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Abstract. Polyangelicalactone-graft-polystyrene copolymers were obtained through cationic

polymerization. Increasing the portion of styrene units in the copolymers improves the strength properties

and increases fragility. Increasing the polyangelicalactone(PAL) content in the copolymers increases

the elasticity of the materials obtained. The obtained copolymers are greatly a composition of PAL and

polystyrene (PS)with a small content of bonds of styrene-units of 4-alkoxypent-3-enoic acid.Low a-

angelicalactone(AL) content in styrene copolymers improves the oxidative stability of the copolymers.

The resulting PAL-graft-PScopolymers have physical and mechanical properties corresponding to the

requirements for general-purpose PS.

Keywords: 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)]-grafi-poly(1-phenylethylene).
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AHHOTanms1. MeTooM KaTHOHHOM ITOJTMMEPH3aIIH ITOTYYCHEI COMOIAMEPHI ToraHrenukanakTona(PAL)
C IPUBUTHIM NIOUCTHPOIIOM (PS). YBenudeHue 1011 CTUPOIBHBIX 3BEHBEB YIIYUIITHIIO TPOYHOCTHBIE CBOM-
CTBAa U MOBBICKJIO XPYIIKOCTh COIIOJIMMEPOB, a yBeJInueHue cojiepkanust PAL noBbICHIIO UX 371aCTUYHOCTb.
[Nony4yeHHble MaTepuabl NPEACTABISAIOT coOoi kommo3uiuio PAL u PS ¢ HebonbuinM conepxannem
CBsI3€H CTHPOI-3BEHO 4-aJIKOKCUIICHT-3-CHOBOH KUCIOTHI U 0071a1at0T (PH3UKO-MEXaHUYSCKUMU CBOM-
CTBaMH, COOTBETCTBYIOIIUMH TPEOOBAHUSIM, IPEABSIBIISICMBIM K MTOJUCTUPOJIY OOIIEr0 Ha3HAUCHHUSI.
Heb6omnbImoe comepikaHue 0-aHTEIIMKAIAKTOHA B COIIOIMMEPAX CTUPOJIA YIIYUIIAeT HX OKUCIUTEIBHYIO

CTaOUIIBHOCTbD.

KutoueBble cjioBa: CONONMMEPU3ALINST; TIOJIUCTUPOIT; AHTEINKAJIAKTOH; TIOJIMAHT €JTMKAJIaKTOH; IOJIH
[oxcumm (4-meTuin-1-okcoOyT-3-eH-1,4-munmn)|; momu [oxcuami (4-MeTmi-1-okco0yT-3-eH-1,4-mumnn))-

npus-monu(1-heHnad THIICH).



Journal of Siberian Federal University. Chemistry 2022 15(1): 5-13

BaarogapHoctu. OTta paboTa OblIa BEIIONIHEHA B paMKax 0roxeTHOTr0 mpoekta Ne 0287-2021-0017
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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). AL (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 [10,11].

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].

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
biodegradable modifications of polystyrene[12—15].

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 emulsion
polymerization of PAL 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 [16].

The goal of this work is to study the synthesis and properties of polyangelicalactone-grafi-polystyrene
(PAL-graft-PS) with a wide range of compositions.

Experimental part

AL (Alfa Aesar, 98 %) was purified before use via fractional melt crystallization. The styrene
(«Khimreaktivsnaby, «Pure», 1 % of hydroquinone) was washed sequentially once with an aqueous

solution of NaOH (5 wt%) and four times with water, dried over anhydrous sodium sulfate, and then

_7_
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distilled in a vacuum. The aluminiumisopropoxide was obtained according to the method in [17].
Tetrahydrofuran (THF) («Khimreaktivsnaby, «Pure») was washed with a saturated aqueous solution
of NaOH, distilled in a vacuum, purified by prolonged reflux in the presence of sodium metal with
the addition of benzophenone(0,2—0,3 wt%) under the flow of purified argon, and then distilled in
a vacuum. Methylene chloride was refluxed in presence of sodium metal, and then distilled in a
vacuum. Boron trifluoride etherate (BF;OEt,) was distilled under reduced pressure. Other chemicals
were used as received.

PAL was obtained via ring opening polymerization in a solution in tetrahydrofuran in the
presence of aluminiumisopropoxide and benzophenoneketyl-Na. In total, 100 mL of carefully dried
tetrahydrofuran, 0,06 g of benzophenone, and 0,01 g of metallic sodium (small scales) were placed
in a 0,25 L flask with a reflux condenser. After the formation of benzophenoneketyl-Na, 0,6 g of
aluminiumisopropoxide was loaded into a flask under an argon flow. Then, 10 g of AL was loaded
into the system. The duration of polymerization was 60 minutes at reflux. After cooling obtained
polymer was precipitated by ethanol and washed decantation with several portions of cold diethyl
ether, and freed of volatile matter by heating at 80 °C and 2 Torr during one and half hours. There
remained 7,6 g of a slightly yellow solid. THF/ethanol system was used to fractionation of products.
For this study, PAL with M,, ~6000 g x mol-' was used.

Cationic styrene (St) polymerization, and polyangelicalactone grafting with styrene was performed
in the presence of boron trifluorideetherate as the catalyst. The boron trifluoride etherate as well the
solution of the calculated amounts of the styrene and polyangelicalactone in methylene chloride were
thermostated at —16 ——18 °C for 30 minutes before mixing. The monomers solution was placed into the
glass tube, and then BF;-OFEt, was added. After a predetermined time, ice-cold ethanol was added, and
then volatile products were evaporated. The removal of unreacted monomers from the precipitated crude
product was carried out via extraction in ethanol for 8 hours, followed by dissolution and reprecipitation
in the THF/ethanol system.

The molecular weights were defined using the gel permeation chromatography (GPC) method.
For chromatographic measurements, the samples were dissolved in the mobile phase (~5 mg/ml)
and filtered through a 0,22 um PTFE membrane filter. The GPC measurements were made using an
Agilent 1260 Infinity IT Multi-Detector GPC/SEC System chromatograph with triple detection: by
a refractometer, by a viscometer and by a light scattering. Separation were made on PlGel Mixed-E
and P1Gel Mixed-B columns using THF stabilized by 250 ppm BHT as the mobile phase, the flow rate
of the eluent was 1 ml/min. All columns were calibrated using polydisperse polystyrene standards
(Agilent, USA).

The breaking stress, yield strength, and elongation at break were determined using the tensile
machine ZMGi-250 by the standard plastics tensile test methods at a test temperature of 20 &= 2 °C.
The brittleness temperatures were determined using the device for measuring the brittleness of plastics
PHP-3.Water absorption was determined by increasing the weight of the polymer specimens immersed
in distilled water for 24 hours at 21 £ 2 °C.

The 'H NMR spectra were measured using a BrukerAvance 111 600 spectrometer at 300 K.

Thermogravimetrical analysis was carried in a corundum crucible using an STA 449 F1 Jupiter
instrument (NETZSCH) in a temperature range from 30 to 800 °C in an argon/air flow (the flow rates

of shielding and purge gases were 20 and 50 mL/min, respectively).

_8_
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Results and discussion

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

Samples were prepared by changing the molar ratio of PAL to St, maintaining the molar ratio
BF;0Et,/St = 0,02, as shown in Table 1.

The yield of the resulting copolymers was reduced from 87 % to 74 % by increasing the
concentration of PAL in the reaction mass from 2 to 98 mol%. The molecular weight of polystyrene
obtained under the studied conditions was 125,000. The molecular weights of copolymers decreased to
14300 by increasing the PAL content in the polymers.

The systematic decrease in the molecular weights of copolymers by increasing the content of

PAL indicates a break in the polymerization chains of relatively inactive olefin fragments of PAL.

Z
G BE *OEt, "
H—TO0 4 OH + R CH, CHs
o
O n = o = o
0 5 |0
¢ < 1
n

Fig. 1. Scheme of polystyrene grafting of polyangelicalactone

Table 1. The influence of the composition of PAL and St mixtures on the yield, molar masses and polydispersities
of the resulting PAL-g-PS copolymers

Sample PAL, St, Polymer yield, My, (£6 _%), PDI
mmol mmol wt% g mol! M,/ M,)

PAL-g-PS [2:98] 2 98 87 132800 2,19
PAL-g-PS [3:97] 3 97 84 115700 2,45
PAL-g-PS [5:95] 5 95 84 90000 1,98
PAL-g-PS [10:90] 10 90 84 80800 1,96
PAL-g-PS [20:80] 20 80 84 76300 2,00
PAL-g-PS [30:70] 30 70 84 64300 2,04
PAL-g-PS [40:60] 40 60 86 60800 2,02
PAL-g-PS [50:50] 50 50 86 52100 2,19
PAL-g-PS [60:40] 60 40 83 48200 2,32
PAL-g-PS [70:30] 70 30 84 33000 2,34
PAL-g-PS [80:20] 80 20 80 22600 2,27
PAL-g-PS [90:10] 90 10 80 17400 2,15
PAL-g-PS [95:5] 95 5 76 16900 2,16
PAL-g-PS [97:3] 97 3 78 14800 2,00
PAL-g-PS [98:2] 98 2 74 14300 2,12
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However, the interaction of high-molecular PAL (M, 15,000—19,000) with St of low concentrations
(1 %-5 %) led to an increase in the molecular weight of the copolymer by an order of magnitude, up to
M,, 200,000-500,000 [6]. This means that small styrene additives can initiate the grafting of PAL with

the formation of net structures.

NMR study of polymers

The formation of the synthesized PAL, PS and PAL-g-PS was confirmed by '"H NMR spectroscopy.
Figure 2 shows the 'H NMR spectra of the PAL, PS and the PAL-g-PS [40:60] copolymer.

Comparing three spectra shows, that the copolymer spectrum is mainly superposition of
homopolymers spectra (a) and (b). This means that the copolymer obtained is greatly a composition of
PAL and PS.

Nevertheless, the spectra of products of water—alkaline hydrolysis of the copolymers contained
mostly signals of levulinic acid as well as small peaks of protons of the phenyl group (about 1 %).
We assume that the styrene fragments passed into the aqueous phase in the form of water-soluble
hydrophilic compounds as a result of copolymerization with double bonds of the ester units of

4-alkoxypent-3-enoic acid.

Physical and chemical properties of polymers

The physical and mechanical characteristics of the studied copolymers are presented in Table
2. When passing from polystyrene to polyangelicalactone, the tensile strength was reduced by half,
the yield strength was reduced by one and a half times, and the elongation at break increased by two

)
A, e

(a) ‘
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CDCly

® L M qwt_
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Fig. 2. '"H NMR spectra of the PAL (a), PS (b) and the PAL-g-PS [40:60] (c) copolymer
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Table 2. Physical and mechanical characteristics of obtained PS, PAL-g-PS, and PAL polymers

Sample Ultlsr?rzt;gttiljme Elon%ation at break, Yield strength, Water absorption,
MPa (- 4) % (7 %) MPa (+ 4) % (=4 %)

PS 38 1,23 29 0,4
PAL-g-PS [20:80] 37 12,5 26 0,48
PAL-g-PS [40:60] 33 120 20 0,58
PAL-g-PS [60:40] 28 490 21 0,72
PAL-g-PS [80:20] 23 608 20 1,23

PAL 21 625 18 1,82

orders of magnitude. Water absorption of the obtained copolymers increased from 0.4 % to 1.82 % for
copolymers of PAL with a decrease in the styrene content. The brittleness temperature of the resulting
polymers was in the range of —38 to —48 °C and increased by increasing the content of PAL in the
copolymers.

Thus, an increase in the content of PAL in the initial mixture led to an increase in the flexibility
of the macromolecules of the copolymers, which affected the softening temperature and physical and
mechanical properties of the synthesized polymers. In addition, the presence of a polyester fragment
in the structure of the copolymer causes the formation of adhesive properties. Polystyrene had the
greatest strength, and PAL provided the best elastic properties. These characteristics for copolymers
smoothly changed according to the composition. Notably, under low PAL contents (0 %—20 %), the
decrease in the strength indicators and increase in the water absorption of the copolymers were less
than 10 %.

Thermochemical study of polymers

The results for the differential thermogravimetrical analysis of the obtained polymers are

presented in Fig. 3.

20+ 204
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Fig. 3. Differential thermogravimetrical curves of the PAL-g-PS copolymers
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In an argon atmosphere, pure polystyrene began to decompose, with weight loss observed at
300 °C and the maximum decomposition rate occurring at 409 °C. Styrene and AL copolymers
exhibited two additional maximum mass loss rates at 220 and 295 °C.

In the air atmosphere, the maximum weight loss rate of the pure polystyrene sample was shifted
by 55 degrees to the low temperature range down to 354 °C, and the temperature of this maximum was
practically independent of the PAL content in the copolymer. The position of the maximum at 295 °C
was practically independent of both the PAL content and the composition of the gas phase. The latter
indicates oxidative processes with a loss of polymer mass beginning at higher temperatures. These
results show that small additions of polyangelicalactone to polystyrene can improve the oxidative

stability of the copolymer without changing its heat resistance.

Conclusions

Series of polyangelicalactone-graft-polystyrene copolymers were obtained through cationic
polymerization. Increasing the portion of St 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.

The 'H NMR study shows that the copolymer spectrum is mainly superposition of the
homopolymer corresponding spectra. This means that the copolymer obtained is greatly a composition
of PAL and PS. Nevertheless, the spectra of products of water—alkaline hydrolysis of the copolymers
contained mostly signals of levulinic acid as well as small peaks of protons of the phenyl group (about
1 %). We assume that the styrene fragments passed into the aqueous phase in the form of water-
soluble hydrophilic compounds as a result of copolymerization with double bonds of the ester units of
4-alkoxypent-3-enoic acid.

According to the thermogravimetrical data, styrene copolymers with low AL content up to 5 %
did not practically lose their thermal resistance in the inert atmosphere compared to the homopolymer.
Moreover, small additions of angelicalactone to polystyrene improved the oxidative stability of the
copolymers.

Thus, the resulting polyangelicalactone-graft-polystyrene copolymers have physical and
mechanical properties corresponding to the requirements for general-purpose polystyrene. Probably,

the copolymers are biodegradable, and a corresponding study is in progress.
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CTpyKTYypHO-QPYHKIHMOHAJIbHBIH COCTAB I'YMYCOBBIX KHCJIOT,
BBI/ICJICHHBIX U3 I10YB NPHUPOAHBIX
U YPOAHU3HPOBAHHBIX TEPPUTOPHH

eBponeiickoil yactu Kpaiinero CeBepa u ApKTHKH

T. A. Kopeabckas, H. C. Ilpunynxkas, JI. @. Ilonosa
CegepHulil 2ocyoapcmeenHblil MeOUYUHCKULL YHUgepcumen
Poccuiickas ®edepayus, Apxaneenvck

Cesepnvlii (Apkmuueckuii) pedepanvhulil yHugepcumem
umenu M. B. Jlomonocoea

Poccuiickasa ®eoepayus, Apxaneenvck

AnHoTanus. VccienoBan cTpyKTypHO-()yHKIIMOHAIBHBIH COCTaB I'yMYCOBBIX KUCJIOT IPUPOAHBIX
1 ypOaHM3UPOBAaHHBIX TEPPUTOPHI eBporelickoit yactu Kpaitnero CeBepa 1 APKTHKH C TIOMOIIBIO
COBpPEMEHHBIX PU3MKO-XUMHUUYECKUX MeTo/10B. [TokazaHo, 4To cojaepxanue QpyJIbBOKUCIOT s
OOJBIIMHCTBA N3YYaEMBbIX ITOYB BBIIIE, YeM I'YMHHOBBIX; B IT0YBaX MPOIECC TyMycO00Opa3oBaHus
UJIET 110 TyMaTHOMY (peIUIaHTO3eM, [1eJI03eM U NeperHoHHO-TopdsiHAS T0YBA), T'yMaTHO-(YyJIbBATHOMY
(mepHOBast MOYBA, KYJIBTYPO3eM U ypOaHO3eM) 1 (yJIbBaTHOMY THITY (TJI€€3EM M JINTO3EM); MaKPOMOJIEKYJIbI
TYMHHOBBIX ¥ THMaTOMEJIAHOBBIX KHCJIOT PACCMOTPEHHBIX MMOYB UMEIOT MPEUMYIIECTBEHHO
asn(aTHYECKyo IIPUPOJLY C BHICOKOH J0JIeH apOMAaTHUECKHX (parMeHTOB, a (yIb(OBBIX — APOMATHIECKYTO
cTpyKTYypy. Kpome Toro, ryMycoBbie KHCIOTBI IIPUPOJHBIX MOYB, PACIIONIOKEHHBIX B 00JIee CEBEPHBIX
PETrHoHAaX, OTINYAIOTCS OOJIBIINM COACPIKAHNEM KHCIOPOAOCOACPKAMMX (YHKIIMOHAIBHBIX TPy
[0 CPAaBHEHHIO C AHAJIOTHYHBIMU NpenapaTaMy IPUPOIHBIX MTOYB, PACIIONOKEHHBIX I0JKHEE (IepHOBas

moyBa u Topd).

KutroueBble cj10Ba: CTPYKTYPHO-(QYHKIIHOHAIBHBIA COCTaB TYMYCOBBIX KHCIIOT, T'YMHUHOBBIC KUCIIOTEI,
(bYIIBBOKHUCIIOTHI, TEMATOMEIAHOBBIC KUCIOTHI, dJIeMeHTHbIH aHanu3, MK-cnekrpockomnus, YO/Buaumas

CIICKTPOCKOIINA.

Lutuposanue: Kopenbckas, T. A. CTpyKTypHO-()YHKI[HOHAIBHBINH COCTAB I'yMYCOBBIX KHCIIOT, BBIICIICHHBIX H3 [I0YB HPUPOIHBIX
1 ypOaHU3UPOBAHHBIX TEPpUTOPUI eBponeiickoi yacTu Kpaiinero Cesepa u Apkruku / T. A. Kopenbckas, H. C. IIpunyukas,
JI. @. IMomnosa // XKypu. Cub. denep. yura. Xumus, 2022, 15(1). C. 14-21. DOIL: 10.17516/1998-2836-0267

Introduction

Currently, many studies are being conducted to study the structural and functional composition
of humus acids (HMFA) in soils of different regions using modern physical and chemical methods
[1, 2, 3].

Research on the soils of the Euro-Arctic region, in particular their organic component, is just
beginning. For these soils is known only to basic characteristics such as: soil genesis, soil structure,
soil profile, humus content [4] and heavy metals (HM) in them [5], data on their ecological state [5].
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The aim of this work is to study the structural and functional composition of HMFA in natural and

urbanized areas of the European Far North and the Arctic using modern physical and chemical methods.

Object of research

The object of the study was selected HMFA preparations isolated from the soils of natural and
urbanized territories of the European Far North and the European Arctic. Urban soils are soil samples
from the residential landscape of the city of Arkhangelsk of the following types: urbanozem, replantozem
and culturozem [5]. To study the humus state of natural soils, we selected a natural turf low-power
light-loam soil formed on a dry meadow near the village of Babonegovo in the Primorsky district of the
Arkhangelsk region, natural and anthropogenic soils — organogenic soils (riding peat, selected in the
Primorsky district of the Arkhangelsk region) [5] and soils selected during the complex scientific and
educational expedition «Arctic floating University-2013»: pelozem gleevaty light loam on a medium-
clay moraine (Kanin Peninsula on Cape Kanin nos), humus-peat oligotrophic soil (Kolguev island and
Bugrino village), typical carbonate-free medium-clay loam (svaygach), gray-humus illuvial-ferruginous

sand lithosem (Franz Josef land archipelago on Hayes island) [6, 7, 8].

Research methods and techniques

The isolation of HMFA preparations from soil samples was carried out by the method of
M. M. Kononova and N. P. Belchikova [10]. The method is based on the extraction of a mixture of acids
from the soil with an alkaline solution of sodium pyrophosphate (pH 13), followed by the precipitation
of humic (HA) and himatomelanic acids (HMA) 1 N H,SO, and their separation from fulvic acids (FA)
with additional extraction of FA by adsorption chromatography using activated carbon as a sorbent.

Features of the structure of HMFA were studied by modern physical and chemical methods, such as:

— elemental analysis (performed using the EA-3000 elemental CHNS analyzer);

— UV / visible spectroscopy (UV recording/Visible spectra were performed on a UV mini-1240
spectrophotometer manufactured by Shimadzu)

— IR spectroscopy (recording of IR spectra was performed under the same conditions by the method
of external total internal reflection on the Vertex 70v IR Fourier spectrometer with pre-pressing of samples

into tablets with potassium bromide in the ratio 1/200) in the frequency range from 500 to 4000 cm-

Results and discussion

Based on experimental data for determining the group composition (Fig. 1), it was found that the
content of HMFA, including HA, in the soils of urbanized territories is higher than in natural soils
(except for turf and peat), which is associated with the geographical location of soils in the Arctic and
subarctic climate zones.

Most of the studied soil types are characterized by a higher content of FA compared to the content
of HA. However, the content HA: FA points to the process of humification mainly on humate-fulvate
type most soils in urbanized areas (with the exception of replantozem (humate type)), and in natural
soils found fulvate type of humification (e. g. gleezem and lithozem).

Analysis of IR spectra of [11, 12] humic acids of natural and urbanized soils (examples of IR
spectra are shown in Fig. 2) was carried out according to a set of specific absorption bands, on the

basis of which the qualitative composition of the samples, the structure of macromolecules, the
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Fig. 2 IR spectra of HMFA of the studied soils (on the example of natural soils)

types of bonds and atomic groupings were judged. All the studied HMFA spectra are characterized
by intense absorption in the region of 3400 and 3200 cm™!, which, according to many researchers
[13, 14, 21], is due to the presence of-OH and-C=N-H groups and intermolecular hydrogen bonds.
Methylene (—CH?2), carboxyl (~COOH), alcohol (-OH), thiocarbonyl (—C=S), amine (-NH2) and
amide (-CONH2) groups were identified in the molecules of all acids, due to which the studied
HMFA are able to bind HM in the form of complex compounds. Similar data were obtained by other
researchers [15, 16, 18].

The comparison of the HMFA spectra was carried out on the basis of an assessment of the degree
of absorption by the baseline method, which was carried out at the base of the absorption band [17].
As standard bands, the following were taken: 2920, 2930 and 2934 cm’!, characterizing the valence
vibrations of C-H bonds in aliphatic fragments of HMFA. The relative content of functional groups
was estimated by calculating the optical density according to the Booger-Behr formula. Based on
the IR spectra, the ratio of the optical densities of the absorption bands of aliphatic substituents at

2920 cm! to the optical densities of the absorption bands of aromatic poly-conjugated systems at
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1610 cm! (Dagy0/Dyg10) was calculated (Table 1). The lower this ratio, the more aromatic fragments in
the structure of HA molecules [15].

Analysis of the IR spectra of HMFA showed that the aliphatic component mainly prevails in the
HMFA molecules of urbanized soils, while the aromatic component prevails in the HMFA molecules
of natural soils [7, 8].

A qualitative analysis of the UV / visible spectra of the studied humic acids, some examples of which
are shown in Fig. 3, showed their similar shape. The electronic spectra have the form of gentle curves
with an absorption maximum in the range of 213-215 nm (due to the whole set of organic substances)
and a characteristic shoulder in the region of 280 nm (due to the presence of phenolic and carboxyl
groups in the molecules), which corresponds to the known data, according to which the main chain of
HA molecules is constructed from fragments of phenyl carboxylic acids [18]. In the rest of the range
of the UV and visible regions of the spectrum, there are no clearly defined absorption maxima, which
indicates their overlap due to the complex structure of HFMA molecules. Most authors associate the
nature of the electronic absorption spectra and the color of humic substances with a system of conjugated
double bonds [19].

Therefore, another spectroscopic characteristic of HFMA is the color coefficient (E450/E650), which

characterizes the steepness of the spectrum drop and the nature of their color, this ratio does not depend

Table 1. Indicators C,;,2920/C=C1610 of the HMFA of the studied soils

Soil type HA FA HMA
Replantozem 0,25 1,70 0,50
Kulturozem 0,81 3,52 1,70
Urbanozem 1,10 0,14 1,51
Gleesen typical carbonate-free medium loamy 0,36 2,73 0,37
Humus-peat oligotrophic soil 0,36 1,42 0,30
Pelozem gleyevaty light loamy on a medium-loamy morainee 1,64 0,71 0,28
Gray-humus illuvial-ferruginous sandy lithozem 1,00 2,26 0,53
Peat 1,3 1,29 0,39
Turf soil 0,19 0,04 0,57
150 - - 300 3
8100 ¢ s 1004 g
i i , i
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1 — humus-peat soil; 2 — gleezem; 3 — turf soil

Fig. 3 UV / visible HFA spectra of the studied soils on the example of HA
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Table 2. Indicators E450/E650 of the HFMA of the studied soils

Soil type HA FA HMA
Kulturozem 3,17 3,60 3,00
Replantozem 4,42 2,00 3,40
Urbanozem 3,31 1,60 2,52
Gleesen typical carbonate-free medium loamy 3,01 2,12 3,00
Humus-peat oligotrophic soil 2,6 1,54 2,40
Pelozem gleyevaty light loamy on a medium-loamy morainee 4,5 1,12 2,38
Gray-humus illuvial-ferruginous sandy lithozem 2,57 1,75 2,38
Turf soil 3,36 3,02 1,80
Peat 3,85 3,50 4,00

on the concentration, but it depends on the particle size and molecular weight. According to the literature
data, it is known [20] that the color coefficient can characterize the ratio of the aliphatic component of
the molecule to the aromatic one. The lower the E450/E650 ratio, the higher the degree of aromaticity.

For HFMA of all natural soils, as well as urbanozems and replantozems, a decrease in the value
of the color coefficient in the series: HA > HMA > FA is characteristic (Table 2). This indicates a weak
degree of condensation of the aromatic core of HA and HMA.

The higher chromaticity coefficients of HA and HMA compared to FA in most of the studied
samples may be related to:

— with the presence of a large number of separate conjugation chains in large molecules of HMA
and HA, which leads to the imposition of color and, consequently, the appearance of a dark color of acids;

— with the participation in the conjugation chain of such chromophore groups as -CH=CH -,
-CH=N-, -N=N-, =C=0, etc., and auxochromes -OH, -NH,. Accordingly, in the molecules of HA and
HMA, the conjugation chains are less long, and the aromatic fragments, chromophore and auxochromic
groups are separated by aliphatic fragments.

All HFMA of peat and culturosem have a fairly low level of aromaticity and condensation. Among
the studied HMA preparations, the greatest condensation of the aromatic core is noted for the HMA
of turf soil.

In general, samples of soils HFMA of urbanized territories, natural turf soil and peat have a more
expressed steepness of the spectral curves, which indicates the presence of a well-developed peripheral
aliphatic component in their molecules. This is confirmed by both elemental analysis and IR spectroscopy
data. HFMA preparations of other natural soils have a more gentle spectral curve, which indicates the

development of aromatic structures in the nuclear part of the molecules.

Conclusions

The study of humic acids in natural and urbanized areas of the European Far North and the Arctic
showed that:

1) the total content of HMFA, including HA, in the soils of urbanized territories is higher than in
natural soils (except for turf and peat) and is associated with the location of the latter in the Arctic and

subarctic climate zones;
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2) in the soils of urbanized areas, the process of humification is on humate (replantozem) and
humate-fulvate (culturozem and urbanozem) type, in natural soils in addition to humate (pelozem and
humus-peat soil) and humate-fulvate (turf soil) types can be found falvate type of humification (gleezem
and lithozem).

3) macromolecules of HMFA of soils of urbanized territories and HA and HMA of natural soils
have an aliphatic nature with a high proportion of aromatic fragments, and FA of natural soils-mainly
aromatic;

4) thiocarbonyl (—~C=S), amine (-NH,) and amide (—CONH,) groups were identified in the molecules
of all the studied acids;

5) oxygen-containing functional groups make a great contribution to the structure of the HMFA
molecules of natural soils and soils of urbanized territories, and their total content in the HMFA of

urbanized territories is higher than in the HMFA of natural soils.
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Abstract. The paper presents the investigation of the solid solutions formation in the fluoride system
NasAlyFi4-NasAlFg-K3AlFg with the addition of LiF. Two local regions were under consideration. The
first case concerns the possibility of potassium and sodium cations replacing with lithium in the elpasolite
(K;NaAlFs) when LiF is added to the electrolyte. In the second, the effect of lithium fluoride on the
chiolite (NasAl;Fy,) was studied. The investigation was motivated by the need to control the composition
of the electrolyte during the electrolytic production of aluminum. The electrolyte samples were obtained
from the initial fluorides under laboratory conditions. Determination of crystal-chemical details of the
structure of solid solutions was carried out by the method of full-profile analysis (Rietveld method) on
multiphase polycrystalline samples. It was found that the addition of LiF in the structure of elpasolite
is accompanied by a gradual substitution of lithium for sodium with the formation, ultimately, of the
K,LiAlIF, phase with the lattice parameter a = 8.0779 A. Potassium is not subject to substitution. No
dissolution of LiF in the structure of cryolite (Na3AlFs) was found. It was shown that chiolite does not

form solid solutions with LiF upon crystallization.

Keywords: system Na;AlF¢-K;AIF-AlF;-LiF, electrolyte for aluminium production, solid solutions,
X-ray powder diffraction.
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TBepable pacTBOPHI B AJJIOMUHUEBBIX 3JIEKTPOJIHTAX

¢ yuactuem LiF
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A.C. Camoiinod, I1. C. Iyonnun®, O. E. Be3pykoa®,
A.H. 3asora®, C.T. Pyxuuxos®, U.C. SIxkumos®
“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
o0bocobnennoe noopasoenenue UL KHI] CO PAH
Poccuiickaa ®edepayus, Kpacnospck

*Cubupckuii pedepanvhbiii ynusepcumem

Poccuiickaa ®edepayus, Kpacnospck

AnHotanus. [IpeacraBiieHbl HCCIIEAOBAaHNS 00pa30BaHUs TBEP/ABIX PACTBOPOB B JIBYX JIOKAIbHBIX
obnactsax cucteMbl NasAl;Fi4-Na;AlFs-K;AlFg ¢ no6aBnenuem LiF. B mepBom cinydae paccMoTpeHa
BO3MOXXHOCTH 3aMEILEHUs] KaTHOHOB Kayiusi U HaTpus B anbnaconute (K,NaAlF¢) Ha nutuii npu
nobasieHuu B ekTponut LiF. Bo BropoM u3ydeHo BiusiHue Gropuaa mutus Ha XuoduT (NasAlzF4).
Wzyuenue propuiHON cUCTEMBI 000CHOBAHO HEOOXOMMOCTBIO KOHTPOJISI COCTAaBA AIIEKTPOJIUTA TIPU
JIEKTPONIM3E ATIOMHUHNUS. VccrenoBaHus OBbIITN BBITTOJTHEHBI HA 00pa3nax, Moy YeHHBIX U3 HCXOJHBIX
(dTOoprI0B B 1ab0paTOPHBIX ycloBusiX. OrnpeneseHne KpUCTaNIOXUMAYECKUX JIeTalleld CTPOCHHUSI TBEPJIBIX
PacTBOPOB MPOBEIEHO METOIOM HOIHONPO(HUIBEHOTr0 aHain3a (Metox Pursenbaa) Ha MHOTO(a3HBIX
HNOJIMKPUCTAIIINYECKUX 00pa3iax.

YcraHoBneHo, uTo npu obasnenuu LiF B cTpyKType 31blacoianTa IPOMCXOIHUT IOCTEIIEHHOE 3aMeleHHe
HaTpUs Ha JUTHI ¢ 00pa3oBaHueM B KoHeuHOM cueTte (a3bl K,LiAlFg ¢ mapameTpom pemieTku
a=8,0779 A. Kanuii ve noxsepraercs 3amemenuto. Pactopenus LiF B cTpykrype kpuonuta (Na;AlFy)

He oOHapyskeHo. [TokazaHo, 4YTO XMOIUT MPU KPUCTAIN3AIUH HE 00pa3yeT TBepAbIX pacTBOpoB ¢ LiF.

KuroueBble cioBa: cuctema NasAlFg-K;AlF4-AlF;-LiF, 21eKTpoauTsl 11 IPOU3BOACTBA ATIOMUHUS,

TBEpJbIC PACTBOPBI, TOPOIIKOBASI PEHTI€HOBCKAst AU(PAKIIHSI.

Hutuposanwue: 3aiiuesa, FO. H. TBepbie pacTBOPHI B aTFOMUHHEBBIX d1eKTpoauTax ¢ yyactuem LiF / FO. H. 3aiinesa, C. J{. Kupuk,
A.C. Camoiino u ap. // Kypn. Cub. dpenep. yura. Xumus, 2022, 15(1). C. 22-31. DOI: 10.17516/1998-2836-0268

Introduction
The Heroult-Hall electrolytic process [1, 2], used for the industrial production of primary aluminum,
is possible due to the dissolution of alumina in a fluoride-salt melt at a temperature of about 960 °C. For

more than 100 years, the compositions of the electrolytes used have been invariably based on the (NaF-
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AlF;) system in the crystallization area of cryolite (Na3;AlFs) and chiolite (NasAl;Fy,). Improvement
and optimization of electrolyte properties is carried out through the addition of various fluoride salts:
CaF,, MgF,, BaF,, KF, LiF [3, 4]. Some fluorides, such as lithium and potassium, can enter the bath
with alumina [5, 6]. In the last decade, there has been an increase in the number of publications devoted
to a detailed study of potassium-containing electrolyte [7—11]. For the efficiency of the electrolytic
process, the composition of the multicomponent melt requires rather fine control. Practice shows that
the most objective and accurate analysis of the electrolyte can be obtained on cooled samples [12]. It is
possible that this is one of the most motivating factors for a thorough study of the subsolidus region of
multicomponent diagrams of the type (AlF;-NaF-Me F; —-Me;F; ...).

Solid solutions are common in fluoride salt systems. Craig, D. F. and Brown, J. J. [13], describing
the equilibria in the CaF,-AlF;-Na3AlF; system, have indicated the presence of B-cryolite-based solid
solutions along the Na;AlFs-NaCaAlFs quasi-binary section. The homogeneity region of the solid
solution increased with temperature. Later, these data were confirmed by considering the quasi-binary
section CaF,-Na;AlF; [14].

According to [15], there were formed two regions of solid solutions in the Na;AlF4-Li3;AlF system
in the temperature range 540—720 °C. They were both on the basis of Na;AlFs and Li;AlFs. Below a
temperature of 540 °C, they decomposed into two compounds of constant composition Na3;AlF4 and
LiNa,AlFs. The formation of a solid solution region based on Na;AlFs was described in [16].

There was reported in the paper [17], that the binary section Na;AlF¢-K3AlFs was divided into two
subsystems by elpasolite (K,NaAlFs) with a melting point of 954 °C. Above the line of polymorphic
transformation of cryolite (542 °C), there were regions of solid solutions based on K,;NaAlFg and the
high-temperature form of Na;AlF. The polymorphic transition temperature decreased to 340 °C at the
composition shifted towards K,NaAlFs. The mixture of two individual phases Na;AlFs and K,NaAlF
was observed at room temperature.

The study of the NaF-KF-AlF; system in [18, 19] have shown small region of solid solutions based
on NasAl;Fy4. Potassium ions replaced sodium only in one of two crystallographic positions.

There were many studies, where only references or suspicions about the existence of solid solutions
were formulated. Comprehensive studies have not been undertaken. The presence of solid solutions
was often hidden by the temperature dependence and the width of the region of existence. As the result
there were no detailed descriptions of the solid solutions compositions. At the same time, detailed
information on the subsolidus area is important for solving applied problems. Data on the composition
of phases, including phases with a variable composition, are used to provide X-ray diffraction analysis
of the electrolyte composition during technological control [12]. Sampling for analysis is carried
out directly from the operating electrolysis bath at a high temperature. The sample cooling mode is
practically not controlled. It is obvious that the composition of the solid solution can vary.

This work presents the results of investigation of the solid solution formation in two local regions
of NasAlyF4-NasAlF-K;AlFg system when LiF was added to the electrolyte. Research topics arose
directly from the industrial practice of the electrolyte control by quantitative X-ray diffraction analysis.
The first topic is related to the possibility of potassium and sodium cations in the elpasolite to be
replaced with lithium when LiF have been added to the electrolyte. In the second topic, the effect of
lithium fluoride on chiolite is discussed. Earlier it was found [18, 19] that chiolite forms solid solutions

with the substitution of sodium for potassium. There was no information on the change in chiolite in



Journal of Siberian Federal University. Chemistry 2022 15(1): 22-31

the presence of LiF. The studies were carried out on samples obtained from the initial fluorides under
laboratory conditions. Determination of crystal-chemical details of the structure of solid solutions
was carried out by the method of full-profile analysis (Rietveld method) on multiphase polycrystalline

samples.

Experimental

Sample preparation. Initial substances NaF, AlF;, KF, LiF of reagent grade were used for the
synthesis of samples. Before synthesis, all the starting materials were calcined in a furnace at a
temperature of 400—450 °C for at least 1 hour. Stoichiometric weighed portions of NaF, AlF;, KF, LiF
were ground in an agate mortar, placed in the closed platinum crucible in the furnace at appropriate
temperatures and kept in the furnace for 30—50 min. before melting. Crystallization of the melts was
carried out by pouring the melt from the crucible into a massive metal cooled mold. The weight of the
samples was about 3 g. After complete cooling, the sample was removed and ground in an agate mortar.
Then, to achieve an equilibrium state, each sample was thermally treated at different temperatures.
The obtained materials were analyzed by X-Ray diffraction control at all stages of preparation. Weight
loss during heat treatment was in the range of 1.3—1.8 wt.%.

X-ray diffraction (XRD). X-ray powder diffraction data were obtained using CuKa radiation
on an X'Pert PRO diffractometer with a PIXcel detector equipped with a graphite monochromator
(PANalytical). The samples were ground in an agate mortar and prepared by direct filling of the
cuvette. Scans were carried out at room temperature in the range from 5 to 80 ° on the 20 scale, with a
step of 0.026 °, At — 50 s/step.

X-ray diffraction data processing. The crystal structures were refined from powder diffraction
data by full-profile analysis (Rietveld method) using the FulProf program [20] in the multiphase sample
mode. The coordinates and the occupancies of atomic positions were refined. The thermal parameters

of the atoms were refined in the isotropic approximation.

Results and discussion
1. Formation of solid solutions in the Na;AlFs—
K>NaAlFg system upon doping with LiF.

The presence of cryolite is the feature of electrolytes containing elpasolite after crystallization.
This is consistent with the data obtained by of thermal analysis [17], where a continuous region of solid
solutions were established above 500 °C. The solid solution decomposed into cryolite and elpasolite
below the indicated temperature.

The observed transformations can be considered from a crystal-chemistry point of view. There
two layers can be distinguished in the crystal structure of cryolite (Fig. 1a). The first is a mixed cation-
anionic layer and the second is a cationic one. Sodium cations in the first anionic layer (position 2b)
have a distorted octahedral environment with Na-F distances in the range of 2.227-2.282 A. Sodium
atoms (position 4e) in the second cationic layer, have a tetrahedral environment with Na-F distances
in the range of 2.29-2.35 A. From the point of view of the interatomic distances it seems unlikely to
expect the substitution of potassium for sodium in the indicated positions.

There is a characteristic detail of the low-temperature cryolite structure. The axis of AlFg

octahedron is inclined to the vertical unit cell axis (c) at the angle is 19.7°. As the temperature rises, the
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a

Fig. 1. Crystal structures: (a) — low-temperature form of cryolite (alpha-Na;AlFs), (b) — high-temperature form of
cryolite (beta-Na;AlF), (c) elpasolite K,NaAlFg, (d) LiNa,AlF,

axes of the octahedron are oriented along the axes of the cell. Above 500 °C, the octahedron axis has a
vertical direction. The transition to the high-temperature B-form is carried out in a continuous manner.
The symmetry group of the P2/n changes to Fm3m (Fig. 1b). The nearest environment of sodium in
position 4a forms an octahedron with Na-F distances of 2.283 A. The environment of the sodium 8¢
position from a tetrahedron is transformed into a cuboctahedron with Na-F distances of 2.85 A. The
resulting structure repeats the structure of elpasolite (Fig. 1c). The dimensions of the cationic cavities
are prone to isomorphic substitution of sodium for potassium. It explains the formation of a continuous
region of solid solutions.

The crystal structure of LiNa,AlF¢ (Fig. 2d) repeats the structure of the low-temperature cryolite
with a slight displacement of the second cationic layer, in which sodium is located. The similarity
of the structures encourages the expectation of a possible mixing of LiNa,AlFs with the structure of
elpasolite at high temperatures.

In this work, attention was paid to the changes in the crystal structure of cryolite and elpasolite at
high temperatures which could happened in a result of the subsequent addition of 5, 10, 15, 20, 25 wt.%
LiF to the electrolyte sample. The study was carried out on a series of samples lying on the Na;AlFq —
K,NaAlFg, annealed at 750 °C and at 450 °C.

The Figure 2 shows X-ray diffraction patterns of samples with the composition Na;AlFs/ K,NaAlF¢ =
= 60/40. After annealing at 750 °C, a cubic elpasolite phase with the unit cell parameter of 8.015 A was
dominated. The right-sided shoulders in diffraction lines (Fig.2) can be associated with the formation
of a small amount of cryolite, as a result of the partial decomposition of the solid solution during the
quenching of the sample. The X-ray diffraction pattern shows well-crystallized phases of elpasolite and
cryolite after annealing the sample at 450 °C. The lattice parameter of elpasolite essentially increases to
8.086 A. However it is slightly lower than that of the stoichiometric phase (8.118 A). Refinement of the
occupancy of the eight-fold cationic position leads to the composition 7.46K + 0.54Na.

After annealing at 750 °C elpasolite shown a tendency to increase the lattice parameter in the
range of 7.990-8.098 A upon transition in composition from Na;AlF, to K,NaAlF,. Annealing at
450 °C gave the change in the lattice parameter in a narrow range of 8.0840-8.098 A, which indicated
the absence of a continuous region of solid solutions at this temperature. Potassium in the eight-fold
cationic position was substituted for sodium by only 6 %, which was ~ 2 % in the structure as a whole.
Repetition of this value for other samples indicated the limiting composition of the solid solution. The

cryolite unit cell parameters were close to the parameters of a standard cryolite sample [21]. Refinement
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Fig. 2. X-ray diffraction patterns of the sample with composition Na;AlFs/K,NaAlFs = 60/40 at 450 °C (lower)
and 750 °C (upper)

of the cryolite structure did not reveal changes in the occupancy of cation positions for all samples.
The observed insignificant changes in the unit cell parameters, within + 0.02 A, should be attributed to
a change in the rotation of the AlFy octahedron. Above 500 °C, the cryolite structure turned out to be
adapted to replace potassium ions in sodium positions. As a result the wide area of a solid solution was
formed. At cooling, the solid solution area shrunk. Cryolite did not support the structure of elpasolite
without significant substitution of sodium for potassium. Because cryolite structure was rearranged
into a low-temperature form.

When LiF was added to elpasolite, there was observed a small regular shift of all lines on the
X-ray powder diffraction pattern to the far region with some change in intensity. With an increase in
the addition of LiF, small lines related to NaF appeared on the X-ray diffraction patterns. It was difficult
to judge about the presence of LiF, since the positions of the LiF lines were overlapped by the elpasolite
lines. In the considered limit of concentration changes, the appearance of new multicomponent phases
does not occur. Refinement of the lattice parameters was carried out by the method of full-profile
fitting of X-ray diffraction patterns (LeBail method). Table 1 and the graph in Fig. 3 show the refined

lattice parameters.

Table 1. Lattice parameters of the main phase in the samples of the series K,NaAlFs + 0,5,10,15,20,25 wt.% LiF

LiF, wt.% Unit cell parameter a, 4
0 8.1179
5 8.1057
10 8.0934
15 8.0841
20 8.0794
25 8.0779
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Fig. 3. Graph of changes in the lattice parameter of elpasolite versus the concentration of LiF additive

The lattice parameter decreases with an increased with the amount of lithium fluoride. Two
zones could be distinguished on the graph. The first zone with a LiF contented of up to 12—15 wt.%
represented a linear decrease in the lattice parameter. The boundaries of the zone corresponded to the
complete substitution of lithium for sodium: K,;NaAlFs — K,LiAlFg. The second zone was flat and
indicated the completion of the replacement process. It can be concluded that elpasolite interacts with
LiF with the substitution of lithium for sodium. The depth of substitution corresponds to one sodium
atom, that is, no further substitution is observed.

Thus, the composition of a multiphase mixture with the participation of cryolite and elpasolite
upon heating obeys the following regularities. At temperatures below 500 °C, cryolite does not change
its composition. Above 500 °C, a second-order phase transition occurs in its crystal structure, which
consists in a change in the orientation of the AlF4s octahedra along the c axis. The restructuring is
completed by the high-temperature B-form of cryolite. At temperatures above 700 °C in the presence of
KF or an elpasolite phase in the system, the process of dissolution or equalization of KF concentration
occurs according to the diffusion mechanism. Ultimately, a continuous region of solid solution appears
in the system based on the elpasolite structure. Upon rapid cooling, B-cryolite transforms into a-
cryolite, the solid solution decomposes into a-cryolite and a solid solution based on elpasolite with an
excess of sodium content of about 2 %. With the addition of LiF, sodium in the elpasolite structure is
gradually replaced by lithium with the formation, ultimately, of the K,LiAlFs phase with the lattice
parameter a = 8.0779 A. Dissolution of LiF in the structure of cryolite Na;AlF; was not detected.

2. Interaction of chiolite with LiF

Chiolite NasAl;Fy, is the main component in cold sample of acidic electrolyte. It is likely that
chiolite should be active with respect to the «basic» additives of the LiF type introduced into the
electrolyte. Two variants of interaction of chiolite with LiF can be assumed. The first is the formation

of a chiolite-based solid solution. The second is the interaction with LiF and the formation of new
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Fig. 4. X-ray powder diffraction patterns of the products of NasAl;F4 + 5, 10, 15, 20 wt.% LiF interaction. Chiolite
reacted with LiF to form new phases

phases. The formation of a solid solution based on chiolite was previously observed when part of
sodium was replaced by potassium [18, 19]. Refinement of the crystal structure using X-ray powder
diffraction data showed that the substitution of sodium for potassium occurs only in the 2-fold position
of sodium by ~ 40 %. The limiting dissolution does not exceed 5 % (wt.) KF. The solid solution is
stable in the range from melting temperature to room temperature.

To clarify the nature of the interaction, a series of samples of chiolite with LiF was synthesized.
Figure 4 shows X-ray diffraction patterns of the synthesis products.

Samples of the series with an increasing amount of LiF have shown that chiolite did not form solid
solutions. The interaction even with a small amount of LiF led to the appearance of the LiNa,AlF
phase. It could be observed on the X-ray diffraction patterns that chiolite disappeared (maximum peak
at 30.70°), a group of peaks (20-21°), corresponding to LiNa,AlF appeared. «Unreacted» chiolite
retained its unit cell parameters. Further increasing LiF amount, resulted with LiNa,AlFg, Li;Na(AlFs),
crystallization. When the amount of LiF is more than 20 % (wt.), LiNa,AlFg, Li;Na;3(AlFs), and traces

of LizAlFs were observed in the reaction products.

Conclusion

Thus, crystallization of K,NaAlF from melted electrolyte in the presence of LiF in the melt

finishes with the formation of a solid solution of the composition K,Na,  Li,AlF¢. The boundaries of the
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region of solid solutions allow complete replacement of sodium by lithium. Potassium is not subjected
to substitution. NasAl3F), during crystallization does not form solid solutions with LiF. LiNa,AlF
initially crystallizes from acidic melts (KO < 2.3) in the presence of LiF. At a high concentration of
LiF, along with LiNa,AlF,, Li;Na;(AlFs), and Li;AlF, crystallize.
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Abstract. Polyvinyl Alcohol hydrogel has promising applications in numerous biomedical, biomaterial,
and tissue engineering. However, it has poor conductive properties, restraining its development within huge
fields such as bio-signals acquisition systems, thermal stability, and drug delivery. Adding Graphene as a
nanofiller will produce PVA/Borax/Graphene nanocomposite hydrogel, which is an excellent procedure
to significantly improve the conductive properties of PVA. The toxicity will not affect the nanocomposite
while very well-dispersed graphene will significantly improve the thermal and conductivity stability
of the nanocomposite. In this study, we investigated the performance of a newly prepared conductive

hydrogel gel using the freezing/thawing method.
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AnHoTanus. ['maporens u3 noxuBuauIoBoro cnupra (IIBC) npuMensercs Bo MHOTHX 007acTsIX
OMOMeIMIIMHBI, OMOMaTepHajIoB U TKaHEBOW nHkeHepur. OHAKO OH 001aaaeT cIadbIMU TPOBOJISIIIUMH
CBOMCTBaMH, UYTO CACPKUBAET €r0 Pa3BUTHE B TAKUX 00JIACTAX, KAK CUCTEMBI cOOpa OMOCHTHAIIOB
WJIHM JTocTaBKa JiekapcTB. Jlo6aBieHue rpadeHa B KaueCTBE HAHOHATIOIHHUTEIISI TO3BOJIUT HOJIYUUTh
HaHOKOMIIO3UTHBIHA rujporens (IIBC / Gypa / rpaden), 4To 3HAYMTETBHO YITydIINT IIPOBO/ISIIIE CBOHCTBA
IIBC. HaHOKOMIIO3UT HE TOKCHYEH, a XOPOIIIO AUCIICPTUPOBAHHBIN rpad)eH 00ECICUUT TEPMUUCCKY IO
CTaOMIIBHOCTD M IIPOBOANMOCTD. B TaHHOM Hcclie[oBaHNHT MBI TTOKa3aIH 3(GEKTHBHOCTH ITPOBOSIIETO

Tuaporesia ¢ UCIOJIb30BAHUEM METOAA 3aMOpaKUBaHU A / OTTanBaHM.

KiroueBble ¢JI0BA: ITOJIMBUHHUIIOBBIN CIIUPT, MIOJIUBUHHUJIAICTAT, HAHOKOMIIO3UT «MOJTUBUHUJIOBBIN

cupT — Oypa — rpaden», okcua rpaduTa, MUKPOIIEKTPOMEXaHUUECKIE CHCTEMBI.

Baarogapuoctu. Ocobas 6maronapaocts Mumens Puuapic, coodmecTBy bpumknoprckoro
yHHuBepcuTeTa; Bpayam, nH)KeHepam 1 0COOCHHO JienapTaMeHTy OMOMEIUIIMHCKONH HHIKEHEPHH.
Crnacu6o corpyaaukam Onosornueckoro axynsrera, ocooenno @penepuky Peppapo, Z0KTOpy
Py6ann66y-I1laxune, noxropy Hatanu Pomano u nokropy Crepmxunoconducy 3a ux moMolllb U COBETHI,

NpeaAOCTaBJICHHLIC B I_[eHTpe COBMECCTHBIX 6I/IOM€I[I/II_[I/IHCI(I/IX HCCHG,I[OBaHHﬁ.

Hurtuposanue: baraiinex, J[>k. M. DIeKTpoCTUMYIHPOBAHHBIN THAPOTreb (MOJMBUHHUIOBBIN CIUPT-0ypa-rpaden) s
BBICBOOOKICHUA 1 JocTaBKH JiekapeT / Jk. M. Baraiinex, A.M. Anbkynax / XKypn. Cub. denep. yH-ta. Xumus, 2022, 15(1).
C. 32-44. DOI: 10.17516/1998-2836-0269

Introduction

In several biomedical and pharmaceutical application, hydrogels are massively applied for biomedical
engineering, biomaterial, and tissue engineering studies, because of their biodegradability, biocompatibility,
non-toxicity, high water content, and other desired attributes [1]. The increasing usage of hydrogels in
electrical applications, leads to studies that focus on the poor conductive properties of hydrogels. The
uses and applications of hydrogels are limited because they are typically non-conductive and cannot be
controlled using electrical stimulation. Enhancing the conductive properties of hydrogels are applicable
by providing additives with high conductive characteristics such as metallic nanoparticles, different

formations of carbon, and conductive hydrogels [2]. These additives contribute by embedding physically
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into aqueous gel solutions in order to form new propagation for these components as electrical paths
within the hydrogel network.

Graphene has been vastly utilized to improve the electrical conductivity of hydrogels, while
additionally improving thermal, stiffness, and mechanical properties [2, 3]. Specific mechanisms
to fabricate a graphene-based polymer are still unclear, however, conductive hydrogel composite
requires the construction of a three-dimensional network of interconnected graphene that can
improve the electrical conductivity of hydrogel [3]. Two main obstacles for graphene-based hydrogel
are, the difficulty of well-dispersion of graphene within hydrogel network because of the strong
intermolecular interactions between the two-dimensional sheets of graphene, and large specific
surface area of polymeric hydrogel networks. And a percolation limitation occurs at low filler content
and polymer chains surround graphene sheets stopping them from reaching to mixture percolation
limits [2, 3].

This study introduces an experiment to fabricate Polyvinyl Alcohol/Borax/Graphene (PVA/B/G)
hydrogel using freezing/thawing method and testing its conductivity. PVA hydrogels are viscoelastic,
semi-solid, soft, cross-linked three-dimensional networks containing hydrophilic chains capable of
holding large quantities of water [1]. PVA can form chemical and physical cross-linked networks
because its repeating molecular unit possesses hydroxyl groups [1], [4]. The freezing/thawing method
avoids the use of chemical additives and any modification of bioactivity or toxicity agents [5]. This
method is responsible for physical crosslinking in PVA hydrogel networks and allows for more control
of the degree of crystallization by increasing cycling numbers. Using Borax as a crosslinker improves
the intermolecular hydrogen bonding between hydroxyl groups in PVA chains [1, 4, 6].

The best way to describe the crystalline structure of PVA (Bunn investigated in detail the
crystalline structure of PVA) on the molecular scale is to visualize PVA's crystallin as a double layered
structure. These layers are held together by Van der Waals interactions. The double layers within
the PVA's crystalline itself are held together by the formation of acetal bridges between the hydroxyl
groups [1], [7]. Additionally, PVA chains have amorphous matrixes that give it overall shape, but
the PVA crystallites are ordered randomly in small regions. Freezing/thawing method is a Physical
crosslinking method because it avoids chemical additives and any modification of bioactive agent
and the toxicity [6].A study was done by Lawrence et al, shows borate ions formed after dissolving
Borax in water have high potential to bond chemically with PVA chains and form crosslinked PVA-
Borax hydrogel [6, 8]. Borax as a crosslinker, assists the submitting of negative charge that supports
the intermolecular hydrogen bonding between the hydroxyl groups on the PVA matrices [8, 9]. At

appropriate concentrations, Borax dissociates into boric acid and borate ions according to the equation:
Na,B,0, + 7H,0 < 2B(0OH); + 2B(OH); + 2Na*

The bond between PVA and Borax is formed between two diols units, one from PVA and one
borate ion from Borax, and this cross-linking between PVA and the cross-linker is called di-diol
complexation [2], [10]. The PVA/Borax reaction can be simplified into two main reactions; mono-dial
complexation and cross-link di-diol complexation. Mono-dial complexation causes the cross-link di-
diol complexation to behave as a polyelectrolyte (Fig. 1). The intramolecular structure of PVA/Borax
hydrogel relies on balance of interactions between polymer-polymer and polymer-solvent units and the

concentration of PVA and Borate ions [11]. Specifically, the existence of cross-link di-diol complexation
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Fig. 1. Gelation mechanism in PVA/Borax hydrogels

reduces the chain dimensions, and the existence of electrostatic charge forms repulsive force between
mono-diol units increasing the chain deformation [8, 12]. According to Leibler et al, the structure of
PVA-Borax hydrogels depend on these five factors [11]; (1) the excluded volume effect of polymer
chain, (2) the charge repulsion among crosslink sites, (3) the intermolecular crosslinking reactions of
PVA with borate ions, (4) the intramolecular crosslinking interactions of PVA with borate ions, and (5)
the electrostatic screening effect exerted by free Na* ions on the negative charged crosslink regions.
The 1st and 2nd factors increase the polymer chain size while 4th and 5Sth factors decrease the polymer
chain size [14].

Graphene is a crystalline allotrope with a two-dimensional single layer sheet, one carbon atom
thick, sp? orbital hybridization, possessing hexagonal lattice, and the specific surface area of 2360 m?g’!
Graphene consists of two different bounds, ¢ and n-bond, o-bound with three neighbors and one 7t-
bond which is oriented out the plane. The distance between the atoms is about 1.42 A. Graphene has
extremely high conductivity due to its zero-overlap semimetal, which means both atoms and holes
work as charge carriers [15]. In order to reach the optimal degree of enhancement for polymers using
Graphene, there are two main factors; (1) well-dispersion of Graphene and strong intermolecular
interactions of Graphene with polymeric matrix and (2) high filler content is required [2]. When
comparing to the dispersion of Graphite Oxide (GO), GO is easier to be dispersed and exfoliated because
GO is functionalized with oxygen, which chemically interacts stronger to the PVA matrix. In other
cases, Graphene is more difficult to be dispersed and exfoliated because of Van der Waals interactions,
which allow Graphene to re-agglomeration effortlessly [2]. Boa et al investigated PVA nanocomposites
focused on GO and Graphene and their enhancement properties. One of the strategies to improve the
Graphene dispersion in the PVA matrix is using molecular functionalization. These functional groups
easily bond with the hydroxyl groups of the PVA matrix and improve the dispersion of Graphene
[15]. However, this strategy disrupts the formation of electrical connections between Graphene sheets.
Thus, undesirably impacting the conductivity of PVA hydrogels. Another alternative and more suitable
strategy would be to disperse Graphene in a favorable solvent before mixing Graphene with PVA.
Hydrogen bond is mainly responsible for the enhancement of specific surface area and load transfers
between the PVA matrix and Graphene or GO. Figure 2 shows rich oxygenated functional groups in
GO, which are responsible for good formation of well-dispersion and strong hydrogen bonding within
the PVA matrix. According to the previous facts, GO is supposed to improve PVA hydrogel properties,
but the same study has shown opposite results. The better enhancement accrued to nanocomposites

based on dispersed Graphene, especially for mechanical properties [15].
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Fig. 3. XRD traces of GO, Graphene, and PVA nanocomposites

Figure 3 shows the XRD examination for Flake graphite, GO, Graphene, PVA, PVA/GO-1.6,
and PVA/Graphene-1.6. There is an obvious sharp peak of the Graphite trace, showing diffraction of
(001). Below that, on the GO trace, the sharp peak location disappeared, and another peak appears at
a different position, which indicates the increasing of interlayer spacing of GO. The Graphene trace
shows no peaks, which indicate the long-range disorder of Graphene. The PVA, PVA/GO-1.6, and
PVA/Graphene-1.6 traces show the same peak positions with pure PVA after the incorporation of
GO and Graphene, which indicates that PVA polymers maintain their local network structures. The
disappearance of the GO peak after incorporation with PVA indicates the exfoliation of GO into the
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PVA matrix. The PVA/Graphene-1.6 trace shows a sharper and higher peak than PVA and PVA/GO-1.6.
The higher and sharper peak represents the stronger enhancement of PVA crystallinity compared to
the enhancements of PVA and PVA/GO-1.6, overall, a greater improvement of PVA properties.

Figure 4 shows the TEM examination of (a) PVA/GO-1.6, and (b) PVA/Graphene-1.6 to assess
the dispersion and exfoliation of GO and Graphene nanosheets within the PVA matrix. The lines
in the figure represent the side views of GO and Graphene nanosheets. The well-dispersion of GO
and Graphene in PVA structures are evident to observe, but partially homogenous dispersion is best
observed in magnified images. In figure 4, the thickness of the observed lines, indicates the number
of layers of GO and Graphene. The thickness of GO lines is between 2—4 nm, which indicates that the
line contains | to 3 nanosheets. The thickness of Graphene lines is between 17-40 nm, which indicates
that the re-agglomeration of Graphene occurred. In the small nanosheet scale, the re-agglomeration
occurs because of the strong Van der Waals interaction between Graphene nanosheets. Because of the
absence of functionalized groups in Graphene such as epoxy, hydroxyl and carboxyl, the formation
of hydrogen bonding between Graphene nanosheets and PVA matrix in insufficient to balance Van
der Waals interaction between Graphene nanosheets. However, in case of GO dispersion, oxygenated
functionality is rich, thus there are more formations of hydrogen bonding. Van der Waals interactions
are balanced and form better exfoliation and dispersion [15].

Essentially, there are five factors that impact the improvement of mechanical properties for
PVA nanocomposites [15,16]. First, (1) the hydrogen bonding between the GO/Graphene nanosheets
and the PVA matrix, and (2) the hydrogen bonding between the PVA chains. These first two
factors are particularly important for PVA nanocomposites and the enhancement of mechanical
properties. Due to the hydrogen barrier effect, the hydrogen bonding between the PVA chains will
reduce in PVA nanocomposites. Additionally, the hydrogen bond reduction effect will occur in
PVA nanocomposites, because of increasing hydrogen bonding between the PVA matrix and GO/
Graphene. The remaining factors are (3) the crystallinity of PVA, (4) the mechanical strength of
GO/Graphene nanosheets, and (5) the dispersion of GO/Graphene nanosheets in PVA hydrogels.
Indeed, these five factors are used to tradeoff between mechanical enhancements in PVA hydrogels,
depending on how the GO/Graphene nanosheets are utilized.The electrical conductivity of PVA
nanocomposites were investigated using a high resistance meter. The conductive behavior of PVA/
GO/Graphene nanocomposites are shown in Figure 5. According to the study, enhancement of

conductivity has been achieved by increasing 7 orders in PVA/Graphene-1.6. The improvements

Fig. 4. TEM examination of (a) PVA/GO hydrogel, and (b) PVA/Graphene hydrogel [15]
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Fig. 5. The conductive behavior of PVA/GO/Graphene nanocomposites

are related to the conducting co-network formed by Graphene dispersion. Figure 5 shows less
improved conductivity for dispersed GO, this is related to the damage caused by the functional

oxygenation of GO for the disrupted conjunction and lattice.

Materials

Polyvinyl Alcohol was purchased from SIGMA-ALDRICH company. White powder form, ranges
between 85,000-124,000 g mol!, 99+% hydrolyzed [17]. Borax was purchased from CAROLAINA
company. White powder form is 381.42 g mol"!, and the Formula is [Na,B,0; - 10H,0] [18]. Graphene
Nanoplatelets were purchased from SIGMA-ALDRICH company. Dark black powder form is
12.01 g mol', 10 (+/-5) Qsq™! (for a 25 pm film) [19, 20]. All the chemicals were analytical grade and

used as received.

Preparation of Graphene Borax suspensions

Ultimately, for this experiment, a total of nine SOmL PVA/B/G sample were prepared. All 9
sample were made with constant concentrations of Borax. Then divided into 3 sets, where there were 3
different concentrations of PVA (2 wt%, 3 wt%, and 4 wt%). And within each set of PVA concentration,
there were 3 different concentrations of Graphene (none, 0.005 wt%, and 0.025 wt%). See table 1.

Due to the difficulty of handling small amounts of Graphene, the samples with Graphene
concentrations were prepared first, as aqueous Borax/Graphene solutions. Two separate solutions were
prepared, one Borax/Graphene solution for each Graphene concentration (0.005 wt%, and 0.025 wt%).
For example, in the case of the 50 mL-sample with 0.005 wt% of Graphene, the required Graphene
weight would be 2.5 mg. In addition to being extremely difficult to weigh, most of the 2.5 mg of
weighted Graphene would adhere to the plastic sample container. To resolve the adhesion issue and
for easier handling, a 10x larger-volume aqueous Borax/Graphene solution was prepared with a

proportional concentration of Graphene. In the same example, preparing a 250 mL aqueous Borax/
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Graphene solution would require 25 mg of Graphene. And 25 mg of Graphene can be more precisely
measured and more easily handled, than 2.5 mg. Then taking 25 mL from the 250 mL solution would
yield the desired Borax and Graphene concentrations, ultimately need for the 50 mL PVA/B/G sample.
This methodology was used for both Graphene concentrations. Two 250 mL aqueous Borax/Graphene
solutions were prepared as follows: (1) Borax-0.6 wt%/Graphene-0.01 wt% sample, 250 mL water +
1.5 g Borax + 25 mg Graphene. (2) Borax-0.6 wt%/Graphene-0.05 wt% sample, 250 mL water + 1.5 g
Borax + 125 mg Graphene.

Each 250mL Borax/Graphene sample was placed on a magnetic stirrer hotplate for 20 minutes
and kept at a temperature of 50 °C (see Fig. 6).

As an added benefit, this method ensures a homogeneous Borax/Graphene solution without the

possibility of Graphene sedimentation.

Fabrication of PVA-B-G hydrogels

Each 250mL-PVA/B/G sample was placed on a magnetic stirrer hotplate for 4 h and continuously
stirred at a rate of 600 rpm and a temperature between 75 and 80 °C. Each sample was sonicated for
30 minutes at 50 °C. Then the samples were poured into cylinder-shaped molds (65 mm diameter,

17 mm high). Each sample was subjected to five freezing/thawing cycles, freezing for 24 h at a

Table 1. Parameters of PVA/B/G samples in order based on variable concentrations of PVA, Borax, and graphene

Sample PVA Borax Graphene
PVA-2.0/B-0.3 2wt%(1.0 g) 3wt% (0.15 g) 0
PVA-3.0/B-0.3 3wt% (1.5 g) 3wt%(0.15 g) 0
PVA-4.0/B-0.3 4wt%(2.0 g) 3wt% (0.15 g) 0

PVA-2.0/B-0.3/G-0.005 2wt%(1.0 g) 3wt% (0.15 g) 0.005wt%(2.5 mg)
PVA-3.0/B-0.3/G-0.005 3wt%(1.5 g) 3wt% (0.15 g) 0.005wt%(2.5 mg)
PVA-4.0/B-0.3/G-0.005 4wt%(2.0 g) 3wt% (0.15 g) 0.005wt%(2.5 mg)
PVA-2.0/B-0.3/G-0.025 2wt%(1.0 g) 3wt%(0.15 g) 0.025(wt%25 mg)
PVA-3.0/B-0.3/G-0.025 3wt%(1.5 g) 3wt%(0.15 g) 0.025wt% (25 mg)
PVA-4.0/B-0.3/G-0.025 4wt%(2.0 g) 3wt%(0.15 g) 0.025wt% (25 mg)

Fig. 6. Borax-0.6/Graphene-0.01 sample (Left), and Borax-0.6/Graphene-0.05 sample (Right)
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temperature of —20 °C and then thawing for 3 h at room temperature. All samples eventually reached

the desired sample volume of 50mL to begin the test portion of the experiment.

Electrical Examination

A digital multimeter was used to measure the resistances of all the PVA/B/G hydrogel composites.
The PVA/B/G hydrogels were connected within built electrical circuits, through which electrical
currents were passed to observe the breakdown of the PVA/B/G hydrogels. As the voltage increased up

to 64 V, a digital multimeter was used to monitor the values of the electrical currents.

Results and discussion

Results were documented with photographs during various stages of the experiment. Freezing
and thawing states of the hydrogels, the application of electrical voltage, and the meter readings of the
resistances of the hydrogels. Figure 7 shows the final freezing cycle of the PVA/B/G hydrogels. The
morphology of the PVA/B/G hydrogel was observed with the increasing PVA concentration, as shown
by the increased density of the lines passing through the samples. Samples #1, #2, and #3 show the
results of increasing PVA concentrations. These samples contained no Graphene and thus the changes
in morphology can be attributed to the increasing of PVA concentrations. Additionally, freezing cycles
were beneficial in that they reduced air bubbles in all samples.

Figures 8 show the PVA/B/G hydrogel samples in thawed states after five freezing/thawing cycles.
Each frame contains an aerial view with a side view pictured below. The side is used to best view and
evaluate the existence of air bubbles. Compared to the other samples, samples #3, #6, and #9 contained
more air bubbles due to their having the highest PVA concentrations. The high PVA concentrations
of these samples made them more difficult to stir as volume decreased and more difficult to rid of air
bubbles.

sample #1 sample #2 sample #3 sample #4 sample #5

sample #6 sample #7 sample #8

Fig. 7. Last freezing cycle of PVA/B/G hydrogels; sample #1: PVA-2/Borax-0.3, sample #2: PVA-3/Borax-0.3,
sample #3: PVA-4/Borax-0.3. Sample #4: PVA-2/Borax-0.3/Graphene-0.005, sample #5: PVA-3/Borax-0.3/
Graphene-0.005, sample #6: PVA-4/Borax-0.3/Graphene-0.005, sample #7: PVA-2/Borax-0.3/Graphene-0.025,
sample #8: PVA-3/Borax-0.3/Graphene-0.025, and sample #9: PVA-4/Borax-0.3/Graphene-0.025
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Figure 9 shows the resistance readings of two different hydrogel samples, one without dispersed
Graphene (Figure 9, left) and one with dispersed Graphene (Figure 9, right)., When comparing the
resistances of the two hydrogels, the PVA/B/G hydrogel resistance reduced by approximately 1:23
compared to the PVA/B hydrogel resistance. This indicates that the dispersion of Graphene into PVA/B
hydrogel enhanced the electrical conductivity of the hydrogel. The incorporation of Graphene into the

Fig. 8. PVA/B/G hydrogels in the thawed state after five freezing/thawing cycles; sample #1: PVA-2/Borax-0.3,
sample #2: PVA-3/Borax-0.3, sample #3: PVA-4/Borax-0.3. Sample #4: PVA-2/Borax-0.3/Graphene-0.005,
sample #5: PVA-3/Borax-0.3/Graphene-0.005, sample #6: PVA-4/Borax-0.3/Graphene-0.005, sample #7: PVA-2/
Borax-0.3/Graphene-0.025, sample #8: PVA-3/Borax-0.3/Graphene-0.025, and sample #9: PVA-4/Borax-0.3/
Graphene-0.025

Fig. 9: measuring PVA/Borax hydrogel resistance (Left) and PVA/B/G hydrogel resistance (Right)
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Fig. 10. Photographic picture shows the breaking of hydrogel after the applied electrical stimulation

PVA/B hydrogel formed new electrical paths throughout the hydrogel. When connecting the PVA/B/G
hydrogels to the test electrical circuit, the hydrogels generated a measurable electrical current starting
at approximately 5V of applied electrical voltage. There was no detectable current for applied voltages
less than 5V. When applying the maximum electrical voltage of 64V, the generated electrical current
was approximate 15 mA

When applying the electrical voltage, there was noticeable physical breaking in the PVA/B/G
hydrogels. The formation of air bubbles on one side (negative side), which indicate the increasing of the
thermal energy in the PVA/B/G hydrogels. And the propagation of green color throughout the PVA/
B/G hydrogels, starting from the positive side to the negative side (Fig. 10 center). The occurrence of
the green color was an anticipated result of the Copper wire being dissolved in the PVA/B/G hydrogel.

Therefore, in figure 12 right, we can see the occurred breaking by electrical voltage on the hydrogel.

Conclusions

By incorporating polymeric hydrogels with certain types of electrical nanoparticles, some
nanocomposites can be enhanced electrically and mechanically. Researchers have reported in many
studies the improvements of these hydrogels and the novel fields they can be applied to, especially
drug-releasing and delivery. This experiment introduced an improved novel conductive hydrogel for
drug delivery, using Polyvinyl Alcohol (PVA), Borax, and Graphene nanoplatelets. All these additive
materials are biodegradable, biocompatible, and hydrophilic, which makes them ideal candidates for
nanocomposites providing a perfect enhancement of conductivity. On a test electrical circuit, the
combination of these ideal nanocomposites plus utilizing the freezing/thawing cycle method showed
that PVA/B/G hydrogels support well-dispersed Graphene. And well-dispersed Graphene creates
good electrical electron paths with the hydrogel. The dispersion of Graphene significantly reduces the
resistance of PVA/B hydrogels.
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CopOuusi HOHOB MeH U3 230 THOKHCJIOT0 PacTBopa
3JIEKTPOJTUTHYECKOT0 padpuHIpoBaHus cepedpa

HA XeJIATHPYHIOIIYI0 cMoay Axionit BPA

C.A. AneiiHuKoB?,

H. B. Ilonomapenko?, I. A. Copkunona®
“A0«Axcuon — Peoxue u /[pacoyennvie Memannvly
Poccuiickaa ®eoepayus, [lepms

*Cubupckuii pedepanvhviii ynusepcumem
Poccuiickaa ®edepayus, Kpacnospck

AnHoTaumsi. B crarbe paccMOTpeH COpOLIMOHHBI CIOCO0 U3BJICUSHHSI HOHOB ME/IM U3 MOJICIBHOTO
A30THOKHUCIJIOTO PacTBOpa Ha OCHOBE JIEKTPOIUTHUSCKOTO padyMHUPOBaHUS cepeOpa Ha COPOCHTHI C
OMC-TTMKOJIMIIAMUHOBBIMU (DyHKLIMOHAIBHBIMU rpynnamu: Dowex M-4195 u AXIONIT BPA. Tlokazana
BO3MO)KHOCTB U3BJICUCHUS MEITU JI0 OCTATOYHBIX KOHIICHTpAIHii B pacTBope MeHee 10 mr/n. Ompenencna
paboyasi eMKOCTh 000MX 00PA3IOB B CTATHYCCKUX YCIIOBHUSX, @ TAK)KE TUHAMHYCCKAs OOMEHHASI EMKOCTh
U TTOJTHAS AMHAMUYeCcKas OOMEHHAsI eMKOCTh B JUHAMAYECKHX yCIoBHAX. [Ioka3aHo BIMSHIE CKOPOCTH
MOJIa4u PacTBOPA B KOJIOHKY Ha KUHETUKY copounu nonos meau Ha AXIONIT BPA. HccnenoBana
BO3MOXKHOCTH Jiecopounu Menu pactBopoM 3 %, 5 % NH,OH, a Takke onpoOoBaHa qIByXCTaguitHAs

cxema gecop6muu meau: 5 % u 10 % pacTBOpOM rHAPOKCUIA AMMOHHUSI.

KuaroueBble cjioBa: copOIus, MeIb, dJEKTPOJIHT, AECOPOIIHSI.

Luruposanue: Aneiinukos, C. A. CopOLusi HOHOB Me/H 13 a30THOKHCIIONO PacTBOPa JIEKTPOIUTHYECKOTO paQpUHUPOBAHHUSI
cepebpa Ha xenatupylomyio cMony Axionit BPA / C. A. Aneiinukos, U. B. Ilonomapenko, I'. A. Copkxunona // XKypu. Cuo.
dbenep. yura. Xumus, 2022, 15(1). C. 45-56. DOI: 10.17516/1998-2836-0270

Introduction

According to [1] for 2015, almost 30 % of the world's silver is mined incidentally from polymetallic
ores. This type of raw material creates difficulties in obtaining refined silver, in particular, at the stage
of electrolytic refining. The largest proportion of impurities in the silver electrolyte is copper. In small
quantities, copper is not able to affect the technological parameters of silver electrolysis, however, with
repeated using of the electrolyte, copper inevitably accumulates in the electrolyte and can significantly
degrade the quality of the obtained silver, when copper concentration reaches critical level. One of the
possible ways to remove copper from silver electrolyte is sorption.

It iswell known that sorbents with bis-picolylamine (BPA) functional groups are able to efficiently
extract copper from neutral and acidic solutions [2], [3], [4]. The structure of the bis-picolylamine
functional group is shown in Figure 1.

The sorption of copper ions on sorbents of this type occurs due to the formation of stable chelate
complexes with bis-picolylamine functional groups. The reaction of sorption of copper from nitric acid

solutions on BPA can be represented as follows:



Journal of Siberian Federal University. Chemistry 2022 15(1): 45-56

/
Sl

R—CH,—N

Fig. 1. Structure of the bis-picolylamine functional group
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Fig. 2. Interactions of DowexM-4195 with Cu (II) (pH = 2) [2]

The feature of sorbents based on BPA is that even at low pH values, nitrogen atoms of pyridyl
groups are not protonated, due to the low pKa = 3.5 [5], which makes it possible to extract copper from
acidic solutions. Robert Grinstead [5] established the dependence of the absorption constant on the pH
of the solution for some ions of transition metals, including copper (Fig. 3). As can be judged from the
curve for copper (Fig. 3), the efficiency of sorption from solutions with pH <2 decreases. In this regard,
for the most complete removal of copper from acidic solutions, it is necessary to adjust the pH of the
solution being purified.

Since ion exchangers with BPA functional groups are able to adsorb Cu (II) ions even from acidic
solutions, copper desorption is possible only under conditions when a more stable complex is formed
than Cu-BPA, or in a highly acidic medium, in which protonation of pyridine nitrogen is possible. In
the first case, desorption is carried out with an ammonia solution due to the high stability of copper
ammonia, and in the case of acidic desorption, sulfuric acid is usually used.

Sulfuric acid desorption involves the need to pass large volumes of H,SO, solution for the most
complete desorption. In [6], to achieve 99 % of the degree of copper desorption, the consumption
of 4M sulfuric acid was 30 ml per 1 g of resin.The possibility of ammonia desorption of copper was
shown in [7] and [8]. In [7], the desorption of copper from Dowex XFS 4195 was carried out with
2 % ammonium hydroxide, while more than 90 % of copper was desorbed while passing 15 column
volumes of ammonia solution. The authors of [8] carried out a two-stage copper desorption with Dowex
M-4195: first, 10 BV of 1M H,SO, was passed, then 10 BV of 4M (7 %) NH,OH at a flow rate about
2 BV/h, while 99 % of copper was desorbed. Desorption of copper by ammonium hydroxide solution
is carried out according to the reaction (Fig. 4):

Under these conditions, stable copper tetraamine nitrate are formed, and nitrogen atoms are in the

form of a free base and are not able to exchange ions.
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Fig. 4. Scheme of desorption of copper by ammonium hydroxide from BPA functional groups

The objectives of this work: to investigate the possibility of cleaning the silver electrolyte from
copper ions by sorption on ionite with bis-picolylamine functional groups, to determine the capacity of
the sorbent under static and dynamic conditions, to determine the coefficient of separation of copper
and silver by sorption under dynamic conditions, to select the optimal parameters of sorption and

desorption for a more complete separation of copper and silver.



Journal of Siberian Federal University. Chemistry 2022 15(1): 45-56

Materials and methods

To study the sorption of copper, we used sorbent samples with bis-picolylamine functional groups:
DOWEX ™ M-4195 (Dow Chemical Company, USA) and AXIONIT BPA (JSC «Axion — Rare and
Noble Metals, Russia).

For experiments on saturation under batch and dynamic conditions, a model solution was prepared,
simulating a silver electrolyte and containing copper and silver. The model solution was prepared by
dissolving AgNO; and Cu(NOs), in 4 % HNOs, and the pH of the solution was adjusted by the adding
of dry NaOH to pH = 2.

The concentration of copper in solutions was measured by plasma atomic emission spectrometry
(ICP-AES) on an iCAP RQ inductively coupled plasma atomic emission spectrometer (Thermo Fisher
Scientific). In dynamic experiments for sorption and desorption of copper, Masterflex L/S7519-06
pump was used to supply the solution to the column, and a C660 fraction collector (Buchi) was used to
collect the solution fractions. In experiments on the saturation of the sorbent under batch conditions, a
Heidolph Vibramax 100 vibration shaker was used for constant stirring. And for weighing the sorbent
weighed amount, a CAUW-220D analytical balance was used.

Staticbatch exchange capacity (SBEC) was calculated using the formula (1):

(CO-C1)xV

SBEC = Fr—— mg/ml (1)

where Cy — the initial concentration of the element in solution, mg/l; C; — equilibrium concentration of an
element in solution, mg/l; Vireakinrough — the volume of the solution, I; Vi, — the volume of the sorbent, ml.
Dynamic exchange capacity (DEC) and full dynamic exchange capacity (FDEC) were calculated

using formulas (2) and (3), respectively:

COxXVbreakthrough

DEC = , mg/ml 2

Vresin
where C, — the initial concentration of the element in solution, mg/l; V — the volume of the solution

passed before the breakthrough, I; Vi, — the volume of the sorbent, ml.

(Co—Cexit)xV
Vresin

FDEC = 3)

where Cy — the initial concentration of the element in solution, mg/l; S.; — the concentration of an
element in the solution at the exit from the column, mg/l; V — the volume of the solution, 1; Vi, — the
volume of the sorbent, ml.

To determine the exact volume of the sorbent in experiments on copper sorption under batch
conditions, the bulk density for AXIONIT BPA and Dowex M-4195 was preliminarily calculated using
the formula (4):

pH = %, mg/ml )

where, m — the mass of the sorbent, mg; V — the volume of the sorbent, ml
To assess the selectivity of the absorption of copper ions by the sorbent in the presence of silver

ions, the separation coefficient calculated by the formula (5) was used:

Kdcy_CcuCa
Deyug = —C=—r 2 ®)
= KdAg CagCcu
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where, Kd¢, n Kdug — distribution coefficients of copper and silver ions, respectively, between the
sorbent-solution phases; Ccy, 1 ng — the concentration of copper and silver ions, respectively, in the
sorbent (desorbate); Ccy u C4y — the concentration of copper and silver ions, respectively, in the initial

solution.

Experimental

Sorption under static batch conditions

Sorption of copper under static conditions was carried out from a model solution (Table 1). A
sample of each of the AXIONIT BPA and Dowex M-4195 sorbent samples was added to 4 flasks of
50 ml filled with 25 ml of the model solution. Saturation took place within 24 hours with constant
stirring on a shaker. Based on the bulk density calculated by formula (4), the volume of each sample
was determined. The solutions before and after saturation were analyzed for copper content, and the
capacity was calculated using formula (1) based on the data obtained. The results of the experiment on

the sorption of copper under static conditions are presented in Table 2.

Sorption under dynamic conditions

To measure the sorption characteristics of the sorbent under dynamic conditions, a column with
a volume of 120 ml, IOK VZOR 30/24/300, was used, which was filled with 100 ml of the sorbent for
each sample. Since these sorbents are supplied in the form of a free base, a solution of IM HNO; was
passed through the column with a sample of the sorbent at a specific load of 3 column volumes per hour
(3 BV/h) to bring the sorbent into the H" form and for removing organic impurities.

The saturation of AXIONIT BPA and Dowex M-4195 in a comparative experiment was carried
out from a model solution (Table 1) at a specific load of 1 BV/h. To determine the effect of the solution
feed rate into the column for copper sorption, an experiment for saturation of Axionit BPA was carried
out at a specific load of 1 and 3 BV/h. In all experiments the solution to be purified was fed into the

column from the bottom.

Table 1. Model solution for copper sorption (pH = 2)

Concentration, g/l

Agt Cu?** HNO;
180.0 13.0 20.0

Table 2. Static batch copper exchange capacity for AXIONIT BPA and Dowex M-4195

Sorbent name Volume of the sorbent (Viesi,), ml SEC (Cu), mg/ml
AXIONIT BPA 1.774 36.87
AXIONIT BPA 6.052 35.11
Dowex M-4195 1.923 34.94
Dowex M-4195 6.503 35.40
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The solution from the outlet of the column every hour using collector fraction were sampled by
50 ml of a solution corresponding to 0.5 BV. Each fraction was analyzed for copper content by mass
spectrometry. From the data obtained, the output curves of copper sorption were plotted (Figs. 5 and
6), and the values of the dynamic exchange capacity and the full exchange capacity were calculated

using formulas (2) and (3), respectively. The results are shown in Tables 3 and 4.

Water wash of the load resin

Since the concentration of silver in the electrolyte is quite high, with insufficient quality washing,
silver inevitably enters the desorbate in the form of an ammonia complex, which creates the need for
further separation of copper and silver.

To determine the optimal volume of water required for washing the sorbent from electrolyte
residues, the saturated sorbent (Axionit BPA) was washed from the model electrolyte solution. Water
was fed into the column from top to bottom at a rate of 5 BV/h for 2 hours. At the outlet of the
column using fraction collector the samples of the washing solution with a volume of 2 BV were taken
and precipitate of silver chloride was deposited by the addition of HCI to the samples. The copper
concentration in the samples of thesolution from water wash step was determined by the ICP method,
and the silver concentration was determined by the gravimetric method. The experimental results are
presented in Table 5.

Desorption

For desorption, we used an AXIONIT BPA sample saturated with copper under dynamic

conditions from a model solution (section 3.2) and washed with 10 column volumes of water.

1.2
C/C,

1
0.8
0.6
0.4

Dowex M-4195
0.2 ..
—— Axionit BPA
0
0 10 20 30 40 50 60 70 80

C,xV, mg/ml

Fig. 5. Output curves of copper sorption on AXIONIT BPA and Dowex M-4195 resins. Feed: Ag — 180 g/1, Cu—
13 g/1. T=25 °C., Flow rate 1 BV/h, pH=2



Journal of Siberian Federal University. Chemistry 2022 15(1): 45-56

1.2
c/c,

1
0.8
0.6
0.4

— Axionit BPA - 3BV/h

0.2 — Axionit BPA - 1 BV/h
0

0 10 20 30 40 50 60 70 80 90 100

C xV, mg/ml

Fig. 6. Output curves of copper sorption on the Axionit BPA. Feed: Ag — 180 g/1, Cu — 13 g/1. T=25 °C. pH=2.
Flow rate 1 BV/h and 3 BV/h.

Desorption of copper with AXIONIT BPA was carried out in four ways: 3 %, 5 %, 10 % NH,OH,
as well as two-stage desorption with 5 % and 10 % NH,OH solution was carried out at a solution feed
rate into the column of 2 BV/h. In all experiments, the ammonia solution was fed into the column with
the sorbent from above. The experiments were carried out with the selection of fractions of 0.5 BV.
The resulting desorbatessolutions were analyzed for copper and silver content measuring. The data

obtained were used to plot the output curves of copper desorption (Figs. 7 and 8).

Results and discussion

Sorption under static conditions

An experiment on the sorption of copper under static conditions showed that both samples are
capable of recovering copper from a model solution of a silver electrolyte with pH = 2. Table 2 shows
the obtained values of the static exchange capacity for both samples. Capacities for both samples have
similar values (35-36 mg/ml), and also correspond to the capacity declared by the manufacturer (Dow

Chemical Company) for copper at pH = 2: 35-42 mg/ml.

Sorption under dynamic conditions

Despite the close values of FDEC for both samples: 49.0 mg/ml for Dowex M-4195 and 49.6 mg/ml
for Axionit BPA (Table 3), in the second case, the solution at the column outlet before breakthrough
(2.5 BV) contains less than 10 mg/1 of copper, while the average concentration of copper in the first 2.5
column volumes of the solution in the case of Dowex M-4195 was 75 mg/I.

Just as can be seen from the graph of the sorption output curves (Fig. 5), in the case of sorption on

Dowex M-4195, after reaching the capacity of 30 mg/ml, small slip-throughs in copper are observed.
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In the case of AXIONIT BPA, early breakthroughs were not observed, therefore, it was possible to

purify a larger volume of the initial solution.

Effect of the flow rate on purification performance

An experiment on the saturation of AXIONIT BPA with copper at a feed rate of the solution to be
purified into the column of 1 and 3 BV/h shows that the rate of absorption of copper ions by the sorbent
in this rate range is strongly limited. With an increase in the feed rate of the solution from 1 to 3 BV/h,
the volume of the solution purified from copper decreased by half (from 3 BV to 1.5 BV). The dynamic
exchange capacity at the supply of 3 BV/h was 18.8 mg/ml (Table 4).

Thus, for the purification of silver electrolyte from copper, the most optimal flow rate of the

solution to the column is no more than 1 BV/h (Table 4).

Water wash of the load resin

The experiment on washing the sorbent saturated with copper from the electrolyte shows that for
effective washing from silver, at least 6.5 column volumes of water must be passed through the sorbent,
after which the washing efficiency decreases (Table 5).

Table 3. Copper dynamic exchange capacity and full dynamic exchange capacity of Dowex M-4195 and AXIONIT
BPA studied for removal Cu from the AgNO; electrolyte

Sorbent DEC, mg/ml FDEC, mg/ml
Dowex M-4195 33.6 49.0
Axionit BPA 379 49.6

Table 4. The effect of the flow rate on the dynamic sorption capacities of Cu using AXIONIT BPA for removal of
Cu from the AgNO; electrolyte

Sorbent DEC, mg/ml FDEC, mg/ml
AXIONIT BPA 1 BV/h 379 49.6
AXIONIT BPA 3 BV/h 18.8 49.5

Table 5. The concentration of silver in the fractions of washing water. Flow rate 5 BV/h

Volume tolfevi'((l)tlir I‘[Il) E,S;:S/ through Volume of fraction, BV Cag in fraction, mg/ 1
0,5 0,5 179940,0
2,5 2,0 8046,0
4,5 2,0 447,0
6,5 2,0 306,5
8,5 2,0 16,8
10,5 2,0 18,2
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Fig.7. Output desorption curves of copper from AXIONIT BPA 3 % and 5 % NH,OH at volume rate 2BV/h
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Fig.8. Output curves of two-stage copper desorption of 5 % and 10 % NH4OH at volume rate 2BV/h

Desorption

The results of desorption with 3 % and 5 % ammonium hydroxide solutions showed that copper
desorption occurs most completely in the presence of a 5 % NH,OH solution (Fig. 6).
During desorption of 5 % NH4OH, a crystalline precipitate of [Cu(NH3)4](NO;), was found in

the desorbate fractions containing more than 10 g/l of copper. Desorption of 10 % NH4OH was also
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carried out, but due to the precipitation of a precipitate directly in the column, the experiment could not
be completed. Apparently, this is due to the limited solubility of tetraamine copper (II) nitrate. It was
not possible to find exact data on the solubility of [Cu(NH;)4] (NO;), in the reference data. The degree
of desorption of copper 3 and 5 % NH,OH wasn't more than 90 %.

A two-stage copper desorption was also carried out, first with three column volumes of 5 %
NH,OH, then with three column volumes of 10 % NH,OH (Fig. 7), which turned out to be the most
effective. Thedegreeofcopperdesorptioninthisexperimentwas 95.8 %.

Fractionation of the obtained desorbate by 3 column volumes into two fractions made it possible
to obtain copper-rich, with Cu content — 10.1 g/1, Ag — 53 mg/1, and poor: Cu—1.61 g/, Ag— 11.2 mg/1.
The lean fraction can be reused in a subsequent cycle at the first stage of desorption, and copper
hydroxide is supposed to be precipitated from the rich fraction with preliminary purification of the
desorbate from silver, precipitation of AgCl. According to the formula (5), the separation coefficient of
copper and silver in dynamic conditions D¢, 4, = 2598 is calculated from the concentrations of copper

and silver ions in the initial solution and in the rich desorbate fraction.

Conclusion

The ability of two commercial sorbents AXIONIT BPA and Dowex M-4195 to extract copper
from a model solution of a silver electrolyte to residual copper concentrations of less than 10 mg/1
was studied. The capacity of the sorbent for copper under static batch conditions was determined,
which was 35 g/l and the total dynamic exchange capacity was 49.6 g/1. A study of the effect of
the feed rate of the solution being purified on the sorption of copper showed that an increase in
the feed rate of the solution from 1 BV/h to 3 BV/h leads to a 2-fold decrease in the yield of the
solution purified from copper. The washing experiment showed that for effective separation, it
is necessary to wash the sorbent after saturation with 6.5-10 column volumes of water. Studies
on the desorption of copper with 3 % and 5 % ammonium hydroxide solution under dynamic
conditions have shown that no more than 90 % of copper is desorbed in this way. A two-stage
scheme of copper desorption is proposed, first 5 %, then 10 % NH,OH, which allows desorbing
more than 95 % of copper. The separation coefficient of copper and silverin dynamic conditions
Dy, 4o = 2598 is calculated.
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Abstract. Firstly, the structure and properties of cellulose aerogels produced from birch-wood and
cottoncellulose and of, and products of their sulfation with a non-toxic sulfamic acid-urea complex in
an environmentally safe solvent — a mixture of polyethylene glycol and sodium hydroxide are compared.
Aerogels based on birch and cotton celluloses have similar values of apparent density (0,071-0,078 r/cm?)
and porosity (near 95 %). The products of sulfating of cellulose aerogels, in contrast to the originalbirch
and cotton celluloses, are completely soluble in water. Their yield and degree of substitution are higher
when using birch cellulose aerogel. By drying the dissolved products of sulfating of cellulose aerogels,
smooth and transparent films were produced. The structure and morphology of the obtained aerogels
and films were established by metods of scanning electron microscopy and atomic force microscopy.
Birch cellulose aerogel (BCA) has a reticular microfibrillated porous structure, and cotton cellulose
aerogel (CCA) has a spongy structure in which more cavities and cracks are observed than in the case
of CCA. The surface of the film of sulfated BCA is formed by particles with a length 100—200 nm and
width of 50—70 nm, and the films of sulfated CCA is formed by spherical particles with a diameter of
70—-100 nm. The developed methods for obtaining sulfated cellulose films can be used in medicine to

oreate anticoagulant coatings.

Keywords: aerogels, cellulose, birch-wood, cotton, sulfation, sulfamic acid, urea, polyethylene glycol,

films, structure.
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Cunre3 u cyiabdarupoBanue cyJab(PaMHUHOBOI KHCI0TOM

aapore.ﬂeﬁ N3 HEJAJTI0JI03 TPEBECHHBI 6epe31>l H XJIOIIKa

Bb.H: Kysuenos® % H. IO BacuabeBa® 9,

H.M' MuxkoBa®, A. M- ’Ku:xaep?

“Uncmumym xumuu u xumuyeckou mexuvonoeuu CO PAH
@UIL] Kpachoapckuii HayuHblil yenmp

Poccuiickaa ®edepayus, Kpacnosapck

SCubupckuii hpedepanvhviii ynusepcumem

Poccuiickaa ®edepayus, Kpacnospck

AHHOTanMs. BriepBrie MpoBeIeHO COMOCTABICHUE CTPOCHHUS M CBOMCTB LIEJUTIOJIO03HBIX adpOrenei,
MTOJTyYEHHBIX M3 LEJIJII0JI03 APEBECHUHBI OEpe3bl M XJIONKA B CPee HKOJIOTHUEeCKH O€30MacHOr0
pacTBOPUTENS — BOJHOTO PAaCTBOPA MOIMATHICHTITIUKONIS U THAPOKCUAA HATPHUSL, a TAK)KE IPOTYKTOB
1X cynb(aTUPOBAHUS AdPOresieil HETOKCHYHBIM KOMIUIEKCOM CyJb()aMHHOBasI KHCIIOTa — MOYEBHHA.
Absporein Ha OCHOBE LIEJLITI0NI03 Oepe3bl U XJIOKa UMEIOT OJIN3KHME 3HAYCHU ST KaXKyIIEHCs IIIOTHOCTH
(0,071-0,078 r/cm?) 1 opuctocTu (0k0110 95 %). TIpoLyKThI CYIb(QATHPOBAHUS LEILTIOIO3HBIX adpOorelei
B OTJIMYHME OT UCXOJHBIX LIEJUIF0JI03 Oepe3bl U XJIONKA MOJTHOCTHIO PACTBOPUMBI B BOJIE, TPHYEM HX
BBIXOJI ¥ CTEIICHb 3aMEIIEHNUS BBIIIE IIPY UCTIOJIH30BAHUH a3pOTelIs U3 IEJLTI0N03bl Oepessl. [lyTem
CYLIKH PACTBOPEHHBIX MPOJYKTOB CYIb(aTUPOBAHUS LEJITIOIO3HBIX a3pOrelieil MoJayueHbl TIaIK1e
1 1ipo3pauHble miIeHKH. CTpoeHue U Mop(oJIOTus OJTYyUYEHHBIX adporesel U IIIEHOK YCTaHOBJICHbI
C UCIOJb30BAHUEM METOAOB CKAHUPYIOLIEH 2JIEKTPOHHOM MUKPOCKOIUU U aTOMHO-CHUJIOBOM
MHUKPOCKOIHMH. A3poreib 13 Iestono3sl oepessl (AL[B) nmeer ceTyaTyro MUKpOQHOPHIITNPOBAHHY IO
MIOPUCTYIO CTPYKTYPY, @ adpOrelib U3 mesltono3sl xjonka (AL[X) — ry6uaryro cTpyKTypy, B KOTOpOI
HabOIrogaeTcs OOIbIIIe TOOCTel U TpeuH, 4eM B oopasie AL[X. [ToBepXHOCTH IJICHKH, MOy YeHHON
Ha ocHoBe cyJibdarupoanHoro Allb, chopmupoBana yactunamu anunoit 100-200 uM u mmpunoi 5070
HM, a IIJIGHKH Ha OCHOBe cynbdaTupoBannoro AI[X —gyactunamu cepraeckoit GopMbl ¢ THaMETPOM
70—100 um. PazpaboTanHblil crioco0 noxyueHus cysib()aTHPOBAHHBIX LIEJIIIOJIO3HBIX MJIEHOK MOYKET

HCIIOJB30BATbHCA B MCAULIMHE IPU CO3AaHUN aHTUKOAT'YJISTHTHBIX HOKprTI/Iﬁ.

KirwoueBnble ciaoBa: asporeiiv, neJjuirjio3a, ApeBeCuHa 66p63LI, XJIOIIOK, IMMOJIUITUIICHTJINKOJb,
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cynb(haTupoBaHue, CyJIb(haMHHOBAS KHCIOTa, MOYEBUHA, IUICHKH, CTPOCHHUE.

BuaaropapHocTu. VccienoBanue BHINIOIHEHO 32 CUET Cpe/ICTB rpanTa Poccuiickoro HayuHoro ¢oHa
Ne 21-13-00250, https:/rscf.ru/project/21-13—00250 ¢ ncrionp3oBannem odopynoBanus KpacHosipckoro
PErMOHANBHOTO IIeHTpa KoJeKkTuBHOro nonb3zoBanust GUI KHIT CO PAH.

ABTOpPBI BBIpaXKaIoT 0JIar0JJapHOCTH CT.H.C., K.X.H. A. A. KapauapoBy 3a ACM- nu3mMepeHus IeHOK

U3 MPOJYKTOB CyJb()aTUPOBAHHBIX adpOreeii.

Iurtuposanue: Kysnenos, b. H. Cuntes u cynsdarupoBanue cyab(hpaMHHOBONH KHCIOTON adsporeiiell N3 LeJUTI0I03 APEBECHHbL
6epesnr u xaonka / b. H. Kysnenos, H. 0. Bacunbsera, H. M. Mukosa, A. M. XKwxaes / XKypn. Cub. penep. yn-ta. Xumns,
2022, 15(1). C. 57-68. DOI: 10.17516/1998-2836-0271

BBenenue

[enrono3a, ABIIssICH BO30OHOBIISIEMBIM OHOIIOJINMEPOM, BCE IIMPE MCHOIB3YETCS IS MOITyde-
HUS HOBBIX MaT€puaioB ¢ YHUKAJIbHBIMU cBoiicTBamu. B YaCTHOCTHU, B MOCICAHUC I'OAbI BO3pACTACT
HMHTEpEC K CUHTE3Y LEIUII0NI03HbIX asporenel [1, 2]. Dtu asporenn UMEIOT XOpOUINE NEPCIEKTHBBI
HCIIOJIB30BaHUA B MCAMIINHEC, HHHIeBOﬁ IMPOMBIIIJIECHHOCTH, B KAYCCTBC U30JIAIUOHHBIX MaTCPUAJIOB
U B IpyTHX oOnacTsx [3, 4].

Henmrono3usie asporenu (L[A) npeactaBasioT co0oi MOPUCTHIE MaTEPHUAIIBI C CETYATON CTPYK-
Typoii [5, 6], koTopasi chopMHUpPOBAHA LEIITIOIO3HBIMA HAHOBOJIOKHAMH C BEICOKUM COOTHOILICHHEM
JUIMHa/iuaMeTp. B kauecTBe MCXOMHOrO Marepuala Ipu CHHTE3e a’dporesieil 00bIYHO HCIIOIb3YIOT
MHKPOKpUCTALTHYECKY0 1esuttono3y (MKL) unn ansda-uemtronosy [7].

CHHTE3 OPraHU4eCcKOro a’poresis BKJIOYAET CTa UK IPUTOTOBJICHUS PACTBOPA LEJIITIOJIO3bI, I'e-
1eo0pa30BaHus, KOAryJIsaHuH, 3aMEHBl PACTBOPUTEIISI M CYLIKH, KaK IPABUIIO, B CBEPXKPUTHYECKHUX
ycnoBusix [8]. OnHaKO KPUCTAIINYECKYIO LEITION03Y TPYIHO PACTBOPUTH B MPOCTHIX PACTBOPHUTE-
nsx. PacTBOpHUTENh HOJMKEH OBITH CIIOCOOHBIM pa3pymiaTh MEXMOJICKYJISIPHBIE BOZOPOJHBIC CBSI3U
B 1I€JIJIIOJI03€, OJJHOBPEMEHHO COXpaHsisi €e MOJIMMEPHYI0 CTPYKTYpY. B kadecTBe pacTBOpUTENEH 110-
JMCaxapyI0B MOTYT IPUMEHITHCS HOHHBIE KUIAKOCTH OPraHUYECKOH, HEOPraHUYECKOH MITN CMEIIaH-
HOM Tpupossl [9].

JI1st IosydeHusl TOMOT'eHHBIX PAacTBOPOB IEJUTIONIO3bI YacTO HMCHOIB3YIOT BOJHBIE PAaCTBOPHI
wenoueii, B yactHocTd NaOH [10]. [Tonustunenrnukoins (I19I7) npeacraisieT co0o0ii HKOIOTHYECKH
Oe3onacHoe CoeJMHEHNE M eT0 BOAHbBIC pacTBOPHI U AByX(pasusie cMecu ¢ NaOH, paccmarpuBaeTcs
B Ka4eCTBe 3eJICHOI cucTeMsbl pacTBoputeneii [11, 12].

PacTBOpHMOCTD IIEIUIION036I MOXKHO HMOBBICHTH ITyTeM ee cysbdaTupoBanus. CyiabhaTnpoBaH-
HBIE [EJUTIOJIO3bI MOTYT UCIIOJIb30BATHCSl B KAYECTBE 3aryCTUTENEeH, COPOCHTOB, HOHOOOMEHHBIX Ma-
TEpUaJIOB B OMOTEXHOIOTHYECKUX, MEAUIIMHCKUX U ApYrux obnactax [13]. TpaauunoHHbIE METOABI
CyJIb(paTHPOBAHUS LIEJII0I03bI OCHOBAHBI HA UCIIOJIb30BAHMH TOKCUYHBIX U KOPPO3SHOHHO arpecCcHB-
HBIX peareHTOB: CEPHON KUCIIOTHI, TPHOKCH/IA CEPhI MIIM €r0 KOMIUIEKCOB C Pa3JIMYHBIMUA OCHOBHBIMHU
peareHTaMu, XJI0pCyab(pOHOBOU KucIoThI [14].

MsrknuM Cyab(paTupyomyuM areHTOM ¢ HU3KOH TOKCHYHOCTBIO SIBJISIETCS CyIb(aMHHOBASI KUC-
sota [15]. B pabote [16] mis cyabhaTHpOBaHUSI MUKPOKPUCTAILINYCSCKOMN 1IEIITFOJIO3bI HCIIOJIB30BAIH

CMech CyNIb(paMIHOBOW KUCIOTHI C MOYEBHHOM, a B KadecTBe pactBoputeneit — JJM®DA u qurmnm.
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Coo01aercst 00 UCIOIB30BAHUY CYIb(AMUHOBOI KUCIOTHI B COCTaBE IBTEKTHYECKOTO PACTBOPHUTEIS
IIpH CyIb()aTHPOBAHIH LEILTFONO3HI [17].

HecmoTps Ha 3HaYMTENBHOE KOJIMYECTBO IIyOIMKALUI 110 CHHTE3y LEJIIIONO3HBIX adporeien,
B JINTEpAType NPAKTHUECKH OTCYTCTBYET HH(POPMAIUS O TIOBEICHUH IIEJUTIOJIO3HBIX a’poreiiei B pe-
aKLUU CyJb()aTUPOBAHMSL.

B Hacrosmiel pabore JuIsi CHHTE3a LEJUTIONO3HBIX a’porelieil NCIOoIb30BalN LEJUTIONI03Y BBICO-
KOW YHCTOTHI, BBIJICICHHYIO U3 JIPEBECHHBI Oepe3bl, KOTopasi MPUHAMISKUT K YUCITy Haubolee pac-
MIPOCTPAHEHHBIX NMOpo AepeBbeB B Poccun. Llemnronosy momydanu ¢ MpUMEHEHHEM SKOJIOTMUECKH
0€301acCHBIX METOJIOB KAaTaJMTHYECKONW NEPOKCUAHON NeNUTHU(DUKALNN U TOCIENYIOIIEro 1esoy-
HOro oOyaropa>kuBaHusl. J{1s CpaBHEHUS HCIIOJIB30BAIH XJIOMKOBYIO MUKPOKPHCTANINYECKYIO 1Iell-
JIFONI03Y.

Llenbto paOOTHI SBIISIIOCH CONOCTABICHNE CTPOCHHSI M CBOWCTB LIEJTIONO3HBIX adporeseit, moiry-
YEHHBIX U3 IEJUII0JIO3 JPEBECUHBI Oepe3bl U XJIOMKA, a TAK)Ke NMPOAYKTOB CYJIb(paTHPOBAHUS ITUX

aaporeneix'l CMECBIO CyHB(I)aMI/IHOBaH KHCJI0Ta — MOYCBHHA.

3KcnepnmeHTanLHaﬂ 4yacTb

B kadecTBe MCXOAHBIX MaTEPUAJIOB I MONYUYCHHS LEJUIIONO3HBIX adporesieil NCTIOIb30BaIH
00J1aTOpOKEHHYIO IIEJUTIONIO3y W3 JPEBECHHBI Oepe3bl W XJIOMKOBYIO Ieiurronody ¢pakmuu (0.1—
0.25 mm). O0IaropoKEHHYIO IEJUIIOI03Y MOIyYaad MEPOKCUIHON ACTUTHU(PHUKAIUCH TPEBECHHBI
Oepesbl B cpefie «KYKCyCHasl KUCIIOTa-BO/Ia» B IMPUCYTCTBHH CYCICH3MpPOBAaHHOTO KaTaiu3atopa Ti0O,
U roceayoieit 00padoTkoii BogHbIM pacTBopoM NaOH mo MeToauke, aHaioruuHou [7].

XUMUYeCKUH cOCTaB IEIUTI0N036I Oepe3sl: metono3a 95,3, nurauH 1,2, remMunesuonosa 3,5;
COCTaB XJIOMKOBOH MEJITI0N03bL: etoao3a 97,0, nurauH 0,9, remunenmtonosa 2,1 (mac.%).

[IpuroToBNeHUE IIEIITIONO3HEIX a’porejeid OCYIIECTBISJIA B COOTBETCTBHH C METOIOM,
OMHUCaHHBIM B pabote [11], KOTOPBIA BKJOYACT CICAYIOIIAE CTAIUU: PACTBOPEHHUE LEIUIFOJIO3BI,
3aMOpaKMBaHUE-OTTaNBaHIE, PEreHEPANHs, OTMBIBKA U CYIIKa. B THIMHYHOM 3KCIIEPHMEHTE IeJ-
o103y (1 1) emermBanu ¢ BogabsiM pactBopom NaOH/PEG-4000 (9: 1 mo macce) u mepemMeninBaiu
C MTOMOIIbI0 MATHUTHOM MeIAaNKy B TedeHune 6 4. CyCIIeH3HI0 MOABEPraiu JByKpPaTHOH Mpoueaype
3amMopakuBaHus npu MuHyc 15—18 °C u oTTamBaHus IpH KOMHATHOM TEMIeEpaType ¢ MOIyYeHHEM
TOMOTEHHOT'0 pacTBOpa. BrIjeneHne ruaporess u3 Moy4eHHOT0 PacTBOPa IEIUTIOI036I TPOBOIMIN
IyTeM I0ClieIoBaTeNIbHOTO 1o0aBneHus 1 HopmanbHoro pactBopa HCI. [Tociie 3aBeprieHus ocax/ie-
HUSI THIPOTETh OTMBIBAIH TUCTUIUTHPOBAHHON BOIOH 10 OTCYTCTBHS 0cTaTouHBIX Cl-roHOB. Ocamnok
otaensiin ueHTpudyrupoanuem (5000 06 / MUH), TPOMBIBAIIN €0 ABAXK/(bl TPET-OyTUIOBBIM CITUP-
ToM u cymwin npu MuHyc 43 “C B TeueHue 24 4 B BaKyyMe C HCIOJIB30BAaHUEM amlmapara cyOimmma-
LIUOHHOW CYUIKH.

BrIxon 1eNTioI03H0ro a’poreis paccuuThBaH 10 popmyiie Y=(M/ M,)*100, rae Y — BeIX0Ox
npoaykTa,% mac; M — Bec asporenss Ha aOCONIOTHO CyXyI0 Maccy (a.c.M), T; M,x — BEC UCXOIHON
LIEJLTFOIIO3HI, T.

CynbdaTrupoBaHue HEJITI0JI03bI U 1IEJUTFOJI03HBIX ad9poresieil NPOBOAMIHN CIIENYIOIUM 00pa3om.
Cwmecs cynshamuaoBoit kucinotel (NH,SO;H) u moueBuasr (NH,CONH,) B MOTBHOM COOTHOIICHUHT
1:3 nomemanu B TEPMOCTOWKHH CTEKJISHHBIA cTakaH oobemMoMm 100 MJI M mepemMenIuBaiu ¢ IoMo-

IIbI0 MarHuTHOH Memankyu npu tremneparype 80° C B teuenue 30 MuH. 3aTeM K cMecH H00aBIISIIIN
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LeJUII0JI03Y WJIN LIEJUIIONIO3HBIH a3poreiib 10 MOJIBHOI'O COOTHOIIECHUS LIeUII0NO03bL: CyIb(paMUHOBAS
kucnota, pasHoMmy 1:10. Peaknimonnyto cMmecs HarpeBanu 10 90° C u BbIAEPKUBAIN IIPU ITOH TEM-
neparype 2 4. CMech OXJaXKJaJIM MPU NEepeMEelIMBaHIH IO KOMHATHOI TeMiepaTypsl, 100aBiIsuIu
K HEHl TUCTHIUTMPOBAHHYIO BOAY B 00bEMeE, PABHOM 00bEMY PEaKIIMOHHOI MacChl, U HEUTPaIU30BbI-
BaJIK pacTBopoM ammuaka Jio pH 7—8. OuucTKy nony4eHHOW aMMOHHUEBOM COJM CyNb(aTHPOBAHHOM
LIEJIITIONO3BI IIPOBOIMIIH ITyTEM JHAJIN3a Ha neutodane MpoTHB AUCTHILINPOBAHHOM BOJIBI B TEUCHUE
10—15 4, menss Boay ¢ uHTepBasoM 1-2 4. [Tpn HEOOXOAMMOCTH PacTBOP yHapuBaJIX MO BAaKyyMOM
Ha pOTAllMOHHOM McHnapurese 1o 1/5 odbema n BhICymIMBanu Ha Bo3ayxe. Ecnm coxepiknmoe nua-
JIM3HOTO MEIIIKA MPEJICTABIISIIO B3BECh, TO €€ LEHTPUPYTHPOBAJIM B T€UCHUE 15 MHUH IIPU CKOPOCTH
10000 o6/MuH, OTHENSATU TeeoOpa3HBIi HIDKHHM CIIOH OT pacTBOpa U BRICYIIMBAIH HAa BO3IyXxe. Bo-
JIHBIA PacTBOp yHapUBaJIM 10l BAKYYMOM Ha POTAIIMOHHOM Hcrapurese 1o 1/5 o0bema u BbICyIIU-
BaJI Ha BO3yXeE.

Brixop cynbhaTupoBaHHBIX LEJUII0I03 U LEIUIIOI03HbIX a9poreiiell pacCUuThIBAIM 110 HopMyIe,

HUCXOAd U3 COACPIKAHUS CEPDI:

me, (32-0,97%S)

3:2><m]_l

Beixon(%) = x100%, (D

TJIe My —Macca CyIb(paTHPOBAHHOTO IEJITIOI03HOTO IIPOLYKTA, T; 1117 — MAacca HCXOXHOTO LEILTI0NIO03-
HOro oOpa3siia; S — comepkanue cepsl (Mac.%); 32 —aToOMHast Macca Cepbl, I/MOJTb; 97 — MOJICKYJIIpHAas
Macca aMMOHHU# CYIb()aTHON TPYIIIIbI, I/MOJIb.

Crenenb cynbdarupoBanusi CC (4nciio cyabpaTHbIX IPYIII, TPUXOISIIMXCS HA OJHY aHTUAPH-
JIOTJTIIOKO3HY IO €TUHUILY) PACCUUTHIBAIIU 110 (hopMyJie

162x .S
T 3200-97x S’ @
rae S — comepkanue cepbl (Mac.%); 162 — MoJIeKysIsipHasl Macca aHTHAPUIOTIFOKO3HOW eIUHUIIbI, T/
Mo1tb, 3200 — 100 aTOMHBIX Macc Cepbl, I/MONb; 97 — MOJIEKYIIsIpHAss Macca aMMOHUU CyIb(haTHON
TPYIIIBI, I/MOJIb.

DJIEMEHTHBIM cOCTaB HCCIeNyeMbIX 00pa3moB onpenensuin ¢ nomombio CHN- ananmzatopa
Vario EL Cube (I'epmanusi).

Kaskyuyocs MIOTHOCTh LEJUTFOI03HBIX asporenel (p, r/cM3) pacCuMThIBAIM [0 TPEM Hapa-
JIEIbHBIM U3MEPEHUSIM, UCXO/Is1 U3 OTHOILEHHsI Beca 00pa3iia K 3aHUMaeMOMY UM 00beMYy.

OO011y10 HOPUCTOCTH a3poresield pacCUnTHIBAIN 110 (hopMyJIe
I(%)=1+11,,, /11, )*100%, 3

rae I1(%) — obrrast nopuctocTs, [, — HACKITHAS TIOTHOCTD asporeei, I1,.; — MI0THOCTh HAHOBO-
JIOKOH KPHMCTaJIMUECKOM LEJII0II03bI, IIPHHATas paBHoii 1.6 r/cm? [6].

MUKPOCTPYKTYPY UCXOJHBIX IEIUTIOI03, adporeneil 1 cylibhaTHPOBAHHBIX adporeseil u3yyain
METOZOM CKaHUPYIOMIEH 3J1eKTpoHHOW MuKpockonuu (COM) B 0OpaTHO OTpa)KEHHBIX DIIEKTPOHAX
Ha npudope TM-4000 (Hitachi, SInonust) 1 BO BTOpHYHBIX JIeKTpoHax Ha nmpudope S5500 (Hitachi,
Snonwus). J{ns cHATHA 3apsga HA HENPOBOSIICH MOBEPXHOCTHU MOJATOTOBJIECHHBIE 00pa3Ibl Ipe/iBa-
PHUTENIBHO MOJBEPraINCh HANBICHUIO MIATHHOHN (TOJIIMHA HambuleHHs 10 HM) C HCIIONB30BaHHEM

marHeTpoHa K575X (Emitech, Arrmms).
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ACM usMmepeHust ICHOK U3 MPOJYKTOB CyJlb(aTUPOBAHHBIX adpOreseil NPOBOAMIHN C HUCIIOTb-
30BaHHEM MYJIBTHMOJOBOTO CKaHHPYIOLIEro 30H10Boro Mukpockona Solver P 47 (HT-M/IT, Mocksa)
npu cpeaHei pesonancHoit yacrore 170 k[’ u cunosoii koucrante 6 H/m. [Ipo3paunbie niueHku 00-
pasLoB MONyYad HCIAPEHHEM HX BOJHBIX PacTBOPOB, HAHECEHHBIX HA IIPEABAPUTEIHLHO OOHOB-
JICHHYIO TIOCKYIO MOJUIOKKY U3 BBICOKOOPUEHTHPOBAHHOTO MUPOJIUTHYECKOr0 rpaduta. CKOPOCTh
ckaHupoBanus 40—55 MKM/C, pa3pemieHre moay4aeMoro u3oopaxeHus 256 x 256 Touek B 00IacTu

CKaHUPOBAHHUS.

Pe3ynbrarsl n 00cyxkaeHne

Jliist cuHTe3a 1eJuToa03HbIX asporenei (LIA) ucrnoab30Baiin 9KOJIOrHYECKH O€30TIaCHBIE PacTBO-
pbl NaOH/monumatunenrinukons. U3 nureparypst usBecto [11,12], yto nonmdtunenrnukons (I1917)
CIIOCOOCTBYET PACTBOPEHHIO HEJLITIONIO3BI U IIPEIOTBPAIIACT TOBTOPHYIO ACCOIUANINIO €€ PAaCTBOPEH-
HBIX MoJieKys. CHUHTE3 a’poresieil u3 pacTBOPOB LEJUTIOJIO3bI BKIIOYAET 3TAIIbl PACTBOPEHHU S, TeIE0-
Opa3oBaHMs, 3aMEHY PACTBOPUTEIIS U TMODUIBHYIO CYIIKY.

[Toce nByKpaTHOTO ITMKJIa 3aMOPa’KMBaHUS 00pa3LOB IEIUTIONIO3B] B MOPO3UIBHON Kamepe Mpu
temneparype —18 °C B TedeHune 12 4 1 nocienyomero MeJUIEeHHOro OTTauBaHUs IIPU KOMHATHOM TeM-
nepaType HoJIydaiy Ipo3pavHble pacTBOPHI 00pa31oB. [locne cTaauii perenepaiini, OTMBIBKH U CYIIKH
TIOJTY Y€HHBIE OPTaHIMYECKHE LIEIUTIONO3HbIE a3POT eI ObLIN OCIIEIMTEIBHO OCIBIMH, TIOTHOCTBIO HETIPO-
3payHBIMH U UMEIOT ceifuac nopoukoodpasublii Bua. O0paser 13 ApeBECHO LEeII0I03bI TPEACTaBIIs-
eT co00ii OTHOPOIHBIH ITYMINCTHII MaTepHral, a 00pa3ell U3 LEJITI0JIO3bI COCTOUT U3 MEJIKUX KPYITHHOK,
KOTOpbIe ehOpMHUPYIOTCS IPH HA/IABIMBAHUH C 00pa30BaHUEM PACILIIONIEHHBIX YacTuil. Hekoropble
CBEIEHUS 00 3JIEMEHTHOM COCTaBe M KayKyIIEHCs MIOTHOCTH UCXOJHBIX LEJIITION03 U MOIY4YEHHBIX U3
HUX a’poreseil mpuseaeHsl B Ta0i. 1. Conepxanue kucinopona (*Odif) paccuurano 1o pasHuIe.

OO0pa3Ibl HEIITI0JIO3HBIX a9poresei MoJIydeHbl ¢ TPUMEPHO OAMHAKOBBIM BBIX0I0M (89-90.5 %
Mac) M UMEIOT ONU3KHME 3HAUYEHUs HACHINMHOM (kaxyekcsa) mnotoctu: 0.071 r/cm® mis asporens
u3 LB u 0.078 r/em?® mus asporens uz [IX. ITo JaHHBIM 3JIEMEHTHOIO aHAJIM3a, COAEPIKAHME OCHOB-
HBIX JIEMEHTOB B 00pa3lax LEJUTIOJIO3HBIX a’poreiel MpakTHYeCKH He H3MEHIJIOCH Mocie CTaauit
pacTBOpeHUs U pereHepanuy. PaccunTanHas IOPUCTOCTH a3poresel U3 IeuIro03 Oepe3sl U XJIO0MKa
6muzka k 95 %.

W3BecTHO, YTO MJIOTOKCHYHAS CMECh CyJIb()aMHHOBON KHCJIOTHI U MOYEBHHBI MOXKET HC-

[0JIb30BAThCS B KauecTBe dPPEKTHUBHOrO CyIb()aTUPYIOLIEro areHTa JAJisl oJdyYeHHs Cylib(aTu-

Tabnuua 1. DneMeHTHBIN COCTaB M Ka)KyIIasicsl TNIOTHOCTH IEJUTIONIO3 H adporese

Table 1. Elemental composition and apparent density of celluloses and aerogels

CozepixaHue dJIeMEHTOB, Mac.%
Oo6pasen - IInotHocTs I1, r/cm?
C H *Qdif
Lenntonoza 6epesst (LIB) 42.70 6.28 51.02 0.095
Hennronosa xnonka (LX) 43.06 6.31 50.63 0.230
Aosporens u3 L1b 42.67 6.26 51.07 0.071
Asporens n3 IIX 4273 6.29 50.98 0.078
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POBaHHOM IIeJT0JI03bI [16], 0JJHAKO MOJYyUYCHHBIC CYAb(GaTUPOBAHHBIC IPOIYKTHI IIJIOXO PACTBO-
PUMBI B BOJE.

B Hacrosiieit paboTe nokasana BO3MOKHOCTB [OJIY YSHHU ST BOJOPACTBOPUMBIX CYJIb(HATOB 1EILTIO-
JI03BI Iy TEM CYIb()aTHPOBAHUS LEIIITIOJIIO3HBIX a’pOresiel CMEChio CyIb(paMUHOBOW KHUCIOTHI K MOYe-
BUHBI (MoJbHOE cooTHomeHue 1:3) mpu Temnepatype 90 °C B TeueHue AByX 4acoB. [ cpaBHEHHUS
B ATHX K€ YCIOBHIX OCYIIECTBISUIN CyJIb(aTHpOBaHNE HCXOJHBIX LEJITI0I03 Oepe3bl U XJIONKA.

[Tpu cynbdarnpoBaHUK HCXOAHBIX 1IEIUTIONO03 MOy YEHBI JIBE PPaKIUU IPOAYKTOB, COCTOSIIHIE
13 BOJIOPACTBOPUMBIX M HEPACTBOPHUMBIX B BOJIE CYIb(aTOB IEJIIIOI036I C PAa3IMYHBIM COJEpIKa-
HUEeM Cyb(QaTHbIX Tpyni. Opakuuu cynbPpaTrupoBaHHBIX LEJUII0I03 ObLIN pa3/iesieHbl HEHTPU]Y-
rupoBanneM. OOHAPYKEHO, YTO HEPACTBOPUMBIN M BOJOPACTBOPUMBIN CyNb(aThl U3 HEIITIOI03bI
XJIOIKa UMEIOT MEHBIIYIO CTEIICHb 3aMELICHHUSI [10 CPAaBHEHHIO C CyJb(haTaMu U3 LEJLII0II03bl Oepe-
3bI (TA0I. 2).

[Tpu cynbdaTupoBaHuK LEJITIOIO3HBIX adporesieil 00pazyTest TOJILKO BOJOPACTBOPUMBIE TIPO-
IYKTHI B (hopMe aMMOHHITHBIX coJie (Tabu. 2). A3porenp U3 HEILTION036I Oepe3bl OTIuYaeTcs Ooee
BBICOKOH PEaKIIMOHHOW CIIOCOOHOCTBHIO B Ipoliecce Cylb(haTupoBaHMs 10 CPABHEHHIO C a’poresieM
13 [EJUTI0N03bI XJonka. IIpogykT ero cynbharupoBanus odpasyeTcs ¢ BbrxonoM 83,2 mac.% U nMeeT
crerneHs 3amenienns 1,01.

[TockonbKy coaepikaHue a30Ta B aMMOHHUITHBIX COJISX CY/Ib(aTHPOBAHHBIX HEJUTIOIO3HBIX TIPO-
JYKTOB BBIIIIE, YEM COJIEPKAHHUE CEePBbI, TO, OUEBHJIHO, B IIPOLIECCE CYIb(PATUPOBAHUS HAPSILY C CYJIb-
(haTamu 00pa3yrOTCs KapOaMaThl HEJITFOIO3BL.

B mpornecce cynbhaTupoBaHus LEJLTIONO3HBIX adporesield B cpese cysib(haMUHOBas KUCIOTA —
MOYEBHHA a3pOreiy MepexosiT B pacTBOpeHHOEe cocTosiHue. [locnenyromas cymka pacTBOPEHHBIX
HPOJYKTOB MPUBOJIUT K 00Pa30BaHUIO INIAJIKUX U IIPO3PAYHBIX TJICHOK.

ConocTaBisist HOJTy4YSHHBIE HAMH PE3yJIbTaThl ¢ JaHHBIMU paboThl [17], MOKHO clienaTh BbI-
BOA O OOJIbIICH PEaKIMOHHON CIIOCOOHOCTH B Mpoliecce Cyab(MaTHpPOBAHUS MOTYUYCHHBIX IIEJI-
JIOJO3HBIX a’poreliell 10 CPaBHEHWIO C IEJUIIOJIO3HBIMH BOJIOKHaMu. MiurrocTpamueil atomy

ABJISACTCA Ha6J'IIO}IaCMO€ pas3iniue B CTCICHU CyJ'II)(i)aTI/IpOBaHI/IH HEJIJIFOJO3HBIX MaTCpHaioB

Tabnuma 2. Pe3ynbTarhl cynbhaTHupOBaHUS IEIUTION03 M LEJITIONIO3HBIX adporeseil cMechio cylb(haMHHOBAS
KHCJIOTa — MOUCBHHA

Table 2. Results of sulfation of celluloses and cellulose aerogels with a mixture of sulfamic acid and urea

Beixox npoaykra CreneHb
Coxepxanue Cozepxanue
cynbhaTupoBaHus, | cynbdaTupoBaHus,
cepbl, MMOJIB/T a30Ta, MMOJIb/T o
O6pasen mac.% CcC
pacTB. | HE pacTB. | pacTB. | HE pacTB. | pacTB. | HE PacTB. | pacTB. | HE PacTB.
H,O H,O H,O H,O H,0. H,O H,O H,O
Llenmrono3a xJonka 2,97 0,75 4,19 1,04 41,1 50,1 0,67 0,13
Lenntonosa 6epesbt 3,93 1,5 4,83 1.78 41,2 427 1,01 0,28
Abdporess U3 HEeJUTI0I03bI
XJIOTIKA 3,46 498 73,0 0,85
Adporesb U3 HeJUTI03bI
Oepesbl 3,93 4,64 83,2 1,01
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U B TEMIIEpaType mpouecca cyibpaTupoBanus. Eciau npu cynbpaTupoBaHUU LELIIOI03HBIX BO-
nokoH npu Temneparype 150° C crenens cynbdatupoBanus He npesbimaer 0.68, To B cinydae
cynbdarrupoBaHus LEJIIJI03HBIX a’poresiell JocTuraercs creneHsb cyiabharupoBanus 1,01 yxe
npu remneparype 90° C.

HaO:ronaemas moBbIlIeHHAs] PEaKIIMOHHAS! CIOCOOHOCTD 1IEJUTFOJIO3HBIX adporesell B mpouecce
cynb(haTHpPOBaHUs MO CPABHEHHUIO C MCXOAHBIMH IIEIUIION03aMH (Talu. 2), o4eBHHO, 00yciIoBIeHa
YBEJIMYCHUEM KOJHMYECTBA JOCTYIHBIX JUIsl aTaKh CyJb()aTUPYIOIIUM PEareHTOM THIPOKCHIIBHBIX
TPy 33 CUET Pa3BUTON MMOBEPXHOCTHU a3pOreiiei.

Mopdosnorusi HOBEPXHOCTH UCXOJHBIX LEJUTI0JI03 U MUKPOCTPYKTYpa MOJyUYEHHBIX U3 HUX ad-
poreneil H3y4eHbl METOZOM CKaHHUPYIOLIEH 3eKTpoHHOH Mukpockonuu (COM). Obpa3zer ncXo HOH
LIEJUTFOII03BI Oepe3bl (pUC. 1a) COCTOMT M3 MIANKUX U JOCTATOYHO MPSIMBIX MYYKOB (PUOPUILT IITHHON
70 200 MxM u Oosee, COOpaHHBIX B ITPOAOJIBHBIC TAPAIIIEIBHO HAYIIHE Ieny mupruHoi 20—40 MKM.
Lentosi03HbIe BOJIOKHA XOPOILO PA3JIMYUMBI U CJ1a00 MEperieTeHbl MeXIY COOOi.

Mopdoorust moBepXxHOCTH 00pa3ia XJIOMKOBOU MEJLTIOIIO3BI (pUC. 16) mpencTaBicHa HAOOpOM
OTIEJIBHBIX arperatoB (GuOpUII — KIyOKOB U3 BOJIOKOH Pa3IMYHOTO pa3Mepa U HCKaKEHHOM (hOPMBI.
NuauBuayanbHble BOJIOKHA MJIOXO PAa3IMYUMBbl, UX JJIMHA B cpenHeM He npesbimaeT 50—70 MKM,
a mupunHa — 20-30 MUKpOH.

COM-u3o0paxkeHns 00pa3oB a’poreiieil, MoayUYeHHBIX U3 0€pe30BOi M XJIOIKOBOW HEIITI0IIO03,
MpUBEJCHBI Ha pUc. 2. OTCYTCTBUE HA CHUMKaX KaKUX-TH0O0 OTJEIbHBIX HEPACTBOPEHHBIX arjioMepa-
TOB YaCTHI] yKa3bIBACT HA TO, YTO MPAKTHYECKH BCS [EIITI0JI03a BKIIOUCHA B CTPYKTYPY IOy Y€HHBIX
asporeneil.

Ansporens U3 HeJUTIOII03bl Oepe3bl (pUcC. 2a) UMEET TPEXMEPHYIO CETYATYI0 MUKPOGUOPHUILITHPO-
BaHHYIO CTPYKTYpy. Ero Mmopdosorus nmogobHa nmayTuHe, 00pa30BaHHON U3 CIyYaiiHO OPHCHTHPOBAH-
HBIX HaHO(GUOPHMIIT 1esuTt0036!I (puc. 2a, Hu3). TonmKMHA BOJIOKOH, 00pa3yIoNMX CTeHKH KJIETOYHOH
staeiku (muaMeTp mydka HaHo(GuOpuiLI), coctasiseT B cpeqreM 50—100 M, a giauHa — 10 100200
HM. YBenmmueHue COM-u300pakeHUs TO3BOISET OOHAPYKUThH, YTO MPEOOIANAONINil pa3sMep Imop

B 3TOM 00pa3siie asporesis HaxoquTcs B quanasone 10—50 um (puc. 2a, Bepx). [lomoOHbIe pa3meps! Ha-

Obtained b f ERC KC g
TM4000 0118 10KV 9.4mm x250 BSE M 05/24/2021

Puc. 1. COM-u300paxkeHust o0pas3noB IEUIIONO3BI U3 JApeBecHHBI Oepesbl (a) m xjomka (6) (yBenmueHue
%250 pas/)

Fig. 1. SEM images of cellulose samples from birch wood (a) and cotton (b) (magnification x250 times/)
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a 6

Puc. 2. COM-u306pakenust 00pa3LoB a’poresieil n3 LeJUI0I03bl JpeBeCHHbI Oepe3bl (a) u xjonka (0) (CHSATHI
IIPH Pa3IHIHOM yBEIHUCHHH)

Fig. 2. SEM images of airgel samples from birch wood cellulose (a) and cotton (b) (taken at different magnifications)

HOBOJIOKOH, 00pa3yoNIiX HEPEryJISIPHYIO CETYaTyI0 CTPYKTYPY, OTMEUEHB! JUIsl THAPOTelei, Momy-
YCHHBIX OKHCIUTEIIBHBIM THAPOIN30M Kpad1-1iesuitoio3sl [18—30].

O0pa3zer asporeins U3 HEUIIOI03bI XJIOMKa UMEET I'y0uaTyro TPeXMEpHYIO CTPYKTYpy (puc. 26,
HU3), B KOTOPO#l ©MeEeTCs OOJIbIIIE [TOJIOCTEH U TPEIIMH, YeM B ad9pOoresie U3 LeJli0J103bl Oepesbl. OnHa-
KO CHUMKH HOIIEPEUHBIX CPE30B 3TOr0 00pa3ia yKa3blBaloT HAa IPHCYTCTBHE B €T0 BHYTPEHHEH 4acTH
OoJiee OIHOPOJHO OPUEHTHPOBAHHBIX CTPYKTYP. OHU COCTOSIT U3 YJIOKEHHBIX B ILIACTHI (CJIOU) KOM-
MAKTHBIX HAHO(UOPHILI, 00pa3yIoMKX MOPHI U 1oJ0cTH pasmepoM oT 50 1o 100 HM u Oonee (puc. 20,
BEPX).

O HaOnooaeMbIX Pa3IMIUAX B MOP(HOJIOrUH MOBEPXHOCTH M BHYTPEHHEH YacTH LEIITIOJIO3HBIX
asporesieii coobmiasocs B padorax [19-31]. [lo MHEHHIO aBTOPOB, MPUYMHA YACTHYHOW JCrpagalun
ITOBEPXHOCTH MOKET OBITH BBI3BAaHA JINOO YCIOBHSIMM CYIIKH (HAaIlpuMeEp, NPH PE3KOH 3aMOpO3Ke),
1100 pe3kuM u3MeHeHueM pH cpenbl mpu pereHeparuu.

Hcxonst n3 ananuza COM-CHUMKOB MOKHO CIIeNIaTh IPEATIONOKEHUE, YTO CeTUaTast TpeXMepHast
CTPYKTypa o0pasia a’sporeis u3 JApeBECHOU LEIII0JI03bl, chOpMUpPOBAHHAS M3 THOKHX M IIeperie-
TEHHBIX 1IETI0YeK HAHOYACTHI, SIBIISIETCS1 O0JIee BETBUCTOM 110 CPAaBHEHUIO C a9POTesIeM U3 [EIITI0NI03bI
xjonka. @opMupOBaHHUE CI0KHON XaOTHUHON CTPYKTYPbI a3POTeIbHBIX MaTEPHUAIOB U3 LEJTIONO03BI
eu HaOoaanocs B paborax [9—-12].

[Inenku cynb(arupoOBaHHBIX IEIUIIOI03HBIX a’pOrejiei MPEACTaBISIOT CO00M MaIOMOPUCTHIM
MaTepHall ¢ OHOPOAHOM 1 POBHOM noBepxHOCcThIO. [Tpn Gonbimom yBennyennn COM-u300pakeHU i
(mo 100000 u 200000 pa3) Ha BHEIIHE IJAJKOH MOBEPXHOCTH IUICHOK HAOJIOAAIOTCS HEPOBHOCTH
1 TPEIIMHBI MIHUPHHON 2—5 HM (puc. 3).

Metonom ACM n3ydeHa MOp¢osI0rus MOBEPXHOCTH IJICHOK, MOJTYUYSHHBIX U3 TIPOJYKTOB CYJIb-
(aTupoBaHUS IEITIONO3HBIX asporeseil. [IoBepXHOCTh MIEHKH M3 MPOAYKTOB CyJIb(aTHPOBAHUS
asporesis U3 LEJUII0II03bI Oepe3nl (puc. 4—2a, 26) chopMupoBaHa arperaTaMu YaCTHUIL IITMPUHONU OKO-

10 50-70 um u gummHON okono 100-200 HM. [ToBepXHOCTB IIJIEHKH CYJb(ATHPOBAHHOI'O a3pOTes
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Puc. 3. COM-n300pakeHus IICHOK CyIb()aTUPOBAHHBIX a’dporeneil n3 uesuiono3 oepess (a, 0) u xjonka (B)
(yBenuuenue 2000 (a), 100000 (0) pa3 u 200000 () pa3)

Fig. 3. SEM images of sulfated airgel films from (a, b) birch and (c) cotton celluloses (magnification 2000 (a),
100000 (b) times and 200000 (c) times)
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Puc. 4. Tunuunsle ACM-n300pakeHnsl TUICHOK, MOJTYYCHHBIX M3 MPOAYKTOB CYIb()AaTHPOBAHUS a’porenei
13 TeJUTI01036! XJ1omKa (1) 1 apeBecunsl 6epessl (2); a — penbed, 6 — Gpa30BbIit KOHTpPACT

Fig. 4. Typical AFM images of films obtained from the products of sulfation of aerogels from cotton cellulose (1)
and birch wood (2); a — relief, b — phase contrast
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U3 LEJITIOI03bI XJIONKA chOPMHUPOBAHA JOCTATOYHO OAHOPOIHBIMY YaCTHLIAMH ChepuuecKoil (hOpMEI
co cpenqauM auamerpom 70—100 HM, IUTOTHO MPUIIETAOIIUMU APYT K APYyTY (puc. 4—la, 10). IloBepx-

HOCTBb M3YUYCHHBIX IJICHOK JOCTATOYHO OJHOPOAHA U HE COACPKHUT MOCTOPOHHUX an/IMeceﬁ.

3akjarouenne

BriepBrie cOMmOCTaBICHO CTPOSHUE M CBOWCTBA LIEJUTFOJIO3HBIX adpOreliei, IOTyUYeHHBIX U3 Iel-
JIIOJIO3 IPEBECUHBI OEpe3bl U XJIOMKA, & TAKIKE MPOAYKTOB CYIb(GaTHPOBAHUS ITUX T'eJicii HETOKCHY-
HOW CMEChIO CyNb(h)aMHHOBAsI KACIOTa-MOUYCBHHA.

HecmoTps Ha pa3ianvue B IUIOTHOCTH MCXOMHBIX LEJUTION03 U3 apeBecuHbl Gepesn (0,095 r/em?)
u xsonka (0,230 r/cm?), asporesu, nonyueHHbIE Ha UX OCHOBE ¢ BBIX0A0M 89,0 u 90,5 mac.%, uMeroT
Onu3kue 3HaueHus Kaxyeics miotnoctu (0,071 u 0,078 r/em?®) u nopuctoctu (oxomo 95 %).

[o marEBIM MeToma COM, MOpdoIOTHS U CTPYKTYpa 00pa3IoB adporeei U3 MelTI03 Oepe3sl
U XJIOTIKA Pa3IHYaloTCs. AIPOreib M3 LEJUTI0NIO3bl Oepe3bl HMEET CEeTYATYI0 TPEXMEPHYI0 MUKPO-
(buOpHMILTHPOBAaHHYIO MTOPUCTYIO CTPYKTYpy. OOpaser asporens U3 MeIITI0I03bI XJIONKa UMeeT Iry0yua-
TYIO TPEXMEPHYIO CTPYKTYPY, B KOTOPOU COAECPKHUTCS OOJIbIIE MOJOCTEH U TPEIINH, UeM B a’poresne
W3 LEJLTFONIO3BI OEpPE3bl.

[TpensioxkeHo MCIONB30BaTh ISl MOJNYYEHHUs BOJOPACTBOPUMBIX CYJIb(ATOB LEIITION03bI Me-
TOI CYIb(ATUPOBAHUS [EJLTIOJIO3HBIX a’pOrelieil CMEChI0 CyIh(aMHUHOBAS KHCIOTa-MOUYCBUHA TIPU
MOJIbHOM cooTHomeHuu 1:3, mpu temneparype 90 °C B Teyenue 2 4. Adporemnb U3 MeJITI003bl Oepe-
361 (ALLB) oTmvaercs Ooiree BEICOKOM PEeaKIIMOHHON CIIOCOOHOCTBIO B IpoIiecce CyIb(paTHpOBaHUS
10 CPABHEHUIO C a’poresieM u3 mesuno3sl xiomnka (ALX). [IponykT ero cynbharupoBanus oopasy-
etcs ¢ BerxomoM 83,2 mac.% (mast ALLX — 73,0 5 mac.%) u umeert crenenb 3amerieHus 1,01 (mms ALLX
0,85). Ilpu cynbdarupoBaHuy B aHAJTOTHMYHBIX YCJIOBHSX IIEJUIIOJIO3 IPEBECHHBI OEpE3bl U XJIOMKa
BBIXOJl BOJJOPACTBOPUMBIX CYJIh(aTHPOBAHHBIX TPOAYKTOB He mpeBbimal 41 mac.%.

ITo nauubiM MeToga ACM, rinankasi MOBEPXHOCTD IJICHKH, [TOJYYCHHON HAa OCHOBE CYJIb(paTHpO-
BAaHHOTO a3pOrells U3 [EJLTI0I036! Oepessl, chopMUpOBaHA arperaraMu 4acTull mupuHoi 50—70 HM
u qiuHor 100—200 HM, a MJICHKA Ha OCHOBE CY/Ib(aTHPOBAHHOI'O a’pOreiis U3 IEJTFIO3bI XJIOMKa
o0Opa3oBaHa JOCTaTOYHO OJHOPOIHBIME YacTHIIAMU chepraeckoit hopmbl muameTpom 70—100 HM.

Pa3paboTanHbIi CI10COO MOTYUCHUS CYIb(PATHPOBAHHBIX LIEUTFOJIO3HBIX IJICHOK MOXKET UCIIOJb-

30BaTbCAd B MCAUIUHC JId CO3JaHUA AHTHUKOAT'YJISIHTHBIX HOKpBITHﬁ.
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Abstract. The effect of anions (hydrocarbonates, chlorides, sulfates) and organic compounds (xanthates)
on the kinetics of thiocyanate oxidation in a photoinduced iron-persulfate system was studied using natural
sunlight as a radiation source. It was found that the introduction of anions into the solution inhibits the
degradation of thiocyanates. Hydrocarbonates have the maximum effect, so at a HCO3concentration of
1 mM, the processing time required for the complete destruction of thiocyanates increased from 6 to
15.7 minutes. At high concentrations of bicarbonates (=5 mM), the oxidation efficiency of thiocyanates does
not exceed 52 %. The adding of butyl xanthate into the solution has no significant effect on the photochemical
oxidation of thiocyanates. In real water matrices (tap water and circulating water of the tailing dump of a
gold mining plant), oxidative processes are significantly slowed down. In tap water, this effect is mainly
due to the influence of hydrocarbonates, and in waste water, it is due to the multicomponent nature of the
water matrix. The efficiency of wastewater treatment from thiocyanates was 100 %, for COD — 82 %, for

dissolved organic carbon — 65 %. No cyanides were found after the treatment.
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BinsiHe aHHOHOB M CONYTCTBYHOIIMX
OPraHM4YecKMX COeIMHECHU U
HA KMHETUKY OKHUCJICHUS THOLUAHATOB

B Solar-uHAyIHPOBAHHON OKUCJNTEJIBHON CHUCTEME

A.A. BaroeBa, M. P. Cusbix, /I.I. AceeB
bavixanvckuii uncmumym npupooononvsosanus CO PAH
Poccuiickaa @edepayus, Ynan-Yos

AHHOTanMs1. 3y4eHo BIUsSHIE aHNOHOB (THAPOKapOOHATOB, XJIOPHIOB, CYIb(ATOB) M OPraHUIECKUX
COeIMHEHHI (KCAHTOTeHATOB) Ha KUHETHKY OKUCJICHHSI THOLMAHATOB B (DOTOMHIY {UPOBAHHOM HKeJe30-
repcynb(GaTHOM cUCTEME C UCIOJIb30BAHUEM B KAUECTBE NCTOUYHHMKA U3JTyYCHUSI €CTECTBEHHOIO
COJTHEYHOTO CBETA. YCTAHOBJICHO, YTO BBEJICHHE B PACTBOP AaHHOHOB HHTUOUPYET MPOIecC NeCTPyKINN
THOIMAaHATOB. MakcnMasbHOE BIMSTHUE OKa3bIBAIOT M'MIPOKAapOOHATHI; Tak, Mpu KoHueHTpanun HCO5
1 MM BpewMst 00pabOTKH, HEOOXOIUMOE JIJIsI TOJTHOW ASCTPYKIUH THOIIMAHATOB, YBEIHMYHIOCH C 6
1o 15.7 mus. [Tpy BEICOKAX KOHIEHTPAIUSAX THAPOKAPOOHATOB (>5 MM) 3 (heKTHBHOCTH OKUCIICHUS
THOLIMAHATOB He npeBbilaeT 52 %. BBeneHue B pacTBOp OyTHUIIOBOTO KCAHTOI'e€HATa HE OKA3bIBACT
CYIIECTBEHHOTO BIIMSHMS Ha Mporecc GOTOXUMHUUECKOTO OKHCIICHHS THOIMAHATOB. B peanbHbIX
BOJHBIX MaTpHUIax (BOAOMPOBOIHON BOIE M 0O00OPOTHON BOJIE XBOCTOXPAHHMIINIIIA 30I0TOM3BIICKATEIBHON
(haOpHKH) OKUCIUTEIBHBIE TPOLIECCH CYIIECTBEHHO 3aMeIAI0TCs. B BogonpoBoHoii Boae 3ToT adhhexT
00yCIJIOBJICH TPEUMYILIECTBEHHO BIMSIHUEM TUIPOKapOOHATOB, & B CTOUHOI BOJIE — MHOI'OKOMIIOHEHTHBIM
XapaKTepOM BOJHOM MaTpHIbl. DPPEKTUBHOCTh OYUCTKH CTOYHBIX BOJ OT THOIIMAHATOB IPH 3TOM
coctasuna 100 %, mo XIIK — 82 %, mo pacTBOpeHHOMY OpraHudeckomy yriaepony — 65 %. Lluanuast

B OYHIICHHON BOJIe HE 00HAPYKEHEI.

KuamoueBnble cjaoBa: THOIIMAaHAaThI, HepCYJ'IL(I)aT, JACCTPYKI U, OKUCIICHUC, aHUOHBI, CCTECCTBECHHOC

COJTHEYHOC U3JTYyUCHUE, KOM6I/IHI/IpOBaHHLIe OKHCIUTCIIBHBIC CUCTCMBI.

BaarogapHocTu. PaGora BblojiHEHA B paMKaX rocyapCcTBEHHOro 3aaanusi deaepaibHOro
rOCYIapCTBEHHOTO OFO/PKETHOTO YUPEXKICHUS HayKH bailkaibCKOro MHCTUTYTA MPUPOAONOIH30BAHUS
Cubupckoro otaeneHus Poccuiickoit akagemun HayK (mpoekT Ne 0273-2021-0006) ¢ ucmnoib30BaHHEM
o6opynosanust LIKII BUIT CO PAH (Ynan-Ymp).

Lluruposanue: baroesa, A. A. BiusiHue aHHOHOB ¥ COIY TCTBYIOI[MX OPTaHUYECKUX COCANHECHUN HAa KUHETHKY OKHCICHUS
THOI[MAHATOB B Solar-mHIyHMPOBAHHON OKHCIUTENBbHOI cucteme / A. A. baroesa, M. P. Cusbix, JI.T. Acees // XKypu. Cuo.
benep. yuara. Xumus, 2022, 15(1). C. 69-80. DOIL: 10.17516/1998-2836-0272
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BBenenne

[Tpobiema oxpaHbl BOAHBIX 00BEKTOB OT TEXHOI'CHHOTO 3arPS3HEHHS OCTAETCsl OJHOM 13 CaMbIX
AKTYyaJIbHBIX YK€ HECKOJIBKO JiecsTUiIeTui. J{j1s ee pemenust BeJeTcs aKTUBHBIH MMOUCK U pa3padoT-
Ka HOBBIX METOJIOB U TEXHOJOTUH OYMCTKH NMPOU3BOJCTBEHHBIX BOJ, MTO3BOJISIOMINX CHU3UTH IOCTY-
IJICHUE HEJAOCTATOYHO OUYMIIEHHBIX CTOKOB B AKOCHCTEMbl. OCc000€ BHUMAaHKE MPH DTOM YICISETCS
MeTOoaM ITy0OKOM TOOYUCTKH, CPeIr KOTOPBIX JTUAUPYIOT EPeIoBble KOMONMHUPOBaHHbBIE OKHCIIH-
teabpHbIe porecchl (Advanced Oxidation Processes (AOPS)), CyTh KOTOPBIX 3aKJII0YAETCS B OKHUCITH-
TEJIBHOW AECTPYKIMHM 3arpsi3HUTENeH akTUBHBIME (popmamu kucinopoaa (ADPK), popmupyrommumucs
B pacTtBope «in situ» [1-7]. [Ipexypcopom ADK, kak mpaBuiio, IBIsETCS MEPOKCHU]T BOIOPOJIA — IKO-
JOTMYECKH YHCTBIH OKHMCIHUTENb, IPU Pa3IoKEHUH KOTOPOro oodpasyeTcs Boaa M Kuciaopod. OgHoi
U3 MPUYUH, CACPKUBAIOLINX BKIIOYCHHE KOMOMHUPOBAHHBIX OKHCIMTEIbHBIX METOIOB C HCIOJb-
30BaHMEM MEPOKCHIA BOJIOPOAA B TEXHOJOIMUECKHE CXEMBI OYHUCTKH CTOKOB, BBICTYIIAE€T HECEJEK-
THUBHOCTH OCHOBHBIX ADK — rIpOKCUIIBHBIX PaMKaIOB, YTO IPHBOAMUT K 3HAYUTEILHOMY Iiepepac-
XOJly OKHCIINTEJISI BCIEJACTBHE HELENEBBIX PEaKIUil ¢ KOMIIOHEHTAMH BOJHBIX MaTpPHUIl (AHHOHAMH,
HNPUPOHBIM OPraHMYECKUM BELIECTBOM U T. [I.). B CBSI3U ¢ 3THM B IOCJIEAHHE TOJII BO3POC HHTEPEC
HccleIoBaTelel K N3y4YEHNIO0 BOZMOXKHOCTH MCIOIb30BAHNS B KOMOMHUPOBAHHBIX OKUCIUTEIBHBIX
TEXHOJIOTHSIX TepCyNb(aToB KaK UCTOUHUKOB CYJIb(AaTHBIX aHHOH-PAMKAJIOB, COYETAIOIINX BBICO-
KYIO OKHUCIATENBHYI0 criocoOHOCTh (E(=2.5-3.1B) ¢ Gomnprreii cenekTuBHOCTEIO [8—11]. Kpome Toro,
IPOJIOJKUTEIBHOCTh CYIIECTBOBAHMS CyJb(aTHBIX aHUOH-PAJIMKAIIOB B PACTBOPE HAa TPH MOPSIIKA
Gosblre, YeM y TUAPOKCUIIBHBIX PaJUKaioB [12], 94TO Mo3BOISIET JOOUTHCS TIyOOKOro Pas3iIoKeHUs
OOJIBLIMX OPraHMYECKUX MOJIEKYII JI0 TPOCThIX HEOPraHWYEeCKUX BelecTB. BeiencTeue 3Toro Kom-
OMHNPOBAaHHBIC OKUCIUTENIEHBIC ITPOIECCHl, OCHOBAaHHBIE Ha MCIIOIb30BAHNN B KAYECTBE IIPEKypcopa
ADK nepokcunucyinb(paro niu nepokcomonocyabdaros (Sulfate radical based — Advanced oxidation
processes (SR-AOPs)), ABIsr0TCS KOHKYPEHTOCIIOCOOHBIMHU.

Jlst oOpa3oBaHust Cylnb(haTHBIX aHHOH-PAIMKAJIOB MEPOKCOAUCYNIb(AThl AKTUBUPYIOT (BHU3HUe-
CKUM BO37eHCTBHEM (YIbTpaHOIEeTOBOE H3IIYUCHNUE, YIBTPA3BYK, IOBBIIICHUE TEMIICPATYPBI U T. 11.)
WM XUMHYECKH (TIepeXxoHbIe MEeTaJIbI, yTaepocoepkamiue Bemectna u ap.) [13]. Ilpu sTom mak-
cuMainbHast 3(Q(HEeKTUBHOCTh M TIIyOOKOE OKHCICHHE (MHUHEPAJIN3alns) OPraHnYeCKUX COEIMHCHUH
JIOCTUTAIOTCS TIPH COYETAHUU HECKOJbKUX METOJIOB aKTHBALMU OJHOBpeMeHHO. CBe/leH s O BIIUSs-
HUW KOMIOHEHTOB BOJIHBIX MaTpHIl (AHHOHOB M PACTBOPEHHOTI'O OPTaHUYECKOI'0 BEIECTBA) Ha KHHE-
THUKY TIpOliecca OKUCIEHUs OpraHndeckux coenuHeHnit SR-AOPS HOCST MPOTHUBOPEUUBBIN XapaKTep
[14]. OTmeuaeTcs, 4YTO aHMOHBI MOTYT y4acTBOBAaTh B IIpolieccax 0Opa30BaHMS U TPaHCHOPMATUU
AOK, BnusiTh Ha CTAOMIBHOCTh OKUCIHUTENST U aKTUBHOCTH KaTalu3aTopa, a Takke 00pa3oBbIBATh
HOBBIE COCMHEHUS C MPOIYyKTAaMH PEaKIMH, WHOI/IA BEICOKOTOKCHYHBIE [14]. XapakTep BIHMsIHHS
AQHMOHOB OIPEAENSECTCS KaK UX KOHIIEHTPALMel B PacTBOpE, TaK M MPHUPOJOH OKUCIISIEMBIX COCIH-
HeHuil. Tak, HarpuMep, IPU OKHUCIEHUH CMECH OPraHNYEeCKUX COEAMHEHHH, COCcTOosAIIeH N3 OeH3oa,
TOJIy0JIa, 3TUIOEH30J1a U KCHJICHOB, TEPMUYECKH aKTUBHUPOBAHHBIM IepPCYJIb()aTOM yCTAaHOBJICHO, 4TO
B IIPUCYTCTBHUH XJIOPUOB MHIHOMPYETCS AeCTpyKIHst OeH301a, a KeniieHoB — mpomoTupyeres ([Cl] =
=100-500 mM) [15].

B nacrosimiee BpeMs B MHPOBOH JIMTEpaType HAKOIIJICH J0CTATOYHO OOIIMPHBIN Marepua,
JIOKa3bIBAIOIINI EPCIIEKTUBHOCTD UCIIOJIb30BaHUs (oToaKTUBUPOBaHHBIX SR-AOPs MeTo10B 1151

OKHCIUTEIbHOU ACCTPYKIMU 6I/IOp€3HCT€HTHHX OpraHUYEeCKUuX BarpﬂSHHTeﬂeﬁ. B OoapmuHCTBE
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paboT B KaueCTBE UCTOYHUKOB YD-U3/TyUeHHS UCIOJIB3YIOT PTYTHBIC JIAMIIbI HU3KOT'O M CPEIHETO
nasienus [16]. PacreT uHTepec uccienoBareneil K MCIONIb30BAaHUIO MOJUXPOMATUUECKOTO €CTe-
CTBEHHOI'0 COJIHEYHOro Hu3nyudeHus (Solar) jyisi MHTEHCH(UKALMKM OKUCIUTEIBHOU JECTPYKIHH
CTOWKHX OpraHMYeCKHX 3arpsi3HUTENeH, WHAKTHBAIMU MaToreHHod Mukpoduops! [17]. OmgHako
BCTPEUAIOTCS JUIIb CIMHUYHBIC MyOJUKAIUH IO 00€3BPEIKUBAHHIO TOKCHYHBIX HEOPTAHUYCCKUX
MOJUTIOTAHTOB, B YACTHOCTU UAaHUJ0B U THolMaHatoB [18—20]. Ilo HamieMy MHEHUI0, C TOUKH 3pe-
HUsI SHEProd(GPEKTUBHOCTH M IKOJOTMYHOCTU IMPOICCCOB JAaHHOE HAMPABJICHHE HCCIICIOBAHUMN
MPEACTABIACTCS BeChbMa aKTyaJdbHBIM H IS 00C3BPEKUBAHUS TOKCHYHBIX HEOPTaHUUYCCKHUX 3a-
TpSI3HUTEINCH.

Panee ObutH W3y4YeHBI OCHOBHBIC 3aKOHOMEPHOCTH (POTOXHMHYECKOTO OKHCICHHS CTOHKHUX
HEOPraHWYECKUX COCIUHEHHI THOIIMAaHATOB, OCHOBHBIX TPYAHOOKHCISIEMBIX KOMIIOHEHTOB CTOKOB
MIPOU3BOICTB IO MEPePadOTKE YIOPHBIX 30JI0TOCOACPIKALIUX PYI, IEPOKCOTUCYTH(PATOM, AKTUBHUPO-
BaHHBIM U3JIyUYE€HHEM €CTECTBEHHOTO COTHEUHOro ceta [20]. YcTaHOBIEHO, UTO 100aBICHUE B pac-
TBOP MOHOB Fe’" IpUBOAMT K YBEIMUYEHUIO KOHCTAHTBI CKOPOCTH PEAKIIMU OKUCIIEHUS THOLMAHATOB
B 20 pa3 u mosHOW uX mecTpykiuu. Hactosmias paborta SBIISICTCS HMPOMOJDKCHUEM HCCICIOBAHMS
U TIOCBSIIIICHA M3yYCHHUIO BIHSIHUS aHUOHOB (THAPOKapOOHATOB, XJIOPHUIIOB, HUTPATOB, CyIb()aToB),
HanboJiee XapakTePHBIX JJIsI TPUPOAHBIX U CTOYHBIX BOJ, U COMYTCTBYIOIIUX OPTaHUYECKUX COEIU-
HEHUH (KCAHTOT€HATOB) HA KHHETHKY (POTOXMMHUYECKON TECTPYKIIUU THOIIHAHATOB B KOMOWHHUPOBAH-

HOIl okucIuTeNnpHOI cucteme Solar/S,04%/Fe’™.

3KCHepl/IMeHTaJIbHaH JacThb

HccrienoBanus IPOBOIMIN HA PACTBOpPax THONHAHATOB ¢ KoHIeHTpanued 100 mr/m (1.72 MM),
MPUTOTOBJICHHBIX HA PA3TUYHBIX BOAHBIX MAaTPHUIAX:

— mucTwuHpoBaHHOH  Bome  (pH=5.7+0.2, ynmempHas dueKTpUUYeCKas MPOBOIUMOCTH
(YOII) = 2 mxCwm/cm);

— BOJOMPOBOAHOH Boge TI. Ymaw-Ymd (pH = 7.11£0.2, Y3II = 237+7 mxCwm/cMm, xecT-
kocTh = 2.61+0.39 mr-sks/n, HCO;~ = 128+14 mr/n, K = 1.25+0.21 mr/n, Mg?" = 9.73+0.20 mr/n,
ClI' = 0.30+0.04 mr/m, SO, = 16.58+2.16 mr/n, Feigy = H/O, 00U OpraHUYecKuil yriaepoxn
(TOC) = 3.4+0.9 mr/nm, Ca*" = 36.08+0.76 mr/n, Na = 9.33£1.59 mr/n, NOs> = 4.82+0.63 mr/n,
NO,?<0.1 mr/n, Al<0.05 mr/n);

— peaJibHOH OOOpPOTHON BOAE XBOCTOXPAHMIIMINA IieXa THPOMETaUIypPruu 30JI0TOU3BJIEKA-
tenbHOM (abpuku (pH=10.35, SCN—=98 mr/1, [Fe(CN)s]*1=6.50+1.82 mr/n, NO;=8.73+2.01 mr/x,
NH;*=4.99+1.50 wmr/n, XIIK=250+37,5 mr/n, TOC = 62.78+9.42 wmr/n, Fe,g,= 0.07+0.018 wmr/m,
Cu?"=20.06+4.01 mr/n).

B skcnepumenTax ucnonb3oBann: KSCN, Fey(S04);x9H,0 u K,S,05 (99 %), cyiabbar HaTpus,
xJiopua Hatpusi, rugpokapoonar Hatpust (OO0 «XumpeakTuBcHad», Poccus), TexHudecKnit Oy Tnio-
BbII KCAHTOI'€HAT.

Harypuble uccnenoBanus («open-air») npoBoguiIn 0e3 TepMOCTaTHPOBAHUS B COJTHEUHBIE THH
¢ mas 1o ceHtsiopp 2020 r. B . Ynau-Yu» (51°48'47.747" c¢. w. 107°7'19.536" B. 1.) Ha dKCIIEpUMEH-
TaJBHON yCTaHOBKE, TOJIPOOHO onrcanHO# panee [21]. CkopocTh HOTOKa 00pabaThIBAEMOro pacTBOpa
cocrapisuia 1 1/MuH, 00beM — 1 1. 3HaUSHMSI KHTEHCUBHOCTH COJTHEYHOT'O M3JIyUeHHs B JIMara3oHe
V®-A pasusutucs 8.0—-46.6 Br/m?, VO-B — 0.51-3.08 Br/m?, YO-C — 0.49-3.42 Br/m2. Temneparypa
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00pabaThIBACMOI0 PacTBOPA MPH MPOBEICHUH IKCIICPUMEHTA IOCTEIICHHO YBEINUNBAIACH H K OKOH-
YaHUIO 3KcIepuMeHTa coctasisia 40+2 °C.

DKCNEPUMEHTHI MPOBOIMIIH MIPU ONTUMATBHBIX YCIOBUAX, YCTAHOBJICHHBIX paHee ISl TOJTHOTO
(hOTOOKHUCIICHUS THOIIHAHATOB B XKEJIE30-TIEPOKCOAHNCYIb(PATHON CHCTEME C HCITOb30BAHUEM B Kade-
CTBE MCTOYHMKA U3JIyYEHHUS] KBA3UCOJIHEYHOMN JIAMITBI U €CTECTBEHHOIO COHEYHOro cBera — [S,0g>"
J:[SCN:[Fe’'] = 5:1:0.5, pH=5.7 (6e3 xoppexTuposku) [20, 22].

ConeprkaHue THOIIMAHATOB B PACTBOPE KOHTPOIHPOBATIH (POTOMETPHUCCKHUM 3KCIIPECC-METOIOM
C A30THOKHCIIBIM jkesie30M [23].

D} PEeKTUBHOCTH OYUCTKH CTOYHBIX BOJ OLCHUBAJIHU 110 U3MCHCHHIO KOHIICHTPALIUHA KOHTPOJIHU-

PYEMBIX KOMIIOHCHTOB TI0 (hopMyJie
3 (%) = (1— ) x 100,
0

rne Cyp u C, — ucxonHas 1 B MOMEHT BPeMEHH T (MHUH) KOHIIEHTPAIINH COOTBETCTBEHHO.

CrieKTpbl TOTJIOIEHHsI paCTBOPOB perucTpupoBain Ha crnekrpodoromerpe UV-Vis Agilent
8453 ¢ ucnonp3oBaHreM KBapleBoi KioBeTs (1 =1 cm).

Jlist oueHkn 3(p(HEeKTUBHOCTH OYMCTKM CTOYHBIX BOJ HMCIOJIB30BAJIM MHTETpaJIbHbIE ITOKa3are-
JI1 — CTeNeHb MUHEPAJIN3alUN OPTaHNYECKUX COCTUHEHUN M XUMUYECKOe MOTpeOIeHne KUCIopoa.
CreneHb MUHEpAJIN3AMH OPraHMYECKUX COSTMHEHHH OLICHUBAIIH 110 U3MEHEHHIO COAEPKaHM s 00IIEeTo
OpraHMYecKoro yriepoza, onpezensemoro Ha nprubdope Shimadzu TOC-L CSN (SInonusi, npenen oOHa-
pyxerns 50 mxr/im). KanunbpoBky mpudopa IpoBOAMIIN MO CTAaHAAPTHBIM o0pasmaM Omdranara Kaus
u aByyriekucioro Harpust. XI1K onpexnensuin B peaktope XITK DRB200 (Hach, ['epmanust) ¢ npsiMbiM
CYHTHIBAaHHEM PE3yJIBTaTOB C MOMOIIBI0 TopTaTuBHOTO Kosopumerpa DR / 890 (Hach, ['epmanmus).

JI7s cpaBHUTEIBHOMN OIEHKHU PE3yJIBTATOB, IMOJYUYCHHBIX IIPH €CTECTBEHHOM COJHEYHOM OOIIy-
YEHNU B pa3HbIe JTHU, IPUHUMAJIN BEIMYNHY MHTCHCHBHOCTH COJIHEYHOTO M3JIy4EHUS B JIMANa30He
crektpa A+B (280—400 um) pasroii 30 BT/M?, K KOTOPOH HOPMaJIM30BBIBAIIU BCE DKCIIEPUMEHTAIIb-
HbIE 3HAUCHHSI MHTEHCHBHOCTHU B JIaHHOM CIIEKTpasbHOM auaraszone [24]. IIpogomKuTeTbHOCTh IKC-
MO3UINH JJI5 KaXJ0H 3KCIIEPUMEHTAIBHOW TOYKHU ti0p;, , PACCIUTHIBAIN OTHOCUTEIHHO NHTEHCUB-

HOCTH, «HOPMaJIM30BaHHON» K 30 Br/M%:
t3opr = tnog + Aty X 1/30 X (Vi/Vy),

rJie N — HOMEP DKCIEPUMEHTAJIBHON TOYKH 0TOOpa MpOoObI; t, | — MPOJOIKUTEIBHOCTh SKCIO3UIIUU
B IIpebIIyIIeH Touke 0TO0pa nMpoobl; At, — I3MEHEHHE SKCIO3UIINN MEXIY IBYMs TOUKaMu 0TOOpa
npo0; | — MHTEeHCUBHOCTH U3My4YeHus B quana3oHe (A + B) B MoMeHT oTOopa rpolsl B TOUKe 72; V;—

o0mmmit 00beM 00pabaTeiBaeMOro pacTBopa; Vi— 00BheM OCBEIIAEMOr0 PacTBOPA.

Pe3yabTaThl M 00CyKAEHUE

BrusiHue aHMOHOB Ha MPOLECC OKUCIUTENLHOM IECTPYKIMU OPraHUYECKUX COSTUHEHUH B ()OTO-
SR-AQOPs, npoTekaronux no pajgnKalbHO-IETHOMY MEXaHU3MY, 00YCIIOBIICH, IIPEX/JIE BCETrO, UX B3a-
umoyeiicteuem ¢ AOK, B pe3ynbrare 4ero B pacTBOpE MPOUCXOAUT POPMUPOBAHHE JIOTIOTHUTEIBHBIX
PpasAMKaIbHBIX YaCTHII, YTO IPUBOAUT JHOO0 K MHTCHCU(PHUKAIINH ITPOLIECCa 3a CUST MOBBIIIEHHU S 001I1e-
IO OKUCIIUTEJIBHOTO MOTEHIMAJIa CHCTEMBI, JIM00 K €ro 3aMeJIJICHUIO BCIIEACTBUE MEKPAIUKAIbHBIX

B3aUMOJICHCTBHIA, BEAYIIUX K OOPHIBY IICIIH.
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Panee ObLIIO 9KCIIEPUMEHTAIBHO JI0Ka3aHO, YTO MPOoIecc (OTOXMMUYECKOTO0 OKHCIICHHUS THOL[HA-
HaTOB B Solar-WH Iy IMPOBAHHOM OKUCIUTENbHOU cucTeMe Solar/S,0g>/Fe3" mpoTekaer 1o conpsiken-
HOMY HOH-pPaIMKaJIbHOMY MEXaHU3MY C y4aCTHEM I'€HEPUPYEMBbIX i7 Situ aKTUBHBIX ()OPM KHCIIOPO-
Jla, TPENMYIIECTBEHHO CyIb(paTHbIX aHHOH-paguKkaioB [20]. Beexenue B pacTBOp rupokapOOHaTOB
MHTHOUPYET MPOIECC OKUCIeHHs Tnonnanatos (puc. 1). [Ipu konuentpanun HCO;™' MM Bpemst 06-
paboTKu, HEOOXOAMMOE JTs IOJTHOHN JeCTPYKIIMH THOITHAHATOB, BO3pocio ¢ 6 1o 15.7 muH. BeposTHo,
9TO CBS3aHO C HellesieBbIM pacxonoBanueM ADK BciieicTBIE HX B3aMMOJICHCTBUS ¢ THpoKapOoHaTa-

MH C BBICOKOH CKOPOCTBIO [25]:
SO, "+ HCO;3 — SO + COs™ + H k=2.8x10° MIc!

[Tpu BBICOKMX KOHLEHTpAIMAX TMIPOKapOOHATOB (=5 MM) 3 pEeKTUBHOCTh OKHCICHHUS THO-
nuaHatoB He mpesbimaet 52 %. [IpuunHoit 3TOMY, BEpOSITHO, siBIsieTcs «Oydepusanns» pacTBopa
(puc. 1), KOTOpast NPUBOAUT K PaspyILEHHIO KENE30COAepKAIIUX KoMIuiekcos. Monsr Fe’' ruaponn-
3YIOTCS M JIe3aKTUBUPYIOTCS. [loydeHHbIe pe3yabTaThl XOPOIIO COTJacyoTCs ¢ JaHHBIMHU HCCIIEN0-
BaHWH 1O U3YYCHUIO BIUSHUS THAPOKAPOOHATOB Ha KWHETHUKY OKHCICHHS OPraHMYECKHX COeIHUHe-
HUW B jKeJIe30-TepCyIbPaTHbIX cucTemax [21, 26-28].

JlobaBieHue XI0pUA-NOHOB B AMaNa3oHe KOHUEeHTpanui ot 1 mo 10 MM cymiecTBeHHOTO
BIMSHUS Ha KUHETHKY OKHCIEHUS THOLMAHATOB B KOMOWHHPOBAaHHOU cucteme Solar/S,0g%/
Fe’" He okaswiBaeT (puc. 2). Bo MHOTHX MCCIEJOBAHUAX 110 H3YUYCHHIO BIUSHUS AHUOHOB Ha KH-
HETHKY OKHCIICHHS OPraHMYECKHX COCIWHEHUH CyIb(aTHBIMH aHHOH-pajuKajaMu cooOmia-
ercss 00 mHrubupyromem 3ddexTe XIOpHUI0B, 0COOEHHO NMPHU UX BBICOKMX KOHLEHTpPAIHUIX
[29, 30]. OgHO# M3 NPUYUH HTOTO SIBJICHHUS B XKEJIE30-NMepCyinb(aTHBIX CUCTEMaX HA3bIBAIOT
CIIOCOGHOCTh XJIOPHI0B 00Pa30BEIBATH YCTONYMBBIE KOMIIIEKCH ¢ Fe*', TeM caMbIM 00pbIBATH

IITUKJI BOCCTAHOBJICHH A JK€JIC3a B KaTaJIUTHYECKOH CHCTEME. OI[HaKO THOIIMAHATHBIC KOMITJIICKCHI

10

pH
o]

10 15
{ 30y, MHH

SCN- /SCN-,

0 5 10 15 20

t305, MUH
Puc. 1. Bnusinue ruipokapOoHaTOB Ha KHHETHKY OKHCIICHHS THOLIMAHATOB

Fig. 1. Effect of hydrocarbonates on the kinetics of thiocyanate oxidation
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Fig. 2. Influence of chlorides and sulfates on the kinetics of thiocyanate oxidation

¢ Fe** Gonee ycTOWYMBEI, 4€M XJIOPHUAHBIE, TOTAPU(GM KOHCTAHT yCTOWYMBOCTHU COCTABIAET 3.23
u 1.01 cooTBeTcTBeHHO [31], TOATOMY BEpOATHOCTH (POPMHUPOBAHUS HOBBIX KOMIIJIEKCOB B pac-
TBOpPE HHU3KAas.

ITpu OKKCIIEHUH THOIIMAHATOB B KOMOMHUPOBaHHOH cucteme Solar/S,05%/Fe" npu nobasnenuu
B pacTBOp cyibdaroB ¢ KoHUeHTpaleld | MM HayanbHasi CKOPOCTh peaKlMu OKUCIEHHs BO3pocia
¢ 0.57 mo 0.64 MM/MuH, 0JHAKO BpeMs, HCOOXOIUMOE IS TIOTHOTO Pa3I0KEHUS TAPTeTHOTO COC/IH-
HEHUsI, He U3BMEHMJIOCH (puc. 2).

WaTencudumupyrommii 3gdexT cynpdaroB panee ObUT 0OHAPYKEH MPH OKHCIUTEIBHON Jie-
CTpyKLMHU XJopaMpeHnkoia (OTOaKTUBUPOBAHHBIM 1epcylibdaTom [32]. ABTOPBI MPEIIONI0KUIH,
YTO B IPUCYTCTBUH CYJIb(ATOB B PACTBOPE CHIKAETCSI BEPOSITHOCTh NPOTEKAHMSI HELICJIEBBIX Peak-
uui pacxompoBanus ADK, B TOM YnCiIe B3aUMOJACHCTBHS CYIb(aTHBIX aHUOH-PAIUKAJIOB C TEPCYJib-

(baTom:
SO4>_ + 82082_—> 52082; + SO42_.

Kpome Toro, HecMOTpsi Ha TO, UTO CyJib(aThl HE PEarupyIoT ¢ CyJib(haTHBIMU aHHOH-PaUKAIaAMHK
[15], oHn MOTYT KOCBEHHBIM 00Pa30M CIOCOOCTBOBATH T'€HEPHUPOBAHHIO JOMOJHUTEIEHOIO KOJITHUYe-

ctBa SO, BeeacTBUE MpOTeKaHus peakuuu [33]:
HO® + S04 — SO, + OH".

VYBenuueHne KOHUEHTpanuu cyiabdaToB 10 10 MM mHrHOUpyeT nporecc OKHUCICHHs THOLHA-
HATOB, HauaJbHasi CKOPOCTh PEAKIMH OKUCIEHHS cHU3MIach 10 0.49 MM/MuH, TIOJIHOW JeCTPYKIIHH
He Habmonanoch (puc .2). ITo MOXKET OBITH OOYCIIOBJICHO HENEJIEBBIM PACXOJOBAHUEM CYIb(ar-
HBIX aHUOH-PAJIMKAJIOB BCJICJACTBUE PEAKIIMM PEKOMOUHAIMH, TPOTEKAIOIICH C BBICOKOH CKOPOCTHIO
(k=3.1-10% mun") [34]:

SO4'7 + SO4'7—> 820827.
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B mporecce oborarieHust pyJ Ha MPENNPUITHIX TOpHONEpepadaThIBatOLIel NPOMBIIIIEHHO-
CTH B KadecTBe (UIOTOPEAreHTOB HIMPOKO MCIOJIB3YETCsl OYTHIIOBBIH KCAHTOTEHAT Kajus (Kajaui
O-0ytun-gutuokapoonar) [35]. B mpouecce ¢uiotanuu 00bias 4acTh KCAHTOIGHATOB OCTACTCS
Ha TMOBEPXHOCTH (UIOTHPYEMOTO MUHEpaJla U JIUIIb HE3HAYUTEIbHAS UX YaCTh NEPEXOAHUT B BOJHYIO
(a3y, Mo3TOMy X KOHLEHTPAIUsI B CTOKAaX COCTABIISET JACCATKA MUJLIMTPaMMOB B JtuTpe [36]. DKc-
MIEPUMEHTAJILHO YCTAaHOBIJIEHO, YTO BBEJICHHE B pacTBOP Oy THIIOBOrO KcaHTOreHaTa 10 20 MI/ He oka-
3bIBAET CYILECTBEHHOIO BIMSIHUS Ha IPoLecc (OTOXMMUYECKOr0 OKUCICHUS THOIIUAHATOB B KOMOU-
HUpoBaHHOI cucteme Solar/S,0g%/Fe’" (puc. 3). Ilpu 5T0M HEOOXOIUMO OTMETUTE, YTO KCAHTOT€HATHI
3G PEKTUBHO OKUCIIAIOTCS TIPH MIpsiMoM (oTouinze (puc. 4).

[Tpouecchl OKUCIUTENBHON IECTPYKIIUH 3arPs3HUTENEH B KOMOMHUPOBAHHBIX OKHCIHTEIbHBIX
CHCTEMaxX B PealibHbIX BOJHBIX MAaTpPUIAX — MHOIOKOMIIOHEHTHBIX MPHPOJHBIX M CTOYHBIX BOJAX,
MPOTEKAIOT 3HAYUTEIHHO MEJJICHHEE U 3aBHCST HE TOJBKO OT KOHIEHTPAIHWH aHMOHOB, HO U OT UX
B3aMMHOI0 BIUsHUS [37]. YCTaHOBIIEHO, YTO KOMIIOHEHTBI BOJIOIIPOBOJIHO BOJIbI HHIMOUPYIOT IIPO-
necc (pOTOXMMHUYECKOTO OKMCIICHHS! THOIIMAHATOB, HAadaJbHAsi CKOPOCTh PEAKIMH OKHCIICHHS CHHU-
smwiack B 2.3 pasa (10 0.25 MM/MuH), BpeMs MOJHON ASCTPYKIMKA THOIIHAHATOB COCTABUIIO 7.4 MUH
(puc. 5). OToT 3dPexT 00yCIOBICH TPEUMYIIECTBEHHO IIPUCY TCTBUEM B BOJHON MaTpHUIlE THIPOKap-
6onatoB (HCO; = 128 Mmr/n), Tak Kak XxapakTep KHHETHYCCKONH KPUBOW XOPOIIO KOPPEIUPYET C pe-
3yJIBTaTaMu, MPEJCTABICHHBIMY BBIIIE, OJTYYSHHBIMH IIPU OKUCICHUH THOIMAHATOB B MOJCIBHBIX
pacTBopax (B JUCTUIUIMPOBAHHOW BOJIE) B MPHUCYTCTBHM T'MIpOoKapOoHaToB. JJiss HUBEIHPOBAHUS
narubupytomero BausHus HCO;™ ObUIH BBINTOJHEHBI SKCIIEPHUMEHTBI C KOPPEKTUPOBKON MCXOTHOM
peaxuuu cpenbl BOAOMPOBOAHOM BOMbI 10 4.5 (puc. 5). IIpu 2TOM HauanbHasi CKOPOCTh PEAKITMU OKHC-
JICHWsI THOLMAHATOB yBenndniach (10 0.38 MM/MuH), BpeMs MOJTHOH NECTPYKIIUU THOIIMAHATOB CO-
CTaBUJIO 8.3 MHUH.

O060poTHBIE BOABI XBOCTOXPAHMJINIIIA 30JI0TOM3BIIeKaTenbHON (hadbpuku (311P) MMEIoT CI0KHBIH

MHOTOKOMIIOHEHTHBIN COCTaB, XElp&KTGpH?:y}OLL[PIﬁCH 3HAYUTECJIBbHBIM COACPKAHUEM TPYAHOOKHUCIIAC-

< i 0,8 -
Z 038 a0 .
Q =
2} —@— 5 MI/n 3 06
v 0,6 —— 10 M1/t g Y07 0 MuH
% S 30 Mun
©n 20 mr/n = i 60 MuH
§ 0.4 90 Mun
8 120 mun
=
£02
=)
o
0 T T ? "
0 5 10 15 200 250 300 350 400
t 30p5 MHH JlnuHa BOITHBI, HM
1>
A b
Puc. 3. BausHue KcaHTOreHaToB Ha KuHeTHMKY Puc. 4. lI3MeHeHue  CIEKTPOB  IMOIVIOLICHUS
OKHUCJIEHUS THOLIMAaHATOB KCAaHTOIE€HATOB IIPH MPSIMOM (GOTONIH3E

Fig. 3. Influence of xanthates on the kinetics of Fig. 4. Changes in absorption spectra of xanthates
thiocyanate oxidation during direct photolysis
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Fig. 6. Oxidation of thiocyanate in the recycled water of the tailings dump and the treatment efficiency

mbix BewecTB (XITK=250+37,5 mr/m). YcTaHOBIIGHO, 4TO MPOLIECC OKUCIICHUS THOIL[MAHATOB, CO/IEpIKa-
muxcst B cTOUHBIX Bogax 3U®D, nmpoTekaeT MeIeHHee, MOTHON eCTPYKIIUHN YAAETCs TOCTHYb JINITh
yepe3 72 muH 00paboTku (puc. 6). OfHAKO PU 3TOM HE MPOUCXOJUT HAKOIICHHS] TOKCHUHBIX MPO-

IyKTOB peakuuu — urnanu o, XIIK cauxkaercs Ha 82 %, TOC — na 65 %.
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TakuMm 00pa3oM, MOJIYYCHHBIC PE3YJIbTAThl CBHACTEIBCTBYIOT O MEPCICKTHUBHOCTH HCIIOIb30-
BaHUsI KOMOMHUPOBAHHOI'O METO/[d, OCHOBAHHOIO Ha (JOTOXMMHUYECKOM OKHCICHHUU 3arps3HUTENEH
B KOMOMHUPOBaHHOI cucteme Solar/S,0g>/Fe*", rie B kKauecTBe MCTOUHMKA U3JTyUYEHUS UCIIOIb3YETCs
€CTECTBEHHBIN COJIHEYHBIH CBET, Il OYMCTKH CTOYHBIX BOJ| IPEAIPUITHN TOPHOI0OBIBAOIICH TTPO-

MBIIIJIEHHOCTH, COACPKAIIUX TUOLUAHATHI.

3akJoueHne

W3ydeHo BIMsSHUE COMYTCTBYIOIINX AaHUOHOB, HANOOJIee XapaKTEPHBIX JUIsl PeajbHBIX BOAHBIX
MaTpuIl (XJIOPUIOB, Cyib(haToB, TMIPOKAPOOHATOB), ¥ OPraHUYECKUX 3arps3HHUTENeH (KCaHTore-
HaToOB) Ha 3((EeKTHBHOCTH NMPOTEKAHUS IMPOILECCOB (POTOXUMHUECKON AECTPYKIIMHM THOLMAHATOB
B Solar-uHIyMPOBaHHOM OKMCIUTENBHON cucTeMe Solar/S,0g%/Fe’'.

VYCcTaHOBIICHO, YTO PACCMOTPEHHBIE AaHHOHBI HHTHOMPYIOT IPOLECC AECTPYKIIMH THOIIMAHATOB.
MaxkcuManbHOE BIMSHUE OKa3bIBAIOT MHAPOKApOOHATEI, TaK, MpHu KoHnenTparnun HCO; ™' MM Bpemst
00paboTKH, HEOOXOAUMOE /ISl OIHOW NeCTPYKIIMHM THOLMAHATOB, YBEIUYHIOCH ¢ 6 10 15.7 MuH.
[Tpu BBICOKMX KOHIEHTpALMIX THAPOKApOOHATOB (=5 MM) 3 (heKTHBHOCTH OKHMCIICHHU ST THOLIMAHATOB
He mpesbimiaer 52 %. Benenue B pacTtBop OyTHIIOBOTO KcaHTOoreHara (1o 20 MI/i) He OKa3bIBaeT
CYILIECTBEHHOI'O BIMSHUS Ha IIPOLecC (OTOXMMHUECKOTO OKHCIICHHU S THOLMAHATOB B KOMOMHUPOBAH-
HOW Solar-WHIYIIMPOBAHHON CUCTEME.

B peanbHOI1 BOgHON MaTpuile — BOAOIPOBOJHOM BO/IE — MPOLIECC OKUCIEHUS THOLMAHATOB CY-
IIECTBEHHO WHTHOMPYETCsl, YTO OOYCIIOBJICHO IPEHMYINECTBEHHO BIMSHUEM THAPOKApPOOHATOB.
B oGoportHoit Bosie xBocToxpaHminiia 3P oxucieHne THOLHAHATOB IPOUCXOTUT Me/JIeHHEEe BBUAY
MHOI'OKOMITIOHEHTHOI'O XapaKTepa BOAHON MaTpPUIIbI, OJHAKO HAKOIIJIEHHUSI TOKCHYHBIX TPOAYKTOB — I[U-

aHMJIOB — HEe HAOJIO/IaeTCsl, @ MHTErpasibHBIN 1okaszarelb kayecTsa Bojbl XI1K cHikaercs Ha 62 %.
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Ha OCHOBe HHUCc-ATuxJopoauaMMuHIaTuHbI(1II),
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AnHoTauus. [TonydeH HOBBII IpemapaT Ha OCHOBE KOMIIJIEKca [UC-TuXIopognaMMuHILIaTuHGI(1T)
¢ apabuHoranakraHoM u antamepoMm AS-42. [Tpenapar oxapakrepuzoBan metogamu POA, CTA

u UK-cnekrpockonuu. M3yyena ero Ononsorudyeckast akTHBHOCTbD.

KarwueBble cJ10Ba: KOMIIJICKCHOEC COSIMHEHHE IIATHHBI, CHHTE3, (PU3UKO-XMMHUYCCKUE CBOMCTBA,

apa6I/IHOFaJ'IaKTaH, alTaMephbl.

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

Lintuposanue: Crapko, A. K. [Torydenne HOBOro npenapaTa Ha OCHOBE ITHC-AUXI0poanaMMuHILIaTHHBI(1]), apabuHoranakrana
u antamepaAS-42 u nzydyenue ero o6nonorndeckoit aktusHocTH / A. K. Crapkos, C. . Kupuk, T. H. 3amaii, I A. KoxxyxoBckas,
A.W. Py6aiino / XKypn. Cub. dpenep. yn-ra. Xumus, 2022, 15(1). C. 81-89. DOI: 10.17516/1998-2836-0273

BBenenue

AHanu3 TUTEpaTypPHBIX JAHHBIX 10 TIOJIYYEHHIO M CBOMCTBAM IIpEnapaToB HA OCHOBE B3aHMO-
JICUCTBUSI KOMIUIEKCOB TUIATHHBI ¢ apaOWHOraJlakTaHOM I10Ka3aJjl, 4TO JaHHbIE M0 HCCIICIOBAHHIO
B 9TOM HAaIIpaBJIEHUH OTCYTCTBYIOT. PaHee moiydeHHBIH mpenapar NpH B3aMMOJCHCTBUU IIHC-
nuxyopoauammuHIiuiaTuabl(I]) ¢ apadbunoranakranom 1o crocoOy [1] O6but uaeHTuduUIpoBaH [2]
1 MCCIIENIOBaH Ha OMOJIOTMUECKYI0 aKTUBHOCTSD [3]. CHHTE3 MpOBOAMIIM IIPU HAarpeBaHuu. B kauecTse
JIMTaH/a UCII0JIb30BaNIA cepTUGHUIIMPOBAHHbIN apabuHoranaktad (Pudponap C), cogepxamiuii He 60-
nee 1,5 % ¢dnaBonon o [4]. [IpoBenenHble PU3NKO-XMMHUUECKUE HCCIICTOBAHNS IOy YSHHOTO TIpera-
paTa He MO3BOJIMIN OJHO3HAYHO CYAUTH O COCTABE U CTPOCHHH B CBSI3U C MAJIBIM COJIEP)KaHUEM B HEM

koMmIuiekca iatuusl (1,3 % mo niaruee).
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HccnenoBanue ero Ha OMOJOTMYECKYI0 aKTHBHOCTH II0KA3aJlo, YTO OH MPOSBISET aK-
TUBHOCTh K AaCLMTHON KapUHMHOME OpiHXa U CHHUXKAET TOKCUYHOCTh, IO CPaBHEHUIO C IIHC-
nuxnoporrnaMMuHILIaTUHEI(I]). [ToaToMy maHHOE HampaBiICHUE SBISAETCS HOBBIM U MEPCIEKTHBHBIM
IIpHu pa3padOTKe HOBBIX CIIOCOOOB M METO/OB IOJyUEHHS IIPENapaToB Ha OCHOBE B3aWMOACHCTBHS
KOMIIJICKCOB IIJIATHHBI C apa0MHOTaIaKTAaHOM.

Ilenp wccnenoBaHUS — IOJIY4YEHME HOBOT'O IIperapaTa Ha OCHOBE pEaKIHMH  IUC-
nuxyopoauammuHIuiaTuabl(11) ¢ apabuHoranakranom, KOTOpblit OyaeT 001aaaTh BHICOKOW OMOJIOTH-
YEeCKOW aKTUBHOCTBIO U OTCYTCTBHEM TOKCHYHOCTH. HE0OX0IMMO YyCTaHOBHUTB €TI0 COCTaB M CTpOe-
HUE.

B nanHOl cTaThe MPUBOASITCS PE3yJbTaThl CHHTE3a HOBOI'O IIpenapaTra Ha OCHOBE B3aMMOJEH-
CTBUS LHC-TuXJIopoarnaMMuHIuiaTuHbl(1]) ¢ apabuHOrasakTaHoM, a TakkKe pe3yJbTaThl ero (HU3NKO-

XUMHNYCCKOT'O UCCIICAOBAHU . I/I3yqua ero OMOJIOruYecKast akTHBHOCTb.

MaTepHaJ’lbl U METOAbI

Huc-nuxnopogunammuHiuiatuHbi(1]) monyden mo crmocodam [5, 6]. st MOBBIMICHUS] YHCTOTHI
MHKPOKPUCTAJUTHYECKOW CONH IUC-TUXIoponuaMMuHILIATHHEI(I]) ee mogBepramy o4nucTKe 1Mo CIo-
co0y [6].

ApabunoranaktaH (AG) UCHIOTB30BaTN HEOUUIICHHBIN OT mpuMecH 2,7 % TaHHUHA [7].

Cunres npenapara (Cis — AG) npoBOJUIIH TI0 CIEAYOLIEH METOUKE.

K 1 r apabunoranakrana mobasmsnu 0,08 r nuc-nuxiaopoaumamMmMmuHILIaTAHEI(I]) 1 pacTBOpsuH
B 30 ma Bogsl. JloBogumu pactBop 1o pH 7 pactBopom menoun NaOH u nepememnBaiy B TeUCHUE
1 4. 3arem mobaBmsm 30 MIT ciEpTa IS BEICAXKUBAHUS ocaaka. [lomydeHHBIH ocaqok OTQHUIBTPO-
BBIBAJIM U CYIINJIU IPU KOMHAaTHON Temmeparype. KonnuecTBo BIICICHHOTO IpenapaTra CoCTaBUIO
0,92 1, To ecTb 85 % oT TeopeTudeckoro. CoaepxaHue IIATHHBI B Ipenapare paBHAIOCh 2,6 %. AHa-
JIM3 Ha TUTATHHY MPOBOAMIHN BECOBBIM METOOM.

[IpuroToBnenue NpoayKTOB B3aUMOJEHCTBH Npenapata ¢ antamepamu AS9 u AS42:

Antamepsl AS-9 (CTCCTCTGACTGTAACCACGACTGAGCTTTGGTGGGTCGAGCTATG
TGCTGCCTCTTCACGCATAGGTAGTCCAGAAGCC) n AS-42 (CTCCTCGACTGTAACCACGT
CAATGGGTGATATATGCAGGTTACGCTGGCTAGTTGAAAGCATAGGTAGTCCAGAAGCC)
[8] mpenBaputenbHo HarpeBanu npu 95° C B TeueHue 10 MUH 1 OXJlaXkJalu Ha Obay B TedeHue 10
MUH i BocctaHoBieHus: KoHpopmanuu. [Ipoaykrer Cis-AG-AS9 u Cis-AG-As42 nony4daiu cMme-
muBarueM 200 Mxi1 200 amM AS9 1 200 Mkt 200aM AS42 ¢ 200 mraCis-AG (2 mr/mun) (Kax IbIi KOM-
HOHEHT ObLII pa30aBiieH OeclBETHBIM COAaHCUPOBAHHBIM pacTBOpOoM X3HKa, GpochaTHO-CONIEBbIM
oydpepom (PBS) nnu cpenoit DMEM) n nakyouposanu B reuenue 25—-30 MUH IPH KOMHATHOH TeM-
neparype.

[IpoTHBOOITYX0JIEBYI0 AKTHBHOCTD IIPETapara 1 MpoIyKTOB U3yYaJIi Ha MOJICITH aCIIUTHON Kap-
[UHOMBI DpJIKiXa U METACTATUYECKOW MOJEIN aClUTHON KapIuHOMBI Dpiauxa. O0Iiee KOJTu4ecTBO
KJIETOK y Ka)IOT0 UCIBITYEMOTO )KHBOTHOTO PACCYUTHIBAIIH 110 O0IIEMY 00hEMY ACIUTHBIX KIETOK
B aCILIUTUYECKOM KU IKOCTH.

MeracTta3zbl HoJay4aiu BBEIEHUEM B XBOCTOBYIO BEHY MbIIIeH 1 MJIH aCHUUMTHBIX KJIeTOK B 100 MK
dbocharnoro Oydepa. Tepanuro HaUMHAIN HA 5-€ CYTKH Pa3BUTHUS OMyX0iH. [10 OKOHYaHWMY JICUCHUS

MBIIIEH BCKPbIBAJIX U OMIPEACIATIN KOJIUICCTBO MCTACTATUICCKHUX OYaroB U UX Maccy.
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CoeprkaHue MJIATHHBI B IIpenapare onpeaessiif nyTeM cxuranus B mydesne no 1200° C B ma-
THHOBBIX TUTIsX. HaBecka cocraBisina 160 mr. ITo pasHocTH cozepKaHusI TUIATHHBI MEK/y OCTaTKOM
HOCJIE CKUTAHUS IIpenapaTa U OCTaTKOM I10CIIe CKUTaHus apaOuHOralakTaHa ONpeielisiiv IATHHY.

[TopourkoBeie pEHTTEHOT paMMBI peTUCTpupoBan Ha qudpaktomerpe X pertPro (PANanalitical,
Hunepnanasr) ¢ reomerpueii no bperry-bpentano, ocHaIleHHOM MOJTYITPOBOAHUKOBBIM JA€TEKTOPOM
PIXel c rpaduroBsiM MoHOXxpoMaTopoM. Vcnonb3oBanu CuKa-u3nyuenne. Mnrepsan cbemkn ot 10
110 900 ¢ marom 0,0260.

Tepmorpammer 00pasnos nosydanu Ha npudope NETZSCHSTA 449 C ¢ macc-crieKTpaibHbIM
aHaiu3aTopoM orxoasmux razos QMS403 C B motoke cmecu 20 % O2 —Ar. Harpesanue npoBoauin
B uHTepBazue temneparyp ot 20 go 1000° C co ckopoctsio 10° C B MuUHyTY.

UK-cniexTpbi 06pasuos peructpuposanu Ha MK-dypoe ciekrpomerpe IRTracer— 100 (Shimadzu,
SInonus) B o6mactu 4000-400 cm™.

Pe3ysbTaThl U 06cyiKACHHE

ApaOuHOranakTaH COJCpPKUT B KadecTBe npumeck 2,7 % tanuuHa. Hu skcTpakiue, HU nepe-
OCaXICHUEM IIOJIHOCTBIO YAAJINTh €r0 HeBO3MOXKHO. JJaHHBIN pe3ysbTaT yKa3blBaeT Ha CIIOCOOHOCTD
apabuHoranakTaHa o0Opa30BbIBATH MEXMOJIEKYJSPHbIE KOMIUIEKCH [7]. MOXHO HPEIIOIIOKUTh,
yT0 1pu cuHTe3e npenapara (Cis-AG) nuc-nuxnopoaunamMuniuiatuaei(1l) (Cis) pearupyer ¢ COO-
TpyInaMy, HaXOAAIUMUCS B TAHHUHE, CBA3aHHOM C apaOWHOTaJakKTaHOM C 3aMELICHHEM XJIOp HOHA
B KOMIIJIEKce ¢ oOpazoBaHueM npenapara. [Ipu o6padorke npenapara 0,5 M HCI MbI 1omKHBI ObLITH
HOJIYYUTh CMECh IHC-TuXxyIopoarnaMmMuHIuiaTuHbl(1]) ¢ apabuHoranakranom.

[TpoBeneHHbIE HU3MKO-XUMHUYECKHE HCCIICOBAHNS MOKA3aJId IPABUIBHOCTD HAIIUX MTPEII0JIO-
eHuil. Hapuc. 1 mpuBeaeHbI peHTreHor paMMBbl HCXOIHOTO Tpenapara (1) umponyKTa B3anMOACHCTBUS

ero ¢ 0,5 M pacteopom HCI (2). Pentrenorpamma (1) ominyaercs OT peHTI€HOTrpaMMBI (2), TpeicTas-
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Puc. 1. Pertrenorpammsl: 1 —npenapar, nosty4eHHbIH Py B3aUMOACHCTBUY LIUC-TUXI0pofuaMMuHIIIaTUHbI(1])
¢ apabMHOTaJaKTaHOM; 2 — IPOAYKT, MOJYYCHHBIH MpH B3anMmoaeicTBrH npemnapara ¢ 0,5 M HCI

Fig. 1. Radiographs: 1 —a drug obtained by the interaction of cis-dichlorodiamminplatin(II) with arabinogalactan;
2 — the product obtained by the interaction of the drug with 0.5 M HCl
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Jsirolie coboit cmeck 1uc-nuxiopoarnaMmmuHiuiatuabl(1]) 1 apabunoranakrana. JlaHHbI pe3yabraT
MI03BOJISIET YTBEPIKAaTh, YTO MOJYUYCHHBIH IpenapaT COAEpKUT LUC-TuXxiIopoanamMmuHILiaTHHbI(1])
C apaOMHOTaJIAKTAHOM.

[TpoBeneHo TepMorpaBUMETpPHUECKOE HCCIeA0BaHNE ITpenapaTa 1 NpoAyKTa. /laHHbIe pencTas-
JIEHBI Ha pHC. 2 U 3.

Ha puc. 2 npuBenena TepMorpaMmma pasiioKeHHOTO IIpU HarpeBaHuu npemnapata. Habmronaercs
nBa 3k303¢pdexra nmpu Temmneparype 231 u 287° C. PasyioxkeHUe UACT B OAHY CTaAUI0. DTH JaHHBIC
YKa3bIBAIOT HA TO, YTO MOJIYUYCHHBIH MTpenapaT He SBJISIETCS CMECHIO.

Ha puc. 3 npuBejeHa TepMorpaMma pas3jioKeHHs! POy KTa, HOJTYYESHHOIO IPH B3aUMOACHCTBHH
npenapata ¢ 0,5 M HCI. Habmtomaercst Tpu sk303ddexra npu temneparype 279, 305 n 435° C, xa-
paKTepHbIE MPH PA3JIOKEHUN CMECH IHC-TuxyiopoauaMmmuHIuiatuabl(1]) u apabuHoranakrana. Pas-
JIO)KEHHE UJIET CTYEHYaTO.

Jannbie MK-crieKTpoCKOMYECKOro MCCiIeA0BaHusl Mpernapara U MpoayKTa, MOJy4eHHOIo Ipu
B3aumozeiicteuu ero B 0,5 M pactsope HCl, nokaszanu, uro B K-cnekrpe npoaykra nosiBuiack mo-
noca ipu 1717 em™!, koTopast xapakTepHa [Uist BaJIEHTHBIX Kosiebanuit kapookeubbix rpyn C=0 [9].
Ora nosoca MpUCYTCTBYET M B apaOWHOTaIaKTaHe, UCIOJIb3YyeMOM B CHHTE3€ Ipernapara. A Tak Kak
TAaHHWH, CBSI3aHHBIN C apa0MHOTAIAKTAHOM, COJIEPIKUT JUTAIIOBbIE KHCIOTBI, TO 3TY MOJOCY MOXKHO
OTHECTH K BaJCHTHBIM KoJieOaHUsIM KapOokcniabHbIX rpynn C=0O B TanHuHE. B mpenapate 3Ta nonoca
OTCYTCTBYET, UTO MOXET yKa3bIBaTh Ha CB3bIBaHUE LUC-AuXJIopoauammuHiiarunbi(1l) ¢ gurasio-

BbIMH KUCJIOTAMH, KOTOPBIC HAXOAATCA B TAHHUHE.

ATT /(%/MunH)
" 1% [ICK /(MBT/mr)
1 aK3c¢
100 20 4
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Puc. 2. Tepmorpamma mpenapara, MOJIYy4YEHHOTO IpPH B3aUMOACHCTBUM LHC-AMXJopoarnaMMuHILIaTUHbI(1])
¢ apabuHOrajJakTaHOM

Fig. 2. Thermogram of the drug obtained by the interaction of cis-dichlorodiamminplatinum(II) with
arabinogalactan
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Puc. 3. TepmorpamMmma npoayKTta, OJIyUYeHHOTO P B3aumozelcTuu npenapata B 0,5 M HCI

Fig. 3. Thermogram of the product obtained by the interaction of the drug with 0.5 M HCI

DTo yKa3bIBaeT Ha TO, YTO Npu B3aumoxeicTeuu npenapara ¢ 0,5 M HCI npoucxoaut otrpsiB
nuc-auxjopoauaMMuHIIATHHEI(I]) OT TaHHKWHA, KOTOPBIM HaXOAUTCS B apaOMHOTATaKTaHE.

[TomydeHHbIi mpenapaT ObLI UCHBITAH Ha MPOTHUBOOIYXOJIEBYI0 aKTHMBHOCTh M BIIHMSHHUE €rO
Ha YpPOBEHb METACTA3MPOBAHUSI.

Mopdonoruueckue pa3inyus aACHUTHBIX KJIETOK B OITYXOJISIX MBIILEH Pa3HbIX 3KCIEPUMEHTAIb-
HBIX T'PYIII TIOCIIE ABYX HEAEIb TepaIliy IPEICTaBICHb! Ha pUC. 4. ACIMTHBIEC KJIETKH U3 OPIONIIHOMN
MOJIOCTH KUBOTHBIX KOHTPOJIBHOHN I'pynIbl 0€3 JIeYeHNsI OAMHAKOBOTO pa3Mepa U UMEIOT OKPYTIYIo
¢dopmy. B acumrnueckoil xuakoctu Mblniel, npoiaedeHHbIX kKoMmruiekcamu Cis-AG u Cis-AG-AS9,
OOJIBLIIMHCTBO KJIETOK HAXOJUTCS B COCTOSIHUY alonTo3a U HEKpo3a; KpoMe TOro, Ha Ma3Kkax HaOuro-
JaeTcss OOJNBIIOe KOJMYECTBO ANONTOTHYECKUX TENEIl U APUTPOLUTOB. TakuM oOpa3zoM, mpernapat
B IIPOLIECCE AJPECHON TOCTABKHU C aliTaMepaMu, BBI3BIBAET alONTO3 OMyXOJEBIX KieTok [10], koTo-
PBI IPAaKTHYECKH HE 3aBUCHUT OT THIIA ariTaMepa.

Bbouto u3ydeHo BiausHue nuc-guxiopomrnamMmunmiaTuabi(1l) (Cis), mpemapara u NpoayKTa ero
JIOCTaBKHU C ariTaMepoOM Ha yPOBEHb METACTAa3MPOBaHUsS. B 3TOM sKcnepuMeHTe 1iisl aJpecHON 10-
CTaBKH IperapaTa UCIIOJIb30BaIM anTaMep K acuTHbIM KiieTkaM AS42 [8]. Cis, nmpenapar u MpoayKT
€ro JOCTAaBKU C alTaMepoM BBOAMIN § pa3 yepe3 AeHb. Onpenessiy pacnpeaesieHue MeTacTa3oB
U Maccy OIyXOJIEBBIX 04aroB. Pe3ynpTaThl HCCcienoBaHUM MpeacTaBIeHbI B Tabnune. Hanbomnpiree ko-
JINYECTBO METACTA30B (CYyMMapPHO) BBISIBJICHO Y )KHBOTHBIX KOHTPOJIEHOH I'PyTIIBI O€3 Ie4eHus (BCero
24). B ocHOBHOM MeTacTa3bl OblIIM OOHAPYIKEHBI B LIUTOBHUIHON Kelle3e, TUMYCE, XBOCTE, MBILIIAX

U JICTKUX. CyMMapHa;{ Macca MeTacTa3oB y 8 JKUBOTHBIX COCTaBHUJIA 6,9 r. MuHHManbHOE CyYMMApHOC
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Puc. 4. Ma3ku HHTaKTHOH aCIUTHYECKOH KUAKOCTH, BBIICICHHON U3 OPIOMIHON MONOCTH MBIIIEH Pa3InIHBIX
9KCTIEPUMEHTATIBHBIX TPYIII, 3aUKCHPOBAHHBIX METAHOJIOM U OKPAIICHHBIX Kpackoid PomanoBckoro-I'mMsa.
Magnification 40x

Fig. 4. Smears of intact ascitic fluid isolated from the abdominal cavity of mice of various experimental groups,
fixed with methanol and stained with Romanovsky-GIEMS paint. Magnification 40x

KOJIMYECTBO METACTa30B H MUHHUMAIIbHAsI CyMMapHas Macca MEeTacTa30B HAOIIOAAIHCE Y dKUBOTHBIX
U3 IpyI, KoTopeix Jieumtu Cis, mpernaparom, ¢ ero aapecHoi qocraBkoii anramepom AS42 (Cis-AG-
AS42). KonnaecTBo MetactazoB y mbleit atux rpyni (Cis n Cis-AG-AS42) Ob1o MeHbIIe B 3 pasa,
a CyMMapHasi Macca MeTacTa3oB — B 5,6 pasa u 4,7 pa3a COOTBETCTBEHHO (Tabiuiia). Takum oOpazom,
B 1I€JIOM IpernapaT ¥ MPOAYKT €ro JI0CTaBKH C allTaMepoM, HECMOTPsI Ha HU3KYIo 1010 B HUX Cis, 00-
JIaJiaJ i COMOCTAaBUMOM C ITUC-TuXIopoguaMMuHILIaTHHON(I]) crtocoOHOCTRIO MOAABIATE POCT METa-
cTa3oB. [IpuyeM KOHIICHTpAIlUs IIATUHEL B IIpenapaTe B 25 pa3 HIDKE, YeM KOHIICHTPAITUs IIIaTHHBI

B UC-IIJIATUHE, YTO CYHMICCTBEHHO CHUXKACT €0 TOKCUYHOCTb.

3akJouyeHue

[Nomyyen HOBBIN mpenapaT Ha OCHOBE IUc-nuxyopoaunaMMuHIIaTuHel(1l), apabuHoramakrana
u antamepaAS-42, mposBISIONINN TPOTUBOOIYX0JIEBYIO0 aKTUBHOCTh Ha KapIIMHOME Dpiuxa, CpaB-
HUMYIO C aKTHBHOCTBIO IIMC-IUIATHHA, HO CYIIECTBEHHO YMEHBIIAIONIYI0 KOHLIECHTPAUIO TJIATHHBI
B npemapare (6ojee yem B 25 pa3s). DTO MO3BOISCT CHU3UTH €r0 TOKCHYHOCTh P XMUMHOTEPAITHH.

KommekcHoe nccnenoBanue cBoiicts npenapara Mmetogamu POA, CTA u MK-criekTpockornny mo3Bo-
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Tabnuua. Pacnpenenenne mMeracTa3oB y MblIIeil MPH Tepamuy LUC-TUIATHHOM, IMPENapaToM M MPOAYKTOM
B3aMMOJICHCTBU NIpenapaTa ¢ anTaMepoM

Table Distribution of metastases in mice during therapy with cis-platinum, the drug and the product of interaction
of the drug with aptamer

Ne Tpymmer PacmpeneneHue MeracTa3on
JKHBOTHBIX Bcero | Macca, r
a|b|lc|d|e|f|lg|h|i|j|k|]l|m|n
1 | Control 3|S5 4 3|1 |14 |1 |L]|-|-1]-]|- 24 6,9
2 |Cis 201 -1 -|-1-|1]- -3 - 1 8 1,24
3 | CistAG L{3|3(1|2(-|-|-|1|1]1}{2]1]-~- 16 1,85
4 |CistAGHAS42 | 1 | 1 |3 | L |- |- |1 |-|2]|-]-|-1]-]|-+ 9 1,51

ITpumeuanue: a — MIUTOBUIHAS JKesle3a, b — THMYC, ¢ — XBOCT, d — MBIIIIBL, € — cepAne, f — xkemynok, g —erkue, h — acur,
1— cnuHa, j — HOra, k — KUIIeuHNK, | — Topio, m — MO4YeBOH Iy3BIph, N — IPyIUHA.

JISIET ClIeNIaTh 3aKJII0YEHUE O TOM, 4TO apaOMHOTaJIaKTaH CBsI3aH C IUC-TuXJopoarnaMMuHIuiaTuHbl(11)

3a CHCT IPUMECHU TAHHWHA B HEM.
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Abstract. The results of a study on the use of sawdust of common pine Pinus sylvestris L. with their
preliminary activation in a cavitation water-impact dispersant for 25 minutes as a substrate for cultivating the
Gl4—-16A strain of Ganoderma lucidum are presented. It was found that the Gl4—16A strain of Ganoderma
lucidum colonizes the substrate more efficiently with the introduction of (NH,4),SO4 and Na,HPO, salts
into its composition. At the same time, the average growth rate of basidiomycete on the substrate without
the introduction of salts was 1.39+0.53 mm/day, and on the substrate with nitrogen salts — 3.224+0.48 mm/day,
and complete fouling of the substrate occurred on day 13. It was found that during the cultivation of the
Gl4—-16A strain of Ganoderma lucidum on a substrate with nitrogen salts, the content of extractive substances
in it increases from 4.37 % to 6.32 %, where more than 65 % is accounted for by substances extracted
with water. There is a decrease in the content of difficult-to-hydrolyze polysaccharides by 13.3 %, and an
increase in the non-hydrolyzable part by 2.4 %, which is 6.8 % per organic mass. The content of easily
hydrolyzable polysaccharides (LGA) decreases by 2.4 %, but this change is not significant in terms of
organic mass and the share of LGA both before and after bioconversion is about 15.7 %.

The obtained data can expand the field of use of sawdust, which is a promising direction, both in the

chemical and pharmaceutical industries.
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I'uapoauHaMuyecky aKTUBMPOBAHHbBIE ONMUJIKH
COCHBbI 00bIKHOBEeHHOM Pinus sylvestris L. —
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*Uncmumym neca um. B. H. Cykaueea CO PAH
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AnnoTtanusi. [IpuBesieHbl pe3yIbTaThl HCCIIEIOBAHMUS [0 UCTIOJIb30BAHHIO OMUIIOK COCHBI OOBIKHOBEHHOM
Pinus sylvestris L. c npenBapuTeIbHON akTUBAMEH X B KABUTAIIMOHHOM T'HIPOYIapHOM JHCIIEpraTope
B TeueHue 25 MHUH B KauecTBe cyOcTpaTa Jis KyJbruBupoBaHus mramma Gl4—16A Ganoderma
lucidum. YcranosieHno, aro 6oxee a¢pextuBHo mramm Gl4—-16A Ganoderma lucidum xononnsnpyet
cyOcTpar ¢ BBeneHueM B ero coctas cosierd (NHy),SO4 u Na,HPO,. Tlpu 3TOM cpeaHsis CKOpoCTh pocTa
OasmamomuIeTa Ha cyOcTpare O0e3 BBeneHus coeid cocrasuia 1,39+0,53 mM/cyT, a Ha cyOcTpaTe
¢ cossimu azota — 3,22+0,48 Mmm/cyT, 1 1oJIHOE oOpacTaHue cyocTpaTa MpoOUCXoanio Ha 13-e CyTKH.
YcTaHOBIIEHO, YTO B Iporiecce KyasTuBupoBanus mramma Gl4—16A Ganoderma lucidum na cyberpare
C COJISIMU a30Ta B HEM YBEJIMUUBAETCS COIEPIKAHME SKCTPAKTHBHBIX BeecTs ¢ 4,37 10 6,32 %, rae 6onee
65 % TIPUXOINTCS Ha JOJIO BELIECTB, IKCTpAarupyeMbIx Bogoid. HabmtonaeTcst cHuKeHUE COepKaHUS
TPYAHOTHUIPOIU3YEMBIX ITONTHCAXapuIoB Ha 13,3, n yBenum4eHne Herupoau3yemMoit yactu Ha 2,4 %,

YTO B pacyeTe Ha OPraHUYecKyIo Maccy cocraBiser 6,8 %. CoaepikaHue JIErKOTHAPOIN3yEeMbIX
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nonucaxapunos (JIT'TT) camkaercs Ha 2,4 %. OnHako B pacueTe Ha OPraHUIeCKYI0 MacCy 3TO H3MEHEHUE
He cymiectBeHHO u nois JIT'TI kak 1o, Tak U mociie OMOKOHBEPCHH COCTABIISICT OKOJO 15,7 %.
[lony4eHHbIe JaHHBIC MOTYT PACIIMPUTEH 00JIACTH UCIIOJIB30BAHUS IPCBECHBIX OIMHIIOK, YTO SBIISICTCS

NEPCICKTUBHBIM HAIIPABJICHHUEM KaK B XHMH‘IeCKOﬁ, TakK U B q)apMaL[eBTPI‘IeCKOﬁ NPOMBIINIJIICHHOCTH.

KuroueBble ¢j10Ba: OIMIKH COCHEI O6BIKHOB€HHOI>'I, TUAPOAVNHAMUYCCKAA aKTUBAIlUA, 6I/IOKOHBGPCI/I$I,

Ganoderma lucidum, nuHaMuKa pocTa, XUMHUYECKHIl COCTAB.

BaaromapHocTn. PaboTa BhINOIIHEHA B paMKax IOCyIapCTBEHHOro 3aaaHus MuuoopHayku Poccun
Ha BBIMOJIHEHHE KOJUICKTUBOM HAYUYHOMH 1a00paTopuu riry0oKoi nepepaboTKH PACTUTEILHOTO ChIPhsI
npoekTta « TeXHOI0rus 1 000pyI0BaHUE XUMUYECKOM IEPEPaOOTKH OMOMACChI PACTUTEIIBHOTO ChHIPhSI»
(Homep Temsr FEFE-2020-0016).

Hutuposanue: ®enopos, B. C. 'maponnHaMu4ecky aKTUBUPOBAHHBIC OMMUIIKH COCHBI OOBIKHOBEHHOM Pinus sylvestris L. —
cyOcTpar ans KyasruBupoBanus mramma Gl4—16A Ganoderma lucidum / B.C. ®enopos, T. B. Ps3anosa, 0. A. JlutoBka,
W.H. I1aBnos, E. A. JlurBuHoBa, E. A. [lerpynuna, C.P. Jlockytos, B. H. Epmonun, M. A. Basunun / XKypa. Cud. dpenep. yH-ta.
Xumus, 2022, 15(1). C. 90-101. DOI: 10.17516/1998-2836-0274

BBenenne

dakTHuecKnii 00bEM 3aroTOBKH JIPEBECHHBI MPH CIIOMIHBIX U BHIOOPOUHBIX PyOKax CIIENbIX
U NepeCTOMHBIX HacaxaeHuii no Kpacuospckomy kparo B 2020 1. coctaBuin 19011,1 Teic. M3, B TOM
YHCIIE TIO XBOMHOMY X03sHCTBY —14922,8 ThIC. M?, 0 MsTKONMUCTBEHHOMY — 4088,3 ThIC. M3 [1].

Bosee mosoBHHBI TOBApHOTI'O KPYTJIOTO Jieca, 3ar0TOBICHHOI0 B Poccuy, NaeT Ha U3rOTOBJICHHUE
nuioMartepuanoB U (aHepsl. [Ipu n3roroBiieHUH MujIoMarepuasioB B cpennem 10 50 % odbema Kpy-
TJIBIX JIECOMATEPUAIOB YXOAUT B OTXO/BI, a B ()aHEPHOM IIPOM3BOACTBE OTXOABI MPEBBIIAIOT MOJIO-
BUHY 00beMa JiecoMaTepuaoB u qocturaiot 65-70 %. CneayeT oTMeTUTh, 4TO 0K0JIo 80 % 0TX0/10B
JIPEBECHHBI ITPH €€ MEXaHNUECKOI 00pabOoTKe OCTAIOTCS B XMMUUYECKH HEM3MEHHOM BHIE — 3TO OTXO-
JIbI, 00pa3yIoIIKecs B IIPOU3BOICTBE UIOMATepUasioB U (Ganepsl. BoT moyemy mpobiieMa KOMILICKC-
HOT'O WCIIOJI30BAHUS JPEBECHHBI, YTUIU3AIUS OTXO/I0B JAEPEBONEpepadaThIBAIONINX MTPOU3BOJICTB
Ha MPOTSIKEHUH MHOTHX JIET SIBISIETCS aKTyajbHOW M TpeOyromen peneHusi. Cepsl UCIOIb30Ba-
HUS TAKUX OTXOJIOB OTPAHMYMBAIOTCSI B OCHOBHOM IIPOM3BOJICTBOM TOIUTMBHBIX OPUKETOB U MEJIJIET,
a OCHOBHAsI Macca CKJIaJIupyeTcs: B 0TBallaX, yBEJIMUNBas TEXHOICHHYIO HATPY3KY Ha OKPYKaIOUIYI0
cpeny [2, 3].

B 10 e BpeMsi OIUIIKH, UMes JTUTHOLEIIIIONIO3HYIO IPUPOY M COCTOSIIINE, KaK U J000ii 1pe-
BECHBIH Marepuall, U3 LEeJUTION03bl, TeMHUIEIUTION03b], JUTHUHA, SKCTPAKTUBHBIX BEIIECTB U MHHE-
paJIbHBIX KOMIIOHEHTOB [4, 5], MOT'yT OBbITh HCIIOJIb30BaHbI B OMOTEXHOJIOTMH, B YACTHOCTH B Ka4€CTBE
CBIPbS JUJISl TPOM3BOJICTBA OMOTOIIINBA, BUTAMUHOB, aHTHOKCHIAHTOB, KOPMOB JUJIS )KUBOTHBIX, aHTH-
OMOTHKOB M IPYTUX NOTEHIIMAJIBLHO Ba)KHBIX BELIECTB [6].

I'pubbl 1 OakTepuy, MCIONB3YIOMINE IIEJUIIONI03y B KadecTBE MCTOYHHUKA YIJIEPOJa, Pa3BUIIH
CIIOKHBIA HA0OP (PEPMEHTOB, KOTOPBIC THAPOIHM3YIOT IEJIIOI03Y, 00pa3yss MOHOMEPHI TIFOKO3BI.
OnHako npu NpoBeJAeHNN (HEPMEHTATHBHOTO TUAPOIIN3A JTUTHOLCIITIONO3HBIX MaTEPHUaIoB B UX Ha-
TUBHOM BHUJI€ BBIXOJI caxapoB focTuraet Menee 20 % OT TeOpeTHYeCKU BO3MOKHOTO. DaKTOPHI, KOTO-

pbIC CHOCO6CTByIOT YCTOI>'I‘{I/IBOCTI/I PACTUTCIBHOI'O ChIPbA, B HaCTHOCTU APEBECCHOTIO, K BOSHeﬁCTBHIO
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(hepMEHTOB BKIJIFOYAIOT BHICOKHE MHACKC KPUCTAINIMYHOCTH U CTENECHb MOJIMMEPU3aLlUH 1IEJII0I03bI;
OTpaHUYCHHYIO TIJIOMIA (b TOBEPXHOCTH, JOCTYITHON TS aTaKu (DEPMEHTOB; BRICOKYIO CTEIICHB 3Kpa-
HUPOBAHMSI [IEJUTIOJIO3bI IUTHUHOM; BBICOKYIO CTENEHb «000paunBaHUsD LEIUTFOI03bI TeMHULEIITIONO-
3amu [7].

[Tpeononenue (HU3NKO-XUMUYECKHX OapbepoB, MPENSTCTBYIONUX JOCTYIHOCTH IEJIIOJI03bI
IUIsL (PEPMEHTOB, SIBIIIETCS BaXXHBIM BOIIPOCOM, PEHICHHE KOTOPOT'0 HAIPSIMYIO CBSI3aHO C TIOMCKOM
HU3KO03aTPaTHBIX METOJIOB IIPEABAPUTEIBHOH 00paOOTKH ChIPbSI.

[IpenBaputenbHas 00pabOTKa IIEHTO3aH- U ISIITI0I030COACPIKAIIETO CHIPhsI K (epMEHTATHBHOMY
BO3/ICHCTBUIO 3aKJIIOYACTCS B AECTPYKIIMH JTUTHO-YTJIEBOIHBIX CBS3€Hl B IMTHUH-TEMULIEIITIOJIO3HON
MaTpHIle, B KOTOPYIO 3aKITIOYCHBI MHKPO(QHUOPUIIIBI MEIUTION036EI, pa3pylIeHUH KPUCTAILTHYSCKON
CTPYKTYPBI LIEJUTIONO3B], Pa3/IeIEHUH OCHOBHBIX KOMIIOHEHTOB PACTUTEIBHOTO CHIPHSI.

[TosToMy, Kak TOKa3ajia MpaKTUKa, HANOOIBIIHIA ()(HEKT MOKET OBITh JOCTHTHYT TOT/IA, KOTAa
UCTIONB3YIOT KOMIUIEKCHBIE METO/IbI MIPEABAPUTEIBHON MOATOTOBKH PACTUTEIBHOTO CHIPhS: MEXaHH-
yeckue u Tepmoxumuueckue [8—10]; opraHoCOIbBEHTHAS C MOJIyUYEHUEM TEXHUYECKOM LEJI0I03bI,
KHCIIOTHO-KaTalIu3upyeMasl C MapoOBBIM B3PBIBOM, KHCIOTHO-KAaTAJIM3UpyeMas C HCIIOIb30BAHHEM
JIMCKOBOHM MehHUIIB U Ap. [11]. Ber6op crocoba i TeXHOIOTHYSCKUX PEKIMOB ITOATOTOBKH CBHIPBS
3aBUCHUT OT BUJIA CBIPbS U HANIPABJIICHUS €TO NCIOIh30BaHUS.

OpxarM 13 HanboJIee MePCIeKTUBHBIX METOIOB IIPEABAPUTEIEHON 00paObOTKY IPEBECHOTO CHIPhS
SIBIISIETCSI THJIPOIHAMUYecKast 00paborka [12]. B HacTosi1iee BpeMst 1715l TOr0 MPUMEHSIOT yCTaHOB-
KU ruJipoJuHaMudeckoro pasmona [13, 14] u kaButaunonHoro tumna [15], rae B pe3ynbrare yaapHo-
T'0 BO3JCHCTBHS HapsAIy C U3MEIbYCHUEM APEBECHBIX YaCTHI] IPOUCXOASAT CTPYKTYPHBIE H3MEHCHUS
B JipeBecHOM koMmIuiekce [16-20].

[TpoBeeHHBIMH paHee HCCICJOBAHUSMHU YCTAaHOBJICHO, YTO T'MApPOAMHAMUYecKas oOpaboTka
ITO3BOJISICT MONYYaTh IPEBECHBIC YACTHIIBI C OOJIBINON IIIOMAARI0 MEK(PA3HBIX TTOBEPXHOCTEH Kak
3a CYET M3MEJIBYCHHUS, TaK U 33 c4eT (puOPHIITUPOBAHMS, KOTOPOE MPOMCXOIUT BCIIEACTBUE YACTHY-
HOT'O OTICIICHUS [EJUTFOIO3HBIX (PHOPUILT OT JPEBECHBIX YacTUIl. [Ipr 3TOM MOSBISIOTCS HOBBIC J10-
CTYIHbIE MeX(]a3Hble OBEPXHOCTH C aKTUBHBIMH (DYHKIIMOHAJIBHBIMHU I'PYIIIAMH, YUaCTBYIOLUIMMH
B ()OPMUPOBAHHH HAJMOJICKYJISIPHBIX CTPYKTYpP B IpeBecwHe. [IpoBeJcHHBIC pacueThl O METOMY
Bpynayapa, Ommera, Teiinopa [21] mokaszanu, 4To yJenbHas MOBEPXHOCTh aKTUBUPOBAHHBIX COCHO-
BBIX OIUJIOK COCTABJAET OKOJO 350, a uCXoaHbIX — nmpuMepHo 130 M2/r abe. cyxoit Macchl. DTo aaer
OCHOBaHHUE MPEAINOJIOKHUTh, YTO TUPOJUHAMHUYECKAass 00pabOTKa U CBSI3aHHOE C HEHl yBEJIUYeHUE
YICTHHON TIOBEPXHOCTH JPEBECHBIX YACTHII MPAKTHYECKH 2,5 pas3a cIeNaloT X 00jee TOCTYITHBIMU
JUTSI MUKPOOHOJIOTUYECKOTI0 BO3JIEHCTBUSI.

OILeHKY JOCTYITHOCTH JPEBECHOTO CHIPhS I OMOKOHBEPCHH IIPOBOJWIHN C UCIIONH30BAHUEM
KCHJIOTPO(HBIX 0a3uMalibHBIX I'PUOOB, KOTOpbIE HIMPOKO MPUMEHSIOT IS YTHUIM3AIUH OTXOJ0B
PACTHUTEIBHOTO MPOUCXOXKICHUS, HO B TO K€ BPEMs OHH SBIISIIOTCS MPOAYICHTAMH YHHKAIBHOTO
KOMILJIEKCca OMOJIONMYECKUX aKTUBHBIX coefarHeHuil. Cpean 0a3uJMOMHUIIETOB 0COOBI MHTEPEC BbI-
3bIBaeT canpodutHblil rpubd Ganoderma lucidum, KOTOPBIHA ¢ IPEBHUX BPEMEH HCIIONB3YETCS B Tpa-
JTUIHOHHOM KUTAWCKON MEIUIIMHE U B HACTOSIICE BPEMs CTAHOBUTCS 00JIee ITMPOKO U3BECTHBIM [22].
G. lucidum cymecTByeT B BUJIE CIIOP, MULICTHS | IIJIOZOBOTO TEJa.

YcranosineHo, uto G. lucidum obGnamaer pa3audHbIMH (HAPMAKOJIOTHUYCCKH aKTHBHBIMH BeIlle-

CTBaMMU: 66J’IKI/I, nojimcaxapuabl, TPUTCPICHbI, HYKJICO3UAbl, TPUIJTICHUCPUAbI U MHUHCPAJIbHBIC COJIN
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[23-26]. DTu coeauHeHHS 00Ja0aI0T ICHHBIMH OMOAKTHBHBIMH CBOMCTBAMH, TAKUMH KaK aHTHOKCH-
JJAaHTHBIE, aHTUBO3PACTHBIC, TPOTHBOBOCIIAIMTEIbHBIE U CBETO3AIUTHBIE A (PEKTHI, KOTOPHIE 10JIE3-
HBI JUIsl KOCMETHYECKHUX MPOAYKTOB [27]. BOJNBIIMHCTBO TepaNleBTUYECKHUX IIPENapaToB UCHOIb3YIOT
1010Bo€ Teno ¥ munenuii G. lucidum.

Llesb paboOThI — OLIEHUTH MIPUTOJHOCTh AKTUBHUPOBAHHBIX OMUIJIOK COCHBI OOBIKHOBEHHOI (Pinus
sylvestris L.) K UCTIONB30BaHMIO B KadecTBe cyOcTpaTa aiis KyJabTHBHpoBaHus mrtamma Gl4—16A

Ganoderma lucidum u ero Bo3neicTBre Ha cyOcTpar.

MarepuaJibl 1 METObI

B pabore nccneioBany OMMIKY APEBECHHBI COCHBI OOBIKHOBEHHOH (Pinus sylvestris L.), KoTopble
OBbLIN TIOJIYYEHBI IIPU PACIIUIIOBKE KPYTJIbIX JecoMaTepuanos (ppakuus ~0,5 Mm).

J1o 006pabOoTKM ONMIIKK CMENINBAIN C BOAOH U3 pacueTa KOHIeHTpanuu onmiok 10 %. O6pador-
KY OCYLIECTBJISUUIH Ha 1a00paTOPHOM I'MIPOAMHAMUYECKOM JTUCIIEPraTope POTOPHO-TYJIbCALHOHHOTO
TUIa: paguyc poropa 277 MM, yactora BpauieHus 3000 06/MUH, IIPOM3BOAMTEILHOCTD 25 M3/4 B BO-
JTHOM cpejie B TeueHue 25 MUH, CoiepKaHue CyXHUX BemecTB B cycnensuu 7o 10 % mo macce [28].

Jlnst GnokoHBepenu cyoctpara ucnonbzoBasu mramm Gl4—-16A Ganoderma lucidum (puc. 1).
Mtamm Gl4—16A ObL1 M30AUPOBaH B YHCTYIO KyJabTypy B 2016 1. u3 6asunuomsl G. lucidum (AG-
xa3us, Cyxymn). llItamm popmupyer Xopomo pa3BUTHII CENTHPOBAHHBIM MHUIEIHH, XapaKTePHBIH
JUtst 023U TMOMUIIETOB, C MHOTOYHCIICHHBIMU MPSYKKAMU U aHACTOMO3aMH, TOJIIMHA TH() BapbUpyeT
B npepenax 1,5-3,7 MkM. OTIIMYUTENbHAsE 0OCOOEHHOCTH IITAMMA — BBICOKAsl pajiHajibHasi CKOPOCTh
pocTa Ha arapu30BaHHbBIX cpeaax (10 7,9 MM/CyT), 4TO MO3BOJISAET EMY KOJOHU3UPOBATh CTAHAAPTHYIO
gamky [letpu (90 Mmm) B TeueHme 7—8 CyT.

BujoBas uaeHTu(UKanus MOITBEP)KICHA CEKBEHHUPOBAHUEM YYaCTKOB I'€HETHYECKUX MapKe-
poB ITSI-ITS4 (internal transcribed spacer) ¢ ucrionszoBanuem obopynosanust LIKIT «['enomuxa»
Ha 0a3e MHCcTUTYTa XMMHUecKOi Ouonoruu u GpyHaameHnTanbHol Mmequiasl CO PAH, HoBocubupck.

CoBpemeHHOe cucteMaTnyaeckoe nojoxenue: Fungi, Dikarya, Basidiomycota, Agaricomycotina,

Agaricomycetes, Polyporales, Polyporaceae, Ganoderma, Ganoderma lucidum (Curtis) P. Karst.

o 3
s j k a |
Puc. 1. Mopdomnorus xononnu mramma Gl4—16A Ganoderma lucidum Ha MOPKOBHOM arape Ha ceIbMble CYTKH

(cneBa). [Ipskku Ha BereTaTHBHOM MULEIUH (CIIpaBa)

Fig. 1. Morphology of a colony of the Gl 4-16A Ganoderma lucidum strain on carrot agar on the seventh day
(left). Buckles on the vegetative mycelium (right)
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TBepnodasHoe KyJIbTHBUPOBAHUE IIPOBOJIMIN Ha KOMOMHMPOBaHHOM cyOcTpare,% OT a. C. B..
AKTHBHUPOBAHHBIC COCHOBBIE APEBECHBIC ONMMIKHU 85, TBEPIIbI OCTATOK APEBECHON 3€JI€HU COCHBI I10-
clie OTTOHKHM 3(MPHBIX Macel B KauecTBe Kocyocrpara u neonutT CaxarnTHHCKOTO MECTOPOXKICHHU S
B Ka4decTBE CTPYKTypooOpaszoBaressi 1 HOCUTENsI MUHEPaJIbHBIX BemecTB 10 U 5 COOTBETCTBEHHO.
IeonuT umeeT crieayoOUUii MUHEepaabHbINH cocTas (% mo macce): Si0,—64,06—67,73; Ti0,—0,21-0,45;
AL,0;-11,00-15,55; Fe,05-1,10-2,64; FeO — 0,28—1,01; MnO — 0,094-0,044; CaO — 1,78—6,66; MgO —
1,34-2,30; Na,O — 0,54-2,59; K,0 — 2,17-4,10; P,05—0,055-0,12.

HanmyummM Juist yerienHoro KyasTHBHPOBAHHSI MUKPOOPTaHU3MOB Ha PacTUTENBHBIX cyOcTpa-
tax cuutaercsa cootHomenue C: N =25-30:1. Takoe cootHomenue C: N OyaeT cioco0CcTBOBaThH OBICTPO-
My pa3JIOKEHUIO OPIraHUYECKOTO MaTeprasla ¢ HaMMEHbIIeH oTepel MUTaTeIbHBIX BeIecTB. Tak Kak
COOTHOIIIEHHE yTieposa u azota B apeBecune — 500: 1 — mMeHbIne onTuMaibHoro [29], To B cybcTpat g0-
moHUTENBHO BBOIMH conr (NH,),SO,4 u Na,HPO, B komuuectse 1,0 u 0,5 /1 cooTBeTCTBeHHO. Biask-
HOCTb B yamkax [lerpu nmognepxusanu B npenenax 65-70 %. Cyocrpar npeaBapUTenbHO MOBEPrain
ri1yOOKOMY aBTOKJIAaBUPOBAHUIO IpH 1 aTtMm. B kauecTBe MHOKYIIIOMa MCHOJIB30BAJIN OJIOKH (AHaMETp
10 MM), BbIpe3aHHBIE MUKPOOHOJIIOIMYECKUM MTPOOOWHUKOM U3 30HBI POCTA CEMUCYTOYHOU KYJBTYPbI
COOTBETCTBYIOIIETO MmTamMma. TBepmodasHoe KyJIbTHBUPOBAHUE OCYIIECTBISUIM B TEPMOCTATE IIPH
(23£1) °C. ITpomom KU TETHHOCTh KYTBTUBUPOBAHUS cocTaBisia 13 cyTok. B mporecce KynbTHBHPOBa-
HUSl OTIPEIEIISIIA POCTOBBIE TAPAMETPBI: CKOPOCTH POCTa U POCTOBOM KOA(P(HUITHEHT.

Jlst onenku Ouorpanchopmanuu cybeTpaTta B mpouecce KyiabruBupoBanus rpuda Gl4-16A G.
lucidum n3ydanm XMMHUYECKHUIl cocTaB cyOCTpaTa 0 M MOCHE KYJIbTHUBUPOBAHUS COTJIACHO METO/IH-
KaM, IPUHSATHIM B XUMHUH PACTUTEIBHOTO ChIPbs. DKCTPAKTHBHBIC BEIECTBA OIPEACISUIH Iy TEM JKC-
Tpakuu 96 %-HbIM 3TUIIOBBIM CIIUPTOM U BOJOH. OmpesienieHue coaepKaHms JerKOTHAPOIU3yEeMBbIX
nonucaxapunos (JII'TT) npoBogunu 2 %-HOH CONSAHON KHUCIOTOM, TPYIHOTHUIPOIH3YyEMbIE TOIHCA-
xapuabl (TT'TI) — mytem o6pabotku 80 %-HOI cepHOI KUCIOTOH, a TUTHUH Kak octaTok nocie TT'TI
[30, 31].

PesyabTaThl M X 00Cy:K/IeHHE

I'maponnnamuyeckas 00pabOTKa ONMMIOK COCHBI OOBIKHOBEHHOW Ha KaBUTAIL[HOHHOM THIPOY-
JapHOM JHCIIepraTope, Kak OblIO yCTAHOBJIECHO paHee ¢ MCIOJIb30BAHHEM METOIOB TEPMOIPaBHMeE-
tpun (TI/ATT) u pacTpoBoii s5eKTpoHHOH MHUKpockonuu (POM), mpuBOAUT K M3MEHEHUSIM KJile-
TOYHOH CTPYKTYPBI JIPEBECHHBI COCHBI, B YaCTHOCTH, €CJIM OIMWJIKK 10 00paOOTKH BBIMJISACITH KaK
HeOounpIne (pparMeHTsl IPEBECHHBI, UMEIOLINE KIETOUYHYIO CTPYKTYPY € PEIKMMH BOJOKHUCTHIMHU
(¢parMeHTamMu, TO B IIpolecce THAPOJANHAMHYECKON 00pabOTKU JPEBECHON MacChl YeM BBILIE CTe-
MIeHb 00pabOTKM APEBECHOM MACCHI, TEM OOJIbIIE B HEl JIEHTOOOPa3HbIX YaCTHUI] B BUAE Pa3pyIICHHBIX
Tpaxeu]i ¢ GUOPUIUTMPOBAHHBIMH TIOBEPXHOCTSIMH, & 3TO, B CBOIO OUePE/ib, IPUBOAMT K YBEIHUYCHHIO
yIEIbHOM MOBEPXHOCTH YACTHUII APEBECHOM Macchl co 130 y uexomubix 10 350 M%/r abe. cyxoii Macchl
y THAPOJAMHAMUYECKH 00paboTaHHbBIX OMUJIIOK [32].

OO0 >TOM CBHJIETENIBCTBYIOT U Pe3yIbTaThl TEPMOTPaBUMETPHH COCHOBBIX ommiIok. Habmronae-
MO€ CMEIlIEHHEe TeMIIepaTyPHbIX MAaKCUMYMOB Y OIHJIOK I10CJIe aKTUBAIUH B 00JIACTh HU3KHX TEMIIe-
paryp, 0 MHEHHIO aBTOPOB, CBSI3aHO C TEM, UTO B IPOLECCE AKTHBALNN APEBECHHBI IPOUCXONT €€
Pa3pBIXJICHUE M YACTUYHOE Pa3pylIeHHEe KIETOYHBIX CTCHOK — 3TO AENaeT IPEBECHHY MEHEe YCTOMH-

YUBOW K BO3JIEHCTBUIO HU3KUX Temueparyp [33].
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OILEHKY IPUTOJHOCTH OIMHUJIOK COCHBI OOBIKHOBEHHOM IMOCIIE THIPOANHAMUYECKON aKTHBAIMH
JUTSL UCTIONIb30BaHMSI MX B KadyecTBe cyOcTpara NMPOBOAWIM C HCTOJb30BaHMeM mTamma Gl4—16A
Ganoderma lucidum. YcioBUS KyIbTUBUPOBAHUS IITAMMa IPUBEICHBI B METOINYECKOH YaCcTH.

O nuHaMHKe KOJIOHU3AIMU COCHOBBIX ONMMIJIOK M KHHETHKe pocTta Muuenus Ganoderma lucidum
MOXKHO CYJIUTh I10 Pe3yJibTaTaM, IPeICTaBICHHbIM Ha pUC. 2 1 3.

Ha puc. 2 BunHoO, 9T0 Gonee apdexrnBHas kononnzanus mramma Gl4—16A Ganoderma lucidum

MPOUCXOIHUT TIOCIIC €ro TUAPOANHAMUYECKOI 00padoTku ¢ BBeaeHueM coeit (NHy),SO,4 u Na,HPO,.

3-u CyTKH 5-e CyTKHn 7-e CyTKH 13-e cyTkn

Puc. 2. [lunamuka pocra mramma Gl4—-16A Ganoderma lucidum Ha THAPOIUHAMUYECKH aKTHBHPOBAHHBIX
OIUJIKAX JIPEBECHHBI COCHBI OOBIKHOBEHHOM (Pinus sylvestris L.): A — HeoOoraiieHHbIe OMMIKK; b — onmiky,
oboramennbie (NHy),SO4 1 Na,HPO,

Fig. 2. Growth dynamics of the GI4—16A strain of Ganoderma lucidum on hydrodynamically activated sawdust of
Common pine (Pinus sylvestris L.): A- non-enriched sawdust; B- sawdust enriched with (NH,4),SO4 and Na,HPO,
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Fig. 3. Curves of the growth rate of the Ganoderma lucidum mycelium on a substrate of activated pine sawdust
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Ilo pesynpraTaM, IpUBEACHHBIM Ha pHC. 3, BUIHO, YTO MHUIETIUN OCBanBaeT cyOcTpaT ¢ cois-
mu (NH4),SO4 u Na,HPO,4 Ha 7-e cyTku TBepmo(a3HOro KyJIbTHBHPOBAHMS IPU CKOPOCTH POCTa
3,2240,48 mm/cyT. B TeueHue 3TOro BpeMeHH IIPOUCXOUT HAKOIIEHHEe OMOMAcChl, ¥ 3aTeM HacTyIa-
eT cTalmoHapHas (a3a, KOTopas XapaKTepU3yeTCs CHIDKEHUEM CKOPOCTH POCTa, 4TO, IO-BUIUMOMY,
CBSI3aHO C YMEHBILIEHHEM B CyOCTpaTe COAEpIKaHUS JOCTYITHBIX KOMIIOHEHTOB, IapPIIMAIbHOTO JaB-
JICHHUSI KUCIIOPOJA, YBEINYCHHEM IUIOTHOCTH TOMYISIINH, HAKOIUICHUEM TOKCHYECKHX ITPOIYKTOB
obOmeHa u T. 1. [Ipu 3TOM MosiHOE 3apacTtanue cyocTpara Habmomaercs Ha 13-e cytku. OpraHosern-
THYECKH yYCTAHOBJICHO, YTO MUICIHHA IMyITUCTBHIA, Pa3HOU MIOTHOCTH, UMEET MPHSATHBIA, MECTaMU
cJ1a00BBIPAKEHHBIN IPUOHOI 3amax.

B T0 e Bpems Ha aKTHBHPOBAHHOM CyOCTpate 0e3 coyell KOJOHU3aIMs CyOcTpaTa IMPOUCXOIHUT
MeHee 3P GEeKTUBHO, CKOPOCTh pocTa coctasiseT 1,39+0,53 mm/cyT, uto B 1,5 pasza Huxe, 4eM mpu
KYJBTHBUPOBAHUH C COJISIMU a30Ta, U CTallHOHAapHAs (aza pocTa HacTymaeT Ha 11-e cyTku.

B uccnenoBanusix, mpoBefeHHbIX paHee [33], ObLJIO MOKAa3aHO, YTO THIAPOJIUHAMUYECKAS] aKTHU-
BalWs APEBECHHBI COCHBI, OKa3bIBasi 3aMETHOE BIIMSHUE Ha MOP(OIOro-aHaTOMUYECKOE CTPOCHHE
JPEBECHHBI, HE U3MEHSACT CTPYKTYPY HOTMMEPHON KOMIIO3UIINY APEBECHHHOTO BEIIECTBRA.

O TOM, KaK¥e U3MEHECHH S IIPOMCXOIAT B XUMUUECKOM cocTaBe cydcTpara ¢ (NHy),SO4 1 Na,HPO,
B pesynbrate Bo3aeicTBus mramma Gl4—16A Ganoderma lucidum, MOXHO CyIUTh 1O pe3ysIbTaTaM,
MPUBEACHHBIM B Ta01I. 1.

Crenyet OTMETHUTB, YTO HAOJI0aeMOe YBEIHUCHHUE COJEPKAHNS MUHEPAIbHBIX KOMIIOHEHTOB
B cyOcTpaTe mocie KyJIbTHBHPOBAHUS UCCIEAYEMOro IIITaMMa CBS3aHO C BHECEHHUEM B COCTaB CyO-
ctpata neonuta «Caxantun» u coneit (NH,),SO4 u Na,HPOy,.

PesynbraTel, npuBeneHHBIC B Ta0d. 1, CBUIETEIBCTBYIOT O TOM, YTO B IpOIecce KyIbTHBHPO-
BaHus mramma Gl4—16A Ganoderma lucidum na cyOcTpare U3 aKTHBHPOBAHHBIX COCHOBBIX OITH-
JIOK B HEM YBEJIIMYMBAETCS COAEPKAHUE IKCTPAKTUBHBIX BemiecTs ¢ 4,37 1o 6,32 %, uro B pacuere

Ha OPraHUYECKYI0 Maccy cocTaBisieT 6osee 3 %, u3 Hux Oosee 65 % MPUXOAUTCS HA OO BEIECTB,

Tabnuua 1. I3MeHeHne XUMHYECKOT0 COCTaBa cyOcTpara u3 ONMIIOK COCHbI 0OBIKHOBEHHOH 1101 BO3/ICHCTBHEM
rpuba Ganoderma lucidum mramm Gl4—-16A

Table 1. Change in the chemical composition of the substrate from sawdust of Common pine under the influence
of the fungus Ganoderma lucidum strain Gl4—-16A

Coneprxanue,% a. c. B.

HanmeHOBaHHE KOMIIOHEHTA Cy6cTpar
AKTHBHPOBaHHbIC OMHUIIKH

rocie OMOKOHBEPCHH
MuHepabHbIe BEIeCTBa 1,69 -* 18,18/17,82 -*
BemeCTuBa, JKCTparupyembie: 2.51 2,55+ 4.24/4.15 5.04%
— BOJOM
— CIIUPTOM 1,86 1,89* 2,21/2,17 2, 64%*
Bcero sKCTpakTHBHBIX BEHICCTB 4,37 4.44* 6,45/6,32 7,69*
Jlerkoruapoau3yemMpie MOTHCaXapu bl 15,40 15,66* 13,22/12,96 15,77*
TpyaHOTHAPOIU3yEMbIE MOTHCAXAPUIBI 47,94 48,77* 35,33/34,62 42,12%*
Heruaposnusyemas 4acTb 28,95 29,45%* 32,01/31,37 38,17*

3HaMeHaTelb — 3HAUYCHUE C y4eToM Koa(duirenTa yobuin Maccehl; *- B pacyeTe Ha OpraHHYECKyIo Maccy
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SKCTPAarupyeMbIX BOJIOH, B COCTaBE KOTOPHIX MPUCYTCTBYIOT U BOJIOPACTBOPHUMbIE MUHEPAJIbHBIE Be-
[IECTBA.

CylIiecTBEHHBIC U3MEHCHHUST HAOJIFOJAIOTCS B COACPIKAHUM TPYIHOTHUIPOIU3YEMBIX IOJIHCaxa-
PUIOB, MPOUCXOAUT UX CHUX)eHue Ha 13,3 %, uTo cocTaBisieT okoio 7 % B pacueTe Ha OpraHuye-
CKYI0 Maccy. DTO H3MEHECHHE, [T0-BUINMOMY, CBSI3aHO C BO3JACHCTBUEM I'HAPOIUTUYCCKUX (DEPMEHTOB
Ha aMOpP(HYIO YacTh eJUTtoa03bl. ComepikaHue JIeTKOTHIPOIU3YEMBIX ITOIMCAXapUIOB CHIKACT-
cs Ha 2,4 %. OgHAako B pacueTe Ha OPraHUYECKYI0 MacCy 3TO M3MEHEHHE HE CYyIIECTBEHHO M JIOJISI
JIT'TI kxak 1o, Tak ¥ Mociae OMOKOHBEPCHH COCTABISACT OKOJIO 16 %. CHIKEHHE JONH TOIHCAXapUIOB
B JIUTHO-YTJIEBOAHOM KOMIIJIEKCE €CTECTBEHHO MPUBOJUT K YBEIWUEHUIO B HEM COACPIKAHUS HETHU-
JIpOIU3yeMoro octatka. Ero conepxanue yBennuupaercs Ha 2,4 %, 4TO B pacyeTe Ha OPTaHHUIECKYIO
Maccy cocrapiser 6,8 %.

TaxuMm 00pa3oM, ONMHIIKU COCHBI OOBIKHOBEHHOM ITOCIE THAPOINHAMAYCCKON aKTHBAI[UU MOTYT
CTaTh MEPCIEKTUBHBIM ChIPhEM IS KYJIbTUBUPOBaHUS 0a3UIUOMUIIETOB, B YacTHOCTU Ganoderma
lucidum, a onTUMH3aUs YCIOBUN KYJIBTUBHPOBAHUS, BKIFOYasl HAXOXKIACHHUE ONTHMAIBHOI'O COOT-

Howenus C: N: P, cienaet aTot npouecc Hanbosee 3G hekTrBHBIM.
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Abstract. The results on the possibility of utilization of post-extractionation residues of green leaves
of balsamic poplar (Populus balsamifera L.) by xylotrophic basidiomycetes Fomitopsis pinicola (strain
Fp5-15) are presented.

It was found that the most favorable for the growth and development of fungi is the residue after
the extraction of alcohol-soluble substances. High growth parameters of fungi are observed on this
substrate, such as the growth rate, which is 3.9 mm/day and the growth coefficient is 15.6. During the
biocoversion of Fp5—15, F. pinicola utilizes up to 30 % of extractive substances and polysaccharides.
At the same time, the utilization of easily hydrolyzable polysaccharides is 24 %, difficult-to-
hydrolyze-30 %. Also, in the process of destruction, up to 12 % of lignin substances are disposed of.
The decrease in the mass of the substrate after the bioconversion process is 14 %. It is noted that in the

process of bioconversion, the substrate is enriched with protein (up to 24 %).

Keywords: bioconversion, leaves, post-extraction residue, balsamic poplar, chemical composition,

Fomitopsis pinicola.
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Yrunuzauus JuctbeB Tonogs (Populus balsamifera L.)

MeTO00M OMOKOHBEPCUM

0. 0. MamaeBa, E.B. UcaeBa

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

Poccuiickaa ®edepayus, Kpacnosapck

AnHoTtanms. [IpuBeseHb! pe3ynbTaThl 0 BO3MOKHOCTH Y THIIU3AIMH TTOCIEIKCTPAKIINOHHBIX OCTaTKOB
3€JICHBIX JIUCTHEB TONOJS Oaib3amudeckoro (Populus balsamifera L.) keunoTpodHbIMU 0a3uOMHLIETAMA
Fomitopsis pinicola (mramm Fp5—15).

YcTaHoBIIeHO, YTO HauOosee OJaronpusTHBIM JJII POCTa U Pa3BUTHs TPHOOB SIBISETCS OCTATOK
I0CJIe M3BJICUCHMSI CIIMPTOPACTBOPUMBIX BemlecTB. Ha naHHOM cyOcTpare HaOIIONAIOTCS BHICOKHE
POCTOBBIC TIApaMETpbl TI'PUOOB, TaKHWE KaK CKOPOCTh pPOCTa, KOTOpas COCTaBisieT 3,9 MM/CyT,
u poctoBoi koddpduiuent — 15,6. B mpouecce omokonsepcuu Fp5—15 F. pinicola yrunusupyer
710 30 % 3KCTPaKTUBHBIX BEUIECTB M MonKcaxapuaoB. IIpy 3ToM yTHUIN3aNs JTETKOTHAPOIN3YEMBIX
oJiucaxapuaoB coctasisieT 24 %, TpyaHoruaponnsyemsix — 30 %. Takke B mpouecce 1ecTpyKuuu
MPOUCXOIUT yTHIN3aus 10 12 % JIUTHUHOBBIX BEleCTB. YObLIb MacChl CyOCTparTa mocJje mpouecca
6rnoxkonBepcuu coctanisierT 14 %. OTMedeHo, 4To B Ipoliecce OMOKOHBEPCHH ITPOUCXOIUT 0O0TaIeHue

cybcTpara 6erxkom (10 24 %).

KiroueBble cj10Ba: OMOKOHBEPCHSI, JIUCThSI, TIOCICIKCTPAKIIMOHHBIH OCTATOK, TOMOJIb OaIb3aMHUCCKHIA,

XUMUYECKUil coctas, Fomitopsis pinicola.

BaarogapuocTu. PaboTa BhINONIHEHA B paMKaxX roCyIapCTBEHHOr0 3a1aHusi Munodpuayku Poccuu
Ha BBIMIOJIHCHHE KOJIJICKTUBOM HAYUYHOM JTab0paTOpHH IITyOO0KOH epepaboTKH PaCTUTEIBHOTO ChIPhS
npoekta « TexHOIorus: 1 000pyI0BaHNE XUMUYECKOH MepepaboTKu pacTUTENIBHOTO Chipbsi» (Homep
tembl FEFE-2020-0016)

Luruposanue: Mamaesa, O.O. Yrunuzauus muctbes tonois (Populus balsamifera L.) meronom onokonsepcun / O.O. Mamaesa,
E.B. Hcaesa // XKypn. Cub. penep. yn-ta. Xumus, 2022, 15(1). C. 102-109. DOI: 10.17516/1998-2836-0275

BBenenue

JlpeBecHble pacTeHUs CIy>KaT €CTECTBEHHO BO30OHOBJISIEMBIM U HEHCUYEPIIAEMBIM CHIPbEM IS
MIPOU3BOACTBA OMOJOTUYECKN aKTUBHBIX BEMIECTB. [[epCIIEKTHBHBI B 3TOM HAIPABICHUH PACTCHUS
pona Tomons (Populus L.), mpenaparbl Ha UX OCHOBE 00JAar0T IIMPOKUM CIIEKTPOM (hapMaKosio-
TUYECKOH aKTHBHOCTH (IPOTHBOMUKPOOHAS W aHTHOAKTEepHAIbHASI aKTHBHOCTH, aHTHOKCH/IaHTHEIC,
PaHO3KUBIISIIOIINE U Ipyrue cBoicTBa). B Poccuu hapmakoneifHbIMK SIBJISIFOTCS TOIOJIb Oaib3aMu-
yeckuit (Populus balsamifera L.), Tomons naBponuctHsiid (Populus laurifolia Ledeb.), Tomons uepHbIi
(Populus nigra L.), Tonone nymmucteiii (Populus suaveolens Fisch.) u tomons kaHagckuii (Populus

deltoids Marsh.). B kauecTBe ChIpbs JIJIs IOy YEHHS ITPETapaToB MOT'YT BBICTYNIATh HE TOJBKO MOYKH

— 103 —



Journal of Siberian Federal University. Chemistry 2022 15(1): 102-109

tonouis [1], HO U ApyrHue 3MeMeHThl pacTeHus [2, 3], Hanpumep aucThs [3]. B nucThsIX Tomons oOHa-
PY’KEHBI allMTeHUH U (EeHONTIIMKO3UIb! [4]; U3BECTHO, UTO B JIUCTHIX OCUHBI (Populus tremula L.)
TAK)Ke MPUCYTCTBYIOT MPOM3BOAHbBIE KBEpLUETHHA, (EeHONOKHCIOTH [4—7]. B nuTeparype umerorcs
JJTAaHHBIE O TOM, YTO B JIUCTBSIX TOIIOJICH COlepKaTcs U yIIIeBOBI (B IMCTHSIX TOIOIS OaJIb3aMHUECKOTO
15-33 % [8]), BuTaMHUHBI, KAPOTUHOUBI (BUOJAKCAHTHH, JIIOTEUH, HEOKCAHTHH U JIP.), a30TCOACPIKaA-
e COCIMHEHUs, OOJIBIIOE KOIMYECTBO OPraHNIECKUX KHUCIIOT, TAKUX KaK MypaBbuHas, si0I0uHas,
niaBeseBas u Jp., yOunbHble BemecTBa u np. [9]. I3BecTHO, 4TO U3 IUCTHEB OCUHBI OOBIKHOBEHHOM
ObUIM TTOJTyYeHBI HKCTPAKTHI, KOTOPBIE 00JIaAal0T MPOTHBOBOCIAINTEIBHBIM H aHTHOKCHUIAHTHBIM
neiicteueM [10, 11]. 3a pyOe oM JIMCThS M OYKH TOIOJISI YePHOT0 3aHeceHbl BO PpaHIy3cKyto U bpu-
TaHckyo Tpapsinble dapmakoneu [12].

B nureparype nmeroTcs paboThl, B KOTOPBIX [TOKa3aHa MEPCHEKTHUBHOCTh UCIIOIb30BAHUS JIU-
CTBEB TOIOJSI B Ka4eCTBE MCTOYHUKA JUUIS TMOSydeHUS d3(P(PEKTUBHBIX U IMPOTHBOIPHOKOBBIX JIEKap-
CTBEHHBIX CPEJICTB, OEJTKOBOTO M MPOBUTAMHUHHOTO KOHIIEHTPATOB [13, 14].

Takum 00pa3oM, yTHIM3AIMS OTXOJIOB IIOCIIE BBIICJICHHUS 3KCTPAKTUBHBIX BEIIECTB U3 JINCTHEB
TOTIOJISI UMEET BaXKHOE 3KOJIOTHUYECKOe M SKOHOMHUYecKoe 3HaueHne. OAMH U3 METO0B yTHIH3AI[UN —
6nokonsepcusi. C 3TOH HENBbI0O BO3MOXKHO HMCIOJIB30BAHHE HE TOJBKO MHUKPOCKOIHYECKHX I'PHOOB
pona Trichoderma [15], HO MAKPOCKOITUYECKUX TPHOOB, HATPUMEP KCHIOTPODHBIX 0a3HIHOMHUIICTOB
Fomitopsis pinicola.

Bun Fomitopsis pinicola (Sw.: Fr.) P. Karst (TpyToBuK OKafiMJICHHBII) — 3TO pacpoCTPaHECHHBIH
rpud-TpyTOBHK, canpout. Fomitopsis. pinicola cautaeTcsi OMHUM M3 NEPCIEKTHBHBIX KCUIOTPOd-
HBIX 0a3UIMOMHUIETOB 1Jis OMOTEXHOJIOTHUH, BKIIOUasi OMOKOHBEPCUIO PACTUTENIBHBIX OTXOJOB, OJia-
rogapst 00pa3oBaHUIO (EPMEHTOB, TTO3BOJISIONINX YTUIN3HUPOBATE CIIOXKHBIC COSTUHEHNU S, BXOISIIINE

B COCTaB JIPEBECUHBI, a TAKKE BBICOKOW CKOPOCTH pocTa in vitro. [16, 17].

MarepuaJibl 4 METObI

B kauectBe OHMOIECTPYKTOpa MCHOJIB30BAIM TpuOBl pona Fomitopsis pinicola (Sw.) P. Karst
(uramm Fp5—15). Illramm FpS—15 Fomitopsis pinicola nwobe3Ho npenoctaBuia a. 0. H., mpodeccop
kadenpsl «XuMudeckass TEXHOJIOTHS JpeBecuHbl M OnorexnHonorus» Cubl'Y mm. M. d. Pemerne-
Ba IO. A. JIutoBka. [lItamm Fp5—15 uzonupoBan u3 miomoBeiX Ten F. pinicola, mpou3pacTaBIIero
Ha J)KMBBIX JIEPEBbSIX JIUCTBEHHUIIBI CHONPCKOI B JIECCHOM MacCHBE Ha TEPPUTOpUN EMeNbsHOBCKOTO
paiiona KpacHosipckoro kpasi.

B pabore ncronb30Bainck CyoCTpaThl HA OCHOBE 3€JICHBIX JINCTHEB TOIOJISI, OTOOPAHHBIX B HIOJIC
2016 r. Ha Tepputopuu r. KpacHospcka:

— 3eJIeHBIe JINCTHS — cyOcTpaT 1;

— TBEPABIA OCTATOK JINCTHEB MOCIIE CHUPTOBOM IKCTPaKLIUU — cyOcTpaT 2;

— TBEPABIN OCTATOK JIMCTHEB IIOCIIE CHUPTOBOM U BOAHOW 3KCTPaKIUU — cyOcTpar 3;

— TBEPIBIH OCTATOK JINCTHEB MOCJIC BOIHOM IKCTPAKIIUU — CyOcTpar 4.

XHWMHYECKHH COCTaB PAaCTHTEIBHBIX CyOCTPATOB JI0 M MOCIIE MUKPOOHNOIOTHIECKOH epepadboT-
KM HCCIIEIOBAH M0 METOAMKAM, IPUHATHIM B XUMHH PacTUTENbHOro ChIphs [18]. CnimpropacTtBopu-
MBbI€ ¥ BOZOPACTBOPHMBIE BEIIECTBA BBIJICIISLIN C TIOMOIIBIO 3-4aCOBON SKCTPAKIIMH ATHIIOBBIM CITHP-
TOM M TOpsiueii BOJON COOTBETCTBEHHO. [ MAPOIIN3 JIETKOTUAPOIN3YEMbIX MTOJIMCAXAPUIOB TPOBOAMIIN

C UCTONb30BaHUEM 2 %0-HOU COJISHON KHCAOTHI, TPYIHOTUAPOIN3yEeMbIX nonucaxapuaos — 80 %-Hoi
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cepHoll kucioToi. KomnuecTBO MOHOCAXapujoB ONpeAessuii 30ynuoctarudeckuM Metonom [18].
JIurHuHOBBIE BellleCTBA YCTaHABIMBAJIM 10 OCTATKY MOCJE rupoin3a nojaucaxapuaos [18]. [lepesa-
puBaeMocTh onpenessuin mo metoay A. P. XKykosa [19]. Comeprxkanue Oejika BBIYUCISUIH C TOMOIIBIO
peaktuBa amuao-ueproro 10B [19]. I[lonroToBky cyOCTpaToB A TBEpIO(Pa3HOTO KYITHBHPOBAHUS
MPOBOJIUIIN CIIETYIONIUM 00pa3oM: U3MENbUEHHBIN PaCTUTENbHBIN cyOcTpaT noBoamiu 10 70 %-Hoit
BIIYXHOCTH BOAOIPOBOIHOW BOAOH, ToMeIanu B yanrku [letpu u creprmsoBanu 30 MIH TOJ J1aB-
nenuem 1,01-10° ITa Heckonbko pa3 B aBroknase BK-75. Teepnodasnoe kynsrusuposanue F. pinicola,
P. pulmonarius ocymectsisun nipu (25+1) °C no nonnHoro obpacranus cyocrpara 1100 0CTaHOBKH
pocta mrtamMma. C 1eNbl0 CTaHJApPTHU3AI[MH TIOCEBOB B Ka4eCTBE MHOKYJIIOMA HCIOIbH30BaIH OJOKH
(nmameTp 8§ MM), BEIpEe3aHHBIE MHKPOOHOIOTHUSCKHM TPOOOHHUKOM M3 30HBI POCTAa CEMHUCYTOYHON
KyJbsTypHl. [Io Mepe pocTa OIleHHBaIN POCTOBBIE MApaMeTPhl KYJIbTYPHI (CKOPOCTH POCTA M POCTOBOM
ko3 dumment) [16]. YObu1s Maccsl cyOcTpaTa rnociae OMOKOHBEPCHH ONPEAEISIIH BECOBBIM METOIOM
110 OTHOIIEHHUIO K HCXOJHOMY CyOCTpary 0 OMOACCTPYKIHUU. DKCIIEPUMEHTBI TPOBOAMIIN B TPEX I10-
BTOPHOCTSIX.

JI1s1 MaTeMaTHYECKONH M CTaTHCTUYCCKOM 0O0pabOTKM MAaHHBIX ObLIa KMCIOIb30BaHA MPOrpaMma

Ecxcel. [TomyueHHBIC pe3yIbTaThl HE BEIXOISAT 3a IPEACIBI TOBEPHTEIbHOM BeposiTHOCTH P = 0,95 [19].

Pe3yabTaThl U HX 00CyKIeHHE

Ha nepBoM sTane paboTsl OblIa npoBegeHa OMOKOHBEPCUs CyOCTPaToOB HAa OCHOBE JIUCTHEB TO-
TI0JIS1 METO/IOM TBep/0(a3HOro KyIbTHBHpOBaHUs. TBepaohas3HbIi criocod KyJIbTHBUPOBAHUS — 3TO
OMOTEXHOJIOIMYECKUH MPOLIECC, KOTOPBIH MPOTEKAET B MACCE M3MEIBYSHHOI'O U BJIAYKHOTO TBEPIOTO
cyOcTpaTa, nMeromero pasnuunyto Gopmy u pazmeps! gactul [20]. Ha Bcex cyOcTparax rpud dop-
MUpPOBaJI OeJIblii BATHBIA MUIIEIHNI C Pa3HOIl MJIOTHOCTBIO, POBHBIMHU KPasiMH U 0€3 YETKO BhIPAXKEH-
HOI 30HaNBHOCTU. B mpomecce kymbruBupoBanus Fp5—15 Fomitopsis pinicola onieHuBanu nuaMeTp,
MJIOTHOCTH KOJIOHMM U BBICOTY Mutenus [16]. [IpogomkuTensHOCTh KyIBTHBUPOBAHHS COCTABIIANIA
11 cyT. Pesynbrars! onpeieieHust pOCTOBBIX ITapaMeTPOB MPEICTaBICHBI B TA0M. 1.

Jlannbie Tabn. 1 CBHIETENBCTBYIOT O TOM, YTO HauOOJiee BHICOKHE POCTOBBIC MapaMeTpbl Ha-
Omronanuck npu KyneruBupoanuu Fp5—15 F. pinicola Ha cyberpaTtax | u 2, mpudeM CKOPOCTh pocTa
Ha 24-34 % BeIIIE, YyeM, HallpUMep, Ha JIPEBECHHE OCHHBI NMPU PABHOHM MPONOIKUTEIBHOCTH MPO-

necca [16]. Yranenne cnupTopacTBOPUMBIX BELIECTB UX JUCTHEB (CyOcTpar 2) cnocoOCTBYET JIydiie-

Tabnuua 1. PocToBble napameTpbl rpuda Ha pacTUTENBHBIX CyOcTpaTax

Table 1. Growth parameters of the fungus on plant substrates

CKOpOCTB pocTa, MM/CYT PoctoBoii kodhdpunuert
Cybcrpar [TponomKUTEeNbHOCTE KyIFTHBHPOBAHHS, CYT
4 6 8 11 Xep. 4 6 8 11 Xep.

2,1 3,7 4,5 39 3,6 8,3 14,8 18,1 15,5 14,2
2,9 39 4,9 3,8 3,9 11,3 16,6 18,9 15,4 15,6
1,3 4,3 4,3 3,8 34 2,5 8,5 8,5 7,6 6,8
2,3 34 39 39 34 4,6 6,8 7.9 7,7 6,8

Al W| | —
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MY pOCTY Ipr0a, MOCKOJBKY B COCTaBe CyOCTpaTa yBEIHMUNUBACTCS JI0JIsI BELIECTB JIMTHOYIJIEBOJHOTO
komIuiekca (¢ 37 mo 55 %).

006 3 heKTUBHOCTH BO3ACUCTBUSI ()ePMEHTATHBHOIO KOMILJIEKCA UCIIOIh3yEeMOT0 IITaMMa Ipruda
Ha cyOcTpar CyayuId 1o yOBIITM Macchl B IIponecce OHOIECTPYKIUU. YCTaHOBIICHO, YTO HANOOIbIIAs
yObLIb Macchl cocTaBisieT 15 % (cyocrpar 1) u 14 % (cybcrpar 2).

Ha BTOpom sTane paboTsl HcciaenoBanu OHOTpaHCHOPMAIII0 KOMIIOHEHTOB CyOCTPaToB B IIPO-
1ecce KyiabTuBUpoBaHus rpuda Fp5—15 Fomitopsis pinicola. ABropamu Obliu BeIOpaHbI HaubOoJee
OnmaronpusATHBIC ISl pocTa Tpruda cyocTpaTsl (Tadm. 2).

YCTaHOBJICHO JOCTOBEPHOE CHIKEHUE CYMMBI IojucaxapuaoB Ha 22 (cyoctpar 1) u 28 % (cyo-
crpat 2). Ha cyOcTpare 1 nerko- n TpyJHOIHIPOIHM3yeMble MOTHCAXAPHUIbI IITAMM YTHIN3UPOBAI
B paBHO# cTenenu (o 22 %), cyoctpare 2—24 u 30 % coorBercTBerHo. Ha cydcrpare 2 rpub Fp5—15
F. pinicola mposiBAsLI TUTHUH-PA3pyIIAIONIYI0 CIOCOOHOCTD, YTHIIN3UPYS MPH 3ToM a0 12 % mur-
HUHOBBIX BEILIECTB, YTO MOATBEPIKIACT JAHHBIEC, MMOJyUYEHHbIE JPYTUMH aBTOPAMHU MpPU KYJIHTHBH-
poBaHUU Tpuba, B YaCTHOCTH, HA IpEeBECHHE TUCTBEeHHUIHI [16, 21]. B mpomecce OmomecTpyKuuu
HAOJII0AAJI0Ch CHUKCHHE KOJUYECTBA SKCTPAKTUBHBIX BemecTB (10 43 % — cybcrpar 1, mo 30 % —
cyoctpar 2). B Gosbmieit crenenn rpud yTHIN3MPOBAT BOJOPACTBOPUMBIE BemiecTBa (56 % — cyo-
ctpat 1, 34 % — cyOcTpar 2).

[Tpn TBepmodasHOi (epMeHTaluU JINCTHEB B COCTaBE CyOCTPATOB YBEIWYHJIOCH MPHUMEPHO
B JIBa pasa cojepkanue Oeisika. [lonydyennsie ganubie Ha 5—11 % Bbllle, YeM MPHU KyJIbTHUBUPOBAHHH
Fp5-15 F. pinicola Ha mOCIEIKCTPAKIIIOHHOM OCTAaTKE IPEBECHOMN 3€JICHU MUXTHI, a TAK)KE CMEIIaH-
HBIX cyOcTparax ¢ Jo0aBlIeHHEM OIlaJia U TIoUeK TOIoJis Oaib3aMudeckoro [22].

TakuMm 00pa3oM, MONyUYCHHBIC NaHHBIC CBUICTEIBCTBYIOT O TOM, 4TO Tpubd Fp5—15 F. pinicola
CIMOCOOCH yTHIIM3UPOBATh CyOCTpaThl HA OCHOBE JINCTHEB TOIMOJISL, B TOM YHUCIIE TOCIEIKCTPAKIIMOH-

Hble ocTtaTku. Hauboiee 6J'IaI'OHpI/I$ITHLIM Cy6CTpaTOM JIA 6I/IOKOHB€pCI/II/I C PKOHOMHYECKOH H JKO-

Tabnuna 2. KoMOHEHTHBIN cOCTaB CyOCTPATOB 0 U MOCJE KyJIbTHBHPOBAHHUS

Table 2. Component composition of substrates before and after cultivation

Conepxanue,% a. c. C.
KOMIOHGHT cyocrpar 1 cybctpar 2
HMCXOIHBIN focae HCXOIHBIN focae
A OUOIECTPYKIIUU A OUOIECTPYKIIUU

f:;;ii?:;);g;pampym‘e 26,7 13.,8/11,7 24,4 18,6/16,1
Bemecta, skcTparupyembie 292 23712022 9.0 8.3/72
STHUJIOBBIM CIIUPTOM
fg;ﬁ‘;g:ﬁ;g?ym“e 11,1 10,2/8,7 8,7 7,6/6,6
Egﬁ:‘;’i:}if’:gmyem"e 12,3 11,3/9.6 21,5 17,5/15,1
JIMrHUHOBBIE BElIeCTBA 13,7 16,5/14,0 25,2 25,6/22,1
MuHepanbHbIE BEIECTBA 7,0 7,8/6,6 11,2 11,1/9,6
Benok 12,3 25,1 13,1 24,1

HpI/IMe‘{aHI/Ie — B UUCJIUTECJIC JaHHBIC 6e3 ydera y6I>IJ'[I/I MaccChl, B 3HAaMEHATEJIC YKa3aHbl JaHHBIC C YUYETOM yﬁbIHI/I MaccChI.
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JIOTUYECKOHN TOUKH 3pEHUS SIBIACTCS TBEPABIH OCTATOK MOCE CITUPTOBOM IKCTPAKIIUU. YCTaHOBJICHO,
YTO KOMIIOHEHTBI, BXO/ISIIIUE B COCTAB BOJOIKCTPAKTUBHBIX BEIIECTB, BIUAIOT HA POCT U Pa3BUTHE

rpu0OB, yaJeHNe UX U3 JTUCThEB MPUBOIUT K CHI)KEHHUIO POCTa rpuoa.

3akjarouenne

Pe3ynbraThl HCCIIEIOBAHUS TO3BOJISIIOT C/IENIATH 3aKJIFOYEHUE O TOM, YTO KaK 3€JIEHBIE JTUCThS TO-
noJis1 6anb3amuueckoro (Populus balsamifera L.), Tak 1 OCTaTKH MOCIIC YIAJICHUS M3 HUX DKCTPAKTUB-
HBIX BEIIECTB MOTYT CIIY)KHTh CyOCTPATOM JUIsl KYJIBTHBUPOBAHUS KCHIOTPOMHOr0 03U ANOMHULIETA
Fp5—15 Fomitopsis pinicola. Han6osee 01aronpusiTHBIM JJIs IIPoIiecca ONOKOHBEPCHH SIBISETCS CyO-
CTPAT, COCTOSIIIIUN U3 OCTATKOB JIMCTHEB MOCIE CIIUPTOBON HKCTPAKIIMU, 00 ITOM CBHIETEILCTBYIOT
BBICOKHE POCTOBBIE MapaMeTpbl (CKOPOCTh pocta 3,9 Mm/cyT, pocToBoii koadduuuent 15,6). B mpo-
necce AecTpyKuuu cyocTpara rpud yruiausupyer 10 30 % momucaxapumoB, IPH 3TOM 3aTparuBast
MPEUMYIIECCTBEHHO 1eutiono3y (1o 30 % B cpaBHEHHUHU ¢ MCXOIHBIM cyOcTpaToMm). biaromapst 00-
pasoBauuio y Fp5—15 F. pinicola nuraunpaspymarmonux GepMEeHTOB B MPOLECCe ASCTPYKIUU MPO-
UCXOIHUT yTHIM3amus 10 12 % JNUrHUHOBBIX BelecTB. YOblIb Macchl cyOcTpara Ha 11-e CyTKH KyJib-
TUBUpOBaHUS cocTasisieT 14 %. B mponecce OGnogecTpyKIuy MpOMCXOIUT oborameHue cyocrpara
6enkoM (10 24 %), 3TO JaeT OCHOBAHHUE M0JIaraTh, YTO AaHHBIN CyOCTpaT B JalibHEHIIEM MOXKET ObITh

HCIIOJIB30BAaH B KAY€CTBEC ,Z[O6aBKI/I K KOpMaM KUBOTHBIX.
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HccaenoBanue BIAMSHUA KPEMHEKHUCIOTHOTO HATIOJTHUTEJISI
Silica 1165 na cBolicTBa pe3uHbI

JJIS1 NPOKJIAI0K PeJIbCOBBIX CKpeIJIeHn i

E.H. Eropos?, H. ®. Yumapun®, C. . Canjajios®,

B.C. I'puropses?, H. 1. Koabuos?, B. /I. Boponunxun®
“Yyeawickuil 2ocyoapcmeenubiil ynusepcumem um. M. H. Yivsanosa
Poccuiickaa ®eodepayus, Yebokcapol

*Yebokcapckoe npouzsodcmeennoe obvedunenue um. B. M. Yanaeea
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Poccuiickaa ®edepayus, Kpacnosapck

AnHoTanus. VccienoBaHo BIHSHUE KPEMHEKHACIOTHOrO HamoHuTens Silica 1165 B3aMeH kaonnHa
U TEXHUYECKOro yriepoaa N220 Ha mIacTo-31acTHYSCKUE, PEOMETPUIECKIE, (PU3MKO-MEXaHUICCKHE,
SKCILTyaTAlHOHHBIC ¥ THHAMUYECKIE CBOWCTBA PE3UHBI HA OCHOBE Kay4yKOB O0IIEro Ha3HAYCHHS
C LIEJIBIO pa3pabOTKH 3GEKTUBHBIX IIIYMO- H BHOPOIOIOMIAONIUX PE3UHOBBIX MTPOKJIAI0K PEIbCOBBIX
CKPETUICHUH JJIs JKEJIC3HOAOPOKHBIX IMTyTeH. YCTAaHOBICHO, YTO MPUMEHEHHE KPEMHEKHACIOTHOTO
HanosHuTens Silica 1165 B cocTaBe Uccae0BaHHOM pe3rHbI IPUBOAKT K MOBBILICHUIO €€ CTOUKOCTH
K IIPEXKICBPEMCHHON BYJIKAHU3AIUH, YIOBICTBOPUTEIHHBIM (DH3NKO-MEXaHUUECKUM CBOMCTBaM
1 YBEJIUYCHUIO BUOPOIOIIIONMIAIONIMX CBONHCTB, YTO SIBJISCTCS ONPEACIISIIONNM (GaKTOPOM JIsi

NOAPECIBbCOBBIX MPOKJIAJOK.

KuaioueBble cjioBa: pe3nHa, KayuyKH, IPOKJIaJAKH PEIbCOBBIX CKperieHni, Silica 1165, kaonuH,
TexHuueckui yriaepon N220, maacTo-3,1acTHYSCKUEe, PEOMETPUUYCCKUE, PU3UKO-MEXaHUICCKUE

U TMHAMHWYCCKUC CBOﬁCTBa, TAHI'CHC yTJIa MEXaHUYCCKHUX NOTCPb, MOAYJIb YIIPYTOCTH.

Hutuposanue: Eropos, E. H. MccnenoBanue BIusHUSA KPeMHEKUCIOTHOrO Hanmonuutens Silica 1165 Ha cBOWCTBa pe3uHBI
JUTSL TIPOKJIaI0K penbcoBbix ckpernenuii / E. H. Eropos, H. @. Yimapun, C. U. Canganos, B.C. I'puropses, H. 1. Konbios,
B. 1. BoponuuxwuH // XKyphn. Cub. dpenep. yu-ta. Xumus, 2022, 15(1). C. 110-117. DOI: 10.17516/1998-2836-0276

BBenenne

Kene3HonOpOKHBINA TPAHCIIOPT — OAMH M3 IKOHOMUYECKH IPPEKTUBHBIX BHICOKOCKOPOCTHBIX
BUJIOB TpaHCHOpTa. [IBH)KEHHE ITOE3/I0B BBI3BIBACT IIYM U BUOpAIMIO, KOTOPHIC OKa3bIBAIOT Hera-
THBHOE BIJIMSIHME HA CAMOUYYBCTBHE U 3/10pOBbe Jtoaeld. OJHUM U3 CIIOCOOOB UX CHUIKEHHUS SIBIISICT-
Csl UCIIOJIb30BAHKE BBICOKOYNPYTUX PE3UHOBBIX MPOKJIAIOK ISl PEIbCOBBIX KPEIUICHHH, KOTOPbIE
JIOJOKHBI OBITH XOJIOJO- U TEPMOCTOMKUMH, 00JIa/laTh CTOHKOCTHIO K UCTUPAHHUIO U OBITH YCTOM-
YUBBIMH K JJIMTEIBHOMY CPOKY JKcIiyaTanud. [IpOKIagky BBEINIOTHSIOT GYHKIIMH aMOPTH3aTO-
POB XKEJIE3HOJOPOKHOIO IIYTH, 00ECIIeYHBAIOT MPOJOIBHOE CONPOTUBICHNUE IEPEMEILICHUIO Pellb-

Ca, KOMICHCUPYIOT ATUHAMUYCCKUC HAI'PY3KHU Ha MINAJbl U CHUIKAKOT PE3OHAHCHLIC KoJieOaHus [1]
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J1J1st NOBBIILIEH U KCIUTYaTAalMOHHBIX CBOMCTB MOJPEIbCOBBIX IIPOKJIAZIOK HE0OX0MMa pa3padboTKa
peLenTyp pPe3sMHOBBIX CMECEH IyTeM HCIOIb30BaHUS CHENHAIBHBIX 100aBoK. K HUM oTHOCHTCS
mpanc-noanHopOopHeH (mpanc-nonudunukio[2,2,1Jrent-2-eH) [2, 3]. B padbortax [4—8] uccienosa-
Ha BO3MOXXHOCTB €0 IIPUMEHEHHUS JJIs MTOBBIIICHUS 3BYKO- M BHOPOMOTJIONIAIOINX CBOWCTB PE3NH
JUJI pe3UMHOBBIX M3JIEIUH, IKCIITyaTHPYEMbIX B MOPCKOH Boje [4—6], u anst pe3unsl mapku 81-730
JUJ1s. IPOKJIaJ0K PENbCOBBIX cKperuieHuil [7, 8]. OqHaKo ¢ yBelIMYEHHEM CKOPOCTHU ABUKEHHS IO-
€3/I0B U BBI3BAHHBIM IIPU DTOM IIOBBILICHUH yPOBHSI BUOpAIMU M HIyMa BO3pacTaIOT TPeOOBaHUS
110 3BYKO- M BUOPOIIOTIIOMIAIOIIMM CBOMCTBAM K IPOKJIAJKAM PEJIbCOBBIX CKPEINICHUH, YTO MOXKHO
JIOCTHUYB IyTEeM JaJIbHEHIIIEro COBEPIIEHCTBOBAHMSI PELICTITY Pbl PE3HH 3a CUET HOBBIX MEPCIEKTHB-
HBIX 100aBoK. K Takum mo6aBkam ciaeqyeT OTHECTH KPEeMHE3eM, CPEAHHH pa3Mep 4acTUL] KOTOPOTo
He npepbimaet 0,02 MKM U yjelbHas IJIOMAAb MOBEPXHOCTH cocTaBuseT 150-175 m%/r [9]. D1oT
MUHEPaJbHBI HANOJIHUTENb HMCHOJIB3YETCS ISl YIydIIeHHs (U3NKO-MEXaHHYECKHX CBOMCTB,
0COOCHHO TaKHX, KaK yCJIOBHAsl IPOYHOCTH MPH PACTSIKEHUU U OTHOCHTEIBHOIO Y/UIMHEHHUS MIPH
paspbIBe, CONPOTUBIICHUE PA3AUPY U CTOMKOCTh K MCTHPAHUIO. B cBsI3M ¢ 3TUM B JaHHOH padoTe
UCCIIe/IOBaHO BiIMsIHUE KpeMHe3ema Mapku Silica 1165 Ha nutacto-anacTudeckue, peoMeTpudecKkue,
(U3NKO-MEeXaHUYECKHE, IKCITyaTallHOHHbIC ¥ TUHAMUYECKHIE CBOWCTBA PE3NHBI HAa OCHOBE Kaydy-
KOB 0011ero HazHaueHus (0yTaaueH-METHICTHPOIBLHOI0, U30MPEHOBOrO U OyTaIMEeHOBOr0) C Iie-
JIBI0 pa3padoTKu 3(pPEeKTUBHBIX 3BYKO- U BHOPOMOTIIONIAIOIINX PE3NHOBBIX MPOKJIAJIOK PETbCOBBIX

CKpEIJICHUH IS )KEeJIE3HONOPOKHBIX My TEH.

3KCHepl/IMeHTaJIbHaH JacThb

OCHOBOI1 UCCIIeNyeMON PE3UHOBON CMECH C CEPHOM BYJIKAHHU3YIOIEH CUCTEMOH CIIY’KUIIU CHUH-
tetnueckue OyTtaaneH-meTricTupoibHbli CKMC-30APK, n3onpenoBsiit CKU-3 u OyTanneHoBbIi
CK/I xayuyku. PesnnoBast cMech Takke BKirodana ciaegyronue narpennerts: TITHK (cmech Tpanc-
NOJIMHOPOOpHEHa, KalpoJjaKkTama, CTeaprHa i MHIycTpraibHoro Macia U-12A), cepy, cynbdhenamua
LI, 6enuna nuakoBeie, N, N'-mutnogumopdonus, nuaper DII, aneronanun H, kaaudons, kaonus,
texHuyeckuii yriepon N220, mukpochepst HCM—-L, rencon XKIT u Bock 3B-I1, N-H/I®A. B Tatu. 1
MIPUBEICHBI BAPUAHTHI PE3NHOBOM CMECH, B KOTOPBIX IIPOBOINIIACH 3aMEHA KAOJIMHA U TEXHUUYECKOTO
N220 na Silica 1165.

[NepBbIii BapuaHT pe3nHOBOM cMmecu He coxepxal Silica 1165. Bo-BTopoM, TpeTbeM M YeTBep-
tToM BapuanTax Silica 1165 MoJHOCTHIO 3aMEHHMIIA KAOJIUH U YaCTHYHO TeXHHUUYCCKUM yriepox N220.

B maToM m miectoMm BapumaHTaX KaoJdWH M TeXHUYECKUH yriepon N220 ObUIH YaCTUYHO 3aMEHCHBI

Ta6nuna 1. BapuaHThbl pe3uHOBOI cMecH

Table 1. Variants of rubber mixture

BapuanTsr
HaumenoBaHnue matepuanon
1 2 3 4 5 6
Kaonun, mac. 4. 20,00 - - - 10,00 20,00
N220, mac. 4. 60,00 70,00 60,00 50,00 40,00 30,00
Silica 1165, mac. 4. - 10,00 20,00 30,00 30,00 30,00
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Ha Silica 1165. Bo Bcex miectu BapuaHTax PE3WHOBOH CMECH CyMMAapHOE COICP)KAaHHE KAOJMHA,
texHn4yeckoro yriepoxa N220 u Silica 1165 cocrasisuio 80,00 macu. va 100,00 mMac. 4. Kay4yKoB.
[IpuBenenHsle B Tabx. 1 BapHaHTHI Pe3NHOBOM CMeCH T'OTOBHJIMCH Ha J1aOOpaTOpHBIX Banblax JIb
320160/160 mpu temmeparype 70 °C B Teuenne 30 muH. [Inacro-smacTuieckne cBOMCTBAa Pe3HHO-
BOIi cMecH u3yuaiu Ha Bucko3umerpe Myunu MV 3000 Basic pupmbr «Mon Tech» npu 120 °C B co-
orserctBuu ¢ 'OCT 415-75. BynkannzanuoHHbIE (PEOMETPUUYECKHE) XapaKTEPUCTHKN PE3NHOBOM
cMmecH ucciienosanu Ha peomerpe MDR3000 Basic ¢pupmbr «Mon Tech» npu 150 °C B cooTBeTCTBHH
¢ 'OCT 12535—84. Pe3unoByto cMech BynkaHu3zoBanu npu temneparype 150 °C B reuenne 30 MmuH
B ByJKaHu3anuoHHoM mipecce Tumna P-V-100-3RT-2-PCD. Jlis mony4eHHBIX BYJKaHU3aTOB OMpeie-
asum: ynpyro-npounoctHslie cBoiicTBa (TOCT 270-75); tBeprocts (I'OCT 263—-75); conpoTuBieHne
pazaupy (I'OCT 262-79). JluHamuueckre CBOMCTBA (TAHT€HC yIJIa MEXaHUYECKUX TIOTePh U MOAYJIb
YIpPYTOCTH) BYJIKAHW3AaTOB HCCIIEIOBAJIN HAa AMHAMUYECKOM MEXaHMUYECKOM aHaiu3atope Metravib
VHF 104 npu gacrore 1000 ', komHaTHON TemmepaType u creneHu aedopmaruu 0,01 % (FOCT
23326-78).

Pe3yabTaThl 1 MX 00CyK/IEHHE

Ha puc. 1 npuBeneHbl 3aBUCUMOCTH BSI3KOCTH OT BPEMEHU IS Pa3IUYHbIX BAPHAHTOB PE3UHO-
Boii cmecu ipu 120 °C, a B Ta0I1. 2 — clIenyoNie U3 HUX 3HAYCHUS MIIaCTO-3JIACTUYCCKUX ITOKa3aTe-
JIell pE3UHOBON CMECH.

Kax BumHO U3 TaHHBIX Ta0I. 2, yBenudeHHe cofepxkanus HamomanTens Silica 1165 3a cueT mon-
HOUW 3aMCHBI KAOJHHA U YACTHYHO TEXHUYECKOro yriepoaa N220 crocoOCTByeT BO3pacTaHUIO BCEX
IJIACTO-3JIACTUYECKUX CBOMCTB pe3MHOBO cMecH B BapuaHTax 1—4. B Bapuanrax 4—6 npu Bo3pacra-

HUM COJIEPIKaHMS KaOIMHA 32 CUET YMEHBIICHHS TEXHUUECKOro yraepoaa N220 npu moCTOSHCTBE CO-

M, ex. Myun
190,0

152,0 2

140,0
- /

114,0_

84,0
76,0 =

56,0+

38,0_
28,0 -

0,0 T T T 1 T T T T
59 93 113 17,7 185 23,6 278 295 37.0 t. MHH

Puc. 1. M3MeHeHne BS3KOCTH BO BpeMeHH pe3uHOBoON cmecu mpu 120 °C (HOMepa KPUBBIX COOTBETCTBYIOT
HOMEpaM BapHaHTOB)

Fig. 1. Change in viscosity over time of a rubber mixture at 120 °C (curve numbers correspond to variant numbers)
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Ta6numa 2. [lnacto-3macTuyecKue mokasarenu pe3snHoBoi cmecu mpu 120 °C

Table 2. Plasto-elastic indicators of the rubber mixture at 120 °C

Bapuantsl
IToxazarenu
1 2 3 4 5 6
My, en. Mynu 76,20 131,16 138,73 184,96 177,92 160,12
ts, MUH 23,85 19,18 26,35 33,34 33,81 33,92
t35, MMH 29,15 24,60 33,59 43,66 45,32 44,71

IIpumeuanue: My— HauaabHast BA3KOCTH, ts ¥ t35— BpeMEHa J10 Hayasla Mo/ABYJIKaHU3alMK TPpU My+5 1 KOHIIa HOABYJIKaHU3AL UK
npu My+35.

30.0 S, nHem ) 3 v, Jlnsm/Mun 10.0

24.0

18.0

12.0 ]

6.0

0.0 6.0 12.0 18.0 24.0 30.0
t, MUH

Puc. 2. BynkaHnu3ainuoHnHble KpuBble pe3anHoBoi cMecu npu 150 °C (Homepa KpUBBIX COOTBETCTBYIOT HOMEpPaM
BAPUAHTOB): 1—6 — 3aBUCMMOCTH KPY TSLIErO MOMEHTA OT BPEMEHH; 1-6 — 3aBUCHMOCTH CKOPOCTH BYJIKAHU3ALUH
OT BPEMEHHU

Fig. 2. Rheometric curves of a rubber mixture at 150 °C (curve numbers correspond to variant numbers): 1-6 —
dependences of torque on time; 1'-6 ' — time dependences of the vulcanization rate

JIep)KaHUsl KPEMHEKHCIIOTHOTO HATIOJIHUTEISI HAOII0JaeTCsl TIOHM)KEHHE BSI3KOCTH M HE3HAYUTEIbHOE
BO3pacTaHUE BPEMEH MOABYJIKAHU3AIMH PE3NHOBOM CMECH.

Ha puc. 2 npuBeaeHbI ByIKaHW3aIIMOHHBIE KPUBBIE JJIsI pA3JIMYHBIX BAPHAHTOB PE3MHOBOM cMe-
cu ipu 150 °C, Ha OCHOBAHMHU KOTOPBIX OBIIM OIpEENICHbI €€ PEOMETPHUECKUE TIOKA3aTEINH, MPe-
CTaBJICHHbIE B TA0II. 3.

W3 nansbIxX Tab1. 3 ciemyer, 4To ¢ yBenuueHueM conepxanus Silica 1165 B BapuanTax 1-4 Ha-
0J1r0/1a€TCs BO3pacTaHUE MAaKCMMaJbHOTO U MHHMMAJIBHOTO KPYTSIMX MOMEHTOB. B Bapuanrax 4—6
IIPU BO3pACTAHUU COJEPXKAHMSI KAOJIMHA, HOCTOSTHCTBE cojepxkanns Silica 1165 u yMeHbIIEHUH TeX-
HU4eckoro yriepoaa N220 mpoucxoauT yMEHbIIEHNEe KPYTAIINX MOMEHTOB M BO3pacTaHHE BPEMEH
Hayaja ¥ ONTHMYyMa BYJKaHU3ALUU PE3NHOBON CMECH.

[TyTem BynKaHHM3aI[MU pa3IMYHBIX BAPUAHTOB PE3NHOBOI cMecH B pecce npu 150 °C B TeueHue

30 MUH TOTOBHIUCH BYJIKAHU3ATHhI. I[J'I?[ IMOJYYCHHBIX BYJIKaHN3aTOB OIMIPCACIATINCH Z[C(I)OpMaL[I/IOHHO-
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Tabnuma 3. PeomeTprueckue mokasarean pe3anHoBoit cmecu mpu 150 °C

Table 3. Rheometric parameters of the rubber mixture at 150 °C

Bapuantsl
ITokazarenu
1 2 3 4 5 6
Smax, AHM 22,96 27,13 26,34 24,06 22,70 20,18
Smin, AHM 3,44 5,42 6,17 4,86 4,85 4,43
ts, MUH 0,05 0,06 0,06 0,05 0,07 0,08
top, MUH 14,49 13,89 13,31 13,07 18,41 19,34

IIpumedanue: Syux U Spin — MAKCUMAJIBHBIA 1 MUHUMAJIBHBIA KPYTSIIME MOMEHTBI; ts U tog — BpEMEHA Hayaja U ONTUMYMa
BYJKAHH3aLUH.

Tabnuna 4. PU3nKO-MEXaHHUYECKHUE CBONCTBA BYJIKAHHU3aTOB

Table 4. Physical-mechanical properties of vulcanizates

IToxa3zarenu Dapians!

1 2 3 4 5 6
Jp» MIla 18,7 17,7 16,6 14,7 13,4 13,2
) 320 350 410 460 570 640
H, en. lllop A 81 82 81 80 79 77
8% 24 20 20 16 18 20
B, xH/™M 88 85 79 75 76 75
a, M3 [Tk 61,5 57,7 58,2 63,4 65,6 67,9

IIpumeuanue: f, — yCIOBHAS MPOYHOCTH MPH PACTSKECHUH; €, — OTHOCUTENbHOE YAIMHEHHE TIPH pa3phiBe; H — TBEPAOCTh
o Hlopy A u UICO; S — 311aCTHYHOCTD N0 OTCKOKY; B — CONPOTHUBIIEHHUE PA3AUPY; o — HCTUPAEMOCTbD.

MIPOYHOCTHBIE CBOMCTBA (YCIOBHAS MPOYHOCTH MPH PACTSIKEHUU U OTHOCUTEIBHOE YIUIMHEHHE TIPU
paspbiBe), a Taxke TBeprocTh no A. Illopy, 31acTHYHOCTE 10 OTCKOKY M COIPOTHBIIEHHE Pa3ANPY,
3Ha4YEHUs KOTOPBIX IIPUBE/ICHBI B Ta0I. 4.

W3 nanHBIX Tab1. 4 ciaeayeT, 4To B BapuaHTax 1—4 moiHasi 3aMeHa KaoJIWHA U YaCTHYHAs 3aMeHa
TexHuueckoro yriepoaa N220 Ha Silica 1165 nprHBOIUT K YBEIUUYCHHIO OTHOCHTEIBHOIO yIJIHHCHUS
IIPU Pa3pblBE€ U YMEHBIIEHUIO YCIOBHOM MPOYHOCTH MPU PACTSKEHHUH, HIACTUUHOCTH 10 OTCKOKY
U CONPOTHUBIICHHS Pa3aupy NMPU COXPAHEHUH TBEPAOCTH BYJIKAaHM3AaTOB. Takue jke€ 3aKOHOMEPHOCTH
HaOII0IAI0TCSI C BO3pacTaHUEeM COJCPKAHUS KAOJIHMHA JUIS BYJIKAHW3aTOB BapHaHTOB 4—6 1T OTHO-
CHUTEJIBHOTO YJIMHEHUS MPHU Pa3pbIBE M YCIOBHOH MPOYHOCTH NMPHU PACTIKCHUH C U3MEHEHHUEM HX
3HAYEHMH B JOMYCTUMBIX Ipenenax. BylakaHn3arsl BapuaHTOB 4—6 XapaKTepu3ylTCs BO3PACTAHHEM
9IACTUYHOCTH 0 OTCKOKY, HCTUPAEMOCTH U COXPAHEHHEM BEJIMUNH CONPOTHUBICHUS Pa3Iupy.

B nanpHeiieM nMpoBOAMINCH MCCIEAOBAHMS N3MEHEHUS (PU3NKO-MEXaHUYECKNX CBOHCTB BYJI-
kxaHu3aToB nociue BoaepkKH B CXKP-1 mpu 100 °C B Teuenue 24 4. Pe3ynsraThl HCCIEAOBAHUS OT-
paXxeHbl B TaOII. 5.

W3 naHHbIX TA0I. 5 cieayeT, 4To 10 U3MEHEHHI0 (PU3NKO-MEXaHMUECKUX CBOMCTB TOCIIe BO3/ICH-

CTBHUSA ) KUIAKOCTH CXP-1 HCCJICAOBAHHBIC BAPUAHTHI BYJIKAHN3aTOB PAaBHOLICHHBI.
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Tabnuua 5. 3mMeHeHne GU3NKO-MEXaHUYECKHX CBOWCTB BYJIKaHU3aTOB Iociie Bbiaepikku B CHKP-1

Table 5. Changes of the physical-mechanical properties of vulcanizates after aging in SZhR-1

BapuanTsl pe3uHoBoit cmecu
IToxaszaTenn
1 2 3 4 5 6
Af, % -11,5 -11,3 -11,0 -10,5 -11,1 -12,0
Aep,% -21,9 21,5 -21,3 -21,0 -21,9 -22.4
AH, en. llop A -3 -3 -2 2 3 -3

Ipumeuanue: Af, 1 Ag, — OTHOCHTENBLHOE U3MEHEHHE MOKa3aTes (YCIOBHOM NPOUYHOCTH IPH PACTSKEHUH U OTHOCHTEIBHOIO
YAJIMHEHUs IpU paspbiBe); AH — pa3sHOCTb TBEPAOCTEH ByJIKaHNW3aTOB nocie 1 10 Bo3aekcTBus COKP-1.

Ta6JII/IHa 6. Tanrenc yrijia MEXaHUYECKUX IMOTEPb U MOAYJIb YIIPYTOCTH AJIs1 pA3JIMYHBIX BAPDUAHTOB BYJIKAHNU3aTOB

Table 6. The tangent of the angle of mechanical losses and the modulus of elasticity for different variants of
vulcanizates

BapuanTsl
Iloka3zaTenn
1 2 3 4 5 6
tgd 0,097 0,114 0,127 0,136 0,158 0,176
E-107, I1a 10,21 14,60 14,30 13,5 12,47 11,64

B Tabun. 6 npuBeeHbI 3HAUSHHSI AMHAMUYECKHUX [1apaMeTPOB (TAaHT'€HCa yTIila MEXaHUYEeCKHX I10-
Tepb tgd U Moayis ynpyroctd E) BynkaHN3aTOB pa3inyHBIX BAPHAHTOB PE3MHOBOM CMECH IIPH Pe30-
HaHcHoH yacTtoTte 1000 I'm.

W3BecTHO, 4TO TAHTEHC yTJIa MEXaHUYECKUX IIOTEPh U MOJLYJIb yIIPYTOCTH XapaKTepU3yIOT IIOT-
HOCTh BYJIKAHH3AI[MOHHOM CETKH U CIIOCOOHOCTh MaTe€pHaia CONMPOTHUBIISTHCS PACTSKEHHUIO U CHKa-
THIO NIPH yNIpyroi nedopmaruu. M3 nanHeIx Tabi. 6 ciaenyer, yTo ucnonb3osanue Silica 1165 B Bapu-
aHTax 1-4 crnocoOCTBYeT BO3pACTAHUIO TAHTEHCA YIila MEXaHUUYECKHX TOTEPh M MOAYJISl YIPYTOCTH.
Jlist BynkaHu3aToB BapuaHTOB 4—6, copeprkamux Silica 1165, mpn Bo3pacTaHnu coepKaHus KaoJn-
Ha yBEJIMYUBACTCS TAHTCHC yTIJIa MEXaHMYECKUX MOTEPb U YMEHBIIAETCSl MOJYJIb YIIPYTrocTH. Takum
00pa3om, U3 MCCIIENOBAaHHBIX BapHAaHTOB HanOoJiee MPEAIIOUTUTEIBHBIM SIBIISIETCS BADHAHT 6 pe3u-
HBI, XapaKTePU3YIOLIHICS YIyUIIEeHHBIMU JTHHAMHUYECKUMHU CBOMCTBAMHU M yJIOBIETBOPUTEIbHBIMH

(1)I/I3I/IKO-M6X3HI/I‘I€CKI/IMI/I I10Ka3aTCIsIMHU.

BoiBoabl

B Xxoz1e mpoBeieHHBIX UCCIIEIOBAHUI N3YYEHO BIMSHUE KPEMHEKHCIOTHOro HanoHuTess Silica
1165 Ha cBO¥icTBA pe3WHBI HA OCHOBE KOMOMHAITNH KaydyKOB o01Iero Ha3HadeHus. [lokazaHo, 410 pH-
MEHEeHHe KpeMHEKHUCIOTHOro HanonHuTenst Silica 1165 B cocTaBe uccieJOBaHHOM pe3HbI IIPUBOIHUT
K TIOBBILICHHUIO €€ CTOMKOCTH K IIPEX/ICBPEMEHHON BYJIKaHU3AIMH, U3MEHSET (PU3NKO-MEXaHUUECKNe
CBOMCTBA BYJIKAaHU3aTOB B JOIYCTHUMbIX IIPEAEIax W MOBBIIIAET UX BHOPOIOIIIONIAIONIME CBONCTBA,

YTO ABJIACTCA ONPCACIISAONIUM (I)aKTOpOM JJIA IOAPEJIbCOBBIX POKJIAAO0K.
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Kondukt nunrepecon

ABTOpBI 3asBISIOT 00 OTCYTCTBUU KOH(DIMKTA HHTEPECOB, TPEOYIOMIEr0 PACKPHITHS B TaHHOMH

CTaThEC.
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Abstract. The modeling of various modes of formation of microporous silica using high-pressure
helium was carried out by the methods of molecular dynamics. It is shown that by controlling the
helium pressure in the process of quenching the silica melt, the structure of the obtained glasses can be
changed continuously and within wide limits. The density of the obtained glasses varies in the range
from 2.2 to 1.5 g / cm? and the Ostwald solubility coefficients for helium and neon are more than an

order of magnitude.
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T'enii BLICOKOIO JABJICHUA KAK TeMILIAT
sl (popMHUPOBAHMA

MHKPONOPHUCTON CTPYKTYPbI KpeMHe3eMa

C.B. Kyxreuknii, E. B. ®omenko, E. C. PoroBenko
HUnemumym xumuu u xumuuecxoti mexronrocuu CO PAH
QU] «Kpacnoapckui nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

AHHOTauMsA. MeTogamMu MOJIEKYJISIPHON TMHAMUKH MPOBEACHO MOJICIUPOBAHUE PA3IUYHBIX PEKUMOB
(hopMHpOBaHUS MUKPOIIOPHCTOTO KPEMHE3eMa IIPH TIOMOIITY TeJTHs BRICOKOTO JaBieHus. [lokasaHo, 9410
MyTeM PeryJTMPOBAHMSI JABICHHS Tellis B MIPOIECcCe 3aKaIKU paciyiaBa KpeMHe3eMa MOKHO HETIPEPHIBHO
1 B IIAPOKHX MpeAeTax U3MEHITh CTPYKTYPY MOIyIaeMBIX CTEKOI. [[TOTHOCTH B MOTYYEHHBIX CTEKIAaX
U3MeHseTCs B iuanasone ot 2.2 10 1.5 v/ cM?, a koadpduunents! pactsopumoctd OCTBaNbIA 1JIsl TENHUS

M HeOHa — 0oJjice YeM Ha MOPAIOK.

KirwueBnble ciaoBa: Feﬂﬂﬁ, HCOH, KPEMHE3CM, pAaCIIMPEHHOC KBAPUECBOC CTCKJIO, TEMIIEPpATypa

CTCKJIOBAHUSA, paCTBOPUMOCTD.

BaaropapHocTu. VccnenoBanue BBIIIOIIHEHO B paMKaxX TOCYIapCTBEHHOTO 3aaHus IHCTUTYTa XUMUN
n xumuueckor Texnosnoruu CO PAH (mpoext 0287-2021-0013).

Huruposanue: Kyxreukuii, C. B. 'exuii BICOKOTO TaBJICHUS KaK TEMIUIAT I (OPMUPOBAHUS MHKPOIOPHUCTON CTPYKTY PbI
kpemHuesema / C.B. Kyxrenkuii, E. B. ®omenko, E. C. Porosenko // Kypu. Cub. dpexnep. ynra. Xumus, 2022, 15(1). C. 118-127.
DOI: 10.17516/1998-2836-0278

BBenenne

[ToBBIIIEHHBIN HHTEPEC K MOPUCTHIM CTEKJIAM CBSI3aH C UX MHOTOYHCICHHBIMH MPUIIOKCHU-
SIMU B XHUMUH, PpapManeBTuke u ouonorun [1-9]. bnarogaps meinomy psny YHUKaJIbHBIX (U3HKO-
XHMHYECKUX CBOWCTB, TAKMX KaK XMMHUYECKas, TEpPMUUECKAs U MEXaHUUYECKasi CTOMKOCTh, MOPH-
CTBHIC CTEKJIa UCIONB3YIOTCA B Ka4eCTBE MEMOPaHHBIX MaTepUalIOB IS pasaeneHus razos [10, 11],
HOCHUTeJIeH KaTainu3aTtopoB [12-14], nHKancynsnuu aaepHbIX 0TXoxoB [15—-17], B kauecTBe OCHO-
BBI ONITHYCCKHUX XeMoceHCcopoB [18, 19], dpunprpyromux Matepuanos [20, 21] 1 BO MHOTUX IPYTHUX
NPHUKJIAIHBIX 3a/adaX. Ha JaHHBIII MOMEHT CyIIEeCTBYIOT ABE OCHOBHBIC TEXHOJIOTHHU TOTYUCHHS
ropucThIx cTekon [1]. [lepBas ocHOBaHa Ha KMCIOTHOM BhIIIEIauYMBaHUN OopaTHOH (a3sl B Oopo-
CHJIMKATHOM CTEKJIe C paszjelieHHbIMH (azamu [2—4], Bropas — Ha GopMupoBaHuH/100aBICHUH
OPraHMYECKOr0 TEMIJIaTa B PaMKax 30JIb-TeNIb MPOLEcca C IMOCIeNYIONINM KalbIIMHUPOBAaHUEM
¥ yaaJeHrueM MpoAyKTOB pacnana temmiara [5—9]. O6enum TeXHOJOTUSIM MPUCYITH ONpeaeICHHbIE
CJIO)KHOCTH, CBSI3aHHBIE C PEryJIMPOBAHHUEM paccloeHus (a3, pa3MepoB IOp, TOMOJOTHEH cBOOO-
HOT'0 IIPOCTPAHCTBA U HEOOXOAMMOCTBIO y1alieH!Usi 00paTHOM MOJCUCTEMBI HIIM TEMILIATA, B ClIy4ae

30JIb-T'CJIb ITpouecca.
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B aT0ii cBsi3M nmpeAcTaBiseT HHTEPEC MCIOJb30BaHUE JIETKMX MHEPTHBIX I'a30B, B 0COOCH-
HOCTH TeNus, Uil MOAM(PUKANNN MHKPOIIOPUCTONH CTPYKTYpHl KpemHezema. IlepBas mpuunna
TaKOTO MHTEpeca 3aKJIIYaeTCs B OYEHb BBICOKONH PaCTBOPHMOCTH TEJIHS BBICOKOTO JABJICHUS
B KpemHe3eMe. HegaBHue ncciiejoBaHms MOBEIEHN S KBapIEBOTO CTEKJIAa B aTMocdepe reius [22,
23] moka3aiau aHOMaJIbHO HU3KYIO0 C)KUMAEeMOCTh CTEKJIa TI0 CPABHEHHIO C aHAJIOTUYHBIMU H3ME-
pPEHUSIMH B JIPYyTHX cpelax. BepXHss onjeHKa pacTBOPUMOCTH, cielaHHas B [22], 1aeT 3HaYCHUE
2.4 mons He na mons SiO, npu nasnenun 10 GPa. DTo roBOpUT 0 TOM, UTO T'€JIHii 3aMOJHSIET BCE
MEX0y3€eJIbHOE IIPOCTPAHCTBO CcTeKIa. Bropas npruunHa, 00ycinaBiInBaomas nepcrneKTHBHOCTh
HCIIOJIB30BAHUS TeIUsI, 3aKJII0YaeTCs] B €ro BBHICOKOM MPOHUKAIONMEH CIOCOOHOCTH, MO3BOJISAIO-
el mTpoBoANTH 3(P(HEKTUBHYIO IBAKyallMIO TEMIIJIATA MPU cpaBHUTENbHO HU3KUX (300—400 °C)
TeMmnepaTypax. TpeTss oueBHAHAS MPUYNHA — XUMUYECKasg HHEPTHOCTh I'elusl, HCKIJIIOYaromas
3arps3HEHUS Pe3yJIbTHPYIOMINX CTEKOJI yIJIEPOJOM U JIPYTHMH NPOAYKTAMH Pa3JIOKEHHUs opra-
HUYECKHUX TeMIIaTOB.

B nanHO# paboTe onucaHbl Pe3yJIbTaThl YUCICHHBIX 3KCIEPUMEHTOB 110 MOAN(DHUKAIINN KBapIe-
BOT'0 CTEKJIA IIPHU ITOMOIIHY T'eNNs BEICOKOT'O AAaBJICHNU S, BBIITOJTHEHHBIX METOIOM MOJIEKYISIPHON THHA-
MukH. [IpeacraBiaeHbl CTPYKTYpbl MOJU(PHUIIMPOBAHHBIX CTEKOJI, 3aBUCUMOCTH IUNIOTHOCTH U KO3 du-

HMUEHTOB paCTBOPHUMOCTHU OT PEIKMMOB 3aKaJIKU pacIijiaBa.

MeToanku pacdyera
U BCIIOMOraTe/IbHbIe Pe3yJIbTaThl

Tonyuenue 06pa3yos pacuupeHno2o Keapyesozo cmekid

B kadecTBe MCXOJHBIX KOH(PUTYpaAIUil HCIIOJIB30BAIICH 00pa3Lbl KBApIEBLIX CTEKOJI, IOy YeH-
HBIE M OXapaKTepu30BaHHbIe B padoTe [24]. PacueTHas sueiika (KyOuueckas ¢ IepHOJIUIECKUMHU Tpa-
HUYHBIMU ycloBusiMu) conepkut 1000 moHoB kpemuus u 2000 moHOB Kuciaopoxa. HaganpHOE pac-
npeesieHne CKOPOCTeN YacTUIl COOTBETCTBYET HayabHOU TeMmnepaTtype TepmocTtara (300 K). 3atem
B CIIy4alHBIX TOYKaX MEX/I0y3€IbHOI0 IPOCTPAHCTBA Pa3MEeaINCh aTOMBI rennst. B nanHoit pabore
KOJIM4ecTBO aTroMoB paBHO 1000, 4TO COOTBETCTBYET EAMHUYHOMY KOA(PGHUIIMEHTY PACTBOPHUMOCTH
OctBanpga. Pacripenenennue aToMOB renus 1o CKOpocTsM cooTBeTcTBOBao Temneparype 300 K. ITpu
pa3MelIeHnH aTOMOB IPUMEHSUTH CIIEAYIOIIee TPaBUIIO: €CIM KMHETUUYECKas SHEPTUsl JAHHOTO aToMa
Obli1a HE MEHBIIIE €0 IMOTEHIIMAIA B JAHHOW TOYKE, TO aTOM J{00aBIISUICS B CHCTEMY, €CIIH HET, TO BbI-
Oupasnach Apyras ciydaiiHas TO4uka CBOOOJHOIO MPOCTPAHCTBA. 3aT€M yCTAaHABJIMBAJIOCH HYKHOE
JlaBJieHNe OapocTaTa M 3alycKalicsl pacdeT JUHAMHMKHU. B MaHHBIX YHCICHHBIX SKCIIEPUMEHTaX Ha-
YaJibHOE JaBlieHHe OapocTara ycraHaBiupasioch Ha 8 GPa. JluHamuka paccuuThIBaiach B paMKax
NPT-ancam6ins1. Tunuunble quarpaMMbl PEryJIMpPOBAHUS TEMIIEPATyphl U JaBJICHUS aHCaMOJIs IMO-
Ka3aHbl Ha puc. 1.

B Teuenne 0.1 HC MPOM3BOAUTCS JIMHEHHBIN HAIPEB CHCTEMBI JI0 TEMIIEPATY Pbl TOMOT'€HU3AIINH.
[Tocne roMoreHu3anuy OCYIIECTBISACTCS TepBast CTaANs 3aKAJIKHU (TUHEHHOE CHUKEHNE TeMIIepaTy-
Pbl CHCTEMBI IPH MOCTOSHHOM JIaBJIEHHH) JI0 HEKOTOPOH Temmeparypbl T, Ipu KOTOpOH Mpou3Bo-
auTcs cOpoc aaBiieHust 10 arMocdepHoro. [locie uero 3akalika mMpoJ0IKASTCs 10 KOMHATHOW TeM-
repaTypsl P HOPMAJIBHOM JIABJICHUU U CTAIMH PEaKcalliy CTekia B TeueHue rnociaeqaux 0.1 He.
BapeupoBanneM temmnepatypsl copoca qaBieHus (T,) ZOCTHTaroTCs pa3nuYHbIe CTETIEHU pacHInpe-

HUS KBAPLEBOI'0 CTCKJIA.
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Puc. 1. Tunuunble quarpaMMel peryaupoBanus Temueparypsl u naBienust NPT-ancamb6is SiO,+He Bo Bpems
npouecca pacuupenus crekaa. Hauansnoe coctosnue cuctemsl: T =300 K, P =8 I'Tla. T, — Temneparypa copoca
nasnenus. Koneunoe cocrostnue: T = 300 K, P = 0.1 MIla. Ha HuxHel quarpamme noxkas3aHa 3aBUCHUMOCTb
IJIOTHOCTH MaTpulbl (0e3 ydeTra pacTBOPEHHOIO reius) oT BpeMeHHM. CTpenkaMu IOKa3aHO H3MEHEHUE
IJIOTHOCTH CTEKJ1a OTHOCUTENILHO MCXOIHOI MJI0THOCTH KBApLEBOro cTeka, paBHoii 2.2 1/ cM?

Fig. 1. Typical diagrams of temperature and pressure control of NPT-ensemble SiO,+He during glass expansion
process. Initial state of the system: T =300 K, P = 8 GPa. T, is the pressure relief temperature. Final state: T = 300
K, P =0.1 MPa. The lower diagram shows the dependence of the matrix density (excluding dissolved helium) on
time. The arrows show the change in glass density relative to the initial density of quartz glass, equal to 2.2 g / cm?

Boviuucnenue memnepamypobl CMeKI106AHU

Temnepatypa copoca gaBinenus T, mpuBs3aHa K TeMmieparype creknoBanus T, (Temmeparypa,
IIpH KOTOPOH IIPOMCXOIUT PE3KUI POCT BSI3KOCTH paciliiaBa IpH 3aKkalike). B mureparype orcyTcTBo-
BaJIM IAHHbBIE O TEMIIEPAType CTEKJIOBAHUS paciljiaBa KBapia B arMoc(epe resius BBICOKOTO AaBJICHHSL.
ITosTOMY OBIIIO MPOBEIEHO OT/ENBHOE MCCIEN0BAaHNE 3aBUCUMOCTH T, OT naBieHus renus. B mpo-
Hecce 3aKajKy IPY MPOXOKICHUH TOYKH CTEKJIOBAHUS IPOUCXOIUT (pOopMUpPOBaHHE OKOHYATEIbHOM
CTPYKTYpbI cTeka. [ToaTomy Haubonee npocThiM ciocodoM BelunciaeHus T, ABsAeTCA Onpe/eneHne
TOUYKH M3JI0MA Ha 3aBUCUMOCTH yAEIbHOH MOTEHIINAIBHON YHEPTHH CUCTEMBI OT TeMIeparypsl. [Ipu-
Mep TakoW JuarpaMmbl MOKa3aH Ha puc. 2. [lo nmepeceueHnto JTMHUN JUHEHHBIX perpeccuil JieBon
Y NIpaBoOi BETBEH HAXOJMJIACh TEMIIEPATYyPa CTEKIOBAHHUSI.

TemnepaTypy cOpoca naBieHHs B mpouecce 3aKajiku T, y100HO OTCUMTBIBATE B €IMHUIAX TEM-
neparypsl cTeknoBanus Ty, B COOTBETCTBMM € 9TUM Ha PUC. 3 IPUBEJEHA AUarpaMMa 3aBUCUMOCTH T,

OT JaBJICHUA, paCCYUTAHHAA 11O yKaBaHHOI\/‘I BBIIIC METOAUKE.
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Fig. 3. Dependence of the glass transition temperature T, on the helium pressure

Buiuucnenue pacmeopumocmu

MeToarKa BBIYHMCICHUS PAaCTBOPUMOCTH monpoOHo omucana B [25]. CyTh ee 3akiwoyaercs
B ITOCTPOSHUH AMCKpeTHOro 3D-noTennuansaoro npodbuoro aroma (He nnu Ne) nis kaxaoro o0-
pasua cTekja ¢ MOCIeAYIUUM CyMMUpOBaHueM bosbliMaHOBCKOro (akTopa 1Mo BceM siueiKkam
(BokcenmaM). Pasmep BOKCETBHOTO MTPOCTpaHCTBA 256X256X256 siueek. B pacyeTax UCIIONB30BAIUCH
MOTEHITMABl B3aUMOCHCTBUS TelIus U HeOHa C MAaTPUIEH KpeMHe3eMa, MOJyUYeHHBIE B ITOH ke
pabote [25].
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Pe3yabTarsl

Ha puc. 4 n3o0paskeHa 3aBUCUMOCTH IIJIOTHOCTH PACIIMPEHHOTO KBAPLEBOIO CTEKJIA B 3aBHCH-
MOCTH OT TEMIIepaTypbl cOpoca naBieHus npu 3akaike. [lepBonauanbHoe gaBnenue cuctemsl 8 GPa,
paccuMTaHHas TEMIIEPATypa CTEKIOBaHMs pyu 3ToM Aasienun T, = 2400 K. OTHOCHTENBHAS TEMIIE-
paTypa cbpoca naBnenus T,/T, n3mensnace B mupokom guanasone — ot 0.1 mo 1.7. CBepXy u cHU3Y
JrarpaMMBbl IPUBEICHBI TUITNYHBIE AaTOMHBIC KOH(GUTYpAIIUH MTOTYUYaIOINXCsl B PE3yJIbTaTe 3aKaIKh
cTekoi1. benbiM BeTOM M300pakeHbl IPAHMIIBI TIOJIOCTEH (1TOp).

B nenom Bech ananasoH T,/ T, MOXHO pa30UTh Ha JBE 00JACTH.

1. T,/T, < 1.4. DTo y4acTOK OIHOPOJHOTO PaCIIMPEHUs CTPYKTYphI pacmiasa. [locne copoca
BHEIIHEr0 JIaBJICHUsI PACTBOPUMOCTH I'€JIMsI 3aMETHO MajgaeT. V3JIWIIKU Tenus, pacTBOPEHHOTO
B CBOOOJIHOM IIPOCTPAHCTBE KpeMHe3eMa, HAuMHAIOT BBIJACIHATHCS M3 paciuiaBa, MPUBOJIS
K JIOKQJIBHOMY Pa3pbIXJIEHUIO MOJICKYJISIPHOW CTPYKTYpbI (pHUC. 4, IBE BEPXHUX KOHQUTYpAIUH).
Ho Touka cTekJIOBaHHS M, COOTBETCTBEHHO, PE3KUH pPOCT BA3KOCTH MOCTHTAIOTCSA paHBIIE,
YeM IPOUCXOIUT TNONHOe paszzxeneHue (a3 u (opMmupoBanue Oojee KPYHMHBIX My3BIPHKOB
reixusa. B pesynprare Takas MOCTaTOYHO OJHOPOAHAS «pa3phIXJIEHHas» CTPYKTypa pacijaBa
3aMOPaXMBAETCSI W OCTAeTCs YXKEe B 3aTBEpJAEBLIEM CTekje. MaKCHMallbHOE€ OIHOPOIHOE
pacIpeHne KBapIeBoro crekiaa (YMeHbIICHHE MIIOTHOCTH), JOCTUTHYTOE B JAHHBIX YMCICHHBIX
SKCHEPUMEHTAX, cocTaseT npubausurensHo 10 % npu T,/T, okono 1.4.

2. 1.4 <T,/T,. D10 061macTh 00pa30BaHUs «HAHONEHBI». Da3bl reylusd U KPEMHE3EMA YCIEBAIOT
YaCTUYHO PA3JENINUTHCS 10 JOCTID)KEHHS PAcIsIaBOM TOYKHM CTEKJIoBaHUs. YacTh remus oOpaszyer
My3BIPKH, pa3zMep KOTopbiXx 3aBucuT oT T,/T,, 4acTe ocTaeTcs B CBOOOJHOM IPOCTPAHCTBE
KpeMHe3eMa, IPUBOAS K er0 YaCTUYHOMY pacimupenuto. Ilociie mpoxoxkaeHns TOUKH CTEKIOBaHHS
o0Opa3oBaHHas CTPYKTYpa pacijiaBa «3aMOpaXUBaETCs» U GOPMHUPYET CTPYKTYPY CPEAHEro MopsiiKa
yke TBepzroro creksa. Kak BuIHO Ha puc. 4, HaJIWYME W pa3Mepsl IOp IPH 3aJaHHOH CKOPOCTH
3aKaJIKH TOXKEe MOKHO PEryJIUpoBaTh nocpeactsoM usmenenns T,/ T,.

Tak xak cocTaB KBapLEBOrO CTEKJa B PACCMAaTPUBAEMBIX NPOIECCAX OCTACTCS HEM3MEHHBIM,
TO CTENEHb €ro PACUIMPEHHUs], KaK BUJHO U3 CPaBHEHHS AMArpaMMBbl IJIOTHOCTH (B IIEHTpE pHUC. 4)
1 aTOMHBIX KOHQUTYpanui (CBepXy M CHU3Y pHC. 4), MO)KHO OJHO3HAYHO XapaKTE€PH30BaTh OJHUM
napamMeTpoM — IUIOTHOCTBIO cTekJsa. Ho 3TOT MHTEerpasibHblil NoKa3areib OTHOCUTEIBHO Cl1abo M3-
MEHSETCs IIPH OJTHOPOJIHOM pacIuMpeHuH paciiasa (scero 1o 10 % npu T,/T, = 1.4). bonee uyBcTBH-
TEJIbHBIM HHJINKATOPOM U3MEHEHH S TOIOJIOT U CBOOOAHOrO IIPOCTPAHCTBA SIBJISIETCS] PACTBOPUMOCTH
JIETKUX WHEPTHBIX T'a30B, TAKUX KaK Te’ui niau HeoH. Ha puc. 5 mokazansl 3aBUCHMOCTH KO3 PHULIH-
eHToB pacTBopuMocTH OcTBanpaa 11 renus U HeoHa (pu 300 K) oT 0THOCHTENBHOM TeMIepaTy psl
copoca nasnenus Ty/T,. JIns cpaBHEHUs Ha 3TOH e aMarpamme cieBa (KBaJpaTHbIE TOUKH) Mpe-
craByieHbl K03 durrenTsl pacrBopumoctu He 1 Ne B 00bIYHOM (MCXOJHOM) KBapLEBOM CTEKJIE, YC-
PEIHEHHBIE 1O IISITH Pa3IMYHBIM 00pa3nam.

W3 mpencrtaBiaeHHBIX Ha puc. 5 auarpamMm BUAHO, 4To 10 T,/T, < 1 ko3 duimeHTs pacTBo-
PUMOCTH MPAKTHYECKN HE M3MEHSIOTCS. TO eCTh reoMeTpus CBOOOIHOTO MPOCTPAHCTBA OyayIIero
cTekIa, chOpMHUpPOBaHHAs T'eJIMEeM, PACTBOPEHHBIM B PaCIllIaBe, «3aMOPaKUBAETCS» Cpa3y iKe Mocie
MIPOXOXAECHUS TOUYKH CTEKJIOBAaHUS. BIONIHE €CTEeCTBEHHO, YTO 3Ta T€OMETPHsI HEMHOT'O paclIipeHa
110 CPABHEHHIO CO CBOOOHBIM IPOCTPAHCTBOM OOBIYHOTO KBAPLIEBOI'O CTEKJIA 32 CUET PACTBOPEHHOTO

B pacCIljiaBe rejius.
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Puc. 4. 3aBUCUMOCTH IJIOTHOCTH PACIINPEHHOI'O KBApIIEBOTO CTEKJIA OT OTHOCHTENBHON TeMIeparypbl copoca
nanenns T,/T,. CBepxXy M CHU3Yy — THIIOBBIE aTOMHBIE KOH(UTYPAIMH Pe3yTbTHPYIOMNX CTEKON. bembiM
M300paxeHO CBOOOIHOE TPOCTPAHCTBO (TIOJIOCTH)

Fig. 4. Dependence of the density of expanded quartz glass on the relative depressurization temperature
T,/T,. Above and below — typical atomic configurations of the resulting glasses. Freespace (cavities) is
shown in white

I1pu Gomnee panHeM cOpoce qaBieHus, Bbime Touku creknoBanus (T,/T, > 1), nerko BuaeTh ObI-
CTpBIH (IPAaKTHYECKH SKCIIOHEHITHANBHBIN) pocT pacTBOpUMOCTH ¢ yBennuenueM T,/T,. Takoe mose-
JICHUE CUCTEMBI JIaeT BO3MOXKHOCTh PEr'yJIMPOBATH IIOPUCTOCTD T10JIY YAIOLIMXCSI CTEKOJI B JIOCTATOYHO

ITUPOKHUX OpCaAciiax.
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Puc. 5. 3aBucumoctu ko3 purrento pacrsopumoctr OctBanbaa npu 300 K oT oTHOCHTEIbHON TeMIIepaTy pbl
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Fig. 5. Dependences of the Ostwald solubility coefficients at 300 K on the relative depressurization temperature
T,/T,. For comparison, on the left (square dots) the solubility coefficients of He and Ne in ordinary (original)
quartz glass are shown averaged over 5 different samples

BriBoabl

Metogamu MOJIEKYISIPHON IMHAMUKHY IIPOBEJEHO MOAEIMPOBAHKE MIPOLIECCA 3aKAJIKH pacIlaaBa
KpeMHe3eMa B aTMocdepe renust Bpicokoro nasieHus (1o 10 GPa). ITokaszano, 4to npu copoce nasie-
HUS B IIPOLECCE 3aKaJIKH 00pa3yTCsi MUKPOIOPUCTBIE CTEKJIA JIBYX THIIOB, 3aBUCSIINE OT OTHOCH-
TenbHOI Temnepatypsl copoca nasnenus T,/T,. B nepsom ciyuae npu T,/ T, < 1.4 o6pasyrorcs onHO-
POIHO pacIINpPEHHBIE cTekIa O0e3 KpymHbIX op. Bo Bropom — mpu T,/ T, > 1.4 dasel renus u pacniaasa
KpeMHEe3eMa YaCTUYHO pa3essaioTcs, 00pa3ys B OTBEP/IECBILIEM CTEKJIE Ooiee KpyITHbIE TTOPHI (TTOopsiiKa
HaHOMETpa U Oosiee), pas3/iesieHHbIE IEPEropoKaMu, UMEIOLIMMH PACIIMPEHHYIO CTPYKTYPY 110 TUITY
1. PaccuntanHble mapaMeTphl PaCUIMPEHHBIX CTEKOJ (IUIOTHOCTH M KOA(PQPHUINEHTHI PACTBOPUMOCTH
TeNHs U HEOHA) TIOKAa3bIBAIOT MOHOTOHHYO 3aBUCHMOCTD CTETIEHHU PaCIIMPEHHS CTEKJIa OT apaMeTpa

Tp/Tg, YTO AAa€T BO3BMOKXHOCTDL YIIPABJIATH FeOMeTpHeﬁ CB060,I[HOFO IpOCTpaHCTBA CTCKOJIL.
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Cunre3, KpUCTAJIMYECKasi CTPYKTYypa
U TePMOJANHAMHMYECKHE CBOICTBA
anaTuTONOA00HBIX BAHAIATO-TePMAHATOB

CBHHIIA T'aJ0THHUSA

JI.T. lenucosa?, M. C. MoJiokeeB™ ®,
E.O. T'onyoesa?, H. A. I'asimaxmerona?
“Cubupckuii pedepanvrvlil yHugepcumem
Poccuiickaa ®edepayus, Kpacnosapck
*Uncmumym gpusuxu um. JI. B. Kupenckozo
@Ul] KHI] CO PAH

Poccuiickaa ®edepayus, Kpacnosapck

AHHOTanus. MeTooM TBepAO(ha3HBIX PEAKIINH 00)KUTOM Ha BO3/IyXE CTEXHOMETPUUECKHX
cmeceit PbO, Gd,0;, GeO, u V,05 B untepsaie temmneparyp 773—1073 K cuHTe3upOBaHbI allaTUThI
Pb19xGdx(GeO4)rx(VO4)4x (x = 0.5, 1.0). C ucnionp3oBaHHEeM pSHTT€HOCTPYKTYPHOT'O aHAJII3a OIIpeIeieHa
UX KpUCTaJInyeckasi cTpykrypa. MeTonom nuddepeHnmnanbHoi CKaHUPYIOIIeH KaJOpUMETPUU
M3MEpeHa BRICOKOTeMIIepaTypHas TertoeMKocTs (350—1000 K). [To skcriepuMeHTaIbHBIM JaHHBIM

C, = f(T) paccuntanbl TepMOIUHAMHYECKHE CBOIICTBA aNaTUTOB.

KioueBbie cjioBa: anmaTuThl, TBepIO(Pa3HbIii CHHTE3, KPUCTAJJIMUYCCKasT CTPYKTypa,

BBICOKOTEMIICPATYPHAA TCIIJIOEMKOCTb, TCPMOAUHAMHWYCCKUC CBOICTBA.

BaarogapHocTH. ABTOpHI BeIpaxatoT OiarogapHocTh KpacHOSApCKOMY peruoHalbHOMY LHEHTPY
koJutekTuBHOrO noib3oBanust GUL] KHI[ CO PAH. PaGora BbinonHeHa pu 4acTUYHOM (PUHAHCOBOIA
MIOA/ICPXKKE B PAMKAX roCyIapCcTBEHHOro0 3aauust Ha HayKy PI'AOY BO «Cubupckuii dpenepaabHbIil

YHUBEpCUTET», HoMep npoekta FSRZ-2020-0013.

Huruposanue: lenucosa, JI. T. Cunres, Kpucrayminyeckas CTpyKTypa U TEPMOJMHAMHUYECKUE CBOMCTBA allaTUTONOJOOHBIX
BaHa/aTo-repManaToB cBuHNa ragonunus / JI. T. lenucosa, M. C. Monokees, E. O. I'ony6eBa, H. A. I'annaxmerosa // JXKypH.
Cub. penep. yn-ra. Xumns, 2022, 15(1). C. 128-136. DOI: 10.17516/1998-2836-0277

BBenenue

ArmatuTel, o0nanas yHUKaJIbHBIMH (U3NKO-XUMHUYECKIMHU CBOMCTBaMH, yKe B TEUCHHE JJIU-
TEJHHOI'O BPEMEHH IPUBIIEKAIOT K ce0e BHUMaHue uccienosaresneid u npakTukos [1-10]. OHu uc-
MIOJIB3YIOTCS B KadecTBE OMOMATEpHaJIOB, JIA3E€PHBIX, JTIOMUHECIEHTHBIX U ONTHYECKUX MaTepua-
noB [3, 11]. BakHO# 0COOEHHOCTBIO ANlaTUTOB SIBIAETCS CIOCOOHOCTh MX CTPYKTYPHBIX €IUHUIL
K 3aMEIEHUI0 APYTUMHU HOHaMH 0€3 CYIIECTBEHHOTO U3MEHEHHs CTPYKTYpHI. [Ipn 3TOM cBoOlicTBa
TaKMX COCAMHEHMI, KaK MpaBuio, U3MeHsoTcs. [loaromy nzomopdHoe 3aMelieHne siBiIsieTcs oll-

HHUM M3 IOAXOA0B, UCHOJB3YCMbIX IJI CO3JaHUs HOBBIX MATCPUAJIOB. TaK, HannpuMmep, aBTOPLI pa-
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6otsI [12], 3amenias yacTsh cBuHIa B anatute Pbs(GeOy4)(VO,), Ha naHTaH, MOJydaad COCIUHCHUS
PbypLa,(GeOy)rsr (VO4)4, (x = 0-3) ¢ Taxoii xxe cTpykTypoil. [lomoOHast 3aMeHa YacTH CBUHIA
Ha BHCMYT ITO3BOJIMJIA MOJYYUTh anaTUThl cOCTaBOB Pbyy.Bi(GeOy4)r:(VOy4)4., (x = 0-3) [13]. 3a-
MEIICHUEM CBUHIIA HA TIpa3eoauM moiydeHsl coequHeHUs Py Pr.(Ge0y4)1,(VOy4)4, (x =0 = 3) [6,
10]. B otnu4ume oT XOpoIIo U3BECTHOTO ruApokcuanaruTa [4, 14 — 16] ero cBUHIIOBBIE aHAJIOTH UC-
CJIeJIOBaHbI HEJIOCTATOYHO [6].

Ienpro HacTosMIeH PabOThI SBIASETCS CHHTE3, HUCCIICAOBAHHUEC KPUCTAJITHYCCKON CTPYKTYPBI

U TePMOJUHAMUYECKUX CBOMCTB armaTuToB Pby,Gd(GeOy)y(VOy4)4 (x = 0.5, 1.0).

3KcnepnmeHTanLHaﬂ 4yacTb

Coenunenust Pbyy..Gd,(GeOy4):,(VO,)4., (x= 0.5, 1.0) co cTpykTypoii anaTuta noiydanu us PbO,
Gd,0; 1 V5,05 — «oca» 1 Ge0,-99.999 %. [lns 3Toro npeaBapuTeIb-HO MTPOKAICHHBIC UCXOIHBIC OK-
CHABI B CTEXMOMETPHUYECKUX KOIMYECTBAX MEpPETHUPaTN B araToBOH CTyIKe. 3aTeM MX MPEeCcCOBaU
B TaOJeTKH U 0Oxuranu Ha Bo3nyxe rmpu 773, 873, 973 K (mo 10 1 mpu kaxx ot remmeparype) u 1073 K
(100 1). HroxHu# npezen TeMiepaTypbl TBepa0(}ha3HOro CHHTE3a CBsI3aH C HAJIMYHEM B UCXOIHOW CMe-
cu nerkorutaBkux PbO u V,0s n HanmmaneM Ha auarpamme coctosaus cucteme PbO-V,0s 9BTeKTHKH
¢ Tux = 760 K [17]. Bpems u TemmnepaTypbl OT)KUTa ONpeneleHbl Ha OCHOBAHUH MPEIBAPUTEIBbHBIX
9KCTIEPUMEHTOB. JlJIsl yBEJIMYECHUS MOIHOTHI NMPOTEKAHNS TBEpAO(ha3HON peaklnuu uYepe3 KaxKible
10 4 mpoBOAKIIY NIEpETUPAHHUE MTOJTYUSHHBIX 00pa3LoB U CHOBA MpeccoBasin. KoHTpois ha3oBoro co-
CTaBa OCYHIECTBIISUIM C HCHOIB30BAHUEM PEHTIC€HOCTPYKTYPHOTO aHaiu3a. [IopomkoBsie peHTreHo-
rpamMmbl anaTUTOB Pbyy.,Gd(GeO4)2(VO4)4 (x = 0.5, 1.0) monyueHs! mpr KOMHATHOH TeMIieparype
Ha qudpakromerpe Bruker D§ ADVANCE (CuK,-u3ny4enne) ¢ ucnonb30BaHNEM JIMHEIHOTO JIETeK-
topa VANTEC. Illar ckanupoBanus coctasisia 0.016°, a Bpemsi 9KCIO3UIINN Ha KaXKIbIH mar — 2 C.
VYrounenue Pursensiaa nposeneHo B nporpamme TOPAS4.2 [18].

V3MepenHne TenI0eMKOCTH CHHTE3UPOBAHHBIX allaTUTOB MIPOBOIMIN Ha TepMoaHanu3arope STA
449 C Jupiter (NETZSCH, I'epmanus) metogom nuddepeHnnaabHoi CKaHUPYIOMEeH KaJopuMeTpuu.
MerTouKka SKCIIepUMEHTOB 07I00Ha onucaHHoi B padore [19]. Ommnbka SKCIIEPUMEHTOB HE IIPEBbI-

maja 2 %.

Pe3ysabTaThl U 00CYKIEHHE

Bce peduiekchl ObUIM TPOMHIUIIMPOBAHBI I'e€KCArOHAIBHOW stueiikoi (P6s/m) ¢ mapamerpami,
6mu3kuMu K Pbs(GeOy4)(VO,), [2]. TToaTomy 3Ta cTpyKTypa ObliIa B3siTa B KAUeCTBE CTPYKTYPHON MO-
nenu yrounenus. CorjiacHo mpejrosaraeMoil XxuMmu4deckon Gopmyiie, B 00e He3aBUCHMbIE TIO3UIUH
noHoB ceuHIA (Pbl u Pb2) Oputn momemiensr nousl Pb/Gd ¢ pukcupoBaHHBIME 3HAYEHUSIMU 3aCCIICH-
HOCTeH mo3unuii (puc. 1).

Jns enuacTBeHHONW mo3unuu Ge/V ObLIO paccuWTaHO cOOTHOmIeHHe Mexay Ge: V moHamu
C y4eTOM XUMHUYECKOW (hOpMyJIbl, U 9TH 3aCEJICHHOCTH TaK)Ke ObUIM (UKCHPOBAHBI B XOJIC YTOUHE-
Hus. TeruioBele mapaMeTphl BCEX aTOMOB YTOUHEHBI B H30TPOITHOM MPHOJIMKEHNN. YTOUHEHHE IO
CTaOMIIBHO M J1aJI0 HU3KKE BETMYHHBI R-(hakTopos (Tadu. 1, puc. 2). KoopauHaTsl aTOMOB U OCHOBHBIE
JUTUHBI CBSI3eH TIPEICTABICHEI B Ta0J. 2 1 3 COOTBETCTBEHHO.

Ha puc. 3 nokazaHo BIMsIHHE TEMIIEpaTypbl Ha 3HAUYEHHS] MOJISIPHOM TEIIOEMKOCTH alaTUTOB

Pby..Gd(GeOy)p(VOy)4.. Bugno, uto B mHTepBase ot 350 no 1000 K MonsipHas TEMIOEMKOCTh
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Puc. 1. Kpuctannuueckas ctpyktypa Pbyo.,Gd,(GeOy)r(VO4)4.x

Fig. 1. Crystal structure of Pb;o.,Gd,(GeO4)r(VO4)4.x

Ta6numa 1. OCHOBHBIC MapaMeTPbl CbeMKHU U yTouHEHHUs antaTUTOB Pbyy.,Gd(GeOy4)24,(VO4)4,

Table 1. Main parameters of processing and refinement of the Pbyo.,Gd(GeOy4)r+,(VOy)4.,. apathites

X 0.5 1.0
[IpocTpaHcTBeHHAS TPyIIa P6;/m P6;/m
a, A 10.09373(18) 10.09233(7)
c, A 7.35697(16) 7.37845(7)
v, A3 649.13(3) 650.847(11)
V4 1 1
20-uHTepBa, ° 7.5-120 7.5-120
Ryp.% 6.95 5.75
R, % 5.15 4.43
Revp%o 3.75 3.81
r 1.85 1.51
Rp.% 1.58 1.76

Ipumeuanue: a, ¢ — napameTpsl sueiiku; ¥ — o0beM sueiiku; GakTopsl HeJOCTOBEPHOCTH: R,,, — BeCOBOIi IpOdHIbHbIHN, R, —

HpOGUIBHBIHN, Ry, — OKUJAEMBIi; Rz — MHTETrPaJIbHBIN; (> — KAYECTBO MOJATOHKH.

3aKOHOMEPHO yBEIMUYUBAETCS, @ HA 3aBUCUMOCTH HET Pa3JIMYHOI0 POJa IKCTPEMyMOB. JTO MO3BO-
JISIET 3aKJII0YNTh, YTO B 3TOW OOJIACTH TEMIEpaTyp y MCCIIEIOBAHHBIX allaTUTOB HE MOIMMOPQHBIC
npespatienus. O0paiaeT Ha ce0st BHUMaHue OJM30CTh 3HaUeHUH TeroemMkocTd npu x = 0,5 u 1,0.

9KCH6PHM6HT&J’IBHH€ JAaHHBIC MO TCINIOECMKOCTH B UCCICAOBAHHOM MHTEPBAJIC TEMIICPATYP XOPOILIO

OMHCHIBAIOTCA KJIACCHYECKUM ypaBHeHHeM Maitepa — Kemn

C,=a+bT—cT?,

KoTopoe umeeT crenyromuit Bua st Pbyy,Gd, (GeOy)y(VO4)4. (Tx/(Mons K)):
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Puc. 2. PasHocTHbIe peHTreHorpammbl yrouHenus: Putsensaa Pbio,Gd (GeOy)r:(VO,)a: x = 1 (@); 0.5 (b).
DxkcnepuMeHTanbHbIN (1), pacueTHbIi (2) U pa3HOCTHBIN (3) HPOGUIN PEHTICHOrPAMM; IITPUXH yKa3bIBAIOT
pacueTHbIe TT0JIOXKEHUE pedIIeKCOB

Fig. 2. Difference Rietveld plot of Pb;y.,Gd,(GeO4)r(VOy4)4,: x = 0.5 (a); 1 (b). Experimental, (2) calculated, and
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(3) difference profiles, marks show the calculated reflection positions

Ta6nuna2. ATOMHbIE KOOPAMHATHI M M30TPONHbIE TerioBbie mapameTpsl (A2) anatutos Pbo. Gd (GeOy4)s(VO4)4r

Table 2. Fractional atomic coordinates and isotropic displacement parameters (A2) of Pb;o Gdy(GeO4)rix(VO4)4x

60 80 100

20, rpan

120

apathites
Atom X y z Biso Occ.
x=0.5
Pbl 1/3 2/3 0.0077(7) 1.45(10) 0.95
Gdl 1/3 2/3 0.0077(7) 1.45(10 0.05
Pb2 0.2558(2) 0.0055(4) 1/4 1.43(10 0.95
Gd2 0.2558(2) 0.0055(4) 1/4 1.43(10 0.05
Ge 0.4039(6) 0.3827 1/4 0.30(16) 512
v 0.4039(6) 0.3827(7) 1/4 0.30(16) 7/12
o1 0.305(3) 0.465(3) 1/4 3/5(5) 1
02 0.593(3) 0.507(2) 1/4 3/5(5) 1
03 0.3539(17) 0.2655(18) 0.073(2) 3/5(5) 1
x=10
Pbl 1/3 2/3 0.0061(5) 1.02(6) 0.9
Gd2 1/3 2/3 0.0061(5) 1.02(6) 0.1
Pb2 0.25399(16) 0.0032(3) 1/4 1.02(6) 0.9
Gd2 0.25399(16) 0.0032(3) 1/4 1.02(6) 0.1
Ge 0.4000(5) 0.3840(5) 1/4 0.64(10) 0.5
\Y% 0.4000(5) 0.3840(5) 1/4 0.64(10) 0.5
o1 0.2994(18) 0.4767(19) 1/4 2.5(3) 1
02 0.5954(17) 0.5023(17) 1/4 2.5(3) 1
03 0.3541(12) 0.2589(12) 0.0678(13) 2.5(3) 1
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Ta6mnuna 3. OcHoBHbIe uIHHBI cBszeil (A) PbioGd(GeO4)r:r(VO4) 4.
Table 3. Main bond lengths (A) of Pb;(,Gd(GeO4)2::(VO4) 4

x=0.5
(Pbl/Gd1)-0l1 2.612(19) (Ge/V)-01 1.586(18)
(Pb1/Gd1)-02' 2.920(16) Ge/V)-02 1.68(2)
(Pb1/Gd1)-03i 2.937(15) Ge/V)-03 1.659(16)
(Pb2/Gd2)-Ot1ii 2.78(3)
(Pb2/Gd2)-02' 2.11(2)
(Pb2/Gd2)-03 2.639(16)
(Pb/Gd2)-03Y 2.578(15)
x=1.0
(Pbl/Gd1)-0O1 2.525(11) (Ge/V)-01 1.690(11)
(Pb1/Gd1)-02i 2.867(11) Ge/V)-02 1.720(12)
(Pb1/Gd1)-03 2.906(10) Ge/V)-03 1.741(10)
(Pb2/Gd2)-01 2.750(16)
(Pb2/Gd2)-02" 2.154(15)
(Pb2/Gd2)-03 2.623(10)
(Pb/Gd2)-03 2.557(10)

IMpumeuanue. DmeMeHTH cUMMETpHH: (1) —x+1, -y+1, z-1/2; (ii) y, -x+y+1, -z; (iil) —x+y, x, -z+1/2; (iv) —p+1, x-p, -z+1/2; (v) y,
-xty, -z.

x=0,5
Cp = (889.4+ 5.2) + (202.7+ 5.40) 10T — (72.12+ 5.60) 10°T -2, @)
x=10
Cp = (865.9+= 4.2) + (237.9+ 4.40) 1037 — (31.85+ 4.57) 10°T 2. 3)

Hns ypaBrenutt (2) u (3) koaddunuerTs! kKoppensuun paBHbel 0.9980 u 0.9987, a MmakcumaibHOE
OTKJIOHEHHE IKCIIEPUMEHTATBHBIX TOUEK OT CIIaKUBAIOMINX KPUBBIX — 3.3 1 2.6 % COOTBETCTBEHHO.
C ucrnonp3oBanreM ypaBHeHUH (2) u (3) M0 W3BECTHBIM TSPMOJUHAMUYCCKUM COOTHOIICHUSIM pac-
CUHMTaHbI TEPMOIUHAMHUYECKUE (DYHKIIMH MCCICIOBAHHBIX allaTUTOB. B kadecTBe npumepa B Tad. 4
npuBeneHbl qaHHbIe 111 PbyGd(GeOy4);(VO,)s.

CpaBHUTH MOJYYCHHBIC HAMH PE3YJIbTAThl 110 BHICOKOTEMIICPATYPHOM TEIJIOEMKOCTH allaTUTOB
Pbyy..Gd(GeOy)p(VOy)4. C TaHHBIME APYTHX aBTOPOB HE MPEICTABIISIIOCH BO3SMOKHBIM BCIICICTBHE
UX OTCYTCTBHs. Takoe CpaBHEHHE IPOBEJIH ¢ PACCUNTAHHBIMHU BEJIMUMHAMU 10 PA3TUIHBIM MOJICIIb-
HBIM IIPEICTABICHUSAM: aIIuTUBHBIM MeTonoM Helimana-Komma (HK) [20], ”HTKpeMEHTHBIM METO-
noM Kymoxa (MMK) [21], Kenora (Ken) [22] u rpynnoBsix BkaaaoB (I'B) [22]. DTu nannsle npuBe-
JeHBI B Ta0J. 5. M3 X aHANMM3a CIIEAYET, 9TO JyYIllee COTIacHe C IKCIIEPUMEHTAIBHBIMU 3HAYCHUSIMU
meton Kemnmora.

Jns pacdera TeMrepaTypHOH 3aBHCHMOCTH TEINIOEMKOCTH TBEPIBIX TEN HCIOIB3YIOT pas-
JINYHBIE MOJICNIbHBIE TIpeacTaBiaeHus [21-24]. X ucnonb30BaHue BBI3BIBAET HEOOXOAUMOCTHh UMETh

JAOHNOJHUTEIBbHBIC CBCACHUA O TEMIICPATYPC IJIaBJICHUA, XapaKTepPICTPI‘IeCKOﬁ TEMIICPATYPC HC-
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Puc. 3. Bniusgaue TemnepaTypbl Ha MOJSPHYIO TerloeMKOCTh PbjoGd,(GeOy4)r(VO4)4, x=1.0 (1, 3) 1 0,5 (2,
4): 1, 2 — pacyeT METO/IOM I'PYIIIOBBIX BKJIAJOB; 3, 4 — SKCIIEPUMCHTAJIbHBIC JTaHHbIC

Fig. 3. Effect of temperature on the specific heat of Pb,.,Gd,(GeOy4),.(VO,)s., with x = 1.0 (Z, 3) and 0,5 (2, 4):
(1, 2) group contribution calculation; (3, 4) experimental data

Ta6nuna 4. Tepmonunamuyeckue cBoiictBa PbyGd(GeOy,);(VO,)3
Table 4. Thermodynamic properties of the PboGd(GeO4);(VO,);

. Cn H(T) - H°(350 K), | 8°(T) - S°(350 K), “AGIT¥,
’ Jx-momp K K/l Monp! Jixk-momp K Jlx monp! Kt

350 923.1 - - -
400 941.1 46.61 124.5 7.93
450 957.2 94.08 236.3 27.19
500 972.1 142.3 3379 53.25
550 986.2 191.3 431.2 83.43
600 999.7 240.9 517.6 116.1
650 1013 291.2 598.1 150.1
700 1025 342.2 673.7 184.8
750 1038 393.8 744.9 219.8
800 1051 446.1 812.3 2547
850 1064 498.9 876.4 289.4
900 1076 552.4 937.6 323.7
950 1088 606.5 996.1 357.6
1000 1101 661.3 1052 390.9

Tpumeuanue* — AG/T* = [H(T) — H(350 K))/T — [S°(T) — S°(350 K)].

6as u np. Takue marHbie s anatuToB Pbyo R, (GeO4)y::(VOy4)4.r (R — penko3eMenbHBIN 3TIEMEHT)
B JIUTEPAType OTCYTCTBYIOT. MeTo IpynnoBbiX BkianoB [23] no3sossieT paccuntbiBath Cp = f(T)
0e3 KaKuX-TH00 JOTIOTHUTEIBFHBIX CBEICHHUH O CII0OKHBIX OKCHIHBIX COeAMHCHUAX. Hamu mpoBeneH
pacueT TeMmepaTypHBIX 3aBUCUMOCTEH TEIIOEMKOCTH MCCIIEIOBAHHBIX allaTUTOB (pHUC. 3, KpUBBIC
1 u 2). Ecnu mpu HU3KUX TeMIepaTypax dKCIIEPUMEHTANBHBIC U PACCUUTAHHBIC 3HAYCHUS TEILIO-
E€MKOCTEeH OJIM3KHU, TO C POCTOM TEMIIEPATy Pbl HAOIIOAACTCS UX Pa3IMYKe (YeM BbIIIIC TEMIIEPaTypa,

TeM Oombmie pazHuia). Cieayer OTMETUTD, 9TO TOA00HOE HAOIFOIaId M aBTOPBI paboThI [24], u aB-
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Tabnuma 5. CpaBHEHHE 3KCIIEPUMEHTAIBHBIX 3HAUCHHUH MOJSAPHOU Tem1oeMKOCTH Pbio,Gd (GeOyq)(VO4)4.r
C PACCUMTAHHBIMU BEJIMUMHAMH [0 PA3IUUYHBIM MOAEIbHBIM NPeAcTaBIeHUIM (Cpog, T/ (MobK)

Table 5. Comparison of experimental values of moly thermal capacity Pby,.,Gd.(GeO4)r+,(VOy)4., with calculated
values on different model views Cy95 (J/(mol K))

x C,, okc HK A% MMK A% Ken A% I'B A%
x=0.5 | 868.6 811.3 -6.6 827.8 -47 833.1 .41 826.3 -49
x=1.0 | 9009 813.6 -96 828.2 -8.1 835.8 =72 831.8 =77

TOPbI JAHHOT'O METOJAa [25] DTO IO3BOJISET CUUTATh, YTO METO/ I'PYIIOBLIX BKJIIAJ0B HC SABJIACTCSA

YHUBEPCAIbHBIM.
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Abstract. Two series of ZrO,-containing catalyst varied in textural and acidic properties were synthesized:
1) mesoporous composites on SBA-15 (fabricated by co-precipitation and layer-by-layer deposition of
Zr); 2) bulk ZrO, (prepared by precipitation (monoclinic) and template method (inverse opals)). The
catalysts were characterized by (TEM, SEM, UV and IR spectroscopy, XRF, N, adsorption, pH,,.) and
tested in levulinic acid to gamma-valerolactone conversion in a hydrogen-donor solvent — isopropanol,
via hydrogen transfer by the Meerwein-Ponndorff-Werley mechanism. For ZrO,-containing catalysts
based on SBA-15, zirconium content and catalyst acidity turned out to be activity-determining properties.
An increase in the catalyst acidity with a zirconium content reduction leads to a rise in the substrate
conversion rate and a decrease in the GVL selectivity. The maximum GVL yield was 94 mol.% (190 °C,
120 min.) on the Zr/SBA-15(2) catalyst fabricated by double layering of zirconia onto a mesoporous
silica matrix. The activity of bulk ZrO, turned out to be significantly lower, providing the maximum
GVL yield 50 mol.% (190 °C, 195 min.) in the presence of monoclinic ZrO,.
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KonBepcus j1eByJIMHOBOIH KHCJIOTHI
B Y-BaJ1€POJIAKTOH B U30MPONAHOJ€e
M0 PeaKkIuu MepeHoca Boaopoaa

Ha ZrOz-conepmamux KaTraJjm3aTropax

B.B. Cobruesn?, 10. H. 3aiinena ?,

A.O. Epemuna 2, O.B. Illabanosa®,

C.A. Kupuk **, B. H. [1anyenko ', O.II. Tapan *®*
Uncmumym xumuu u xumuueckou mexronoeuu CO PAH
QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickas @edepayus, Kpacnosapck

®Cneyuanvnoe koncmpykmopcko-mexnono2udeckoe 6iopo «Hayka»
QUL «Kpacnoapckui nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnospck

*Cubupckuil ghedepanbhbill yHusepcumen

Poccuiickaa ®edepayus, Kpacnosapck

*Uncmumym xamaausa um. I K. bopeckosa CO PAH
Poccuiickas ®@eoepayus, Hosocubupck

AunHoTtanusi. CHHTE3UpOBaHbI ABe cepuu ZrO,-comepiKalnx KaTaau3aTopoB, pa3Indaroniuecs
TEKCTYPHBIMH XapaKTEePUCTUKAMU U KUCIIOTHBIMH CBOMCTBaMH: 1) ME30MOpHCThIE KOMIO3UTHI Ha SBA-15,
HOJyYEHHBIE METOZOM COOCAXKIECHHS U METOAOM MOCIOHHOr0 HaHeCceHUs! Zr; 2) MaccuBHBbIe Z10;,
MOy YCHHBIE OCaXKJICHIEM (MOHOKJIMHHBIN) U TEMIUIATHBIM CHHTE30M (HHBEPCHBIE omnaubl). KaranmuzaTops
uccieaoBanbl Gusnko-xumuueckumu metogamu (II19M, COM, YO u UK-cnekrpockonusi, PDOA,
ancopOunu N,, onpenenenune pH,y;) 1 HCIIBITAHBI B KOHBEPCUU JICBYJIMHOBOW KHUCIOTHI IO TaMMa-
BaJICPOJIAKTOHA B BOJIOPOTHO-TOHOPHOM PAaCTBOPUTENE — H3OMPOIMAHOIIE, TPOTEKAOIEH C TEPEeHOCOM

BOJI0pO/ia 10 MexaHu3My Meepaeiina-Ilonnnopda-Beprnes. s ZrO,-conepxanmx KaTaJInTHIECKAX
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cucteM Ha ocHoBe SBA-15 mapaMmeTpamu, onpeaessIoINMU KaTaJIUTHUECKUE CBOWCTBA, SIBIISIOTCS
colep)KaHue MUPKOHUS U KHCIIOTHOCTH Katanu3aTopa. [loBrIIeHre KHCIOTHOCTH KaTajanu3aTropa
HAO0JIFOMACTCs IPU YMEHBIICHUU COICPKAHUS IIUPKOHHSI, UTO IPUBOIUT K YBEIHMUYCHHIO CKOPOCTH
KOHBepcHH cyOcTpaTa M IOHWKCHHIO CeIICKTUBHOCTH Iporiecca oopasoBanus ['BJI. MakcumanbHBIN
Bbixoa ['BJI coctaBun 94 m01.% (190 °C, 120 muH.) Ha kartanu3arope Zr/SBA-15(2), nonydeHHOM
METOJIOM ABYKPATHOTO TOCIONHOr0 HAHECCHU S IUPKOHIS Ha ME30TIOPUCTYIO0 MaTPHILY. AKTHBHOCTH
MaccuBHBIX ZrO, oKa3ajgach 3HAUMTEIBHO HUXKE, MakcuMabHbIM Beixoa I'BJI coctaBun 50 moi1.%

(190 °C, 195 mun.) nus ZrO, MOHOKIIMHHON MOTU(DUKAIIHH.

KuaoueBsble ciioBa: FeTepOFeHHLIﬁ KaTaJn3, raMMa-BaJICPOJIAKTOH, JICBYJIMHOBAs KUCJIOTA, ZI'Oz,

SBA-15, kaTaJIUTHYECKUH ITEPEHOC BOAOPOA, TOHOP BOJOPO/Ia, H30IPOIIAHO.

Baarogapuoctu. PaboTa BeinosiHEeHA Ipu PUHAHCOBOW moaaepxke Poccuiickoro ¢pouma
¢dyHnaaMenTanbHbIX ncenenoBanuii (mpoekt Ne 20—-03—00636) u mpoekra roczamanus 0287-2021-0012
WNuctutyty xumuu 1 xumudeckoi texHojorun CO PAH. B pabote ucosib30BaHO 000pyI0BaHKE

KpacHosipckoro pernoHanbHOro HEHTpa KoiaekTuBHoro noas3oanus OUI KHI[ CO PAH.

Hutuposanue: Crrues, B. B. KouBepcus neByIMHOBOI KHCIOTHI B Y-BaJI€POJIAKTOH B U30MPOIIAHOIIE 110 PEAaKIIMK MePEeHOCca
Bonopoaa Ha ZrO,-conepxkanux karanuzatopax /B. B. Cerues, 0. H. 3aiineBa, A. O. Epemuna, O.B. lllabaunosa, C. /1. Kupuk,
B.H. [Tanuenxo, O.I1. Tapan / XKypn. Cub. dexnep. yn-ta. Xumus, 2022, 15(1). C. 137-155. DOI: 10.17516/1998-2836-0279

BBenenne

B nocnennue ronbl HaOM0IaeTCs 3HAYUTEIBHBIN POCT UCCICIOBAaHUI B HAIIPABICHUHU Tepepa-
OOTKHU pacTHTENHHOW OMOMAacChl KaramuTudeckuMu meronamu [1, 2]. Cpenu GOIBIIOro Ymcia XH-
MHUYECKHUX COCIMHEHUH, MOJIy4aeMbIX M3 PACTUTENBHONW OMOMACChl, MOYKHO BBIACIUTH MOJICKYIY-
miaTgopmy, 001a1al0NTyI0 OrPOMHBIM MTOTEHIIHAIIOM, — TaMMa-BanieponakToH (I'BJI).

l'amMMma-BaeponakToOH XapaKTepU3yeTcss HU3KOW TemmepaTypoid miaBineHus (Munyc 31 °C),
BBICOKMMH TeMmrieparypamu kureHus (207 °C) u Benbimkn (96 °C), HU3KOW TOKCHYHOCTBIO M HU3-
kuM aasiieHueM mapos (0.65 kIla). I'BJI craOuseH, cMemnBaeTcst ¢ BOZOM B JTFOOBIX COOTHOIICHHUSX,
He QOpPMHPYET a3e0TPOIIOB [3] ¥ MOATOMY paccMaTPUBACTCS KaK MEPCIIEKTUBHBIA PACTBOPHTEIb, ChI-
pbe JUIsl TPOM3BOCTBA OMOTOILINB, OMOIIOJIMMEPOB, a TAKKE HAXOIUT IIPUMEHEHHE KaK B IHUILEBOH,
TaK U B papMaIeBTUICCKOI oTpacisx nmpomeimiaeHHOCTH. [ BJI mpuBiekaeT k cebe Bce OOIbINE BHU-
MaHHsl, & YUCIIO MyOINKAIMN, TOCBSIIEHHBIX METO/IaM €r'0 MOJYUSHHs ¥ BO3MOXKHBIM 00JIaCTSIM TIPH-
MEHEHHsI, HEYKJIOHHO pacter [1].

B nponeccax nmpsmoro runpupoBanus geByauHoBoi kucnoTsl (JIK) no I'BJI nepciekTHBHEI Tre-
TEepOreHHBIE KaTaIH3aTOPBI O1arogaps MX IKOJOTHIHOCTH, JISTKOCTH PEreHePalliy M UCTIONH30BAHUS
10 CPAaBHEHHUIO C TOMOT€HHBIMHU KaTalu3aTopamMu. B kauecTBe aKTHBHOI'O KOMITIOHEHTA KaTaJlu3aTo-
POB IPSMOro THAPUPOBAHUS C UCIIOJIB30BAHUEM MOJIEKYJISIPHOIO BOJIOPO/Ia B OCHOBHOM HCIIOJIb3YIOT-
Csl MeTaJUIbI INIATHHOBOI I'py1nbl, Takue Kak Pt, Pd, Ru [4], k HeocTaTkaM KOTOPBIX MOKHO OTHECTH
BBICOKYIO CTOUMOCTb.

AnprepHaTuBO# psimomy rugpupoBanuto JIK go I'BJI sBasieTcs ucnonb3oBaHue CIUPTOB B Ka-

YCCTBC paCTBOPUTEIIAA U UCTOYHUKA BOAOPOAA. B aToMm cjrydac peajin3yeTcCs MCXaHU3M KaTaJIuTHU4e-
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Orepudukanus I1eByIHHOBOH KHCIOTHI B H30IIPOIIPAHOIE

HO

P

HO

(¢)

HeByJ’IP[HOBaﬂ KHcioTa

o H,0 H30mponuuieByIMHaT

o

KaTanutudeckuii mepeHoc Bojopoa o peakuun Meepseiina-Ilonnnopda-Bepnes (MIIB)

o OH O
R\o ; ’\’_H/
71O, ITepenoc o,\y (; o
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o

; y-I'mapokcuBaepuaHoBas KHCIOTa/

Baneponaxro R-OH TunpokcuneBynHoBbIe 3¢upbl  OH
Y- JIAKTOH

Puc. 1. Mexauusm PIIB-rugpupoBanust JIK no I'BJI B mpucyTrcTBum Karann3atopoB Ha ocHOBe ZrO, mpu
HCTIONB30BAHNN M30IIPOIIAHOJIA B KAUeCTBE PACTBOPUTEINS U HcTouHUKA Bogopona (R = -H, -C3Hy) [5]

Fig. 1. The reaction mechanism of the catalytic transfer hydrogenation (CTH) of LA to GVL using isopropanol as
a solvent and hydrogen source (R = -H, -C3;H7) [5]

CKOTro nepeHoca Bogopoja 1o peakunn Meepseiina-Ilonnnopda-Bepiues (MIIB), aToT nporecc Takxke
Ha3BIBAIOT TpaHC(HEPHBIM THApupoBaHueM, min PIIB (peakius nepeHoca BOIOpoaa)-THAPUPOBAHHEM
(puc. 1). OnHuMu U3 HanboJIee MePCIEKTUBHBIX KaTalu3aTOPOB IIEPEHOCA BOIOPOA CUUTAIOTCS OK-
CUIBI Zr, KOTOPBIC HCIIONB3YIOTCS B Pa3HOOOpa3HBIX (popMax (Kak HAaHECCHHBIMU Ha OKCHJIBI aJTFOMH-
HUA, KPEMHUS U PSII APYTUX HOCUTENEH, TaK U B BHJI€ MACCUBHBIX KaTain3aTopoB) [2]. Tem He MeHee
K HACTOSIIIEMY BPEMEHH B JINTEPAType OTCYTCTBYIOT PaOOTHI, HAIPABICHHBIC HA M3YUCHUE BIIASTHUS
TEKCTYPHBIX U KHCIOTHBIX XapaKTePUCTHK Ha KaTaJTUTHYeCKue cBocTBa ZrO,-coaepKanux CUCTEM
B PIIB-ruapuposanuu JIK 1o I'BJL.

B nmanHoli paboTe mocTaBieHa 3ajada CPAaBHEHHUS KATAIUTUYECKHUX CBOWCTB JBYX NMPHUHIUIIHU-
aJIbHO Pa3HbIX TUIIOB CUCTEM Ha OCHOBE OKCHJIA IUPKOHUS, Pa3IMYAIOIIMXCS [0 TEKCTYPHBIM U KUC-
JIOTHBIM XapakTepucTtukam, B npouecce PIIB-runpupoBanus jaeByJMHOBOI KHUCIIOTHI 10 FaMMa-
BasieposiakToHa. [IepBblii TUI — 3TO KOMIIO3UTHBIE KaTaIu3aTOPbl HA ME30IIOPUCTOM cuiinkaTe SBA-15,
HpeICTaBJICHHBIC 00pa3iaMu, IIPUTOTOBICHHBIMHU MOCIIONHBIM HaHeceHueMm ZrO, Ha SBA-15, u mo-
JIy4YEHHBIE METOJIOM COOCAXAeHUS. BTOpoi THI — MacCUBHBIE MAKPONOPUCThIE KaTalu3aTopsl ZrO,
C YIOPSAIOYCHHON CTPYKTYpPOH MHBEPCHBIX OMNMajioB, a Takxke ZrO, MOHOKJIWHHOW MOAU(PHUKAIINU,

HpI/Il"OTOBJ'ICHHHﬁ OCaAXKIACHHUECM.

JKcnepuMeHTAIbHAS YaCcTh

B nanHoli paboTe 0e3 mpenBapuTEIbHONW OYHCTKH HCIOJIb30BAINCH CICAYIOUINE PEAKTUBBL: Y-

BaneponakToH 98 % (Sigma-Aldrich); neBynunosast kucinora 98 % (Sigma-Aldrich); n3onpomanon
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x4. (XumpeakTucHa); stanoi 96 % (XumpeaktuscHa0); HCI (x.u.) (Xumpeaktuscuab); Pluronic
P123 (C,H40),0(C3H60)70(C.H40)20 (M.M.~5860, >98 %) (Sigma-Aldrich); TEOS — Si(C,H50),, x.u.
(XumpeaktuscHa0); NH4F, u.n.a. (Xumpeaktuscuald); 70 %-Hblii pacTBOp HPOMOKCHIA IIUPKOHUS
Zr(C;H,0),4 B 1-mpomanone (Sigma-Aldrich); rexcan, x.4; ZrO(NO3),-2H,0 x4. (XumMpeakTHBCHAO);
25 %-Hblii BOIHBIM aMMuak, X4. (XuMpeakTHBCHA0). Jljsi mMpUroTOBIIEHHUSI BCEX KaTajlM3aTOPOB

¥ PacTBOPOB HUCIIOJIB30BAIH BOIY, OUHIICHHYI0 Ha yctaHoBKe Milli-Q (Millipore, ®panmms).

Tonyuenue kamanuzamopos
Cunmes SBA-15

[Honyuenune SBA-15 ocyluecTBisiin COrjaacHO METOAUKE, OMUCAaHHOUW B [6]. DTopua aMMOHMS
B kosimuectBe Si:F (Moap)=0.1 mo0aBisui 32 5 MUH 10 OKOHYAHHS CTAIUU [IEPBUYHOTO OCAXKICHUS
[7]. I'maporepmanbhyto o6padotky (I'TO) nmpoBonuiu npu 80 °C B Teuenue 24 4. [lo okoHUaHUHN
I'TO matepuai OTGHIBTPOBBIBAIH U IPOMBIBAIIN BOJIOW JI0 HEUTPAJILHON PEaKIK IPOMBIBHBIX BO/I.
@unpTpaT CyNIMIIM Ha BO3JyXe B YCIOBHUSX, OJU3KUX K HOPMAJBbHBIM (OKOJIO 2 JIHEH), lajee — MpH
80 °C B Teuenue 12 u. CTpyKTypHPYIOLINIl areHT U3 MaTepHaJia yIalsid NpoKaIuBaHUEM Ha BO3AY-

xe ipu 550 °C (ckopocTh noxbema TeMiepatypsl 3 °C/MuH).

Cunme3s koMno3umuuvlx kamanuszamopog Zr-SBA-15

coocasicoenuem

CuHTe3 coocaxcoeHuem TPoBOOMITH coriacHo metonuke [6]. [Tocne BBenenns TEOS nokarmens-
HO ObL1 BBeJIeH pacTBop Zr(OPr)4 B komuuecTBe 3 mu npu nosxydenun 1 r SBA-15. 3a 5 MuH 10 0OKOH-
YaHUS CTaAUH MIEPBUYHOTO OCAXKICHHS 100aBIsuH GTopu aMMOHUA B KomdecTBe Si: F(monp)=0.1.

I'TO, cymka u ynajaeHue CTpyKTYPUPYIOIIET0 areHTa aHaaorugHo SBA-15.

Honyuenue xamanuzamopog ZrO,/SBA-15

MemoOOM NOCIOUHO20 HAHECEeHUS

Oo6pa3isl ZrO,/SBA-15(1,2) ObliIM MONyYESHBI KUIITYCHHEM B OC3BOHOM I'€KCaHE COTJIACHO Me-
tonuke [8]. CMech U3 mpeaBapuTensHO BrIcyeHHOro SBA-15 (1r), pactBopa Zr(OPr), 2 Mt Ha 1 T
SBA-15) 1 30 MJ1 6e3BOHOr0 TeKcaHa KUISITUIIM C 00OpaTHBIM XOJIOAUIBHUKOM B TeueHue 12 u. [Tocne
OXJIQXKICHUS TBEPAYIO YacTh OT(HIBTPOBBIBAIH, TPOSCKPATHO MTPOMBIBAIIA TEKCAHOM ISl yIaJICHUS
nHenpopearuposasiiero Zr(CsH;0),. Jlanee 00pasiis! mogBepraiu ruapaTalidd Ipy epeMelInBaHun
B 30 MJI TUCTUILTHPOBAHHOHN BOJBI B TeueHUe 4 4. OOpa3upl OTGUIBTPOBBIBAIM U CYIIUIN B YCIOBH-
AX, ONMU3KHUX K HOpMabHBIM (0KoJo 2 nHel), u npu 80 °C B Teuenne 12 4. OKoHYATEIHHO 00pa3IIbI
npokaruBaiau npu 550 °C B CTaIMOHAPHBIX YCIOBHUSIX B Te4eHHUE 3 U (CKOPOCTH MOABbEMa TEMIIEPATY PBI

3 °C/mun). 115t osty4eHust BTOPOTO CJIOSI TPOLEAYPY HOKPBITHS TOBTOPSIITH.

Cunmes maccusrnozo ZrO(m)

[Momyyenne maccuBHOTO Karaiauzaropa ZrO, oCyImecTBIISIIN B COOTBETCTBUH C METOUKOH, OITH-
cannoii B [9]. 10 r ZrO(NOs3),2H,0 pactBopsiau B 200 M1 IUCTUILTUPOBAHHON BO/IBI, laJiee MPH Iepe-
MEIIMBAHUH M0 KaIUIIM J100aBIIsUIM BOAHBIN aMMuak (25 %) mo Tex mop, noka pH pactBopa He no-
cturHeT 8.0. [lepemernnBanue 3aBepIany, OCTABISAIN Ha 3 9 11 CO3PEBAHUS 0CaKa. 3aTeM BOIHYIO

YacCTb ACKAHTHUPOBAJIH, I[O6aBJ'I$[J'II/I MOpUHIO ,IlI/ICTHJ'IJ'II/IpOBﬁHHOﬁ BOJbI, IEpEMCIINBAJIN, OTCTANBAJIHA
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U BHOBb JICKaHTHPOBAJIH BOAHYIO 4acTh. [Iporenypy nosropsinu He MeHee 3 pas. [lomydeHHbIH oca-
JIOK CYILIMJIM CHayalla Ha BO3ayXe, a 3areM npu temneparype 100 °C B reuenue 24 4. Jlanee npokaiu-

BaJ Ha Bo3ayxe npu 600 °C B Teyenue 3 4 (CKOpOCTh nogbeMa Temmneparypsl 3 °C/MuH).

Tonyuenue unsepcnozo onana ZrQO,

OcaxJIeHHbIE B PETYJSPHBIE CTPYKTYPHI CHEepHUECKNe YaCTHIBI ITOJINMETHIIMETaKpHUIaTa HC-
MOJB30BAJIMCh B KAYECTBE MATPHUIL JIJIs MTOMYUYESHUS] HHBEPCHBIX OMajoB. MaTpuIlbl (TEMILIAThI) IPo-
MTUTHIBAJINCH BOJHO-CIUPTOBBIM PACTBOPOM OKCHXJIOpHIa nupKoHus (25 1 OXI Ha 5 Mut Bogs! 1 50 M
96 %-HOTo CIMPTa) U 3aTE€M IOCTIe OTBEPKACHUS MPOMUTKY MPH KOMHATHON TEMIEpaType U CyIIKH
ripu 75 °C B TeueHne 12 4 moaBepraguch MHOTOCTYIICHUYATOMY OOKHUTY /ISl YAAJICHHUSI OPraHUIEeCKUX
koMmmoHeHTOB. OTxur: Harpes 10 180 °C co ckopocTsio 4 rpaj/d, BeiaepxkKa 2 4, Harpes a0 250 °C
CO CKOPOCTBIO 2 Tpaji/4, BbIiepKKa 2 4, HarpeB 110 450—-550 °C co ckopocTsio 1 rpan/4, Beiiepixkka 4

yaca, ocThiBaHue ¢ rneubto [10].

Duzuko-xumuueckue Uccied08anus Kamaauszamopoe

[TopomkoBble AU(PAKIMOHHBIE MAaHHBIE IIOJNy4eHBl ¢ ucroiab3oBanneM CuKo-u3nyueHns
Ha nudpakromerpe X'PertPRO ¢ nerekropom PIXcel (PANalytical), cHabxeHHBIM rpaduTOBBIM MO-
HoxpomaTtopoM. OOpa3er] pacTHUpaiy B araToBOi CTyNKE M IOATOTABIMBAIM METOIOM IIPHUCHIIKH.
CpeMKH IPOBOIUIIN TPH KOMHATHOH TeMIIepaType B MaJIoyTIoBoM auanas3one ot 0.5 mo 5° mo mkane
20, marom 0.026°, At — 200 c. A B obmactu qaapHUX yriioB oT 3 g0 80° mo mkaie 20, marom 0.026°,
At—50c.

KonmuecTBEeHHBIN 3JIEMEHTHBIN aHAJIN3 MOJYyYCHHBIX KOMIIO3UTHBIX MAaTEPUAJIOB IPOBOAMICS
Ha peHTreHouyopecuenTHoM cnekTpomerpe AxiosAdvanced (PANalytical, Hunepnansr). s ana-
JIM3a UCCIIelyeMBbli MaTepual IIpeccoBaj BMecTe ¢ 6opHoii kucinoroit H;BO; B kauecTBe cBs3yrolie-
r'0 BEIeCTBa B TAOJIETKY TUaMETPOM 32 MM.

AHann3 MOp(OIOTHUYECKOH CTPYKTYpbl 00pas3IoB MPOBOJMIM METOJIOM CKaHHPYIOLIEH 3JeK-
TPOHHOM MUKPOCKOIHMH Ha 3JICKTPOHHBIX Mukpockomax Hitachi TM-3000, HT7700 u S5500 (Hitachi
Ltd., Anonus).

TexcTypHble CBOWCTBa 00pa3lloB M3y4Yald C IIOMOIIbIO aHAIN3aTOpa YCIbHOH MOBEPXHOCTH
ASAP 2420 (Micromeritics, CIIIA). [lerazamuto mposoxuiau npu temneparype 350 °C; rimyouna Ba-
Kyyma 7:107® MM pT.CT., IPOJOIKUTENBHOCTE CTAMUK 8 4. PerucTpanuio n30TepmMbl copOIMM a3oTa
ripu Temneparype 77 K. M30TepMbl aHaTM3UPOBAIIN JIJISl pacyeTa CIEAYIOMNX TeKCTYPHBIX XapaKTe-
PHUCTHK: YACIbHOU MoBepxHOCTH 00pasia (Sper) MeTomom BET [11], obriero o6bema mop, onpeaeicH-
Horo no mMeroay SinglePoint (Vgp), yaensHoro oobema nop (V,) u naomanu (S,) mukponop. Kpuseie
pacripezeneHus mop 1o pa3mepy paccuuThiBaau metogom BJH [12]. PacueTsl mpoOU3BOAMIIH C UCIIOb-
30BaHHEM IIPOTpaMMHOTO0 obecriedeHus pupmbl Micromeritics.

Peructpanuss MK-cnekrpoB auddysHoro orpaxenus BbinoaHeHa na npudope FTIR-8400S
Shimadzu, ¢ ucnons3oBanuem npucrasku DRS-8400S B obnactu 400-6000 cm! ¢ paspemennem
4 cm!, 100 ckanoB. [lis TecTupoBanus Bpencrenosekux kucaoTHbix eHTpoB (BKIT) u JIbloncoBCKUX
kucnoTHbIX eHTpoB (JIKL) ucronb3oBanu ancopounto nupuanaa. Konnerrpanuro bKI] onennBanu
T10 MHTErPAIbHOW MHTEHCHBHOCTH II. TI. HOHA MUPUANHUSA ¢ MAKCUMYMOM B 00mactu 1535-1550 cm!

(Ag—3 cm/Mkmonb), JIKIT no m. 1. 1450 cm™! (Ag—3.5 cM/MKMOIB). JIjis peErucTpalyu JIeKTPOHHBIX
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CIEKTPOB 00pa3ibl mpokaiuBaiu Ha Bo3ayxe 400 °C, 3aTem ObICTPO EPECHINANN B KBAPIEBYIO KIO-
Bery (ontrueckuid myTh 0.1 cM) B HHEPTHOI aTMocdepe.

KucinoTHOCTh KaTann3aTopoB OblIa HCCIEOBAaHA METOJOM OMPE/ACICHUs] TOYKH HYJIEBOTO 3a-
psana (TH3) ciocobom 3epencena ne bpronna [13]. B moTennnomeTpndeckyto staeiiky BHOCHiH 10 M
JUCTUIUTMPOBAHHON BOZbBI. 3aT€M IIPU HEIPEPHIBHOM II€PEMEIINBAHUN MarHUTHON MEIIajJKol yepe3
OIlpe/IeNICHHbIC TPOMEXYTKH BpeMeHH (5—10 MHH) TIOCIIe10BaTENbHO JOOABIISIN MaJIbIMHU TOPIHSIMH
(mo 0.01 r) uccnenyemsblii oOpaser 10 JOCTHIKEHUSI HEM3MEHSIOIINXCSl 3HAUCHUH MMOTEeHIMaia CTe-

KJISIHHOTO 3sekTpona [13].

Kamanumuueckue ucnoimanus

Karanuruueckoe ruipupoBaHKe JIEBYJMHOBOW KHCIIOTHI MOBOJAMJIM B aBTOKiaBe Autoclave
Engineers (USA) oosemom 100 M1, n3rotoBieHHOM M3 Martepuasia Xacresmoin C276, B nnana3oHe
temneparyp 130-190 °C, aBTOreHHOM JaBJIEHHH, [IPH MOCTOSIHHOM nepeMernnBanuu (1200 00/MuH)
MEXaHHYECKON MENIAJIKOW MPONEJUIEPHOro THUIAa ¢ MarHWTHBIM NPUBOIOM. B aBTOKIaB momernann
HE00X0JUMOe KOIMUYECTBO cyOcTpara B pacTBOPUTENIE, HABECKY KaTalu3aTopa, peaKLIMOHHYI0 CMECh
TIPO/IYBAJIM TPHIK/IbI apTOHOM TP IIepEeMEIINBaHUH, BKJIIOYAIN HAarpeB (Bpems Harpesa 35—40 Mun).
B Xxoze 9kcniepuMeHTOB OTOMpaIn MPOObI JUIsl ONPECICHNs KOHICHTPAIHI JIEBYJIMHOBOM KHUCIOTHI

" Y-BaJICPOJIAKTOHA.

Ananuz peaxyuonnoii cmecu

KomnrenTpaiinu cydcTpaTa 1 LeIeBOro npoayKra onpezaessin merogom BIXKX na mpubope Mu-
muxpom A-02 («DxoHosay, Poccust), ocnamennom Y®-gerekropoM (peructpanus npu A = 210 HM)
U XxpoMmarorpaduueckoit kojaoHkoi «J{nachep-250-ITA», 5 mxm, 2x75 mm («IkoHoBay, Poccust), airo-
ent (85 % 0.075MLIiClOy, 15 % ACN), H,O.

KonBepcurio neByIMHOBON KUCIOTHI, BBIXOJ M CEJIEKTUBHOCTH 10 OTHOIIEeHUIO K ['BJI paccuutsi-

Ban coritacHo ypaBHeHUsM (1)-(3):

_ Cnko—Cik |
Xk = ﬁ 100%, 1)
Yogn = % 100%, )
Sepn = % 100%, 3)

rae yk — kousepeus JIK (Mon.%); Cyk o — HauaneHas xonuentpamus JIK (monw/m); Chgx — Teky-
mas koHneHTpanus JIK (monb/n); Yrgy Beixox ['BJI (Mo11.%); Srgjp — CEIEKTUBHOCTH MO OTHOIIICHUIO
k I'BJL.

KauecTBeHHBII aHAaIH3 KOMIIOHCHTOB PEAKITHOHHOW CMECH MTPOBOIMIIN Ha Ta30BOM XpOMAaTOTpa-
¢de Agilent 7890A ¢ kBaapymnoasHbIM Macc-neTekTopom Agilent 7000A ¢ UCHONB30BAaHUEM KallkJI-
napHoit konoHku HP-5ms 30 m % 0.25 mm % 0.25 mMm. TemneparypHas nporpammMa: HauaJlbHasi TEM-
neparypa kosnonku 400 °C, uzorepma B TeueHHe 3 MUH, CO CKOpocThio nioabema 3 °C/mun 10 70 °C,
10 200 °C co ckopoctbio noxsema 5 °C/mun, nzorepma npu 200 °C 30 mun. ['a3-HOCHTENH Tenni,
pacxo[ ra3a-HOCHTENS 4epe3 KOoJIoHKy 1 cm’/mun. Temneparypa ucnapurens 250 °C, TemmnepaTypa

nuTepdetica 280 °C. Perucrpamuio xpomarorpaMmM MPOBOAMIIN B clienytomeM pesknme. CkaHnpoBa-
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Hus B auanazone m/z ot 40 mo 400, Bpemst peructpanuu faHHbix 0.1 ¢, SHEPrusi HOHU3ALUH JIIEKTPO-

HoB 70 3B, Temneparypa kBaapynois 150 °C, nonsoro ucrounuka 230 °C.

Pe3ysbTaThbl U 06cyiKACHHE

Cunmes u qbu3uk0—xumuttecmte uccnedosanus Kamaausamopoe

Jns peaknuil, MpOTEKAIOMINX B )KUAKOU (ha3e HA TBEPAOM KaTaJdUu3aTope, BaXKHBIM (PaKTOPOM
ABIISIETCSI TIOPUCTAsl CTPYKTypa KaTaanu3aTropa, MOCKOJIbKY Y3KHE MOPBI MOT'YT 3aTPyIHATH TpaHC-
ITOPT PEareHTOB K aKTHBHEIM IIEHTPaM M OTBOJ MPOAYKTOB M3 3€pHA KaTalll3aTopa, YTO B KOHEYHOM
HUTOTe IPUBOAUT K quddy3uoHHBIM 3aTpyaHeHusM [14]. Kpome npomeccos nuddy3uu BaxXHYIO pOJib
B PEAKIIUU IETHIPUPOBAHUS UTPAOT KUCIOTHBIC CBOMCTBA MPUMEHSIEMOTr0 KaTtanu3aropa [15], moBbI-
LIEHUE KOTOPBIX MOXKET IPUBOJUTH K 00Pa30BAHUIO HEKENATEIBLHOTO MPOAYKTA JTHH30MPOITHIOBOTO
a¢wupa [16].

B Hacrosmell paboTe A7 BBIABICHUS BIUSHUSA MOPUCTON CTPYKTYPBHI M KHUCIOTHBIX CBOMCTB
[0 METOIMKAM, OITMCAHHBIM B AKCIICPUMEHTAIBHON YaCTH, IPUTOTOBJICHBI IBE CEPHH KaTaH3aTo-
poB (tabm. 1). [TepBast cepusi — 9T0 KOMIO3UTHBIE KaTaJIU3aTOPhl HA ME30TIOPUCTOM cuiukate SBA-15
(tabm. 1, Ne 1), cuHTE3UpOBAaHHBIC ABYMS Pa3HBIMH METOJAMHU: COOCAXKICHUEM W ITOCIIOWHBIM HaHe-

cenuem. OOpasell, MPUTOTOBJICHHBIN coocaxacHueM, 0003HadyeH Zr/SBA-15, ¢ HaHECEHHBIM OJHUM

Tabnuma 1. CocTaB, CTPyKTYpHBIE U TEKCTYPHbIE XapaKTEPUCTHKU CHHTE3UPOBAHHBIX KaTaJIN3aTOPOB

Table 1. Composition, structural and textural properties of fabricated catalysts

1 2 3 4 5 6 8
N o| o oopasen O S| Sl o e | a2 | P
1 SBA-15 0.0 901 326 1.1 0.13 97 114 1.7 5.20
2 Zr-SBA-1510 5.3 834 110 0.9 0.04 6.9 11.0 4.1 2.65
3 ZrOz/SBA-IS(l)11 13 562 97 1.1 0.04 8.4 10.9 2.5 3.30
4 ZrOz/SBA-IS(Z)12 24 362 45 0.7 0.02 7.0 10.4 3.4 4.62
5 710, (m)13 74 85 6 0.09 - 4.3 - - 3.88
6 Zr0,(450) 74 84 - - - - - - 3.33
7 710, (550)15 74 47 - - - - - - 3.57

! — Copeprxanue UUPKOHUSL, 3HAUCHHS [IOJYUCHBI HA OCHOBE PEHTI€HO(DIYOPECLECHTHBIX JaHHBIX.
2 — TInoma s TOBEPXHOCTH, BEIYUCIEHO MeTOA0M BOT.

3 — [ToBepXHOCTH MUKPOIIOP, METOOM t-plot.

4 — O6bem op, metomom SinglePoint.

5 — O6bEM MUKPOIIOP, METOIOM t-plot.

6 — MakcuMyM pachpesenenus mop 1o pasMepam, metoaom BJH.

7 —TlapameTp 2J1. AYEHKH, U3 JAHHBIX MaJOyTJIOBOW PEHTTEHOBCKOH TU(PaKIIUH.

8 — TomuuHa CTEHKH, pa3HOCTh KPUCTAIIOrpaduuecKoro napameTpa (ag) U AnaMeTpa nop ajacopounonnoro (d).
° — pH Touku HymeBOroO 3apsa.

10— KOMIO3HUTHBIN KaTannu3arop, MOy YeHHbIH COOCAKACHUEM.

I _Hanecenune ZrO, na SBA-15 B o1uH cJI0ii.

12_ Hanecenne ZrO, na SBA-15 B 1Ba ciios.

13 _ Maccusnsiii ZrO,.

4 _ Unsepcubie onanbl ZrO,, mpokanennsie npu 450 °C.

15 — Unsepcnsie onansl ZrO,, mpokaiennsie npu 550 °C.
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cioeM nupkonus — ZrO,/SBA-15(1), ¢ nyxcioiinbiM nokpbiTueM — ZrO,/SBA-15(2). Bropas cepust —
MacCHBHbIE Karanu3aTopbl: ZrO, MOHOKJIMHHONW MOAM(UKALNHU, IPUTOTOBICHHBIH OCAXJICHHEM
(ZrOy(m), 1 00pa3ipl ZrO, ¢ ynopsI04eHHON CTPYKTYpPOH MHBEPCHBIX OMAJIOB, IIPOKAJICHHbBIE MTPH
450 u 550 °C (ZrO; (450) u ZrO; (550) cOOTBETCTBEHHO).

PentrenorpamMmmbl SBA-15 1 KOMIO3UTHBIX KaTajau3aTopoB (pHc. 2) MOKa3aau HalIu4ue OCHOB-
HbIX THKOB (100), (110) 1 (200), cBUACTENBCTBYOIIEE 00 yCIIenTHOM (POPMHPOBAHUU ME3OCTPYKTYPHL.
CaBur JIMHUE B 00JaCTh OONBLIMX YIJIOB y 00pa3loB, COIEPKAIUX IUPKOHHIA, 110 CPAaBHEHHUIO C 00-
pasuom SBA-15 6e3 nMpKOHUS CBUAETEIHCTBYET O JOKATH3AMH MUKPOYACTHI] IIMPKOHUS HA CTCH-
Kax MaTpPUIbl, 3TO MOJTBEPXKAaeT HMHBEPCHSI NMHTEHCUBHOCTH 2-r0 U 3-ro nukoB [17]. B o0pa3uax,
cozieprKaIux Oosblree KondecTBo NUPKoHUSL, MUKH (110) 1 (200) yMeHBIIAIOTCS WIIM HCYE3a10T. DTO
CBSI3aHO C HapylIeHHeM ykJaaku nop. [Topel coxpansitoTcest, 1 00 3ToM cBueTenbeTBYeT JuHust (100),
OTHAKO JAJIHUI MOPSIOK IO ACHCTBHEM BHEAPEHHOTO MUPKOHMS MCKaxaeTcs. Ha peHTreHorpam-
MaXx, CHITBIX B 00JIACTH JaJIbHUX YIJIOB, HAOIFOMAJICS TOJIBKO MIHPOKUH muk amopduoro SiO, B 00-
nacty 21°; s 00pasoB ¢ HeOONBIINM cofep)KaHneM IUPKOHUS 1 aMopHBIX Si0, 1 ZrO, B obnactu
21-25° (nnst o6pasna ZrO2/SBA-15(2) nuHMA, COOTBETCTBYIOIIMX KPUCTAJUIMYECKUM (azaM LUPKO-
HUs, He HAaOJII01aJI0Ch, CIE0BATEIbHO, HIMPKOHUI HE HAXOAUTCS B ar perMPOBAHHOM MIIH KPHCTAJIIN-

YECKOM COCTOsIHHUH.

—ZrOUSBA-IY(1)

= ZrOVSBA-152)

(100)

Rellnt., count

(110) 290y
1] 0 30 40 2 Theta, deg. 50

Rel. Int., count

y\u—

—SBA-15
—ZrO2/SBA-15(1)
—ZrO2/SBA-15(2)
—Zr-SBA-15

0,8 1,3 1.8 23 28 3.3 38 4,3 4.8
2 Theta, deg.

Puc. 2. Pentrenorpammbl o0OpasuoB SBA-15, ZrO,/SBA-15(1), ZrO,/SBA-15(2), Zr-SBA-15 (manoyrioBas
obOsiactb). Ha BcTaBke npeacranieHa JajabHss 00J1acTh

Fig. 2. Low-angle X-ray diffraction patterns of samples SBA-15, ZrO,/SBA-15(1), ZrO,/SBA-15(2), Zr-SBA-15.
Wide-angle inserted.
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ConepxaHue HUPKOHUS, 10 JaHHBIM PEHTI'C€HO(IYOPECIIEHTHOIO aHaK3a, sl KOMIIO3UTHBIX
Kkatam3uTopoB Zr-SBA-15, ZrO,/SBA-15(1) u ZrO,/SBA-15(2) coctasmio: 5.3, 13, 24 mac.% (tadm. 1).
JI1s1 MacCHBHBIX KaTaJln3aTOPOB OHO COOTBETCTBYET pacueTHOMY (74 mac.%).

Muxkpodororpapun komnosutoB ZrO,/SBA-15(1) u ZrO,/SBA-15(2), nomydeHnHsle mpocse-
YUBAOIICH JJIEKTPOHHON MHUKPOCKOMHUeH (puc. 3), CBHACTEIBCTBYIOT O COXPAHEHUH COTOOOPa3HOMN
KaHaJbHOM CTPYKTYpBI, XapakTepHOW miisg MarepuasioB Tuna SBA-15. Mukpoananus mokasaln, 4To
MEJIKOIUCTIEPCHBIE YACTHUIIBI IUPKOHUS paclpeaeseHbl BHYTPHU HOP.

HccnenoBanue MoJy4eHHBIX HHBEPCHBIX MPKOHUEBBIX OIAJIOB METOJIOM CKaHUPYIOMIEH JJIeK-
TPOHHOM MUKpOCKONHH (pHC. 4) MOKA3aJI0 HAIMYKUE YHOPSIJOYSHHOW MAKpPOMOPUCTOU CTPYKTYPHI.
[Mpuyem nust obpasua, repmoodpadorannoro npu 450 °C, xapakTtepeH OONBIIMK pa3Mep SYEHKH

10 CpaBHEHHIO ¢ 00padboTanHbIM mpu 550 °C.

50 nm

Puc. 3. 306paskeHust, OTydeHHBIE TPOCBEIHBAIOMICH IIEKTPOHHON MUKpOCKomHeit 00pa3ios: ZrO,/SBA-15(1)
(@), ZrO,/SBA-15(2) (b)

Fig. 3. Images obtained by transmission electron microscopy of: ZrO,/SBA-15(1) (a), ZrO,/SBA-15(2) (b)

255nm

288nm

260nmis

e

T LT £ Sy - ’
S-5500 3.0kV 0.5mm x100k SE 16/10/2020 5.5 g 5700:‘”11'

Puc. 4. COM-u300pakeHHsI ”HBEPCHBIX [IMPKOHUEBBIX OIaJioB: a — TepMoodpadoTka 450 °C, b — 550 °C
Fig. 4. SEM-images of inverse zirconia opals: a — calcined at 450 °C, b — 550 °
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B Tabnuue 1 npuBeneHbl TEKCTYpHBIE H CTPYKTYPHBIE XapaKTePUCTHKHA UCXOAHOI0 00pasiia
SBA-15, KOMII03UTOB U MAaCCHUBHBIX JUOKCHJIOB LIMPKOHUS, MOJYUYEHHbIE U3 JaHHBIX ra30BOH aj-
COpOLMM M PEHTIeHOBCKOW nudpakiuu. [lnomanp yaeiabHOH MOBEPXHOCTH AJisi 00pa3LoB, MOJIY-
YEHHBIX COKOHJIEHCAllMel, cormocTaBuMa ¢ miowmanbio 1 SBA-15, He copepikalero HUHPKOHUH,
JIMaMETP MOpP y BCeX 00pas3loB HaxXOAuTCs B uHTepBane 6—8 uM. O6nem mop ot 0.7 mo 1.1 cm/r.
Just o6pasnoB ZrO,/SBA-15 (1,2) nabmiogaercs yMeHbIICHHE IMIJIOMIAN OBEPXHOCTH IIpaKTHUe-
CKH B J1Ba pa3a. IloBTOpHOE KHIAUeHNE B FeKCaHE MPHUBEJO K MEePecTPOiKe CUCTEMBI MUKPOMOP:
[IepOXOBaTasl MOBEPXHOCTh PA3IIIAKUBACTCS M BBINIPSAMIISETCS, MUKPOIIOPHI CXJIONBIBAIOTCS U 00-
pasyroTcst «okHay [7].

Jns maBepcHBIX omanoB ZrO, (450), ZrO, (550) HabmrogaeTcsl CHUKCHUE BEIIMYUHEI yICTHHON
MOBEPXHOCTH IO Mepe MOBBIIICHHS TEMIIEPATY PHI IPOKATHUBAHUS OKCHIA, BETMYNHA Sppt COCTABIISACT
84 1 47 M?/T COOTBETCTBEHHO.

Crnektpockomnus B Y®-1ruana30He MOXKET OBITh MCIIOJIB30BAHA JIST XapaKTEPUCTUKHU TPUPOJIBI
U KOOpauHAUK Z1r*" B KOMIIO3UTHBIX MaTepUaliax, OJHAKO BblIeIeHNE (HA3HAUECHHE) JTUATIA30HOB 110~
IJIOIICHUS BCE elle siBisieTcst npeameTom oocyskaenus [18]. CunukarHblii Marepuan 6e3 HUPKOHHS
HE MOIJIONIAET B YIbTPa(uOIeTOBOM H3IydeHNH (pHc. Sa). KoMIO3UTHI MOKa3bIBAIOT MIMPOKOE U J0-
BOJIbHO ciiaboe roruomnieHue B odactu 240290 HM. DTH CUTHAJIBI MOTYT OBITH OTHECEHBI K MHOTO-
KOOPAMHUPOBaHHBIM yacTuiam Zr** [18], 1eMOHCTpUpPYIONMM pasindHbie GOPMbI KOOPIMHALMU [H-
okcua UpKoHUs. YacTHIlsl HUPKOHUS B MaTepuaie Zr-SBA-15 mpucyTCTBYIOT B OCHOBHOM B BHJIE
OJINTOMEPOB, UMEIOLIUX CBs3U Zr-O-Zr [18].

UK-cniexTpsl auddysHoro orpaxenus SBA-15 1 KOMIO3UTHBIX MAaTEPUAIIOB OKA3bIBAIOT CXO/I-
HBIE XapaKTePUCTUKH, CBOHCTBEHHBIE CHIIMKATHOMY Martepuaiy (puc. 5b). OcHoBHas mojoca B o0a-
ctu okoino 1080 cm™!, a Takyke ManeHbKOE mIedo mpuMepro 1220 cM™! MOKHO OTHECTH K aCUMMETPHY-
HBIM BaJICHTHBIM MonaM Si—O—Si. [I71s KOMIO3UTHBIX MaTepHalioB HaOJIOJaeTcs CABHT OCHOBHOM
TI0JIOCHI B CTOPOHY MEHBIINX BOJHOBBIX yKce (mpumMepHo 1066 cm™!), 4T0 MOKHO paccMaTpuBaTh Kak
yKa3aHHe Ha BKJIIOUYCHHE KaTHOHOB B KapKac KPEMHHCTOro Me3onopuctoro marepuana [19]. [lonoca
B 00macTu okono 960 cm™' oTHOCHTCS K BajeHTHBIM Konebanusm Si—O rpynn Si-O-R, roe R = H

B CIy4ac€ YUCTBIX CHJIMKATHBIX MAaTCPHUAJIOB [19] B pe3yiibTaTe NOCTCUHTCTHUYCCKOI'O BKIIFOUCHHW A Ya-

a: b-
8
——SBA-15 e S
_?55’3‘\5\5151 ——Z10,/SBA-15(1)| &
——— ZrO,/SBA-15(1) 154 —— Zr0,/SBA-15(2) °
31 —— 210/SBA-15(2) 2 S
SBA-15
g 3 N 8
s £ 104 &
24 w 3 3
g 8
54
14
1
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250 300 350 400 Wavenumber, cm”

‘Wavelength, nm

Puc. 5. YO (a) u UKJO(b) criektpsl SBA-15 u xoMmo3uTHBIX KaranuzaropoB. (OOpasubl cmemansl ¢ KBr
(5Mr/100mr))

Fig. 5. UV (a) and DRIFT (b) spectra of SBA-15 and composites (samples mixed with KBr (5mg/100mg))
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Puc. 6. UK-cniektpsl o6pazno SBA-15, ZrO,/SBA-15(1), ZrO,/SBA-15(2) B obnacTi BaJeHTHBIX KOIeOaHMI
OH-rpynmn (temreparypa aeruapokcunnpoanus oopasunos 450 °C)

Fig. 6. IR spectra of SBA-15, ZrO,/SBA-15(1), ZrO,/SBA-15(2) in the region of stretching vibrations of OH groups
(sample dehydroxylation temperature 450 °C

CTHUI[ IUPKOHUS, KOTOPOE MPOUCXOAUT Uepe3 MPouecc KOHACHCAIMH MPOMOKCHIa IUPKOHHS ¢ KOH-
uesbiMu rpymnamu Si—OH, nonoca 960 cm™! npereprieBaeT HEKOTOPBIE H3MEHEHHS! B HHTEHCHBHOCTH
U MIOJIOKEHMH, B CIIEKTPaX KOMIIO3UTHBIX MaTepHajoB OHA MpomaaaeT. B crekTpax KOMIIO3UTOB OC-
HosHas munust (1080 cm™!) BanenTHBIX KoNeOanuit Si—O—Si npereprneBaer yuMpeHue u3-3a HaJIoke-
Husd caseil Si—O—Zr, 4To JaeT CUrHall ¢ AMana3o0HoM 4acToT okono 984 cm™! [19]. CunbHas monoca
nosiisiercst pu 458 cm! u3-3a konebanust ceszeit Si-O-Si.

B UK-cnekrpax (puc. 6) ucxoaHoro Marepuasna SBA-15 u KoMIIo3uToB Ha ero OCHOBe HaOI0-
JaeTCsl OCHOBHAS MOJIOCA MOTIIONIEHUs 3748 cM™!, OTHOCSIIASICS K BAICHTHBIM KOJIEOAHUAM TEPMH-
HaibHbiX Si-OH-rpynim. IMonoca noryomenust 3760 cM™ OTHOCUTCS K BaJIEHTHBIM KOJIE0aHUSIM Tep-
MuHanbHBIX Zr-OH rpymni, nonock! nornomienus B o6aactu 3200-3700 cm™! — BaneHTHBIE KONEGaHUsI
BOJIOpOHO-cBA3aHHBIX OH-rpynm minn moctukoBeix Zr-OH- rpynmn. KornenTpanus nojoc noriome-
Hus B obnactu 3200-3700 cM™! pacTer ¢ yBeIMUEHHEM KOJIMYECTBA BBEJEHHOrO LIMPKOHUs. To ecTh
BBEJ/ICHHE LIMPKOHUs B cocTaB SBA-15 npuBoaut k GopmupoBanuio «kuciasix» OH-rpymm, konnye-
CTBO KOTOPBIX pacTeT C yBeJINYEHNEM KOHLEHTPAL[UHM BBEAEHHOT 0 upKoHus [20].

CyMMapHas KUCIOTHOCTh BCEX MOTYYEHHBIX KaTaJIu3aTOPOB UCCIIEOBaHA METOJIOM KHCIOTHO-
OCHOBHOT'O THTPOBaHUs ¢ onpeneneHreM pH Toukn HyneBoro 3apsaa (tabum. 1). Koneuno, Ha moBepx-
HOCTH OKCHIHBIX KaTaJn3aTopoB, TeM 0oJiee KOMIIO3UTHBIX, MMEIOTCSI KUCJIOTHBIE IIeHTpbI JIbtonca
n bpeHcrena, pasnuuaromuecs no cuie. Tem He MeHee IS MPOLECCOB, IIPOBOANMEBIX B HEO0E3BO-
JKEHHBIX POTOHHBIX PACTBOPHUTENISX, B KOTOPHIX MOXET MPOUCXOJUTH TpaHCHOPMAIIHS JIbIOUCOB-
CKUX IIGHTPOB B OpPEHCTEOBCKUE, TAKOW IMPOCTONW METO MO3BOJISET HAXOAUTH B3AaUMOCBSI3U MEXKIY
KHCJIOTHBIMHU U KaTaluTUYeCcKUMHU cBoiicTBamu [21]. Komno3utHslit katanuzatop Zr-SBA-15 xapak-
Tepusyercs 0oJiee BEIPAXKEHHBIMU KUCIOTHBIMH CBOMCTBaMHM IO CPAaBHEHHUIO C CHCTEMaMH, TIOJTy YeH-
HBIMH MOCJIOHHBIM HaHeceHueM ZrO,. 3Hauenust pH,,, KaTaau3aTopoB yMEHbIMIAKTCSA B psiay ZrO,/
SBA-15(2) >ZrO,/SBA-15(1) > Zr-SBA-15 u coctaBistot: 4.62 > 3.30 > 2.65. 3nauenus pH,,;, Maccus-
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HBIX KaTaJIn3aTOPOB BapbUPYIOTCS B Ooliee y3koMm uHTepBaie: 3.88 > 3.57 > 3.33 nus ZrO,(m), ZrO,

(550), ZrO, cooTBETCTBEHHO.

Hccneoosanue kamanumuyueckux c80UCme

VYcnoBus peakIuy UrparoT KIIYEBYIO PO, OKA3bIBasl BIMSHUE KaK HA CKOPOCTh Peakluy, TakK
¥ Ha CEJICKTUBHOCTE Iporecca. B bonpmmacTBe Hiccnenopanuii PBII-runpuposanus JIK go I'BJI mpo-
BOIAT B Auana3one reMmneparyp 150-220 °C [4]. IIpu cpaBHUTENBHO HU3KUX TemmepaTypax (<150 °C)
IIpOIiecC B 3aBUCUMOCTH OT KaTAJUTHYECKOH CHCTEMBI MOXKET MIPOTEKATh C MAJION CEIEKTUBHOCTHIO
no otHomeHuto k ['BJI [16, 22]. Bonee BIcokne TeMnepaTyphl CIOCOOHBI MPUBOIUTD K Pa3pyIICHUIO
pacTBOPHTEIISI-I0HOpa BOAOPO/Ia (B HAIIEM ClTydae — M30IPOIaHoiIa) 6iarogaps peakiuy JIeTuprupo-

BaHMs, TPOTEKAIOIIEH Ha OKCHJIaX TUTaHa, TUupKoHus U repust (>200 °C).

Hccnedosanue memnepamypHoil 3a8ucumocmu npoyeccad,

aKmueHocms komnosumoe Zr-SBA-15

[lepBas cepusi SKCIIEPUMEHTOB OblLiIa HAIIPAaBJICHA HA ONpeJesICHIE BIUSHUIS TEMIepaTyphbl Ipo-
BEJICHUS Ipoliecca Ha KOHBEPCHIO JIEBYJIMHOBON KHUCIIOTHI M CEJIEKTUBHOCTH 110 oTHOIeHuio K ['BJI,
B Ka4eCTBE KaTain3aTopa ObLI BEIOpaH KOMIIO3UTHBIA MaTepuai Zr-SBA-15 (tab:. 2, puc. 7).

IIposenenne peaknuu npu 190 °C no3sonuno noayuuts Beixoa I'BJI Bonots 1o 71 mon.% yxe
Ha 105-it Mmunyte. [loHmwxenue temmneparypsl peakiuu 10 170 °C mpu HE3HAYUTEITBHOM CHIDKEHUU
ckopocTH KoHBepcun JIK mpuBeno k 3HaYMTENFHOMY CHHIXKEHHIO cKopocTH obpasoBanus ['BJI npu

COXpaHEHUU celeKTUBHOCTH; Ha 375-i1 munyTe Bbixon I'BJI coctaBuin 70 mon.%. [ToHmxkenune tem-

Ta6muua 2. Pesynsrater PIIB-runpuposanus JIK go I'BJI Ha Zr-comepikamux KataanzaTopax

Table. 2. Results of LA to GVL CTH over Zr-containing catalysts

Ne Karanuzarop PHuis T, °C Konsepcus JIK, mon.% | Bsixon I'BJI, mon.%
1 190 100 71
2 170 100 63

Zr-SBA-15! 2.65

3 150 100 21
4 130 72 0
5 | ZrO,./SBA-15(1)? 3.30 100 84
6 | ZrO,/SBA-15(2) 4.62 100 94
7 | ZrO; (m)* 3.88 190 100 50
8 | ZrO, (450) 3.33 100 31
9 | ZrO, (550)° 3.57 99 40

VYenosus nposenenus peakiuu: C (JIK) = 18 /i1, C (xat) = 12 1/11, paCTBOPUTEINB/IOHOP BOIOPOIA — U30IPOIIAHOI.
PpH..; — pH Touku HyneBoro 3apsza.

! — KOMIO3UTHBIH KAaTAIU3aTOP, [0y YEHHBII COOCAKICHUEM.

2 _ Hanecenue ZrO, na SBA-15 B oiuH CIIONA.

3 — Hanecenue ZrO, na SBA-15 B 1Ba cjos.

4 _ Maccusnslii ZrO,.

* — Unsepcusie onanbl ZrO,, npokanennsie npu 450 °C.

¢ — Musepcusie onanbl ZrO,, npokanennsie npu 550 °C.
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Puc. 7. Bnustuue temnepatypsl Ha PIIB-runpuposanue JIK no I'BJI B npucyrcrBun Zr-SBA-15: a — koHBepcus
JIK, b — Beixox I'BJI. YcenoBus nposenenus peakuun: C (JIK) = 18 r/n, C(xat) = 12 1/, pacTBOPUTEIL/JOHOD
BOZI0POJIa — U30IPONAHOII

Fig. 7. Temperature influence on the LA to GVL CTH over Zr-SBA-15: a — LA conversion, b — GVL yield.
Reaction conditions: C(LA) = 18 g'L"!, C(cat) = 12 g'L"!, solvent/hydrogen source — isopropanol

nepatypsl 10 150 °C npuBesno k 3HauuTeNbHOMY CHIKeHHUIO Beixona I'BJI mo 21 mon.% B pe3ynbrare
CHIJKEHHMSI CEJIEKTUBHOCTH ITporiecca 1o oTHoueHuto k ['BJI u o6pazoBanus n3onponuiaoBoro s¢gupa
JIEBYJIMHOBOM KHCIIOTHI B Ka4eCTBE OCHOBHOT'O MPOAYKTA peakinu. DTO oxuaaemo, T. K. JIK B mpu-
CYTCTBUH KHCIIOTHBIX KaTaJIH3aTOPOB B CIIMPTOBBIX Cpe/ax mojsepraercs yrepuduxanuu (puc. 1) u
yKa3aHHbII1 2(Up SBISETCS IPOMEKYTOUHBIM IPOAYKTOM peakuuu odpazoBanus I'BJI. Bo Bcem uc-
cienyeMoM auarnaszone temmeparyp 190-130 °C, 6xaromapst BBIpaKeHHBIM KHCIOTHBIM CBOHCTBaM
katanuzaropa (pH,; = 2.65), Habmtonaercst ObICTpast dSTepuHUKaIKs JIEBYJIMHOBOM KUCIOTHI 10 U30-
nponmioBoro s¢upa. st auanazona remneparyp 190—150 °C xapakTepHa nonHasi KOHBEPCHUS JIEBY-
JIMHOBOM KucioThl. Temmneparypa peakuuu 130 °C He obecneunsia kouepcuio JIK Boimie 72 Moi1.%
(mocue 6 1), a o6pazosanust ['BJI He HaOmonanocs. ENMHCTBEHHBIM € TEKTHPYEMBIM ITPOAYKTOM pe-
akuuu ipu 130 °C sBiisiics uzonponiiosii 3¢up JIK.

[Mocnenyrommue 3KCIEPUMEHTHI, HAIIPABJICHHBIE HAa N3y4YE€HUE KaTaJUTHYECKUX CBOMCTB HaHe-
CEHHBIX M MAaCCHBHBIX KaTalM3aTOPOB, IpoBoANIN pu Temnepatype 190 °C nias MakCHManbHOM ce-
JIeKTUBHOCTH 10 oTHomeHuto K ['BJI. bosiee Bricokme TemmnepaTypsl MPUBOAST K JIETUIPUPOBAHUIO

H30MPONaHoa U 00Pa30BAHUIO THH30IPOITHIOBOTO 3(hHpa.

CpaeHeHue Kamanumuyeckux ceoucme

KOMNO3UmMHblIX Kamaiu3amopoe

VYBenuueHue cofepkaHus Zr v, Kak CIeACTBUe, aKTUBHOW (Da3bl KaTalln3aTopa HapsSIMYI0 OKa-
3bIBaeT BIUSIHHE Ha MpoTeKanue mnpouecca PIIB-rugpupoBanus, Takass MOTU(PHUKAIUS TOBEPXHOCTH
HOCHUTEJS MOKET HE TOJIBKO YBEIMYNBATh KOJIMYECTBO aKTUBHBIX IEHTPOB KaTajln3aTopa, HO U Me-
HSTH MIPUPOY €0 KUCIOTHBIX CBOWCTB B PE3YJIFTATC N3MEHEHIS COOTHOIIICHUS JIBFONCOBCHX M OpEeH-
CTEZIOBCKUX KHCIOTHBIX IEHTPOB [23].

CpaBHUTEIBHBIC UCIIBITAHUS KaTan3aTopoB Zr-SBA-15, ZrO,/SBA-15(1) u ZrO,/SBA-15(2) mo-
Ka3ajau OoJiee BBICOKYIO CKOpocTh KoHBepcuu JIK miis omHOCIOWHOrO Karaius3aropa U KaTalns3aTro-

pa, HOIYYEHHOT'0 COOCAXICHUEM, 110 CPABHEHHUIO C ABYXCIOHHBIM ZrO,/SBA-15(2) (puc. 8a). [TonHas
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Puc. 8. CpaBHenue karanutudeckoil akTuBHOCTH Zr-SBA-15, ZrO,/SBA-15(1) u ZrO,/SBA-15(2) B PIIB JIK
1o 'BJI: a — kouBepcus JIK, b — Beixon I'BJI. Yenosus nposeaenus peakiuu: 190 °C, C (JIK) = 18 r/n, C(kat) =
12 r/n, pacTBOPHUTEIL/IOHOP BOJOPOIa — H3OMPOMAHOI

Fig. 8. Catalytic activity comparison of Zr-SBA-15, ZrO,/SBA-15(1) and ZrO,/SBA-15(2) in the LA to GVL CTH:
a— LA conversion b — GVL yield. Reaction conditions: T = 190 °C, C(LA) = 18 g'L"!, C(cat) = 12 g'L"!, solvent/
hydrogen source — isopropanol

KoHBepcHs cyoOcTpara B npucyTcTBun ZrO,/SBA-15(1) nocturaercs yxe Ha 60 MUHYTaX, BBI3BaHO
9TO MOXET OBITh O0Jiee BBICOKON KHCIOTHOCTBIO KaTanmuzaropa (pHg,, = 3.30), koTopas Hampsamyio
OKa3bIBACT BIHMSHUE Ha CKOPOCTH 00pa3oBaHUs U3ompormiioBoro s¢upa JIK [8].

HauanbHasi ckopoctb 00pazoBanusi [ BJl ymenbinaercs B psiny ZrO,/SBA-15(1)>Zr-SBA-15>Zr0,/
SBA-15(2) (puc. 8b), 4To, 1M0-BUAMMOMY, OOYCIIOBJICHO HE TOJBKO KHCIOTHOCTBIO KaTaJH3aTOpPOB,
HO U AU Py3HOHHBIMU 3aTPYAHCHHUSIMHU s Karanuzaropa Zr-SBA-15, comepxkainero mopbl Hau-
MeHbIIero pasmepa (tadum. 1). Makcumanpeabri Beixon ['BJI s ogHOCHOHOTO Katanu3aTopa ZrO,/
SBA-15(1) Obu1 mocTurHYT yke Ha 60 MuHyTax u coctaBui 84 Moi1.%. [loBbiieHHe KoMUyecTBA Zt
¥ CHIDKEHHUE KUCIOTHOCTH KaTaiauzatopa ZrO,/SBA-15(2) monoXUTEIbHO CKa3aJioch Ha CEJICKTUBHO-
cTu 1o oTHomeHuio Kk 'BJI, MakcuManbHBIN BBIXOJ LIEJIEBOr0 MPOAYKTA, MONyYeHHBIH Ha 120 Mu-
HyTaxX, coctaBuil 94 mMon.%. B ciayuae Hambonee kucnoro xatanuzaropa Zr-SBA-15, nmomydeHHOTO

COOCaKIEHUEM, MaKCUMaJIbHBIH BBIX0 cocTaBuil 71 Moi1.%.

CpaeueHue Kamaaumuyeckux ceoucme

MACCUBHbIX Kamaiuzamopoe ZI"OQ

[IprMeHeHne B Ka4ecTBE KaTajlu3aTOpPa MHBEPCHBIX OMAONOJO0HBIX CHCTEM HAa OCHOBE JMOKCHU-
Jla TUPKOHUSI MOXKET TIPEICTABIATE OCOOBII MHTEPEC B TETEPOreHHOM KaTaim3e OJarogapsi HaTHIuio
Pa3BUTON YIOPSIIOYEHHONW MaKPOIOPUCTOH CTPYKTYpbl. OCOOYI0 pOJIb, MO-BUANMOMY, MOXKET CHIT'PATh
HCTIOJIB30BAaHUE MTOJJOOHBIX CTPYKTYP B Ka4eCTBE KATAIHTUYCCKH aKTHUBHOH (pa3bl BMECTO TPaIUIHU-
OHHOTO MaccuBHOTO Zr0,[24]. CpaBHEeHUE KaTAIUTUUECKOW aKTUBHOCTH MacCUBHOTO okcua ZrOy(m)
1 MHBEPCHBIX onasioB Zr0,(450), ZrO,(550), xapakTepn3yomuxcs pa3InIHbIMA TeKCTYPHBIMHU M KHC-
JIOTHBIMH CBOHCTBaMH, TPOBOJIUIIOCH ITPH TIO00paHHOM TeMIiepatypHoM peskume 190 °C. Jlnst okcuoB
Zr0,(450) u ZrO,(m) nabmromanack monHas korBepcus JIK, mis ZrO,(550) koreepcust JIK cocrasmia
99 %. B npucyTCTBUU MHBEPCHBIX OMAJIOB CKOPOCTh KOHBEPCHH CyOCTpara BbIIIE HA KaTaJln3aTope,

XapaKTepu3yIomeMcs 0oree BRIpaKeHHBIMU KUCIOTHBIME CBOUCTBaMH (pHyy; = 3.33; 3.57, mutst omanos
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Puc. 9. CpaBHeHHe KaTaIUTHYECKOW aKTUBHOCTH MACCUBHBIX KaTann3atopoB ZrO, U HHBEPCHBIX onanoB ZrO,
B PIIB-runpuposanuu JIK 1o I'BJI: a — kousepcus JIK, 6 — Beixox 'BJI.VenoBus nposenenus peakiuu: 190 °C,
C(JIK) = 18 r/n, C(xaranu3arop) = 12 1/1, pacTBOPHUTEIH/JOHOP BOLOPOIA — H30MPOIAHOI

Fig. 9. Catalytic activity comparison of bulk ZrO, and inverse zirconia opals in the LA to GVL CTH: a — LA
conversion b — GVL yield. Reaction conditions: T =190 °C, C(LA) = 18 g-L"!, C(cat) = 12 g'L"!, solvent/hydrogen
source — isopropanol

Z1r0»(450) m ZrO,(550) COOTBETCTBEHHO), UTO COTIACYETCS C JINTEPATyPHBIMH TAaHHBIMH [8] U pe3yib-
TaTaMHM, OTTMCAHHBIMH BBIIIE 11 KOMIIO3UTHBIX KaTanu3aTtopoB. s ZrO,(m) Ha HauaIbHOM y4acTKe
KMHETHYECKOH KPHBOM CKOPOCTH OJIM3Ka K cKopocTy aiist onasia ZrO,(450), HecMOTpst Ha 3HAYUTEIBHYTO
paszuuiy B KucaotHocTu (pH,,, = 3.88; 3.33, ans ZrO, (m) u unBepcHoro onana Zr0,(450) coorBet-
CTBEHHO). YMepeHHasi ckopocTh koHBepcnn JIK Ha maBepcHOM omnane ZrO,(550) MoKeT 0OBSICHSATHCS
KaK MEHEeE BbIPA)KEHHON KHCJIOTHOCTBIO OKCHJA, TAK U MEHBIIUM Pa3MEpOM SYEHKH YIOpPsA0UEHHON
CTPYKTYPHI U MEHBIIICH BETMYNHOHN yICIBHOU MTOBepXHOCTH (pHC. 4, Ta0II. 1).

CenekTHBHOCTH 10 oTHouIeHu o K I'BJI pacteT mo Mepe CHIKEHHS KUCIOTHOCTH OKCHJIOB ITHPKO-
Hus. Beixox ['BJI camkaercs B pany: ZrO,(m) >Zr0,(550) >Zr0,(450) u coctasisier 50, 40, 31 momn.%
cooTBeTcTBeHHO. /7151 oken10B ZrO,(m), ZrO,(550) Habmr0Aar0TCS CX0KUE KHHETUUECKHE KPUBbIE HAKO-
mnerus ['BJI, a pasnuyns B ckopoctu oopazoanus [ BJI He3HAYUTETBHBI 110 CPAaBHEHUIO C HHBEPCHBIM
onajiom Zr0,(450) (puc. 9). YuursiBas 0ojiee pa3BUTYIO TEKCTypy obpasua ZrO, (450) mo cpaBHEHHUIO
¢ ZrOy(m), ZrO, (550) u GomnblIyro CKOPOCTh KOHBEPCUH CyOCTpaTa, MOXKHO CENATH MPEIIOI0KEHHE,
YTO BBICOKAs KHMCIOTHOCTh OKCHJA B JAHHOM CIydae MOXET JUOO0 OKa3bIBaTh HETAaTHBHOE BIIMSHHE
Ha ctaauu nporecca PBII-runpupoBanus, crenyromme 3a drepudukanueir JIK no usompornuiaoBoro
a¢upa, npuBoasiue K oopazopanuio ['BJI, a UMEHHO TIEpeHOC BOAOPOIA OT CIUPTA C 00pa30oBaHUEM
M30IPOIHIIOBOT0 3(Hpa Y-rHIPOKCHBAIEPUAHOBOM KUCIOTHI M/UITH MOCIIETYIONTYI0 HHTPaMOJIEKYJIsp-
HYIO JICaJIKOTOJIU3AIUIO, TUOO MONIOKUTEIBFHOE BIUSHNE Ha MOOOYHBIE Iporecchl. Cpeau MpoayKTOB
peakumu 1pu nposeneHny nporecca PIIB-runpuposanus B npucyterBun ZrO,(450) meronom I'’X-MC
ObLIIM OOHAPYIKEHBI MOOOUHBIE TPOILYKTHI — TUH30IPOITUIOBBINA AQUP, a TAKIKE U30MPOIHIOBBIN dDUp
BaJICPUAHOBOI KHCIIOTHI, 00pa30BaHHE KOTOPHIX CBUIETEIBCTBYET O HEI(P(PEKTHBHOM PACXOAOBAHUH
JIOHOpa BOZIOPO/Ia U HATMYWHY KOHKYPUPYIOIIEH peakinu B cucteme [16].

Takum 00pa3oM, B pe3yibTare IPOBEJCHHBIX HCCIEIOBAaHHUI, HECMOTPSl Ha NMPHUHIMIINAIbHbIC
pas3iIuyuus B METOJAX CHHTE3a MCHBITAHHBIX KaTaTUTHYECKHX CHCTEM, MOXKHO CIeNaTh OOIIHUN BbI-

BOJ O BJIMSIHUHN COACPIKaHU HUPKOHUSA U KUCIIOTHOCTH Ha KATAJIUTUYCCKUC cBoiictBa. IloBpImIeHIE
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COoACpKaHUA IUPKOHUSA B KaTaJIMTUYECKON CUCTEME MPUBOAUT K CHUKCHHUIO €€ KUCJIOTHBIX CBOﬁCTB,

yBennueHuto kousepcuu JIK u k noeiennto Beixonos I'BJL.

3akJoueHue

Makpo- ¥ Me30NOpPUCThIE ZI-COAepKAIUe OKCHUIIHBIE CUCTEMBI SBISIOTCS MEPCIEKTUBHBIMU
KaTaJIM3aTOpaMHy JIJIsl IPOU3BOACTBA Y-BaJCPOJIAKTOHA, CAUTAIOMICTOCS MOTCHIINAIBHON MOJICKYIIOH-
1aT(GOPMOi#L 111 XHMUYECKOT'0 CHHTE34, IT0JIy4aeMOi U3 PACTHUTEIIBHOTO ChIPbhsI JICBYJIHHOBOM KHCJIO-
THI 110 PEaKIHU THIPHPOBAHUS C TIEPEHOCOM BOAOpona. J{Jist H3ydeHHs BIMSHUS TEKCTYPHBIX H KUC-
JIOTHBIX XapaKTePUCTHK Ha KATATUTUUECKHE CBOWCTBA CHHTE3UPOBAHBI JIBe cepun ZrO,-coeprkaimnx
KaTaJIM3aTopoB. Bo-MepBhIX, ME30NOPHUCTHIC KOMIIO3UTH Ha SBA-15 (oTy4eHHBIE METOIOM COOCaXK-
JIEHUSI ¥ METOJIOM TOCJIOWHOTO HaHEeCEeHHSs Zr); BO-BTOPBIX, MaccuBHbIe Z1rO, (MOJyYeHHBIE OCaX-
JIeHHeM (MOHOKJIMHHBIN) U TEMILIATHBIM CHHTE30M (MHBEpPCHBIC Omajbl). Katamm3aTopsl HCIIBITAHBI
B PEAKIMU MOJyUYEHHS Y-BaJIEPOJIAKTOHA U3 JICBYJIMHOBOM KUCIIOTHI B U30MPOIMAHOJIE, & UX TEKCTypa,
MOP(HOIIOTHS U KACIOTHBIE CBOWCTBA U3YYCHBI HA0OPOM (PU3NKO-XUMUYECKUX METOJIOB.

Jlns me3onopucthix ZrO,-copepxkaniux KOMIIO3UTHBIX CUCTeM Ha ocHOBe SBA-15 mapameTtpa-
MH, ONIPEICISIONNMH KaTaTUTHICCKUE CBOMCTBA, SIBISIOTCS COACpKAHNE IUPKOHUS H KUCIOTHOCTh
karanuzaropa. [loBeilieHne conepkaHus IUPKOHUS TPUBOIUT K YMEHBIICHHUIO 00IIEH KHCTIOTHOCTH
KaTaJM3aTopa, 4YTO BJIEYET 32 CO00Il CHMIKCHHE CKOPOCTH KOHBEPCHHU CyOCTpaTa M yBEIUYCHHE Ce-
JIEKTUBHOCTH TIpoIlecca MO Y-BaJepOJAaKTOHY. YMEHbIIEHNE Pa3MepOB MOP ME30MOPUCTHIX KaTaJH-
3aTOPOB TaK)KE OTPAXKACTCS B YMEHBIIICHUH BBIXOJOB IIEJIEBOTO MPOAYKTa. MaKCHMaIbHBIA BBIXOI
I'BJI coctaBun 94 mon.% (190 °C,120 muH) Ha KaTtaJu3aTope, NOJyYeHHOM METOAO0M JBYKPATHOTO
ITOCITIOWHOTO HAaHECEHUS IIUPKOHUS Ha ME30TIOPHUCTYIO CHITMKATHYIO MaTPHILY.

AKTHUBHOCTH MacCUBHBIX Zr0, 0Ka3ajiach HECKOIBKO HUXKE, a BEIXOBI Y-BaJePOJAKTOHA 3HAUU-
TEITBHO HIDKE, YeM I ME30IOPHCTHIX KOMIIO3UTHBIX KaTaau3aTopoB. MakcuManbHbIH Beixon I BJI
coctasmi 50 Moi1.% (190 °C,195 mun) mis ZrO, MOHOKJIMHHON MOIU(DUKALIHH.

B mpucyTCTBUM KaTalIM3aTOPOB, XapaKTePU3YIOMUXCS MaAKCHMAJIBHOW KHCIOTHOCTHIO, HAOJFO-

JAIOTCS TOOOYHBIC PEAKIIMH 00pa30BaHUsI JUU3OMPOITUIOBOr0 3Upa U 1p.
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