulunjIoBasa, napaneramMol, KO(I)CI/IH,
y(I)-CHeKTpBI TIOIJIOIICHU A, METO/ I[I/I(i)(bepeHHI/IpOBaHI/IH CIICKTPOB MOIIOICHH A, IOJIMHOMHAJIBHOC

nuddepeHunpoBaHue.

Iuruposanue: [{oxora, T.H. KonnyecTBeHHOE Onpe/ieieHNe KOHIIEHTPAIlNK JeKapCTBEHHbIX BEIIECTB B TA0NETKaX IINTPAMOHA
MeTozioM AU epeHIInPOBaHUS CIIEKTPOB ToryIomeHus noarnHoMamu Yeowimena / T. H. Iokosa, JI. 1. Kotnosa // XKyph. Cu6.
denep. yn-ta. Xumus, 2022, 15(2). C. 206-213. DOI: 10.17516/1998-2836-0285

BBenenue

B dapmaneBrnueckom aHasm3e Beeraa OblIa aKTyalbHOH 3a/]a4a OIpeIesICHHsI KOJTMYECTBEHHOTO
coctaBa cMeceil. Mcronb30BaHue CIEKTPAIbHOIO aHAIN3a AJIS ATUX LIeJIel 3aTpyJHAeTCSA TeM, YTO I10-
JIOCHI TOTJIOIIEHH S JIEKAPCTBEHHBIX BEIIECTB B CMECH ITEPEKPhIBAIOTCS. [10sBIISIIOTCS pabOTHI, B KOTOPBIX
ABTOPBI IIPEJIAratoT IPUMEHSITh BBIYHCICHNE IIPOU3BOAHBIX OT CIIEKTPOB MOTJIOMICHHUSI, YTO ITO3BO-
JSIET ONPEAETSATh COCTaB IPENnapaToB CMECH 110 MAKCHMYMaM IPOU3BOIHBIX CIIEKTPOB IOTJIOMICHHS
[1-3]. 1151 KOIM4YECTBEHHOTO OTIPE/IEIeHNU S JIGKAPCTBEHHBIX IIPETIapaToOB B CMECSIX HUCIIOIB3YIOT METOJ
@upopara. Hcnons3oBanne metoga @upopara 1uis 1ByX 1 peke IS TPEXKOMIIOHEHTHBIX CMecel Tpe-
OyeT coOII0eHN s aAJUTUBHOCTH CBETONOITIOIIEHHU I, KOTOPOE B CMECAX YacCTO HE BBIIOIHACTCS U3-3a
B3aMMOJICHCTBHS KOMIIOHEHTOB CMECH JIpyT ¢ ApyroM, pH-cpeasl u aApyrux BHENIHUX (HakTopos [4].
WHora coneprkanue OHOTO BELIECTBA B CMECH MOXKET Ha MOPSIIOK MPEBBIIIATH COACPIKAHNE JPYTOTO.
Meton ®@upopaTa B 3TOM cilydae MPUBEIET K OOJIBIION HOTPEIIHOCTH.

[Mpumenenue MeTona Npou3BOAHBIX YD-CIIEKTPOCKONUH B KOJIMYECTBEHHOM aHaJln3e He TpeOy-

€T NPOBCPKHU AAAUTUBHOCTH, 4 I'TABHOC, BO3MOXKHO OIMHUCATh IMOJIOCHI MOIIOICHU A JICKAPCTBCHHOI'O
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npernapara HoJIMHOMaMH pa3iudHbIX creneHel [S]. [Togbop onTUMaIbHOTO MOJIMHOMA ISl CIEKTPa
MOTJIOIIEHHS] CMECH COOTBETCTBYET N PEepEeHIINPOBAHUIO MOTMHOMHUATbHOU QyHKIMU. Ecu criektp
MOTJIOIIEHUSI — 3TO HOJIUHOM M-T'0 MOPsJIKA, TO 3-32 B3aUMOJICHCTBHISI KOMIIOHEHTOB HUJIU APYTHUX
(hakTOpOB CTENEHb MOJKMHOMA OyIeT yBenndeHHOH. Ha kax oM rare nuddepeHnnpoBaHus CTEeHb
MOJIMHOMa YMEHbIAETCsl, YTO MO3BOJISIET YCTPAHSTh BIHUSHHS HEYYTCHHBIX ()aKTOPOB HA CIIEKTP I10-
[JIONIEHUS ¥ B PE3YJIBTATE MOIYyYaTh ONTUMABHBIN OJIMHOM M-T0 mopsiaka. [IpennokeHHbIil MeTo
OTHOCHTCSI K METOJIaM YHCIIEHHOTO Au(depeHIpoBanrs. MeTos mo3BosisieT ObICTPO U TOUHO MONTy4aTh
MPOU3BOJHBIE OT CIEKTPOB MOTJIOIICHHS (IIOJIUHOM) JTH000T0 MOPsIIKa.

[enpro pabOThI OBLIO MPOAEMOHCTPUPOBATh 3(H(HEKTHBHOCTH MCIIOJb30BaHMs qu(EepeHIIHPO-
BaHUsI CIIEKTPOB MOTJIOIIECHHS MTOJTMHOMHUAIBHBIM METOIOM JIJIsI OTIPE/ICIICHHS KOHIICHTPAIIMU JIeKap-
CTBEHHBIX BEIIECTB B TaOJIETKax LIUTPAMOHA OT Pa3HbIX MPOU3BOJIUTEICH, pa3paboTaTh METOAUKY
pa3BeieHus IUTPAMOHA, [000paTh PACTBOPUTEIIb, BHISIBUTH ONTUMAJIbHBIC KOHICHTPAIIMH ['PAy -
POBOYHBIX I'pa(h)UKOB.

BerunciieHre mpou3BOAHBIX BHICOKOTO MOPSIIKA OT CIIEKTPOB IOIJIONICHHS PACTBOPOB Ta0OJIETOK

MOKHO OCYIIECTBUTH C MMOMOIIBI0 KOMITBIOTEPHON MPOrpamMMBI [6].

MartepuaJibl U METOIbI

B pabome ucnonvzosanu credyrouue mamepuanbl:

1. «urpamon — I1» — Tadnerku npoussoacTBa AO « TATXMUM®DAPMIIPEITAPATGI», r. Ka-
3aHb (cepust 550920, rogen go 10.2024). Macca omHOM TaOIETKH COACPKUT KUCIOTHI Alle TUIICATHIIH-
noBo#i 240 mr, napaneramona 180 mr, kopenna 30 mr. — TNe 1.

2. «lurpamon — I1» — rabnetkn npousBoacrTsa AO « MEJIICOPBy, 1. ITepms (cepus 39042020,
ronen 110 05.2024). Macca onHO#M TaONeTKH COAEPKUT KUCIOTHI alle TUIICATUIIMIIOBOH 240 Mr, maparie-
tamona 180 mr, kopenna 30 mr. — TNe 2.

3. «Iutpamon — IT» — tabnetku npousoacTBa OAO «JAJIBXMUM®DAPMy, r. XabapoBck (ce-
pus 440920, romen mo 09.2024). Macca omHOW TaOIETKH CONEPKUAT KUCIOTHI alleTHIICATUITUIOBOM
240 wmr, napaneramosna 180 mr, kodeuna 30 mr. — TNe 3.

4. «lurpamon — II» — Tabnetkn nmponssogctsa AO «IIpousBoncTBeHHAs (apMalieBTHUECKAS
kommanus OOHOBJeHUeY, . HoBocuOupcek (cepust 11120, romen no 12.2024). Macca ogHO# TabaeTKu
COIEPIKUAT KUCIOTHI areTricanuimioBoi 240,00 mr, mapareramona 180 mr, kopewnna 27,50 mr. — TNe 4.

5. Mogenbable cmecu «llutpamon — II» ObLIM MPUTOTOBJIEHBI U3 COOTBETCTBYIOIMUX TPeOO-
BaHUIM (papMaKOIEHHOW CTAThU (papMaIeBTHICCKUX CyOCTaHIIMIA — KACIIOTA alleTHIICATUIIAIOBAs —
(®C 2.1.0006.15); mapaneramon — (OC 2.1.0154.18); kopenn — (PC 2.1.0116.18).

6. B xauecTBe pacTBOpUTENS UCNIONIB30BaH 98 %-HbII 3TaHO U XJIOPUCTOBOAOPOJHAS KUCIIOTA,
x4. (Curma Tek, Poccus), (HHal — 0,01 monw/m), (TOCT 3118-78).

B pabome ucnonvzosanu obopyoosanue:

Cnexrpodoromerp CP-2000-02 (OO0 OKB «CriexTp», cepuiinbiii Homep 090055, 09.2009).

Memoouka npucomosnenus pacmeopos 0iisi CNeKmpaibHO20 AHAIU3ZA

1) Tlo 10 TabmeTok MUTpaMoHa OT Ka’KJOTr0 IIPONU3BOINTEISI PACTUPAJIN M B3BEIIMBAIM Ha aHa-
JUTHYECKUX Becax JUIs ONpeAeseHus cpeiHeil maccol oqHOM Tadbmetku: TNe 1 (0,4990 r), TNe 2
(0,5060 1), TNe 3 (0,5200 1), TNe 4 (0,5010 r).
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2) Tounsle HaBecku nopomka u3 10 pactepTeix TabdaeTok (okosno 0,4900 r) momertanu B Mep-
Hy10 K00y BMecTuMOcTbio 100 M 1 pacTBOpsisin B 50 mut pactBopuTtens (98 %-Hblil 3TaHON U XJI0-
puctoBomopoaHas kucinota (HHal-0,01 moss/m), pasBeaennbie B mponopuuu 1:10). CMmech nepemeriu-
BaJIW, JIOBOJIMIIN 0 METKH, HarpeBanu u Guiabrposanu. Ilepssie nopuun ¢puisTpara oTOpackBaIy.
1 M ¢puasTpaTa MOMEIIAINA B MEPHYIO K00y BMecTUMOCThIO 100 MJI M JOBOAMIN 00BEM O METKHU

9THUM XK€ PaCTBOPHUTEIEM (PacTBOPHI A).

Memoouka npucomosnenus pacmeopos 0isi NOCMPOeHUs. 2PAOYUPOBOUHBIX cPAPUKOE

3) Tounble HaBECKU KUCIOTHI alleTHIICATUIINIIOBOI (0Koi10 0,24 1), mapanetamona (okoio 0,18 r),
kodenHa (okoso 0,03 1), hapmaxonelHON YUCTOTHI, pacTBOpeHHBIE B 98 %-HoM 3TaHoe 1 0,01 MOIB/1
XJIOPUCTOBOAOPOIHOM KUCIOTHI (B cooTHOIeHuH 1:10), pacTBOPSIUCH U Pa30aBIIsIIMCh JaHHBIM pac-
TBOPHUTEIEM 10 KOHIEHTPALNH, yKa3aHHbBIX B Ta0I. 2.

4) CrhekTpbl MOMNOLICHNs perucTpupoBasin Ha cnekrpodoromerpe (CD-2000) B nuamnazoHe
oT 200 10 380 HM, ¢ 1IaroM 2 HM U JJIsl Ka)XXJJ0r0 pacTBOpa MOBTOPSIIM TPU pasa.

5) Brluucnenue MPOU3BOIHBIX OT CHEKTPOB IMOITIOMIEHUS OCYIIECTBIAIN C UCIONb30BAHHEM

KOMITBIOTEPHOU ITporpaMmsl [6].

Pe3yabTaThl u 00CYKIEHHE

Cpenusisi Macca OJHOIM TabJeTKH, Macca HAaBECOK, MCIOJIb3YEMbIX JJIS UCCIICAOBAHMSI, a TaKKe
IepecyrnTaHHAs Macca JCKapCTBEHHOTO BEIIECTBA B HABECKE MPEIICTABIICHBI B Ta0II. 1.

JIns mpoBeAeHMs CIIEKTPabHOTO aHalin3a pacTBOphl A pasbaisiiu eme B 150 pa3 pacTBopu-
teseM (98%-ublit 3TaHoN 1 XJopucToBonopoaHas kucinora (HHal-0,01 mons/i), pa3BeneHHbIEe B IPO-
nopruu 1:10). Ipu caatun Y®-cnekTpoB noromienus B guana3one ot 200 mo 380 HM onTuueckue
MIJIOTHOCTH pacTBOpOB TabaeTok Ne 1, Ne 2, Ne 3 11 Ne 4 He mpeBbImanu 1, 4To sBiIseTcs 00s13aTeIbHBIM
YCIIOBHEM CIIEKTPAJIbHOTO aHATH3A.

MeTtox nudpepeHInpOBaHNS CIIEKTPOB MOTIIOIIECHUS TOTHHOMaMH YeOrIeBa ¢ ebio ompee-
JICHHsI KOHIIGHTPALMY KOMIIOHEHTOB B CMECH OIMCaH B HALIMX PAHHUX paboTax [S] M mpoBepeH Ha MO-
JICITBHOM CMECH TaOJIETOK IIUTpaMoOHa. BhIIo moka3aHo, 4TO MAaKCUMATbHOMY ITOTJIOMICHUIO COOTBET-
CTBYIOT JIJIMHBI BOJIH: JIJIsl KUCJIOTHI alleTHIICAIUITUIOBON 22242 HM, 1 napareTtamona 240+2 Hw,
st kohenHa 272+2 M. JlaHHBIC BemecTBa OyAyT HAaXOJUTHCS B OTHOW CMECH, TOTJa CIICKTPaTbHBIM

AHAJIM30M HEJIb3s ONPCACIUTD BKJIA KaXXJI0TO KOMIIOHEHTA B CIOCKTP MMOTJIOMICHHW A, T.K. IIOJIOCHI I10-

Ta6JII/IIIa 1. Maccehl JICKapCTBCHHBIX IIPEIIapaToB, B3ATHIX AJIA aHAJIU3a

Table 1. Masses of drugs taken for analysis

Ta6netin «I[urpamon — [Ty | Cpesss macca Macc}::; :Ta;ﬂecxn, Hcxonqnas Macca BellecTBa B HaBECKE, T
OT pPa3HBIX MPOU3BOJIUTENICH | TaOJICTOK, T juts passesenus, | ACTHPUH KoeunH HapaneTamol
Ta6merku Ne 1 0,4990 0,5030 0,2417 0,03023 0,1813
Ta6metku Ne 2 0,5060 0,4670 0,2210 0,02763 0,1658
Ta6metku Ne 3 0,5200 0,4970 0,2294 0,02867 0,1720
Ta6metku Ne 4 0,5010 0,4960 0,2379 0,02726 0,1784
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rJIOLIEHUs OyIyT NEPEKPHITHL. B 3TOM ciyuae MOXKHO MCHOJIB30BaTh TU(GGEepeHIIMPOBAHNE CIIEKTPOB
MOMIOILEH U] TONTMHOMUATBHBIM METOAOM.

Belunciienre mpou3BOAHBIX OT CIEKTPOB Horjiomenust B oomactu 210-310 HM MOJTMHOMHUATb-
HBIM METOJIOM Ka)/IOTO pacTBOpa TaOJETOK II0Ka3ajio, YTO ONTHMAJIBHOW NPOWU3BOTHON A BCEX
CIEKTPOB 3TOTO JIGKAPCTBEHHOI'O IMpemnapara sABISeTCs MPpou3BoAHas 9-ro mopsaaka (IOIMHOM 9-ro
nopsinka). Hanpumep, ans oo6pasua TNe 4 ypaBHeHue nosnnHoMa 9-ro MoOpsiika, COOTBETCTBYIOIIEE

MUHHUMAaJIbHOU NOrp€IIHOCTH —

D*(1)= —0,084867+(9,09E-03)A+(6,60E-04)A2—(1,43E-04)+13(8,86E-06)1*—
—(271E-07))5 +(4,46E-09)A5—(3,78E-11)A7 +(1,28E-13)A%, e A = 1,2,3,...1.

Konuentpannu Bemectsa B mpenapatax « {utpamon — [1» Haxonuiu mo rpagyupoBOYHBIM Tpa-

¢ukam. Pesynbrarel BerYmMciIeHUI pasMeineHsl B Tabm. 2. JlIis MOCTpOeHUs T'padyHpOBOYHBIX Tpa-

Tabnuna 2. ['panyupoBouHbie rpaduKi U yPaBHEHUS PErPECCUU ISl HAXOXKICHUS KOHICHTPAIMKA BEIIeCTBa
B Tabnetkax «Llutpamon-IT»

Table 2. Calibration graphs and regression equations for finding concentrations of the substance in «Citramon-P»
tablets

Acrupri JUIst KHCIIOTHI alleTUIICATUITHIIOBOH (222 HM) —
Y*y=-1716,25 + 5,9E"2-C;
Kaauposounrie 222 M Y*y =~ 1716,25-5896411335626,25-C(%)
cmecn Y*o — 3HaueHus nonuHoMa | Konuent- || CtanmapThas nmorpemHsocts AY =2 - 103
9-ro mopsiaka pauus, % | Koaddunuent koppemsmuu = — 0,99
1 -6,72E+09 (—6721911000) | 0,00114
2 -7,08E+09 (-7075696000) | 0,00120
3 -1,06E+10 (-10613540000) | 0,00180
4 -1,42E+10 (—14151390000) | 0,00240
Iapauetamon Jlnst napaneramona (242 HM) —
5 Y*y=896,8186 + 1,98E"2-C;
Kannbposounbie 240 mM Y*, = 896,8186 + 1981862061718 C(%)
emect Y*y — 3nauenus monunoma | Konuent- || Cranpapraas norpemnocts AY =4 - 103
9-ro mopsnka pauus, % | Kosddumuent koppensmun = 0,99
1 1,69E+09 (1694494000) 0,00086
2 1,78E+09 (1783678000) 0,00090
3 2,68E+09 (2675510000) 0,00135
4 3,57E+09 (3567355000) 0,00180
Kodenn Jlnst kopenna (272 Hm) —
Kamu6 Y*o=693,0353 + 1,09E3-C.
aTHOPOBOYHRIC 272 mm Yy = 693,0353 + 10891961134995,70-C(%)
cmecn Y*y — 3Hauenns nonuHoma | Konuent- || Crappapraas norpemsocts AY g = 1,5 - 102
9-ro nopsaxa pauns,% | Kospduunent koppensunn = 0,99
1 1,55E+09 (1552105000) 0,000143
2 1,63E+09 (1633795000) 0,000150
3 2,45E+09 (2450692000) 0,000230
4 3,27E+09 (3267589000) 0,000300
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¢uKoB ucnonb3oBanu Mozaeian Tabnerok «llurpamon — II», koTopble pa3daBisaN PacTBOPUTENEM
B COOTBETCTBYIOIIMX KOHIIEHTPAaNUIX. B Tabi. 2 yka3aHbl Oy4eHHbIE KOHIEHTPAIIMH KOMIIOHEHTOB
B KaJIMOPOBOYHOI cMecu Hocie pa3BeleHus. Y ¥y — 3HaueHust KodpPUIMEeHTOB ONTHMaIBLHOTO MOJIH-
HOMa 9-T0 TOpsIKa CMecH B Toukax 222, 242, 272 um. KoHIeHTpanust KOMIIOHEHTa KaJInOpOBOYHON
CMecCH yKa3aHa B % KOHIEHTpalnuu. 3HaueH s K03()(YUIIEHTOB ITOJMHOMA, TT0J1y4aeMbIe [0 KOMIIbIO-
TEPHOU IporpaMMe, HeJIb3sl OKPYTIISATh, YTOOBI HE YBEIMYNBATH IOTPEITHOCTh BHIYHCIICHHUS KOHIICH-
Tparuu KOMIIOHEHTOB cMecH. {71 Ka)XJ0ro M3 4eThIpeX KaJIMOPOBOYHBIX PACTBOPOB ONPEAEIISIN
3HAYEHHSI ONITUMAJIBHON TPOM3BOAHOM B TOUKaX MaKCUMYyMa IOTJIOMICHHSI Ka)KI0T'0 KOMIIOHEHTa CMe-
cu. OnrTuMaibHas Ipou3BoiHAs 9-T0 MoOpsiKa, (BBIOMpanack Mo MUHUMAJIBHOHN OMIKOKe G) HaOI0-
JlaJiach IS BCeX KaJMOPOBOYHBIX PACTBOPOB. DTO BAXKHOE YCIOBHUE ISl IIPUTOTOBJIICHNS PaCTBOPOB
KaJnOpOBOYHOIO rpaduka.

[omy4yeHHBIE ypaBHEHUS JTMHEHHON perpeccuy sl KaXKA0To JIEKapCTBEHHOTO BEIIECTBA B Ta-
OneTKax LUTPAMOHA CIIYIKAT JUJIsl ONPEeNIeHHs] KOHIGHTPAIMK UX B JaHHOW cMecu. KoHleHTpauu
KOMITOHEHTOB HMCCJICIyEMOW CMECH JIOJKHBI OBITH B AMAINA30HE, KOTOPbIE OBIIIM MCIIOIB30BaHbI IS
MOCTPOCHHS KaJTHOPOBOYHBIX I'PahUKOB (Ta0I. 2), 3TO IIABHOE YCIIOBUE TaHHOTO METO/a — OIITUMaJIb-
HBIE ITOJIMHOMBI JIOJDKHBI OBITH OTHOTO TOpsiaKa. Eciu mpy pa3BeseHn# UccaeayeMoro pacTBopa KoH-
LEHTpAIMsI KOMIOHEHTA B CMECH OyJIeT OTJIMYATHCS OT KOHLEHTPAIMH KOMIIOHEHTA B KaJTHOPOBOYHOM
CMeCH, CTEIIeHb ONTHMAJILHOTO TIOJINHOMA Oy IeT He 9-r0 mopsiika ¥ pacuyeThl KOHIIEHTPALNN — HETOY-
HbIMU. B Tabn. 3 mokazaHbl pe3ysbTaThl pACUETOB KOHIEHTPAIMH JIEKAPCTBEHHOI'O BEIIECTBA B Ta-
OJeTKax ¢ MOMOUIBIO IPalyHPOBOYHBIX IpauKoB. Y*¢ — 3HAUCHUS KOI(PPHUIHEHTOB ONTHMAIBHOTO
NOJMHOMA 9-TO MOpsIIKA MCCIETyeMO CMECH B TOYKAaX, COOTBETCTBEHHO, I acnupuHa (222 HM),
U1 mapaneramona (242 um), nis kodewna (272 aM). KoHIEHTpanus KaxIoro KOMIIOHEHTa CMECH
yka3aHa B % KOHIICHTPAIlUH.

CpaBHEHHE MCXOIHBIX Macc JIGKAPCTBEHHBIX IPENapaToB B HaBECKE M PACCUMTAHHBIE MacChl
C Y4eTOM pa3BeieHUs B TabJIeTKax OT pa3HBIX IPOU3BOAUTENICH IPUBEACHHI B Ta0I. 4.

AHanu3upys MOJTy4YeHHbIE Pe3yibTaThl (Tadil. 4), MOKHO CHEJIaTh BBIBOJ, YTO Macca KHUCIIOTHI

Al TUJICAIUIIMIIOBOM, Macca mapareramoa, Mmacca kopernna B Tadmetkax Ne 1, Ne 2, No 3, No 4 ot pas-

Tabmuma 3. 3aBHCUMOCTH 3Ha4eHUH KOI(YOUIHUEHTOB ONTHMAIBHOTO MOJMHOMA 9-TO TOpAIKa CMECH
OT KOHI[CHTPALINH JICKAPCTBEHHOT'O BEIIECTBA B HUX

Table 3. Dependence of the values of the coefficients of the optimal polynomial of the 9th order of the mixture on
the concentration of the medicinal substance in them

Tabnerxn Acnupun IMapaneramor Kodeun
«dutpamon-II»
OT pa3HBIX N . . . . o
MPOM3BOIUTETEH Y% G % Y C, % Y% C%
Tabnemru Ne 1 -1,11E+10 0,00189 2,91E+09 0,001469 2,53E+09 0,000233
Tabnemru Ne 2 -9,33E+09 0,00158 2,70E+09 0,001365 2,25E+09 0,000206
Tabremxu Ne 3 -1,06E+10 0,00179 2,81E+09 0,001418 2,50E+09 0,000230
Tabremxu Ne 4 -1,12E+10 0,00190 2,91E+09 0,001467 2,56E+09 0,000235
CranpapTHas 0,00005 CrangapTHas 0,000002 CrangapTHas 0,000004
norpenraocts C, % norpenrsocts C, % norpemHocts C, %
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Tabnuna 4. CpaBHEHHE PACYCTHBIX U UCXOAHBIX 3HAYCHUN MacC JICKAPCTBEHHBIX BEIECTB B TA0JIECTKAX Pa3HBIX
MPOU3BOIUTEIICH, COACPIKALIUXCS B IPUIIOKCHUIX, UCIIOJIb3YEMbIX JUJISL UCCIICIOBAHU S

Table 4. Comparison of calculated and initial values of the masses of medicinal substances in tablets from different
manufacturers contained in the attachments used for the study

TaGneTku Hcxonnas Paccunrannas Ucxonnas Paccunrannas Hexonnas PaccunTaHHas
«urpamon-IT» macca Macca macca macca A accrTanya
Macca koenHa | Macca KoernHa
OT pa3HbIX acrnupuHa acrupuHa napaneTamona | mapameramona | o0 ke, mT
npousBoauTeneil | B HaBecke, MIT B HaBecke, MI' | B HaBecke, MI' | B HaBecke, MI” ’ ’
Tab.Ne 1 242 + 12 246 £4 181 + 12 191 £0,3 301 30+0,5
Tab.Ne 2 221 £ 11 206 +£4 166 £ 8 177+ 0,3 28 £1 27+0,5
Ta0.Ne 3 229 + 11 233 +4 172+9 184+ 0,3 29+1 30+0,5
Tab.Ne 4 238+ 12 246 £4 178 +9 191+ 0,3 27+1 31+0,5

HBIX HpOHBBOI[PITCJ'ICfI BXOAAT B MHTCPBAJIbL (5 % HOFpeH.IHOCTI/I) MacCChl JICKAPpCTBECHHbIX BCILCCTB

B HABECKaX, B3SITHIX JJIsl UCCIIEOBAHUS, C YU€TOM HaBeCKH [7].

3akjrouenne

1. Paspabotana meTonnka passenenus tadbnaetok «Llurpamon — I1», mogoOpaHbl pacTBOPHUTENH,
BBISIBJICHBI ONTHMAaJIbHbIE KOHIIEHTPALIUHU IPaJly HPOBOUYHBIX T'PaPHKOB.

2. Haiinensl ypaBHEHUs TpaJlyHpOBOYHBIX TPapUKOB ISl KAKIOrO KOMIIOHEHTa TalJIeTOK
«qurpamon-II».

3. Meron nuddepenunpoBanus noauHomMamMu YeObleBa CIEKTPOB IMOTJIOMIEHUSI CMECH Jie-
KapCTBEHHBIX BELIECTB MIO3BOJISIET ONPEAEIUTh KOHLIEHTPALIMIO JIEKAPCTBEHHBIX IIPENapaToB B CMECU
C BBICOKOH TOYHOCTBIO.

4. JuddepeHurpoBaHue CrieKTpa NOMIOLICHHS! OTMHOMHAIBHBIM METOJIOM CMECH JIEKapCTBEH-
HOTO ITpernapara Mo3BOoJIsIeT HAWTH ypaBHEHHE CIIEKTPa MOITIOIEHH S B BUIE NOTHMHOMA «M»-I'0 MOPsIIKa.

5. IIpoBeneHHOE HUCCIENOBAHUE MO KOJUYECTBEHHOMY COIECPKAHUIO KUCIIOTHI alleTHIICATUIIN-
JIOBOH, mapaneramona, kodenna tadbnetok «l{urpamon — II» MOXXHO peKOMEHIOBAThH AJIS aHAIH3a

Ka4yecTBa JICKAPCTBEHHBIX IIPENapaToB, MPOU3BOAMMBIX Pa3HbIMU (pupMamMu.

Cnucok autepartypsl / References

1. benukoB B.T., Bepreituuk E.H., Caymkuna A.C., Knoukos C.B. KonndecrBennoe ompe-
JIeJICHHE JIEKaPCTBEHHBIX BEIIECTB B CMECSIX METOIOM MPOM3BOAHOM cniekTpodoromerpun. Cospe-
MeHHble Memoobl ananuza gapmayesmuyeckux npenapamos 1988. T. XXVI, 7-9. [Belikov, V.G.,
Vergejchik E.N., Saushkina A.S., Klochkov S. V. Quantitative determination of medicinal substances
in mixtures by derivative spectrophotometry. Modern methods of analysis of pharmaceutical
preparations 1988. Vol. XXVI, 7-9. (In Russ.)]

2. ®enepsixkuna A.C., Pognonosa P.A. IIpuMeHeHne mpou3BOAHON CIIEKTPO(YOTOMETPUH IS
KOJIMYECTBEHHOT'O OMpE/IEICHUs ACHCTBYIOIIMX BEILECTB JieKapcTBeHHOTo cpencTBa «Ilapackoden».
Becmuuk gpapmayuu 2009. T. 44(2), 31-42. [Federjakina A.S., Rodionova R. A. The use of derivative
spectrophotometry for the quantitative determination of the active substances of the drug “Paraskofen”.
Bulletin of Pharmacy 2009. Vol. 44(2), 31-42. (In Russ.)]

— 212 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 206-213

3. lopmanor B.K., Auapeesa 0. B., I'epacumos /1. A. [IpumeHeHne mpou3BOAHOMN CrIeKTpodo-
TOMETpPUHU JUIs onpenenenus (Giayramuaa B Tabnerkax. Hayunvle éedomocmu bencopodckozo 2ocy-
dapcmeennozo ynusepcumema. Meouyuna. @apmayus 2014. T. 28(24), 231-234. [Shormanov V.K.,
Andreeva Ju.V., Gerasimov D.A. The use of derivative spectrophotometry for the determination of
flutamide in tablets. Scientific Bulletin of the Belgorod State University. The medicine. Pharmacy 2014.
Vol. 28(24), 231-234. (In Russ.)]

4. Binacosa 1. B., Bepuinnun B. U., Ironko T.I. Merononorus cnekTpoh)oTOMETPHUECKOT0 aHa-
JU3a cMecell OpraHuyeckux coefnHenuii. [IpodieMa Hea AU TUBHOCTH CBETOIOMIIONICHUS. JKypHa
ananumuyeckou xumuu 2011. T. 66(1), 25-33. [Vlasova L. V., Vershinin V.1., Cjupko T. G. Methodology
for Spectrophotometric Analysis of Mixtures of Organic Compounds. The problem of non-additivity
of light absorption. Journal of Analytical Chemistry 2011. Vol. 66(1), 25-33. (In Russ.)]

5. Loxosa T.H., Kornosa JI.U., TIpokodsesa H.TI., 3axapos C./. Merox nuddepenuupona-
HUSI CIIEKTPOB TMOTJIOLICHUSI /ISl KAUECTBEHHOI'O aHAJIM3a TPEXKOMIIOHEHTHOH CMECH JIEKapCTBEHHO-
ro npemnapara. Yuusepcumemckasn meouyuna Ypana 2019. T. 4, 56-58. [Tsokova T.N., Kotlova L.I.,
Prokofieva N.G., Zakharov S.D. A method for differentiating absorption spectra for the qualitative
analysis of a three-component mixture of a medicinal product. University medicine of the Urals 2019.
Vol. 4, 56-58. (In Russ.)]

6. CeuzmerenscTBO Ne 2020660335, Llokosa T.H., Kotmosa JI. 1. ABTOMaTH3HPOBAHHBIN CIIOCOO
pas3zesieHus MoJIOC MOTJIOMICHHUS TIPU CIIEKTPO(YOTOMETPHUECKOM aHaJU3e JISKAPCTBEHHBIX CMECEH.
Omny6u. 02.09.2020. [Certificate No. 2020660335. Tsokova T.N., Kotlova L.I. Automated method of
separation of absorption bands in the spectrophotometric analysis of medicinal mixtures. Date of
publication 02.09.2020). (In Russ.)]

7. TocynapctBenHast (apmakornest Poccuiickoit ®@enepanun. Inexkmpounsviti pecypce-X1V 2018.
T. 4. Pexxum noctyma: http:/femb.ru/femb/pharmacopea.php. [The State Pharmacopoeia of the Russian
Federation. Electronic resource-XIV 2018. Vol. 4. Access mode: http:/femb.ru/femb/pharmacopea.
php. (In Russ.)]



Journal of Siberian Federal University. Chemistry 2022 15(2): 214-225

DOI: 10.17516/1998-2836-0286
VJIK 547.271

Synthesis and Properties of Heterogeneous Catalysts
for FAME Epoxidation

Sergey A. Yudaev*, Olesya V. Shuvarikova,
Kirill A. Vetshev and Anastasiya D. Rubtsova
Ryazan State Radio Engineering University
named after V. F. Utkin

Ryazan, Russian Federation

Received 10.12.2021, received in revised form 29.03.2022, accepted 12.04.2022

Abstract. The paper presents a method for the synthesis of heterogeneous catalysts for the epoxidation
of methyl esters of fatty acids, analyzes the samples, and considers the possibility of their application on
an industrial scale. The samples were synthesized by impregnation and kneading technology. To analyze
the properties, chemical (solution, titration), measurement of strength on a strength meter, determination
of the index of cracking) and instrumental (analysis of volume, determination of actual concentrations
of substances using a photometer, measurement of specific surface area on a chromatographic unit,

determination of catalytic activity on an experimental unit) were used.

Keywords: catalytic processes, heterogeneous catalysts, fatty acid methyl esters (FAME), epoxidation,
biodiesel fuel.

Citation: Yudaev, S.A., Shuvarikova, O.V., Vetshev, K.A. and Rubtsova A. D. Synthesis and properties of heterogeneous catalysts
for FAME epoxidation. J. Sib. Fed. Univ. Chem., 2022, 15(2), 214-225. DOI: 10.17516/1998-2836-0286

© Siberian Federal University. All rights reserved
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: udgin92@mail.ru

— 214 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 214-225

CuHTe3 u cBoiicTBa IreTeporcHHbIX KaTaJau3aTopoB

ynokcuauposannsa MIKK

C.A. IOnaes, O.B. lllyBapukosa,

K. A. Betmes, A./l. PyouoBa

Pasanckuii cocyoapcmeennuiii paouomexuuyeckutl yHugepcumem
umenu B. @. Ymxuna

Poccuiickaa ®edepayus, Psazans

AunHoTanms. B paboTe npuBeieHa METOAMKA CHHTE3a T€TEPOr€HHBIX KaTaIM3aTOPOB SMOKCH N POBAHUS
METHJIOBBIX 3(UPOB )KUPHBIX KUCIOT, HIPOBEACH aHAJIN3 ITOJTYyUYSHHBIX 00pa3L0B, pacCCMOTPEHA
BO3MOXXHOCTH UX IIPUMEHEHUS B IIPOMBINICHHBIX MaciTabax. O0pasibl ObLIIM CHHTE3MPOBAHBI
110 MPONMUTOYHON W 3aMECHOW TEeXHOJIOTUAM. [ aHanmu3a CBOWCTB OBIJIM MCIIOJH30BAHBI
XUMHYecKue (pacTBOpEeHHE, TUTPOBaHKE), pu3ndyeckue (M3MepeHue TPOYHOCTH Ha IIPOYHOMEPE,
OIpezieIeHNE TT0Ka3aTessl paCTPECKUBAHUS) U NHCTPYMEHTAJIbHbIE (aHATH3 00BbeMa Mop, OlpeieIeHue
(haKkTHYECKMX KOHLEHTPAIUI BELIECTB C IIOMOIBI0 ()OTOMETPA, U3MEPEHUE Y/IEIbHON MTOBEPXHOCTH
Ha XpoMaTorpauIecKoil yCTaHOBKE, ONPEAEIICHUE KaTATMTHIECKON aKTHBHOCTH Ha SKCIIEPHMEHTaJIbHON

YCTaHOBKE) METO/BI.

KuroueBble cjioBa: KaTalMTHYECKUE ITPOLIECCHI, TE€TEPOreHHbIE KAaTaJIU3aTOPbl, METUIIOBbIC d(PHUPBI

xUpHBIX KucnoT (MOXKK), snokcunnpoBanue, 0MOIN3EIbHOE TOILUIHBO.

Iurtuposanne: IOnaes, C. A. CHHTE3 U CBOICTBA T€TEPOreHHBIX KaTaIn3aTopoB snokcuaupoanus MIXKK / C. A. IOnaes,
O.B. lllyapukosa, K. A. Bermres, A. /. Pyonosa // XKypn. Cu6. denep. yn-ra. Xumns, 2022, 15(2). C. 214-225. DOI: 10.17516/1998-
2836-0286

BBenenune

Kak n3BecTHO, HapsIy ¢ YCKOPEHHEM XUMUYECKUX PeaKIHil KaTaJIu3aTophl 00eCIIeUnBarOT YHEP-
FEeTUYECKH MCHEE 3aTPyIHCHHBIC TYTH UX MPOTECKAHMUSI, YTO, B CBOIO OUEPE/Ib, IO3BOIISICT d3PPEKTUBHO
HCIIONH30BaTh UCXOTHOE CHIPHE M ONTHMH3HPOBATH IIPOIECC B IIEIOM. ITO OOBSICHSET BCCBO3PACTAFOIIHEC
TEMITbl Pa3BUTHS U 000COOIMBAHUS KATATUTHUECKUX MPOIIECCOB B COBPEMEHHON TTPOMBIIIIIICHHOCTH.
B HacTosmmee BpeMst MO00HBIC TEXHOJIOTHH JIS)KAT B OCHOBE TpuMepHO 90 % XUMHUECKUX TPOU3-
BOJCTB. [ 1aBHBIM TIOTpeOuTENEM siBisieTcst HedTenepepadarbiBatomias orpacis [1,2]. OqHako B Ha-
CTOSIIEEe BpEMs B CBSI3U C IeKapOOHHU3AIMECH SKOHOMUKH aKTyaJbHON 3a]aueii XUMUU U XUMUYECKON
TEXHOJIOTHU CUUTACTCS UCCIEAOBAaHNE HKOJIOTHUECKUX KaTAIUTHYECKUX mporeccos [3]. Cpenn HUX
0co00e MECTO 3aHMMAET MPOIECC MTOKCHANPOBAHUS METUIIOBEIX A(UPOB KUPHBIX KUcIoT (MIXKK)
[4], BBI3BIBAIOIIMI HAYYHBIH HHTEPEC €IIIe U TIOTOMY, YTO B KAY€CTBE ChIPbS HCTIOIB3YIOTCS JKUPBI Pac-
TUTENBHOr0 poucxoxaeHus [5]. MOKK Haxonat npuMeHeHre HE TOJBKO B TOIIMBHO-3HEPI € THUECKOM
KOMILJICKCE — OHH YCIEIIHO MPUMEHSIOTCS B KA4eCTBE ITAaCTU()UKATOPOB U CTA0MIIN3aTOPOB MIPH MIPO-

u3BojacTee [IBX-uznenuii [6].
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[IpombIneHHas TEXHOIOT U KaTanuTHueckoro snokcuauposanus MIXKK ocHoBaHa Ha mpume-
HEHUH TOMOT€HHBIX KaTaJIM3aTOPOB, B KAYECTBE KOTOPBIX HANOOJIEE YaCTO UCTIONb3YIOTCS THAPOKCH B,
AJIKOKCH/IbI M KapOOHATHI IIEJIOYHBIX MeTaIoB B konndectse 0,2—1 % Macc. OT peakIMOHHOI MacChl
[7-10]. Ognako npuMeHEHHE TaKUX KaTaJlu3aTOPOB B XUMHYECKUX PEaKIUAX SINOKCUANPOBAHUS HE-
CKOJIBKO 3aTPyIHSACT UX OTJCNICHHUE OT LIEIEBIX MPOAYKTOB. DTO HEHM30EKHO MPUBOIUT K YBETUUECHHUIO
MaTepuaIbHBIX U JCHEXKHBIX 3aTpaT, CHIDKaeT 3G PeKTUBHOCTH Iponecca. Kpome Toro, ormeuaercs
CIIO’KHAs pereHepanus TaKuX pacXoIHbIX MaTeprasoB. [lepcreKTHBHON TeXHOIOTHEH A1l MOTydeHHUs
SMOKCHUIOB SIBIISICTCS IIPSMOE OKHCIIEHUE KUCIOPOJIOM BO3/lyXa ¢ y4aCTHEM reTepOreHHbIX KaTalln-
3aTOPOB HA OCHOBE IEPEXOIHBIX METAJIJIOB, TAKMX Kak MoiubOaeH u Tutad [11-13]. CymecTByeT psan
1po0JieM ¢ MPUMEHEHUEM MTOZ00HOT0 pojia KaTaln3aTopoB, CBA3AHHBIX B OCHOBHOM C IOHMKXECHHUEM
UX KaTaJIUTHYECKOH aKTHBHOCTHU B Iporiecce cuHTe3a. OHAKO 3TO pa3periaeTcs myTeM MpoBeIeHUs

OMOKCUAUPOBAHUS ITPU 0oJiee BBICOKUX TEMIICpATypax.

JKcHepuMeHTAIbHAS YacTh

CuHTe3 00pa3ioB reTePOreHHbBIX KaTaIn3aTOPOB MPOU3BOIUIICS C IIOMOIIBIO TPOITUTOYHON TEX-

HoJIoruM. B kauecTBe HOCUTEILS KaTajJau3aTropa BBI6paH HpOMBIH.I.]'ICHHBIﬁ 06pa3eu OKCHJ1a aJIFOMHUHU A,

Tabnuua 1. XapakTepucTUKH HOCUTES

Table 1. Carrier characteristics

Bnaroemkocts w, Haceinuoii Bec P, | O0muit 06wem mop 'V, [Tokazarens
[T, % 3 3
% r/cMm cM/T pactpeckuBanus T,%
9,09 60,45 0,71 0,75 51

XapaKTEPUCTUKN KOTOPOTO MPEICTaBICHBI B Ta0M. 1.

JUist IpUTrOTOBIICHHS IPOIIMTOYHOTO PacTBOpa MCHONIb3yeTcst napamonndaar ammonust (ITIMA)
Mapk# Y, KOTOPBIH IpU MPOKAINBAHUY IIEPEXOJUT B TPHOKCH/T MOJINO/ICHA, SIBIISIOLIMICS aKTHBHBIM
BemecTBOM. OnucaHHas peakIus NPOTeKaeT M0 YPaBHEHUIO, IPEICTaBICHHOMY HUKE.

(NHy)sM0705,4 * 4H2O%g(NH4)6M070242_3{02006(NH4)2M04013280__HSZO(;)0CM003

—NH; —NH;

[IponuTOYHBIN PacTBOP M3rOTABINBAETCA IYTEM CMEIICHUS BOABI, CTAOMIN3aTOpa — MEPEKUCH
BOZIOpOJa — M IPOMOTOpPA — OpTOPoCcHOPHOIH KUCIOTH — B CIenyoMuX konmdecTBax: 305-315, 35,
10 M1 cooTBeTcTBeHHO. KBanudukaius Bcex UCIOIb3yeMbIX peakTuBoB — Y. Macca pacTBOpsieMOro
I[IMA cocrasinsier 80—125 .

MepHBIM IUITUHAPOM OTMEpsieTest 250 cM HOCHTENS, KOTOPBIH 3aIMBAETCS TIONTyYEHHBIM pac-
TBOpOM. [locne mponuTKy pacTBOp ynanseTcs, MPOU3BOAATCSA ONEPALMH MPOCYHIKH B T€UEHHUE 2 U
npu 120 °C n npokanuBanus B Tedenue 3 1 mpu 550 °C.

CuHTe3 00pa3noB reTeporeHHBIX KaTaJn3aTOPOB C MOMOIIBIO 3aMECHOM TexHOJMoruu. OCHOB-
HBIM KOMIIOHEHTOM B JAHHOM CJIydae sIBJIsSeTcCs TUTaH. [{ns cuHTe3a 6epyTcs HaBECKU THIPOKCHIA

amomuHus (150—-175 1), okenga turana (2-30 1) u [IMA (22,5 1). B kadecTBe nenTu3aTopa UCIONIb3y-
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eTCs a30THAs KHCJI0Ta, 00BEM KOTOPOI COCTABIISIET 5 MJT IS KayKJIOTO CHHTE3UpyeMoro odpasma. Bee
TIePEeYHCIIEHHBIC KOMIIOHEHTHI CMEMIMBAIOTCS ¥ (POPMYIOTCA. [ paHy bl IPOCYIIMBAIOTCS B TEUEHHUE 2
g npu 120 °C u npokanuBatorcs B TedueHue 3 4 npu 550 °C. TexHomorudeckue napaMeTpsl JaHHBIX
olepanuii OIMHAKOBBI JJIsI IPOIIUTOYHOMN 1 3aMECHON TEXHOJIOTHI CHHTE3a.

[MonyyeHnHbie 00pa3ibl KaTaau3aTOPOB aHAIU3UPYIOTCS M0 CIEAYIOUIMM MapaMeTpam: MOoTepH
IIPHU NPOKAJIMBAHUY; (PAKTHUECKOE COZEpKaHHME OKCHIAa MOJMOAEHa W THUTaHa; oOmuil oObeM 1op;
yZeIbHAs MOBEPXHOCTH; THAMETp ITOP; HACBIITHOM BEC; MEXaHMYeCKasi IPOYHOCTh M PAaCTPECKUBAHUE.

[ToTepu npu MPOKATNBAHUY OIPEACISIOTCS Ty TEM IPOKAINBAHNS HABECOK KakJIOT'0 OIIBITHOTO
obpa3ua maccoii 2 T B MydenbHoit neuun npu temrneparype 550 °C B reueHue 3 4.

DaKkTHUECKOe KOJIMYECTBO OKCHJIAa MOJHOAEHA M THUTaHA, KOTOPOE COJACPXKHUTCS B 00pasuax,
OTIpe/IETIACTCS MMOCPEACTBOM U3MEPEHNUS ONITHYECKON MIIOTHOCTH OKPAIIEHHBIX KOMIJIEKCHBIX COS/IH-
HeHui. M3mMepenust npoBoasTes ¢ momouibio Gporomerpa Mmapkn KOK-3-«30M3» (nimHa BOJHBL 115
monubaena 490+3 uwm, nus tutana — 44043 uHwm).

OO0t 00BEM MOP OMPEASIACTCS CISAYIONINM 00pa30oM: 5 T HAaBECKH 3aIHBAIOT 25 MIT JUCTHII-
JIMPOBAHHOM BOABI U BbIIEpKUBatOT B TeueHue 30 MuH. Jlasiee OHM MOMENIAIOTCS B BOPOHKH M3 OY-
MaXXHBIX QHIIBTPOB 1 oTcTanBaroTcs 10 MuH. M30bITOK Biarn ypansercst QHIbTpoBaIbHON OyMaroi,
nocsie 4yero o0pasiibl B3BEIIMBAIOTCSL.

VYaenbHas MOBEPXHOCTh HM3MEPSETCSl MOCPEICTBOM OMNpeAeieHns o0beMa Trasza, ajgcopOupo-
BAHHOI'O HA MOBEPXHOCTH aHAIM3MPYEMOM IPOOBI M3 MOTOKA ra30BOi CMECH (aproH-TelIMeBoil) mpu
TeMIIepaType >KUIKOrO a30Ta, 3aTeM JeCOpOMPOBAHHOTO M3 HEE IPH IOBBIMICHHH TEMIIEpaTypbl
C MOCJICAYOLIMM PACYeTOM YACIbHOM OBEPXHOCTH. [Ijisl n3MepeHust 00CyK/1aeMOro oKa3aTessi uc-
MI0JTH30BAJIACH XpOMATOrpauecKast yCTaHOBKaA.

OnpeneneHre TUaMETPOB MOP U MOBEPXHOCTEH ¢ HUMH HMPOU3BOAMUTCA TOCPEICTBOM METOAA
pTyTHOU IopoMeTpu. M3Mepenne mpoBouTCs ¢ moMomrsio mpudopa MikromeriticsAutoPorell.

JIist IpOBENEHHM S UCTIBITAHUH Ha HACKITHY O IIOTHOCTH B UIMHAP 06beMoM 100 cM? mopuusmMu
no 20 cm® 3ackinaroTest 00pasisl KaTaau3aropos. [[pou3BOIUTCS YILIOTHEHHE TPAHyJl MYTEM MOCTY-
KMBaHHUS IIMJIMHAPA M0 MOBEPXHOCTH CTOJA B TeYeHUe 2 MUH. B xoe skcriepumMenTa GUKCHpPYyOTCs
Macca IIKHIpa 0e3 00pa3ioB n Macca HWIMH/PA C YIUIOTHEHHBIMU 00pa3iamMH.

OnpezeseHne MEXaHMUYECKOM MPOUYHOCTH OINBITHBIX 00PA3LIOB KaTalu3aToOPOB MPOBOIUTCS WH-
CTpyMEHTaJIbHO ¢ nomouisio npounomepa [1K-21. /Ins ananusa ucnonb3yrorces 30 TIIATENbHO OTO-
OpaHHBIX [0 BHEIIHEMY BUY IPaHYIL

JLst IpoBeIeHN s aHalIN3a KaTaJlu3aTopOB Ha PACTPECKHBAHNE MO BHEIIHEMY BHY TIIATEIBHO
orbupaercst no 100 rpanys Kaxa0ro U3 9 onbITHBIX 00pa3IloB, IOCIIE YeTr0 OHU MOMENAIOTCS B €MKO-
CTH, 3aJIUTHIC TUCTHIIIINPOBAHHON BO/IOMH, Ha 15 MuH. [Tokazarens pacTpecKMBaHUS XapaKTEPH3YeTCs
KOJINYECTBOM HE MOBPEXKIACHHBIX B PE3yJIbTaTe IKCIIEPUMEHTA I'PAHYI.

Jlist onpeneneHns KaTaINTHYECKOW aKTUBHOCTH TTOJIyYEHHBIX KaTaJIu3aTOpOB IPOBOANUTCS Te-
CTHUPOBAaHME KaXKJOT0 CHHTE3MPOBAHHOI0 00pasiia Ha PealibHOM ChIPbE B JIAOOPATOPHBIX YCIOBUSIX.
B kadecTBe CHIPBS UCIIOIB30BAIMCh METHIIOBBIE H(HUPHI JKUPHBIX KHUCIOT U3 ITOJCOJHEYHOI0 Macia
npouspojacTea komnanuu OO0 «ABK-Xum», HCXOXHBIN COCTaB KOTOPBIX MPEACTABIICH B Ta0I. 2.

OxkwucIeHne pon3BOAMIOCH 110 TEXHOJIOTHH, OMCAaHHOH paHee B paboTtax [14, 15]. Macca 3a-
rpy3ku karanm3aropa 11,5 r. B peaktop 3amuBaetcss 100 MJ OKHCISIEMOTO CHIPBS, YCTAaHOBJICHA

noJgadya OKHUCIUTEIIA € MOCTOAHHBIM PACXOA0OM 26 11/u. KOHTpOJ’IB pacxona BO3ayXa MpOU3BOAUTCH
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Tabauua 2. CocraB ucrnosib3yembix MOXKK

Table 2. FAME recoverycomposition

CocraB,% macc
MDXKK
Cl6 C18/0+1 Cl18/2 Cl18/3 C20
Tlogconueunbie 6,5 35,8 56,3 1.4 0,9

oCpecTBOM poTaMeTpa. Temneparypa nposegenus cuatesa 120 °C nogaepxuBaeTcs ¢ IOMOLIBIO
MU ][I-perymnstopa. [Tocie TOCTHIKEHUS 3aAaHHONW TEMITEPaTy Phl KaXK bl 4ac MPOU3BOIAUTCS OTOOD
1po0 /It aHAJIM3a Ha CTENEeHb AIOKCHANPOBAHUS NCXOJHOTO ChIphs. OOIIas mMpo1oKUTEIBHOCTh
cuHTe3a 6 4. AHaIHW3 Ha CTENEHb SMOKCHUIMPOBAHUA IMOAPA3yMeEBaeT OIpeAesieHne KOJIMYecTBa
SMOKCUHBIX COEIMHEHUH, OIYUYEHHBIX B PE3yJIbTaTe CHHTE3a OTHOCUTEIBHO BCEH pEaKIMOHHOMN
Mmacchl. [IpousBonutcs ¢ momonrsio MK-®@ypre-cnekrpomerpa ®CM 2202 mpous3BoACTBa KOMIIA-

Hun «Muadpacnex».

O06cy:x1eHne pe3yJbTaTOB

HOJ’Iy‘IeHHLIe PE3YJIbTAThl aHAJIN3a KAYECTBCHHBIX XapaKTECPUCTHUK OIIBITHBIX 06pa3u03 KaTtaJiu-
3aTOpOB IPE/ACTABJICHBI B Ta0I. 3.

AHanu3 001ero o0bemMa mop CHHTE3UPOBAHHBIX KaTaIM3aTOPOB MMOKAa3all, 4TO B Cliydae 00pas-
0B 1-9 mpucyTCTBHE MPOMOTOPOB HE OKA3bIBAET CYIIECTBEHHOTO BIUSHUS HA 00CYK1aeMblil napa-
meTp. OgHako st 00pasioB 7—9 HaOIHOIAETCA HEKOTOPas 3aBUCHMOCTh 00111ero 00bemMa 1mop oT (ak-

THYECKOW KOHIEHTpaluu okcuaa mosmbdaena (VI), koropast mponsuiiocTpupoBana Ha puc. 1.

Tabauua 3. Pe3ynbTarhl HCCIIE0BAHUS KAUECTBEHHBIX XapaKTEPHCTUK CHHTE3UPOBAHHBIX KaTaIM3aTOPOB

Table 3. Results of the study of the qualitative characteristics of synthesized catalysts

Konuenrtpauus .
AKTHBHBIX Obuuii VrienpHas
O06o3HaueHme IIIII1,| oObeMm Haceimnoii | [Ipounocts, | Tpeck,
Ne Opasua HONTIOHCHITOE, % o TOBEPXHOCTE, | e rem® | H/rpanyima %
0bpasi % Mmacc. ° 3p, M/ ’ pasy ’
- oM/

MOO3 T]Oz
1 DIl 16,50 - 2.4 0,54 197 0,71 52,3 24
2 DI12 17,78 - 2,0 0,55 203 0,72 48,6 28
3 DI13 19,67 - 2,1 0,47 196 0,73 56,6 17
4 | DI14 (docdop) | 15,56 - 1,9 0,54 213 0,72 62,8 6
5 | DTS5 (pocdop) | 16,83 - 1,9 0,46 173 0,75 88,5
6 | D116 (pocdop) | 19,37 - 1,7 0,49 133 0,78 71,1 10
7 |27 (ammuax) | 15,93 - 1,1 0,51 182 0,71 453 16
8 | DII8 (ammmax) | 18,33 - 1,2 0,49 181 0,73 64,9 25
9 |OI19 (ammmax) | 20,45 - 1,1 0,45 185 0,79 57,2 25
10 | OII10 (Tutan) | 13,45 0,67 2.8 0,73 288 0,55 20,8
11 | OI111 (tutan) | 12,30 3,02 4,0 0,79 271 0,54 13,1
12 | OI112 (turan) | 12,95 6,14 0,9 0,75 338 0,53 14,5
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3aBHCEMOCTBH 00mero odbema nop ot paKkTHIECKOH
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===

Obumit obnen nmop, MLt

0

0,

047 ====¢ A 3Tanmoax)
0.46

0

0

44 L L L 1 L
15,50 16.50 17.50 18.50 19.50 20.50

PaxTHUeckan KoHmeHTpaumua Mo(03.%0

Puc. 1. 3aBucumocth 001Iero odbvema mop oT (aKTUYCCKOH KOHIICHTpaIuu okcuma monubacna (VI) mis
o6pa3ioB 7-9

Fig. 1. Dependence of the total pore volume on the actual concentration of molybdenum (VI) oxide for samples
7-9

OTO OOBSICHAETCS TEM, YTO MIPOMOTOP (AMMHAK) MO3BOJISIET AKTHBHOMY KOMIIOHEHTY TIIyOXKe
IIPOHUKATH B IOPbI HOCUTEJIA, TEM CaMbIM YaCTHUYHO 3a0uBas UX ", CJICA0BATCIbHO, CHHMKas 3HAYCHUC
o01ero oobema 1op, MpH YBETMUYEHUH KOIMUYecTBa oKkcuia Mosnoaena. s oopasnos 10—12 nomy-
YeHHBIE JaHHBIE CBUIETEILCTBYIOT 00 OTCYTCTBHH 3aBUCUMOCTH 00IIEro o0beMa mop oT KOHLIEHTpa-
nuu okcuja turana (IV).

B pesyabraTe uccieoBaHus yIEIbHON MOBEPXHOCTH CHHTE3UPOBAHHBIX KATaJIN3aTOPOB BBISIB-
JICHO, 4TO I 00pa3noB 4—6 CyIIecTBEHHOE BIMSIHHIE HA 00CYKIaeMbIi IMapaMeTp OKa3bIBAeT KOH-
ueHTpanus okcuaa mosnbaeHa (VI). DTo 00bsACHsAETCS TEM, YTO B MPOIIECCE MPOKATUBAHKS 00pa3y-
ercst pocopHO-MONNOICHOBBII KOMILIEKC, 3a0MBAIOLINH MTOPHI HOCUTEISI ¥ CHIDKAIOIINHN YACTBHYIO
HOBEPXHOCTb. J[aHHAsI 3aKOHOMEPHOCTh IIPOJIEMOHCTPUPOBaHA HA pHC. 2.

O6pa3zis! 10—12 nMEIOT BHICOKYIO yIEIBHYIO IIOBEPXHOCTD, @ 3HAYHUT, M XOPOIIUH JOCTYII K 00ITb-
HIOMY KOJIMYECTBY aKTHUBHBIX IIEHTPOB KaTaJH3aToOpa, YTO JO0JKHO 00ECHeYUTh ero XOpoline Karta-
JUTHYECKUE CBOMCTBA. 3aBUCHMOCTH JAHHOTO ITOKA3aTellsl OT KOHIEHTpaunn okcuaa tutaHa (IV)
He HabmromaeTcsl.

DKCHEepUMEHTAIBHOE HCCIIEA0BAaHNE PACIPECICHNS YACIbHONW MMOBEPXHOCTH MOp 10 UX Jina-
MeTpaM MOKa3aJio, 4YTO MOPbI C PABHBIMU UamMeTpamMu B ciydae oopasuos JI12, DI15 u DOI18 nexar
B O/IMHAKOBBIX auana3oHax. [IpuumHON 3TOMY sIBIIsieTCSl (PMKCHpPOBAHHAs BHYTPEHHSSI CTPYKTypa
HOCHTEJIsl, KOTOPBI MCIOJIB30BAJICS JUIsl CHHTE3a. DTO, B CBOIO OY€pEe/lb, O3HAYAET, YTO HU KOHIICH-
Tpanust AKTHBHOT'O KOMIIOHEHTA, HA IIPUCYTCTBUE IPOMOTOPA HE MOTJIM OKa3aTh BIMSHNE HA 00CYy K-
JaeMblil mmokasaresb. B ciayuae oopasmos DI110, DIT11 u DI112 MokHO caeaTh BHIBOA O HAIUYUU
0OJIBIIIOr0 KOJIMYECTBA MEJIKUX TI0p, 00yCIaBINBAIOIINX UX BBHICOKYIO YIEIbHYIO IIOBEPXHOCTh. OT-
MEYACTCA TaKKXEC YMCHBIICHUE AUaMETpa Mop ¢ YBCIIMYCHUEM KOHICHTPAlU OKCHUJIa TUTAHA.

ITo pe3ynbraram aHajan3a HaCHIITHOTO BECa CHHTE3WPOBAHHBIX KaTaJIN3aTOPOB IIPOCIECKUBACTCS
YCTKad TCHACHUIUA YBCIUYCHUA 06cy>K)1aeMoro napamMeTpa npu Bo3paCcTaHUU KOHUOCHTPAIIUU aKTHUB-

HOT'0 KOMIIOHEHTa y 00pa3moB 1-9, 4To nmokasaHo Ha puc. 3.
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Puc. 2. 'paduk 3aBHCUMOCTH YIACIBHON MOBEPXHOCTH OT (haKTHUCCKOW KOHIIEHTpaluu okcuaa monubaeHa (VI)

Fig. 2. Graph of the dependence of the specific surface area on the actual concentration of molybdenum (VI)
oxide
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Puc. 3. 3aBHCHMOCTH HACHIITHOTO Beca KaTaIH3aTOPOB OT (PaKTUIECKON KOHIEHTpauy okcua Moiudaena (VI)

Fig. 3. Dependence of the bulk weight of catalysts on the actual concentration of molybdenum (VI) oxide

VY o6pasnos 10—12 He HaOMIOMAETCS HUKAKOH 3aBUCHMOCTH HACHIITHOTO BEca OT APYTHX MOKa3a-
TeJeH.

Ha puc. 4 u 5 npencraBieHbl TpaduK, HILTIOCTPUPYIOIINE paclpeesieHue YACITbHON MOBepX-
HOCTH TIOP M0 X UaMeTpPaM, KOTOPbIE ObLITH MOCTPOEHBI MO IKCIIEPUMEHTAIBHBIM JTAHHBIM.

Ha ocHOBaHUY MOTYyYCHHBIX JAHHBIX MOYKHO CICJIaTh BRIBOJI 00 OTCYTCTBUU 3aBUCHMOCTH KO (-
(burMeHTa IPOYHOCTH OT KOHLIEHTpauK okcuaa moauodaena (V1) uiau okcrnna tutana (IV), Ho MOXHO
OTMETHTH TOJOKHUTEIBbHOE BIHSIHUEC (POCcHOPHOI KUCIOTHI B KAYeCTBE MPOMOTOpPA, TaK KaK HAaUBBIC-
IIMMH TI0Ka3aTeJsIMU 001a1atoT o0opasibl 4—6. O6pasisl 10—12 uMeroT Ype3BbIYaiiHO May0 MeXa-
HHUYECKYIO TPOTHOCTb.

[To mpOYHOCTHBIM XapaKTEPUCTUKAM CAMBIMH HU3KHMH IIOKa3aTeIISIMU 00J1a1at0T 00pasiisl 4—6.

B ciryuae o6pasnos 10—12 HyseBble mokaszaTesn Tpecka 0OBSICHAIOTCS OTCYTCTBHEM KPYIHBIX 10D,

— 220 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 214-225
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Puc. 4. Pactipenenenne NOBEpXHOCTH IOP IO AuamMeTpam aist oopasmnos OI12, OI15 u OI18

Fig. 4. Pore surface diameter distribution for EP2, EP5 and EP8 samples
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Fig. 5. Distribution of the pore surface by diameter for samples EP10, EP11 and EP12

KOTOpbIE NPH HOMNAJaHUHM B HUX BOABI MOT'YT CIYKUTh IPUUUHON pa3pylleHHs I'PaHyJIbl KaTalu3a-
Topa.

B Ta6u1. 4 mpencraBieHbl CpaBHUTEIbHbBIC PE3yIbTAaThl HCIBITAHUI HA KATaTUTUYECKYIO aKTUB-
HOCTB JUJISl Ka)KJIOW TPYIIIBI KaTaJIn3aTOpPOB.

Kak BuaHO, HanOosee BHICOKHE [10KA3aTeIN KOHBEPCHHU, CEIIEKTUBHOCTH U BBIX0OJa COOTBETCTBY-
10T 3KCHEPUMEHTY ¢ 00pa3iioM ueTBepToi rpynmnsl JI112. JlaHHBIH (akT MOKHO OOBSICHUTH TEM, YTO
9TOT KaTaJM3aTOp XapaKTepusyeTcs Hanboee BBICOKOH yneIbHON MOBEPXHOCTHIO M ONTHMAJIbHBI-
MU O JHMaMeTpy HOpaMu, a Takke oOiajgaeT HauOOJbIIeH TOCTYMHOCTBIO K AKTHBHBIM LIEHTPAM.
OOpa3ser mepBoil IpymIbl, B COCTaBE KOTOPOrO OTCYTCTBYET IIPOMOTOP, IIO3BOJIMI JOCTHYb 3HA-
YeHN! KOHBEPCHH M BBIXO/Ia HECKOJIBKO BBIIIE, YeM 00pa3er] BTOPOH TpyIIbl, MPOMOTHPOBAHHBIN
(dbochoproii kucoroit. Hanbosee BeposTHOH MPUUYUHON 3TOrO SIBIISICTCsT 0Opa3oBanue GochopHO-

MOJ'II/I6,Z[GHOBOFO KOMIIJICKCA, KOTOpBIP'I 3a0u1 TIOPBI HOCUTEIA U, KaK CIICACTBUE, OTPaHUYINIT JOCTYIT
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Tabnuua 4. CpaBHUTEIbHbBIC PE3yJIbTAThI, HOJyUYEHHBIE BO BpEMsl POBEJCHHUS MPOLecca AIOKCUIUPOBAHUS
B Pa3JIMUHBIX YCIOBUAX

Table 4. Comparative results obtained during the epoxidation process under various conditions

Temnepatypa cuaresda 120 °C, pacxon oKHCITHTENS 26 /9, TPOAOIKUTEINBHOCTD 6 4
Onucarne ycrosuii Ne rpymmst Konsepcus CeneKTUBHOCTD Brixon
IKCIIEPUMEHTA
Bes karanuzaropa - 42,5 54,1 23,0
OII (6e3 mpomoTopa) 1 52,4 53,5 28,1
OIl (pocdopuas kucaoTa) 2 48,7 53,7 26,1
OIT (ammuaK) 3 58,6 53,0 31,2
OIl (TuTan) 4 70,0 52,9 37,1

Tabnuua 5. Mcnibrtanus oopasma D112
Table 5. EP12 Sample tests

Temmneparypa cunresa 120 °C, pacxon okucauTens 26 ji/4, Ipoa0JIKUTEIBLHOCTD 6 4
YcnoBust skcniepumMeHTa Konsepcus CeneKTUBHOCTh Beixon
IlepBbIit nukn 70,0 52,9 37,1
Bropoii nukn 56,0 53,3 29,9

K aKTUBHBIM IIEHTPaM KaTaiu3aTopa. Huskue mokasaresn BbIX0Ja IPoLecca AMOKCHANPOBAHUS C 00-
pasuamu KaTain3atopoB rpymm 1-3 o0ycliOBIEHbI OTHOCHTENBHO HEBBICOKOH CEIEKTHBHOCTBIO TIPU
MeHbIIeH KoHBepcHH. OTHAKO MOXHO BBIJICJINTH SKCIIEPUMEHT € KaTaJIH3aTOPOM, TPOMOTHPOBAHHBIM
aMMHAKOM, ITOCKOJIBKY KOHBEPCHSI U BBIXOJ B JAHHOM CITy9ae OKa3aJIMCh HECKOIBKO BBINIE. ITO 00b-
SICHSICTCSI YJTYUIIEHHEM CIOCOOHOCTH paclpe/iesIeHs] aKTHBHOI'O KOMIIOHEHTa B I'paHyJie KaTalnu3a-
TOpa 3a CUET BBEACHUS aMMHUAKa.

Bbu1 mpoBesieH psit UCTIBITAHUH JAHHOTO KaTalu3aTropa, HAlPAaBJICHHBIX HA aHAJIN3 €ro KaTalu-
THYECKOW aKTUBHOCTH B IIMKJIMYECKOM Iporecce. Pe3ybraTsl npencraBieHbl B Tad. S.

OCHOBHBIMH TIPOAYKTaMU peaknuu srokcuaupoBanus MOXKK saBisroTcs mepoKcHabl, SMOK-
CHJIbl, 3(UPBI, aNbJETUAbI, KETOHBI, KUCJIOTBI, IPOJYKThI CIIMBKH panukaioB [16-20]. Kak Buaum
W3 JTAaHHBIX TaOJIWIBI, MAKCUMAJbHBIN JOCTUTHYTHIN BBIXOJ IEJIEBOTO MPOIYKTa (3MOKCHIAMPOBAH-
HeIX MOXK) mocne nepsoro nukma coctaBui 37,1 %. 3To OTHOCHTENBHO HETJIOX0M pe3yasTatr Ais
peakuuii OKHCICHNs KHUCIOPOAOM BO3JyXa C HMCIOJIB30BAHUEM I'€TEpPOTreHHOTo Karaiuszaropa [21],
YYUTBIBAs IIUPOKHUH CHEKTP MOOOUHBIX MPOAYKTOB, TIOIYUYaeMBIX B ITpolecce cuHTe3a. Jlanee BEIXo
cHU3MIICS 10 29,9 %, 9TO MOXKHO OOBSICHUTH HApaCTAIOIINMHU TPOYKTaMU KOKCOBaHMSI Ha TIOBEPXHO-
CTH KaTaJu3aTopa u, KaK CIEACTBHE, CHIDKEHUEM KOHIEHTPAMH aKTUBHBIX IEHTPOB MOCJIE BTOPOTO

IUKJIA.

BroiBoabl

Beuty ompeziesicHbl METOAMKHA CHHTE3a M M3TOTOBIICHBI 4 I'PYIINbBI KaTaIu3aToOpPoOB: 0e3 MpoMo-

topa (1-3), mpomoTupoBaHHBIe (pochopHOH KucIOTOH (4—06), ammuakom (7-9) u tutanom (10—12).
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JLutst Kax 10 TPYIIIBI CO3J[aHO TI0 TPH 00pa3lia ¢ pa3JIuvyHON KOHIIEHTPALUeil aKkTHBHOI'O KOMITOHEHTA
TPUOKCHIa MOJNOICHA UITU IIPOMOTOpA.

JIist monydeHHbIX KaTalu3aTOpOB ObLI BBHIIIOJIHEH aHAJIN3 OCHOBHBIX XMMHYECKHX, (HU3HMKO-
XUMUYCCKUX, (PU3NKO-MEXaHHYECKHX M KAaTATUTHYCCKUX XapPaKTEPHUCTHUK. Pe3yibpraThl IMOKa3aliw,
YTO yJaJOCh CUHTE3UPOBATh 00pasilsl, 001aJaroKe BRICOKOH YATbHON MOBEPXHOCTHIO U KaTalH-
TUYECKON aKTUBHOCTBIO.

Kaxxapiit oOpaser ObLI IPOTECTUPOBAH HA PEAIbHOM ChIpbe B YCIIOBHUSIX JIADOpAaTOPHOU ycTa-
HOBKHU. IIpuMeHenue kaTanusaropa B npouecce snokcuauposanuss MOXKK mo3Bonuino 3HauuTes1bHO
YBEITUYHUTH BBIXOJ IIEJIEBOTO MPOIYKTA.

[lo nony4yeHHBIM B XOZ€ MCCIENOBAHUS pe3yJbTaTaM MOXKHO CIEJIaTh BBIBOJ O TOM, YTO yJla-
JIOCh CHHTE3UPOBATh Te€TEPOTreHHbIe KaTann3aTopsl sanokcuauposanns MOXK, naromue pe3ynsraTsl
HE Xy’Ke, YeM F'OMOTEHHEIH o0Opa3el. B manmpHeimeM kK pacCMOTPEHHUIO TUIAHUPYETCS HCCIICOBAHUE
BJIMSIHUSL YCJIOBUI NPOTEKAHMs PEaKIMM SMOKCUAMPOBAHUS METUJIOBBIX 3(HUPOB KUPHBIX KHUCIOT
KHUCIIOPOJIOM BO3/IyXa ¢ HAanOoIee akTHBHBIM 00pa3I[OM T'eTepOreHHOr0 KaTalln3aTopa, BEISIBJICHHBIM

B JaHHOM paboTe, Ha BBIXOJ IIEJIEBOTO MPOIYKTA.
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Abstract. Using the method of scanning electron microscopy in combination with energy dispersive
X-ray spectroscopy (SEM-EDS), a systematic study of the shell compositions of individual globules of
different morphology of a narrow fraction of cenospheres from fly ash from the pulverized combustion
of Ekibastuz coal was carried out. Significant differences in the composition of particles with a ring and
network structure have been established, concerning both the main macrocomponents SiO, and Al,O;
and impurity oxides FeO, CaO, MgO, TiO,. The shell of both types of globules is heterogeneous in
composition and it contains of the fragments with an increased content of silicon, aluminum, calcium,
magnesium, and titanium. The structure-forming mineral precursors of the ring structure cenospheres

are NHy- and K-illite, and the network structure cenospheres are kaolinite.
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COM-IIC-ucciienoBaHue B3aUMOCBSI3M COCTaBa
U CTPOCHHUS CTEKJIOKPHUCTALIIMYECKON 000J109KH

neHocgep dIHEPreTHIeCKUX 301

E.C. Porosenko, E. B. ®omenko, C.B. Kyxrenkuii
Huemumym xumuu u xumuyeckou mexnonocuu CO PAH
QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

AHHOTaUsA. MeTOI0M CKaHUPYIOLISH HJIeKTPOHHOH MUKPOCKOITHH B COYETAHUH C SHEPT OAUCIICPCHOHHOI
perTreHoBckoit criekTpockomnueii (COM-3/1C) mpoBeaeHo CUCTEMAaTHYECKOe UCCIIeIOBaHIE COCTABOB
000JIOUKH MHIMBUIYaJIbHBIX III00YJ pa3IndHON MOP(hOIIOruy y3Koi Gpakunu neHocdep u3 ietyyeil 30716l
OT MBUICBHIHOTO CYKMTaHMsI IKMOACTY3CKOTO yIJisl. YCTaHOBJICHBI CYLIIECTBEHHbIC Pa3IMuHs B COCTaBEe
YaCcTHI] KOJBIEBOI'O U CETYATOTO0 CTPOCHM S, Kacalolluecsl Kak OCHOBHBIX MaKpOKOMITIOHEHTOB SiO,
u Al,Os, Tak u mpumecHbIx okcuaoB FeO, CaO, MgO, TiO,. O6oo0uka ri1o0y1 000MX TUIIOB HEOTHOPOIHA
10 COCTaBY U COACPIKUT (PPAarMEHTHI C MOBBILICHHBIM COACPKAHUEM KPEMHHUS, ATFOMUHHUS, KaJIbLH,
Maruus, Tutaia. CTpyKkTypooOpasy oM MUHEpalbHBIME IIPEKYPCopaMu eHochep ¢ 000I0UKOi

KOJIBIIEBOI'O CTPOCHUSA ABJIAIOTCA NH4- n K—I/IJ'IJ'II/IT, a L[eHOC(i)ep CETHYATOIr'0 CTPOCHU — KAOJIMHUT.

KatoueBnle cioBa: neryuqast 3011a, y3kas ¢ppaxuus, neHocheps, COM-3/IC, MuHEpaIbHBIE TPEKYPCOPHI.

BuaarogaprocTu. ABTops! BelpaxaroT Onarogapaocts corpyaankam UXXT CO PAH JI. A. ConoBbeBy
3a IPOBEACHUE KOJIMYECTBECHHOIO peHTreHo(a30Boro anannsza u A. M. JKukaeBy 3a BbIIIOTTHECHHE
COM-3/1C-ananu3sa. UccnegoBanue BBINOJIHEHO B paMKax rocyaapctsenHoro 3aganus UXXT CO
PAH (ipoext 0287-2021-0013) ¢ ucnonp3oBanuem 1t COM-D/IC-uccienoBanuii 000pynoBaHus

KpacHosipckoro pernoHansHOro eHTpa kojnektusHoro noiaszosanus OUI KHI[ CO PAH.

Hutuposanue: Porosenko, E.C. COM-3/IC-uccnenoBanue B3aMMOCBSI31 COCTABA U CTPOCHUS CTEKIOKPUCTATITUYECKOM
obonouku neHocpep sHepretrudeckux 301 / E. C. Porosenko, E. B. ®omenxo, C. B. Kyxreukwuii // XKypu. Cub. dpenep. yH-Ta.
Xumuns, 2022, 15(2). C. 226-235. DOL: 10.17516/1998-2836-0287

BBenenne

B HacTosiiiee BpeMsi B MUpe O0JIbIIOE BHUMAHKE yJIeNIIeTCs IepepaboTKe MPOMBIIIIEHHBIX OTXO-
JIOB B BBICOKOTEXHOJIOI MYHbBIC MATEPHAIIBI C 3aJaHHBIMHU CBOicTBaMHU. JIeTy4ast 30J1a OT IBUICBHIHOTO
C)KUTAaHMS yIUIst, OCHOBHOH (60—95 %) moOGOUYHBIN MPOAYKT TEIIOBOM 3HEpreTuku [1, 2], comepKut

I1OJIBIC C(I)CPI/I‘IGCKI/IG qaCcTubl — L[eHOC(i)epBI, KOTOpBIC 6nar0zlap$1 CBOUM YHUKAJbHBIM CBOICTBAM

— 227 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 226-235

(HU3Kas MIOTHOCTD, BEICOKASI IPOYHOCTh, TEPMUYECKAsI CTOMKOCTh, XUMUYECKask CTA0OMIbHOCTh, HHU3-
Kasi IIPOBOJIMMOCTB) YCIICIIHO MCIOJIB3YIOTCS IIPU CO3JIaHUM MaTepHalIOB Pa3IMYHOTO HA3HAUCHUS
[3—7]. TloTenuuan ueHochep Kak OCHOBBI HOBBIX ()yHKIIMOHAJIBHBIX MaTEPHAIIOB OMPEACIISICTCS BO3-
MOXHOCTBIO CTa0MJIN3AINU UX COCTAaBa M CBOMCTB, NCXOAS U3 Pa3INInil (PU3NIECKUX XapAKTEPUCTUK
WHAMBHyaJIbHBIX TJI00YJ, 8 KPUTEPHEM INPUMEHHMOCTH B Ka)KJIOM KOHKPETHOM CIllydae SIBISETCS
COOTBETCTBHE JKECTKUM TPEOOBAHUSM K COCTaBY M CTPOCHHIO 00OJIOUKH.

OnHO M3 NePCIEKTUBHBIX HANPAaBJICHU I UCTIONb30BaHMs y3KUX (pakiuii nenochep [8—10] — mo-
JyYeHHE Ha MX OCHOBE BBICOKOCEJIEKTHBHBIX MEMOPAaHHBIX MaTepHasoB IS 11 (Y3HOHHOTO BhIIE-
JICHHS Telus U3 ra3oBeIxX cMmecet [11-14]. Onpenensromiee 3Ha4eHNE B JAHHOM CIydae NMEET He TOJIBKO
XUMHYECKUH, (h)a30BbIl COCTaB M CTPOCHUE CTEKIIOKPHCTAILTIUYECKON 000JIOUKH, HO M COCTaB CTEKIIO]A3HI,
BKJTFOUAFOIIMI COICPKAHUE OKCHI0B-MOAUDHUKATOPOB, MPEHATCTRYOMUX nuddys3un. B yactHOCTH, HC-
CJICIOBAHNE B3aMMOCBSI3U COCTaBa, CTPOCHMS U AU(P(PY3HMOHHBIX CBOHCTB CTEKJIOKPHCTATIMYECKOH
000J104KH LIeHOC(Eep B OTHOLICHUH T'elis B LIMPOKOM JHara30He U3MEHEHHsI MaKPOKOMIIOHEHTHO-
ro u ($a3oBOro cocTaBa IMoKa3ajo, 4To KO3()(UIMEHTHI TeIHeBOH MPOHUIAEMOCTH CTEKJIO]A3bI 1Lie-
HOc(ep NPEBBINIAIOT aHAJOTUYHbIE BEIUYHHBI JIJISl CUJIMKATHBIX CTEKOJ, BKIIIOYas CHHTETHUECKUE
cTexJsiHHBIe MUKpocheps 3M™ Glass Bubbles K37 (CILIA) [14]. CrenaHo TpeANoNokeHHe, 4TO Ha-
0J1r0/1aeMO€e TIPEBBILICHNE MOXKET OBITh CBSI3aHO C PA3JIMYHBIMU YCIOBHSIMHU (POPMHUPOBAHUS CTEKJIA.
l'omorenHbIe cTeKIa POPMUPYIOTCS B YCIOBHUAX JTUTEILHOTO OTXKHUTA ITPH MIOCTOSIHHON TeMmepaType
[15]. B ciayuae nienochep GpopmupoBanue rinolys1 IPOUCXOIUT B PE3yJIbTaTe KOAJIECIEHIIMH MUKPO-
karenb (1-2,5 MKM) pacIiiaBoB aTlOMOCHJINKATHBIX MPEKYPCOPOB (MOHTMOPUIUIOHUT, THAPOCIIONBI
THTIA WIJINTA, KAOJUHUT, MOJIeBbIE IIMATHI) [16] B yCIOBUSIX BBICOKHX TEMIIEPATYPHBIX TPAIUCHTOB
NpH BpeMeHax KoHTakTa ~l1 ¢ [17]. DTo NpuBOANT K TOMY, YTO [0 XUMHUYECKOMY COCTaBy 000JI0YKa
1eHocdep HeoHOPO/IHA, UMeeT (parMeHTapHOE CTPOSHHE U COIEPIKUT o0nacTu, odoramieHnbie Si0,
W HE COIepIKaIINe OKCHIOB-MOJU(PUKATOPOB, persTcTBYomux nuddysuu [10, 14].

AOCOJIIOTHO OYEBUIHO, YTO BBICOKAs 3(PPEKTUBHOCTD U CTAOMIIbHBIE CBOHCTBA MUKpOChepuye-
CKHX MaTE€pHaJIOB OIPEAEISIOTCS MOCTOSHCTBOM MX COCTAaBa M CTPOCHUS Ha II00YyJISIPHOM YpPOBHE.
Jluist Takux 00bEKTOB, Kak HieHochepbl, y3KHe ppakinu KOTOPIX OJHOBPEMEHHO BKJIIOUAIOT HECKOJIb-
KO Mopdosornuecknx THIOB cdepuuecknx udacTul [8—10], mccienoBaHue B3aMMOCBSI3H COCTaBa
Y CTPOEHUS MHUBU1YyaIbHbIX TJI00YJ, yCTAaHOBJICHUE MUHEPAJIBbHBIX PEKYPCOPOB U MapIIPYTOB UX
00pa30BaHUs SBISETCS MPUHIUITHAIBFHO BaXXHBIM IIPH pa3paboTKe HOBBIX (PyHKIMOHAIBHBIX MaTe-
pHaIoB, BKIIIOUAs MOJTYyYEHUE CTEKIOKPUCTAIINYSCKUX MEMOpaH.

B HacTosimielt craThe MpenCTaBIICHBI PE3YJBTAThl MCCIIENOBAHUS COCTAaBa CTEKJIOKPHUCTAIIIH-
YECKOW OOOJOYKHM HMHIUBUIYAJIBHBIX [JIO0YJ pasindHOi MOPGOJOrUU Y3KOH (pakiuu mneHochep
13 JIETy4eH 30Jbl OT MBUIEBUIHOTO CKUTAHMS Yt DKknbdacTy3ckoro Oacceiina. OTCyTCTBHE CHCTE-
MaTHYECKHX JAHHBIX O COCTaBE MHIMBUYaJIbHbBIX 30JIbHBIX YACTHUIL HE TI03BOJISIET OIIPEACTUTH HOBBIC
NIEePCHEKTHUBHBIE 00IaCTH MX IIPUMEHEHHS, OTpaHUYNBaeT (HOPMUPOBAHHE TIPEACTABICHUI O Mexa-

HU3MC UX 06pa3OBaHI/I$[ B ITPOLECCCC NMBUJICBUIHOTO COKUT'aHUA YTJIA.

BKCHepl/IMeHTaJI])HaSI JacThb

B xadecTBe 00BbeKTa UCCIIEAOBAHUSA B pab0Te ObLIIa HCIIOIB30BaHa y3Kasl (hpakIust HEMarHATHBIX
HenepdopupoBanubix reHochep HM-R-5A-0.25+0.2, BeiaesIeHHAS U3 KOHIIGHTpaTa IICHOC(Ep JIeTy-

qei 30JIbI OT NBIJICBUIHOI'O CXKUTaHHUA KaMCHHOI'O BKI/I6aCTy30KOFO YIJist MapKu CC Ha Pe(l)TPIHCKOfI

— 228 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 226-235

I'POC. Boienenue y3koii ppaxiuu rieHochep mpoBOIMIH 110 TEXHOJIOTHYECKON CXeMe, BKITIOYaIOIIei
CTa/InM MarHUTHOW W T'PAaHyJIOMETPUYECKON Celapanuy ¢ MOCIEAYIOINM T'HAPOCTATHIECKUM OT/Ie-
JICHHUEM OT IepPOPUPOBAHHBIX U pa3pyIieHHBIX 1100y [8—10]. Xumudeckuii coctaB y3koi Gppakium,
conepxamuii (Mac.%): SiO, — 56,18; Al,O; — 38,08; Fe,05 — 1,68; CaO — 1,62; MgO — 1,17; SO; — 0,28;
Na,O - 0,29; K,0 — 0,39; norepu npu npokanuanuu — 0,39 onpenensnu mo [OCT 5382-91. ®a3zo-
BBIH cocTaB y3koi (pakuuu, copepxkamuit (Mac.%): mymmut — 36,7; kBapn — 1,7; kansuut — 0,1; cre-
kiodasa — 61,5, omnpenensuin ¢ IPUMEHEHHEM MOJHONPO(UIBHOrO aHalin3a 1no Merony Pursenbia,
coziep’KaHue KPUCTAUINYECKUX (pa3 — METol0M MUHUMHU3ALUHU [TPOU3BOIHON pasHOCTH. MeTonnku
OIIpeJIeNICHHsI XMMUYECKOro U (ha30BOr0 COCTaBOB MOJPOOHO OMKCaHbI B paHee Oy OJMKOBAHHBIX pa-
6orax [8—10]. [To maHHBIM ONITHYECKOW MUKPOCKOITHH, CPETHUN AHaMeTp IeHOChep cocTaBisieT 226
MKM, 3¢ dexkTuBHAs ToNmKMHa 000a09Kku — 11,6 MkM; dpakuust comepkut 57 00.% cdep ceTyaroro
cTpoeHus u 43 00.% 1100y KOJIbIIEBOTO CTPOCHHUS C TOPUCTON 0OO0IOUKOM.
COM-DJIC-ucciieioBaHue XUMHUUYECKOT'0 COCTaBa MHIMBUIYaIbHBIX INI00YI y3Koi (pakuuu
neHocpep HM-R-5A-0.25+0.2 BBITIONHSIIOCH IO METOIHUKE, NETABHO H3JI0KEHHON B padote [10],
BKJIIOYAJIO OIpeielieHre OpyTTO-COCTaBa MOJIMPOBAHHBIX CPE30B 000JI0YKH HHAUBH1YaJIbHBIX III0-
OyJ1 pa3IMYHOTO CTPOCHMS M COCTABOB JIOKAJBHBIX y4aCTKOB, PACIOJIOKEHHBIX Ha MEPECEUCHUH
JUaMEeTPOB TMOJ YIiIoM 45° npyr ot apyra. JluameTp aHayin3a JOKaJbHBIX Yy4aCTKOB COOTBETCTBO-
BaJI TOJIIMHE 000JIOYKH, OJTHOPOJHOCTD PACIIPEEIICHHUS JIEMEHTOB ONPEJISIISUIH 3JIEMEHTHBIM Kap-

TUPOBAHUEM.

Pe3yabrarsl 1 00cyxaeHune

Ha puc. 1 mpencraBnersl o0630pHbIe cHUMKHN (pakmmn HM-R-5A-0.25+0.2 ¢ omrmdeckoro
U 3JIEKTPOHHOT0 MUKpockoma. Cpeau BbIACICHHBIX Gpakinii ieHocep JeTy el 30J1bl OT CKUTAHUS
sknbacrysckoro yris [10] nccnenyemas gpakius XapakTepu3yeTcsi MAKCHMAIBHBIM COZIEPKaHHEM
rioOyn ceruaroro crpoenus. Ilposeneno COM-DJIC-ucciienoBaHie coctaBa WHANBUAYAIbHBIX TJI0-
OyJ1 pa3IMYHOrO CTPOCHUS B 3TOH (hpakunu, OIpeiesIeHbl 3aBUCHMOCTH B3aUMOCBSI31 KOHIICHTPAIH
MaKpOKOMIIOHEHTOB ¥ MUHEpaJIbl-00pa30BaTell, OTBETCTBEHHBIE 3a opMupoBaHHe LIeHOChEp ceT-
4aToro CTPOCHMSI M KOJIBLIEBOT'O CTPOEHUS C IOPUCTOH 000JIOUKOH.

Xumuueckne OpyTTO-COCTABbI MOJUPOBAHHBIX CPE30B 000JIOUKH WHMBHIYaIbHBIX TJ00YJ y3-

kot ppakmmn neHochep HM-R-5A-0.25+0.2 mpuBeaeHs! B Ta0II. 1.

Puc. 1. O630pHbIe cHUMKH ppakiunn HM-R-5A-0.25+0.2 ¢ onTuyeckoro (a) ¥ 3JIeKTPOHHOTO (6) MHKPOCKOTIA
Fig. 1. Overview images of the HM-R-5A-0.25+0.2 fraction from (a) optical and (b) electron microscopes
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Tabnauua 1. Xumuyeckue OpyTTO-COCTaBbI MOJHPOBAHHBIX CPE30B OOOJIOYKH HMHIUBHIYaJBHBIX IJI00YI
KOJIBIIEBOT'O M CETYATOT0 CTPOCHHUS y3KOii (pakiuu neHochep HM-R-5A-0.25+0.2

Table 1. Chemical gross compositions of polished sections of the shell of individual globules with ring and
network structure of a narrow fraction of cenospheres HM-R-5A-0.25+0.2

Ne SiO, | ALO; | FeO | CaO | MgO | Na,0 | K,O | TiO, | MnO | SiOy/ ALO;s

I'mo0GynbI KONMBLIEBOTO CTPOCHUS

4917 | 5767 | 3426 | 376 | 075 | 071 | 076 | 066 | 1,36 | 007 1,68

4915 | 5499 | 3591 | 518 | 0,65 | 057 | 086 | 1,02 | 083 | 0,00 1,53

4919 | 52,93 | 4063 | 093 | 1,38 | 075 | 071 | 057 | 2,00 | 0,00 1,30

5348 | 47,10 | 42,51 | 414 | 134 | 1,9 | 102 | 131 | 05 | 0,00 1,11
['1006yI1BI ceTYaTOTrO CTPOCHUS

5346 | 46,84 | 4592 | 145 | 051 | 042 | 072 | o011 | 394 | 0,09 1,02

5347 | 50,55 | 46,05 | 111 | 033 | 000 | 045 | 1,12 | 037 | 0,03 1,10

5344 | 46,92 | 4715 | 1,03 | 042 | 000 | 036 | 021 | 390 | 0,00 1,00

5345 | 4702 | 50,88 | 1,01 | 0,66 | 000 | 004 | 000 | 039 | 0,00 0,92

YcTaHOBIICHO, UTO MIPE00IIaAONTMMH KOMIIOHEHTAMH B COCTABE MCCIICAOBAHHBIX YaCTHUIL SIBJIS-
torcst Si0,—47-58 mac.% n Al,05-34-51 mac.%. COM-cHuMKH 13100y, KapThl pactpenenenus Si, Al
1 HEKOTOPBIX IIPUMECHBIX 3JIEMEHTOB B Cpe3e 000JI0UKH NPEACTABICHBI Ha pHC. 2 B MOPsIIKE BO3pac-
TaHusi KoHueHTpauu Al,O; B OpyTTo-cocTaBe yacTuibl. AHanu3 COM-CHUMKOB TO3BOJIMII yCTa-
HOBHUTB, YTO C yBeJInUeHHUEeM KoHIeHTpanuu Al,O; HaOnronaeTcss MOHOTOHHOE U3MEHEHHE CTPOCHHS
obosouk rieHocdep. Tak, B uHTepBase KoHueHTpauii Al,O; 34—43 mac.% 1100yl UMEIOT 000J104-
KY THUIIMYHOTO KOJIBLIEBOT'O CTPOCHHU S, TOJNIINHA U TIOPHCTOCTH KOTOPOH MOCTETIEHHO YBEIMYNBACTCS
B yKa3aHHOM Juamna3oHe (puc. 2a-2). C nanpHeimuM poctom coaepkanusi Al,O; no 46 mac.% mo-
SIBIISIIOTCS. c(Dephl TIEPEXOTHOT0 CTPOCHHUS C IByMsI KPYIIHBIMH TIOJIOCTSIMU (puC. 20), 3aTeM KOJInde-
CTBO IOJIOCTEH BO3pacTaeT, U P KoHIeHTpanuu 47—51 Mac.% riio0yJsibl IPHOOPETAIOT XapaKTePHOE
ceTyaroe cTpoeHue (puc. 2e, i, 3).

Cymmapnoe cozepxkanue okcusioB SiO, u Al,O5 B mosHOM cpe3e 000JI0uKH 1eHOC(hep KoJiblie-
BOTO CTPOCHMSI MEHBIIIE, YeM JUISl ceT4aThIX riodyir,— 90-94 u 93-98 mac.% coorercrBenHo. [Ipn
9TOM B KOJIBIICBO 0005104Ke HAOJF0AaeTCs MOBbIIEHHOE copepikanue FeO, nocruraroriee 5,2 mac.%,
CaO — no 1,4 mac%, MgO — no 2,0 mac.% 1o cpaBHEHHIO ¢ LEHOC(EepaMH CeTYaToro CTPOCHHUS
(Tadum. 1), 1ast KOTOPBIX KOHIEHTPAIMKM 3TUX KOMIIOHEHTOB HE MpeBbIIAOT 3HadeHuit 1,5; 0,7 u 0,4
Mac.% COOTBETCTBEHHO. B 0T#eIbHBIX T7100yJ1aX ceT4aToro CTpOeHMs 00HApY’KEHO MOBBIIIEHHOE CO-
nepxanue TiO; — 10 4 mac.%.

KapTsl pacnpenenenuns 31eMeHTOB (pHc. 2) HATJISAJHO MOKa3bIBAIOT, YTO JUISI 0OOMX THUIIOB TJIO-
OyJ1 XapakTepHa HEOJHOPOJIHAs [I0 COCTaBy 000s104Ka (hparMeHTapHOro CTPOeHUs. JJONONHUTENbHBIH
AHaJIN3 TI03BOJIMII BBISIBUTH I'€TEPOTEHHBIC YUACTKN 000JIOUKH C TTOBBIIICHHBIM COJECP)KaHUEM KaK OC-
HOBHBIX MaKpOKOMITOHEHTOB Si u Al, Tak u npumecHbIX BkitoueHuit Ca, Mg, Ti. CoctaBbl reTeporeH-
HBIX YYaCTKOB IPUBEAEHBI HA pHC. 2 C yKa3aHueM oOyacTell aHanu3a. Tak, JUIsi HEKOTOPBIX M3 HUX
coaepxkanue SiO, nocruraet 92 mac.% (puc. 2a), Al,O; — no 60 mac.% (puc. 23), CaO — 1o 9 mac.%
(puc. 22), MgO — 1o 5 mac.% (puc. 22), TiO, — o 6 mac.% (puc. 26).
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No SiOz
1]60,72
2 191,75

KQO TiOz No SlOz
0.19]0,91 158,14
0,22[0,54| 2 [77.25

Ti0,
0,71
0,71

EQs T
Mapping_4919
HAG: 1000x HV: 15kV WD: 7.7mm

Ne| SiO; [ALO;| FeO |CaO|MgO|Na,O|K,0|TiO:[Ne| SiO»
1 [78,18]17.13] 0,55 [0,89] 0,41 0,29 [0.45 149,18
2153,81[37,53] 0,88 [0,86] 0,64 | 0,28 0,27 2 [62,58

K>0|TiO>
0,64|0,00
1,99]0,29

EQs

Mapping_5347

ALO;3
43,77

KzO TiOz Ne Ale} TiOz
0,00 1 39,65 0,92
0,21]0,09]2 26,96 0,41

Ne| SiO, [ALOs| FeO [CaO[MgO[Na,0[K,O[TiO[Ne[ SiO; ;| FeO [CaO[MgO|Na,0[K,0]TiO,
1 [59,10/ 31,73 | 1,48 0,79]0,7310,93]1,93] 1 0,34 0,26/ 0,89
2145,85/46,88] 0,00 |0,24] 0,00 0,00 |0.46 |G 2 0,44 0,45]0,14]0,2210,27[0,56

Puc. 2. COM-CHUMKH H KapThl paclpefeleHns OTJICIbHBIX dJIEMEHTOB B IOJMPOBAHHBEIX CPe3ax 00O0IOUKH
WHIUBUYaJIBHBIX TIOOYT Pa3IuYHOTO CTPOCHUS y3Koi ¢ppakiuu nenochep HM-R-5A-0.25+0.2 ¢ ykazanuem
TeTepOreHHBIX yYaCTKOB M MX COCTaBOB

Fig. 2. SEM images and maps of the distribution of individual elements in polished sections of the shell of
individual globules with various structures of a narrow fraction of cenospheres HM-R-5A-0.25+0.2 with
indication of heterogeneous areas and their compositions
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KonuvecTBeHHBIN aHAIU3 COCTABOB JIOKAJIBHBIX YYACTKOB 000JI0UKH (0€3 BKJIFOUEHHS JOMOJI-
HUTEJBHBIX aHAJIN30B T€TEPOreHHBIX YUACTKOB) MIOKA3aJl, YTO XapaKTePHbBIN JUANA30H COJACPIKAHUN
ALO; utst neHocdep KoJIbIEBOro U CETYaToOro CTpoeHus cocrasiser 26—44 u 43—-60 mac.% coorser-
CTBEHHO U BKJIIOYAET OPYTTO-COCTABBI ITI00YIT KAX/I0T0 TUIA B OTACIBHOCTH. B 3aBHCUMOCTH OT CO-
nepxanus SiO, u Al,O5 cocTaBbl JIOKAIBHBIX YYACTKOB 000JI0YKH PA3JIMYHOIO CTPOSHHSI MOTYT OBITh
OTHECEHBI K OTICIBHBIM rpyIimaM, B KoTopsix SiO, + Al,O3 > 95 mac.% (1); SiO, + Al,O; = 90-95
Mmac.% (2); Si0O, + Al,O3 < 90 mac.% (3). B tabi. 2 npencraBicHbl MUHMMAJIbHBIC H MAKCUMAJIbHBIC
COZIEp’KaHUST OKCUJIOB B JIOKAJIBHBIX y4aCTKaX 000JOYKH KOJBIIEBOTO M CETYATOrO CTPOCHHUSI, YI0B-
JIETBOPSIIOLIKE 110 COCTABY KPUTEPHUSM Pa3IUYHbIX TPYIIIL.

Tak, 000110uKa TII00YJT KOJIBIEBOTO CTPOCHHUSI BKIIIOYAET SIHHIYHBIC 00JIaCTH, TPHHA ICKAIIUE
1o cocraBy K rpynie (1) ¢ MUHUMalIbHBIM COZIEpPYKaHHEM IIPUMECHBIX KOMIIOHEHTOB; OCHOBHAsI J0JISI
YYaCTKOB XapaKTEepPHU3yeTcs MOBBIMEHHBIM cojepkanuem Fe, Ca, Mg u Ti, cocrasinsst rpymiy (2).
B oTaenbHbIX 00JACTAX KOJIBIEBOW 000I0UKH, OTHOCSIIUXCS K rpyine (3), HaOIroaaeTcs yBeIndeHue
conepkanus Fe, Mg, K 1o cpaBHEHHIO ¢ COCTaBAMHU YYACTKOB MPEIbLAYIIUX rpym (Tad. 2).

Bouiee 10y10BUHBI JIOKAIBHBIX YYaCTKOB 00O0JIOUKH IIIO0YJI CETYaTOr0 CTPOSHHS XapaKTepH3y-
FOTCSl MUHUMAJTBHBIM COZIEPIKaHUEM MpuMeceil u oTHocsTes K rpyiie (1); B ocTajdbHBIX 00JaCTsIX Ha-

omoaercst poct conepkanus Fe, Ti u K, onpeznesist ux npuHamie:xxHOCTh K rpynime (2). Ennnnunble

Tabnuna 2. MuHUMaNbHOE U MaKCHMAaJIbHOE COJIEp)KaHHE OKCHJOB B JIOKAJIBHBIX YJaCTKaxX IOJIHUPOBAHHBIX
Cpe30B 000JIOYKN HHANBUAYATBHEIX TT00YJI KOIBIEBOTO ¥ CETYATOr0 CTPOCHU y3KoH (pakunu nenochep HM-
R-5A-0.25+0.2

Table 2. Minimum and maximum content of oxides in local areas of polished sections of the shell of individual
globules with ring and network structure of a narrow fraction of cenospheres HM-R-5A-0.25+0.2

I'pynma | SiO, Al,O4 FeO CaO MgO Na,O K,0 TiO, MnO | SiO,/ Al,04
1106y JIBI KOJIBIIEBOTO CTPOEHUS
1 Si0, + ALO3; > 95 mac.%
min 51,52 34,18 0,22 0,40 0,00 0,20 0,23 0,00 0,00 1,18
max 60,89 | 43,77 1,47 1,62 0,79 1,20 1,33 1,73 0,62 1,78
2 SiO, + Al,O3 = 90-95 mac.%
min 48,23 | 26,39 0,51 0,00 0,19 0,24 0,26 0,10 0,00 1,11
max 63,68 | 43,55 5,20 4,16 2,73 0,87 1,84 4,46 0,33 2,41
3 Si0, + Al,03 < 90 mac.%
min 42,36 | 33,01 3,07 1,50 1,41 0,52 0,91 0,00 0,00 0,99
max 56,08 | 42,72 6,73 1,98 3,29 0,84 2,11 1,29 0,21 1,70
['00yIIbI CETYATOrO CTPOCHHSI
1 SiO, + ALO; > 95 mac.%
min 40,33 | 44,16 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,70
max 52,14 57,74 1,19 0,95 0,73 1,96 1,36 3,76 0,31 1,18
2 SiO, + ALO; = 90-95 mac.%
min 34,79 | 4348 0,00 0,02 0,00 0,00 0,13 0,25 0,00 0,58
max | 5113 | 5991 | 3,29 1,38 1,09 170 | 235 | 488 | 074 1,18
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YYaCTKH C MMOBBIIIEHHBIM COJEPKAHUEM ITPUMECHBIX BKIIIOYEHUH, YIOBIETBOPSIIONINE KPUTEPHUIO CO-
CTaBOB I'pynnsl (3), B I7100y1aX CETYATOr0 CTPOSHUS OBUIM OOHAPY KEHBI JTUILb ITPH JIOTIOTHUTEILHOM
aHaJM3¢ TeTePOreHHbIX obactei (puc. 2e, 3).

AJIOMOCHJINKATHBIE COCTABBI JIOKAJIHBIX yYACTKOB 000JIOUKH IEHOC(EP, OTIINYAIOIIUXCS CTPO-
€HHMEM M OTHECEHHBIE B 3aBUCUMOCTHU OT cojiepkanus SiO, u Al,O3 K pa3iMuHbIM I'pyIIIaM, OIHUCHI-
BAIOTCS OTACJIBHBIMH ()YHKIIMOHATIBHBIMU 3aBUCUMOCTIMHE Si0; = f(Al,03) ¢ BEICOKUMU 3HAUCHUSIMHU
k03 punreHToB Koppesanuu (puc. 3):

e [I'pynna (1):

neHochepsl KogbiieBoro crpoenus [SiO,] = 95,56—1,00 [Al,O;], r =-1,00, (1)

neHocepsl cerdatoro crpoerus [SiO,] = 89,43-0,85 [AL,Os], r =-0,96. (2)

e [I'pynna (2):

neHochepsl KoabieBoro crpoeHust [SiO,] = 90,82-0,97 [Al,O;], r =-0,94, (3)

neHochepsl ceruaroro crpoenus [SiO,] = 88,93—-0,90 [AL,0s], r =—0,96. (4)

VYpaBHEHUS JIMHEHHON perpeccun s COCTABOB JIOKAJIBHBIX YYacCTKOB 00OJIOUKH IieHOC(hep
KOJIBLIEBOT'O M CETUATOI'0 CTPOCHMS PA3NHYHBIX rpynn (ypaBHeHus | u 3, ypaBHeHus 2 u 4 coOT-
BETCTBEHHO) OTJINYAIOTCS CBOOOAHBIM UYJIEHOM IPH OJIM3KHX 3HAYEHUSIX YIJIOBOro Ko3((HuIMeHTa.
I'paduuecku 310 oTOOpaXkaeTCs napajuIeabHBIM CIBUTOM HPSMBIX MPH MEPEX0JIE OT OJHON I'PYIIITbI
COCTaBOB K JIPYT'OH, JIOKAJIU3YSCh AJIs TJI00YJ Pa3IMdHOrO CTPOCHHSI B XapaKTEPHOM JHAaIa3oHe Co-
JIep)KaHUH OCHOBHBIX MaKPOKOMIIOHEHTOB (pHC. 3), 4TO CBUICTENBCTBYET 00 UBMEHEHHH CTPYKTYPO-

00pa3yonnX MHHEPAIBHBIX TPEKYPCOPOB.

3
= BpyTTo-cocTaBbl 000JI0UKH ITI00Y.T:
O - KOIIBIIEBOE CTPOCHHE,
70 [ - ceTyaToe CTpOCHIIE.
X = JlokanbHble yaacTk SiO2+A1203 > 95 mac. % :
@ - KOJIBLIEBOE CTPOCHIIE,
65 @ - ceTyaToe CIPOCHNE.
° = JlokanbHble yaacTkn Si02+A1203 = 90-95 mac. %:
NI (3.3) 3.1 @ - KONIBLIEBOE CTPOCHIIE,
)
. 60 B - CeTYATOE CTPOEHHE.
g = JlokanpHble yaacTkn Si02+Al1203 < 90 mac. %:
s O - KOJIBIIEBOE CTPOCHHE.
& 55 X MOHTMOPHJUIOHUT
) L M K-Humr
) X Kaomiaut
o 50 W NH4-Wumt
= X Mymaut
E
£ 45
& °
s
o 407 Tpyana (1)
= [Si0,] = 95,56 — 1,00 [AL,0;], 1 =-1,00 (3.1)
35 — [Si0,] = 89,43 — 0,85 [ALO;], 1 =—0,96  (3.2)
I'pynna (2)
30 = [Si0,] =90,82 - 0,97 [AL,05], 1 =-0,94 (3.3)
= [SiO,] = 88,93 — 0,90 [AL,0;],r=-0,96 (3.4) X
25 T T T T T - - - -
20 25 30 35 40 45 50 35 60 65 70 75 80

Copnep:xanue Al,O3,mac.%

Puc. 3. 3aBucumoctu conepkanuit SiO, ot Al,O; 151 OpyTTO-COCTABOB U JIOKAJIBHBIX YYACTKOB MOJTHPOBAHHBIX
CpEe30B 000IOUKH HHANBHUAYATbHBIX TII00YII KOIBIIEBOTO M CETYATOr0 CTPOCHHUS Y3KO# (pakiuu nerochep HM-
R-5A-0.25+0.2

Fig. 3. Dependences of SiO, contents on Al,O; for gross compositions and local areas of polished sections of the shell
of individual globules with ring and network structure of a narrow fraction of cenospheres HM-R-5A-0.25+0.2
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OYHKIIMOHAIBHBIM 3aBHCUMOCTSIM Si0, = f(Al,03) cocTaBoB 000J104KHU 1IEHOChEp pa3IUuIHOrO
CTPOEHUS yJOBJIETBOPSAIOT AJIFOMOCHIINKATHBIE COCTABBI AETUAPOKCHUINPOBAHHBIX ITMHUCTBIX MUHE-
pajioB, MPOAYKTOB MX T'€HE3NCA U TEPMOXUMHUUECKOTO MpeBpamieHus (puc. 3):

e NH4-Minnt — (NHy 0,675 KO,II)(All,‘)Os Feo,o6, Mg0,04)(A10,685 Si3,32) 0,0(OH),.

e MoHTMOPPHIOHUT — Nag 33(Aly 67Mg 33) SisO19(OH),.

o K-t — K1,5Al4(Si6,5A11,5) Ozo(OH)4.

e Kaonunut — Al,Si,05(OH),.

o Mymmaut — AlgSi)Oys.

XapakTepHOi 0COOEHHOCTBIO MIMHUCTBIX MUHEPAJIOB OJarojapsi UX CIOUCTOH CTPYKTYpe siB-
JSIeTCS CIIOCOOHOCTH K M30MOP(HBIM 3aMEIICHUSIM 1 00MEHY MEXKCIIOEBBIX KATHOHOB, YTO IIPUBOIUT
K pa3zHoO0pa3Huio COCTABOB CMEIIAHHO-CIOUCTHIX (a3, BKIOUAs MHOIOKOMIIOHEHTHBIE CMECH, a TaK-
JKe Mepexoay OAHOTO MUHepaja B APyroi. B cimydae KompLeBOH 000IOYKH TPEHIbl 3aBUCHMOCTEH
(I) m (3) mpakTuyecku mpoxonat depe3 coctaB NHy-unnuta n K-mmmra cooTBEeTCTBEHHO, 00euM
3aBHCHMOCTSIM COOTBETCTBYET COCTaB MOHTMOPHUIUIOHNTA. [IJIst 000JI0UKH CETYATOrO CTPOCHUS B He-
MOCPEICTBEHHOM OJM30CTH OT OCHOBHOM IJIOTHOCTH COCTaBOB HAXOJUTCS COCTAB KAOJIMHMUTA, TPEH-
nam (2) n (4) ynoBIeTBOpsIET COCTaB MYJIINTA, 00pa3yIoLIErocsi B pe3ysbTaTe TEPMOXHUMHUECKOTO
npeBpaiieHus KaoauHuTa (puc. 3). OTaeNnbHbIC JOKaJIbHbIE YUYACTKH 000J0UYKH III00YIJ pa3IuyHOro
CTPOCHHUSI ¢ BBICOKHM cozepkanueM Ca, Mg, Ti (puc. 2) 00pa3oBaHbI ¢ y4acTHEM ITPUMECHBIX MUHE-

paJioB HCXOOHOTI'O YTJIA: KaJlbllUTa, 1OJJOMHUTA, TUIICA, MAaIrHE3UTA, pyTHUJIA.

3akJrouenne

Taxum o6pazom, COM-DJIC-uccnenoBaHne CTEKIOKPUCTAILINYECKONH 00OJNIOUYKH WHIUBHIIY-
aJbHBIX TJ00ya y3kod dpakiuu nenochep HM-R-5A-0.25+0.2 mokasajo CylieCTBEHHbBIC pa3iiu-
YUsI B COCTAaBE YAaCTHUI[ KOJBIEBOTO U CETYATOrO CTPOCHHS, Kacalomuecs Kak OCHOBHBIX MaKpoO-
koMioHeHTOB SiO, u Al,O;, Tak u npumecHbix okcunoB FeO, CaO, MgO, TiO,. YcraHoBieHue
(hyHKIIMOHAIBHBIX 3aBHCHUMOCTEH M COIIOCTABIICHHE COCTABOB IMO3BOJUIIO 3aKIIOYUTh, UTO CTPYK-
TYypoOOpa3yoIIUMH MUHEPAIbHBIMHU MPEKypCcOpamMu eHochep ¢ 000J0YKON KOIBIIEBOIO CTPOE-
Hus sBisitorcest NHy- u K-woumuT, a meHocdep cetyaTtoro cTpoeHus — KaoauHAT. O0o009Ka T7100yI
000UX THIIOB HEOIHOPOAHA IO COCTABY M COJACPKUT (ParMEHTHI C MOBBIIICHHBIM COACPIKAHUEM
KpEeMHUS, alIFOMIHUS, KaJIbIUs, MAaTHUSI, THTaHa. DparMeHTapHOE CTPOCHHE 000J0YKH U HATNIHe
oOyacteid, 00OTaleHHbIX OKCHIOM-CTeKJI000pasoBareieM SiO,, MO3BOJSIOT MPEAOIOKUTD yIIyd-
meHHble TudQy3noHHBIE CBOWCTBA IICHOC(hEp IO CPABHEHHIO C CHUIMKATHBIMH CTEKJIAMU OJIM3KOTO
cocTtaBa. XapakTepHOe s IeHOC(hEep CeTYaTOro CTPOCHUS MUHUMAJIBHOE COJACPIKAHUE OKCHIOB-
MOIH(PHUKATOPOB TIO CPABHEHHUIO C IICHOC(EepaMH KOJIBIICBOTO CTPOCHUS OIPENEseT NePCIICKTUB-
HOCTh MX HCIIOJIb30BaHUs B mporieccax Auh(y3HOHHOTO BBIACICHUS JIETKUX Tra30B (I'eJIHii, BOIO-

pOI) U3 Ta30BEIX CMECEH.
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Abstract. In this work, we calculated the thermodynamic characteristics of the reactions of SrAl,Si,0g
formation in the temperature range of 273—1573 K a) from starting oxides, b) from carbonate (or oxide)
of strontium and initial Al,05 and SiO2, c¢) from carbonate (or oxide) of strontium and metakaolin. The
calculation of the heat capacity of SrAl,Si,0g at 298 K was carried out by the incremental method of
Kumok, Neumann-Kopp, Kubashevsky and group deposits. It is shown that it is thermodynamically
most advantageous to carry out the solid-phase synthesis from SrO and Al,0; 2Si0,.

Keywords: solid-state reactions, high-temperature heat capacity, thermodynamic properties.

Citation: Denisova, L.T., Belousova, N.V. and Denisov, V.M. Thermodynamic properties of SrAl,Si,Os. J. Sib. Fed. Univ. Chem.,
2022, 15(2), 236-242. DOI: 10.17516/1998-2836-0288

Tepmonunamuueckue csoiicTa SrAl,Si,Og

JI.T. lenucoBa, H. B. besioycoBa, B. M. /lenucos
Cubupckuii ¢hedepanvHulii yHugepcumem
Poccuiickaa ®eodepayus, Kpacnosapck

AnHoTanusi. B pabore npoBeeH pacueT TEPMOAMHAMUYECKUX XapaKTEPUCTHK PEaKLUi CHHTE3a
SrAl,Si,0g B uaTepBane 273-1573 K: a) u3 mHANBHUAYaTbHBIX OKCH/IOB, 0) U3 KapOoHaTa (MM OKCH/1a)

cTpoHLMs U nHAMBUAYaIbHBIX Al,O5 1 SiO,, B) 13 kapOoHaTa (MJIM OKCU/IA) CTPOHIIMS U METaKaOJINHA.

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

— 236 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 236-242

PacueTt Teroemkoctu SrAl,Si,Og npu 298 K npoBenen nnkpemeHTHbIM MeTOioM Kymoka, Helimana-
Komma, Ky0ameBckoro u rpynmnoBbsIx BKiIagoB. [lokazaHo, 4TO TEpPMOJUHAMHUYECKU BBITOZHEE BCETO

Bectu TBepaodasusiii cuaTe3 u3 SrO u Al,05-2S10;.

Karouesble ciioBa: TBepaodasHblii CHHTE3, BHICOKOTEMIIEPATY PHAS TEMJI0EMKOCTh, TEPMOJHHAMUYECKHE

CBOMCTBA.

Lutuposanue: [lenucosa, JI. T. Tepmogunamuueckue cBoiictBa SrAl,Si,05 / JI. T. Jlenucosa, H. B. benoycosa, B.M. Jlenncos
// Kypu. Cub. penep. yn-ra. Xumusi, 2022, 15(2). C. 236-242. DOIL: 10.17516/1998-2836-0288

BBenenne

B mocnennee BpeMs uccienoBaTeneil 1 MPakTUKOB NMPUBJICKAIOT BHUMaHUE MaTepUalbl Ha OC-
HOBe SrO-Al,0;-Si0,. CBsS3aHO 3TO ¢ BO3MOKHOCTSIMU HX IMPAKTHYECKOTO MPHUMECHEHHUS B KaUueCTBE
momMuHOpOpoB [1-4], kepamuku [5—7], hocdopos [8, 9], a5t OECKOHTAKTHOTO ONPEACICHUS TEMIIC-
patypsl [10, 11], orneynopos [12] u marpun ang paauoakTuBHbIX 0TX0n0B [13, 14]. Cucrema SrO-
Al,05-Si0, xapaKkTepu3yeTCsl HATMYUEM HECKOJIbKHX TPOHMHBIX coenuueHuit: SrAl,Si,Og, SryAl,SiO;
1 SreAl13Si,037 [15]. Haubonpmuii nHTEpEC U3 HUX IpeacTasiseT coequnenne SrAl,Si,Og, Ha ocHOBE
KOTOPOT'0 CO3/IAI0T BEICOKOTEMIIEPATy PHBIE PAIUONPO3paYHbIe KEPAMUUECKHE MaTEPHUAIIbI, B YACTHO-
CTH, JUIsl OOTeKaTeIeld aHTeHH JIeTaTeIbHbIX anmnapaToB [16, 17]. Y4uTsIBast BEICOKYIO TEMIIEPATypy
riasnenust SrAl,Si,0g (1927 K [16]) (mony4arot 3To coequHeHne 1100 3051b-Teilb MeToAoM [2], 1160
C HCIOJB30BAaHUEM TBeprodasHbIX peakmnuii [1]), aBTopsl padoTsl [16] mpoBenu aHamu3 TBepHodas-
HbIX peakiuii B cucteme SrO-Al,03-Si0,. [l 3T0ro OblIM pacCUUTaHbl U3MEHEHUs 3Hepruii ['ndoca

peaxkuuit

SrO + A1203 + 28102 = SrAlzsizog (1)

SrCO3 + A120328102 = SI‘AIQSizOg + COZ (2)

YcranoneHo, uto B uHTepBaie 773—-1973 K 3naueHust A,G o0enx peakiuii HaXOIATCS B OT-
pHIIaTEeIBbHON 00JaCTH, NMPH 3TOM C yBenuueHueMm temreparypsl A,.G peakuuu (1) mpakTUYSCKH
HE U3MEHSETCS, B TO BpeMsI Kak Juist peakuu (2) A, G CHIIBbHO YBEIMYHUBACTCs, CTAHOBSCH eIlle Ooree
OTPULIATEIBHBIM. JTO MO3BOJIUIO 3aKIIOYUTh, YTO CHHTE3 CTPOHI[MEBOIO TOJIEBOTO HINATa MPEAIo-
YTUTEIBHO MPOBOIUTE M0 peaknuu (2). Ciegyer 0co00 OTMETUTH, YTO BBHAY OTCYTCTBHS HCXOJ-
HBIX TEPMOJMHAMUYCCKUX cBeaeHuit 111 SrAl,Si;Og pacueTsl TEPMOAMHAMHUYCCKUX QYHKIUN B [16]
MPOBEJICHBI 110 Pa3IMYHBIM MOJCIBHBIM IPEACTABICHUSAM. B 9acTHOCTH, pacueT KO3(p(HUIIUCHTOB
B YPaBHEHHUH TEMIIEPATYPHOI 3aBUCUMOCTH TEIJIO0EMKOCTH BBITIOTHEHBI IT0 METOY, ITPEII0KEHHOMY
Jlanyus [18]. ITpu aToM nostyuena Heknaccuueckas 3aBucuMocTb C, = f(T) (HeOobIas BBITYKIOCTh
K ocu Temrepatyp B oosactu 573—1100 K), koTtopast TeM He MeHee 00paboTaHa HU3BECTHBIM ypaBHE-
Huem Maliiepa-Keu.

[ToaTOMY mHpencTaBisIOCh HEOOXOAMMBIM IMPOBECTH OLEHKY TEPMOJAMHAMUYECKHUX CBOICTB

SrAl,S1,05 o npyrum mozensim (Mocrada u ap., Kybamesckoro n Heitmana-Korma).
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JKenepMMeHTAJIbHAA YacTh

Ecnm ompenenenne TepMOIMHAMHUYECKUX CBOWCTB IPU CTAHIAPTHBIX YCIOBHUSAX HE BBI3BIBACT
0co0bIX ciioxHOCTeH [18-21], To 1is pacyera TeMreparypHbIX 3aBUCHMOCTEH TPEeOYIOTCS JOMOIHH-
TesbHble cBeneHus (Sypg 1 Ty, — MeTon Jlanaus [18]; C, 05 1 Ty, — MeTOI KyGamesckoro [21]; C,=AT)
HCXOJHBIX OKcHa0B — MeTox Helimana-Komnma [20]), KoTOpBbIe IS CIOKHBIX OKCHIHBIX COSIMHEHUN
4acTO B JINTEPATyPE OTCYTCTBYIOT.

B Hacrosiieit pabore pacuet reruoeMkocT SrAl,Si,Og npu 298 K npoBoauin MHKPEMEHTHBIM
metomom Kymoka (MMK) [19], Hefimana-Konma (HK) [20], Ky6amesckoro (K) [21] u rpymnmoBsix
BkJaa0B (I'B) [22].

BnusHue TemnepaTypsl Ha TemiaoeMKocTh SrAl,Si,Og paccuuThIBaNM pa3InIHBIMU METOAAMHU.

B ocHOBe MeTOa TPYNIMOBBIX BKIAA0B [22] IeKUT ypaBHEHHE
C,=a+bl+cT *+dT?, 3)

rapaMeTpsl KOTOPOTO a, b, ¢ 1 d 17151 COOTBETCTBYIOIINX KATHOHOB M aHMOHOB ITPHUBEACHBI B TAOIHUIIAX.
B meToze Kybarmesckoro [18, 21] npoBoauTcs pacyer k03()GUIUEHTOB @, b U ¢ 1151 ©3BECTHOTO

ypaBHeHUs Maitepa-Kenu
C,=a+bl+cT? @)

10 COOTHOLICHUAM

c=—4.1910%m, ®)
b= (25.64m + 4.19-10% — C,,200)/(Tys — 298), (©6)
a = C,05-298b + 4.71m. (7

B cootHomenusix (5) — (7) m — aucio aToMOB B MOJIEKYJie COeqUHEHMS, T, — TeMIepaTypa IaBJIeHHS.
B apnutusHom metoe Helimana-Kormma ucnonb3yeTest MpaBUiIo CII0KEHHsI TEIIIOEMKOCTEH diie-

MEHTOB, COCTaBJISIONINX 3TO coenuHenue [18, 20]

Cp(AyBy) = qCy(A) + fC)(B). )

Pe3yabTaThl H 00CyKAEHUE

Pesynbrarel pacuetoB C, 193 A1s SrAl,Si,Og npuseaens! B Tabiu. 1. Buano, yTo HammydIee co-
riacue ¢ 3kcrepuMerToM [20] naet nHKpeMeHTHBIH MeToa Kymoxa.

VYeranosieHo, 4to pacueT C,29s METOJOM IPYNIIOBBIX BKIJIAJOB JaeT OOJBLIOE PACXOKIAECHHE
C 3KCIICPUMEHTAJbHBIMU JaHHBIMH. HecMOTpsI Ha IIperMyIIecTBa 3TOr0 METO/1a (HE HY)KHO HUKAKOU
JIOTIONTHUTEIBHON HH(pOPMAaLIHK), OH HE SBIISICTCS YHUBEPCATBHBIM. JTO OTMETHIIH KaK CaMHU aBTOPHI
Metona [22], Tak u B pabote [23], T1ie cAeNaH aHaIu3 MPUMEHUMOCTH METO/1a TPYTITIOBBIX BKIA0B JIJIsI
PAacYeTOB TEIIOEMKOCTH TBEPIBIX HEOPTaHUYCCKUX COCIUHCHUH.

3ameTHM, 4TO 1 pOACTBeHHBIX coequnenuil CaAl,Si,Og n BaAl,Si,Og 3HaueHns C,, 95 paBHBI
211.31 u 221.71 Ax/(monb K) [20] cOOTBETCTBEHHO.

JIJ1s1 CpaBHUTEIBHOTO pacyeTa TEPMOIUHAMUUYCCKUAX BEIUYUH MCIOIB3YIOT METOI, 3aKI0Yar0-

H.[HﬁCS[ B YCTAHOBJICHUU JIMHEWHBIX 3aBUCHMOCTEH CBOMCTB JUIsL OI[HO(bOpMyJ'ILHLIX CO€I[PIH€HHI7[, ne-
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Tabmuna 1. CpaBHEHHE SKCIEPUMEHTANBHBIX 3HaueHUH C 205 (JIk/(Monk K)) ¢ paccunTaHHBIMH BETMYMHAMU
[0 pa3IMYHbIM MOJCIBHBIM yPaBHEHHUSIM

Table 1. Comparison of the experimental values of C, 293 (J/(mol K)) with the values calculated using various
model equations

C,[13] C,(UMK) AC,, % C,(HK) AC,, % C,(K) AC,, %
221.22 2223 +0.49 213.0 371 213.0 371

pEMEHHBIE YJIeHbl KOTOPBIX PUHAJIEKAT K OMHON Tpynmne (uiu noarpynne) [lepuonudeckoii cucte-
MBI 3JIEMEHTOB. TakuM crtoco0oM B [24] BEITIOTHEH pacueT TePMOIUHAMUYECKUX CBOUCTB allaTUTOB,
(dhopmyiia koTopbix Oblia 3anucana B Buje 3Caz(POy), X, roe X = CaF,, CaCl,, Ca(OH),. Ycranosiie-
HO, YTO 3aBUCHMOCTH CTAHJIAPTHEIX SHTAIBIUI 00pa3oBaHus, dHepruii | m60ca 1 SHTPONHUIT alaTHTOB
3Ca;3(POy4),X OT aHAIOTUYHBIX TEPMOIUHAMUYECKUX (DYHKIIHH JIJIsl CTPYKTYPHBIX COCTABIISIFOIUX X
MMEIOT TUHEHHBIN BU. [Ipu 3TOM cTpoeHHe TBepHoi a3kl B pacyeTax HE MPHHIMAIOCH BO BHIMA-
Hue. Cnenys aBropam [24], npencraBuM Hamu coeaunenus B Bugae MO-Al,05-2Si0,.

W3 nanneix puc. 1 caenyer, uto 3aBUCUMOCTE C), 298 (MALLSi,Og) = f(C,, 295 (MO)) 6113Ka K 11n-
HEHHOU (TP 5TOM MPUHUMAJIOCH BO BHUMaHUE, UTO 3HAYEHUS TETNIOEMKOCTEHN JIJIs1 aHAJIU3UPYEMBIX
OKCHJIOB TIOJy4Y€HbI C HEKOTOPOii omubkoit). Heodxonumele 3HaueHus C,, 295 U1 IOCTPOEHUS rpadu-
Ka (puc. 1) B3aTHI u3 padoTsI [20].

Bausaue Temneparypsl Ha TeruioeMkocTh SrAl,Si,Og mokazano Ha puc. 2.

Pacuer C, mo merony KybameBckoro mposoaunu mno ypaBHeHusM (4) — (7) (3a TemmnepaTypy
IIaBJeHHS npuHsATa BenmanHa 1927 K [16]), a mis onenku meronom Heiimana-Korma ucmonb30Banu
ypasHenue (8). O6pammaet Ha ce6s BHUMaHue 6u30cTh 3HaYeHn C, = f(T'), pacCUnTaHHBIX METO/A-
mu Ky6amresckoro n Hefimana-Konma (He6omnbiioe pasnuuane Habmomaerces pu 7 > 1100 K). Kpome
TOT0, COIJIACHO JaHHBIM PHUC. 2, HANOOJBIINE 3HAYCHHS TEIII0eMKOCTH SrAl,Si,Og MOTyUYeHbI aBTO-
pamu paboTsl [16]. DTH pe3ynbTaThl OTIIMYAIOTCS KaK M0 a0CONFOTHBIM BEIMYHHAM, TaK M MO BUIY
3aBucuMocTH C, = f(T). IlockonbKy 3TH JaHHBIE HCTIONB30BaHBI B [16] #Js pacyeTa CTaHAApTHOTO

m3MeHeHus1 dHeprun [m66ca peakuuit (1) u (2), To MOXKHO TOJIAraTh, 9YTO B 3TOM cly4ae Oblia I0-

) 230 5
+a a
g 25 S

2 j 7
] B o

= 220 Ca —

~ Pt el

S 2ast__—

.&SN 210 {/

<

=

S 205 -

(_)m 200 1 L 1 1 I

42 43 44 45 46 47
Cp,298 (MO), Ix/(mome K)
Puc. 1. 3aBucumocts Mexay 3HaUeHUAMH C), 205 (M2A1,S1,05) 11 C,, 205 (MO)
Fig. 1. Relationship between C; 503 (M;Al1,S1,05) and C,, 503 (MO) values
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Puc. 2. Biiusinue temneparypsl Ha TemoeMKocTh Sr,AlySi,05. 1 — [6], pacder o metonam: Kybamesckoro (2),
Heiimana — Konna (3), rpynnoBsIx BKJIa10B (4).

Fig. 2. Effect of temperature on the heat capacity of Sr,Al,S1,05. I —[6]; calculation by the methods: Kubashevsky
(2), Neumann — Kopp (3), group contributions (4).

OyHieHa HEKOTopas OIIMOKa. YUuThIBas 9TO, MBI ITPOBCJIM AHAJIOTNYHBIC PACUCThI (CJ'ICZ[yﬂ IIpru 5TOM

METOIUYECKUM yKa3zaHusM 18]), He Toapko 1is peakuuii (1) u (2), Ho u s
SrO + A120328102 = SI‘AIQSizOg, (9)

SI'C03 + A1203 + 28102 = SI‘A]QSizOg + C02 (10)

OTH JaHHbIE TIOKa3aHbl Ha puc. 3.

MoxHO BHAETH, uyTo Ans peakiuit (1) u (9) yBenuduenue temneparyps! ot 273 no 1573 K mano
n3MensieT sHepruio [ m66ca, B To Bpemst kak Juist peakunit (2) u (10) 3Hauenust A, G U3MEHSIOTCS 10CTa-
TOYHO CHJIBHO. VICX0/151 U3 3THX PE3yJIBTaTOB, MOKHO CIIEJIaTh BHIBOI, YTO B I1aHe cuHTe3a SrAl,Si)Og
CJIE/YeT OT/AATh IPEATIouTeHHE peakusM (2) u (9), B KOTOPBIX yyacTByeT MeTakaoauH. [Ipeanomnosxke-
HUE O 11eJ1IeCO00Pa3HOCTH UCIIOIb30BaHUsI KapOoHaTa cTpoHIUs BMecTO SrO, BhICKa3aHHOE aBTOPaMHU

pa6OTBI [16], SABJIACTCA HCKOPPCKTHLIM, T.K. OHU CPABHUBAIOT ABC PCAKIINHU, B KOTOPbIX OTINYAOTCA

o o
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% \Aﬁ\
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Puc. 3. BaBucumocts A,G° peakuuit (ypaBuenus 10 (1), 1 (2), 2 (3), 9 (4)) cunresa SrAl,Si,Og 0T TemmepaTypsl.
Fig. 3. Dependence of A,G° reactions (equations 10 (1), 1 (2), 2 (3), 9 (4)) of SrAl,Si,Og synthesis on temperature.
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BCE HMCXOIHBIC BEIIECTBA, B TO BpeMs Kak momnapHoe comnoctasienue peaknuid (1) — (9) u (2) — (10)
MOKa3bIBAET, 4TO Mpu Temneparypax 10 1500 K tepmonnHaMuueckn BbINOAHEE UCIONB30BaTh SrO,
a "He SrCOs. IlonyyeHue 3TOro pe3ysbrara sIBASCTCS BIIOJIHE OKHIACMBIM, T.K. yU4acTHEe KapOOHaTa
CTPOHIMS TPEOYET JOMOTHUTENBHBIX 3aTPaT SHEPIUH HA €T0 IUCCOIUANNIO, YTO OTPAXKAeTCs B COOT-

BETCTBYIOUINX 3HAUCHUSIX A, H peakiuil.
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Cunre3 u cBoiicTBa 3(5)-ankui(apui)-5(3)-

nupuauH-(3(4))-una-4-amuno-1H-nupa3zosion

E.B. Poor®?, II. C. Puouii?,

A.B. booposa?, A.A. Kykymkun?, I. A. Cyoo4y®

“Cubupckuil 20cy0apcmeeH bl YHUGepCumem HayKu

u mexuonocuii um. akaoemuxa M. @. Pewemnesa

Poccuiickaa ®eodepayus, Kpacnosapck

*Kpacnoapckuti 20cy0apcmeentbiii MeOUYUHCKUU YHUBEPCUMEN
um. npog. B. @. Boiino-Aceneyxoeo

Poccuiickas ®edepayus, Kpacnosapck

AnHoTanus. Panee cuHTe3MpOBaHHbIEC 4-HUTPO30MHUPA30IIBI, COAEePKALIUE B~ U Y-TTUPUAMHOBBIC
(bparMeHTbl, BOCCTAHOBJICHBI 10 aMHHOB THAPA3UH ruapaToM. [loka3zana BO3SMOXKHOCTb allMIIMPOBAHMSI
CHHTE3UPOBAHHBIX TUPUIMI3aMEIICHHBIX 4-aMUHOTPa30J10B Ha mpumepe 3(5)-pennin-4-amuHo-5(3)-
nupuanH-4-un-1H-nupaszona. Uaentudukanms HOBbIX COSAMHEHNH OCYILECTBIICHA C UCIIONIb30BAaHUEM

Mmeton0B SIMP!'H- u *C-crekTpockonuu U Macc-CreKTPOMETPHUH.

Koarouessble ciioBa: 4-aMuHONNPA301, B-NIUPUIMHOBBINA (PparMeHT, Y-ITUPUINHOBEIN (parMeHT,

anunuposanue, AMP'H-criexrpockonus, SIMP!3C-crekTpockomnms, Macc-CIeKTPOMETPHSL.

Iuruposanue: Poot, E. B. Cuntes u coiictsa 3(5)-ankun(apun)-5(3)-nupuaun-(3(4))-ui-4-amuno-1 H-mupasonos / E. B. Poor,
I1.C. Pubuii, A.B. bo6posa, A. A. Kykymkun, I. A. Cy6ou / Kypn. Cub. penep. yu-ta. Xumus, 2022, 15(2). C. 243-250.
DOI: 10.17516/1998-2836-0289

BBenenue

B cBs13u ¢ OypHBIM pa3BUTHEM XMMHUUECKON MPOMBIIIJICHHOCTH IPON3BO/IHBIC TMPA30J1a BBI3BIBAIOT
3HAYUTENBbHBIA UHTEPEC AJIsi XUMUKOB-CUHTETUKOB. M3yueHue CBOMCTB a30T(hyHKIIMOHATU3MPOBAHHBIX
MMPa30JI0B 00YCIOBIEHO POCTOM HX (DapMaKOJIOTHYECKOH aKTHBHOCTH. Psil aMHHONIMPA30II0B yCIIer-
HO MCIIOJIb3YETCs KAK JIEKapCTBEHHBIE IIpenaparsl, KOTOPbIE IPUMEHSIOT B KAUECTBE aHAJIBI€TUKOB,
MIPOTHUBOBOCHAIUTENBHBIX U XKAPOIOHUKAIOIUX CPEACTB. BBeeHue B MOJIEKylly aMHUHONINPa30J1a
MUPUTHOBOTO 3aMECTUTEIIS TIO3BOJIUT CYIIECTBEHHO YBEIMYNUTh OHOIOTHYECKY 0 aKTHBHOCTD a30T-
(YHKIMOHATM3UPOBAHHBIX ITHPA30JIOB, IPUIAB TAKUM COCAMHEHNSIM HOBBIC MIOJIE3HBIE CBOWCTBA [1-4].

W3BecTHO, 4TO HaMYUE HE3aMeIIeHHOW aMIHOTPYIIIBI B COSAMHEHU X 3HAUNTEIBHO MOBBIIIACT
TOKCHYHOCTb COEJUHEHUS. B CHHTE3€e J1eKapCTBEHHBIX COEIMHEHUN, HATPUMEpP IPOU3BOAHBIX apoMa-
TUYECKUX aMHUHOB, U CHHKEHUS TOKCHYHOCTH U YBEJIIMUEHU S CEICKTUBHOCTHU MpernapaTa UCIoIb-
3YIOT 3aIUTYy aMUHOTPYIIIBI C TOMOIIBIO al[UIBHBIX pagukanoB [5—6]. IloaToMy nmomydyeHue panee
HEM3BECTHBIX 4-aMHUHONMUPA30JIOB C T€TEPONMKINISCKIMH 3aMECTUTEISIMHU U UCCIIEIOBAaHUE PEaKIInn
AUIUPOBAHUS UX — AKTyaJIbHBIE M BaXKHBIE 3aJ1a4M JJIsl OPraHUYEeCKOTO CUHTE3a.

PaHee HMKIIOKOHJICHCAIIUEH COOTBETCTBYIOIINX H30HUTPO30-B-A1HMKAPOOHUIIBHBIX COCTMHEHH

C rmApasmvHoOM HaMHU ObLIU CUHTE3UPOBAHbI 4-HI/ITp030HI/Ipa3OJ'ILI, coAcpKamue OAHOBPEMECHHO B-,
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Y-IIUPUIMHOBBIE (PParMEHThl U METHJIbHBIH, (peHuIbHBIH [7], n-XJI0ppeHrIbHbII 3amecTuTeNH [8].
OnHaKo YCJIOBHSI M BO3MOXXHOCTH BOCCTAHOBIICHHSI ITOJYUCHHBIX COSAMHEHHH 710 COOTBETCTBYOIINX

aMHMHOB U JaJIbHEHIIIee X allujnpoBaHNe paHee He U3ydalu.

Pe3yabrarhl u ux 00cy:KaeHHe

[Ipsimoe BBeaeHHE aMUHOTPYMIbI B 4-I0JOKEHUE MUPa30J0B HEBO3MOKHO [9]. TlosTomy oc-
HOBHBIM CIIOCOOOM TONy4eHUs 4-aMHUHONUPA30JIOB SBJISIETCS BOCCTAHOBJIEHHE COOTBETCTBYIOIIHUX
A30TCOZIEPXKAIIUX TPYII B TUPA30JIBHOM sigpe. CTOUT OTMETHTD, YTO OOJIBIIMHCTBO HCIIOJIb3YEMbIX
KJIACCHYECKUX BOCCTAHOBUTEICH NMEIOT IIpenapaTuBHbIC orpaHndeHns. Harmpumep, BoccTaHOBIEHNE
MTMPUIMIICOAEPIKALINX COSIMHEHNI B KHCIION Cpeie IPUBOAUT K MPOTOHUPOBAHUIO MTHMPHIHHOBOTO
IUKJIa, a TIPU KaTAJIUTUYECKOM THIPUPOBAHUH BO3MOXKHO BOCCTAHOBJIEHHE MUPHIAMHOBOIO ITHKJIA
JI0 TunepuanHoBoro. [loaToMy BakHO 1O100paTh ONTHMAaJbHBIE YCIOBUS CHHTE3a 4-aMHUHONMpA-
30JI0B, COZIEPIKAILMX MUPHIMHOBBIA (parmentT. Hanbonee nepcrnekTHBHBIM BOCCTaHABIMBAIOIUM
areHTOM SIBJISICTCS THAPA3HH ruapar (puc. 1).

B BBIOpaHHBIX yCIOBHSAX Obutk mosydeHbl 3(5)-ankuia(apui)-5(3)-nupuaus-(3(4))-un-4-
amuHo-1H-ntupazomnst (Ila-f) ¢ xapakrepuctukamu (Tadam. 1).

AHaJu3 NONYYEeHHBIX JaHHBIX I0Ka3ajl, 4TO 3aMEHa METHIJIBHOIO 3aMECTUTelsl Ha (DeHUIIbHBIH
1 I-XJIOP(QEHUIBHBIN (parMEeHTH HE OKA3bIBACT CYIIECTBEHHOT'O BJIMSHUS HA BBIXOJ LEJIEBOTO MPO-
JyKTa, HO CKOPOCTh MPOTEKAHUS PEAKIMH BOCCTAHOBICHUS HUTPO30MUPa30Jia ¢ M-XJIOPPEHUIbHBIM
3amectuteneM (Ilc, f) ropasno BbIIIE, YeM y METHII- ¥ (peHMII3aMEIIeHHBIX COeINHEHHH, YTO 00bsIC-

HsieTCs JIydlneit pactBopumMocTsio /lc u IIf B aTaHoINE.

N——NH N——NH
/ NH,NH,*H,0 /
—>
R F R, Pd/C R J R,
R =3-Py, 4-Py
NO R, = CH; CgHs, 4-CICH; NH,
Ia-f “a-f

Puc. 1. Cxema cunTtesa 3(5)-ankui(apun)-5(3)-nmupuaus-(3(4))-mi-4-amuno-1 H-nupasosnon

Fig. 1. Scheme for obtaining of 3(5)-alkyl(aril)-5(3)-pyridine(3(4))-yl-4-amino-1H-pyrazoles

Ta6nuna 1. Beixoxa 3(5)-ankui(apun)-5(3)-nupuaun-(3(4))-uin-4-amuno-1H-nupazonos
Table 1. Yield of 3(5)-alkyl(aril)-5(3)-pyridine-(3(4))-yl-4-amino-1H-pyrazoles

Coenunenue R R, Boixon, % T i, °C peffér;’ Y
a 3-Py CH; 71 119-120 22
b 3-Py CHs 71 160-162 18
" c 3-Py 4-CIC ¢Hs 72 160165 4
d 4-Py CH; 73 180 20
e 4-Py CHs 76 210-212 22
f 4-Py 4-CIC ¢Hs 70 162-164 4
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CnekTpanbHble JaHHble CUHTe3upoBaHHBIX  3(5)-amkwun(apun)-5(3)-nupuaun-(3(4))-un-4-
amuHo-1H-niupasonos  (Ila-f) ObuUIM TIOJyYeHBI METOJAMH Macc-crekrpomerpun, SIMP  'H-
1 BC-crnekTpoCKonum.

B macc-cnekTpax MMEIOTCs MMMKH MOJIEKYJISIPHBIX HOHOB, COOTBETCTBYIOIINE PACCUYMTAHHBIM
m/z: Ila, d— 174, IIb, e— 236, Ilc, f—270. CoriiacHO «a30THOMY IIPABHIIY» YSTHASI MOJICKYJISIPHAST Mac-
ca MOATBEPIKAAeT HAJIMYUE B MOJICKYJIC YETHOTO KOJIMYECTBa aTOMOB a30Ta. M3oTomnHble HoHbl [M+1]*
u [M+2]" monTBepkaatoT Hatuuue B [la-f aTOMOB yriepona U 4 aTOMOB a30Ta, YTO COOTBETCTBYET
npeanonaraeMeiM OpyTTo-popmynam. AHamorudno 4-Hutpo3zonupaszonam (la-f), aMHHOIIMPA30IIbI
(Ila-f) ¢ nupUAMHOBBIM (ParMEHTOM pacnagaroTcs Ha MOJEKYJISIPHbIC HOHBI OJIMHAKOBBIM 00pazoM
(M*=105, 77, 64, 50). Ha ocHOBE MOy 4€HHBIX JAHHBIX MOXKHO MPEAIOIIOKHUTH CXeMY (pparMeHTaIiH
3(5)-ankun(apun)-5(3)-nupuaun-(3(4))-un-4-amuno-1H-nupaszonos (puc. 2).

B JIMP 'H-cnekrpax Bcex 4-aMUHOIMPA30JI0B UMEKOTCS XaPAKTEPHbBIE CUTHAJIbI, IPHCYILHE BCEM
MPOTOHAM U PUHIICOJIePIKAIINX 4-HUTpo30onupa3ooB [8]. OnpHako B 001aCTH CHIBHOTO 1O O 3.92—
5.73 M.JI. IOABIISIOTCS. CUTHAJIBI IPOTOHOB AMHHOTPYTIITBL, YTO CIIY>KUT KOCBEHHBIM IOATBEPKICHHEM
YCHEUIHOI'0 BOCCTAHOBJICHUSI HUTPO30MUpa3osoB. B obmactu cunpHoro noss o 2.14-2.16 m.ja. Hadimo-
JIAfOTCSl CUTHAJIBI TPEX POTOHOB BOAOPO/A METHIIBHOW Tpynnsl (I1a, d). B ciny4ae 4-aMuHOIIMPa30J10B
(IIb, ¢, e, f) curHaIbl METUIIBHOI I'PYIIBI B CHJIBHOM TI0JI€ OTCYTCTBYIOT, HO TOSIBJISIFOTCSI CUTHAJIBI
(enmpHOTO KOMmb1a: I1b — 747 m.u., 771 m.u.; Illc — 7.52 m.a., 778 m.n., Ile-7.49 m.n., 7.71 m.x., IIf~
7.51 m.x., 7.76 m.n. HeoOXomuMo OTMETUTh, YTO B CiIydyae MUPHIUICOACPIKAIICTO 4-aMHHOMHUPa30Jia
C TI-XJIOP(EHMIBHBIM 3aMECTHTEIJIeM HaOJII01aeTCsl CMEIIEHNE CUTHAJIOB B 00J1acTh c1adoro moist. 1o
OOBSCHSIETCSI HAJTMYUEM B MOJIEKYJIC AJIEKTPOOTPHULIATENILHOTO aTOMa XJIOpa, KOTOPbIi J1e39KpaHUpyeT
MPOTOHKI (PEHUITBHOTO KOJBIIA. Bo Bcex criekTpax B 06mactu 6 7.30—8.99 M. IPUCYTCTBYIOT CHTHAJIBI
MPOTOHOB MUPHUANHOBOTO KoJiblia. B obnactu ciaboro nosist umeetcst curuan 6 12.07-13,11 m.x1., cooT-
BETCTBYIOIIHH IIPOTOHY BOAOPO/IA, CBSI3aHHOTO C a30TOM MUPA30JILHOIO KOJIBIIA.

B SIMP 3C-cmekTpax mprCyTCTBYIOT CUTHAJIBI YIIIEPOAOB MUpUANHOBOro Kosbua (119.71 m.a.,
140.3 m.1., 150.01 m.1.). B cupHOM mo11e B 061acT 69.49—9.8 M.11. HaOIFOJaeTCs CUTHAT aTOMA yTJIe-
pona meTuibHOM rpynnsl (la, d). B cnyuae 4-amunonupasonos (IIb, ¢, e, /) curHaibl B 00JacTh

0-35 M.A., XapaKTEPHBbIC IJI51 MCTHUJIbHBIX SaMGCTHTCHeﬁ, OTCYTCTBYIOT, HO HOABJIAIOTCSA CUT'HAJIbI (1)6-

N——NH NH
/ = Iy
N N N
NH,
Exact Mass: 105,05 Exact Mass: 78,03
NH
Exact Mass: 65,03 Exact Mass: 51,02

Puc. 2. Cxema ¢parmentauuu 3(5)-ankui(apuin)-5(3)-nupunus-4-un-4-amuno-1H-iupazonos
Fig. 2. Scheme for fragmentation of 3(5)-alkyl(aril)-5(3)-pyridine-4-yl-4-amino-1H-pyrazoles
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HUJIBHOTO 3aMECTHUTEIS], CBA3aHHOTO C MUPA30JbHBIM siapoM: [1h-125.13 m.a., 126.37 m.x., 127.52 m.1.;
11c-124.97 m.g., 126.78 m.a., 127.61 m.n., 128.54 m.a., Ile — 120.55 m.g., 125.54 m.a., 126.35 ..,
127.31 m.n., 1If — 127.75 m.xa., 128.56 m.a.. B obmnactu 128.9 m.a. 3aduKcHpOBaHbl CUTHAJBI aTOMOB
yTIepoaa MUPa30JIbHOT0 KOJIbIIA.

B peakumsix anunupoBanus 4-amuHo-1H-11Mpa3onoB BO3MOXKHO MPOSIBJICHUE aMOUICHTHBIX HY-
KJICO(UITBHBIX CBOMCTB, 3TO MOKET NPUBOIUTH K N-aI[MUINPOBAHUIO UX MO CBOOOJHON aMHHOTPYII-
e ¥ a30Ty MUPA30JIBHOrO KOJIbIa. BO3MOXKHOCTH BBE/ICHUS allMJIbHOM IPYIIBI B OJIYYESHHbIE HAMH
3(5)-ankwi(apmn)-5(3)-nmupunus-(3(4))-un-4-amuao-1 H-mipa3omnsl 3akiroyaeTcss Kak BO BPEMEHHON
3al[UTe aMUHOTPYIIIBI B PEAKLUX CYIb(UPOBAHNUS, HUTPOBAHKS I raJOr€HUPOBAHMUSI, TAK U B 00-
pa30BaHUH COCTUHEHUH, 00aMaroIINX OMPeIeIeHHON Oroornueckor akTuBHOCTEIO [9, 10]. IToaTo-
MY HEOOXOJIIMMO U3yUHTh BO3MOXKHOCTb M HAIPABJICHUE PEaKI[MH allMIMPOBAHUS BIIEPBbIEC I10JyY€H-
HBIX 4-amMuHONHpa30510B Ha mpumMepe 3(5)-penmn-4-amuHo-5(3)-mupuana-4-un-1H-niupasona (Ile).

ALMIMPOBAHUE UCXOTHOTO 4-aMuHONKpa3ona (//e) MPOBOAMIN SKBUMOJSIPHBIM KOJIWYECTBOM
YKCYCHOTO aHTHApHaa B OeH3oie npu HarpeBaHuu. Habmromanoch oOpa3oBaHue NMPOAYKTA AHALIN-
JIUPOBaHMS B BHJIE O€JIBIX KPHUCTAIOB ¢ BhIxoaoM 38 %. [Ipu yBeandeHUU KOJIMYECTBA allUIUPY-
FOIIETO areHTa J0 JABYKPAaTHOro M30bITKa ObLT monydeH N-(l-ametwi-5-¢enrun-3-(mupuana-4-wr)-
1H-niupazon-4-umn)-aneramu ¢ BeixogoM 81 %. Pe3ynabTaThl 9KCIEpUMEHTOB YKa3bIBAIOT HA TO, UTO
B3anMoielicTBre 4-amMmuHonIpasoa (//e) ¢ yKCyCHBIM aHTHAPHUIOM IIPOXOJUT HE CEJIEKTHBHO, TPUBO-
I K 00pa30BaHUIO MPOAYKTOB AHAMIAPOBAHUS (pHC. 3).

B SIMP 'H-criekTpe mosiy4eHHOro COEJMHEHUs] PErMCTPUPYIOTCS JBA CUTHANA IPOTOHOB Mé-
TUJIBHBIX Tpy1 (0 2.07-2.21 M.11.) B BUJIe CHHIJIETA, @ TAK)KE HA0JF01aeTCsl OTCYTCTBHE CUTHAIIA IIPO-
TOHA NMUPa30JILHOTO KOJIbIAa B CIA00M TI0JIe, XapaKTePHOT'O JIJIsl aMHUHOITUPA30JI0B.

B macc-cniekTpax uMeeTcsi CUrHaJl MOJIEKYJISIPHOTO MOHA, COOTBETCTBYIOLIMI PACCUUTAHHOMY
m/z:.320 [M*]. Ananoruuno 4-autpo3somnupaszonam (la-f) u 4-amunonupaszoiam (lla-f) nomydeHHoe
COCIMHCHHE PACIaacTCs Ha MOJICKYJIIpPHbIC HOHBI OUHAKOBBIM 00pa3om (M™ = 105, 77, 64, 50).

CrieKTpaJIbHbIE XapaKTePUCTUKN CHHTE3UPOBAHHOTO COSAMHEHUS CBUAETEIBCTBYIOT O TOM, UTO
amuIMpoBaHue 4-aMUHONMPA30Jia C y-IIUPUANHOBBIM 3amectuTeneM (Ile) NBYKpaTHbIM M30BITKOM
YKCYCHOTO aHTHAPHUIA IPUBOANT K 00Pa30BAHMIO TUAIETUI3AMEIICHHOTO aMHUHOIIPOU3BOIAHOTO TH-
pazona (111).

N——NH N——N

NH, HN
1. ur
(0]
Puc. 3. Cxema nonyuenust N-(1-anerni-5-penni-3-(mupuans-4-mwn)-1H-nupaszon-4-un)-aueramuia
Fig. 3. Scheme for obtaining of N-(1-acetyl-5-phenyl-3-(pyridin-4-yl)-1H-pyrazol-4-yl)-acetamide
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Takum 00pa3om, BriepBble CHHTE3UPOBaHbI HOBBIE, PaAHEE HEU3BECTHbBIE 4-aMHHONNPA30JIbI C P-,
Y-IIUPUAMHOBBIME (hparMeHTamMu. M3yueHa peakiius aiuiInpoBaHus JaHHBIX COSIUHCHUN HaA TPHMe-
pe 3(5)-bennn-4-amuno-5(3)-nupuaun-4-ui-1H-nupasona (Ile). [TokazaHo, 4TO HE3aBUCUMO OT COOT-
HOIICHUS PEareHTOB 00pa3yeTcs MPONYKT quanuianpoBanus. CTpOCHHE BIIEPBBIC BBIICICHHBIX MTPO-

JYKTOB JoKa3aHo MeTogamu SIMP 'H-, BC-crexkTpocKonuu u Macc-CreKTPOMETPUM.

BKCHepl/IMeHTaJI])HaSI JacThb

Peructpanust Macc-criektpa nposoauiace Ha npubope Finnigan MAT 8200GC/MS c¢ nBoitHO#M
(hokycupoBKoii u paspemaronieii criocoonoctso 50000 [11].

Cruekrpsl IMP 'H, SIMP 3C 3anuceiBanu na npudopax BrukerAvance II1 600 (@exepanbHoe
TrOoCyfapCTBEHHOE OIO)KeTHOE Hay4yHoe yupexjaeHue «DemepaibHBIH HCCIETOBATEIBCKUNA IIEHTP
«Kpacnostpcknii HayuHbIi neHTp Cubupckoro otaenenus Poccuiickoit akageMun HayK»», THCTUTYT
XUMHH U XUMUUYECKOH TexHonorun Cubupckoro otaenenns Poccuiickoit akanemun Hayk (UXXT CO
PAH) — 06oco6ennoe moapazaenenue UL KHIL[ CO PAH) nns pactBopoB coennaeHuid B DMSO-d;
¢ npumeHenneM TMC B kaduecTBe BHYTPEHHETO CTaHIapTa.

YHCcTOTY ¥ MHAMBHIYaJBHOCTh IIPOAYKTOB KOHTPOJIMPOBAIN METOAOM TOHKOCIIOHHOH Xpoma-
torpadun: ucnonb3oBanu miacTUHKU Mapku [ITCX-I1-B-YO, antoeHT — rekcan: sTuiamnerar B COOT-
HOUIEHUH 1:3, MPOsIBICHNE B YyIBTPa(HOICTOBOM CBETE.

Temmeparypsl IIaBIEHUS ONPEACIIAIN B OTKPBITHIX Kanuiuisapax Ha npudope [ITIT (TY 25-11-
1144-76).

O6muit meton cuHTe3a (5)-ankui(apun)-5(3)-nupunus-(3(4))-un-4-amuao-1H-nupa3onos
(I1a-f). Tupugunconepxaniue 4-uutpo3onupaszoinsl (I a-f) (5 MMOIB) pacTBOPSIIA B MUHUMAITh-
HOM KOJIMYECTBE dTHIJIOBOTO CIIUPTA, BHOCHJIM KaTajluTuueckoe konunuectBo Pd/C. [lanee nocre-
MIEHHO, HE JIOITyCKas pa3orpesa, MpuKamnbiBaiau ruapasut ruapat (10 mmoins). [Tocae nodasnenus
BCETO KOJIMYECTBA THAPA3ZUH T'HApaTa PeakMOHHYI0 MacCy TePMOCTAaTUPOBAJIH IIPH TEMIIEPaTy-
pe 25 °C 4-22 4. Habmionanu n3MEeHEHHE I[BETAa PACTBOPA C 3€JICHOr0 Ha kenThld. KaTanuzartop
U3 PEeakIMOHHOW Macchl ynaisyiu GuiabTpoBanueM. [lodydyeHHBIH pacTBOp ynapuBalld J0CyXa
W 3aTHPAIH C AUXJIOpMETaHOM. AMUHONUpa3onsl (/la-f) monydanu B BHJE MOPOIIKa O0EKEBOTO
(>kenToro) uBera.

3(5)-memun-4-amuno-5(3)-nupuoun-3-un-1H-nupaszon (Ila). Berxon 71 %, kpucTtamiel 6exe-
Boro ngera. T,,=119-120 °C (CH,Cl,). AMP 'H (DMSO-dg), 8, m.1.: 2.16 ¢ (3H, CH3), 5,73 ¢ (2H,
NH,), 7.61 T (1Hapow), 8:13 11 (1Hapon), 8.23 11 (1Hapow)s 8.99 ¢ (1Hypow), 12.27 ¢ (1H, NH). SIMP 3C
(DMSO-dy), 8, m.a.: 9.49, 123.80, 125.14, 132.68, 146.78, 147.22. Macc-criektp, m/z: 175 [M™], 158,
131, 105, 77, 64, 50.

3(5)-gpenun-4-amuno-5(3)-nupuoun-3-un-1H-nupazon (IIb). Beixon 71 %, kpucraibl Oexe-
Boro ugera. T,,,=160-162 °C (EtOH). IMP 'H (DMSO-d), 3, m.zi.: 4.06 ¢ (2H, NH»), 7.3 T (1Hapou),
747 1 (BHapow)s 771 11 (2Hapow), 8.16 1 (1Hapow), 8.49 1 (1Hapow), 8.99 ¢ (1H,pen), 12.93 ¢ (1H, NH).
SIMP BC (DMSO-dg), 8, m.a.: 124.20, 125.13, 126.37, 127.52, 129.38, 133.98, 147.60, 148.05. Macc-
cnektp, m/z: 237 [M7], 192, 105, 77, 64, 50.

3(5)-(4-xnopgpenun)-4-amuno-5(3)-nupudun-3-un-1H-nupaszon (Ilc). Beixon 72 %, xpucrai-
161 6exeBoro ngsera. T, =160-165 °C (CH,Cl,). AMP 'H (DMSO-d): 8, m.x.: 4.13 ¢ (2H, NH,), 7.78 T
(1Hapow)s 7.52 1 (2Hapon), 7.78 1 (2Hapow)s 8.12 1 (1Hqpon), 8.51 1 (1Hqpow), 8.97 ¢ (1Hgpon),12.97 ¢ (1H,
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NH). SIMP BC (DMSO-dy): 8, m.n.: 123.53, 124.97, 126.78, 127.61, 128.54, 131.21, 133.05, 146.93,
147.52. Macc-cnektp, m/z: 271 [M'], 256, 227, 105, 77, 64, 50.

3(5)-memun-4-amuno-5(3)-nupuoun-4-un-1H-nupaszon (I1ld). Beixon 73 %, KpuCTaIIBI HKEITO-
ro ugera. Ty,= 180 °C (EtOH). AMP 'H (DMSO-dy): 8, m.1.: 2.14¢ (3H, CH3), 3.92¢(H, NH,), 4.09¢(H,
NH,), 7751 (2Hapow)s 8:53 & (2Hypow), 12.38 ¢ (1H, NH). SIMP 13C (DMSO-de): 8, m.x.: 9.80, 119.71,
128.9, 140.3, 150.01. Macc-cnektp, m/z: 174 [M*], 158, 105, 77, 64, 50.

3(5)-gpenun-4-amuno-5(3)-nupuoun-4-un-1H-nupazon (Ile). Beixon 76 %, KpuCTAIIIbI KEITO-
ro usera. Tp,= 210-212 °C (EtOH). AMP 'H (DMSO-de): 8, m.a.: 4.23 ¢ (H, NH,), 4.27 ¢ (H, NH.,),
7.34 T (IHapom), 7.35 & 2Hapom), 749 1 2Hapon), 771 1 (2ZHapowm), 7.83 11 (2Hapou), 8.60 ¢ (ZHapon), 13.05
¢ (IH, NH). AMP 3C (DMSO-dg): 8, m.p1.: 119.73, 120.55, 125.54, 126.35, 127.31, 129.08, 150.18, 150.49.
Macc-crektp, m/z: 236 [M*], 220, 196, 181, 105,77, 64, 50.

3(5)-(4-xnopgpenun)-4-amuno-5(3)-nupuoun-3-un-1H-nupason (IIf). Beixon 70 %, xpucrai-
1Bl sxenToro usera. Ty,= 162-164 °C (EtOH). AMP 'H (DMSO-dg): 8, m.a.: 4.30c (2H, NH,), 7.51 T
(2Hapon)s 7.76 11 (4Hapow), 8,58 1 (2H,pow), 13.11 ¢ (1H, NH). SIMP '3C (DMSO-de): 8, m.a.: 119,71; 127,75;
128,56; 131,33; 149,80. Macc-cnektp, m/z: 267 [M™], 256, 227, 105, 77, 64, 50.

N-(1-ayemun-5-gpenun-3-(nupuoun-4-un)-1H-nupaszon-4-un)-ayemamuo (I11).

A. 0,16 r (0,5 MMoiB) aMUHOIIHPa30Jia pacTBOPsUTH B 25 Mi Oensoa. [lo karisiM g00aBiisuiu
50 mr (0,5 Mmmoup) ykcycHoro anruapua. Yepes 1 4 HeliTpanuzoBanu cMech 10%-HBIM pacTBOpOM
Na,CO; (pH 7). Opranuueckuii Cjio# oTaesuin u ynapusaiu. Beixon 38 %, Oesbie KpUCTAILIBI.

b. 0,16 T (0,5 Mmmonp) amMmrHONTUpa3ona pacTBopsutH B 25 mur OeHzona. [lo kamisim mo6aBisuim
100 mr (1 mmonb) ykeycHoro anruapunaa. Yepes | u HeliTpanuzoBanu cmech 10%-HBIM pacTBOpOM
Na,CO; (pH 7). Opranndeckuii cioit otaensun u ynapusaiu. Berxox 81 %, 6enble KpucTaIbl.

Ty, = 152-154°C (EtOH). SIMP 'H (CDCl;): 8, m.x.: 2,07 ¢ (3H, CH3), 2,21 ¢ (3H, CH3), 7,41 ¢
(1Hapon), 7:43 11 2Hapon), 7,49 1 2Hapow)s 7,55 1 (2Hupow), 8,68 1 (2H,pon), 9,41 ¢ (1H, NH). SIMP 13C
(CDCly): 8, m.a.: 19,8; 22.4; 119,76; 128,05; 128,18; 128.95; 129.14; 130,92; 141,34; 147,48; 170,31;
171,06. Macc-cniextp, m/z: 320 [M*], 277, 215, 181, 105, 77, 64, 50.

3akJiioueHue

Takum 00pa3om, BIEpPBbIE CHHTE3UPOBAHBI HOBBIC, paHEe HEM3BECTHBIC 4-aMUHOMHPA30-
JBI ¢ -, Y-IIUPUIAHOBEIMU (hparMeHTaMU. 3aMeHa METHIIBHOTO 3aMECTUTENs Ha (DCHIUIBHBIN U TI-
XJ0pPEeHUIBbHBIN (parMEeHThI HE OKa3bIBACT CYIIECTBEHHOTO BIUSHUS Ha BBIXOJ LIEIEBOTO MPOIYK-
Ta. OTHAKO CKOPOCTh BOCCTAHOBJIICHHS 4-HHUTPO3OMHPA30jia C M-XJIOP(HEHUIBHBIM 3aMECTUTEIEM
3HAUUTENBHO BbIle. CTpOEHUE BIEPBbIE MOJYUYEHHBIX COSTMHEHHH MOATBEPKAeHO MeTonaMu SAMP
'H-, BC-creKTpOCKONUHU ¥ Macc-CIEKTPOMETPUH. AHAIM3UPYS CIIEKTPAIIbHbIE JaHHbIE, MOXKHO OT-
METHTh, YTO BCE CUTHAJIBI TIOJIYyYEHHBIX 4-aMUHOMUPA30JI0B aHAJIOTUYHBI COOTBETCTBYIOIIUM CHUTHA-
J1aM 4-HUTPO30MHUPA30JIOB, UTO CBUJIETENBCTBYET O IIPOXOKACHUHU PEAKLIMH BOCCTAHOBJIEHHUS TOJIBKO
[0 HUTPO30rpyIIre, 06e3 HaAPYIICHHUS ApOMATUYHOCTH TUPHIMHOBOIO IIUKJIA.

N3ydeHa BO3MOXKHOCTH BBEACHMS allMJILHOM IPYNIbl B CUHTE3UPOBAHHbBIE MUPUINII3aMEIIEH-
HbIe 4-aMuHONKUPa30Jbl Ha pumMepe 3(5)-pennn-4-amuno-5(3)-nupuaui-4-ui-1H-nupasona. Crek-
TpaJIbHbIE XapAaKTEPUCTUKH MOJTYUYEHHOTO COEIMHEHUSI CBUJETEIBCTBYIOT O TOM, YTO allUJIMpPOBaHUE
4-aMHUHOTNIUPA30JIOB C TUPUIUHOBBIMH 3aMECTUTEISIMU JIBYKPATHBIM U30BITKOM YKCYCHOTO aHTHAPHU-

Ja MIPpUBOAUT K 06paBOBaHI/IIO ANANCTHUII3aMCIICHHOI'0O aMUHOIIPOU3BOAHOIO MU PA30Jia.
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Abstract. The reactions of 1,3-bis((diphenyl)phosphinoxy)benzene and PtCl,(L), (L = SMe,, OSMe,,
CsHsN) gave the new pincer-type 1,3-bis((diphenyl)phosphinoxy)phenyl platinum (1I) complex
[n3-kP:xC:xP-C4H3-1,3-(OPPh,),]PtCl (1). The reaction between compound 1 and 4-ethynyl-2,1,3-
benzothiadiazole in the presence of copper iodide lead to the new complex [C¢H3-1,3-(OPPh,),]Pt-C=C-
(4-C¢H3N,S) (2) containing a terminal (4-benzothiadiazol-2,1,3-yl)ethynyl ligand. The compounds were
characterized by IR- and NMR-spectroscopy. These spectroscopy data allow us to propose the molecular
structures of 1 and 2. The electrochemical properties of the new complexes were studied, the outcomes

of their redox-reactions were proposed.
Keywords: platinum, pincer ligands, alkynyl ligands, benzothiadiazole, electrochemistry.

Acknowledgment. Physical-chemical characteristics were obtained in the Krasnoyarsk Regional
Centre of Research Equipment, Siberian Branch of the Russian Academy of Sciences. This work was
conducted within the framework of the budget project 0287-2021-0012 for Institute of Chemistry and
Chemical Technology SB RAS.

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

— 251 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 251-264

Citation: Verpekin, V.V, Chudin, O.S., Burmakina, G.V., Kondrasenko, A.A., Zimonin, D.V. and Peterson, I. V. New pincer-type
platinum (II) complexes with 1,3-bis((diphenyl)phosphinoxy)phenyl ligand. Synthesis, structure and electrochemical properties.
J. Sib. Fed. Univ. Chem., 2022, 15(2), 251-264. DOI: 10.17516/1998-2836-0290

HogBble kommiekcebl miaaTudbl (I1) ¢ nmHOepHbIM
1,3-6uc((nudennn)pocpunoxkcu)peHUILHBIM JTUTAHTOM.

CuHTe3, cTPOEHHE U JIEKTPOXUMHYECKHE CBOICTBA

B.B. Bepnexknn?, O.C. Uynun?, I'. B. Bypmakuna?,

A.A. Konapacenko?, /1. B. 3umonun® %, . B. Ilerepcon®
“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
QU] «Kpacnoapckuii nayunviid yeump CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

*Cubupckuii hpedepanvhbiii ynusepcumem

Poccuiickaa ®edepayus, Kpacnosapck

AnHotamus. [To peakiusam 1,3-6uc((nudennn)dochunokcn)oensona ¢ PtCly(L), (L = SMe,, OSMe,,
CsHsN) nomyuen HoBbIH nuHIEepHbIIi ], 3-0uc((andennn)pocdruHokcr)heHUITBHBIN KOMIUICKC TUIATHHEI
(I1) [?-xP:kC:xP-CsH3-1,3-(OPPh,),]PtCl (1). B mpucyTcTBHYM HOMUIa MEAU coenunenne 1 pearupyer
¢ 4-3tuHUN-2,1,3-6eH30THana307I0M ¢ 00pa3zoBarHueM HoBoro Komiiekca [CqH;-1,3-(OPPh,),]Pt-
C=C-(4-C4H;N,S) (2), comeprxariiero repMuHaibHbii (2,1,3-0eH30THAIHA30II-4-1T)-a1Ie TUIICH U THBI I
nuran[. [lonyyennsie coequnenus nuzydens metogamu MK- u SIMP-cniekTpockonuu, NpeajiokeHo ux
cTpoeHue. MccienoBanbl 2ICKTPOXUMUYECKHE CBONCTBA HOBBIX KOMITJICKCOB, PEII0KCHBI MEXaHHU3MbI

WX PEIOKC-PEaKIIHiA.

KuaioueBnble ciioBa: IJIaTUHA, TUHUOCPHBIC JIMTAHAbl, AJIKUHWUJIbHBIC JIUTAH/bI, 6€H30TI/IaI[I/Ia3OJ'I,

3JIEKTPOXUMHUSL.

BaarogapuocTn. PaGoTta BbINOJIHEHA B paMKax roCyAapCcTBEHHOro 3ajanus HCTUTYTa XUMUH
n xumugeckoit rexuonoruu CO PAH (mpoext 0287-2021-0012). PaboTa BBINOIHEHA C HCIOJIB30BaHUEM
obopynoBanusi KpacHOSPCKOTo peruoHagIbHOrO EHTPa KOIEKTUBHOTO nosik3oBanust UL KHI] CO
PAH.

IutupoBanue: Beprnekun, B. B. HoBsie kommiaekcwl ninatunsl (11) ¢ nunuepusiM 1,3-6uc((nudenun)dochunokcn)
(ennnpHpIMIUTran oM. CHHTE3, CTPOCHHE U dJIeKTpoXxumMuieckue coiictsa / B. B. Bepnekun, O. C. UynuH, . B. Bypmakuna,
A.A. Kougpacenko, /1. B. 3umonus, U. B. [Terepcon // XKypu. Cub. dpenep. yu-rta. Xumus, 2022, 15(2). C. 251-264.
DOI: 10.17516/1998-2836-0290
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BBenenue

XWMUS MUHIEPHBIX JTUTAHA0B U UX KOMIUICKCOB CUNTACTCSl OMHUM M3 aKTyaJIbHBIX HAIIPABICHUH
Pa3BUTHUSI METAJIIOOPTaHNYECKOH XUMUH. OCOOCHHOCTBIO MMHIIEPHBIX JIUTAHJIOB SBISIETCS TO, YTO IIPU
KOOPIHMHAINH C METAJUIAMH OHU 3aHUMAIOT TPU COCEIHUX MOJIOKEHHUS B KOOPMHAIMOHHOH cepe aToma
MeTasia, oopasys komieke odmei popmysoit [M(E1YE2) Lm]Xn, rae E1/E2 — aTo HeliTpanbHbIii
IBYX31eKTpoHHBIH ToHOP (-NR,, -PR,, -AsR,, -SR wim -OR), Torna xak Y garie Bcero mpeicTaBiseT
co0oit 2,6-113aMeIeHHOe O€H30IBHOE KONBIIO C aHHOHHBIM aTOMOM yTi1epoaa (Ciyso) B TIEPBOM TTOJIO-
YKEHUH, KOTOPbI 00pa3yeT KOBaJICHTHYIO 6-cBsi3b C-M ¢ aTomom merasuia, L u X — BcmoMmoraresbHble
HEUTpaJIbHBIN NN aHUOHHBIN Turansl [1, 2]. B Takux koMIIekcax Bce TPH KOOPAWHAIIMOHHBIX IEHTpa
HaXOJSTCS B OAHOM IUIOCKOCTH C aTOMOM METaJjula, 00pa3ys ISATH- ¥ MIECTUWICHHBIE [IUKJIIBI, 4TO 00-
yCIaBIUBAET BBICOKYIO TEPMHYECKYIO CTAOUIBHOCTD M CTEPHUECKYIO )KECTKOCTh TAKUX COCTUHEHHH.
Bouee Toro, B Takux cucteMax MOAU(GUKAIMS Pa3IMIHbIX CTEPUUECKUX U 3JIEKTPOHHBIX I1apaMETPOB
MUHIEpa M03BOJISET TOYHO PEryJIMpPOBaTh CBOWCTBA METAJNINYECKOTO IIEHTPa 0e3 3HAYUTEIbHOI0
M3MEHEHUSI CXEMBI CBSI3bIBAHUS METAJI-TUTaHA. Harpumep, ctepudeckue 1 2JIeKTPOHHBIE CBOHCTBA
KOMILJIEKCa MOYKHO BapbHpOBaTh, M3MEHsISI TUIT JOHOPHBIX aToMoB E, nmpupoay 3amectureneii R win
BBOJISI HOBBIE I'PYIIIIBI B aPOMATHIECKOE KOJIbIIO, KOBAJEHTHO CBSI3aHHOE ¢ MeTasuIoM [3].

Takum o0pa3om, O6arogapsi CBOCH CTaOMIBHOCTH M BO3MOKHOCTH TOYHOW «HACTPOUKHU» CBOM-
CTB METaJNINYECKOr0 IIEHTPA IMMHLEPHBIE KOMIUIEKCHI TPHOOPEIN OYeHb Ba)KHOE 3HAYEHUE B TOMO-
reHHoM Karanuse [4]. Kpome Toro, B mocienHee BpeMs 9TH COSITMHEHU S TPUBIIEKAIOT BHUMaHHE U KaK
NIEPCHEKTUBHBIE MaTepHalbl JJIs CO3/aHUsI MaTepHajioB, OCOOCHHO IHMKJIOMETAUINPOBAHHBIE KOM-
IUIEKCHI TUIaTUHBI [2, 5]. Ha ux npumepe ObLIO POJEMOHCTPUPOBAHO, YTO 3aMEIIEHHE IaJIOreHHI0B
(Hanbomee pacIpoCTPAaHECHHBIX B XUMUHU 3THX COEAMHEHHH) Ha OpraHnYecKue JIUTaHabl (Harmpumep,
AlEeTUIIMAHbBIC) 3HAYUTENIHO MOAU(PULIUPYET PU3UKO-XUMHUYECKUE U XUMHUECKUE CBOMCTBA ITMHLIEP-
HBIX KOMILIEKCOB [5, 6]. Tak, yBenuunBaeTcsi pacTBOPUMOCTH KOMIUIEKCOB B OPIraHMYECKUX PacTBO-
pUTENISX, TOSBIISIETCS CIIOCOOHOCTh K CAMOOPraHM3aluU ¥ MEXMOJIECKYJISIPHBIM B3aHMMOJICHCTBUSIM,
MEHSIETCSl 3JIEKTPOHHOE CTPOECHHE KOMILIEKCcoB [7, 8]. Kpome Toro, BO3MOXXHOCTH BBEICHHS TEPMHU-
HaJIbHBIX ITHHHUIIbHBIX JINTAHJIOB B ITMHLIEPHI IEPEXOIHBIX METAJIJIOB II03BOJISIET JOMOIHUTEILHO BBO-
JUTH B MOJIEKYJIBI ’THX KOMIIJIEKCOB Pa3JINYHbIC KOOPAWHAIMOHHBIE IIEHTPHI. ClielyeT OTMETUTh, 4TO
KOMIIJICKCHI IEPEXO/IHBIX METAIIJIOB, COJIEPIKAIINE G-aIKUHHIIbHBIC U G-TIOJMHUHOBBIC JIUT'aH1bl, 00BIY-
HO HCTIONB3YIOT KaK MOJICJIBHBIE CHCTEMBI /ISl M3yUCHH S JIIOMUHECHICHIINY, HEITMHEIHO- O THYECKUX
CBOWCTB U MPOLIECCOB MEPEHOCA FNEKTPOHOB Ha MOJIEKYJISIPHOM YpOBHE. B mocnemqnee Bpems ux Tax-
K€ HadaJll pacCMaTpUBATh KakK MPEKypCOpHl I co3laHus (QyHKIMOHAJIBHBIX MarepuaioB [8—11]
Y KaTaJIn3aTOPOB MPOIIECCOB BOCCTAHOBJIEHUSI MPOTOHOB /10 Boopoaa [12].

OpHMMH W3 Takux nuHLepoB sBuAoTcs Ouc(pochuuut)penmnsusie (POCOP mmm CgHy-
[OPR;,],, e R — ankuibHBIA UM apUIBHBINA 3aMECTUTENN) JUTAHIbl. DTOT TUI MTUHLUEPHBIX JIH-
TaH/IOB ITOJIYYHII CBOFO IMOMYJISIPHOCTD 33 CYET CBOCH TepMHUYECKOH 1 a3poOHOH cTabunbHOCTH [13],
a Takke Ojarozuapst JIErkoCcTH cuHTe3a u Mojudukanuu [14—16]. Kpome toro, ObLI0 1okazaHo, 4To
KoMIuTeKchl Hukenst ¥ namaauss POCOP-tuna ycrnemHo KaTtaau3upyroT MHOXKECTBO Pa3IuIHBIX
MpEeBpaIleHU OpraHWYeCKHX BemecTB, BoccTaHOBIeHHEe CO, M peakuuu COYETaHHUS YTJIEepPOI-
rerepoaromM [15].

Onnaxko no cpaBHenuto ¢ komruiekcamu Ni(I1) u Pd(11), coorBeTcrBytomune POCOP-nipou3sBoaHbIe

IUIATHHBI U3BECTHBHI B 3HAYMTEILHO MEHBIIEH CTCIICHU [1] OTCYTCTByIOT ny6n1v11<au1/11/1 110 CHUHTC-
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3y ¥ u3y4eHuto cBoicTB komiuiekca Pt(Il), copepxkamero ouc((anudenmn)dochrunokcn)peHnabHbIIA
murany. Kpome Toro, BO3SMOXXHOCTH BBEIEHHS AlleTHIICHUIHBIX JIMTAHIO0B B KOMIIJIEKCHI TJIATHHBI
¢ nunnepHsiMu Jurangamu POCOP-tumna nokasaHa TojbK0 B 0fHOM pabote [17]. B HacTosmieit pa-
00Te CHHTE3UPOBAH paHee HEM3BECTHBIN MUHICPHBIA KoMIUIeke maTuHb (1) ¢ Ouc((muderumn)doc-
¢unokcu)penmnpHbiM urangoM [CeHz-(OPPh,),]PtCl un n3ydena BO3MOXXHOCTD 3aMELICHU ST XJIOPHI-
AHUOHA MPHU aToMe IaTHHbI Ha (2,1,3-0eH30THaana30-4-1m)-aTKHHIIBHBINA TUTaHd. YCTAaHOBICHO

CTPOCHHEC MOJTYUYCHHBIX COCI[I/IH@HI/Iﬁ, N3YYCHBI UX DJICKTPOXUMHUYECCKUEC CBOMCTBA.

BKCHepl/IMeHTaJI])HaSI JacThb

Bce onepanuu 1o CMHTE3y M BBIJICICHHIO KOMILIEKCOB IPOBOIWIM B aTMocdepe aproHa. Pac-
TBOpUTENN (ITUJIALIETAT, METPONCHHBIA 3(UpP, XJIOPUCTHIA METHJICH) MPEABAPUTEIBHO OUHMIIAIN
OT IPUMECEH, CIIeJOB BOABI M KHCIIOPO/a ITyTEM NEPETOHKH HaJl COOTBETCTBYIOIIMMH OCYIINTEISIMH
u xpanuiu B atmochepe aprona. Terparuapodypan (TI'D) u Toyos 11t MpOBENCHUS PEAKIUI OCY-
many HaJl AM(EHMIKETHIIOM HaTPUs U TEPEroHsIN B aTMoc(epe aproHa HEIOCPEACTBEHHO Iepe]
KCII0JIb30BaHEeM. MOHUTOPUHT pEaKIUMi MPOBOJMIIM C MCIOJIb30BAHUEM TOHKOCIOWHOM XpoMarto-
rpaduu Ha IUIaCTHHKaX co ciaoeM cuimkarens (Alufoils, Sigma-Aldrich) n UK-cniekrpockonnu. Jlis
XpoMaTorpaduyuecKoro pas3aeacHus PEaKIIMOHHBIX CMECEH HCIT0JIb30BaIN HEUTPAIbHBIA CHIINKATEIb
(Silica 60, 0,2—0,5 mm) ¢pupmsr Macherey-Nagel. B skcniepumenTax ucronb3zoBaniu 1,8-1ua3zadummk-
10[5.4.0]yuneu-7-eu (JIBY, Aldrich), xanuii mpem-oytunar (BuO'K, Aldrich), 4-qumeTuIaMuHOIH-
punua (DMAP, Aldrich) u fiomua mequ (Cul, OOO «BekxToH-My). buc(aumeTwicynbdokcu)amx-
aop mnatusbl (1) Pt(OSMe,),Cl,, Pt(SMe;,),Cl,, Pt(CsHsN),Cl, u 1,3-6uc((nudenmn)dochrnokcu)
oenszon CgHy-1,3-(OPPh,), Oblmu CHHTE3MPOBAHBI IO paHEe OMyOIMKOBaHHBIM MeTonukam [18,19].
4-D1uHnn-2,1,3-0eH30THAAMA30I TIOJyYald JACCHIMINPOBaHHEM 4-(TPUMETHUIICUIINI)ITUHII-2,],3-
6enzornannaszoina [20].

DU3MKO-XUMHYECKUE XapaKTEPUCTHKHU TIOJIy4YeHbI C MCHOJIb30BaHueM obopynoBanus KpacHo-
SIPCKOT0 PErMOHaNIbHOrO LeHTpa KoyulekTuBHOro noub3osanus GUL] KHI[ CO PAH. Cnextper UK
3anmcanbl Ha criektpomeTpe Simex ®T-801 (Hosocubupcek, P®). Crnexkrper SIMP 'H u C Gbiu mo-
JTydeHsl ¢ ucnosb3oBanneM dypee-criekrpomerpa IMP AVANCEIII 600 (Bruker, I'epmanust). Xu-
MHUYECKHE CIIBUTH B CIIEKTPAX OIPEAEICHbI OTHOCHUTEIBHO OCTATOYHBIX IIPOTOHOB JICHTEPUPOBAHHBIX
pacTBOpHTENEH U IIPUBEICHBI B MUJUIMOHHBIX JOJISAX (M.1.). KOHCTAaHTBI CITMH-CITMHOBBIX B3aNMOJICH-

CTBUH mpuBeaeHB! B reprax (I'm).

Cunres [C¢H;-1,3-(OPPh,),]PtCl

Kommnexe [CsH;-1,3-(OPPh,),|PtCl (1) mony4anu o Moan(UIMPOBAHHBIM JINTEPATYPHBIM Me-
Tonukam [21-23].

K pactBopy 156 mr CgHy-1,3-(OPPh,), (0.370 MMomb, 1.25 5kB.) B 5 MJI TOJTyoJ1a TP MHTEHCHB-
HOM TIepeMeIINBaHNH J00aBIAnu 33 Mr cBexkeBozoraanHoro -BuOK. Yepes 5 MUH K HOTydeHHON
cmecu nobaBmsnu 125 mr (0.296 mmons) Pt(dmso),Cl, cycnienampoBanHoro B 10 mi tomyorna. Pe-
AKIMOHHYIO CMECh KHUIISITHIIM MIPH IEPEeMEIINBaHUU B HHEPTHOU aTMocdepe B TeueHue 20 u. 3atem
PCaKIMOHHYIO Maccy OXJIAXK/IaJdH J0 KOMHAaTHOW TeMIepaTypsl U (pUIbTPOBAIHN Yepe3 CTEKIISTHHBIN
(buUNBTp, KOPUYHEBBIH OCTATOK HA QUIbTpe JonoiaHUTEIbHO mpombiBaiu CH,Cly (3%2mi). OcraTtok

KPEMOBOI'0 IBE€TA, IMOJYYCHHOI'O MHOCJIC YyAaJICHUSA PACTBOPUTEIIA U3 (1)I/IJ'II>TpaTa IIpU MOHUXKXCHHOM
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JaBieHNH, Xpomarorpaduposanu Ha KosoHke SiO; (10%2 cm). DionpoBaHHEM CMECHIO METPOJICHHBIN
a¢up-CH,Cl, (1:1) n nocnenytomum ynapuanuem B Bakyyme noxydnitn 72 mr (0.102 mmois, 34 %)
komiutekca [CgHs-1,3-(OPPh;),]PtCl (1) B BHAE MEIKHUX KPUCTAJIIIOB OEJI0r0 I[BETA.

3amena Ouc(aumertmuicynbdokcum)auxiop tuatuael (1) Ha Pt(SMe,),Cl, B mpemiokeHHOM
METOJIMKE TPUBeNa K YMEHbBIICHNIO BbIX0/a IieneBoro komrekca 1 o 24 %. Peakuus Pt(Pyr),Cl,
¢ C¢Hy-1,3-(OPPh,), B Teuenue 96 4 B MOJOOHBIX YCIOBHSX C Hcmolb3oBanneM DMAP B kauecTBe

OCHOBaHU 103BOHIIA YBennuuTh BoIXo [C¢H3-1,3-(OPPh,),|PtCl (1) mo 48 %.

[CsH3-1,3-(OPPh,),|PtCl

"HNMR (CDCls): 6.77 (d, Jun = 8.09, Jup; = 14.87, 2H, H*® of C¢H3); 7.09 (t, Jun = 8.09, 1H, P of
C¢H3); 7.52 (m, 12H, Hiyera and Hpyr, of P-Ph); 8.02 (m, 8H, Hoyyo of P-Ph).

BC NMR (CDCls): 106.8 (t, 3Jpc = 6.86, C*° of C¢Hs); 121.9 (t, 3Jpc = 5.36, C?-Pt); 127.7 (s, C° of
CeHs); 128.9 (t, 2Jpc = 5.96, Cipeta Of P-Ph); 131.9 (t, 2Jpc = 7.98, Coro Of P-Ph); 132.1 (S, Cpara Of P-Ph);
137.7 (t, 2Jpc = 31.82, Cipso of P-Ph); 163.1 (t, 2Jpc = 7.45, C'* of C¢Ha).

3IP NMR (CDCly): 133.64 (s, Jpp = 3215).

Cunre3s [C¢H3-1,3-(OPPh,),|Pt-C=C-(4-CsH;N,S)
Kommteke [CgHj3-1,3-(OPPh,),|Pt-C=C-(4-C4H3N,S) (2) cuHTE3upOBaiy M0 CIACAYIOMIEMY IIPO-

Tokoay. K skento-kopuuHeBOMYy pacTtBopy Ouc((auderun)pochruHokcr)HEHUIMIATHHBL XI0PHIa
(39 wr, 0.055 mmop) U 4-3TrHAN-2,1,3-0eH30Tananaszona (13 mr, 0.081 MmoIb) B 5 M TeTparuapo-
(dbypaHa Ipu UHTEHCUBHOM MEPEMEIIMBAHUH TIOCIICI0BATEIBHO 100aBsid 12 MKIJI JHA300UIIHKIIO-
yuaeneHa (0,080 mmounp) u HaBecky Hoauaa memu (3 mr, 0.017 mmoms). [Tocne mo6asnenus Cul et
PEaKIMOHHOM CMECH N3MEHUJICS Ha KEeJITO-3eJIeHbIN. PeakIMOHHYI0 CMeCh IepeMEIINBAIIN B TEYCHUE
30 muH npu 24 °C, 3aTeM ynapuBalld B BAKyyMe, IEPEpacTBOPSIN B | MII JUXJIOpMETaHA U HAHOCH-
JIM Ha XpoMaTorpapuuecKyro KOJIOHKY ¢ HeUTpaibHbIM Si0O, (6x1 cm). CMechlo IeTpoJIe bl Ahup-
stunaneTar (7:3) SIFOUPOBATH SIPKO-KEITYIO (PPaKIUIo, H3 KOTOPOU IOCIIe YAaICHUS pACTBOPUTEIS
obu10 mosyueHo 39 mr (0.047 mmonb, 85 %) xenthix kpucraioB komiuiekca [C¢Hj-1,3-(OPPhy),]
Pt-C=C-(4-C¢H;N,S) (2).

[CsH3-1,3-(OPPh,),|Pt-C=C-(4-CcH;N,S)

'H NMR (CDCly): 6.89 (d, *Jun = 8.1, Jpu =6.7, 2H, 6 of CgHy), 713 (t, g = 7.9, 1H, HS of
CeHs), 7.49 (m, 12H, Hyera and Hyyry of P-Ph), 7.51 (dd, *Jyu = 8.8, *Jyu = 6.9, Hyyo of btd, 1H, overlaps
with 7.49) 7.58 (dd, 1H, 3yt = 6.9, “Jiit = 1.0, Hynera 0 btd), 7.83 (dd, = 8.8, “Jiags = 1.0, 1H, Hyyry of
btd), 8.21 (m, 8H, Hyyy of Ph).

13C NMR (CDCls): 106.2 (t, *Jpc = 6.3, C*6 of CgHs), 114.8 (5, Jpic = 274.6, Pt-Cy=), 118.4 (8, Coara
of btd), 122.2 (t, 2Jpc= 11.6, C*-Pt of C¢Hs, overlaps with singlet at 122.2 ppm, Jpc= 25, =Cy-(4-btd)),
128.3 (5, C° of CgHs), 128.8 (¢, 2Jpc = 6.0, Cea OF P-Ph), 1297 (5, Caneta Of bitd), 130.2 (5, Coo of btd),
131.7 (s, Cpara of P-Ph overlaps with triplet at 131.8 ppm, 2Jpc = 8.3, Coyo 0f P-Ph), 134.7 (t, 2Jpc = 31.9,
Cipso 0f P-Ph), 136.6 (t, “Jpc = 6.6, Cipso0f btd), 155.1 (3, N-Ciera 0f btd), 156.3 (s, N-Ciyyo Of btd), 164.0
(t, 2Jpc = 7.5, C"3 of C4Hy).

3IP NMR (CDCly): 136.5 (s, Jpip = 3071)

UK-cnekrp, CH,Cly, vic=c), em™': 2097.
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ONeKTPOXUMHYECKHE H3MEPEHUSI TPOBOIUIIN B CBEKETIPUTOTOBICHHBIX PACTBOPAX COCAMHEHUN
B aneronutpuie ¢ godasieHuem 0.1 M Et,;NBF, B kauecTBe (POHOBOTO IEKTPOIUTA, B aTMOc]epe
aproHa mpu KOMHaTHOU Temnepatype. [loasporpaMmsl u HUKIHYEcKHUe BoJasTammeporpammsl (LIBA)
peructpupoBanu Ha noreanuocrare [IPC-Pro M (OOO HT® «Bomnbra», Cankr-IleTepOypr, Poccus).
B kauecTBe pabounX 3JIEKTPOIOB! HCIIONB30BAIM PTYTHBIM KANENbHBIN IEKTPOL (P.K.3.) C IPHHYIHU-
TEITBHBIM OTPBIBOM Kareib (m = 3.6 mr/c, T = 0.23 c) u cranuoHapusie: uiatTuHOBEIH (Pt) (d = 1 MMm)
wiu creknoyraepoaubiid (CY) (d = 5 mm) anektpozs! B TeduioHoBbix koprycax (d = 10 mm). DaekTpo-
JIOM cpaBHEHHs ciryxui oiyanemenT Ag/0.1 M AgNOs; B MeCN, coennHEHHBIH ¢ SUEHKOI 2IIeKTpo-
JUTHYECKUM MOCTOM, 3aIOJIHEHHBIM (POHOBBIM 3JIEKTPOIUTOM, Yepe3 kamumusip Jlyrruna. B kaue-
CTBE BCIIOMOTATEJIEHOTO AJIEKTPO/Ia MPUMEHSIITN TUIATHHOBYIO CIIHPaJIb, TIOMEIICHHYIO B CTEKIISTHHY IO
TPYOKY € MOPUCTHIM GHIBTPOM. UHCII0 2IEKTPOHOB, YYaCTBYIOIIUX B KAXI0W PEIOKC-CTa UM, OIIpe-
JIEIISIIIN CPABHEHHEM BBICOT BOJIH MCCIIEAYEMbIX COSIMHEHHWH C BBICOTOM BOJIHBI OOPAaTHMOTO OJHO-

3IIEKTPOHHOTO PeloKc-Tiepexona hepporieH-hepporeH i

Pe3yabrarsl n 00cyxkaeHue

OnuH u3 HanbGoJsee OOLIMX U YI0OHBIX METOIOB CHHTE3a MMHLEPHBIX KoMILiekcos Tuna (POCOPR)
PtCl ocHOBaH Ha peakuMsiX HUKJIOMETAIJIUPOBAHUS U HE TPeOyeT JONOJHUTEIbHOH 00paboTKH nc-
XOHOTO JIUTaH/a I PErHOCeIeKTHBHOrO MeTaumupoBanus [1]. Takue peaknuu MpOTEKAIOT Yepe3
nepsuunyo n2-P,P-xkoopaunanuio (POCOP)H ¢ aToMOM IIaTHHBI U 00pPa30BaHHEM IIPOMEKY TOUHBIX
KOMIIJIEKCOB MOHOMEPHOTO WJIH AUMepHoro Tumna. [locienyromee MeTaaaonpoMoTHpyeMasi akTHBa-

us casu C>-H npuBogut kK 06pa30BaHMIO LENEBBIX MMHUEPHBIX KoMILiekcos (puc. 1). IIpu sTom

6 4 R
L,PtCI RO/ | _R
#, cl /P\O 1 5 3 O”P< ¢l Tonyon,
i b+ A115°C \ ’
s N o) (o] — R—p—pt—p—|
cl >P/° e hs O\P< cl LR Hol P—Pt—R—R
R\ IR R—P—pi—R—R R & R
R & ¢ R [ Yi R
R" g R cl (POCOP)PLCI
R2
Brixon, %
R R! R? L,PtCl, (POCOP) JIuT.
PtCl
iPr H H P{(SE),Cl, 93 [23]
Bu Bu H P{(COD)Cl, 81 o4
Bu | COOCH; H PY{COD)Cl, 76
‘Bu H H P{(COD)Cl, 53 [25]
CoFs H H PtCICH;(hex) 47 [26]
Ph H Br PtCl, 30 [21]

Puc. 1
Fig. 1

1

Vicrionb30BaHUE Pa3IHYHBIX PAOOYNX IIEKTPOIOB O3BOISCT UCCIEAOBATh HPOLECCH OKUCICHHS U BOCCTAHOBJICHHUS CO-
e/IMHEHUI B Oouiee mMUpoKoii obaacTu nmoteHuuanos. Tak, pabodas 001acTh U3MEPEHUS MOTCHIIUAIOB B aLlETOHUTPUIIE
(otnocurensHo Ag/0.1 M AgNO; 8 MeCN) Ha p.k.5. Haxoautes B peaenax ot 0.30 go -3.20 B, na Pt- u CY-anextpogax
—012.010-2.2Buor2.0 10 -2.6 BcoorBeTcTBEeHHO.
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BBIXOJl KOHEYHBIX MPOAYKTOB — NuHIEPHbIX coequnenuii (POCOPR)PCl 3HaunTENIbHO 3aBUCHT OT 3a-
MecTHTeNeH Kak mpu arome ocdopa, Tak 1 B apOMaTHUECKOM KOJIbIIE PE30PIMHOIBHOTO (hparMeHTa.

OpHaKo MPOBEACHHBIE HAMHU OIBITHI MOKA3aJIH, YTO PEAKIINS Pa3INYHBIX KOMIUIEKCOB IUIATHHBI
(10) ¢ 1,3-6uc((mudpennmn)pochunokcn)oenszonom (POCOPPMH B ycnosusx, n306paxeHHbIX HA pHC. 1,
NPUBOJAUT K 00pa3oBaHuio 1 B CIEIOBBIX KOJIMUeCTBax mopsiaka 5 %. [1oaToMy ObLIO MPEIIOKEHO
MIPOBOIUTH PEAKIMU B MPUCYTCTBHH SKBUMOJISPHOIO KOJIMYECTBA OCHOBaHMs, Takoro kak ‘BuOK,
YTO MO3BOJUIO MOBBICUTH BeIX0oA 1 10 3034 %. Mcnonp30BaHe B Ka9€CTBE HCXOJHOTO COCTUHEHUS
naaTuHel KoMiuiekca cis-Pt(Pyr),Cl, (Pyr — nupnann) n yBenuueHne BpeMeH! peakiuu 10 96 4 npu-
BEJIO K MOBBIIICHUIO BeIXoAa KoMmIiekca 1 10 48 %. [Ipu aTom 3a cueT TOoro, YT0 MUPUIANH SBISCTCSA
OCHOBaHHUEM, HCIIOJIb30BaHUE mpem-0yTHiaTa Kajus B 9TOH MeToAHKe He TpedyeTcs (puc. 2).

B03MOXHOCTH 3aMEHBI TAJIOTEHUIHBIX JTUTAHA0B B KoMIIekcax ruaTtuHbl (II) Ha pasnuuHbie
aneTHJICHUHbIe (parMeHThl Xopomo uzydeHa [27]. IlomoOHbIE peaknum dYaiie BCErO OCHOBAHBI
Ha Cu-KaTaJu3UPyeMBIX PEaklMsIX COYETAHMS TaJOTeHUJIOB IUIATUHBI ¢ TEPMUHATIBHBIMU alleTHIIe-
HaMU B IPUCYTCTBUHU a30TUCTHIX OCHOBaHMM [27]. OTHAKO 0 MOJOOHBIX B3AUMOICHCTBUAX KOMILICK-
COB IUIATHHBI, cofiepKaliux nuuHuepHeie nuranasl POCOP-tumna, 1o HacTosiel paboTsl HE c000-
manock. s xommurekco iatunbl (1), comepkamux nuanepuse muranasl POCOP-Tuma, Takue
AleTUJICHU/IHbIE KOMIIJICKCHI MOJyUYeHbl He ObutH. MCrosb3ys 3TOT MOAXOMA, Mbl M3YYHIIM B3aHMO-
neiictBue koMmruiekca 1 ¢ 4-3tuHmi-1,2,3-0eH30THaIa30JI0M U YCTaHOBIIIH, 4TO B ycioBusx Cu-
KaTaJIu3upyemoil peakiuu couetanusi Pt-C HOBbIN G-aJKMHUIIBHBII KOMILIEKC 2 00pas3yeTcs C BbICO-
KUM BBIXOZIOM (pHc. 3).

Kommeke 1 npezacrasisier coOoi 0enoe MeTKOKPUCTAIIINIECKOE BEIECTBO, YMEPEHHO PaCcTBO-
pUMOE B IOJSPHBIX OPraHMYECKUX pacTBOpUTENsIX. KoMIieke 2 — jKesIToe METKOKPUCTAIUTMUECKOe
BEIIIECTBO, XOPOILIO PACTBOPUMOE B IOJISIPHBIX OPTAaHUUYECKUX pacTBOPUTENIX. COeTUHEHHS N3y YCHBI

Meronamu K- u IMP-cniektpockonuu (Tadim. 1 u SKcriepuMeHTaIbHas YacTh).

Pt(dmso),Cl,  Tonyon, 20 u.

Ph_ Ph P : Ph__Ph wnn BUOK &
O0—F  Tonyon, 20 u. o—p—Ph | 0—F  PUS(CH3:LCL oo 2438% 0—P—Ph
A115°C :
: - KCl, -‘BuOH
Pt(dmso),Cl, Pt—Cl ! Pt—Cl
—_— '
' Tonyon, DMAP
o0—R O—P—ph ; 0—R PUPYRCl, _ at15°C 48% O—P—pyp,
PH Ph 5% (1) pn Pt Ph -RyHel  Beu ) Ph
Puc. 2
Fig. 2
pr{ Ph
o0—p—Ph o—p—Ph
+ H—C=C Tro, 24 °C, 30 MuH. ’
Pt—Cl Cul (30 monb%), DBU Pt_CaECB
NN
. 7\
O—;:’\ph S O_/P\Ph N AN
s
Ph
Q) Ph @
Puc. 3
Fig. 3

— 257 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 251-264

Ta6nuna 1. OcHoBHble nanHble ciekTpoB SIMP 'H, 3C u 3P (§ m.x., J ') coeaunenuii C ¢Hy-1,3-(OPPh,); (L),
[C ¢Hs-1,3-(OPPh,),]PtX [(X = CI (1), C=C(4-btd) (2)]

Table 1. Basic data of 'H, *C and 3'P NMR spectra (5 ppm, J Hz) of compounds C ¢Hy-1,3-(OPPh,), (L), [C ¢H3-
1,3-(OPPh,),]PtX [(X = CI (1), C=C(4-btd) (2)]

H BC 31p
JIur.
C°H C*H c? cs che o OPPh,
11021, 158.8d, | 113.084,
L 6.98 7.03 Joe12 | =15 | yp—10 | 141145 12s | [19]
7.09t, 677 1219t 163.1°t, 106.8 1, 133.6's,
| I N Jun =809, |5, - N 1277 s = -
Jun =809 | oM Jec =5.36 | 2pc =745 | 3Jpc=6.86 Jpp = 3215
Jupi = 14.87
2 713 t, s J6'8i‘;’1 1222, 164.0t, 106.2t, | 5y | 1365, i
Jm=19 | J:‘;‘ —eq | Fe=116 | Phe=T5 | =63 ' Je = 3071

[IpucyTcTBUE B MONydYCHHBIX KoMIUiekcax 1 u 2 nuHnepHoro owuc((audennsa)bochuHOKCH)
(benunnbHOro auranaa, kP':kC:xP?-koOpAMHUPOBAHHOIO C aTOMOM ILIATHHBI, JOKA3bIBAIOT JAHHBIE
cnektpos AMP 'H, B3C u 3'P KoMIIEKCOB ¥ HCXOMHOTO JHMranaa. Tak, B IEPBYIO Ouepeb NPU KOOp-
muHanur POCOPP! muranma ¢ aToMOM IJIaTHHEL B crektpax *'P SIMP komuiekcos 1 u 2 nabmona-
eTCs CMeIleHHE curHaja atoMoB (ocdopa -OPPh, rpymnn B citaboe mosie Ha ~ 20 M.1., IPH 3TOM TI0-
SIBJISICTCS. XapaKTepHOE pacCIleIUICHHEe CUTHAIA Ha SApax MJIATHHBI ¢ KOHCTAHTaAMU CITUH-CITHHOBOTO
B3aumozericTeus 3215 (1) u 3071 (2) I'u (rabn. 1). Cmenienue B cnaboe none npumepHo Ha 11 M.,
CBUJIETEIBCTBYIOLIEE O KOOPAMHALIMU C AaTOMOM ILIATHHBI, TAKXKe HaOaronaeTcs B cnekrpax C IMP
KOMILIEKCOB st atoMa C? GeH30JILHOrO Kollblia, 00pasyromero 6-csasb Pt-C. OnHaKko 0CTalbHbIE
CUTHAJIBI aTOMOB yTiiepoaa ouc((nudenun)pochruHOKCH)PEHUITBHOTO JIUTaH 1A KOMIUICKCOB 1 1 2, Ha-
000pOT, CMEMIAIOTCSI B CHJIBHOE T10JI€ 110 CPAaBHEHUIO C HEKOOPIUHUPOBAHHBIM JIMTraHAOM (Tadum. 1).
B unesiom curnansl aToMoB yrieposaa B cekrpax AMP 3C u Bogopona B cekrpax IIMP naxonsarcs
B 00J1aCTSIX, XapaKTEPHBIX JUIsl KOMIUIEKCOB IIATHHBI, COJAEPIKALINX TPHACHTAaTHbIE OUC((PoCchHUHUT)
(hennnpHBIC MTUTAHAH [17, 21].

3amMelieHre aroMa XJopa B KOOpJUHALMOHHON cepe aToMa IIaTUHBI KoMmIuiekca 1 Ha TepMu-
HanbHBIHA (2,1,3-0eH30THAINAa30I-4-1T)-aleTUIICHUT HE TPUBOANT K KAKUM-THOO CYIIECTBCHHBIM
M3MEHEHHUSAM CHUTHAJIOB IHHIIEPHOI'O JIMTaH[a, HAaOMI0ZaeTCsl TOJIBKO HE3HAUYMTEIhbHOE CMEIICHHE
CUTHAJIOB aTOMOB yriepona u ¢ocdopa, KOOPIHHHPOBAHHBIX C IUIATHHOW, B ciaboe moine. Hamm-
Ype alleTUJICHUIHOTO JIUTaHa B 2 MOATBEpKaaeTcs mpucyTcTBreM B ero MK-crnekTpax monocs! mpu
2097 cM!, cOOTBETCTBYIOIIEH BaJIEHTHBIM KoJieOanusiM TpoitHoit csi3u V(C=C). Curnasl sjiep yrie-
pona C* u CP, o6pasyromux TpoiiHyto cBa3b, B cektpe C AMP xommiekca 2 06HapyKeHbI IPU &
114,9 n 122,2 M.;1. ¥ HAXOAATCS 00IACTH O, XapaKTEPHOM ISl TCPMUHAIBHBIX alleTHIICHUHBIX JTUTaH-
JIOB, KOOpAMHUPOBAaHHBIX ¢ aToMoM IutaTuHHI (II) [28]. Curnansr 2,1,3-6en30THanna307-4-UIBHOTO
3amecTuTens B cnekrpax 'H u *C Takike HAXoAATCA B THIMYHBIX 00JaCTIX O STUHUIIBHBIX IPOU3BO-
IHBIX OeH30THaauasona [29, 30].

MeTomamu HUKINYECKOI BombTamMmepoMeTpun Ha Pt- u CY-anektponax, monsporpaduu Ha p.K.d.
B aLIETOHUTPUJIC U3YUYEHBI PEIOKC-CBOUCTBA HOBBIX KOMIUIEKCOB [C¢H3-1,3-(OPPh,),]PtCl (1) u [CsH;-
1,3-(OPPh,),]Pt-C=C-(4-CsH3N,S) (2), a Takke IpeKypcopoB alETHJICHUIHOTO U MUHIEPHOTO JIU-
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rasjioB 4-3tuHui-2,1,3-6en3oruanuasona u 1,3-ouc((nudennn)pochunokcu)oensona. IlonyueHHbIC
INEKTPOXMUMUUYECKHIE XapaKTEPUCTUKH COSIMHEHUN pUBeIeHbI B Ta0u. 2, npumep LIBA komriiekcos
1, 2 u HC=C-(4-C¢H;N,S) — na puc. 4(1), ux nonstporpamm — Ha puc. 4(1I).

Kommiekcer mmatuabl (1) [CsHs-1,3-(OPPh,),]PtCl (1) u [CsH3-1,3-(OPPh,),]Pt-C=C-(4-
CeH3N,S) (2) oxucnstorcs Ha Pt- u CY-anekTpomax B OJHY JIBYXJJIEKTPOHHYIO cTaguio. Boc-

Tabnuua 2. DnekTpoxumMudeckue xapakrepuctuku coenunenuit 1, 2, HC=C-(4-C¢H;N,S), C¢Hy-1,3-(OPPh,),
(MeCN, 0.1 MEtNBF,, 2 MM, V =25 MB/c, otH. Ag/0.1 M AgNO; B MeCN)

Table 2. Electrochemical characteristics of the compounds 1, 2, HC=C-(4-C4H;N,S), CsHy-1,3-(OPPh,), (MeCN,
0.1 M Et4NBF,, 2 mM, scan rate 25 mV/s, vs Ag/0.1 M AgNO; in MeCN)

Ei2, B (n)

CoenuHeHne Pt cy P.x.5.

Okwuci. Boccr. OK#ucII. Boccr. Boccr.

-2.52(2)

[C¢H3-1,3-(OPPh,),]PtCI* (1) 1.20(2) — 1.27(2) -2.42(2) 2.90(1)
[C¢H3-1,3-(OPPh,),]Pt-C= 1.84(1)* -L81(1)
6T 22T 1.09(2) -1.81(1) 1.15Q2) o -2.392)
=C-(4-C¢H3N,S) (2) -2.43(2) 2.88(<1)
-1.77(2)

HC=C-(4-C¢H3N,S) 1.76(2) -1.62(2)* 1.82(2)* -1.70(2)* -2.62(2)
-2.96(2)

C¢Hy-1,3-(OPPhy), 0.97(<1) — 1.02(<1) -2.51(1) -2.84(1)
-1.94(1)

C¢H4N,S — -1.86(2)? — -1.96(2)* -2.22(1)
-2.62(1)

TIpuMedaHue. n — YKUCIO BJICKTPOHOB, YYACTBYIOMIMX B DJICKTPOXUMUYECKOH CTaIuM (3HAK «<» O3HAYAeT, YTO BBICOTA
BOJIHBI HCCJICAYEMOT0 COSJIMHEHHS MEHBIIIE, YeM BBICOTA OJIHOJIEKTPOHHOW BOJIHBI); * — KBa3uoOparuMas CTaaus. *JaHHbIe
MOJIy4€HBI B CMECH alleTOHUTPIIL: OeH301 (4:1).

@ (@)

100 uA

(6)

(8)
10 pA

05 00 05 40 45 20 -25 30 -35EB
Puc. 4. (I) — LIBA nwa CVY u (II) — monsporpammsl Ha p.k.3. coenuHeHuil: (a) — [CqHs-1,3-(OPPh,),|PtCl (1),
(6) — [C4H3-1,3-(OPPh,),|Pt-C=C-(4-CcH;3N,S)(2), (B) - HC=C-(4-CsH3N,S) (MeCN, 0.1 MEt;NBF,, C =2 MM,
V =25wmB/c, otH. Ag/0.1 M AgNO; B MeCN)
Fig. 4. (I) — Cyclicvoltammograms at GC and (II) — polarograms at DME of compounds: (a) — [CsH3-1,3-(OPPh,),]
PtCl1 (1), (6) — [CsH3-1,3-(OPPh,),]Pt-C=C-(4-CsH3N,S) (2), (B) — HC=C-(4-CsH3N,S) (MeCN, 0.1 M Et4,NBF,,
C =2 mM, scan rate 25 mV/s, vs Ag/0.1 M AgNO; in MeCN)
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CTAaHOBJICHHE cOoeAMHEeHMH 1 W 2 mpoTeKaeT B HECKOJIBKO CTalIMi, WX KOJUYECTBO 3aBHUCHT
0T Marepuaia pabouero anekTpoja: komiuiekc 1 BoccranaBnuBaercs Ha CY-351eKTpoje B OGHY
JIBYXDJIEKTPOHHYIO CTAJIMIO, HA P.K.D B JBE C IIPUCOESAMHEHHEM Ha NIEPBOW CTAJUU JIBYX JIEKTPO-
HOB; COeJIMHEHHE 2 BOCCTaHaBiHuBaeTcsa Ha Pt B onny, Ha CY B 1Be, Ha p.K.3. B TPU CTAJUHU, NIEp-
Bble cTanuu Ha CY | p.K.3. OJHORJIEKTPOHHBIE. 3HaUeHUs B/, OKUCIEHHS KOMITJIEKCa 2 CMEIIeHbI
B KaTOAHYIO 00JIacTh, a MEPBHIX BOJH BOCCTAHOBICHHUS — B aHOAHYIO II0 CPaBHEHHUIO C PEJOKC-
norennuanamu 1 (tabm. 2).

B pabote [31] mogpoOHO M3YUYEHO BIIEKTPOXMMHUYECKOE OKHCIECHHE G-apUIIbHBIX KOMIUIEKCOB
miarussl (11) Tuna (PEt;),Pt(XCsH,y), (X = H, CH;, C,Hs, Cl, CF;, F, OCH3) Ha Pt- anektpose B atie-
torutpuie. [Tokazano, ato coenunenns (PEt;),Pt(XCsHy), okncnsrores B o0y HEOOpaTUMYIO JABYX-

SJIEKTPOHHYIO CTAJIMIO 10 COOTBETCTBYIOMIUX KOMIIJIEKCOB iatuHsbl (IV):

(PEt3),Pt"'(XCqHy),—2e —[(PEt3),Pt"(XCsHa)o]**
X =H, CH;, C,Hs, Cl, CF;, F, OCHs.

JlerkocTs okucnenus (PEt;),Pt(XCgHy), Bo3pacTaer ¢ yBeqr4eHHEM SJIEKTPOHOIOHOPHON CIO-
coOHOCTH 3aMecTuTeNs X B apOMaTHIECKOM KoJblle. Ha OCHOBaHWM NOTYyYEHHBIX Pe3yIbTaTOB U JIH-

TepaTypPHBIX JaHHBIX MIPEIJIOKEHA CIEAYIOMAas CXeMa OKUCICHH S KOMIUIEKCoB 1 u 2:

[C¢H3-1,3-(OPPh,),]PtX — 2¢ — {[CsHs-1,3-(OPPh,),]PtIVX}2*
X = Cl, -C=C-(4-C4H;N»S).

Bonee nerxoe oxucieHHWE KOMIUIEKCa 2 IO CpaBHEHHIO ¢ 1, BEpPOSTHO, CBSI3aHO C HaJIWYU-
€M B KOOpJIMHAIIMOHHOW cdepe aToma IUaTHHBI TepMuHaiIbHOro Jsmranaa -C=C-(4-C¢H;N,S),
YTO MPUBOJUT K YBEIMUYCHHUIO DHEPTUU BBICIIEH 3aMOJHEHHON MojekyisipHoi opoutanu (B3MO)
KomIuiekca 2. PaHee Ha mpumepe cepuM STHHWIBHBIX KOMIUIekcoB IutaTuHbl (1) ¢ muHIEepHBIMEU
1,3-6uc(N-ankui0eH3uMU 1a30J1-2 -1i1)OCH30bHBIMH JIMTAHJAMH OBLIO TOKAa3aHO, YTO DHEPIHs
B3MO onpenensiercst m-opOutansimu TpoiHO#H cBsa3un C=C-R nuranna u 3JeKTPOHOIOHOPHON CHO-
cobnocThro 3amectutens R [32, 33].

DJIEKTPOXMMHUYECKOE BOCCTAHOBIICHHE XJIOPUIHBIX METAJUIOOPTraHMYECKUX KOMILJIEKCOB INJIa-
tunbl (II) HA p.k.3., Pt-, Au-amexktponax m3yuyeno B pabote [34]. Iloka3aHO, 4TO BOCCTaHOBJICHUE
TAKMX KOMIUIEKCOB IPOTEKAET C NPHCOSINHEHNEM Ha NEpBOH HEOOpaTHMOW CTaJMM OJHOTO DJIEK-
TpPOHA U YIMMUHHUPOBAHUEM XJIOPUI-HOHA. [lanbHelee 0MHOIIEKTPOHHOE BOCCTAHOBICHHUE MTPHBO-
JIHUT K 00pa30BAaHUIO HEYCTOWYMBBIX KOMILJIEKCOB HYJb-BaJEHTHON miaruubl Pt’, pacmagarouuxcs
C OCaXJCHHEM METAJNINYECKOHN IUIaTHHBI Ha DJIEKTPOJIE.

Kommnexke 1 BoccranaBiuBaercs Ha CY U p.K.3. ¢ IPUCOCIMHEHUEM JIByX 3JEKTPOHOB Ha IIep-
BOM HeoOpaTtumoii cranuu (tabi. 2). Ha ocHOBaHMY MOJTYyYEHHBIX PE3yJIBTATOB U M3BECTHHIX JaHHBIX

OPCAJIOKCHA CIICAYIOIIasa CXEMa BOCCTAHOBJICHU S KOMIIJICKCA 1Ha CY
(C¢Hs.—1,3-(OPPh,),PtICI + 2¢ — Pt® + [(C4H;-1,3-(OPPh,),] + CI-.

Ha p.k.5. HabmroaeTcst Bropasi OJIHORJIEKTPOHHAsI CTa/iusi BOCCTAHOBJICHHUsI KoMIUIekca 1, 3Haue-
Hue E,;, koTopoii 6113K0 K TOTeHIHa Ty BoccTaHoBiIeHUs mpekypcopa — CgHy-1,3-(OPPh,), (Tadmx. 2),
YTO CBUICTEIBCTBYeT 00 oOpa3oBanuu (parmenta [(C4Hsz-1,3-(OPPh,),]” B pesynbrare mBYXdJeK-

TPOHHOI'O BOCCTAaHOBJICHU A 1 uero ,I[aJ'ILHeﬁLHGG BOCCTAHOBJICHUC!
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[(CeH3-1,3-(OPPh,),] + e — [(CeH3-1,3-(OPPh,),]*

3amemenne xsmopuaa B komruiekce 1 Ha -C=C-(4-C4H;N,S) muranm mpuBOInT K CMEIICHUTO 3HA-
yenus E;;, BOCCTaHOBIIEHH I KOMILIEKCA 2 B @aHOAHY0 00J1aCTh 110 CPABHEHUIO € 1 M MUBMEHEHHIO CXEMBbI
BoccTaHoBJeHU. [Iporiece BoccTaHoBieHUsT KoMmIutekca 2 Ha Pt, CY u p.K.3. mpoTekaeT B pa3ind-
HOE€ KOJINYECTBO CTAJIU C MPUCOECTUHEHHEM Ha IIEPBOM CTaUU OJHOTO AIEKTpoHa (Tabdi. 2). [lepras
craaus BoccTaHoBieHus 2 Ha CY kBasuobparuma: I/I,c = 0.93, AE = |Ey,- E,| = 0.31 B (Tabx. 2,
puc. 1(I), muxu by, b)), uto cBuaeTenbcTByeT 06 00pa3oBaHUM aHUOH-PAJIMKala B Pe3yJIbTaTe ero oji-
HO3JIEKTPOHHOT 0 BOcCTaHOBIJICHHSI. [1osiBiIeHNe KBa3MOOPATUMOCTH NIEPBOH CTAIMU BOCCTAHOBIICHHS
2 CBSI3aHO C HAJIMYHEM B MOJICKYJIC KOMILIEKCAa PEIOKC-aKTUBHOTO 2,1,3-0€H30THAANAa30IUIBHOTO
¢parmenTa. M3BecTHO, 4TO BOoccTaHOBIIEHHE 2,1,3-0eH30THAIMAa30J1a ¥ €T'0 TPOU3BOJHBIX IIPUBOIUT
K 00pa3oBaHHIO yCTOWYUBBIX aHUOH-paaukaioB [35]. biausoctes 3Hauenus E,, nepBoii craguu Boc-
CTaHOBJICHUS KOMILIEKca 2 K moteHnuanam BocctanoBieHuss H-C=C-(4-C¢H3N,S) [Tabm. 2, puc. 1(1)]
u C¢HyN,S (rabn. 2) moaTBepkaaeT, 4TO NPUCOCAMHEHHE AJIEKTPOHA IPOUCXOAUT K (parMeHTy

-C¢H;N,S. Takum 00pa3oM, BOCCTAHOBIICHUE KOMITJIEKCA 2 HA TIEPBOM CTAIUH MPOTEKALT 10 CXeMe

[CeH;-1,3-(OPPh,),]Pt!-C=C-(4-C4H;N,S) +e —
— {[C¢H3-1,3-(OPPh,),]Pt!-C=C-(4-C4H;N,S)}-

JlanbHelnee ABYXAJIEKTPOHHOE BOCCTAHOBIICHHWE KOMIUIEKCA 2 TMPOUCXOAMT C IIPUCOETNHEHHU-
eM 251eKTpoHOB K pparmenty {[CsHz—1,3-(OPPh,),]Pt"} u conpoBoxpaercs nepexomom Pt(I1)—Pt(0)
¢ snuMuHHpoBaHueM (2,1,3-6eH30THa Ha3001-4-1IT)-aleTHIEHUIA U Pa3pbiBOM 6-CBsi3u Pt-C? muH-

HEepHOroJuranaa:

{[C¢H;-1,3-(OPPh,),]Pt!-C=C-(4-CH;N,S)} + 2¢ + MeCN —
—> {[C¢H;-1,3-(OPPh,),]PtY(NCMe)}” + [C=C-(4-CsH;N,S)|

Ha p.k.5. HabmoaeTcst TpeThsl OAHOIJICKTPOHHAS CTA/[Usl BOCCTAHOBIICHHS KOMILIIEKCA 2, 3HaYe-
Hue E;, KoTOpol OIM3KO K MOTEHIMATY BoccTaHOBIeHUs 1,3-Ouc((nudennn)pochurokcn)denHzona
U BTOPOH OJHORJICKTPOHHOM BOJIHBI BOCCTAHOBJICHHUs KoMIuiekca 1 (Ta0i1. 2), 4TO CBUIACTEIBCTBYET
0 pacmajie 00pa3yIoIIerocs B pe3yJIbTaTe ABYXAIEKTPOHHOT'O BOCCTAHOBIICHU S COCAMHCHHUS TIJIATHHBI
u obpazoBanus pparmenTa [(CsH;-1,3-(OPPh,),]", 01HO3IEKTPOHHAS BOJTHA BOCCTAHOBJICHHUS KOTOPO-

ro HabmomaeTcs Ha p.k.2. ipu E;, = -2.88 B (Tadm. 2):

{[CeHa-1,3-(OPPh,),JPY(NCMe)}- — Pt® + [CeHy-1,3-(OPPho),] + MeCN
[(CeH3-1,3-(OPPh,),]" + ¢ — [(CeH3-1,3-(OPPh,),]*

Takum oOpazom, BoccTaHoBieHHe KomIutekca 1 npotekaer mo ECE-mexanusmy, 2 — no EE-

CE-mexanusmy (E — anextpoxumnueckuii, C — XUMHUECKUHN).

3akjrouenne

[lonmy4eH HOBBIM KOMIUICKC IUIATHHBI, COACpPIKAIMUN TpuAeHTaTHBIA 1,3-0uc((mudenrmr)doc-
¢dunokcu)penmnbhbiii nurana [C¢Hs-1,3-(OPPh,),|PtCl (1). BrnepBble Ha npumMepe CHHTE3a KOM-
miekca [CgHs-1,3-(OPPh,),|Pt-C=C-(4-CcH;3N,S) (2) mmst 6uc(pochuHUT)(DEHUTBHBIX COCHIHE-
Huit mnarunel (1) nokasaHa BO3MOXKHOCTH 3aMEHBI I'aJIOTEHHUIHBIX JINTAHJIOB MPH aTOME IJIaTHHBI

Ha anetunenuanble. Ha ocnoBanun ananusa SIMP 'H, 3'P, '3C cnexTpoB HOBBIX COEIMHEHUI Mpe-
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JIO)KEHO CTPOCHHME KOMIUIEKCOB 1 u 2. YCTaHOBIEHO, YTO 3aMeHa XJIOpUJA MPU aToOMe IJIATHHBI
Ha (2,1,3-0eH30THaAMa301-4-1IT)-alleTUICHN]T HE MIPUBOANUT K KAaKHUM-THOO H3MCHEHUSM B KOODPIU-
Hanuu 1,3-6uc((nudenmn)dochuHokcH)HEHUIHLHOTO JTUTaHIa ¢ AaTOMOM ILIATHHBL DJICKTPOXHUMHYC-
CKHMH METOJIaMHU U3YUYCHBI PEJOKC-CBOMCTBA HOBBIX coequHeHMH. [loka3zaHo, 4TO ABYXAIEKTPOHHOE
okucienue komiuiekcoB miatuubl (II) 1 u 2 nporekaer ¢ 00pa3oBaHUEM COOTBETCTBYIOIIUX CO-
enmaeHni matuHE (IV). BoccTanoBnerne koMIiekcoB 1 1 2 MPOTEKaeT Mo pa3HbIM MEXaHU3MaM:
MPUCOEAMHEHHE JIBYX 3JIEKTPOHOB K 1 mpuBoauT K oTpbiBy annoHoB Cl, [(C¢Hs3-1,3-(OPPh,),]" u 06-
pasoBanuio Pt’; B pe3ysbraTe 0QHO3IEKTPOHHONO BOCCTAHOBJIEHHS 2 00pa3syeTcs aHMOH-PaIMKall,
JaJbHEHIIee IBYX3JICKTPOHHOE BOCCTAHOBJICHHE KOTOPOrO TAK)KE MPUBOAMT K DJIUMUHHPOBAHHUIO
aHnoHHBIX pparmenToB [C=C-(4-C¢H;N,S))* u [(CsH3-1,3-(OPPh,),] ¢ o6paszosanuem PtO.
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Abstract. The results of a study of the effect of temperature and heating rate in the process of preliminary
carbonization of cedar bark on the formation of a porous structure and sorption properties of active
carbons obtained by subsequent activation of the carbonizats in the presence of potassium hydroxide
are presented. It was determined that active carbon (AC) from cedar bark, carbonized at 300 °C with
a heating rate of 10 and 80 °C/min, have the most developed porous structure (specific surface is 1557
and 1606 m?/g, pore volume is 0.71 and 0.89 cm?/g, respectively). It was shown that the sorption activity
of obtaining AC regarding iodine is determined by the specific surface area and micropore volume, and
the sorption activity of methylene blue — by the mesopore volume. The amount of vitamin B |, sorption
depends with a high approximation accuracy (R ? = 0.966) on the average pore size of AC. The AC
produced from cedar bark, carbonized at 300 °C with a heating rate of 10 °min, is characterized by the
maximum sorption of iodine. The AC produced from cedar bark, carbonized at 300 °C with a heating
rate of 80 ®min is highly active in sorption of methylene blue and vitamin B j,. Sorption properties of AC
from cedar bark in relation to the studied marker substances are 1.3—1.9 times higher than commercial

active carbon for medical purposes.

Keywords: cedar bark, carbonization, activation, activated carbons, porous structure, sorption, iodine,

methylene blue, vitamin By,.

Acknowledgments. The work was carried within the framework of the budget project (No. 0287-2021-
0017) for Institute of Chemistry and Chemical Technology SB RAS.

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

— 265 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 265-274

Citation: Ivanov, 1. P., Veprikova, E. V., Chesnokov N. V. Structure and sorption properties of activated carbons obtained from
pre-carbonized cedar bark. J. Sib. Fed. Univ. Chem., 2022, 15(2), 265-274. DOI: 10.17516/1998-2836-0291

Crtpoenue u copOLIMOHHBIE CBOMCTBA
AKTHBHPOBAHHBLIX yIJIel, IOJTy4YeHHBIX

W3 MpeIBAPUTEIHLHO KAPOOHU30BAHHOW KOPBI Keapa

N.11. UBanos, E. B. Benpuxosa, H. B. YecHokos
Huemumym xumuu u xumuyeckou mexnonocuu CO PAH
QUL «Kpacnospckuti nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

AnHotanusi. I[IpuBeneHbl pe3ynbTaThl HCCICAOBAHUS BIUSHUS TEMIIEPATYPhl U CKOPOCTH HarpeBa
B IIpoliecce MpeBaAPUTEIbHOI KapOOHHU3AIMH KOPBI KeApa Ha (OPMHUPOBAHHUE TIOPUCTON CTPYKTYPHI
1 COpOIIMOHHBIE CBOWCTBA aKTUBUPOBAHHBIX yriieh (AY), TOyYeHHBIX MTPU MOCIEAYIOMEeH aKTHBALUT
KapOOHM3aTOB B IPUCYTCTBUU T'UPOKCH]IA KaHsl. YCTaHOBJICHO, UTO HanboJiee pa3BUTOMN MOPUCTOM
CTPYKTYypoii oOmanaroT AY u3 KopslI Kenpa, kapoonuzosannoi mpu 300 °C co ckopocTsio Harpesa 10
1 80 °C/muH (yaenbHas NoBepxXHOCTh 1557 u 1606 M%/1, 06mem mop 0,71 1 0,89 cM3/T COOTBETCTBEHHO).
[NokasaHo, 4T0 cOpOIMOHHAs aKTUBHOCTH MOTy4aeMbIX AY B OTHOLIEHHH H0/1a OIpesessieTcsl BEMTMIMHON
UX YIEIbHOU ITOBEPXHOCTH U 00beMa MUKPOIIOP, @ B OTHOIIEHUH METHUIICHOBOTO CHHETO — 00BEMOM
Me3onop. Bennuunna copOiyun BuTamuba By, ¢ BRICOKO# 10CcTOBEPHOCTHIO anmpokcuManuu (R 2 = 0.966)
3aBUCHUT OT CpeaHero pasmepa nop AY. MakcuMallbHOM copOIueit oma xapaktepusyeTcss AY U3 Kopbl
Kenpa, kapoonusoBanHoi ipu 300 °C co ckopocThio Harpesa 10 °/MuH, a cOpOLUS METHIICHOBOTO CHHETO
u BuTamuHa B, — AY u3 kopsl kezpa, kapoonuzoBanHoii mpu 300 °C co ckopocThio Harpesa 80 °/MuH.
CopbunonHas criocoOHOCTh AY U3 KOpPBI KeIpa B OTHOIEHNHN H3Y4YEeHHBIX MapKEPHBIX BEIIECTB B 1,3,

1,9 u 1,5 pa3za Bblllle, 4eM KOMMEPUYECKOTO aKTUBHOTO YIJISl MEMUIITMHCKOTO Ha3HAYSHUS.

KuioueBble ciioBa: xopa kKeapa, kapOoHU3aIUsl, aKTUBAIUs, aKTUBUPOBAHHbBIN yTr0OJb, IOPUCTAS

CTPYKTYpa, copOumsi, o1, MCTUIICHOBBI CHHUI, BUTaMHH B),.

BuaromapHoctu: PaboTta BbIMOJHEHA B paMKax TOCYIapCTBEHHOrO 3ajaHus MHCTUTYyTa XUMHUHU
n xumnueckoit rexnonorun CO PAH, ®UI] KHIT CO PAH (mpoext 0287-2021-0017).

Iuruposanue: Manos, U.I1. CtpoeHune 1 copOLIMOHHBIE CBOMCTBA aKTUBUPOBAHHBIX YTJIEH, MOJyUYEHHBIX U3 IPEBAPUTEIBHO
kapOoHu30BaHHOU KOpHI keapa / . I1. Banos, E. B. Benpukosa, H. B. UecHokoB // Kypu. Cub. dpenep. yu-ta. Xumus, 2022,
15(2). C. 265-274. DOLI: 10.17516/1998-2836-0291
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BBenenue

OTXOMBI IPEBECHOM KOPHI, B YaCTHOCTH KOpa Kellpa, KOTOpbie 00pa3yrTCsl B 3HAYUTEIIBHBIX
KOJIMYECTBAX IPU MPOMBIILICHHON IepepaboTKe APEBECHUHBI, HE HAXOISIT KBAIHU(PUIIUPOBAHHOTO
npuMmeHeHUs. OJHUM U3 MePCIeKTUBHBIX HAIPaBICHUN epepaboTKU IPEBECHON KOPBI SIBISCTCS
pa3paboTKa U BHEJPEHHE TEXHOJIOTUI Oy YeH s HAHOTIOPUCTBIX copOeHToB [1, 2]. [lepcriekTuBHBIMU
HampaBIICHUSIMHU PUMCHCHUS TAKUX MaTEPHUAJIOB CIIy)KaT aJCOPOIMOHHBIC TEXHOIOTHH, HAIIPH-
Mep, B MEIHUIIMHE U BETCPUHAPHH, [JIC X IIPUMCHSIOT B KAU€CTBE SHTEPOCOPOCHTORB JIsl YAAICHUS
SHJI0- ¥ 3K30TOKCUHOB [3, 4]. BasxkHBIMU (haKTOpaMu, OMPEICIISIOMUME 001aCTH TPUMEHEHHUS TI0-
PUCTBIX MaTE€PHUAJIOB, SBJISIOTCS KOJTUYECTBO, THII U XapaKTep pacipeaeseHus mop mo pa3Mepam B X
CTpyKType. Ha OcHOBaHWH 3THX JaHHBIX MOKHO Hay9HO 0OOCHOBAHHO CHHTE3HPOBATH CTPYKTYPY
COPOCHTOB B COOTBETCTBHUH ¢ TPEOOBAHUAMHU BBIOPAHHOM 3a/1a4K COPOLIMH TOKCHHOB OMPEACICHHOIO
kJacca [5-7].

W3BeCcTHO, YTO CTPYKTYpa MOPHUCTHIX YIJIEPOAHBIX MATCPUAJIOB U UX COPOIIMOHHBIC CBOWCTBA
BO MHOI'OM 3aBHUCST OT HPUPOJIbI UCXOJHOTO Chipbs [8—12]. [To3TOMYy pHUBJEYEHHE HOBBIX BUJIOB Chl-
pbsl, B YACTHOCTHU KOPBI KeIpa, M U3YUEHHUE BIHMSHUS YCIOBUU CHHTE3a YTIAEPOAHBIX dJHTEPOCOPOCH-
TOB Ha UX MOPHUCTYIO CTPYKTYPY B COPOIIMOHHBIC CBOWCTBA MPEACTABIISICT 3HAYNTEIBHBIA HAY YHBIN
Y IIPAKTUYECKUN UHTEpEC.

Lenp nanHOM pabOTHI COCTOSIA B U3YYCHUH BIUSHUS TEMIICPATYPhl H CKOPOCTH HArpeBa MpH
KapOOHHU3AIMK KOPBI KEJPa HA CTPYKTYPY U COPOIMOHHBIC CBOMCTBA aKTUBUPOBAHHBIX YIJICH, MOY-

HYacMbIX TCPMOHICHO‘IHOﬁ aKTHBaHHeﬁ Kap6OHI/ISaTOB KOpPBI KeJipa B IPUCYTCTBUU T'HAPOKCH 1A KAJIU 4.

DKcnepuMeHTAIbHAS YaCcTh

VicXomHBIM CBIphEM IS MONTYUYEHUSI aKTUBUPOBAHHBIX yTieh (AY) ciykuia BO3AyIIHO—CyXas
kopa kenpa. Kopy u3menbuann Ha poTOpHO-HOKeBO# MenbHuIe PM-120 1 oTOnpamu ¢ppakiuio MeHee
2,5 mm. [Iponiecc monydenust AY BKIto4yas ABe cTaauu: 1) kKapOOHU3AIM S M3METBUEHHON KOPBI Kellpa;
2) akTHBaNNs KapOOHN3aTOB C MPUMEHEHUEM THpoKcH I Kanns. Kopy kapOoHH30BaIM B TOKE apro-
Ha [PH CICAYIONMX YCIOBUSAX: CKOPOCTh mofauu aprona 100 mur/MuH; Temnepatypa KapOOHH3aIUN
BapbupoBaiack ot 300 o 800 °C; ckopocTh Harpesa 10 3agaHHol TemmepaTypsl — 10 mwim 80 °C/
MUH; MPOJODKUTEIBHOCTh H30TEPMUUIECKON BBIIEPKKHU IpH 3amaHHOM Temmepatype 30 mun. Ilo-
JTydYeHHbIE KapOOHU3ATHI OXJIAX AU 10 KOMHATHOW TeMIepaTypsl B TOKe aprosa. J{is mpoBeneHus
npoliecca akTUBaMK KapOOHMU3aThI TpenBapuTesibHo cMerrBaiu ¢ KOH mpu BeCOBOM COOTHOIICHUH
1:3. AKTUBaIHIO MPOBOAIIH CO cKOpocThio Harpesa 10 °C/mua mo 800 °C B Toke aprona. Metonuka
MPOBEACHUS aKTUBAIIUHU U IPOMBIBKH MOJTYy4EHHBIX 00pa3ioB AY nmpuseneHa B padore [13]. O6pasusl
AY, mosry4eHHBIC Ha OCHOBE KapOOHHM3aTOB KOPBI KEJpa MPH Pa3INYHBIX TEeMIIepaTypax, 0003Haue-
HbI Kak AY300, AY400, AY500, AY600, AY700 u AY800. ;s uccieqoBaHus MOPUCTON CTPYKTYPhI
¥ COPOLIMOHHBIX CBOMCTB 00pa3mbl AY m3Menpuann A0 pa3mMepa gactull Mmeree 0,25 M.

[Mopuctyto cTpyKTypy 00pasuoB AY u3yuaian METOJJOM HU3KOTEMIIepaTypHO ajicopOIuu a3oTa
(aucroroit 99,999 %) npu 77 K B MuHTEpBaje OTHOCUTENBHBIX AaBieHuii P/P, = 52107+-0,98 ¢ ucnoins-
30BaHKeM copOiuoHHoro ananuzaropa ASAP 2020MP-C (Micromeritics, CLIIA). Ilnomans ynesns-
HOW MOBEpXHOCTH (Spgr), 00mmi 00beM mop (Vi) U pasmep mop paccuuThiBainu 1o merony BET
[14]. O6bem muxpomnop (Vni) paccuutbiBaiu 1o t-plot-metoxy. O6bem nop mupunoi 0,84-4,0 HmM

u 1,48—-6,0 am onpenensuin ¢ mpumeHerneM metona DFT (density functional theory) [15].
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CopOroHHbBIe CBOMCTBA AY, MONyYEHHBIX U3 KOPBI KeApa, ONPEAEAIN MO MOTJIOIEHUIO Be-
IIECTB, MOJCIUPYIOMNX HU3KO- M CPEIHEMOJIEKYIsIpHbIe TOKCHHBL: Homa (13 0,1 N pactBopa), me-
triienoBoro cunero (MC) (u3 0,15 %-Horo pactBopa) u Butamuna By, (13 0,03 %-Horo pactBopa)
TI0 aHAJIOTHH ¢ paboToii [§]. OOpa31oM CpaBHEHHMS CITY KUl TPOMBIIIIICHHBIH aKTHBUPOBAHHBIH YT OJIb
MenunuHckoro HasHadeHust YA—H (3AO «IIpousBoacTeerHas papmaneBTryeckas kommnanus OOHOB-
nenuey, T. Hopocubupck, JITI-000178). I'paduueckuii aHammu3 3aBUCIMOCTEH copOunu BuTamuHa By)

Ha 00pasnax AY MpoBOIMIH C UCIIOJIb30BaHUEeM IporpaMmbl Origin Pro 9.

Pe3yabrarsl n 00cyxkaenue

W3BecTHO, 4TO ycI0BHS KapOOHU3AINHN PACTHTEIbHBIX MATEPHAJIOB OKA3bIBAIOT CYIIECTBEHHOE
BIUSHHME Ha XapaKTep TEPMUUYECKON NECTPYKIMU MCXOMHOTO CHIPbS M OMPEACNSII0T OCOOCHHOCTH
(hopMHPOBAHNS MIEPBUYHON NOPUCTON CTPYKTYpbl KapOOHN30BaHHBIX NMPOAYKTOB. Hanboee cymre-
CTBEHHYIO POJIb IIPH ATOM HTPAIOT CKOPOCTh HarpeBa M KOHEYHas TeMmIepaTypa mporecca. B cBoio
o4epeib, MOPHCTast CTPYKTYypa IMOJydaeMbIX KapOOHHU3aTOB BIUSET HA TEKCTYPHBIE XapaKTEPHUCTUKH
1 COpOITMOHHBIE CBOMCTBA aKTUBUPOBAHHBIX yriei [16, 17].

Wzydenne MeTO0OM HU3KOTEMIIEpATypPHOU aacopOLun a30Ta MOPUCTOH CTPYKTYphl AY, noy-
YEHHBIX Ha OCHOBE KapOOHM3aTOB KOPBI KeIpa, MOKAa3alio, 9TO MOBBIIIEHHE CKOPOCTH Harpesa mpu
NpUTOTOBJICHNH KapOoHu3aToB oT 10 1o 80 °C/MUH NPUBOANT K YBEITMYEHHUIO YJEIBHOM IOBEPXHO-
CTH ¥ CyMMapHoro oobema nop oopasuon AY. [ToBsilieHne TeMiepaTypsl KapOOHHU3ALHMK KOPBI IIPH
ckopocTy Harpesa 10 °C/MUH conpoBoX1aeTcst 00Jiee 3HaUNTEIIbHBIM CHUKEHNUEM YAETbHON IOBEpX-
HOCTH TOJTy4aeMbIX AY 1Mo CpaBHEHHIO ¢ KapOoHu3anuei npu ckopoctu Harpesa 80 °C/muH (Ha 46
n 24 oTH.%), a ©I3MEHEHHE CYMMapHOTro 00beMa IT0p HOCHT 00paTHBIN XapakTep — Ha 38 u 41 otH.%,
COOTBETCTBEHHO (Tabu. 1). OueBUAHO, MOBBIIIEHHE CKOPOCTH HarpeBa oOpas3loB KOphl keapa oT 10
10 80 °C/MuH ciocobcTByeT hopMupoBaHHIO O0JIee MOPUCTOH CTPYKTYPBI KApOOHN3ATOB 3a CUET IBa-
Kyallid CMOJI ITUPOJIH3a, ONaronpusTCTByoNIed npoHukHoBeHUI0 aktuBartopa (KOH) B cTpykTypy
KapOOHM3aTa B Mpolecce mocieayomen aktuanud [ 16]. JlaHHbIH (akT moaTBep)aaeTcs OONBITUMA
CPEeAHHMH pa3MepaMHu Hop it 00pas3ioB AY, MoJIyUYeHHbBIX aKTHBalMel 00pa3loB KOpbI Kenpa, Kap-
OGOHM30BaHHOH cO cKOopocThio Harpesa 80 °C/MuH.

VYBenuueHne CKOpOCTH HarpeBa Mpu kapOoHuzauuu Kopbl 1o 80 °C/MUH NMPHUBOAUT K POCTY
YZIEJIBHOH MTOBEPXHOCTH M CYMMapHOTro o0beMa AY T0p 10 CpaBHEHHUIO ¢ 00pa3naMu, MojyYeHHBIMU
npu ckopoctu Harpesa 10 °C/mu. [Ipu 9T0M, Kak U B cilyyae HU3KOCKOPOCTHON KapOOHM3AIIMH KOPBI
Kezipa, IopHucTas CTpyKTypa AY XapakTepu3yeTcss MAKCUMYMOM JIOJM MUKDOIIOp IIPH TeMIIeparype
kapOonunzanuu 400 °C, Torna Kak MUHUMYM CPEJHEro pazmepa 1op HaOIIoIaics 1Jisl TEMIIEPATy PbI
kapOonunzanuu 500 °C (tadm. 1).

CrnemyeT OTMETHTB, 4TO KapOOHU3AIHs KOpsI keapa mpu TemmepaTtype 300 °C co ckopocThio Ha-
rpeBa 10 u 80 °C/MuH IpHUBOAMT K moirydeHwio AY, o0ranaonx Hanooiaee BEICOKIME 3HAYCHUSIMU
YJIeJIbHON TIOBEPXHOCTH U CyMMapHOro oobema nop. [1pu noBbliieHUN TeMnepaTrypbl KapOOHU3aUU
HaOJII0JaINCh CPaBHUMBIE BeJIMYMHBI 00bemMa Me3omnop st AY400 u AY500. Takxe ycTaHOBIICHO,
YTO BapHallus CKOPOCTH HarpeBa Ipu TeMiieparype kapoonusannu kopsl 500 °C He oka3bIBaeT cylie-
CTBEHHOT'O BIMSHUS Ha (OPMHUPOBAHUE OPUCTOH CTPYKTYPHI MOIydaeMbIX AY (Tadu. 1).

Ha puc. 1 mpuBeneHsl pe3ynbTaThl ONpeAeaeHUs COPOIMOHHBIX CBOMCTB aKTHBHPOBAHHBIX

yrneﬁ, IMOJIYYCHHBIX Ha OCHOBC Kap6OHI/IBaTOB KOpBI KeJpa. B kadgectBe COp6aTOB HCIIOJB30BaIN
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Tabnuua 1. [TapaMeTpsl MOPUCTON CTPYKTYpPbl aKTUBUPOBAHHBIX yriel (AY), HONy4YeHHBIX U3 KapOOHHM3aTOB
KOpBI Kezipa

Table 1. Parameters of porous structure of nonporous activated carbons (AC), obtained from cedar bark carbonates

OBven rop, en/r Hons CpenHuii pa3mep mop
Opase | Sper, w7/t o6muit MHKDO Me30 0,73 MHUKponop, % 4V/A by BET, um
t-plot 4,00 am
CxopocTs Harpesa npu kapoonusanun 10 °C/mMuu
AY300 1557 0,71 0,32 0,39 0,33 45,1 1,81
AY400 1297 0,56 0,42 0,14 0,22 75,0 1,72
AVY500 1178 0,52 0,38 0,14 0,23 73,1 1,76
AY600 1084 0,52 0,30 0,22 0,22 57,7 1,88
AY700 1079 0,52 0,29 0,23 0,23 55,7 1,91
AVY800 852 0,44 0,19 0,25 0,19 43,2 2,07
CkopocTh Harpesa npu kapoonusanuu 80 °C/muH
AVY300 1606 0,89 0,67 0,22 0,43 75,3 2,22
AVY400 1388 0,69 0,55 0,14 0,26 79,7 1,99
AY500 1291 0,62 0,38 0,14 0,19 61,3 1,74
AY600 1261 0,60 0,36 0,24 0,20 51,7 1,86
AY700 1247 0,60 0,26 0,34 0,30 49,1 1,96
AY800 1219 0,59 0,29 0,30 0,30 48,3 1,97
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Puc. 1. BiusiHue ycnoBuil kapOOHH3aLUH KOPBI Kepa Ha COPOIIMOHHbBIC CBOWCTBA aKTHBUPOBAHHBIX yIJICH: a —
ckopocTh Harpeea 10 °C/muH; 6 — ckopocth HarpeBa 80 °C/muH 1 — copOuus iona; 2 — copOIus METHICHOBOTO
cuHero; 3 — copOuus BuTaMuHa By,

Fig. 1. The effects of carbonization conditions of a cedar bark on the sorption properties of activated carbons: a —
heating rate 10 °C/min, b — heating rate 80 °C/min 1 — iodine sorption; 2 — methylene blue sorption; 3 — vitamin
By, sorption

fon, MmetriieHOBBIH cuHui (MI') u BuTamun B,. BeiOpaHHbIle MapKkepHbIe BEIIECTBA MOACIUPYIOT
OpPraHMYECKHe TOKCHHBI ¢ MOJeKyIspHoi Maccoil 1o 500 I (fionq m MC) n maccoir 500-1500 I
(ButamuH Byy). Takue Mapkepsl HCIONB3YIOTCS s OleHKH 3 dekTuBHOCTH AY B 00JaCTH DHTE-
pocopbruu [18].

[TonyueHHble AaHHBIC MOKA3bIBAIOT, YTO TOBBLIIMICHHE TeMmIeparypbl kapOooHuszanuu oT 300

1o 800 °C mpu ckopoctu HarpeBa 10 °C/MUH NPHUBOIUT K YMEHBIICHHIO COPOIIMOHHONW aKTHUBHO-
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ctu noiydaeMbix AY B oTHomeHuu Homa 1 MC, 9To coriacyeTcsi C YMEHbIIEHUEM 3HaYeHUN Sger
1 cymMMapHoro odwsema mop st Hux (puc. la, kpusas 1, 2, u tabn. 1). OueBUAHO, K 3TOMY IPHUBO-
JIUT yMEHbIlIeHHe 00beMa COPOUPYIOIINX 0P U UX TIOBEPXHOCTH B CTPYKTYype AY. MakcuMaabHbIMU
3HaueHusIMHU copbrun fiona u MC xapakrepusyercst oopazent AY300 (1451,4 u 390,1 mr/r), a MuUHH-
manbHbIMH — AY800 (834,7 u 230,3 mMr/r). XapakTep U3MeHEHHUs! cOpOLMHU HOoaa aKTUBUPOBAHHBIMH
YTIISIMH, TTOJTYYCHHBIMH IIPH MOBBINIEHNN cKopocTH Harpesa 70 80 °C/MuH, coxpansiercs (puc. 10,
kpuBas 1). Ho HaOitonaemMoe yMeHblleHHE COPOIMH HO/1a B TOM CJydae COMIacyeTcs C yMEHbIICHH-
eM 00beMa MUKPOIIOp B CTPYKType AVY.

[oBbItieHne ckopoctu Harpesa 10 80 °C/MUH pu KapOOHU3AIMH YCIOKHSICT XapaKTep 3aBHCHU-
Moctu copbunn MC akTUBHPOBAHHBIMH YIJISIMH OT KOHEYHOH TeMIIepaTy pbl OITy4YeHHs KapOoHn3a-
ToB. Tak, oTMeueHo Oosiee pe3koe ymeHbieHue copoimu MC B untepBasie temneparyp 300-500 °C
10 CPaBHEHHIO C AY, MOIy4eHHBIMH NTpH ckopocTy Harpesa 10 °C/mun. CnexyeT OTMETHTD, YTO Ha-
OroiaeMblii XapakTep COpOLMH TaHHOTO MapKEPHOI'O BELIECTBA COINIACYETCSl C UBMEHEHUSIMU 00b-
ema Me30110p B cTpykrype AY. MunnmansHas copouns MC ormeuena st oopaszua AY500 (140 mr/r),
XOTs [0 CBOEH CTPYKType OH aHajorudeH oodpasimy AYS500, moaydeHHOMY IpH CKOPOCTH Harpesa
10 °C/muH (tadu. 1). Ansg nocnennero copoumst MC coctasinser 240 mMr/t. I3y4denne HopucToi CTpyk-
TYpbl 3TUX aKTUBUPOBaHHBIX yrileld DFT-MeTon0M 110ka3aiio, 4To MOBBILLIEHUE CKOPOCTHU HarpeBa Ipu
kapOoHmM3anuu Kopsl kexpa ot 10 go 80 °C/MHH OKa3bIBaeT CyLIECTBEHHOE BIUSHUE Ha 00BEM ITOp
mpuHoi 0,84—4,0 HM (MEKPONOPHI, AOCTYIHBIE TT0 CBOUM pa3mepam MoiekynaMm MC [19], u me3omno-
Ppbl, HEOOXOIUMBIE JIJISl KX TPAHCIIOPTa) — 00BEM TaKuX mop ymensmaercs ot 0,17 mo 0,15 em’/r. Do,
OYEBHUIHO, U IIPUBOAUT K CHIPKEHHIO COPOIIMH JaHHOTO MapKEepPHOTO BEIECTBA.

Bapuanus ycinoBuil nomydeHuss KapOOHH3aTOB KOPBI KeJpa TAK)Ke OKa3bIBAET CYIIECTBECHHOE
BJIMSIHUE HA COPOLIMOHHYIO aKTHBHOCTH IMOJY4YaeMbIX Ha UX OCHOBE aKTHBHUPOBAHHBIX yTJIEH B OT-
HOIIICHUH BUTaMuHA By,. [Ipu ckopoctu Harpesa 10 °C/MUH MaKCHMAaIIBHOW COPOIIMOHHON EMKOCTBIO
o By, (41,9 mr/r) obnagaer AY800, Toraa kak mpu ckopoctd HarpeBa 80 °C/MHH MaKCHMAJbHYIO
copOmuto neMoHcTpupyet oopaseny AY300-88,7 mr/r. K HaOmronaeMbIM U3MEHEHHUSIM COPOITMOHHOM
AKTHUBHOCTH AY MOXXET IPUBOAUTH OTMEUEHHOE Pa3IN4Ke BEIMYMHBI CPEIHETO pa3Mepa Mop B UX
cTpykType — 2,07 u 2,22 HM COOTBETCTBEHHO (TadI. 1).

AHanu3 pe3ynbTaToOB U3yUEHHUS MMOPUCTON CTPYKTYPhI AY, MOTyUEHHBIX MPH Pa3THIHBIX YCIIO-
BUSIX, TT0Ka3aJ OTCYTCTBHE B3aMMOCBSI3M MX COPOIIMOHHOM aKTMBHOCTH B OTHOLICHWH BUTaMHHA B,
OT BEJIMYMUHBI Sppt, 00bEMOB MUKPO- 1 Me30mop. OHAKO YCTAHOBICHO, YTO COPOIHs BUTaMUHA B,
C BBICOKOH J0OCTOBEPHOCTHIO annpokcumanuu (R 2 = 0.966) 3aBucuT OT cpeaHero pasmepa nop AY
(puc. 2).

W3BecTHO, 4TO copOmus BUTaMuHa Bj, 3aBHCHUT OT conepkaHUs B CTPYKType COPOCHTOB IIOp,
JOCTYIIHBIX TI0 CBOMM pa3MepaM ero MoJeKyjaM (Mukpomnop mupuxoi >1,48 um [20]), u me3ormop uu-
punoii 2,00-5,88 uam [7]. C ucrionszoBannem DFT-metona Ob11 onpenienien 00beM nop mupnuHoi 1,48—
6,0 HM B CTPYKType COPOCHTOB Ha OCHOBE KapOOHHM3ATOB KOPBI KEApPa U YCTAHOBJICHO MX BIUSHUC
Ha copOuuro BuTamMuHa By, (puc. 3). IlpencraBneHHsle Ha puc. 3 HaHHBIC TIOKA3bIBAIOT, YTO COPOIIHS
BUTaMHKHa Bj, AY U3 KOpHI Kesipa XxapaKTepu3yeTcs MOJTMHOMHAIBHONW 3aBUCUMOCTBIO OT 00beMa Iop
yKazaHHOro pa3mepoM. Ho 1i1st copOeHTOB, NOIYUYEHHBIX CO CKOPOCTHIO HarpeBa Mpu KapOOHU3aIuN
10 °C/mMuH, 3Ta 3aBUCUMOCTB UMEET 00JIee CIIOKHBIN XapakTep co 3HAYCHUEM KO PUIINEHTA aIlpOK-

cumanuu (R ?) 0,828. OueBuaHO, COPOLMOHHAS AKTUBHOCTL TAKMX AY MOXET 3aBUCETh U OT 00beMa
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Puc. 2. Bausinue cpepHero pasmepa mop Ha copOLHMIO BUTaMKHa Bj, aKkTHBHPOBAHHBIMU YIJISIMH Ha OCHOBE
KapOOHHM3aTOB KOPHI Kepa

Fig. 2. The effects of mean pore size on vitamin By, sorption by activated carbons, based on cedar bark carbonates
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Puc. 3. 3aBucHMOCTb COPOLIMY BUTaMHHA B, aKTHBHPOBaHHBIMH YTIIIIMH Ha OCHOBE KapOOHH3ATOB KOPBI Keapa
oT oO6bema mop pasmepom 1.48—6.0 am: 1 — ckopocTs HarpeBa 10 °C/muH; 2 — ckopocTh Harpesa 80 °C/MuH

Fig. 3. The dependency vitamin By, sorption by activated carbons, based on cedar bark carbonates from volume
of pores size 1.48—6.0 nm: 1 — heating rate 10 °C/min; 2 — heating rate 80 °C/min

Hop pasMepoM > 6 HM B HX CTPYKType. Boicokoe 3HaueHne koddpduuuenta anmpokcumanuu (R ?)
0,993 st copOEeHTOB HA OCHOBE KapOOHM3ATOB, IOJIYYEHHBIX IPH cKopocTH Harpesa 80 °C/muH, moj-
TBEP)KJAET, YTO COPOLIMS UCCIIECOBAHHOTO BEIIECTBA ONPENENSIeTCsl COACPKAHUEM B X CTPYKTYpe
mop pasmepom 1,48—6,0 uM (puc. 3).

ITockonbKy COpOCHTBI Ha OCHOBE KapOOHH3aTOB KOPBI Keapa, moiaydeHHbix npu 300 °C Hesa-
BHCHMO OT CKOPOCTH HarpeBa, XapaKTepH3yIOTCs Hanboyiee pa3BUTONW MOPUCTON CTPYKTYpPOW, OHU
COYETAIOT BBICOKYIO COPOIIMOHHYIO aKTMBHOCTH B OTHOLICHHUH HCCIEIOBAHHBIX BEIIECTB C Pa3iIHy-

HOH MOJIeKyJIsipHON Maccol. KapOoHun3anust Kopbl Keipa U MOCIEAYIOast akTHBAIUS B IIPUCY TCTBUHU
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Tabauua 2. [TapameTpsl TOPUCTOM CTPYKTYPBI U COPOLIOHHBIEC CBOMCTBA aKTHBUPOBAHHBIX yIJICH, MOy YSHHBIX
LIEJIOUHOM aKTHUBaIuel KapOOHU3aTOB KOPHI KeJipa

Table 2. Parameters of porous structure and sorption properties of activated carbons (AC), obtained by alkaline
activation of cedar bark carbonates

O6beM nop, cm>/r CopOnust, Mr/T
O6pasery Spet, M2/T =
oot MHKPO Me30 Hon MC Buramun B,
AY300/10* 1557 0,71 0,32 0,39 1451,4 390,1 15,5
AY300/80* 1606 0,89 0,67 0,22 1270,0 487,0 88,7
YA-H** 638 0,38 0,24 0,14 1128,5 261,3 60,6

Ipumeuanue. MC — METUIICHOBBII CHHUIL, * — aKTHBUPOBAHHBIC YTIIH MOJIYUYCHBI CO CKOPOCTBIO HArpeBa MPH KapOOHH3aLUK
10 u 80 °C/MumH, ** — obpa3ser cpaBHECHHSL.

KOH no3BoJis10T 1nosry4aTh COpOCHTHI ¢ 00Jiee Pa3BUTOM CTPYKTYPOIl 110 CPABHEHHIO C IIPOMBIIIICH-
HBIM aKTHBHPOBAHHBIM yIJIeM MEIUIIMHCKOro HazHadeHns YA-H u3 npeBecnnsl 6epessl (Tadur. 2).

o copOuuu ioma u MC copOCHTBI U3 KOPBI Keipa IIPEBOCXOAAT 00pasell cpaBHeHus (Tadim. 2).
OTO0 CBUIETENLCTBYET 00 MX Ooiblel d3(PGEKTUBHOCTH JIJIS yJaIeHUs] HU3KOMOJIEKYIISIPHBIX TOKCH-
HOB — KPEaTHHUHA, MOYEBOM KUCIOTHI, 0apOuTyparos u ap. [18].

Copbent AY300/80 Takxe IpOsIBIISIET OOIBIITYI0 COPOIIMOHHYIO aKTUBHOCTH B OTHOILICHUH BU-
tamuHa By, 1o cpaBaenuto ¢ YA-H — B 1,5 pa3sa (tadna. 2). Beicokast copOuust BuTamuna By,, Moje-
JUPYIOIIETO CPEHEMOJICKYJIISPHBIE BEUIECTBA (OJUTONENTHABI, JTUIONOINCAXaPH/IbI), B COUETAHUHN
¢ copbrueit Hona u MC nenaeT 3TOT COpOEHT OoJiee NePCIEeKTUBHBIM JUJISl MEJUIIMHCKOTO TPHMEHe-

HUS 1O CPAaBHCHUIO C TPOMBINIJICHHBIM 06pa3u0M CpaBHCHUA.

3akJoueHue

W3yueHo BIMSHUE TeMIepaTypbl U CKOPOCTH HarpeBa mpu KapOOHHM3AIMU KOPHI KeApa Ha pas-
BUTHE TIOPUCTOM CTPYKTYPBI M COPOIIMOHHBIX CBOMCTB aKTUBUPOBAHHBIX YIJICH, CHHTE3UPOBaHHBIX
METOJIOM TepMOIIeTOYHON akTuBanuy B mpucyTcTBun KOH.

YcTaHoBIICHO, UTO yBenndeHne ckopocty Harpesa ot 10 1o 80 °C/MuH criocoOCcTByeT Oosee BbI-
COKOMY Pa3BUTHIO TIOPUCTOI CTPYKTYpbI AY, ojiy4aeMbIX U3 KapOOHHU3aTOB KOPbI Kenpa. CpaBHEHUE
AY 1okasaio, 4To cOpOIMOHHBIC CBOMCTBA B OTHOIICHMH HOJa OIPEACIISIOTCS 3HAYSHUSIMH yIeIEHOM
MOBEPXHOCTH MU 00bEMOM MUKPOIIOP, a METHIIEHOBOT'O CHHEr0 — 00bEMOM ME30II0p B UX CTPYKTYpE.
Cop6uus BuTamMuHa By, ¢ BBICOKOH 10CTOBEPHOCTHIO annpokcumaiuu (R 2 = 0.966) 3aBucut ot cpej-
Hero pasMepa nop AY.

INokasano, uto kapOoHHU3aMs KOPHI Keapa rnpu ckopoctu Harpesa 80 °C/mun 10 300 °C no3Bo-
nsgeT monydatrb AY, copOIHOHHBIE CBOMCTBA KOTOPOTO MPEBBIMIAIOT MMOKA3aTEIH MPOMBIIIJICHHOTO
AKTUBHOTI'O YTJI MEAULIMHCKOIO Ha3HaueHus — o oxy B 1,12, MetusieHoBoMy cuHeMy B 1,86 u BuTa-

Muny By, B 1,46 pa3sa.

Cnucok autepartypsl / References

1. Kysneuos b.H., Yecnokos H.B., Usanos U.II., Benpukosa E.B., Usanuenko H.M. Meto-
JIbI TTOJTYYCHUSI IOPUCTHIX MaTePHAJIOB M3 JIMTHUHA U IPEBECHOM KopsI (0030p). Kypran Cubupckozo
@eoepanvrozo ynusepcumema. Xumus. 2015. T. 8(2), C 232-255. [Kuznetsov B.N., Chesnokov N. V.,

— 272 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 265-274

Ivanov I. P., Veprikova E. V., Ivanchenko N. M. Methods of porous materials obtaining from lignin and
wood bark (Review). Journal of Siberian Federal University. Chemistry 2015. Vol. 8(2), P. 232-255
(in Russ.)]

2. Zoltan Pasztory, Ildiko Ronyecz Mohacsine, Galina Gorbacheva, Zoltan Borcsok. The
utilization of tree bark. BioResources 2016. Vol.11(3), P. 7859—7888.

3. Mopozos A.C., becconos U.B., Hyxnuna A.I., ITucapes B.M. CopOeHTBI aiisi 3KCTpaKop-
HOPAJBHOIO YAAJICHUS! TOKCHYECKHUX BELIECTB M MOJIEKYJI C HEXXelaTelbHOH OMOJIOrMYeCKON aKTHB-
HOCTEIO (0030p). Obwas peanumamonoeus 2016. T. 12(6), C. 82—107. [Morozov A.S., Bessonov 1. V.,
Nuzhdina A. V., Pisarev V. M. Sorbents for extracorporal removal of toxic substances and molecules with
adverse biological activity (Review). General Reanimatologya 2016. Vol. 12(6), P. 82—107 (in Russ.)]

4. Zellner T., Prasa D., Farber E., Hoffmann-Walbeck P., Genser D., Eyer F. The use of activated
charcoal to treat intoxication. Deutsches Arzteblatt Int. 2019. Vol. 116(18), P. 311-317.

5. RaposoF., De La Rubia M. A., Borjia R. Methylene blue number as useful indicator to evaluate
the adsorptive capacity of granular activated carbon in batch mode: influence of adsorbate/adsorbent
mass ratio and particle size. J. of Hazardous Materials 2009. Vol. 165(1-3), P. 291-299.

6. Yan Luo, Jason Street, Philip Steele, Edward Entsminger, Vamshi Guda. Activated carbon
derived from pyrolyzed pinewood char using elevated temperature, KOH, H3PO, and H,O,.
BioResources 2016. Vol.11(4), P. 10433—-10447.

7. WBanos W.II., Benpukora E.B., YUecnoko H.B. BausiHue ycioBuil mojiyueHus yriepoi-
HBIX COPOCHTOB M3 KOPbI MUXTHI HA UX CTPYKTYPY M COpPOLMOHHBIE cBoiicTBa. JKypran Cubupcko-
20 ghedepanvrozo ynueepcumema. Xumus 2019. T. 12(3), C. 423-433. [Ivanov I.P., Veprikova E. V.,
Chesnokov N. V. Effct of conditions of carbon sorbents producing from abies bark ontheir structure
and sorption properties. Journal of Siberian Federal University. Chemistry 2019. 12(3), 423—433
(in Russ.)].

8. Bemnpukosa E.B., Usanos U.II., Yecnokos H.B., Ky3uernoB b.H. CtpykTrypa n copbunon-
HbIE CBOHCTBA MOPHUCTHIX YIIEPOAHBIX COPOEHTOB U3 KOPBI OCHUHBL XUMUsl pACmMUmenbHo20 Cblpbsl
2019. Ne 3, C. 325-333. [Veprikova E. V., Ivanov 1. P., Chesnokov N. V., Kuznetsov B.N. Structure and
sorption properties of porous carbon sorbents from aspen bark. Khimiya Rastitelnogo Syrya 2019.
No 3, P. 325-333 (in Russ.)].

9. Miyahara M., Vinu A. Adsorption study of heme proteins on SBA-15 mesoporous silica with
pore-filling models. Thin Solid Films 2006. Vol. 499(1-2), P. 13—-18.

10. Miyahara M., Vinu A., Ariga K. Adsorption myoglobin over meso porous silica molecular
sieves: pore size effect and pore-filling model. Materials science and Engineering: C. 2007. Vol. 27(2),
P. 232-236.

11. Burchacka E., Lukaszewicz M., Kulazynski M. Determination of mechanisms of action of
active carbons as a feed additive. J. Bioorganic Chemistry 2019. Vol. 93, P. 1-7.

12. Virpi Siipola, TarjaTamminen, Anssi Kalli, Riikka Lahti, Henrik Romar, Kimmo Rasa, Riikka
Keskinen, Jari Hyvaluoma, Markus Hannuba, Hanne Wikberg. Effects of biomass type. Carbonization
process, and activation method on the properties of bio-based activated carbons. BioResources 2018.
Vol.13(3), P. 5976—6002.

13. UBanos W.I1.,, MuxoBa H.M., Jlyromkun M. A., YecHokoB H.B., Kysnenos b.H. N3yue-

HHUC CTPOCHUSA U CBOICTB HAaHONOPUCTBIX YIJTICPOAHBIX MATCPHUAJIOB, MOJTYYCHHBIX TepMOH.[eHO‘IHOﬁ

— 273 —



Journal of Siberian Federal University. Chemistry 2022 15(2): 265-274

AKTHBAIMCH JIMTHUHOB IPEBECHHBI MUXThL. JKypran Cubupckozo ¢hedepanvhoco ynusepcumema.
Xumus 2017. T. 10(3), C. 390—400. [Ivanov I.P., Mikova N.M., Lutoshkin M. A., Chesnokov N.V.,
Kuznetsov B.N. The study of structure and properties of nanoporous carbon materials obtained by
alkaline thermal activation of lignin of Fir wood. Journal of Siberian Federal University. Chemistry
2017. Vol. 10(3), P. 390—400 (in Russ.)]

14. ISO 9277:2010—09 (E). Determination of the specific surface area of solids by gas adsorption —
BET method.

15. Landers J., Gor G. Yu., Neimark A. V. Density functional theory methods for characterization
of porous materials. Colloids and Surfaces. A: Physicochemical and Engineering Aspects 2013. Vol.
437, P. 3-32.

16. Kucmunwsn A.H. ITuponus opesecunvl: xumusm, Kunemuxda, npooyKkmol, HOGble NPOYECCHL.
M., Jlecrast mpom-c1b, 1990. 312 c. [Kislitsyn A. N. Pyrolytic of wood: chemism, kinetic, products, new
processes. Moscow., Lesnay pom-st. 1990. 312 p. (in Russ.)]

17. Banos N.II., Cynakosa U.T., UBanuenko H. M., Ky3nenoB b. H. I3yuenue cBOICTB aKTHUB-
HBIX yTJIeH U3 3€pHEHOW KOPBI JTUCTBEHHULL. Xumusa pacmumenvroeo coipvs 2011. Ne 1, c. 81-86.
[Ivanov I.P., Sydakova I.G., Ivanchenko N.M, Kuznetsov B.N. Investigation of properties of active
carbons from grained larch bark. Khimiya Rastitelnogo Syrya 2011. No 1, P. 81-86 (in Russ.)]

18. Markelov D.A., Nitsak O. V., Gerashenko T.T. Comparative study of the adsorption activity
of medicinal sorbents. Pharmaceutical Chemistry Journal 2008. Vol. 42(7), P. 405-408.

19. Mopo3sosa A.A., JIera JI. K., Epmonenko 1. H. O ponu MUKpPO- U Me30IOpP BOJIOKHUCTBIX
AKTUBHBIX yTJIel B cOpOLIMM BEMIECTB MapKEPOB M3 BOAHBIX cped. Kypran npuxiaonou xumuu 1989.
Ne 12, C. 2777-2781. [Morozova A. A., Lyga L. K., Ermolenko I. N. About rule of micro- and mezopores
fiber active carbon in sorption of marker substances from water medium. Journal of Applied Chemistry
1989. No. 12, P. 2777-2781 (in Russ.)]

20. Yao Chen. Synthesis, characterization and mechanistic studies of Biomolecules @ mesoMOFs.
URL: Http://scholarcommons.ust.edu/etd/5199 (22.05.2018).



Journal of Siberian Federal University. Chemistry 2022 15(2): 275-288

DOI: 10.17516/1998-2836-0292
YK 676.0114.361:633.877.1:531.31

Kinetic Regularities and Optimization of the Process
of Abies Wood Peroxide Delignification As a Key Stage
of the Nanofibrillated Cellulose Production

Natalya V. Garyntseva®?,

Sergey A. Vorobyev?®, Evgeny V. Elsuf’ev?,

Yong XuP and Boris N. Kuznetsov?

Institute of Chemistry and Chemical Technology SB RAS

FRC Krasnoyarsk Science Center SB Krasnoyarsk, Russian Federation
bCollege of Chemical Engineering Nanjing Forestry University
Nanjing, China

Received 20.04.2022, received in revised form 26.04.2022, accepted 10.05.2022

Abstract. The kinetic regularities of the process of abies wood delignification in the “formic acid-hydrogen
peroxide-water” medium at the presence of the MnSO, catalyst at the temperature range 70—-100 °C
were established. It was determined that the delignification process is satisfactorily described by the
first order equation. The reaction rate constants vary from 1.8 to 10.2:10~* min’!, the activation energy
is 85 kJ/mol. Mathematical optimization of the process of abies wood delignification, as a key stage
of nanofibrillated cellulose production, was carried out by Box-Behnken statistical method. Under the
optimal conditions: HCOOH 30 wt.%, H,0,—9 wt.%, LWR 15, temperature 100 °C, 4 h, the cellulose
product with a lignin content of 1.2 wt.%, hemicelluloses 5.2 wt.%, cellulose 93, 1 wt% was obtained.
The average hydrodynamic diameter of particles of nanofibrillated cellulose produced from abies wood

by acid hydrolysis followed by ultrasonic treatment is 82 nm.

Keywords: abies wood, peroxide delignification, kinetic, optimization, formic acid, MnSO, catalyst,

nanofibrillated cellulose.
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HAHO(PUOPHJIIIMPOBAHHON LEJJII0J103bI

H.B. I'apsinuesa?, C. A. Bopoonen?,

E.B. Eacypwes?, SIn Cwii®, b. H. Ky3nenos®
“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
QU] «Kpacnoapcku nayunvii yeump CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

®Konnedoc xumuiueckoi mexmonozuu

Hankunckozo ynusepcumema necnozo xo3sicmea
Kumau, Hanxun

AHHOTanus. YCTaHOBJICHB KHHETHYECKNE 3aKOHOMEPHOCTH ITpoliecca AeTUTHUPHUKAINN IPEBECHHBI
MUXTHI B Cpelie «KMYpPaBbUHAsI KUCIOTa — HEPOKCU BOAOPOAA — BOAA» B MPUCYTCTBUM KaTalu3aTopa
MnSO, B untepsaine temneparyp 70—100 °C. [Ipouecc aenurunduKanun yaoBJIeTBOPUTEIBHO
OIHCBIBACTCS yPAaBHEHUEM TIEPBOTO MOPSAKA, HAMICHHbIE KOHCTAHTHI CKOPOCTH PEAKIINU BapbUPYIOTCS
ot 1,8 10 10,2:10~* Mun"!, sHeprus akTuBanuu mpouecca coctasisteT 85 kJ[/Moib. C UCII0Ib30BaHUEM
cTatucTrdeckoro Metona bokca-benknHa mpoBeeHa MaTemaTrndeckasi ONTUMHU3ANNS YCIOBHH mpolecca
JEeNUTHU(GUKALNY APEBECUHBI MUXTHI KaK KIIIOUEBOW CTAINH MOy YeHUsI HAHO(DUOPHIIMpPOBaHHOMH
HENITI0103b1. B HalienHbix onTuManbHbiX yenoBusx: HCOOH 30 mac.%, H,0,-9 mac.%, I'M 15, 100 °C,
4 4 nory4eH LEITI0I03HbII MPOAYKT C coAepxkaHueM TUrauHa 1,2 mac.%, remunenntonos 5,2 mac.%,
uesttonossl 93, 1 mac.%. CpenHuii ruApoIMHAMHYECKUI JTUaMeTp YacTUIl HAHO(PUOPHILITUPOBAHHOM
LIEJUTIOJNIO36I M3 IPEBECHHBI ITUXTHI, OJTYy4YEHHONH METOIOM KHCIOTHOTO THPOJIM3a C MOCIe Yy I0Imei

YJIBTPa3ByKOBOW 00pabOTKOMN, COCTABISACT 82 HM.

KiioueBble cjioBa: APEBCCHUHA MUXTHI, ICPOKCUAHAL I[CJ'[I/IFHI/I(bI/IKaLlI/IH, KHHCTHKA, OITUMU3ALIH,

MypaBbUHas KHCIIOTA, Kataiau3arop MnSO,4, HaHOGUOPHIITMpPOBaHHAS IEIUTION03A.
BaaropapaocTu. ccenoBanne BBITIOIHEHO 3a cYET CpeACTB rpaHTa Poccuiickoro Hay4Horo ¢ona

Ne 21-13—-00250, https://rscf.ru/project/21-13—00250 ¢ ucnonb3oBanremM obopyaoBanus KpacHosipckoro

PEeruoHaNIbHOrO LeHTpa KoulekTuBHOro nons3oBanus GUIL] KHIT CO PAH.
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JPEBECHHBI MUXTHI KaK KJIIOYEBOIT CTa(MH MOIy4YeHHs] HaHOGUOpHUIMpoBaHHoOi nesutono3sl / H. B. I'apeiaiesa, C. A. BopoOses,
E.B. Encydses, SIn Croii, b. H. Ky3nenos / XKypn. Cu6. denep. yn-ta. Xumus, 2022, 15(2). C. 275-288. DOI: 10.17516/1998-
2836-0292

BBenenne

Boszpocmuii B mocieqaee BpeMs HHTEpEC K nepepaboTke pacTUTENHBIX OHOIIOIMMEPOB, TAKIX
KaK IIeJII0JI03a, JIMTHUH, MOJIncaxapuibl, TOJU(EHONbl U T.I., 00YCIOBJIEH BO3MOYKHOCTBIO TOJIY-
YeHWSI HOBBIX IIEHHBIX COCIWHEHUH C YHUKAIBHBIMU (QU3NYCCKUMU U XUMHUYESCKUMHU CBOWCTBAMH.
Takue (akTopsl, Kak JOCTYITHOCTb ChIPbsi (OTXO/BI MPU HEepepadOTKe APEBECHHbI M TPaBSIHUCTHIX
pACTEHUI: ONUIIKY, CTPY)KKa, IIena, cojIoMa, KOCTpa U Ap.), €r0 HHU3Kas [IeHa, BO30OHOBISIEMOCTh
U 9KOJIOTHYHOCTb, TIOBBIIIAIOT [IEHHOCTH UCIIOJIb30BAHMSI PACTUTEIILHON OMOMAaCChl C 9KOHOMHUYECKOM
TOYKH 3penus [1,2].

Lesnutroo3a siBIsIeTCSl CaMbIM PACIIPOCTPaHEHHBIM PACTUTENbHBIM Ononoaumepom [3]. JIpeecu-
Ha XBOWHBIX U JUCTBEHHBIX MOpoi coaepkuT oT 40 1o 60 % LemTrono3sl, coloMa MpUOIU3UTEIEHO
30 %, xjomyatHUK — 92 %. B mocnennee BpeMst BO3pOC HHTEPEC K pa3paboTKe CIIOCOOOB MOy YCHHS
W3 [EJUTOJIO3BI HAHOICIUTIONO3bl M IPYTUX HAaHOMATEepPHAJIOB, 00JIaaIOMINX KOMILIEKCOM YHUKAb-
HBIX CBOWCTB: JIETKOCTH, OOJbINAs MJIOMIAb yACIbHON MOBEPXHOCTHU, BBICOKAS MOPUCTOCTH, HETOK-
CUYHOCTH, OMOCOBMECTHMOCTH B OHOpa3iaraeMocth [4—6].

[Ipomuiecchl MOTy4YeHHUST HAHOLEIIIOI036l BKIIIOYAIOT ABA OCHOBHBIX 3Tama, KaXXbli U3 KOTO-
PBIX COCTOUT M3 HECKONBKHX CTaguil. [IepBBI ATam — 3TO MONyYCHHUE XUMHYECCKU YUCTOH Iei-
JIIONIO3BI U3 JPEBECHHBI. BTOpoil — mosyuyeHHe HAHOIEIUIIONO3bI M3 Heaoio3sl. CaMbIM pac-
MPOCTPAHCHHBIM CIIOCOOOM IIONYYEHHSI HAHOUEIJIIO3BI SBISICTCA KOHTPOIHPYSMBIA THIPOIH3
LEJUTI0JI03bI CepHOM KucinoTol [7]. B 3aBUCUMOCTH OT YCJIOBUH KHUCIOTHOW 00pabOTKH U ChIpbE-
BOr0 UCTOYHHMKA pa3Mep YacTHUL MOJIydaeMoi 1estoa03bl coctaBiseT oT 50 no 160 HM B anuHy
u 3...50 um B nuamerpe [8, 9]. Takke akTHBHO pa3padaThIBAIOTCS METOAbI MOJYUYSHHS] HAHOLE-
JOJIO3HBIX MaTEpPHUaJOB C HCIOJIB30BAHUEM MEXaHUYECKOTO BO3ACHCTBUSA, K KOTOPHIM OTHOCSTCS
KaBUTALIMOHHO-THIPOJMHAMUYECK I, BAOPALIMOHHBIN CIIOCOOBI, CIOCO0 y1apHOil BOJIHBI, H3MEITb-
YEHUE yIbTPa3ByKOM, J€TOHALIMOHHBIN cuHTE3 [9].

[Ipon3BOACTBO LIEITIONIO3BI U3 IPEBECUHBI B IPOMBIIIIIEHHOCTH OCYIIIECTBIISIETCS C HCIOTIb30BAa-
HHEM SHEProeMKHUX U 3arPsI3HSIONNX OKPYKAIOIIYIO Cpedy mporeccoB (cynbdaTHas u CyabhUTHAS
BapKHu).

Pa3paborka HOBBIX Oonee 3(p(HEKTUBHBIX MPOILECCOB MPOM3BOACTBA IEJLIIOIO3E], OPUCHTH-
POBaHHBIX Ha JajibHEHIee MOTydYeHHE HAHOIEJUIIONO03bI C MaKCHMAJBHBIM BBIXOAOM, SIBIISICTCS
aKTyaJbHOU 3ajaveil. Panee Hamm OblNla IMOKa3aHa BO3MOXKHOCTH TMOJNYYCHUS HAHOLEIITIOIO3HI
U3 IIEJIJTIONO03BI C HCIIOJIB30BAHUEM IKOJIOTHYECKH O€30IacHOr0 OAHOCTAANIHOIO MpoIecca NepoK-
CUJHOW JeTUTHU(DUKAINH Pa3IMIHBIX TOPOJI IPEBECHHBI B Cpeic YKCYCHON U MyPaBbIUHOW KHCIIOT.
W3 111115010361 IPEBECUHBI JTUCTBEHHMIIBI, MTOJYUYCHHONW MMEPOKCHIHON ACIUTHU(PUKAIKCH B Cpe-
Jie YKCYCHOH KHCJIOTHI B mpucyTcTBHH Katanu3atopa (NHs)sMo;O,4, cuHTE3MpOBaHAa MHKPO(DHU-
OpMILIMPOBAaHHAS LEJII0I03a CO CPEAHUM T'HAPOJMHAMUYECKUM TUAMETPOM 4YacTHll 54 HM M Ha-
HOKpHCTAJJIMUECcKasl LIeJlJ1to103a ¢ AuaMmeTpoM yactul 42 um [10]. M3 1emnton03sl 1peBECUHBI €U,
NOJYyYEHHON TEePOKCHIHOW JenurHuduKanmeil B cpejie YKCYCHOH KHUCIIOTHI B IPUCYTCTBUHU KaTa-

mu3atopa H,SO,4, cuHTe3npoBana MUKpOo(UOpHILIMPOBaHHAS LIEIITI0I03a ¢ JnaMeTpoM dacTHil 80
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M [11]. C ucnosnp3oBaHUEM Mpoliecca NEPOKCHIHOMN AU HUPUKALMN IPEBECHHBI OCHHBI B Cpe-
Jle MypPaBbHHOM KHCIOTHI B IPUCYTCTBUH KaTanu3aTopa TiO, noiaydeHa HaHO(DUOpHILIMpOBaHHAS
LEJUTION03a ¢ AuaMeTpoM yactun 29 uwm [12].

JlpeBecrnHa MUXTHI, HAPSAY C JPYTUMHU [OPOJAMH, 3arOTaBIMBACTCS B 3HAYMTEIBHBIX Mac-
mTabax Ha Tepputopuu Poccun. OTXOIbI JECONMMIIEHUS — OMUIKH U CTPYXKKa — MPEACTaBIAIOT
co00if HencyeprnaeMblii pecypc sk IPOU3BOACTBA 10036l U HAHOLEIUIIONO03bl. B HacTosmeH
paboTe B KauecTBe KaTajau3aTopa Ipolecca MepOKCHIHOW NeTUTHU(UKAIMY APEBECHHBI MUXTHI
MpeIIoKeHo ncnonb3oBath MnSO,4. Panee Obuta mokazana BeIcOKas 3(QEKTUBHOCTH HTOIO KaTa-
Jau3aTopa B Ipoleccax MOMyYeHUs XUMUUYECKH YUCTOM LEJITION03bI U3 IPEBECUHBI JIUCTBEHHHUIIBI
B CpeJie «IEePOKCHJI BOJIOPOJa — YKCYCHasI KUCJIOTa — BOzia». [IpenMyIecTBa ero Mcroib30BaHus
00yCJIOBJICHBI BO3MOKHOCTBIO JIETKOH pereHepalnu, a TakKe ero A0CTYHNHOCThIO U HU3KOW CTOM-
mocThio [13].

[enbro paboTHI SABIATOCH U3yUEHNE KMHETHUECKUX 3aKOHOMEPHOCTEH U ONTUMH3AIU [TPoLec-
ca TIOJIyYeHHs LEJITIONO03bl U3 JIPEBECHHBI ITUXTHI B CPEEC «MypPaBbUHASI KUCIIOTA — TIEPOKCHUJL BOJIO-
pona — BoJa» B MPHCYTCTBUHU KaTanu3aTopa MnSO,4, OpUEHTHPOBAHHOTO HA MaKCHMAaJbHBIN BBIXOJ
HAHOILEJUTIONO03bl. J[ns1 momydeHus: HaHOGUOPHUIIMPOBAHHON LEIIIIONO3bl MCHOIB30BAIN METObBI
KOHTPOJIMPYEMOT'0 KHCIOTHOTO THAPOIN3a IMUXTOBON LIEJIIIONIO3BI U 00pabOTKH yIbTpa3ByKOM. Xa-
PaKTEepUCTUKN HAHOPHOPHILINPOBAHHOH 1eTi01036! ObuTH onpeneseHsl Metonamu MKC, POA, nu-

HaMHYE€CKOI'0 paCcCeAHUs CBETA.

MartepuaJibl U METObI

Hcxoonoe coipve

B kadyecTBe HCXOIHOTO ChIPhsI HCIIOJIB30BAIM BO3AYIIHO-CyXHe onmuiKH (ppakius < 0,5 mm) npe-
BeCHHBI TUXTHI (Abies Sibirica L.), 3aroTOBICHHOH B JiecHOH 30He roposia KpacHosipcka. XMMHUUYECKHIH
COCTaB APEBECUHBI MUXTHI, Mac.%: 1emntono3a — 48,8; murauH — 26,8; reMunenitoao3sl — 17,7, skc-

TpaKkTUBHbIE BeulecTBa — 6,2; 301a — 0,5.

Henuenuguxayus opesecunvl nuxmol

Jenurunupukanuio JpeBeCUHbl MUXThl OCYHIECTBISUIM B CTEKJISHHOM peakTope o0beMOM
250 cm?, cHaOKEHHOM MEXAHUYECKON MEIIAJKON W 00paTHBIM XOJOAMIbHUKOM. HaBecky npeBecu-
HBI Maccoil 5 T MOMEINaan B peakTop M NMPUIUBAIN paHee MPUTOTOBJICHHYIO PEAKI[HOHHYIO CMECh.
PacTBOp 3aaHHOM KOHIIEHTPAIlMK TOTOBMJIM M3 CMECH KOHIIEHTPUPOBAHHON MYypPaBBbHHOM KHUCIIOTHI
(92 mac.%), mepoxcuaa Bogopona (32 mac.%) 1 IUCTUILIUPOBAHHON BOJIBI, 3aTeM JO0ABIISIITN KaTalu-
3arop MnSO,.

Jenurnudukanyio npoBoaniau B uaTepsajie remuneparyp 70—-100 °C npu npogoKUuTeaIbHOCTH
1-4 4. B cocraBe peakIMOHHON cMecH HaYaJIbHYI0 KOHLEHTPAIUIO ITEPOKCH/IA BOIOPOAA BapbHpO-
Basu oT 4 10 10 mac.%, KOHIIEHTpalUIO MypaBbUHON KUCI0TH — OT 20 10 40 Mac.%, rupoMoayib —
ot 10 no 20. Konnentpamus karanuzaropa MnSO, coctaBisia 1| % oT Maccel aOCOMIOTHO CyXOH
JIPEBECHHBI.

[Mocne genurHNGUKANY HEUTIOIO3HBIH TPOIYKT OTACISUIN OT PEaKIIMOHHOTO pacTBopa (Guis-
TPOBAaHMEM Ha BOPOHKE BroxHepa, IPOMBIBAIM BOJOW O HEUTPAJIBHON PEaKLUU IPOMBIBHBIX BOJ.

Hemnrono3nsiii npoaykt BeicymuBanu npu 103 °C B ciydae 3KCIEPUMEHTOB O U3YUYEHHIO KHHE-
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THUYECKUX 3aKOHOMEPHOCTEHN U ONTHUMHU3ALUU IIPOoLEecca, 3aTeM IPOBOAUIN XUMUYECKUI U UHCTPY-
MEHTAJIBHBIN aHau3. B mponeccax nmomydeHuss HaHOGUOPUIIMPOBAHHOM LEIITIONIO3BI EIIITI0JIO3HBIN
IPOLYKT HE BBICYLIMBAJIM, a [1OCJIE NIPOMBIBKM 10 HeiiTpanpHOW pH cpa3y npoBOAMIN KUCIOTHBIM

TUAPOJINS.

Honyyenue nanoubpunIupo8anHoOU Yernono3ol

HanoduOpunnupoBaHHyo0 MEIIJI03Y IMOJYydYald MO0 MeTody, onucaHHomy B [14]. Oco-
OCHHOCTBIO IAHHOTO CIoco0a SBISIETCS MCIOIb30BAHNUE [JIs1 THAPOJIN3a HE CyXOH IEJII0JIO3BI,
a BJIAXKHOM (M3-TI0JI CLIEKH), B3ATON cpa3y rocie JAeJUTHU(PUKAIUK U TPOMBIBKH 10 HEUTPAJib-
Holt pH. K 15,09 1 BmakxHOTO 1EILTION03HOTO mMpoaykTa (3,88 r abc. cyx.) mobaBmsutu 7 M THC-
THJUIMPOBAHHOM BOJIbI, 3aTEM IPH MEpEeMEIIMBAHUHU 110 KarisiM godasisiin 18 mu H,SOy4 (98 %).
CMemmBaHMue NMPOBOJUIIN B TEUCHHE 5 MUH B Koj0e, HaXxoAsIIelcs B BOASHON OaHe CO JIBJIOM.
[ocnie noGaBiueHUs CEpHON KHCIOTHI KOJIOY MEPEHOCHJIM Ha MAarHUTHYIO MELIAJKy U OCYIIEeCT-
BJISLIN Ipolecc ruaponunsa npu tremneparype 45 °C B reuenue 30 muH. Ilocne aToro nis ocra-
HOBKHM THAPOJIN3a K pacTBOpy Ao0aBisiiin 10-KpaTHBIH M30BITOK XOJIONHOM IHUCTHILINPOBAHHOM
BOABIL. [IpOyKT rHIpoIIn3a IEJITI0N03b! OTESIN OT PacCTBOpa U OTMBIBAJIH 10 HeHTpasibHOI pH
Ha neHtpudyre (6000 06/MuH).

CycIieH31I0 NOCIIe THAPOIIN3a LEeJIITI0N03bI TOABEPralin BO3ACHCTBHIO yIbTPa3ByKOM Ha amnmnapa-
te «Bonna-M» (Poccust), mogens Y3TA-1/22-OM, yactora kosiebanuii 22 kI'1], Ha BEIXOJHOW MOIIHO-
ctu 75 % B Teuenne 9 MuH. [lonydeHHbIl rens 3aMopakubaiu npu Munyc 18 °C, 3aTem BbICYIUBAIN
C MCITIOJIb30BaHUEM JIno(riibHOU cyniku Mapku «Mueit 5» (Poccusi) B Teuenue 72 .

Xumuueckuii ananu3z

CopeprkaHnue 0CTaTOYHOTO JUTHUHA B LIEJUTIOIO3HBIX MPOLYKTaX onpeaeisnu no merony Kimac-
COHa ¢ Hcnonb3oBaHueM 72 %-Horo pactsopa H,SO,4. Onpenenennie copep:kanus HEILTION03bI IPOBO-

UM 110 MeTony Kropiinepa mpu moMomiy a30THO-CIIUPTOBOM cMecH [15].

HUK-cnexmpockonus

Peructpanus UK-cnexTpos Beinonnena Ha MK-®dypre-criekrpomerpe Bruker Tensor 27. CheMKy
ocymectisan B 06nactu 4000400 cm'. O6paboTKy creKTpanbHON HHGOPMALUK TPOBOJHIIH C HC-
rojp30BaHneM nakera nporpammsl OPUS, Bepcust 5.0. O6pasiisr 11 cbemkn MK-criekTpos norsore-
HUS TOTOBUJIM B BHJIC MPECCOBAHHBIX TA0IETOK, COACPKAIIUX S5 MI 00pasiia B MaTpULle OPOMHCTOTO

KaJius.

Penmeenogaszoswiii ananusz

Pentrenorpammbl 00pa3ioB noixydanu ¢ npumenenuem audpaxromerpa JJPOH-3 ¢ uznydennem
Cu-Ka (A=0.154 am). Cpemky audpaxTorpamMm OCyIIECTBIISUIM B HHTepBasie yrioB 20 ot 10 go 60°
¢ marom 0.02° u BpeMeHEeM HaKOIUICHHs MMITyJIbCOB B Touke 4 c¢. Muaekc kpuctamanynoctu (MK)

00pasIoB paccunuThIBaIM 110 Gopmyde [16]:

_ 1(002)-1(AM)

HK 1(002) °

rae /yp, — MakcuMalibHasi HHTEHCUBHOCTH nudpakuuu oT rmtockoctu (002) nmpu 20~22°; 1,,,— BbicOTa

MuHEMYMa Mexay mukamu (002) u (101) mpu 20~18—-19°.
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Memoo ounamuueckoeo paccesHus ceema

I'maponnHaMUYecKUil TuaMeTp 4acTHIl HaHOPHOPUIUIMPOBAHHOHN LEIUTIONO3bI U3MEPSUIH Me-
TOIOM JMHAMHYECKOTO PACCesHUs CBETa C HCIOJIb30BAaHHEM cCIieKTpoMerpa Zetasizer Nano ZS
(Malvern Instruments Ltd, BenukoOpurtanus). [Ipenen momyckaeMoit OTHOCHTEIBHOM TOTPEITHOCTH
MU3MEepeHHil pa3mMepoB yacTuil coctaBiseT 10 %. OObeMHBIE JOTH YaCTHUIIBI PACCUUTHIBAIN Ha OC-
HOBAaHUHU YaCTOTHOTO pacIpeeNICHH s, IPEIIoIaraomero chepruieckyo GopMy 4acThll, TPUMEHSIS
nporpaMMHoe o0OecriedeHne, YCTaHOBJIIEHHOE B aHaIM3aropax. (-OTEHIMabl B3BELICHHBIX YaCTHII
M3MEpSIN Takke Ha npubope Zetasizer Nano ZS 1o 351eKTpo(hOopeTHIECKO MOABUKHOCTH B TIOJIH-
KapOoHaTHBIX KioBeTax ¢ Pd anmextpomamu mipu 20 °C 6e3 qobasicHust HOHOBOTO 3JICKTPOJIUTA HIN

KOppeKTHpoBKH pH.

Pe3yabTaThl M 00CyKACHUE

[TpoMbIlIIIEHHBIE TPOLIECCHI ISNUTHUPUKAIIMY IPEBECUHBI OCYIECTBIISIOTCS IIPU BEICOKUX TEM-
nepatypax (120—170 °C) n naBneHuu. Bo3MOXXHOCTH IIPOBOIUTH MTPOLECCHI MOy YEHHS HEIIITI0JI03bI
npu remneparypax < 100 °C u armochepHOM JaBICHUH 3HAYUTEIILHO YISIIEBIISIET IPOLECC U YMEHb-
IIaeT CI0KHOCTh TEXHOJIOTHYECKOr0 000py10BaHus. BiusiHie TeMnepaTypsl M IPOJOIIKUTEIIEHOCTH
npoiiecca JIeJIMrHU(UKaLNUY APEBECUHBI TIUXTHI B CPEIIE «MYypaBbHHASI KHCIOTA — IEPOKCH]T BOAOPO-
Ja — Boja, katanuzatop MnSOu» Ha cofepakaHue OCTaTOYHOIO JINTHUHA B MOJIYYEHHBIX LEITION03-
HBIX IPOAYKTaX MPEACTaBICHO B BUJIC KWHETHYECKUX 3aBHCUMOCTEH Ha puc. 1.

HabGmronaeTcst 3HaYnTENBbHOE BIMSHUE TEMIIEPAaTypbl HAa CKOPOCTh YAAJICHUS JIMTHUHA U3 JIpe-
BECHHBI TUXThI B IIPOLIECCE TIEPOKCUAHON JIeNMTHIU(DUKALNU. YCTaHOBJICHO, YTO TEMIIEPATY PhI IPO-
necca 70 u 80 °C 1 npoJOJIKUTENIBHOCTHU 4 4 HE JOCTATOUHO JJISI [TOJIYYEHHU I LIEIUTI0JI03HOI0 POy K-

Ta C HU3KUM COJIEpKaHWEM OCTATOYHOro JUTHUHA. Llennono3abie mpoayKThl coaepxkat 18,3 u 13,8

30 ¢

CozepxaHue JIUTHAHA
B LIEJUTIOJIO3HOM MPOIYKTe, Mac.%

0 1 1 1 1 J
0 1 2 3 4 5

Bpewms,u

Puc. 1. 3aBUCHMOCTH COJEPKAQHMSI OCTAaTOYHOIO JIMTHMHA B LEJUIIOJIO3HBIX IPOIYKTaX OT TEMICpPaTyphl
U HPOAODKUTEIBHOCTH IPOBEACHUS MpoIecca MEPOKCUAHON NeTMIHUDUKALUKE PEBECHHBI HMHUXTHI B CpEle
«HCOOH — H,0O» B npucytcrBun karanuzaropa MnSO, (HCOOH — 30 mac.%, H,0,—-10 mac.%, runpomonyis 15)

Fig. 1. Dependence of the residual lignin content in cellulose products on the temperature and time of the abies
wood delignification process in the medium “HCOOH — H,O» at the presence of MnSO, catalyst (HCOOH — 30
wt.%, H,0,—10 wt.%, LWR 15)
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Mac.% OCTaTOYHOTO JUTHUHA, YTO COOTBETCTBYET yJAaJeHUIO JUIb 32 u 49 % JUrHUHA OT €ro Mc-
XOJIHOT'O COACPXKAHUs B ApeBecHHe. MakcuMalbHas CKOPOCTh AU HU(UKALMN APEBECHHBI TUXTHI
U CTEINCHb YIaJICHUs JUTHIHA HaOmroaaroTes mpu temneparype 100 °C.

Panee ObLIIO yCTaHOBICHO, YTO KMHETHKA MpoLecca NeTUrHU(DUKALIMK pa3IMYHbIX TOPOJI ape-
BECHHBI B CPEJIE OPIraHUYECKUX KUCIIOT YJJOBJIETBOPUTEIILHO OIUCHIBACTCS yPABHEHHEM MEPBOTO I10-

psanka [17]:
C= Coefkt,

rae C — KOHIIeHTpalus JUTHIHA B LEJUTION03HOM Npoaykre; Cy — HCXOHAs KOHLIEHTPAIs JINTHUHA
B IPEBECHHE; kK — KOHCTaHTa CKOPOCTH PEAKINH; { — BPEMsI ICITUTHUPHUKAIINH.

PaccunTaHHBIC COTJIACHO TaHHOMY YPAaBHEHHIO KOHCTAHTBHI CKOPOCTH NMEPOKCHIHON IEeNUTHU-
¢ukanuu npesecunsl nuxtel B cpeae «kHCOOH — H,O» B npucyTcTBum karanuzaTopa MnSO, npu-
BEZICHBI B TA01. 1.

CpaBHEHHE PaCCUUTAHHBIX KOHCTAHT CKOPOCTEH C paHee MoJyYeHHBIMU pe3yIbTaTaMi KMHETH-
YECKHX MCCIICIOBAHUHN NeNMTHU(DUKALNN TPEBECUHBI MUXTHI B CPe/ie MypPaBbUHON KHUCJIOTHI B MIPHU-
cyrcrBuu karanuzaropa TiO; [18] mokaseiBaeT, 4TO B JAHHBIX YCIOBUAX CKOPOCTD JACIUTHUPHUKAITIH
B NIPUCYTCTBUH KaTanu3aTopa MnSO, BbIIe B cpeiHEM B 3 pa3za. DTO MOXKET SABIATHCS CIEACTBHEM
TOT0, 4TO B NMPHCYTCTBUH PaCTBOpPEHHOro Karanu3aropa MnSO,4 peanuzyercs 6omnee 3pPeKTHBHBII
KOHTAKT KaTaJln3aTopa U ChIPbsi, YeM B CIIydae UCIOIb30BaHMs TBepAoro karaiuzaropa TiO,.

DHEpPruio akTHBAIHMK MpOLEcca MePOKCUIHON NeTUTHU(UKAUN PEBECHHBI IMUXTHI B CpeEle
«MypaBbHHas KUCIOTa — BOJA» B MPUCYTCTBUU KaTannzatopa MnSO, onpenensiig Io appeHnycoB-
CKOHM 3aBHCHMOCTH KOHCTAaHT CKOPOCTH OT TeMIlepaTypsl mpouecca (puc. 2). Jloctarouno Gosblias
SHeprus akTuBauuu, 85 k/I/MoIb, yKa3biBaeT Ha OTCYTCTBHE B BHIOPAHHBIX YCIOBHUSX 3HAYUTEIb-
HBIX BHEIIHEAN((PY3MOHHBIX OI'paHUYEHUH.

Jl1s1 onpeneneHust ONTUMAIBHOIO COCTaBa PEAKIIMOHHON cMecH (KOHIIEHTPAI[UU IePOKCH/Ia BO-
JI0poJia U MYPaBBHHOM KUCIIOTHI, THAPOMOYJIS IIpoliecca) ObuIa MPOBEICHa MaTeMaTH4eCcKas ONTH-
MU3aIMs B [Ipe/eiax BapbHPOBaHUsI 3HAUCHHH IIEpEMEHHBIX (DAKTOPOB, YUUTHIBAIONIAS] KOMIIPOMHUCC
MEX]ly KaueCTBOM LEIIIIOJIO3HOTO IPOJYKTa M HEBBICOKMM PACXOJOM PEareHTOB. MaKCHUMallbHbIe
U MUHUMaJIbHbIE 3HAUCHHU I [IEPEMEHHBIX (PaKTOPOB BBIOMPAJIH HA OCHOBE paHee MOJIYUYCHHbIX Pe3YJlb-

taros [18].

Tabnuna 1. KOHCTaHTBI CKOPOCTH MEPOKCHIHON NeTUTrHU(PHKAIMK APEBECUHBI IIUXTHI B CPEAe «MypaBbHHAS
KHCJI0Ta — BoAa» B mpucyTcTBuu Karanuszaropa MnSO4(HCOOH — 30 mac.%, H,0,—10 mac.%, ruapomonyb 15)

Table 1. Rate constants of abies wood peroxide delignification in “formic acid-water” medium at the presence of
MnSO; catalyst (HCOOH — 30 wt.%, H,O,—10 wt.%, LWR 15)

Temmeparypa, °C ke104, mun"!
70 1.8
80 4.2
90 79
100 10,2
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Puc. 2. AppeHuycoBckasi 3aBHCHMOCTb KOHCTaHT CKOPOCTEH IIpolecca IEepPOKCHIHON IelurHupUKALUH
npesecunbl nuxThl B cpene « HCOOH — H,0O» B npucyterBun karaauzaropa MnSOy4 0T TeMneparypbl

Fig. 2. Arrhenius dependence of the rate constants of the process of abies wood peroxide delignification in the
medium “HCOOH — H,0” at the presence of MnSO, catalyst on temperature

Ju3aiiH SKCIIEpUMEHTa OCYIIECTBISLIN II0 CTATUCTHICCKOMY TPEXypPOBHEBOMY TpeX(haKTOpHO-
My miuaHy bokca-benkuHa ¢ ucnons3oBanueM mnporpaMmMuoro obecreuenust SigmaPlot 14.0. Boke-
BeHKHH-THU3aifH OTHOCUTCS K TPYTIE METOJOB, OCHOBAHHBIX Ha PacueTe MOBEPXHOCTEH OTKIMKA
¥ TI03BOJISIIOIIMX MTPOBOJUTE MCCICTOBAHMS 110 ONTUMHU3ALNH YCIOBUH ¢ HAUMEHBIIUM KOJTUYECTBOM
SKCIIEPUMEHTOB I10 CPABHEHHIO C APYTHMU CTATUCTUICCKUMU monxoaamu [19].

B kauecTBe HE3aBHCHMBIX NIEPEMEHHBIX HCHOJIB30BaIN TpHU (GakTopa: X; — THIPOMOAYIIb IIPO-
mecca (10-20), X, — koHmeHTpaIus nepokcuaa Bogopoaa (4—10) mac.%, X; — KOHIEHTpamus yKCyCHON
kucinoTsl (20—40) mac.%. Pesynbrar npouecca JenTurHi(UKauy JPEBECHHbI TUXThI XapaKTepPU30Ba-
JIU IBYMs1 BBIXOTHBIMU ITapaMeTpaMu: Y | — COIepKaHUe OCTATOYHOTO JTUTHIHA B IIEJLTFOJIO3HOM IIPO-
nykTe, Mac.%; Y , — CoJep)KaHKe LEIITI0N03bI B IEJITI0I03HOM MPOAYKTE, Mac.%. 3HaYeHUE KaKI0TO
rmapamMeTpa BapbUPOBAJIOCh HA TPEX YPOBHIX: MUHUMAIBEHOM, CPETHEM ¥ MaKCHMaIlbHOM, 3aKOIAPO-
BaHHBIX Kak —1, 0, +1 COOTBETCTBEHHO.

OnTuMu3anus mporecca MepoKCHIHON ASTUTHUPUKAIUA JPEBECHHBI ITUXTHI CBOAUTCS K TIOUC-
Ky B Ipefeax M3y4eHHOro (pakTOPHOIrO MPOCTPAHCTBA YCIOBUH, 00€CIIeYNBAIONIMX MUHUMAIbHOE
COJIepXKaHUE OCTATOYHOTO JINTHUHA B IEJUTIOJIO3HOM MPOAYKTE Y | — min U MaKCHMAaJIbHOE COIEp-
YKaHHE 1eJUTIONIO3b] B LIEJUIIOJI03HOM MPOAYKTe Y ; — max. OrpaHu4eHus: 00JIaCTH IMOUCKA PEIIeHHS
B (hakTOpHOM TIpocTpaHCcTBE cocTaBIOT 10 < X< 20; 4 < X,< 10; 20 < X35 40.

JucniepcoHHBIN aHaIU3 MOKa3all, 4To BIUSHHUE BCeX Tpex napamerpoB X, X, U X3 Ha BBIXOJI-
HBIC TTapaMeTphl Y | U Y , CTATHCTHYESCKU 3HAYUMO (HX ypoBeHb 3HaunMoctu MeHbe 0,05). Ha xo-
polIre MPOTHOCTUYECKHE CBOMCTBA MaTeMaTHUECKOW MoOJenu (ypaBHEHMS PErpecCHU) YKa3bIBAIOT
TaK)Xe BBICOKHE 3HaUCHUS Kod(hdunneHToB nerepmuHanuu 99,6 u 98.,6.

HexoTtopslie uieHbl BTOPOro mopsaka (KBaJpaTUUHbBIC YWICHBI M ITapHOE B3aWMOJICHCTBHE) OKa-
3aJINCh CTATHCTHYSCKU HE3HAYUMEI JIJIsl BBIXOAHBIX (PakTOpoB Y | M Y 5 OT MEPEeMEHHBIX (aKTOPOB
KaTaJUTHYECKOH NePOKCUIHON IenurHudUKanui. B COOTBETCTBUY C 9TUM B YPaBHEHUSIX PErPECCHH

OCTaBJICHBI TOJIBKO TMaBHBIE 3()(PeKThl. 3aBUCHMOCTH Y | B Y ; OT IepeMeHHBIX (pakTopoB X, X,,
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X3 mpoiiecca NepOKCUIHOM AU HU(PHUKAIIMH APEBECUHBI ITUXTHI AIITPOKCUMHUPYIOTCS CIISy FOIIUMHU
YPaBHEHUSIMU PErPECCUU:

Y, =4,2-1,2X,-9,9%X,-0,8X; +4,22X,2 +6,6 X, 1

Y2 = 90,9+1,2'X1+11,3X2 + 0,9'X3—1,8'X12—6,8X22—1,3' X2X3A (2)

VYpaBHEHUS HATJISAHO JEMOHCTPUPYIOT HPEBaJIUpYIOlee BIHMSIHIE KOHIEHTPALUU MEepOKCHIa
BOJIOPO/Ia HA 002 BEIXOAHBIX MapaMeTpa, koddduuuenTst npu X, (KOHIEHTPAIUS TEPOKCH A BOJOPO-
J1a) IPEeBbIIIAT Ko puuneHTs! npu pakropax X; (ruapomMoayb) U X; (KOHIEHTPAIUS My PaBbUHOMN
kucnotsl) B 10 pas.

I'paduyeckoe oToOpakeHHe B BUIE NOBEPXHOCTH OTKJIMKA 3aBUCHUMOCTH COJIEPIKAHMSI OCTATOY-
HOTO JIMTHHHA B IEJIIIOJIO3HOM NPOAYKTE OT NEPEeMEHHBIX (haKTOpPOB Ipolecca AeTUTHA(DUKATUN
JIPEBECHHBI MUXTHI IPEJICTABIICHO HA pHC. 3.

[NonmyyeHnnsle rpaduyeckue 3aBUCUMOCTH SIBISIOTCS TUIOCKOCTSIMH € MEPEeruOoM B MHTEpBaje
KOHIIGHTpAIlMHU MepoKcuaa Bofopoaa 6—8 mac.% U HAKJIOHOM B CTOPOHY yBEIMYEHHUs 3HAUCHUS TH-
apomonyiist. ONTHMaIbHOE TPOTHO3UPYEMOE 3HaUCHHE COACP)KaHUsI OCTATOYHOTO JINTHUHA B LEJLITIO-
J103HOM TIponykTe < 1 Mac.% mocTuraercs B TOUKE, KOTOpasi COOTBETCTBYET KoHLeHTpauuu H,O0,—8,7
mac.%, HCOOH — 35 mac.%, ['M — 16.

[ToBepXHOCTH OTKJIMKA, COOTBETCTBYIOIINE YPABHEHHIO 2, N300paXKeHbI Ha puC. 4.

[Tpn yBennueHNH KOHIEHTPAILIMH TTEPOKCH/IA BOIOPOAA HAOII0aeTCsl Pe3KUi POCT CONepKAHUS
LEJITIONI036] B IEJUTIOJIO3HOM IIPOAYKTE, BIUSIHHUE NapaMeTPOB KOHIICHTPALUN MYy PAaBbUHON KHUCIOTHI
1 TUAPOMOJYJISI B HCCIIEAYEMbIX MHTEPBAJIaX HE3HAUUTENbHO. [IporHo3npyemMoe MakcuMaiabHOE CO-

JieprKaHMe MEUTIOIO03bI B IIEJUTFOIIO3HOM MPOYKTE cOCTaBIsAET 95,8 Mac.% u JocTUTaeTCsl B TOYKE, CO-

JTurnun, mac.%o

Hz()z’ Maco, &

B ° 5 s 0 EEE 20

Puc. 3. [ToBepXHOCTH OTKJIMKA BBIXOAHOT0 napamerpa Y | (CoaepiKaHue OCTaTOUHOTO JINTHUHA B LEJUTI0JIO3HOM
npoaykre, Mac.%) ot konuentpanuu H,O, u runpomonyns (a) u konuenrpauuu H,O, 1 HCOOH (6) npouecca

MEPOKCHIHOM Aeauraudukanuu apesecudsl muxthl B cpeae « HCOOH — H,O» B mpucyTcTBUU KaTaau3aTopa
MI’ISO4

Fig. 3. Response surface of output parameter Y ; (content of residual lignin in cellulosic product,% wt.) on
concentration of H,O, and LWR (a) and on concentration of H,O, and HCOOH (6) of the abies wood peroxide
delignification process in the medium “HCOOH — H,0” at the presence of MnSO, catalyst
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Puc. 4. [ToBepXHOCTH OTKJIMKA BBIXOIHOTO apamMeTpa Y ; (CopepKaHue LEeUTI0I03bl B LIEJUTIOI03HOM MPOIYKTE,
Mac.%) ot konneHtpauuu HyO, u ruapomonyis (a) u konnentpanuu HyO, 1 HCOOH (6) mporecca nepoKcuaHoii
nenurandukanun apesecusl nuxtel B cpene « HCOOH — H,O» B nmpucyteTBum Katanuszatopa MnSO,

Fig. 4. Response surface of output parameter Y 2 (content of cellulose in cellulosic product, % wt.) on concentration

of H202and LWR (a) and on concentration of H202and HCOOH (6) of the abies wood peroxide delignification
process in the medium “HCOOH — H20» at the presence of MnSO, catalyst

OTBETCTBYIOIIECH CIECIYIONUM 3HAYCHNAM NTepeMeHHbIX (pakTopoB: koHueHTpauus H,0,—8,2 mac.%,
HCOOH - 30 mac.%, rugpomonyns 15.
C yd4eToM IMONyYeHHBIX PacUeTHBIX JAHHBIX ObLIA IIPOBEICHA IMEPOKCUIHAS JACTUTHUPHKAIUS
JIPEBECUHBI MUXTHI B ONTUMaNBHBIX ycnoBusix: Hy0,-9,0 mac.%, HCOOH — 30 mac.%, I'M — 15, npu
KOTOPBIX BBIACIICH IEITIOIO3HEIN TPOAYKT C BeIxomoM 43,1 Mac.% u coepkaHUeM B HEM IIeIITION036I,
reMuienaono3 u auranHa 93,1, 5,2 u 1,2 mac.% cooTBeTCTBEHHO. J[aHHBIN EITFOIO3HBINA MTPOAYKT
IO CBOEMY COCTABY SIBIISICTCSI BBICOKOKaYeCTBCHHOM IEILTION030H, TOATOMY OH OBLI HCIIOIB30BAH IS
nojy4eHust HaHopuOpuuTHpoBanHOH 1euTr0036l (HDIL). Iemnrono3a u HOL Ob11u U3ydeHBI METO-
nmamu MK-criekTpockoniu, peHTTeHo(a30BOro aHaIH3a H JUHAMHUYECKOTO PACCESTHUS CBETA.
Ha puc. 5 npencrasnensl MK-ciekTpsl HCXOAHON APEBECUHBI MMUXTHI, IIEJUIFOJIO3HOTO POy K-
Ta, MOJIyYCHHOTO B ONTUMAJBHBIX YCIOBUSX MEPOKCUIHOW METUTHUDUKAIIUN IPCBECUHBI THUXTHI
¥ HAaHO(QHUOPUIITUPOBAHHOM EJIITI0JI03bI JpeBeCHHbI MUXThI. MK-criekTp IpeBecHHbl MUXThI COJEP-
JKAT TIOJOCHI MOTJIOMICHHS, COOTBETCTBYIOMKE (YHKIIMOHAIBEHBIM TPYIIIaM H CBS35M OCHOBHBIX
CTPYKTYPHBIX TIOJUMEPOB JPEBECHHBL: Lelutronossl (1426, 1163, 1055, 1374, 897 cm’'), nurauna
(1595, 1506, 1464 cm™') u remunesronos (1331, 1241, 1743 cm™!) [20, 21]. UK-CEKTp LEIHOI03HOTO
MPOAYKTa — 3TO KIACCHYECKHUHN CIEKTP IEJIITION03bI, COEPIKAINA OCHOBHBIE TTOJIOCHI MOTJIOIICHU,
XapaKTepHBIC JUIs JAaHHOT'O BEIIeCTBA. B CIEKTpe OTCYTCTBYIOT MOJOCHI MOTIOMEHUS (yHKITHO-
HaJBHBIX TPYTI U CBA3EH IMTHUHA, HO TPUCYTCTBYET MOJIOCA mortotenus npu 1738 cm™!, coorseT-
crByromas C=0-BaJIeHTHBIM KOJeOaHUAM B KApOOHUIBHBIX T'PYIIIIaX TeMHIICILIION03, YTO COTIACY-
eTcsl ¢ JTaHHbIMK XuMudeckoro ananuiza. B MK-cnexkTpe HOL HHTEHCHBHOCTH MOJIOCHI OTJIOMIEHU S
npu 1738 ¢! pe3Ko CHUIKAETCS, YTO YKA3bIBAET HA yIaJEHHE IPAKTUUECKH BCEX TE€MHLEIIIII03
B IIpolIecce TUPOIIN3a IETI0I03HI.
Hanuumne kpucTamimaecKkux 00JiacTel B MOMyYeHHBIX 00pa3ax [MEeILTII03HOTO MPOIyKTa U Ha-
HO(HUOPUIIITUPOBAHHOM LIEJITFOJIO3bI YCTAHOBJICHO METOIOM peHTTeHo(a3oBoro ananusa (puc. 6). Oba

oOpasmna umeroT pediekcsl B o0mactu yriuoB 20: 15,5 16,0°; 22,6°, 34,5° 0THOCATIIIXCS K OTPaKSHUIO
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Puc. 5. UK-cniekTpbl apeBecHHbI MUXTHI (1), EUTF0I03HOTO MPOAYyKTa (2) 1 HAHOPUOPUILTHPOBAHHOH HIEIUTFOI03bI
U3 ApeBECUHBbI MUXTHI (3)

Fig. 5. IR spectra of abies wood (1), cellulosic product (2) and nanofibrillated cellulose from abies wood (3)

(101) (101) (002) (040)

M
MN/ AM 2
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1
i 3‘0 40 50

20

Puc. 6. Puc. 6. dudpakrorpaMmbl LELTOI03HOTO Tponykra (1) 1 HaHO(PUOPHUIITMPOBAHHON EITIONO3bI U3
IPEBECHHBI MUXTHI (2)

Fig. 6. X-ray diffraction patens cellulosic product (1) and nanofibrillated cellulose from abies wood (2)

ot rutockocteit 101, 101; 002; 040 kpucTaIINYECKOH peIeTKH, XapaKTepHOH I CTPYKTYPHOU MOIH-
¢ukanmm nemtrono3sl 1, a Takke amopdHoe ramo mpu 19,2° [16, 22].

[TpupoaHas LenI0i03a COCTOUT U3 aMOP(HBIX ¥ KpUcTalIndeckux odnacteid. Ha cranuu xuc-
JOTHOTO T'UAPOIIN3A IIPH TOJIYYEHUH HAaHOIEIUTIONO03bI IPOUCXOIUT PacTBOpeHHEe aMop(HOIT o0acTi
U BBICBOOOYK/ICHHE OTJEIBbHBIX KPUCTAJIINTOB, YTO MPUBOANUT K YBEIUUYCHHUIO KPUCTAITUIHOCTH. Of1-

HaKoO, C APYTOH CTOPOHBI, BHICOKAsI KOHLEHTPALHS KUCIOTHI CIOCOOHA pa3pymIaTh CTPYKTYPY CAMHUX
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Puc. 7. T'uapoarHaMUUECKUi 1uamMeTp 4acTHIl HaHODUOPHUIIMPOBAHHOM LIEITIONO03bI, BHIACICHHOI U3 ApeBe-
CHHBI TUXTBI

Fig. 7. Hydrodynamic particle diameter of nanofibrillated cellulose isolated from abies wood

KPUCTAJIITUTOB, IPX 3TOM Oy1eT HaOII0JaThCsl HEKOTOPOE CHUYKEHNE KPUCTAJITMYHOCTH HaHOLEIITIO-
no3sl [23].

PaccunTanHble MHJIEKCHI KPUCTAUIMYHOCTH IEJUIIOJI03HOTO MPOAYyKTa U HAaHO(PHOPUIINPOBAH-
HOW LIEJITI0N03bI U3 IPEBECHHBI TUXTHI PaBHBI, COOTBETCTBEHHO, 0,70 1 0,76.

JlaHHBIE HCCIeIOBaHMUs JTMHAMUYECKOTO PacCesHUS CBETa MPOJEMOHCTPUPOBAIIH, YTO CPEIHUH
TUAPOJMHAMUYECKHI TUaMeTp YacTHIl HAHO(GUOPHIITMPOBAHHON LEJITI0JIO3bI U3 JIPEBECUHBI TUXTHI
cocrapisieT 82 HM (puc. 7). BonHas cycnensus HaHOQHOPHIITHPOBaHHOM 11esuTr0036I (0,1 Mr/MiT) TIo-
Ka3aJia BHICOKYIO KOJUIOMAHYIO YCTOHYMBOCThH B TEUCHHE JUTUTEIBHOTO BPEMEHH, YTO 00YCIIOBICHO
JIOCTaTOYHO BBICOKMM ITOBEPXHOCTHBIM 3apsIIOM YacTUIl HAHO(PHOPHILITNPOBAHHOM LIEIITIONO03bI [24].
[To pesynbratam M3MepeHUi 3HaueHUe (-MOTeHLMaIa BOJHOM CycleH3un HaHO(DUOPHILIMPOBAHHOM

LIEJUTIOJI03bI U3 IPEBECUHBI TUXThI paBHO —23,2 MB.

BoiBoabl

YcTaHOBIIEHBI KUHETHYECKHE 3aKOHOMEPHOCTH TIPOLIecca MEPOKCHIHON ACTUTHUDUKALIUH JIpe-
BECHHBI TUXTHI B CPElle «MYypaBbUHAS KUCIIOTa — BOJIa» B MPHUCYTCTBUU Kartanuzaropa MnSO, B WH-
tepBaje temneparyp 70—100 °C. HalineHHbIe KOHCTAHTBI CKOPOCTH ITpoliecca Bappupyrorcs ot 1,8
10 10,2-10~* Mun™'. DHEPrus akTUBALMHK IIPOLIECCA COCTABISAET 85 KJIK/MOIIb.

C ucronb30BaHUEM CTaTUCTHUYECKOro merona bokca-beHkunHa u mporpamMMHOro obecrnedyeHus
SigmaPlot 14.0 onpeneneHs! oNTHMaIbHBIE YCIOBHUS ITPOBEICHHS MPOIecca EPOKCHIHON JIeTUTHU-
(uKauyu APEeBECUHBI TUXTHI, 00ECIIEUUBAOLINE MOy YEHHE LEJUII0I03HOI0 MPOIYKTa, IPUT'OAHOTO
IS JaJTbHEHIIIETO HCIIOTB30BAHUS B ITOJIYYCHHH HAHO(PUOPHILTHPOBAHHON IIEIUTION036I (MIHIMAITh-
HOE COofiepKaHHMe OCTATOYHOIO JIMTHUHA M MAaKCHMAJIbHOE COep KaHME IIEIITI0N03bl). B HaliIeHHBIX
onTuMalbHbIX ycinoBusx: H,0,—9,0 mac.%, HCOOH — 30 mac.%, ['M — 15 nonyyeH LeaIt0a03HbIiI
MPOIYKT C BeIX0J0M 43,1 Mac.% u copepkaHueM B HEM IEJUTIOJIO3bI, TEMUIISITIONI03 U TUTHUHA 93,1,

5,2 m 1,2 mac.% COOTBETCTBEHHO.
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XUMHYCCKHH COCTaB M KPUCTAJIMYECKOC CTPOCHHE BBIACICHHON HaHO(PHOPHILIHPOBAHHOM
LIEJUTFONIO3BI YCTAHOBIICHBI MeTonamMu MK-crekTpockoniu u peHTreHo(a30Boro aHaim3a. YCTaHOB-
JICHO, YTO YaCTHUIIbI HAHO(DUOPUIIITHPOBAHHOW IIEJITIOIO3bI XaPAKTEPU3YIOTCS TOCTATOUYHO BHICOKUM

MTOBEPXHOCTHBIM 3apsiaoM (—23,2 MB) 1 cpeqHUM rupoAMHAMITYECKIM TUAMETPOM YacTHUIl 82 HM.
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Abstract. The article uses the example of artificially polluted soil to consider the effect of a urea
sorbent — biological product “Unisorb-Bio” with an immobilized mixed culture of Bacillus bacteria and
Trichoderma micromycetes on the biodegradation of oil, followed by phyto-control of the soil with a
test culture of cress-salad.

It was shown that during 9 weeks of exposure of “Unisorb-Bio” with immobilized oil-oxidizing strains,
the oil content in the soil decreased by 10 times, which is 5 times higher compared to the control. The low
level of soil toxicity after processing it with “Unisorb-Bio” is indicated by the results of the test control,
which showed that the sowing quality (germination energy, seed germination) of cress-salad is 72.5 %.
The observed sowing qualities and morphophysiological indicators give grounds to conclude that the
biological product “Unisorb-Bio” with immobilized microflora is able to restore the soil even with a
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Bausinue 0nocopoéenra «YHucopo-buo»
¢ HMMOOMJIM30BAHHOI MUKPO(PJI0POi
ponoB Bacillus u Trichoderma na BoccTaHOBJIEHHE MOYBbI

B YCJIOBUSIX HE()THOTO 3ar psi3HEHU I

0O.C. ®enoposa, I1. H. Bonaaps, T. B. Psi3anoBa

Cubupckuti 20cyoapcmeeHHblll YHUGepCUmem HayKu U mexHo102Utl
umenu akaoemurxa M. . Peuwemnesa

Poccuiickaa ®@eodepayus, Kpacnosapck

AHHoOTanusi. B cTaThe Ha MpuUMepe UCKYCCTBEHHO 3arPS3HEHHOM MOUYBBI PACCMOTPEHO BIIUSIHUE
KapOaMuIHOro copOeHTa — Ononpenapara «YHHCOpO-bro» ¢ IMMOOMIM30BaHHON CMEIIAHHOH KYIBTY POt
Oakrtepuit popa Bacillus v MukpoMuieToB poaa Trichoderma va OMoaecTpyKUUIO HEPTHU C TOCIIEY IOIUM
(UTOKOHTPOJIEM TIOYBBI TECT-KYIBTY PO Kpecc-caaTa.

[Toka3aHo, 4TO 3a IEBSITh HEACIb YKCIIOHUPOBAHUS «YHUCOPO-Bro» ¢ HMMOGHIH30BAaHHBIMH
HEe()TEOKUCIAIOIMMHE IITAMMAaMHK coJepKaHue He)TH B OYBe CHU3HIOCH B 10 pa3, uTo B 5 pa3 BbIlLe
0 CPaBHEHUIO ¢ KOHTpoJieM. O HU3KOM YPOBHE TOKCHYHOCTH MOYBBI [10CJIe 00paboTKu ee «YHUCOPO-
Bro» cBUIETENBCTBYIOT PE3yJIbTAaThl TECT-KOHTPOJIS, KOTOPBIE MOKA3ald, YTO NOCEBHbIC KayecTBa
(3HEprus mpopacTaHus, BCXOKECTh CEMsH) Y Kpecc-cajiaTa COCTaBIA0T 72,5 %.

HaGuronaeMble moceBHbIC KadecTBa 1 MOPHOPHU3NOIOrHYECKUE TIOKA3aTeNU Jal0T OCHOBAHHUE CACNIATh
BBIBOJI O TOM, 4TO OHonpenapat «YHUCopO-brno» ¢ UMMOOMIN30BaHHOI MUKPO(IOPOi crIocoOeH

BOCCTAHOBUTD IIOYBY JaKE C BBICOKMM YPOBHCM HA4aJIbHOI'O 3arpsA3HCHU .

KaioueBble ci10Ba: He(Th, 10UBA, 3arps3HEHNe HEPTHIO, Ononpenapar «Yaucopo-buoy, bnopemennanus,

(DUTOKOHTPOJIB, KpECC-caar.

Iutuposanune: ®enoposa, O.C. Bausinue 6nocopoenTta «YHncopo-brno» ¢ nMmoomin3oBanHoit MEKpodiopoii ponos Bacillus
u Trichoderma Ha BoccTaHOBIIEHHE TOYBEI B yciIoBHX HeTsaHOro 3arpsisaenus / O.C. denoposa, I1. H. bonxaps, T. B. Pszanosa
/I Kypn. Cub. penep. yn-ta. Xumus, 2022, 15(2). C. 289-297. DOI: 10.17516/1998-2836-0293

B nacTosiiee BpeMs HeTh — OCHOBHOM NCTOYHHK ITOJIYYCHHUSI SHEPTUH YEJIOBEKOM, HO JOOBIYa
U nepepaboTka He)TH MPUBOMST K 3arP3HCHHUIO OKpY X aromieid cpeanl. J{iist pemeHust mpooieMbl
3arpsA3HEHMS] MPUPOAHON Cpesibl, 0COOCHHO MOUYBHI, HEPTEHPOAYKTAMHI MOT'YT IIPUMEHSITHCS pas3-
Ju4HbIe Qu3nyeckue, GU3NKO-XUMHUECKUE, XUMHYECKHUEe U OMOTEXHOJOrnYecKre MeToasl. Hau-
6oJiee MepCIeKTHBHBIM M 0€30IIaCHBIM MPUHIIUIIOM JIMKBU AN HeTe3arps3HeHNH] SBIISETCS KaKk
Ouozerpajays ¢ UCIOJIb30BAHHEM MHTPOAYIIMPOBAHHON HEPTEOKUCIIOMIEH MUKPODIOPHI, TaK
1 MHTEHCH(HKaLHsI TPOIIECCOB €CTECTBEHHOTO OUNIIEHU S TI0YB U BO/IbL. Mcnonab3oBanme abopureH-
HBIX, aJalITHPOBAHHBIX WJIM OTOOPAHHBIX KOHCOPIIMYMOB MUKPOOPraHU3MOB /Ui OMOpEeMeaHalnu
MOKeT OBITh 3P (PEKTUBHBIM IOAXOAOM, HOCKOJIBKY OOJIBIIMHCTBO XUMHUECKUX COSTNHEHHI HEDTH
U HeQTENnpPOAYKTOB OHOACTpaapyeMbl, @ MUKPOOPTaHU3MBI-IECTPYKTOPHI BECbMa Pa3HOO0Pa3HBI
U LIUPOKO pacupocTpaHeHsl [1—4].
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IIpoucxopsiuee B pe3ysibTaTe 3arpsa3HEHUs MOUBbI HAPYLIEHHUE B HEM BO3AYLIHOTO peXrMa, YCU-
JICHHE JISITSITPHOCTH aHAYPOOHBIX MUKPOOPTaHU3MOB, a TAK)KE M3MEHEHHE BOJHOTO OajaHca B CHCTE-
M€ «TI04Ba — paCTEHUE» U 00pa30BaHNEe TOKCUYHBIX ITPOAYKTOB OKUCICHHS YTICBOAOPOIOB IPUBOIAT
K MTOJIaBJICHHUIO POCTA PACTCHHUH, MOSBICHUIO Y HUX MOP(OJIOTHYECKIX U (PH3UOTOTHICCKUX U3MEHE-
HUI1, KOTOpBIE CIYKAT MHAMKATOPHBIMU IIPU3HAKAMHU HEPTSIHOT0 3arpsi3HeHus [5—7].

Jns ycTpaHEeHHs MOCIEACTBANM HETATHBHOT'O BIUSHUS HE()TEICHHBIX BEIICCTB HA MOYBY pas-
padoTaH HNIMPOKUH CIIEKTP METOJIOB, KOTOPBIE OTIUYAIOTCS 10 CIIOCO0Y AECTPYKIIMH HEPTEIIPOIY K-
TOB, aIapaTypHOMY 0(OPMIICHUIO, IIIUTEIBHOCTH U 3PPEKTUBHOCTH MPOIECcCca U SKOHOMHICCKUM
3aTparam. OHON M3 pacHpOCTpPaHEHHBIX TEXHOJOTHH, KOTOpas MPAaKTUYECKH MPUMEHSIETCA NMpHU
BCEX CIoco0ax OYUCTKHM HedTe3arpsA3HEHHBIX IOYB, SBIISCTCS OnopeMemuanus, 3p¢GEeKTUBHOCTH
U OJIUTCIBHOCTH KOTOpOﬁ 3aBUCAT OT YPOBHSA HAYaJIbHOT'O 3arpsA3HCHUA, IPUMCHACMBIX METOJ0B
cOopa W TUKBUIAIUU 3arps3HCHUM, KIMMAaTHICCKUX YCIOBHH U IPYTUX (HaKTOPOB, BCIEIACTBUE
4Yero MHTeHcH(UKAIMs TaHHOTO Mpolecca IPEICTaBIsSeT BAKHYIO KOJIOTHUECKYIO0 U TEXHOJIOTHU-
yeckyto 3agauy [8—11].

YCcTaHOBIIEHO, YTO Ui OMOJIOTMYECKOH OYMCTKH He(Te3arps3HEHHBIX [0YB 3HAYUTEILHOMY
YCKOPCHHIO PA3JIOKEHUS HEPTEIPOAYKTOB CIHOCOOCTBYET NMPUMEHEHHE MITAMMOB HedTepa3pymia-
IOIIMX MUKPOOPraHU3MOB, KOTOpPbIE BCErla eCTh B MUKpoOHolieHo3e. OHAKO UX POCT MPH U30bIT-
KE COIep KaHUs YIIIepoaa JIMMUTHPYETCS HEIOCTaTKOM KUCIIOpoaa, a3ota u (ocdopa, 9To Tpedyer
MePBOHAYATIBHOIO aHAJIN3a COCTABa MOYB M 3arPA3HUTEIN S, IEPUOANYECKOTO BHECEHHS U3 BHE HEIO-
CTAIOIINX MCTOYHHKOB OMOTCHHBIX SJIEMEHTOB, a TaK)KE CTUMYISTOPOB POCTAa MHUKPOOPTaHU3MOB,
obecrieueHue JOCTYITHOCTH KUCIOPO/Ia U BOJbI, YTO YCIIOKHSET TEXHOJIOTHI0 OYMCTKH OT HEPTIHOTO
3arps3HEHUS U 3HAYUTEIBHO YAOPOXKACT JaHHBIA IPOIIecC.

OpHY U3 [JIABHBIX U IPHOPUTETHBIX HAIPABIICHUH B 00JIACTH OXPaHbl OKPYIKAFOIICH CPeIbl U pa-
[IHOHAIIEHOTO TIPUPOJIOIONB30BaHUS — pa3padOTKa U BHEAPECHHUE WHHOBAIIMOHHBIX TEXHOJIOTHII BOC-
CTAHOBJICHUS ITIOYB METOA0OM 6I/IOpeMe}1HaHI/II/I.

DKCIIEPUMEHTAIBHO YCTAHOBIICHO, YTO B [TOYBE, 3aTrpsI3HEHHON He(DTEPOAYyKTaMU B KOHIICHTpa-
uu MeHee 1 %, HakarmIuBaeTCst pa3HOOOpa3HOEe COOOIIECTBO YIIIEBOIOPOIOKHCISIONICH MUKPODIIO-
PBL, KOTOpOE 00ECIIeYMBACT €€ CaMOOYHINECHUE. B 3TOM cirydae SKOHOMHYECKH MPEHMYIICCTBECHHBI
OMOTEXHOJIOrMYECKUe Pa3pabOTKH HA OCHOBE CTHMYIJISIIIMU IIPOLIECCOB JKU3HENESITENbHOCTH a00pH-
TeHHOH MHKPO(IOPHI, BHECEHUE TUMUTHPYIOMIAX KOMIIOHEHTOB CPEIbI U CO3IaHIE YCIOBUHN JIIsT H-
TEHCH(HKAIIUU TPOILECCOB OMOOKHUCICHUS B yCIOBUSX in situ. HO Mpu MHTEHCHBHOM 3arpsi3HCHUU
MTOYBHI (CBBIMIE 5 %) HEPTEIPOTYKTH HHTHOUPYIOT (PePMEHTATUBHBIC AKTHBHOCTH IMTPAKTHIECKH BCEX
MHUKPOOPIraHn3MoB. B 3TOM cilydae nepcreKTHBHBIM MOXKET ObITh IIPUMEHEHHE COPOCHTOB U OHoIIpe-
MaparoB, B 4aCTHOCTH «YHHUCOPO-bro» — kapbamumaHOTO copOeHTa THIIa «YHHCOPO» C MMMOOHITH30-
BaHHOW a00OpPHUTeHHOW MUKPOQIIOPOii, 00s1a1at01Ier0 KOMOMHUPOBAHHBIM JACHCTBHEM: cOOp, COPOITHs
He(TH, IEPEBOJ €€ U3 0OBEMHOI0 B IIJICHOYHOE COCTOSTHHE, HAJTUYNE B COCTaBE OMOTEHHBIX KOMIIO-
HEHTOB (yIJIepo, a30T, pochop, MUKPOIIEMEHTBI) H OMOOKHUCIICHUE YITICBOAOPOIOB i Situ C y4aCcTH-
€M IPUBHECCHHON MUKPO(IOPHI 1 aKTHBUPOBAHHOM a00PHUTEHHOM.

HNmmoOunm3anuss MUKpOQIIOpbl Ha TIOPUCTOM Marepuajie, MOMUMO 3aKperIeHHuss MUKpoopra-
HHU3MOB B 3arps3HEHHON JKOCHCTEME, CIIOCOOCTBYET IOBBIMICHUIO (DEPMCHTAaTHBHON aKTHBHOCTHU
U YCTOWYMBOCTH MX K HEOJArOMPHATHOMY BO3ACUCTBUIO (DAKTOPOB OKPYIKAIOIICH CPEIbl U YCKOPSET

MIPOIIECCHI OMoaeT pagaii HeTAHBIX yTiaeBogoponos [12—14]. Ciaeqyetr OTMETHTH €Ille OJHO Ba)KHOE
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CBOMCTBO, KOTOpOE MpHIaeT MUKpodIOope MMMOOMIH3AIIMS, — OHA MPEJOTBPAIIACT €€ BHIMbIBAHUE
13 30HBI 3arpsI3HEH NS, YTO 3HAYUTENIFHO YBEINUNBaCT 3()(HEKTUBHOCTH OHOIECTPYKIUH.

HcTomeHue pecypcoB 3KOCUCTEMbI, CBSI3aHHOE C HEPTAHBIM 3arpsi3HEHHEM, OIPeIeIeHHbBIM
o0pa3oM BIMSET HAa BHUIOBOH COCTaB pacTUTENbHOro coobmectBa. Hambonee nedreronepant-
HBIMHU BHJIAMH PACTEHUU SIBIAIOTCS (IO CTEIEHH YMEHBIICHHs): eXa cOOpHasi, mojieBuna oenas,
TUMOo(eeBKa JIyroBas, OBCIHHUIIA JIyroBas, KOCTep 0€30CThIi, OeKMaHUs BOCTOYHAs, a U3 6000-
BbIX — JIIOIIMH MHOTOJIETHU, JIIABEHEL] POraThli, KIEBEP IIBEJCKUN, KJIEBEP JyTrOBOM, MOJI3yYHil
[15-17].

Kpome Toro, 3Tu pacteHusi, B 0COOCHHOCTH 000OBBIC, MOT'YT CO3[aBaTh B MPUKOPHEBOM 30HE
0co0yr0 MHKpPOQJIIOpY, KOTopasi cliocoOHa K JeTrpajaliil caMbIX Pa3HOOOpa3HBIX 3arps3HUTEINEH,
MPUYEM IIPOIIECCHI pa3pyIIeHUsI TOKCHYHBIX BEIIECTB MPOTEKAIOT 37IeCh ropaso ObICTpee, 4eM B TO-
yBe 0e3 pacTeHHH. /st oCymecTBICHHSI MOHUTOPUHTA SKOJIOTHYECKOTO COCTOSIHHS IIOYB B IIEPBYIO
ouyepepb OICHUBAIOT H3MEHEHU I MHTEr PAJIbHBIX MOKa3aTeNel COCTOSIHUS IT0UB, K KOTOPBIM OTHOCHT-
cs1 OMOJIOTMYeCKasi aKTUBHOCTb, B YACTHOCTH OIIEHKA (PUTOTOKCHYHOCTH. OCHOBHBIMH ITapaMeTpamH,
U3y4aeMbIMU B IIpoliecce OMOTECTUPOBAHUS HA (PUTOTOKCHYHOCTD, SIBJISIIOTCSI BCXOXKECTh M SHEPTHUsl
npopactaHus ceMsH. [Ipopactanue ceMsiH — HanboJee ysI3BUMBIN 3Tall MHIUBUAYAIBHOTO Pa3BUTHS
BBICIIMX pacTeHuil. DTa (aza pa3BUTHs PACTCHUS MPEACTABISET cO00i HanboJee IPUBJIeKaTEIbHbIH

00BeKT TecTupoBanus [18—19].

JKcHepuMeHTAIbHAS YacTh

OObekTaMHu HCCIeIOoBaHus ObLIM KapOaMuIHbIl copOeHT «YHucopO-buo» — Ouonpemnapar,
MIOJYYCHHBIH METOJIOM KalleJIbHOro OpoIIeHus: copOenTa tuma «Yuucopo» («CopOeHTsI moaumep-
Heie» o TY 2223-001-02067907-1996, ¢ uzmenenusimu Ne 12006 1., npousoactBo OO0 «HIID»
OKOCOPbB») cycniensuelr abOpureHHbIX mTaMMoB Bacillus cereus «12My», Bacillus subtilis «2cny,
Trichoderma koningii «TCJI-06», Trichoderma asperellum «TH-11». YcnoBust nmomydeHus: Moaudu-
LIMPOBAHHBIX COPOEHTOB NpHBeeHHI B [14]. MonekynspHO-reHeTH4YecKas HIeHTH()UKALNS BbIICIICH-
HBIX IITAMMOB BbINOJMHEHA Ha ocHoBaHuu [11[P-amnnudukanuu n cexkBenuposanus resa 16S pPHK
C WCIIOJI30BAaHUEM CTaHJApTHBIX METO/IOB MOJIEKYJISIPHOH OHOJIOTHH (TOJIMMepa3Hasl LelHas peak-
uusi, Boiiesenue pparmentoB JJHK u3 araposnoro resnsi, onpeelieHre U aHaI13 HYKJICOTHHBIX I10-
cienoBarenbHocTel). [ yTOUHEHUS BUIOBOH MTPUHAICKHOCTH YHCTHIX KYJIBTYP IPOBOINIH aHa-
JU3 HYKJIeOTUJHOH nocnenoarensHocTy reHa 16S pPHK. CexBenupoBanue npoBONUIN B UHCTUTYTE
Mukpoouonoruu PAH (r. MockBa).

Jluist monmy4deHusi brnoMacchl KuIKO(a3HOe KyJIbTHBUPOBAHUE IIPOU3BOIMIIN Ha MUHEPAJIbHBIX
cpenax, coluepXamux pa3Hbelii Habop coiell m oguHakoBbIN mpoueHT HepTH (1 % oT 0oObema cpe-
1el). KynbTUBHpOBaHMS TPOU3BOAMIKCE Ha cpeae st Oaktepuit poma Bacillus, r/m: NHNO; — 1,0;
KH,PO, - 1,0; K,HPO, — 1,0; MgSO,-7H,0 — 0,2; CaCl — 0,02; FeCl; — nBe kamim.

CoctaB cpeasl mis rpudos pona Trichoderma r/n: Ko,HPO, — 1,0; MgSO,4 — 0,5; NaNOs — 2,0;
FeSO4 — 0,01; KCI — 0,5. TlonyueHHy10 aKTUBHYIO OHMOMaccy, HaXOASIIYIOCS B 9KCIIOHEHIMAJIBHOM
(aze pocrta, HCNONIBH30BAIH JJIsI IMMOOHIIN3ALIUH.

HVcribITaHNsI TIPOBOJIMIIH B HECTEPUIIBHBIX YCIOBUSX, MOJCINPYIOIINX €CTECTBEHHBIE, B JIBYX I10-
BTOPHOCTSIX, B KOHTEHHEPax ¢ UCKYCCTBEHHO BHECEHHOW He(Thi0. HaBecKy 3arps3HEHHOH HEPTHIO

noussl 200 I IOMeIIANU B IJIaCTHKOBBIM KOHTelHep 00beMoM 500 cM 3, 3aTeM BHOCHIIU B KOJIHMYeE-
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cTBe, % OT a.c.M. mouBkl, HePTh — 5 1 10 u «YHucopo-buo» — 1, coxepxkaiuii pasHble KOMOUHAIIMH
UccleyeMbIX ITaMMOB B KonrdecTse 10% ki/r copOenTa.

[TouyBy yBIaXHSAIN IO OTHOCUTENBHON BiaxkHOCTH 60—65 %. Ilocne BHeceHUs BceX KOMIIOHEH-
TOB BCE TIIATEIBHO nepemenuBany. [1o1uB M phIXJIeHHEe MOYBBI OCYIIECTBIISUIN Yepe3 Kaxable TPU
JHs. B KauecTBe KOHTPOJISI KCIOIB30BAIH TIOYBY, 3arps3HEHHYI0 HeQThI0, O€3 BHECEHUs OHoIpera-
para.

DKCTIepUMEHT MPOBOIUIIN B TeUCHHE AEBITH Heaens mpu 3033 °C.

ITo 3aBepreHNH ITpoLIEcCca SKCIOHUPOBAHMSI OITPECIISIIN CTENEHb AeCTPYKIUH He(TH I'PaBUMe-
TPUYECKH, IOCie SKcTpakuuu Y B xiopodopmom [20].

[To mcreyeHnn AEBATH HeleNb NMPUMEHEHHs MMMOOMIIM30BAHHOIO OMOINpernapara B KOHTEH-
HEepbl C HE3arpsi3HEHHOH W 3arpA3HCHHOM MOYBOW MPOHM3BOAMIN IOCEB BO3AYIIHO-CYXHX CEMSH
kpecc-canara (mo 10 mTyk), yBinaxasaan 10 60 % OT NMONHONW BIArOeMKOCTH ITOYBBI. YBIIaXXHEHUE
OCYIIECTBIISUTH KaK/Ible 2 AHS. DKCIIEPUMEHT IPOBOIUIICS B YCIOBUAX €CTECTBEHHOM OCBEIICHHOCTH
P KOMHATHOHM TeMIlepaType B ABYX IOBTOPHOCTSIX. DHEPrHIO MPOPACTAHUS U BCXOXKECTh CEMSH
YUHUTBIBAIM Ha 7-i U 14-i 1eHb COOTBETCTBEHHO. MOP(OIOrNnYeCcKyI0 OLIEHKY COCTOSIHUS PacTeHU I
MPOBOJIMIIM Ha 21-€ CYyTKH.

[lo OKOHYaHHM OMBITA PACTEHUS OCTOPOXKHO OTAEISIN OT 3€MJIM, IIPOCYIINBAJIN, CTPAXHUBAIH
OCTaTKH MOYBBI U OMPEACISUIN MOP(GOMETPHUYIECKHE ITOKa3aTe PACTEHHH: NIIMHY Ha3eMHOW 4acTH

U JUIMHY KOopHeH [21].

OO0cy:x1eHne pe3yJbTaToOB

O ToM, HacKOJIBKO 3(h(hEeKTUBHO MpoIia OHOAECTPYKINS HEPTH B YCIOBHIX MOACIBHBIX OIIBITOB
C MCIIOJI30BAaHMEM PA3HBIX IITAMMOB HMMOOHIIN30BAHHOW MUKPO(IIOPBI, MOKHO CYIUTh 110 PE3YJIb-
TaTaM U3MEHEHUS COJIEPXKAHNSI 0OCTaTOYHOM He)TH B TIOUBE Mociie 00paboTku ee «YHHCOopO-broy» ¢ nm-
MOOHTM30BaHHBIMH CMEIIAHHBIMH U MOHOKYJIBTYpamu poaa Bacillus u rpudos pona Trichoderma.

MaxkcrMaabHOE CHIKEHHE COJIEpKaHNsI HeTH B ITOYBE, IIPU €€ HaYaJIbHON KOHIEeHTpauuu 5 %,
3a 9 Hemejb MHKYyOHMPOBaHMS HAOJIOIAIOCh NMPH HCIOIb30BAHUU MOHOKYIBTYPBI Bacillus subtilis
«2cny u cMemaHHoN KynbTypsl Bacillus subtilis «2cn» + Bacillus cereus «12M», 0OHO cOCTaBHIIO
87,5 %, 4To BBIIIIE TIO CPAaBHEHHUIO C KOHTPOJIBHBIM BapHaHTOM B 1,5 pa3za (puc. 1).

[TomoOHBIN XapaKTep UMEET AMHAMUKA H3MEHEHHU S COoJlepKaHNs He()TH B ITOYBE U ITpH OoJiee BbI-
COKOM ypOBHE HauaJbHOTO 3arpsA3HeHns. Tak, mpu ee HadaabHOI KoHIeHTparuu 10 % MakcumaabHOE
CHIDKEHHE coziepkaHns HedTr 3a 9 Henesrb MHKYOMpOBaHMS HA0II0/1aJ10Ch IIPU MCHOIB30BAHUH CMe-
HMIaHHOM KyNbTYpbl Bacillus subtilis «2ct» + Bacillus cereus «12My», 1 3 PpeKTHBHOCTh OYUCTKH I10-
YBBI C IPUMEHEHHEM OaKTepHAIBHBIX IITAMMOB IO CPaBHEHHUIO C KOHTpOJIeM Oblia Beime B 1,4 pasa.

B ciiyuae npuMeHeHN st MOHOKYIIBTY D TaMMoB Trichoderma asperellum « TH-11» u Trichoderma
koningii «TCJI-06» xonmdecTBO ocTaTouHON He(TH mocie 9 Henenb KyJIbTHBHPOBAHUS IIPH €€ Ha-
YaIbHOM copepxanuu 5 % cuusunock Ha 80,7 u 85,7 % cOOTBETCTBEHHO, a IPH KOHLCHTPALUU HePTH
B rouBe 10 % — Ha 78 u 84 % coorBercTBeHHO. [10 CpaBHEHMIO C KOHTPOJIBHBIMU BapuaHTaMH OHO-
JECTPYKIIUS ¢ IPUMEHEHNEM MUKPOMHUIIETOB Obliia BhIme B 1,4 1 1,2 pa3a npu Ha4aIbHOM KOHLIEHTpa-
muu 5 1 10 % cooTBETCTBEHHO.

[IpumeHenune KoHcOpuuyma OakTepuii poxa Bacillus u rpubdoB poxa Trichoderma nokasano,

YTO MaKCUMaJbHas cTeleHb OnojecTpykuun cocrasmia 88,8 % npu BHeceHnH OnocopOeHTa ¢ M-
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Puc. 1. 3menenue conepskaHust He(YTH B IOYBE B pe3yibTaTe BO3ACHCTBHSA MITaMMOB pofa Bacillus mpu
Ha4YaJIbHOM 3arpsI3HEHUH OUBEL 5 %

Fig. 1. Changes in the oil content in the soil as a result of exposure to strains of the genus Bacillus during initial
soil contamination 5 %

MOOHMIIM30BAHHBIMU CMEIIAHHBIMU KyJIbTypamu Bacillus subtilis «2cn» + Trichoderma koningii
«TCJI-06» npu 1100011 cTENeHN HaYaJIbHOTO 3arpsi3HeHus. [lo cpaBHEHHIO C KOHTPOJIBHBIM BapH-
aHTOM 3P PEKTUBHOCTH OYUCTKHU TOYBBI C UCIIOJIb30BAHUEM KOHCOPIIMYMa MUKPOOPTraHU3MOB Obla
BBIIIE B 1,5.

CrenyeT OTMETHTb, YTO 32 CUET IPOBEACHUS OIBITA IPH IMOBBIIICHHBIX TEMIIEPaTypax M BbI-
paBHUBaHMS COOTHOLIEHNS OMoreHHbIX ateMenToB C: N: P B ouBe B pe3ysibTare BHECEHHU S ITOJINMED-
HOTo copOeHTa, BEPOsITHO, aKTHBU3UPOBAJIACh COOCTBEHHAs Me30(HIIbHAsS MUKPOQIIOpa U CTEICHb
OMOJECTPYKIIMY B KOHTPOJIBHBIX BapHaHTax Oblia noctarouHo Beicoka. C 166: N 20: P1 B MmonsipHOM
sKkBHBajeHTe (B BecoBoM — C 62: N 9: P1).

[lo pe3ynpraTtaM BHIHO, 4TO OakTepuu pona Bacillus v Tpudsl pona Trichoderma criocoOHBI MO~
BEprarhb JISCTPYKIUHU He(Th, COAEpIKAILYIOCs B IO4YBE. MaKCUMaJIbHOE CHI)KEHHE COJICpIKaHusl HEPTH
IIpH ee HadaJIbHON KOHLEHTpauuu 5 % HaOI01a10Ch IPU UCIIOJIB30BAHUN MOHOKYJIBTYPHBI Bacillus
subtilis «2cmi», npu HauabHOU KOHLEHTpauuu 10 % — y cMenanHol KynbTypbl Bacillus subtilis «2cm»
+ Bacillus cereus «12M». DTH pe3yJbTaThl XOPOIIO COINIACYIOTCS ¢ MOP(POMETPHUECKOMN OIIEHKON CO-
CTOSIHUSI PACTEHUH, BBIPOCIIMX HA TIOYBE TOCIIe OHOpeMe AN,

[Tpu onenke neiicTBHs OMOpeMeAMalMy 3arpsI3HEHHON ITOYBBI HA MOP(OMETPHYECKUE ITOKa3a-
TEJIM PaCTEHUIl B YCIIOBUSX €CTECTBEHHOH OCBEIEHHOCTH YCTAHOBJICHO JOCTOBEPHOE yBEINYCHUE
TaKHX MapaMeTPoB, KaK JJIMHA HA3eMHOH YacTH M JIMHA TJIABHOTO KOPHS PACTCHMSL.

[To coBokymHocTH MOpP(GOMETPUYECKHX IOKa3aTesiel JydlIine pe3ysbTaThl UMENU CIeyro-
e MTaMMBL: KOHCOpunyMbl Bacillus cereus «12M» + Trichoderma koningii « TCJI-06», Bacillus
cereus «12M» + Trichoderma asperellum «TH-11», Bacillus subtilis «2cu» + Trichoderma koningii
«TCJI-06» u cMemannyto KyneTypy Bacillus subtilis «2ct» + Bacillus cereus «12My, nx nokaszarein
MPEBBIIIAIN I0KA3aTeNI PACTCHUH HAa HATUBHOM TOYBE 10 JJIMHE HA/I3€MHOW YacTH MPUMEPHO B 2

pasa, B TO K€ BpEMs 110 AJIMHE INIAaBHOTI'O KOPHA pa3jinviunug OBLIH MEHEE CYHICCTBCHHEI.
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Takum 00pa3oM, pe3ysIbTaThl MOACITHPOBAHUS [TOYBEHHOIO 3arpsS3HEHUsI B 00PaOOTKH MOYBBI
MMMOOHMIIN30BaHHOW MHKPOQIIOPOH IMOKa3aIH, YTO COJACpXKAaHWE HE(PTH B MOYBE B KOHIEHTPLHIX
BbIlIE 5 % OKa3bIBaeT (PUTOTOKCHYECKOE JICUCTBUE HA PACTEHHS, TaK, SHEPTUsl IPOPACTAHHUS KPEcc-
camata coctaBuia 50 %, Bcxoxects — 72,5 %. Ilocne nmposenenus 6Gnopemennanuu Hedrezarpss-
HEHHOU TOYBbI ¢ MPUMEHEeHneM «YHHUCOPO-bro» ¢ MMMOOHIN30BaHHBIME OaKTEPUATbHBIMH KYJIb-
Typamu pona Bacillus w rpuboB pona Trichoderma HaOIIOAIOCH MOBBIIICHUE KU3HECIIOCOOHOCTH
¥ BbDKHBaeMocTH pacTeHuid Ha 50 u 28 % cooTBeTcTBEHHO. [IprMeHeHre MUKPOOPTaHU3MOB JIJIsI
OropeMennanuy OKa3ayo IMOJOXXKHUTEIbHOE BINSHNAE Ha MOPPOMETPHUECKUE TTOKA3aTeNIn PACTCHUH
(MakcuManbHbIN (GEKT cOCTaBUII B CPEHEM B 2,5 pa3a).

Pe3ynbraThl MO3BOJISIOT OLEHUTH CTETIEHb CHIDKEHHS! TOKCHYHOCTH M IEPCIIEKTHUBBI UCIIOIb30-
BaHUS CMEIIAHHBIX MHUKPOOHBIX aCCOIMALMN JJIsS PELUICHUsT YKOJIOTUYECKHUX 3a7ad METOAaMU OHO-
TEXHOJIOTHH.

[To coBOKYHOCTH NIapaMeTpOB, TAKUX KaK CTENeHb JAerpajallii yIieBOAOPOI0B U (PUTOTOKCHY-
HOCTB, JJISI CO3/1aHUs OMOITIPENapaToB B EISIX PEKYIbTUBALIMH II0UBBI OT HepTe3arpsi3HeHUH ¢ oce-
JYIOIUM BBIPALIMBAHUEM PACTCHUH MOXXHO PEKOMEHJIOBATH CJIEIYIOIIME TAMMbI: KOHCOPIITYMbI
Bacillus cereus «12M» + Trichoderma koningii «TCJI-06», Bacillus cereus «12M» + Trichoderma
asperellum «TH-11», Bacillus subtilis «2cti» + Trichoderma koningii « TCJI-06» U cMEIIaHHYIO KYJIb-

Typy Bacillus subtilis «2cn» + Bacillus cereus «12Mp.
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