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Abstract. Nanostructured 1 and 3% catalysts containing ruthenium nanoparticles supported on the
initial and oxidized at different temperatures graphite-like carbon material Sibunit-4 prepared. A
features of this support are mesoporous texture, hydrothermal stability and the presence of surface
oxygen-containing functional groups responsible for the distribution of Ru nanoparticles and the
catalyst acidic properties. The catalysts characterized using methods TEM, XPS, N, adsorption, pHpzc
and tested in the hydrogenation of levulinic acid to y-valerolactone. It was found that the reaction rate
and GVL selectivity are influenced by solvent choice, fractional composition, and acidic properties
of the support. The obtained catalysts provide high activity in the reaction of direct hydrogenation of
levulinic acid to y-valerolactone (GVL yield 98 mol.%, At 160°C, 1.2 MPa H,) and high productivity
(15.9 gGVL/gCat.). Obtained catalyst can be reused several times without noticeable loss of activity.
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I'uapupoBaHue JIeBYJTMHOBOW KHCJIOTHI 10 Y-BaJIePOJIAKTOHA
B IPUCYTCTBUM Ru-coaepkammx KaTajau3aTopos

HA OCHOBeE yIUIepOAHOro marepuana CuOyHUT

B.B. Cbiues?, C. B. bapbimnukos?,

N.I1. UBanos?, M. H. Bosiouaes®, O.II' Tapan®®
“Uncmumym xumuu u xumuyecxkou mexronroeuu CO PAH
QUL «Kpacnospckutl nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

*Uncmumym gpusuxu um. JI.B. Kupenckozo CO PAH
Poccuiickas ®edepayus, Kpacuosapck

‘Cubupcruil ¢hedepaivHblil yHUGepcumem

Poccuiickas ®edepayus, Kpacnosapck

AnHoTanusi. CHHTE3UPOBAHBI HAHOCTPYKTYpHUpoBaHHbIe 1 1 3 % Karanu3aTtopsl, copepKanue
HAaHOYACTHIbl PYyTCHU S, 3aKPEIJICHHbIC Ha HCXOJAHOM U OKMCICHHOM IPH Pa3HBIX TeMIepaTypax
rpadurononodHoM yriepoaHom Marepuane Cubynut-4. Oco0eHHOCTh JaHHOTO HOCUTEI S COCTOUT
B €r0 ME30IMOPUCTON TEKCTYpe, TMAPOTEPMaAJIbHON YCTOMUYMBOCTH U HAJIMUYUU HA IOBEPXHOCTHU
KHUCJIOPOJICOAEePKAIMX (PYHKIIMOHAIBHBIX I'PYII, OTBETCTBEHHBIX 32 PaclpeieleHe HaHOYaCTHI]
Ru u kucnorHble cBolcTBa Karanu3aropa. Karanuzaropsl ncciegoBaHbl PU3NKO-XUMHYECKUMHU
metonamu (II9M, POSC, ancopbuust Ny, pHyy,) ¥ HCIIBITAHBI B PEAKIINHU T'HAPUPOBAHUS JIEBYTHHOBOM
KHCIIOTHI JI0 Y-BaJEPONAKTOHA. YCTAHOBJICHO, YTO HA CKOPOCTh PEaKIMH U CEIEKTUBHOCTD Mpolecca
1o oTHomeHuo K ['BJI oka3piBaloT BIHMsHUE TakHe GAKTOPHI, KAK BEHIOPAaHHBIH PacTBOPUTEID,
(pakIMOHHBIN COCTaB U KMCIOTHBIC CBOMCTBA HOCHTEs. [loydeHHbIE KaTalu3aToPhl IOKa3aJIH
BBICOKYIO aKTUBHOCTH B PEAaKIUH NMPSIMOTO THAPUPOBAHHUS JIEBYJIUHOBON KHUCIOTHI 10 Y-
BasieposiakToHa (Beixoq I'BJI 98 mon.% mpu 160 °C, 1.2 MIla H;) 1 BEICOKYIO TPOMU3BOJUTEIBHOCTh
(15.9 r I'BJI/r xar.). JlaHHBII KaTaIH3aTOP MOXKET OBITh HCIIOJIb30BaH MHOTOKPATHO 0€3 3aMETHOU

MMOTEPHU AaKTUBHOCTH.

KarwueBble cJjioBa: FCTCpOFCHHLIfI KaTaju3, TraMmMa-BaJICPOJIAKTOH, JICBYJIMHOBAsA KHUCJIOTA,

AJKNJUIEBYJIMHATHI, THIPUPOBAHUE, BOCCTAHOBIICHHE, pyTeHHH, Ru/C.

Iutuposanue: Coiues, B.B. ['mapupoBanue JeByIMHOBOM KHUCIOTHI IO Y-BaJepOJIaKTOHA B MPUCYTCTBUU Ru-comepkainx
KaTaJln3aTopOB Ha OCHOBE yTriepoaHoro matepuaia Cudynut/ B.B. Ceiues, C.B. bapeinukos, U.I1. UBanos, M.H. Bonouaes,
O.1 Tapan / Xypn. Cub. denep. yu-ta. Xumus, 2021, 14(1). C. 5-20. DOI: 10.17516/1998-2836-0211

Introduction

The modern world economy rely heavily on the use of products (motor fuels, chemical products
and synthetic polymers) derived from carbon-containing feedstock (oil and natural gas). Which
causes a high demand for these raw materials, and leads to its gradual depletion. The problems

of environmental pollution and global warming caused by CO, concentration increase in the
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atmosphere (by 30% over the last 50 years) are associated with the extensive use of fossil organic
resources, due to the increasing consumer demand of the growing world population. These factors
stimulate research aimed to find renewable carbon-neutral organic resources, and lately a significant
increase in research activity is observed related to the approaches development of plant biomass
catalytic conversion [1, 2].

Lignocellulosic biomass, which is largely represented by the waste from woodworking and
agricultural production, as well as highly productive herbaceous plants (miscanthus, millet, flax,
hemp), is an excess, carbon-containing, and most importantly, a carbon-neutral resource, the use of
which can ensure sustainable production of fuels and chemicals with high added value, and reduce the
consumption of fossil raw materials [3].

Gamma-valerolactone (GVL) is one of the most valuable chemicals derived from lignocellulosic
biomass. GVL is characterized by a low melting (-31°C), high boiling (207°C) and flash (96°C) points,
low toxicity and low vapor pressure (0.65 kPa). GVL is highly stable, miscible with water at any
ratio, does not form azeotropes. Due to these properties, GVL attracts more and more attention, and
the number of publications devoted to methods of its synthesis and possible applications is steadily
growing [4]. GVL can serve as a feedstock for the production of biopolymers, biofuels, and can be used
both in the food and pharmaceutical industries. GVL and its derivatives can be used as additives for
hydrocarbon fuels [3-7].

GVL is mainly produced by catalytic hydrogenation of levulinic acid (LA) and levulinic
acid esters (LAE) produced from lignocellulosic biomass [7]. In addition, both cellulose and
hemicellulose can be used as a feedstock for the production of GVL, which makes the economy
of the total process more attractive [5S]. Heterogeneous metal catalysts, due to their environmental
friendliness, ease of use and convenience of separation, compared to homogeneous catalysts,
attract the great deal of attention in the processes of direct hydrogenation (the use of molecular
hydrogen) of LA and LAE to GVL. Platinum group metals such as Pt, Pd, Ru are widely used as an
catalysts active component. Catalysts based on platinum and palladium provide high conversions
of levulinic acid and its esters, but in terms of selectivity to GVL they are significantly inferior
to catalysts based on Ru. Catalysts containing transition metals (Cu and Ni), for example, Cu/
Al,05, are quiet unstable and can quickly lose their activity as a result of the active component
leaching [6].

The process of direct hydrogenation of LA and AL to GVL is carried out in the liquid phase in
water or water-alcohol media, in which the use of microporous supports which prevent the transport of
the substrate to catalyst active sites is excluded. The liquid phase catalysts should be developed using
mesoporous, resistant to hydrothermal medium supports, such as graphite-like carbon material (CM)
of the Sibunit® series [8, 9].

This work aims at aim solid catalysts development for direct hydrogenation of LA and LAE to
GVL based on the mesoporous graphite-like material Sibunit bearing ruthenium nanoparticles as an
active component.

Based on CM Sibunit-4, a series of supports varied by acidity and grains size was prepared and
then used to obtain 1 and 3% ruthenium catalysts, characterized by different dispersion of the active
component. The catalysts were investigated by TEM, N, adsorption, XPS, and pH,,., and tested in the
process of direct hydrogenation of LA to GVL.

_7_
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Experimental

In this work, the following chemicals were of reagent grade: y-valerolactone 98% (Sigma-Aldrich),
levulinic acid 98% (Sigma-Aldrich), ruthenium nitrosyl nitrate Ru(NO)(NOs); Ru>31.9% (Sigma-
Aldrich), isopropanol, (Khimreaktivsnab), ethanol 96% (Khimreaktivsnab). To prepare all catalysts

and solutions water purified on a Milli-Q unit (Millipore, France) was used.

Preparation of Ru/C Catalysts

Carbon samples were prepared using the commercial mesoporous carbon material Sibunit®-4
(S4) (Center of New Chemical Technologies, Federal Research Center Institute of Catalysis, SB RAS,
Omsk). The carbon material was preliminarily washed in hot deionized water to remove possible metal
impurities and dried in argon flow at 150°C. To obtain a desired fraction with a carbon particle size
of 56-94 pm, CM was ground in a porcelain mortar and sieved. To obtain oxidized samples, sibunit
was oxidized by a wet air mixture. Oxidation was carried out in a quartz cell placed in an oven. The
cell filled with CM was preliminarily purged with argon (flow 200 ml/min, 0.5 h), then a mixture of
20 vol% O2 in N, was fed into the cell in the presence of water vapor at a given temperature (400, 450,
500°C) (flow 200 ml/min, 2 h) [9].

Ruthenium catalysts based on the initial and oxidized S4 samples (1% Ru/C, 3% Ru/C) were
obtained by incipient wetness impregnation using an aqueous solution of Ru(NO)(NO,)s;, followed by
drying at room temperature for 2-3 h and at 60°C for 12 h. The reduction of the active component was
carried out in a stream of hydrogen (flow 30 ml/min) at 300°C for 2 h (the temperature ramp 1°C/min),
after cooling to room temperature in a hydrogen atmosphere the catalyst was passivated with a gas
mixture of 1% O, in N, (flow 200 ml/min, 0.5 h) [9].

Characterization of the carbon supports and the supported Ru catalysts

The textural properties of the samples were determined via N, adsorption at 77 K using ASAP-
2020 Plus analyzer (Micromeritics, United States).

High-resolution electron images for Ru/C catalysts were obtained using an HT7700 transmission
electron microscope (Hitachi, Japan, 2014) with an accelerating voltage of 110 kV and a resolution of
2 A. Particle size distribution histograms were obtained as a result of statistical (500-800 particles)
processing. The mean linear particles size (<d;>) and mean surface volume particle size (<ds>) were

calculated using the formulas (1) and (2):
(d1) = X d;i/N, M

(ds) =X d}/ ¥ d} @)
where dj — measured diameter of a Ru particle; N — the total number of Ru particles.
Dispersion of Ru (Dgy) in prepared catalyst was calculated using formula (3):

MRu

Dpy = 6+ ——ku__
Ru aru'p-No'<dg>

©)

where Mg, is the atomic weight of ruthenium (0,101 kg/mol), p is the density of ruthenium
(12410 kg/m?), aR,, is the average effective area occupied by a Ru atom on the surface (6,13-1072° m?),

Ny is the Avogadro number, dg — the mean volume-surface particle size [9].

_8_
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Photoelectron spectra were recorded using SPECS spectrometer with a PHOIBOS MCD9
hemispherical energy analyzer under excitation with monochromatic Al Ka radiation, the electron
collection angle is 90°. Element concentrations were determined from survey spectra. When the
spectra were analyzed using the CasaXPS package, the nonlinear Shirley background was subtracted
and the Gaussian-Lorentzian shape of the peaks was used.

The catalysts acidity was investigated by the point of zero charge (PZC) by the Seurensen de
Bruijn method [10]. At first 10 ml of distilled water was introduced into a potentiometric cell, then with
continuous stirring with a magnetic stirrer, at regular intervals (5-10 minutes) the CM test sample was
sequentially added in small portions (0.01 g each) until the unchanged values of the potential of the

glass electrode were reached [10].

Catalytic testing of obtained catalysts

The catalytic hydrogenation of levulinic acid was carried out in a 100 ml Autoclave Engineers
(USA) autoclave made of Hastelloy C276 material at 160°C, 1.2 MPa H,, with constant stirring
(800 rpm) by a mechanical propeller-type stirrer with a magnetic drive. At first, an autoclave was
charged with 2.5 g of levulinic acid, 0.125 mg of catalyst, and purged three times with argon with
stirring. Then, hydrogen was supplied, raising the pressure in the reactor to 1.2 MPa, and then
the reactor was heated to 160°C. During the experiments, samples were taken to determine the
concentrations of levulinic acid and y-valerolactone in the course of the process.

The concentrations of the substrate and the target product were determined using HPLC
Milichrom A-02 (EkoNova, Russia) equipped with a UV detector (registration at A = 210 nm) and
a chromatographic column “Diaspher-250-PA”, 5 pm, 2 x 75 mm (EkoNova, Russia), eluent — (85%
0.075M LiClO,, 15% ACN), H,0.

The conversion of levulinic acid, the yield and selectivity to GVL were calculated according to
equations (4) — (6):

XA = CUEOJ. 100%, @)
LA,0
o
YGVL = ﬁ - 100%, (5)
S =~ - 100%, ©)

xLA—LA conversion (mol.%); Cy s o—initial concentration of LA (mol/l); Cp» —current LA concentration
(mol/1), Ygvr — GVL yield (mol.%), Sgyr. — GVL selectivity.
In order to study the effect of the Ru dispersion on the catalytic performance of obtained catalysts

catalyst activity TOF (Turnover frequency) was calculated using obtained experimental data:

V(GVL)
v(Ru)xt(reaction)’

TOF = (7
where: v (GVL) is the amount of moles of gamma-valerolactone formed, v (Ru) is the amount of moles
of ruthenium in the catalyst, t (reaction) is the reaction time equal to 0.25 h and the values of the
catalyst productivity in relation to GVL (Pgyy), reflecting the ratio of the mass of GVL formed during
the reaction (gGVL) to the mass of the loaded catalyst (gCat.) [11]:

_9_
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gGVL

Pey, = gc_at.' )]

Results and discussion

Ruthenium was chosen to be the active metal due to the highest activity in the reactions of direct
hydrogenation of aliphatic carbonyl compounds [12] and the maximum selectivity to GVL among other
platinum group metals [5]. Catalysts based on the mesoporous graphite-like support Sibunit-4 (S4)
with a Ru particle size around 1 nm, containing 3% ruthenium, showed good catalytic performance
in a number of oxidative [9] and reduction processes [8] in water and water-alcohol media. In these
studies, the support was preliminarily oxidized with wet air at a temperature of 400 or 450°C to form
acid groups on the surface of the support [9, 13]. This treatment also leads to a stronger binding of
Ru to the support, a decrease in the size of metal nanoparticles, and as result to the increase of the
Ru dispersio. In addition, the presence of acid sites on the catalyst surface can change the route of the
catalytic process for the hydrogenation of LA in GVL in accordance with the scheme of this process
proposed by a number of works [12, 14] (Fig. 1).

In this work, to reveal the effect of the support acidity, the active component dispersion, and the
particle size of the S4 support, a series of two supports with a particle size of 54-96 um was prepared
(initial (S), oxidized at 450°C (S450) samples) and two granular supports with a particle size of 1.0-
1.6 mm (initial (Sg) and oxidized at 500°C (S500g)) (Table 1). On the obtained supports, catalysts
containing 3 wt.% Ru were prepared, which are hereinafter referred to as: 3RS, 3RS450, 3RSg,
3RS500g, respectively. To assess the possibility of the active component amount reduction, which is

a metal of the platinum group, a catalyst was prepared with a ruthenium content of 1 wt.% (1RS450).

(0] (0]
Y\/U\O _R +H, \(\)‘\0/ R
OH  hydr
o} . . ydroxy
- H,0 levulinic esters Kar. levulinic esters
+ROH
-ROH l+ H*
-ROH +H,0
0 O o)
O
on oH  +He
) Cat. OH -H0
levulinic acid y-hydroxyvaleric acid GVL
1L + H2 /Cat.
Q (0) (0]
Y\)L + OH \go OH WO
+H
Z OH ——>» \ —_—
-H,0 S
OH .
levulinic acid a-angelica lactone B-angelica lactone
(enol form)

Fig. 1. Reaction pathways of LA to GVL direct hydrogenation
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Table 1. Textural characteristics of carbon supports and Ru/C catalysts

Ru particle size, nm* Textural
N Support/Catalyst Code ’ : Dro* | pHp.** characteristics™**
o Ru pzc
. SBET: Vpore: <dp0re>a
dmm dmax <dl> <dS> mZ/g Cm3/g nm

1 Sib-4#kk* S - - - - - 7.59 375 | 0.55 5.87

2 3%Ru/Sib-4**** | 3RS 0.60 | 2.73 [ 1.22+0.01 | 1.48 | 0.88 8.01 321 | 043 5.45
Sib-4-0x-450%*** | S450 - - - - - 5.33 380 | 0.53 5.66
0, 1 - -

4 if&;éiif 1RS450 | 0.52 | 1.79 [ 1.06+0.03 | 1.27 | 1.03 6.06 368 | 0.52 4.80
0, ih-4.-

5 2?5;;5;2*4 3RS450 | 0.52 | 2.37 | 1.13+0.01 | 1.39 | 0.94 6.89 341 | 0.50 5.88
Sib-4-

6 granules*+* Sg - - - - - 7.66 364 | 0.51 5.66
0, ih-4-

7 |37%RuSib-4 3RSg | 076 | 3.46 |1.4240.02| 171 | 077 | 805 | 273 | 032 | 477
granules®***
Sib-4-0x-500-

8 granules*+* S500g - - - - - 3.34 287 | 0.37 5.14
0, 1 - - - -

9 3%Sib-4-0x-500 3RS500g | 0.69 | 3.14 | 1.30+£0.01 | 1.53 | 0.85 6.44 233 | 0.28 | 4.80
granules®***

* Ru particles sizes obtained by TEM statistical analysis. dpyin, dmax — minimum and maximum diameter of the particles;
<dp> = Zd;/N — the mean linear particle size; <dg> = Xd;*/ £d;> — the mean volume_surface particle size. Dy, — Dispersion of Ru.

** pHy,. — pH of the point of zero charge.

4% Textural characteristics obtained via N, adsorption data analysis. Sger — specific surface area (m?%/g), Vpore — total pore
volume (cm¥/g), <dpore™> — average pore diameter (nm).

**** Fractional composition: powder — 56-94 pm; grains — 1.0 — 1.6 mm.

Characterization of the Carbon Supports and the Supported Ru Catalysts
Textural characteristics and morphology of carbon supports

and ruthenium catalysts

Analysis of the textural characteristics obtained via N, adsorption(Table 1) of carbon supports
showed that oxidative treatment leads to a decrease in the volume (Vpor) (0.55 and 0.53 cm’/g —
samples S, S450, respectively; 0.51 and 0.37 cm’/g — samples Sg, S500g, respectively), as well as the
average pore size (dpore) (5.87 and 5.66 — samples S, S450, respectively; 5.66 and 5.14 nm — samples
Sg, S500g, respectively), which is more noticeable for the support oxidized at 500°C. This apparently
results from loosening of the graphite-like structure of CM Sibunit-4 during oxidation, and more
significant loosening at a higher oxidation temperature. The specific surface area (Sggr) for the support
oxidized at 450°C is slightly higher (380 m?/g) than for the initial one (375 m?/g), and for the support
oxidized at 500°C it is significantly lower (287 m?/g). than the original (364 m?/g). As shown in [13],
such a decrease in the surface area may be due to the partial destruction of Sibunit globules during its
excessive oxidation.

The Ru deposition leads to a decrease in Sger (375 — 321 m?/g, 364 — 273 m?/g — unoxidized
samples 3S — 3RS, 3Sg — 3RSg, respectively; 380 — 341 m?/g, 287 — 233 m?/g — oxidized samples S450 —
3RS450, S500g — 3RS500g, respectively), Vpore (0.55 — 0.43 cm?/g, 0.51 — 0.32 cm?/g — unoxidized
samples 3S — 3RS, 3Sg — 3RS, respectively; 0.53 — 0,50 cm’/g, 0.37 — 0.28 cm’/g — oxidized samples
S450 — 3RS450, S500g — 3RS500g, respectively), apparently as a result of partial blocking of some
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support pores with particles of the active component (Table 1). This effect is enhanced with an increase
in the amount of the active component from 1 to 3 wt.%. For the average pore diameter, the correlation
with the amount of deposited metal is not so obvious. For the support S450 and catalysts 1RS450,
3RS450 dpore changes in the row: 5.66; 4.80; 5.88.

The morphology of the catalysts was investigated in more detail by transmission electron
microscopy (TEM) (Fig. 2). Statistical processing of the obtained high-resolution images made it
possible to obtain the distribution of ruthenium particles by size, as well as to calculate the particle

diameters and dispersion of ruthenium for each of the catalysts (Table 1).

LA
Fig. 2. TEM images of catalysts (a — 3% Ru/Sib-4, b — 3% Ru/Sib-4-0x-450)

All oxidized samples are characterized by a smaller size of ruthenium particles, the distribution
of ruthenium particles on granular supports is less uniform, the average particle diameter decreases in
the following order: 1.42; 1.30; 1.22; 1.13; 1.06 for catalysts 3RSg; 3RS500g; 3RS; 3RS400; 3RS450;
1RS450, respectively, which indicates a more uniform distribution of ruthenium precursor when
applied to oxidized samples, presumably as a result of interaction between the support surface and
negatively charged oxygen-containing functional groups, the number of which increases with an
increase in the oxidative treatment temperature of the support (Table 1). Dispersion increases with
decreasing particle size with a more uniform distribution of ruthenium in the series: 0.77; 0.85; 0.88;
0.94; 1.03 for catalysts 3RSg; 3RS500g; 3RS; 3RS400; 3RS450; 1RS450, respectively (Table 1). It
should be noted that for the IRS450 catalyst, taking into account the error in determining the average
particle diameter ruthenium dispersion is higher than 1, which indicates that all ruthenium atoms are

on the surface and are available for reagents (Table 1).

Chemical composition of the catalysts surface

The study of the acidic properties of the supports, carried out by determination of the pH of
the point of zero charge, showed a decrease in the pHy,. values as the temperature of the oxidative
treatment of CM increased (7.59 — 5.33 — samples 3S, 35450; 7.66 — 3, 34 samples 3Sg, 3S500g), which
may indicate an increase in the concentration of surface acid groups [9]. The deposition of ruthenium
leads to a slight increase in pH,,. values (7.59 — 8.01; 7.66 — 8.05; 3.44 — 6.44 — the deposition of 3 wt.%



Journal of Siberian Federal University. Chemistry 2021 14(1): 5-20

Ru on 38, 3Sg, 3S500g supports; for the S450 support and catalysts IRS450 and 3RS450, pH,,. changes
in row: 5.33; 6.06; 6.89) due to the blocking of surface acid groups by ruthenium particles (Table 1).

The surface chemical composition was studied in more detail by the XPS method in catalysts
3RS, RS450, 3RS450. All samples are characterized by the most intense peaks in the range of 284-285
eV, typical of graphite. In the region of 285-287 ¢V, there are peaks characteristic of carbonyl, hydroxyl
and ether groups, as well as fragments of carboxyl groups.

In the region 0of 281 eV, a Ru 3ds; peak is observed, which relates to the oxidized form of ruthenium
RuO,. Metallic ruthenium is characterized by a peak in the region of 280 eV, however, this shift to the
region of higher binding energies can also be explained by the relaxation shift, which is observed in
the presence of especially small metal particles (Fig. 3) [15]. It should be noted that an increase in the
oxygen content from 8.4 to 9.2 wt.% in the 3RS and 3RS450 catalysts due to increase in the oxidative
treatment temperature confirms the formation of surface oxygen-containing groups on the support
surface (Table 2).

COO’

satellite Ru3d,,

290 285 280
Fig. 3. C 1s XPS spectrum of prepared 3% Ru/Sib-4-0x-450 catalyst

Table 2. Elemental composition of the catalyst surface determined by the XPS method

C o Ru
Catalyst
at.% wt.% at.% wt.% at% wt.%
3RS 92.4 85.4 6.8 8.4 0.8 6.2
3RS450 91.9 84.9 7.5 9.2 0.6 4.7
1RS450 92 85.0 7.6 9.4 0.4 3.1
Catalytic properties

The reaction conditions play a key role in influencing both the reaction rate and the selectivity of
the process. In most studies, the process of LA hydrogenation to GVL is carried out in the temperature
range 130-200°C and under hydrogen pressure of 0.5-4.5 MPa [16-20]. The reaction time reaches
24-40 hours [3, 18]. Harsher reaction conditions can lead to the subsequent hydrogenation of GVL to

2-methyltetrahydrofuran and 1,4-pentanediol [5, 18, 20], taking this into account, it is recommended
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to reduce the hydrogen pressure to 1.0-1.2 MPa, while maintaining a rather high process temperature
160-200°C. The obtained catalysts were tested under the same (model) reaction conditions (160°C,
1.2 MPa).

Influence of the solvent on the process

In order to study the effect of the solvent on the process of direct hydrogenation of LA to GVL, a
series of experiments was carried out; a sample with 3% ruthenium content on the original, unoxidized
support (No. 2, Table 1) was chosen to be the catalyst. The use of isopropanol as a solvent made it
possible to obtain a GVL yield of as high as 98 mol.%, with a complete conversion of the substrate. The
conversion of LA and the selectivity of the catalyst to GVL were noticeably lower in the water-ethanol
mixture (82 mol.% and 64%, respectively), the use of pure ethanol as a solvent led to a significant
decrease in the conversion of LA to 59 mol.%, as a result of which, the obtained yield of GVL was
only 44 mol.%, while using water as a solvent, it was possible to obtain the yield of GVL up to
92 mol.% (Table 3). The high yield of GVL in isopropanol (> 98 mol.%) can be explained by a slightly
higher solubility of hydrogen compared to ethanol (at 20°C, 101.325 kPa H,, the molar fractions are
2.26 + 10* and 2.00 « 10%, respectively [21]) and better hydrogen-donor properties of isopropyl alcohol
in comparison with other solvents [22]. The high yield of GVL in water (92 mol.%) will be discussed

in more detail in the “Study of the reaction kinetics” section.

Table 3. Influence of the solvent on the process of direct hydrogenation of LA to GVL*

No Solvent Fa®*, mol.% Sevi**, % Yovi**, mol.%
1 ) 100 98 98
i-PrOH
Dcksk 82 92 75
3 H,O 100 92 92
4 H,0:C,H;OH 82 64 52
5 C,H;0H 59 75 44

*Reaction conditions: 2.5 gL A, 0.125 gCat. (3RS), 1.2 MPa H,, 160°C, 195 min.
** Catalytic properties: y;4 — LA conversion, Sgy. — GVL selectivity, Ygyi. — GVL yield.
*** Fractional composition: 1.0 — 1.6 mm (grains).

Study of reaction kinetics

Reaction kinetics show (Fig. 4) that when using water as a solvent, the maximum GVL yield
(92 mol.%) was obtained in 45 minutes, while in isopropanol the maximum yield (92 mol.%) was
achieved only at 105 minutes, although the maximum conversion of LA, in isopropanol, was reached
faster than in water (by 15 and 75 minutes, respectively). This phenomenon can be explained by
several factors: water, as a solvent, has a promoting effect on the hydrogenation process when using a
ruthenium catalyst [17, 23, 24], and avoids formation of ethers (using alcohols as a solvent) as unwanted
by-products the formation of which reduces the rate of formation of GVL [17-19, 25]. The promoting
effect of water can be described as follows; on the one hand, coadsorbed water molecules, interacting
with adsorbed acid molecules, are capable of lowering the activation energy of the hydrogenation of

the carbonyl group [22]; on the other hand, water molecules adsorbed on the surface of ruthenium can
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Fig. 4. Kinetics comparison of LA to GVL direct hydrogenation in water and isopropanol

polarize and undergo dissociation, which leads to the formation of surface Ru -OH groups and H" ions,
which are involved in the protonation of the carbonyl group [26].

The study of the influence of the fractional composition on the reaction kinetics showed an
unambiguous advantage of the powder catalyst (fraction 56 — 94 um) over granular (fraction 1-1.5
mm). There is a decrease in both the GVL yield when using a granular catalyst within reaction time
(195 min) (from 92 to 89 mol.% for catalysts 3RS, 3RSg; from 83 to 78 mol.% for catalysts 3RS450,
3RS500g respectively) (Table 4), and reaction rate; for powder catalysts, the maximum yield is
achieved at 45 minutes, while for granular catalysts, the kinetic curves plateau of GVL formation are
not observed, which is evidently due to diffusion obstruction (Fig. 5).

The increase of the support acidity leads to the increase in the rate of GVL formation and to the
decrease in the selectivity of the process, while maintaining an invariably high conversion of LA (99-
100 mol.%) (Table 4, Fig. 5). The maximum selectivity of the process of direct hydrogenation of LA
to GVL in an aqueous medium (92%) is achieved using catalysts 3RS and 3RSg, which have weak
basic pH,,. values and minimal Ru dispersion (No. 1, 2; Table 4, Fig. 6). As an intermediate product,
when using Ru/C catalysts, y-hydroxyvaleric acid (GHV)/GHYV esters [25] are predominantly formed,

but in some cases, for example when using dendrimer support, the main intermediate product may be

Table 4. The influence of support acidity and Ru dispersion on LA to GVL direct hydrogenation in water*

%o | Coy | gt | D |Topee | A | Ve g
1 3RS 8.01 0.88 1533 100 92 159
2 3RSg 8.05 0.77 1188 100 89 15.3
3 3RS450 6.89 0.94 2139 100 83 14.3
4 1RS450 6.06 1.03 5503 100 79 13.6
5 3RS500¢g 6.44 0.85 1229 99 78 13.5

*Reaction conditions: 2.5 gLA, 0.125 gCat., 1.2 MPa H,, H,0 50 ml, 160°C, 195 min **pH,,. — pH of the point of zero charge.
***Dp, — dispersion of ruthenium.

****Catalytic properties: TOF — Turnover frequency, y 4 — LA conversion, Yy — GVL yield, Pgyr — GVL productivity
(gGVL/gCat.).
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Fig. 5. Kinetic curves of GVL formation in the process of direct hydrogenation of LA for catalysts series
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Fig. 6. The influence of catalyst pH,,. and Ru dispersion on GVL selectivity

angelica lactone [24] (Fig. 1). In our case, angelica lactone was not detected in the reaction mixture.
And the acceleration of the reaction as the acidity of the catalyst increases indirectly confirms the
formation of GHV/GHYV esters as an intermediate product [12]. An increase in the support acidity is
presumably capable of accelerating the reaction both at the stage of hydrogenation of the keto group of
LA and LAE and at the stage of subsequent intramolecular lactonization, when GHV/GHYV esters lose
a water/alcohol molecule and form a cycle (Fig. 1) [12].

Reducing the content of ruthenium in the catalyst with 3 wt.% up to 1 wt.% (samples 3RS450 and
1RS450, respectively) led to a decrease in the GVL yield from 83 to 79 mol.%, while maintaining full
LA conversion. (No. 3, 4; Table 4)

Catalyst activity

For catalysts based on ruthenium, for example, Ru/C or Ru/Al,0;, from previous works devoted to
the process of direct hydrogenation of LA to GVL, TOF values vary in the range 200 — 3322 h'! [18, 20,
24]. For the series of catalysts presented in this work, TOF values vary in the range 1229-5503 h™'. The
TOF values increase as the acidity of the catalysts increases; for powder catalysts 3RS and 3RS450,
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TOF values are 1533 h™! and 2139 h!, respectively, for granular 3RSg and 3RS500g 1188 h' and 1229 h!,
respectively. Such an increase in TOF values is associated with an increase in the reaction rate, which
is characteristic of more acidic catalysts (see the section “the study of the reaction kinetics”). Catalyst
containing 1 wt.% Ru is characterized by the maximum TOF value (5503 h™'), which is not surprising,
since the decrease in the Ru content from 3 to 1 wt.% led to the insignificant decrease in the GVL yield
by 4 mol.%, while maintaining a complete conversion of LA and reaching the maximum GVL yield
(79 mol.%) within 75 minutes.

Catalyst productivity

From the point of view of industrial application of the catalyst, the amount of the formed target
product (GVL productivity) is no less important parameter than the molar yield of the product [11].
For ruthenium catalysts, such as Ru/C, Ru/TiO,, Ru/MCM-41, known from previous works devoted to
the process of direct hydrogenation of LA to GVL using water as a solvent, the productivity values of
GVL vary in the range 0.5-9.8 gGVL/gCat. [27, 28]. The series of catalysts presented in this work are
characterized by productivity values of 13.5 — 15.9 gGVL/gCat. The highest productivity due to their
maximum selectivity to GVL is demostrated by the 3RS and 3RSg catalysts prepared using unoxidized
CM Sibunit-4; the productivity values are 15.9 and 15.3 gGVL/gCat., respectively (Table 4, Fig. 7).

As the acidity of the support increases, the productivity decreases by 1.6 gGVL/gCat. for powder
catalysts (3RS and 3RS450, respectively) and for 1.8 gGVL/gCat. for granular (3RSg and 3RS500g,
respectively) (Table 4, Fig. 7).

Reusability tests of catalysts

For reusability tests, the catalyst providing the highest GVL yield in aqueous medium (3RS,
92 mol.%) was selected. The recycling procedure was performed according to the standard experimental
procedure [16]. After synthesis, the catalyst was removed from the reaction mixture by filtration,
washed with distilled water, dried and used in subsequent tests. A total of 3 cycles were performed.
It was found that a 3% Ru catalyst based on CM Sibunit-4 (3RS) is stable and retains a high catalytic
activity without a noticeable loss in both the LA conversion and selectivity to GVL after 3 cycles at
160°C, 1.2 MPa. H, and 195 min in the water (Fig. 8).

17

gGVL/gCat.

Catalyst

Fig. 7. Comparison of catalyst series productivity



Journal of Siberian Federal University. Chemistry 2021 14(1): 5-20

I LA conversion, mol.%
I GVL selectivity, mol.%
100+
© 754
3
€ B0
25-
0-
1
Cycle
Fig. 8. Reusability tests of 3RS catalyst
Conclusion

Ruthenium catalysts based on carbon material (CM) Sibunit-4 were synthesized, characterized
and tested in the reaction of direct hydrogenation of levulinic acid (LA) to y-valerolactone (GVL). It
was found, that the choice of the solvent and support acidity have a noticeable effect on the process of
direct hydrogenation of LA to GVL. Water as a solvent has a promoting effect when using ruthenium
catalysts. An increase in the acidity of the catalyst caused by an increase in the temperature of the
oxidative treatment of the carbon support, results in the increase in the concentration of surface acid
groups, which leads to the increase in the reaction rate and to the decrease in the yield of GVL,
due to the decrease in the selectivity of the process, while maintaining invariably high values of LA
conversion (> 99 mol.%). The maximum selectivity of the process of direct hydrogenation of LA to
GVL in an aqueous medium is achieved using catalysts with weak basic pH,,. values.

The activity of Ru-containing catalysts prepared using Sibunit-4 carbon material as a support
is comparable to or exceeds the activity of the best Ru-containing catalysts studied in the reaction of
direct hydrogenation of LA to GVL. The maximum obtained GVL yield is 98 mol.%, the TOF values
of the prepared catalysts in direct hydrogenation of LA to GVL are 1229-5503 h''. The 3RS catalyst
has the highest productivity among known from the literature (over 15.9 gGVL/gCat.) and can be used
several times without noticeable loss of activity.

A catalyst with 3 wt.% ruthenium content, based on CM Sibunit-4 (3RS), can be proposed for the

development of industrial processes for the direct hydrogenation of levulinic acid to y-valerolactone.
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Annotanus. [IpoBeseHo uccnenoBaHne KHHETHYECKIX 0COOGHHOCTEH Mpoliecca MpeBpalieHus Ipoana
B ApOMAaTHYECKHUE YIIIEBOJOPOABI HA raJNIMICcCoAepIKalleM LIEOJUTHOM KaTanusaTtope. Ha ocHose
AKCTIIEPUMEHTAIBHO MOTYUYEHHBIX KHHETHUYECKUX 3aBUCUMOCTEH M MMEIOIINXCS JIUTEePATyPHBIX
JaHHBIX IPEAJIOKEHA KHHETHYECKast MOZIEIb apOMaTH3aLMH ITPOIIaHa, TI03BOJISIONast CHOPMUPOBATH
pasiinuHble BAPUAHTHI IPOTEKAHUSI XUMUYECKHUX PEaKIlnii, pacCunTaTh Hanboee BEPOSITHbIE MAPLIPYThI

MpeBpaIEHHs TPONaHa.
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Introduction

The conversion of light hydrocarbons into aromatic compounds is one of the most important
catalytic reactions, both from a scientific point of view and from the point of view of the industrial
implementation of this process. Aromatization of lower alkanes results in the formation of aromatic
hydrocarbons (predominantly benzene, toluene, and xylenes), which are valuable feedstocks for the
chemical and petrochemical industries. In addition, this reaction is of interest from the standpoint
of studying the mechanism of the conversion of hydrocarbons, since the reaction involves the
simultaneous participation of hydrocarbons of different classes in chemical transformations of
several types on catalytic active sites of different nature. The aromatization of low molecular
weight paraffinic hydrocarbons is a complex process that includes not only reactions aimed at
obtaining the target product, but also a number of undesirable side reactions. Therefore, the selective
carrying-out of the process of converting lower alkanes into aromatic hydrocarbons is possible
only in the presence of highly selective catalysts. The published results of studies of the process
of C,-C,4 hydrocarbons aromatization prove the efficiency of used bifunctional systems. They are
characterized by the presence of acid sites of the zeolite carrier and active metal-containing sites
formed when introducing of dehydrating promoters into the catalyst [1-6]. However, in most papers
devoted to the study of the mechanisms of reactions over high-silica zeolites, the kinetic data are
not fully presented, which is caused by certain difficulties arising from attempts to determine the

degree of influence of diffusion processes on the reaction rate [7-9]. For this purpose, appropriate
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investigations were carried out and the kinetic features of the propane aromatization process in the

presence of a metal-containing zeolite catalyst were established.

Experimental section

A galloaluminosilicate (molar ratio SiO,/Al,0; + Ga,05 = 40) containing 1.85 wt% of gallium
oxide was used as a catalyst for investigation of the kinetics of the propane conversion process. The
galloaluminosilicate was obtained in the course of hydrothermal synthesis by partial substitution
of aluminum with gallium in the initial alumino-silica gel. Hexamethylenediamine was used as a
structure-forming additive and water glass was used as a source of silicon in the course of synthesis.
Aqueous solutions of nitric acid salts of aluminum and gallium served as the sources of oxides of
aluminum and gallium. The synthesis of galloaluminosilicate was carried out in steel autoclaves
with Teflon inserts at a temperature of 175 °C for 4 days. After crystallization was complete, the
precipitate was filtered off, washed, dried, and calcined to remove organic impurities. The obtained
sample was characterized by a high degree of crystallinity, contained no impurities of side phases
and belonged to the ZSM-5 zeolite structural type. The zeolite was converted to the active H-form
by double decationation with a 25% aqueous solution of NH,4Cl followed by drying at 110 °C for 12 h
and calcination in air at 550 °C for 8 h.

Catalytic experiments were carried out using a bench-type flow-through unit at atmospheric
pressure, a reaction temperature of 550 °C, and a volumetric feed rate of 500-5000 h-!. The catalyst
in the amount of 0.5-5.0 cm? was placed in a reactor and heated in a stream of nitrogen gas to the
reaction temperature, then the nitrogen supply to the reactor was stopped and propane was passed
through (purity 99.95 vol%). The duration of the experiment was set according to the conditions
of the process. The reaction products were analyzed by GLC using a Khromatek-Kristall 5000.2
chromatograph. To determine the composition of the liquid phase, a BP-1 PONA capillary column
(100 m x 0.25 mm x 0.5 um) was used, while the composition of the gas phase was analyzed using a
capillary GS-Gas-Pro (60 m x 0.32 mm) and a packed Carbosieve S-II (4 mx 2 mm) columns. To assess
the catalytic activity of the sample, the degree of conversion of propane was determined, and the yield

and selectivity of the formation of gaseous and liquid reaction products were also calculated.

Results and Discussion

For the purpose of experimental study and quantitative description of the process, it is important
to establish the region where the reaction proceeds, since this determines the form of the kinetic
equations describing it.

During heterogeneous catalytic processes, the reaction may proceed within following four regions:

— region of external diffusion. The rate of the process as a whole is determined by the rate
of diffusion of reagents from the flow core to the outer surface of the catalyst grain or diffusion of
products from the outer surface of the catalyst particle to the flow core of the reaction mixture;

— region of intradiffusion, when the rate is limited by the diffusion of reagents from the
flow from the outer surface of the catalyst grain to its inner surface (or vice versa for the reaction
products);

— region of external kinetics, when the rate of the process is limited by the chemical reaction

itself on the outer surface of the catalyst grain;
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region of intrakinetics, when the rate of the process is determined by the rate of the chemical
reaction, that takes place on the inner surface of the catalyst grain. This is possible if the chemical
reaction is slower than both external and internal diffusion.

Usually, the experimental conditions for the study of the catalytic properties of contacts are
chosen in such a way that the transport processes would not be limiting, that is, the rate of the entire
process would be determined only by the rate of the chemical reaction.

In this regard, at first, a series of experiments was carried out, when the height of the catalyst bed
was varied and thus, the volumetric flow of the reaction mass was also changed in order to keep the

conditioned contact time T, constant according to the equation
T = VC/W()

where 1, is the conditional contact time, s; V. is the catalyst volume, m3; and Wy is the volumetric flow
rate of the reaction mass, m?/s.

The change or constancy of the main indicators of the aromatization process in such experiments
suggests the presence or absence of external diffusion inhibition.

It is evident from the data shown in Fig. 1 that with an increase in the propane flow rate, the
yield in aromatic hydrocarbons (ArH) increases to a certain level and then upon reaching this level it
practically does not change with an increase in the feed rate. This indicates the progress of the process
at low values of the propane flow rate (from 8.3 to 41.5 ml/min) in the external diffusion region, while
with its further increase, the process passes into the kinetic region. Therefore, in subsequent studies,
the propane feed rate was selected in such a way as to remove external diffusion inhibition and to
conduct the process in the kinetic region.

It is known [10] that when the rate of a chemical reaction is limited on the entire surface of the

catalyst (intrakinetic region), the diffusion rate does not play a role, hence. the results of the process
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Fig. 1. Dependence of the conversion of propane (1), the yield of benzene-toluene-xylene fraction (BTX) (2),
aromatic hydrocarbons of the Cg. composition (3), and the total amount of aromatic hydrocarbons (4) on the
propane consumption (contact time 3.60 sec)
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will not depend on the catalyst grain size. On the contrary, in the case of external or internal diffusion
regions, the grain size plays an important role, because the diffusion rate per unit of catalyst mass
depends on the size of the outer surface, which determines the diffusion into the pores. Thus, judging
by the changes in the degree of conversion in the course of a series of experiments in presence of a
catalyst with different grain sizes, it is possible to distinguish the kinetic and diffusion regions and also
to ascertain the catalyst grain size required to achieve the kinetic region of the process. Experiments
to study the effect of the catalyst grain size on the main parameters of the propane conversion process
were carried out at a contact time of 2.88 sec. The performed investigations have shown that when
the process was carried out in the kinetic region, the yield in aromatic hydrocarbons was practically
independent of the catalyst grain size (Fig. 2). Consequently, in this region active centers located both
on the outer and inner surfaces of the catalyst operated. Since the inner surface of the zeolite prevailed
over its outer surface, the process rate was not depended on the catalyst grain size.

In the presence of galloaluminosilicate, propane began to transform at a temperature of 400 °C,
while at 500 °C and above, the target products were formed, which were aromatic compounds consisted
mainly of benzene, toluene, and xylenes. Naphthalene, alkylnaphthalenes, and Cy. alkylbenzenes were
also formed in small amounts. By-products were represented by gaseous hydrocarbons — methane and
ethane. Hydrogen and C,-C, olefins were also present in small amounts. Therefore, to construct the
kinetic curves, catalytic tests were carried out at process temperatures of 500, 550, and 600 °C and
various contact times.

Table 1 shows the results of kinetic studies obtained in the process of propane aromatization on
galloaluminosilicate at different contact times and a reaction temperature of 550 °C. It is seen that
with increasing contact time, the degree of propane conversion and the selectivity of the formation of
aromatic hydrocarbons increase. A decrease in the amount of alkanes and an increase in the amount
of hydrogen are observed in the composition of gaseous products, while the concentration of alkenes

passes through a maximum (Fig. 3a). The presence of methane and ethane in the products of propane
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Fig. 2. Dependence of the propane conversion (1) and the ArH yield (2) on the catalyst grain size (contact time
2.88 sec)
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during the conversion of propane over the galloaluminosilicate on the contact time (T = 550 °C)

aromatization suggests that the activation process of the initial alkane proceeds at the active sites
of the galloaluminosilicate through the formation of radical cations, which further decompose to
form alkene and hydrogen, or alkene and alkane with a shorter chain length. The formed alkenes
undergo oligomerization, which is confirmed by the presence of a small amount of C,4-Cg alkenes in
the conversion products. A significant increase in the hydrogen concentration in the gas phase with
an increase in the contact time confirms the high rate of the propane dehydrogenation reaction and
the dehydrocyclization of the formed olefins over the galloaluminosilicate catalyst. This is in good
agreement with the generally accepted scheme of saturated hydrocarbon aromatization, according
to which the primary reactions are the dehydrogenation and cracking of paraffins, while the resulted
olefins participate in secondary transformations leading to the formation of aromatic hydrocarbons [1].

Aromatic hydrocarbons were the target product of the conversion of propane to galloaluminosilicate.
Studies have shown that the concentration of monoaromatic hydrocarbons (benzene and toluene) in the
contact time interval from 0.60 to 3.60 s has increased 3-4 times, while their yield has not practically
changed with a subsequent increase in the contact time (Fig. 3b, c). The content of alkylbenzenes
passed through a maximum, which suggested that they underwent various transformations during the
reaction (Table 1). With an increase in the contact time, the concentration of naphthalenes increased
monotonically over the whole investigated time interval (Fig. 3d). Consequently, naphthalene and its

homologues are not the primary reaction products, but they are formed from monocyclic aromatic
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Table 1. Composition of the products of propane conversion over galloaluminosilicate at different contact times
(T =550°C)

Yield of the products, wt% Contact times, s
0.60 | 072 | 1.20 | 1.44 | 2.40 | 2.88 | 3.60 | 4.80 | 7.20
Gaseous products
Hydrogen 1.8 2.3 2.7 2.8 2.9 3.0 3.4 3.8 5.0
Methane 5.6 7.1 9.1 10.4 13.6 16.8 20.7 21.2 23.6
Ethane 2.6 34 43 5.0 6.7 7.9 9.6 10.6 11.6
C5-C, alkanes 71.1 64.5 534 48.9 38.2 28.6 16.1 12.9 6.5
C,-C,alkenes 6.8 77 9.4 9.0 73 6.2 5.5 5.3 3.1
Liquid products
Benzene 4.0 4.9 6.7 7.8 10.5 12.9 16.9 18.0 19.7
Toluene 5.0 6.3 8.3 9.5 11.8 13.6 14.9 15.0 14.9
Alkylbenzenes 2.0 2.5 4.1 44 5.2 5.9 5.2 4.7 3.9
Naphthalene 0.3 0.4 0.6 0.9 1.3 1.9 34 37 6.3
Alkylnaphthalenes 0.8 0.9 1.4 1.3 24 3.2 4.3 4.8 54
Conversion of propane 34 40 48 52 63 76 84 88 94
Selectivity towards ArH 35.6 37.5 43.8 45.8 49.3 49.5 52.9 53.6 53.5

hydrocarbons as a result of side condensation reactions, which proceed more intensively at low
volumetric rates of flow or long contact times.

Based on the analysis of the mechanism of the aromatization process, the experimentally obtained
kinetic dependences, and the available literature data, it is possible to form various variants of chemical

reaction proceeding, on the basis of which a kinetic model could then be built:
C,H,—— C,H+ H,(propylene)
C,H,——CH, +C,H (ethylene)
C,H,+C,H,——C,H + C,H (propylene)
2C,H,——> C,Hy +5H,(benzene)
2C,H, <> C,H +3H,(benzene)
CH,+C,H, +C,H,——>C,H;+6H,(benzene)
2C,H,——> C,H , + C,H,(ethylene + butenes)
CH,+2C,H,——>C,H,CH, + 6 H,(toluene)
C,H,+C,H,——C,H,CH, +3H,(toluene)
CH,+3C,H,—— C, H; +10H, (naphthalen e)
CH,+C,H,——C, H, +3H,(naphthalene)

C,Hy+C,H,——C\(H, +3H,(naphthalene)
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GH, +C,H,——C,,H; +3H,(naphthalene)
2C,H,——>C, Hy + C,H ,(naphthalene)
C,Hy+C,H,——C, |H,,+3H,(methyl naphthalenes)
GH,,+CH,——C| H,,+3H,(methylnaphthalenes)
CH,,+C,H,——C, H,,+3H,(methylnaphthalenes)
CHy+C,H,——C,H,, + H,(ethyl naphthalenes)
C \H,,+CH,——C,,H +H,(dimethylnaphthalenes)
C,H,+H,——>CH, +C H (benzene)
CH,,+H,——CH, +C,H(toluene)

C,H,,+ H,——CH, + C,H, (naphthalene)
2C,H,—— C,H , + C,H,(ethylene + butenes)
2C,H,——C,H +C,H, (ethane + butene)

2C,Hy,——> CH + C,H, (benzene + xylene)

Conclusion

Based on the experimental kinetic data, it can be assumed that the most probable route for the
conversion of propane to aromatic hydrocarbons over a gallium-containing zeolite catalyst is as follows:
propane — C, — C; olefins — C¢ — Cy, olefins — arenes. In addition to the main direction, the propane
aromatization process is characterized by a number of sequential and parallel reactions leading to the
formation of a relatively large amount of by-products such as gases and coke.

As can be seen from the above set of reactions and the suggested scheme, aromatic hydrocarbons
can be formed not only due to the sequential abstraction of the hydride ion from molecules of higher
molecular weight olefins (with at least six carbon atoms), but also through the direct interaction of two
allylic structures with simultaneous elimination of the molecule of hydrogen. This way of formation
of aromatic structures does not require the obligatory simultaneous formation of alkanes; therefore, in
the case of modified zeolites, the yield in aromatic hydrocarbons is not limited by the stoichiometric
ratio (one molecule of aromatic hydrocarbons plus three molecules of alkane). Obviously, this explains
the higher yield in products of aromatization of low-molecular-weight paraffins over metal-containing

ZSM-5 zeolites as compared to unmodified samples.
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Abstract. To enhance oil recovery of high-viscosity oil deposits in the temperature range of 20-
210 °C, a multifunctional composition with adjustable viscosity and high oil-displacing ability has
been developed based on surfactants, aluminum and ammonium salts, an adduct of inorganic acid,
carbamide and polyol. High buffer capacity of the composition in a wide pH range, 2.5-10 units pH, is
provided by a complex of buffer systems: in the acidic range of pH, 2.5-4.0, the system “polyolboric
acid and its salt”, in the alkaline range of pH — anammonia-borate buffer system. The composition
has a low interfacial tension, a prolonged reaction with carbonate rocks, prevents the precipitation of
insoluble reaction products, and increases the permeability of reservoirs. The composition is both oil-
displacing and flow-diverting, it provides an enhance in the oil recovery factor, both due to the increase

in the displacement factor and the the reservoir sweep by waterflooding or thermal steam stimulation.

Keywords: high-viscosity oil, enhanced oil recovery, physicochemical technologies, surfactant

compositions, buffer systems, polyol, rheology, sols.
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MHoropyHKIuOHaJIbHAs KOMIO3MIUs Ha ocHOBe IIAB
U KOMILTeKca Oy(depHbIX cuCTEM
JIS yBeJIMYeHHUs He(pTeoTaauM 3a1eKen

BbICOKOBSI3KMX HedTel

JI.K. Antynunna, B. A. KyBminHoB,
N.B. KyBmnHos, JI. A. CtacbeBa
Hnemumym xumuu nepmu CO PAH
Poccuiickaa ®eoepayus, Tomck

AnHoTtanms. J{ns yBennyeHus HeTeoTnaun 3anexkeil BBICOKOBI3KUX Hedreil B 00nacTu Temneparyp
20-210 °C co3nana MHOTO(GYHKIIHOHAIbHASI KOMITO3ULIUS C PETYINPYEMOH BA3KOCTHIO M BHICOKOH
He(TEBBITECHSIIOIICH CITOCOOHOCThIO Ha ocHOBE [TAB, coseit allfOMUHKS ¥ AaMMOHHUS, afyKTa
HEOpPraHMYEeCKOH KUCIOTHI, KapOaMua u rnoiunosia. Beicokas OydepHas eMKOCTh KOMIIO3ULIHHT
B mMpokoM nuanaszone pH, 2.5-10 en. pH oOecnieunBaercs: koMmmiiekcoM Oy(hepHBbIX CHCTEM:
B Kucioi oomactu pH, 2.5-4.0 exn. pH, cuctemoii «mmonnobopHast KUCIOTA B €€ COJbY, B IEIOTHON
obnactu pH — amMmuauHo-60paTHOi OydepHoit cucTemoit. KoMmosuius nMeeT HU3Koe Mex(asHoe
HaTsDKEHHE, IPOJIOHTUPOBAHHYIO PEaKIHIO C KapOOHATHBIMHU ITIOPOIAMH, TIPEOTBpaIiacT 00pa3oBaHNe
HEPaCTBOPUMBIX MPOAYKTOB PEaKLMU, YBEINUYNUBAET MPOHUIIAEMOCTH MJIACTOB-KOJIJIEKTOPOB.
Kommnosunus sBnsercs: 1 He(hTeBBITECHSIOMIEH, U TOTOKOOTKJIOHSIOIIEH, 00ecIiednBaeT yBeJIndeHne
ko3 Punnenra uspneuenns nepru (KMH) 3a cuer kak npupocra ko3dpduuneHTa BHITEeCHEHH S, TAK

1 OXBaTa IJ1aCTa 3aBOAHCHUEM UJIU MMAPOTCIIIOBBIM BOBﬂeﬁCTBHCM.

KiroueBbie c10Ba: BEICOKOBSI3KAS HC(i)TL, YBCIIMYCHHUC HC(bTCOTI[a‘II/I, (i)I/IBI/IKO-XI/IMI/I‘lCCKI/IC TEXHOJIOI'UH,

komrio3unuu [TAB, OydepHbie cucTeMbl, OJINOI, PEOJIOTHs, 30JIH.

Iutuposanue: Anrynusna, JI. K. MHorodyHskunonansHas komnosunus Ha ocHoe [TAB n komiiekca 6ydepHbIX cuctem
JUTSL yBeTHUeHUS He(pTeoTaaun 3anexeit Bricokops3kux Hedreit / JI. K. Anrynuna, B. A. Kysmuuos, U. B. Kysmunos,
JI.A. CraceeBa // XKypn. Cu6. denep. yu-ta. Xumus, 2021, 14(1). C. 30-37. DOI: 10.17516/1998-2836—0213

Introduction

The share of heavy, high-viscosity oils in oil production is steadily increasing and they are
currently regarded as the main reserve of world oil production. For their effective development and
further increase in production, it seems promising to use large-scale new integrated technologies for
enhanced oil recovery, combining the basic treatment of the reservoir by water or steam injection
with physicochemical methods that increase the reservoir coverage and oil displacement ratio with
simultaneous development intensification [1—4].

To increase the oil recovery of high-viscosity oil deposits, there is a promising tendency to create
the most autonomous systems for enhancing oil recovery based on the use of «smart» compositions of

chemical reagents that are unpretentious to the climatic conditions of transportation and storage, do
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not require additional preparation for use in the field and are capable of maintaining high oil-displacing
activity for a long time after injection into the reservoir, as well as to increase the degree of reservoir
coverage by waterflooding or other active treatments [5-9].

At the Institute of Petroleum Chemistry, Siberian Branch of the Russian Academy of Sciences
(IPC SB RAS), this trend is implemented through the development of physicochemical methods based
on the creation of gel-forming and oil-displacing «smart» compositions that generate thermotropic
inorganic and polymer gels and sols with adjustable viscosity and density, as well as oil-displacing
liquids directly in the reservoir, based on surfactants with adjustable viscosity and alkalinity for
injection into oil reservoirs in order to enhance oil recovery, reduce water cut of production wells
and intensify oil production in difficult operating conditions, including for high-viscosity oil fields
developed with and without thermal methods [9—-12].

At the Permian-Carboniferous high-viscosity oil reservoir of the Usinsk oilfield, Ltd. LUKOIL-
Komi jointly with the IPC SB RAS, Ltd. LUKOIL-Engineering and Ltd. OSK, since 2002, have been
conducting field tests of integrated technologies for thermal steam and physicochemical treatment
in order to increase oil recovery, and industrial use of the developed technologies, as well as «cold»
physical and chemical technologies for enhanced oil recovery and intensification of heavy oil production
under natural conditions, without thermal effects using «smart» compositions [12—16].

This paper presents the results of laboratory studies and field tests of acid and alkaline oil-displacing
compositions based on surfactants and buffer systems to increase oil recovery of high-viscosity oil
deposits under natural development and under thermal steam treatment, as well as laboratory studies
of physicochemical, acid-base and rheological properties in the system «surfactant — polybasic acid —
carbamide — polyol — aluminum salt — ammonium salt — water», which made it possible to create a

multifunctional composition with adjustable viscosity and high oil-displacing ability.

Acid and alkaline compositions based

on surfactants and buffer systems

Within the framework of a unified theoretical approach, acid and alkaline oil-displacing
compositions based on surfactants and buffer systems have been created — an acidic composition
named GBK and an alkaline composition named NINKA-Z.

The GBK composition based on surfactants, adduct of an inorganic acid and a polyhydric alcohol
[9, 13, 15] has a high buffer capacity in the acidic pH range, 2—4 units pH, compatible with saline
formation waters, has a low freezing point (minus 20 + minus 60 °C), low interfacial tension at the
boundary with oil, is applicable over a wide temperature range, from 10 to 200 °C, is most effective
in carbonate reservoirs due to prolonged action on the rock. As a result of the GBK composition
interaction with the carbonate reservoir, CO, is released, which dissolves in oil and reduces its viscosity
by 1.2-2.7 times, this contributes to an increase in the degree of oil recovery. The composition showed
high efficiency in field tests on the Permian-Carboniferous heavy oil reservoir of the Usinsk oilfield
(Fig. 1A), and was recommended for industrial use to improve oil recovery and enhance oil production
by increasing the permeability of reservoir rocks and the productivity of producing wells.

Composition NINKA-Z is a thickened oil-displacing composition based on surfactants,
ammonium and aluminum salts and carbamide, which, as a result of chemical evolution in the reservoir,

simultaneously becomes a flow-diverting and oil-displacing nanostructured system [9, 13, 14]. In the
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Fig. 1. Results of field tests on the Permian-Carboniferous deposit of the Usinskoilfield: A — acid composition
GBK, the average value of monthly oil rates for producing wells for a period of 19 months, before and after
processing; b — an increase in oil production rates and a decrease in water cut before and after injection of the
NINKA-Z composition in 20142015 in steam injection wells

reservoir under high temperature condition, the composition forms CO,, an alkaline ammonia buffer
system with a maximum buffer capacity in the alkaline pH range, 8 + 10.5 units pH, and aluminum
hydroxide sol. As a result, the reservoir coverage and oil recovery factors increase. In 2014-2015
field tests of the NINKA-Z composition were successfully carried out at the site of the continuous
steam injection at the Permian-Carboniferous deposit of the Usinsk field (Fig. 1b). The composition
was injected into 7 steam injection wells in an area with 75 production wells. Injection volume was
80-110 m? per well. The total effect on the site was 70 thousand tons of extra produced oil. The

composition was recommended for application at industrial scale.

Multifunctional composition based
on surfactants and complex buffer systems

In the development of these works, as a result of experimental studies, a multifunctional
composition (MFC) was created based on the system «surfactant — polybasic acid — carbamide —
polyol — aluminum salt — ammonium salt — water» with adjustable viscosity and high oil-displacing
ability in the temperature range of 20-210 °C. Boric acid was used as the polybasic acid, and
glycerol was used as the polyol. The composition has a high buffer capacity in a wide pH range,
2.5 + 10.5 units pH, which is provided by a complex of buffer systems: in the acidic pH range,
2.5 +4.0, a buffer system formed by polyolboric acid and its salt works, in the alkaline pH range — an
ammonia-borate buffer system. MFC has a low interfacial tension and a low freezing point (minus
20 + minus 50 °C), a prolonged reaction with carbonate rocks, is compatible with saline formation
waters, prevents the precipitation of insoluble reaction products, and increases the permeability of
reservoirs. Three MFC compositions were identified as the base ones: MFC-1, MFC-2 and MFC-3.
MFK-2 contains an increased amount of polyol and is recommended for low reservoir temperatures,
MFK-3 — an increased amount of carbamide and is recommended for high temperatures, MFK-1 is
the universal (basic) one.

At low temperatures, 20-70 °C, MFC is acidic, similar to the GBK composition, but more

effective, since it has a lower pH value due to the influence of the Al salt. High buffering capacity in
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the acidic pH range, Fig. 2, and adjustable viscosity are provided by the presence of complexes of the
polyol and Al salt with polybasic acid ions, in particular, borate ions.

In the temperature range of 70 °C and above, where the viscosity of the polyol decreases, the
controlled viscosity of the composition and a high buffer capacity in the alkaline pH range are provided
by a different mechanism. Carbamide, which is part of the composition, hydrolyzes under thermal
condition to form CO,, which dissolves in oil and reduces its viscosity, and ammonia NH;, which with
polyolboric acid and ammonium salt gives an alkaline borate-ammonium buffer system, Fig. 2, optimal
for oil displacement purposes. This provides maximum oil displacement and minimum adsorption of
surfactants on the formation rock.

An increase in pH also causes hydrolysis of the aluminum salt with the generation of an Al
hydroxide sol, as in the thickened NINKA-Z composition, while the viscosity of the MFC will
increase by 1-2 orders of magnitude, but the composition remains mobile. The viscosity of the
composition is controlled by the concentration of the Al salt. An increase in the viscosity of the
MFC leads to an increase in the sweep of the reservoir by thermal treatment, the connection to
production of low-permeability interlayers, a decrease in the viscosity of oil and its additional
washing.

The study of the rheological properties of MFC before and after thermostating at various
temperatures was carried out by the method of rotational viscometry using a rotational viscometer
Rheometer HAAKE Viscotester iQ (measuring system of CC25 DIN / Ti coaxial cylinders). The
required amount of the composition or sol (gel) obtained after thermostating at temperatures of 90 and
150 °C was placed in the cell of the theometer. Then, at a temperature of 20 °C and various shear rates
from 1 to 1200 s”!, the rheological curves of the composition flow were obtained and the values of the
viscosities before and after thermostating were determined, Fig. 3.

As can be seen from the figure, before thermostating, the compositions are classical Newtonian
liquids, after the formation of a sol (gel) at a temperature of 90—150 °C, they become either pseudoplastic
or visco-plastic liquids, with an increase in viscosity from 3.7-47.6 to 132.4-344.3 mPa - s.

It has been experimentally established that after thermostating oil at 90-250 °C with the composition,

its pour point decreases by 11-16 degrees and the oil viscosity decreases by 2—5 times, Fig. 4.
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Fig. 2. Dependence of the buffer capacity of the MFC compositions on pH before and after thermostating at 90 °C
for 24 hours
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Fig. 4. Temperature dependences of the viscosity of oil from the Usinsk oilfield before and after thermostating at
90-250 °C with water and MFC (vibrational viscometry method)

A series of experiments on studying the filtration characteristics of heterogeneous reservoir
models and assessing the oil-displacing capacity of the MFC for the conditions of the Permian-
Carboniferous reservoir of the Usinsk field at 20-210 °C showed that there is an equalization of
filtration flows and an increase in the oil displacement coefficient (5.4—43.4 %), which depends on

the ratio of permeabilities models and the size of the composition slug.

Conclusions

A multifunctional MFC composition based on surfactants, aluminum and ammonium salts,
adduct of inorganic acid, carbamide and polyol with adjustable viscosity and high oil-displacing
ability in the temperature range of 20-210 °C has been created. The composition is both oil-
displacing and flow-diverting, provides an increase in oil recovery factor due to an increase in
displacement coefficients and formation sweep by waterflooding or steam injection. It is planned
to carry out pilot tests to increase the oil recovery factor by combination of the MFC with hot

water injection for the conditions of the Permian-Carboniferous reservoir of the Usinsk field.
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The composition includes environmentally friendly industrial products available on the Russian

market.
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Abstract. The influence of rubbers, trans-polynorbornene, polyisobutylene P-200 and sevilene on
vulcanization characteristics, physical-mechanical and dynamic properties of rubber used for the
manufacture of products in contact with sea water has been investigated. It has been established that
the developed rubber with a sulfur vulcanizing system based on rubbers SKMS-30ARK, SKN-4065
and BK-1675 with additives of trans-polynorbornene and sevilene 11808-340 has improved physical

and mechanical characteristics, resistance to sea water and increased dynamic properties.
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HccaenoBanue THHAMHYECKHUX CBOMCTB CTOMKOM

K MOPCKOM BOJIe pe3HHbI
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¢Cubupckutl 20Cy0apCcmeeHHblil YHugepcumem HayKu

u mexuonoautl um. ax. M. @. Pewwemnesa

Poccuiickaa ®edepayus, Kpacnospck

AHHOTanms. VccienoBaHo BIMSHUC Kay4dyKOB, TPAHC-TIOJUHOPOOpHEeHA, monu300yTuiacHa 11-200
W COBUJICHA HAa BYJIKAHU3AIIHOHHBIC XapaKTEPUCTUKH, (PU3UKO-MEXaHUUCCKHEC U TUHAMHYCCKUE
CBOMCTBA PE3UHBI, UCIIOIb3YEMOM ISl U3TOTOBIEHUSI U3EIIUM, KOHTAKTUPYIOLIUX C MOPCKOM BOAOH.
YcTaHOBIICHO, 9TO pa3paboTaHHas pe3WHA C CEPHOU BYIKAHU3YIOIICH CHCTEMOH Ha OCHOBE KayYyKOB
CKMC-30APK, CKH-4065 u BK-1675 ¢ nobaBkamu TpaHc-moinHOpOOpHEeHa u caBrieHa 11808-340
o0lrafaeT yIydqIIeHHBIMU (PH3UKO-MEXaHUUYCCKUMU MTOKA3aTeIsIMH, CTOHKOCTBIO K BO3JICHCTBUIO

MOpCKOfI BOJIbI U ITIOBBINICHHBIMU JTUHAMUYCCKHUMH CBOWMCTBaMH.

KuroueBble ci10Ba: pe3nHa, Kay4yKH, TpaHC-TIOJIMHOPOOPHEH, OJUN300y THIICH, COBUIICH, (PU3UKO-
MEXaHHYECKHE U JUHAMHYECKHE CBOUCTBA, CTOMKOCTh, MOPCKasl BOJA, TAHI'CHC yIIa MEXaHUYEeCKUX

MOTepb, MOIYJIb YIIPYTOCTH.

Huruposanue: Eropos, E. H. UcciaenoBanune TuHaMHUYeCKUX CBOICTB CTOIKOI kK Mopckoit Boxe pe3uns! / E. H. Eropos,
H.®. Yuvapun, C. 1. Canpanos, H. 1. Konsnos B. [I. Boponuuxus / Kypu. Cub. dpenep. yu-ra. Xumns, 2021, 14(1). C. 38-
44.DOI: 10.17516/1998-2836-0214

B Hacrosmee BpeMst 111 M3TOTOBJICHUS PE3MHOTEXHUUSCKUX U3 sl He(DTeHATUBHBIX
TaHKEPOB, ra30He(PTEJ0ObIBAIONINX IIAT()OPM, IKCIUTYaTUPYEMbIX B YCIOBUSIX BO3/ICHCTBUS MOPCKOM
BOJIBI, IPUMCHSIOTCS PE3NHOBBIC CMECH Ha OCHOBE Kay4yKOB OOIIEro W CIEIUaTbHOI'0 Ha3HAUCHU .
OJHaKo B CBSI3M C TIOBBIILICHUEM TPEOOBAHMI K U3/IENIUSIM, PAOOTAIOIIUM JJTUTEIBHOE BPEMsI B MOPCKOI
BOJIe, aKTyaJIbHA pa3pab0TKa PE3UH C yIYUYIICHHBIMHI (PHU3NKO-MEXaHHYECKUMH U JTUHAMHYECKIMHU
cBoiicTBaMHu. JlaHHBIE MaTepHalibl BHITIOJIHSIOT POJIb BUOPOU3OIISITOPOB U JAOJKHBI HMETh BBICOKHE
3HAUCHHSI TAHTCHCA yTIIa MEXaHUYECKUX MOTeph (tgd >0,3), xapaKTepu3yIONmero BeTHYNHY PACCCHBAHUS
sHepruu Budpauuu. OCHOBOM TaKUX PE3UH SIBIISIIOTCS KayuyKH OOLIEro U ClielIMaJbHOr0 Ha3HAYCHUSI.
J 15 yCHIIeHHS UX CBOMCTB TPEOYETCsl NCIONB30BATh CIICI[UANIbHBIC HHTPeAUCHTHI. OIUH U3 TaAKUX
UHIpeneHToB — TpaHc-noauHopoopueH (TIIHB), no3Bosnsitommii MoBHICUTH IMHAMHYECKHE CBO¥-
CTBa MOJUMEPOB U KOMIO3ULIMOHHBIX MaTepualioB [1-9], a Takke pe3nHOBBIX MOKPBHITUH HA OCHOBE
KOMOMHAIUK Oy TaIueH-HUTPUIBLHOT0, H30mpeHoBoro [10] u OyTaaHeH-METHICTHPOIBHOTO KaydyKa

[11]. Yy4meHHBIMHA IHHAMHYECKUMH CBOMCTBAMHM 00J1a/1al0T PE3UHbBI Ha OCHOBE Oy THiIKaydyka [12],
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nonunzo0ytuieHa [13] u coBuiena [14]. B cBsizu ¢ 9TUM B TaHHOM paboTe MpoBeieH Mo100p Kay1yKOB
u uzydeno BnusiHue TITHDB, nonnu3o0yTuiieHa 1 COBUIICHA JJIsl PE3UHBI, U3/ISJIUs U3 KOTOPOH KOHTAaK-
THPYIOT C MOPCKOI1 BOJIOM, C LI€JIbIO MOBBINICHUSI AMHAMHUYECKUX XapaKTEPUCTHK C COXPAHEHUEM ee

(1)I/IBI/IKO-M€X3HI/I‘IGCKI/IX CBOIICTB.

JKcnepuMeHTAIbHAS YacTh

Hccrenyemas pe3nHOBasi cMeCh Oblila aHAJIONOM PE3MHOBON cMecH, pa3padortanHoi B [11]. Oc-
HOBOM pPE3MHOBOW cMecH CiyKmil OyTaaueH-MeTuiacTupoibHblil kayuyk CKMC-30APK, Bynkanu-
3YIOIIMM arcHTOM SIBJISLIACh Cepa, YCKOPHTENIEM ByJKaHH3alud — 2,2'-1u0eH3THA30IUuCy b,
aKTHBAaTOPaMHM BYJIKAHM3AaLMX — O€IHIIa IMHKOBBIE, CTEAPUHOBAS KUCIOTA, IIPOTHBOCTAPUTEISIMHU —
aneronanni H, N-uzonponmi-N'-penun-napa-peHuIeHIMaMiuH, HAMOJIHUTEIIMH — TEXHUYCCKUN
yriepon Mapku I1 324, TOHKOMOJIOTBIA ITYHTUTOBBIM MOPOLIOK, MSTYUTEIEM — MACIIO UHAYCTPUATIb-
Hoe U-12A. Jlns BapbupoBaHus pru3NKO-MEeXaHUYECKHUX U JIMHAMUYECKUX CBOWCTB PE3MHBI B Pa3HbBIX
BaprHaHTaX PE3MHOBOM cMecH BBOMWINCH Kayuykn odmero (CKU-3) u cnennansaoro (CKH-4065,
BbK-1675) naznauenusi, TITHB, nonunzo0yTriieH Boicokomonekysipablii [1-200 u caBuien 11808-340.
TIIHB wucnions3oBanu B Bune Mopuduuupytomeid nodasku (MJI), KOTOPYO TOTOBHIIN IMyTEM CMe-
menust TIIHB ¢ macnom nanyctpuansaeiM M-12A npu cootnomennn 1,0:1,5. BapuanTsl pe3suHo-
BOW cMeCH M3roTaBIMBaIM Ha JabopaTopHbix Banbiax JIb 320 160/160 nmpu Temneparype 70—80 °C
B TedeHune 20 MuH. BynkaHU3alMOHHBIE XapaKTEPUCTUKU PE3MHOBONW CMECH HCCIIE0BAIN HA peoMe-
tpe MDR3000 Basic ¢pupmbr «Mon Tech» nipu 150 °C B teuenue 30 mun B coorBercTBum ¢ [OCT
12535—84. Pe3anHOBy10 cMech ByJkaHuzoBaiu mpu temmneparype 150 °C B Teuenune 20 MUH B BYJI-
kaHu3anuoHHoM npecce tuna P-V-100—3RT-2-PCD. [Ins nonydeHHBIX BYJIKaHU3aTOB ONPEEIISIIN:
ynpyro-npouHoctHbsle cBoiicTBa (I'OCT 270-75); tBepnocts (I'OCT 263-75); conmpoTuBneHue pas-
nupy (IF'OCT 262-79); n3mMeHeHHe Macchl ByJIKAHW3aTOB B MOPCKOH Bozie (8%-HbIH pacTBOP MOPCKOM
conm B Bozie) mpu temmepatype 23 °C B teuenue 30 cyt. (TOCT 9.030-74). lnnaMuueckue CBOWCTBA
(TaHTEHC yTIJIa MEXaHUYECKHUX NOTEPb U MOYJIb YIIPYTOCTH) BYJIKaHH3aTOB UCCIIEIOBAJIN HA JMHAMHU-
YeCKOM MexaHudeckoM aHanu3aTope Metravib VHF 104 nipu wactore 1000 'y u gedopmarruu 0,01 %
(I'OCT 23326-78).

Pesyabrarhl 1 UX 00cyKaeHHE

HccnenoBaHus pOBOMIIM JISI IISITH BApPUAHTOB pe3nHOBOW cMecH. [lepBbiii (0a30BbIii) BapuaHT
pe3uHOBOI cMecu roToBun Ha ocHoBe kayuyka CKMC-30APKc npumenenneM Macina HHIYCTpHAIb-
Horo M-12A. Bropoii BapuanT cmecu coaeprxkai 40,0 mac. u. M/I, kotopas Bkitouana 16,0 mac. u. TITHB
u 24,0 mac. 4. U-12A, 4TO COOTBETCTBOBAJIO €r0 COJIEPKAHUIO B IepBOM BapuaHTe. [lepBblil u BTopoit
BAapUAHTHI COIEPIKaN BYJIKAHU3YIONIYIO TPYIINY, KOTOpasi BKItovyaia cepy u 2,2-1ubeH3THa3oniu-
cynbhun. B TpeTuit, 4eTBEpTHIN U MATHIA BApHAHTHI PE3MHOBOW cMecH BBoauIach M/l B KormuecTBe
50,0 mac. 4. (20,0 mac. u. TITHB u 30,0 mac. u. I-12A). IIpudyeM B TpeTbeM U YEeTBEPTOM BapHAHTAX
npousBouiack yactuanas 3ameHa CKMC-30APK na 6yrannen-autpuisabiii CKH-4065 u n3onpe-
HOBbIIT CKH-3 kayuyKku COOTBETCTBEHHO. B 3THX BapmaHTaxX B Ka4eCTBE BYJIKAHHU3YIOIIEH CUCTEMBI
HCIIONIB30BAIH cepy, 2,2"-nubeH3tnazonaucynbdun 1 N-IHKIOreKCHII-2-0eH30THA30ICyIb(heHaMHU .
B natom Bapuante pesuHoBoit cmecu CKMC-30APK gactuuno 3amensncs Ha CKH-4065 u 6ytunka-

yayk BK-1675. [1pu 3TOM B BYJIKaHH3YIOIIYIO CHCTEMY BXOJIWIH cepa, 2,2"-TnOeH3THA30IIUCYIb(HT
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Tabnuia. BapuaHTsl 1 CBOWCTBA PE3MHOBOM CMECH U BYJIKAHU3aTOB

Table. Variants and properties of rubber mixture and vulcanizates

Bapuants! pe3uHoBOl cMecH

HHFPCHI/IGHT, moxasartceiib

1 2 3 4 5
CKMC-30APK, mac. . 100,0 100,0 40,0 40,0 35,0
CKH-4065, mac. 4. - - 30,0 30,0 45,0
CKMU-3, mac. 4. - - 30,0 30,0 -
BK-1675, mac. 4. - - - - 20,0
[onuuzo0yTunen [1-200, mac. 4. - - - 5,0 -
CoBuien 11808-340, mac. u. - - - - 5,0
MJI/TIIHB, mac. u. - 40,0/16,0 | 50,0/20,0 | 50,0/20,0 | 50,0/20,0
Macno unnyctpuanbioe U-12A, mac. u. 24,0 - - - -
Cepa, Mac. u. 2,5 2,5 2,5 2,5 2,5
2,2'-JInben3tuazonaucyabpu, mac. 4. 1,0 1,0 1,2 1,2 1,5
N-Iuknorekcun-2-6eH30THa30ICyIbGEHAMI, Mac. U. - - 0,8 1,0 -
I'yanug ®, mac. 4. - - - - 0,5

BynkanuzannoHHble XapaKTepUCTHKHU pe3nHOBOM cmecu nipu 150 °C
My, tH-m 16,19 12,38 13,69 15,07 17,86
My, ntH'm 2,07 1,86 2,23 2,45 2,52
t, MMH 3,02 3,61 4,12 4,21 4,57
f99, MHH 10,61 11,92 12,65 14,09 14,48
OU3NKO-MEXaHUUECKUE CBOMCTBA BYJIKAHU3ATOB (pexXuM BynkaHu3anuu 150 °Cx20 MuH)
fi00, MITa 5,1 2.8 3,1 3,8 4.0
Jp» MIla 14,5 11,0 11,7 12,8 13,4
€, % 350 360 330 350 360
H, en. lllop A 59 56 58 62 67
B, xH'm™! 41 32 34 35 38
W3meHeHMe CBONCTB ByJIKaHU3aTOB II0CIIE BO3AeHCTBUS MOpCcKoi Boabl (23 °Cx30 cyT)
Ay, %o -2,8 2,3 2,1 -1,9 -1,2
Agp, % -5,3 -4.9 -4,3 3,8 3.1
Am, % +0,51 +0,47 +0,41 +0,38 +0,29
JlnHamuyeckue CBOWCTBA BYJIKaHN3AaTOB

1gd 0,29 0,37 0,59 0,81 0,83
E-107%, Ta 1,52 1,27 1,38 1,45 1,83

IIpumedanue: My — MakcUMajbHBIH KPYTALUI MOMEHT; M| — MMHMMAaJbHBIA KpPYTALIUH MOMEHT; f; — BpeMs Hayaja
BYJIKAHU3ALMH; fog — ONTUMAIILHOE BPeMs BYJIKAHU3ALMU; fio0 — YCIOBHOE Hanpskenue npu 100%-HoM pacTskeHuu; f, —
YCJIOBHAS TPOYHOCTH MPH PACTIKEHUH; &, — OTHOCHTEIBHOE YIITMHEHHUE TIPH PaspeiBe; H — TBEPAOCTD; B — CONMPOTHUBIICHUE
pasaupy; Afy, Ag, 1 Am — OTHOCHTENILHOE H3MEHEHHE YCIOBHON NPOYHOCTH HPH PACTAKEHHHU, OTHOCUTENILHOIO Y IMHEHUS
IIPU pa3pbIBe H MACCHL; /g0 — TAHTCHC yTIJIa MEXaHUIEeCKUX IOTepb; £ — MOIyIb yIPYTOCTH

U ryanujg ®. B YECTBEPTOM U IATOM BaphaHTax AOMOJHHUTECIbHO B PE3MHOBYIO CMECh BBOAUJINUCH I10-

nun3o0ytuiieH [1-200 u casunen 11808340 coorBeTcTBeHHO. ccnenoBaHHble BApHAHTHI PE3HHOBOM

CMECH, UX BYJIKAHHU3AaIMOHHBIC XapaKTCPUCTUKH, d)HBI/IKO-MexaHI/I‘IeCKI/Ie " JTHHAMHWYCCKUC CBOMCTBA

BYJIKaHHU3aTOB IPUBCIACHLI B Ta6nnue.

— 41
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Kaxk Bunno, BBenenue TITHD, Bxomsiero B coctaB MJI, BO BTOpOM BapuaHTe PE3NHOBOM cMe-
CU NPUBOJUT K YMEHBLIEHUIO MAaKCUMaJbHOIO, MUHUMAJIbHOIO KPYTSIIMX MOMEHTOB M IOBBILIE-
HUIO BpeMEH Havaja U onTuMyma ByiakaHuzanuu. Yactuuynas 3ameHa CKMC-30APK nHa xayuyku
CKH-4065, CKHU-3, BK-1675, nonmonHuTenpHOe BBemeHue mnonmm3oOyTruieHa [1-200 m caBmiieHa
11808-340 B TpeTheM — MATOM BapHaHTAX HE3HAUUTEIHHO BIUSIIOT HA MAKCUMAJIbHBIA 1 MUHUMAJTb-
HBIHA KPYTALIME MOMEHTBI PE3UHOBOM CMECH 110 CPAaBHEHMIO C IEPBBIM U BTOPBIM €€ BapuaHTaMu. [Ipu
9TOM HaOJII0IaeTCsl JIOCTATOYHO OO0JIBIIOE BO3pacTaHHE BPEMEH Havaja M ONTUMYyMa BYJIKaHU3allUH,
YTO CIIOCOOCTBYET YIYYIICHHUIO MepepadaThIBaEMOCTH PE3NHOBOM CMECH METOJaMU INMPHUIICBAHUS
U KaJJaHJPOBAaHUS — TEXHOJOTMUYECKUX OINEpaIfili M3rOTOBJIEHUS 3aTOTOBOK PE3WHOBON CMECH IS
BYJIKAHM3ALUH C MOCIEAYIOUMM MOJYyYEHUEM TOTOBBIX PE3UHOBBIX U3EIUMN.

[lonydeHHbIe ByJKaHH3aThl 00JAJAIOT Pa3IWYHBIMH (U3UKO-MEXaHUYCCKUMHU CBOMCTBAMHU.
Tak, npu nepexose OT ByJKaHU3aTa IEPBOrO0 BapuaHTa K BYJIKaHU3aTy BTOPOrO BApUAHTA IPOUCXO-
JIUT YMCHbIIICHUE (PU3UKO-MEXaHMYECKUX CBOMCTB 3a cuet Hanuuus TITHB, He comepikariero aBoii-
HBIC CBSI3U, KOTOPHIC YYACTBYIOT B O0pa30BaHUH CHIUTOU CTPYKTYpPHI pe3uHBL. J[JIsi BYJIKaHHU3aTOB
TPEThEro — MSATOr0 BAPHAHTOB HaOJIIOJaeTcsi Bo3pacTaHue (PU3NKO-MEXaHHMUECKUX CBOMCTB 3a CUET
BBEJICHHS B BYJIIKAaHU3YIOIIYIO CUCTEMY «cepa + 2,2'-nruOeH3THa301aucynbQum» N-IIUKIOTeKCHI-2-
6enzotHnaszoicyabpeHamuaa u ryaiuaa O, KoTopsie yBEIHYUBAIOT 3PHEKTUBHOCTh ITOW CHCTEMBI
U CTEIEHb CUIMBAaHUS Kay4yyKoB [15].

W3 pesynbraTroB uccliiefoBaHUs (pU3MKO-MEXaHUUYECKHUX CBOWMCTB BYJIKAHHM3aTOB I1OCJIE BbI-
JIepKKH B MOPCKOM BOJIE CJIEYET, UTO BYJKAHU3AT MATOr0 BapUaHTa XapaKTEpU3yeTCsl HAUMEHb-
IUMH U3MEHEHHUSMHU YCIOBHOW MPOYHOCTU MPHU PACTSIKEHUH, OTHOCUTEIBHOTO YIJIMHEHUS TPHU
pa3pbiBE U U3MEHEHUEM MACChI [TOCJE BBIAEPKKHA B MOPCKOHM BOJIE IO CPABHEHHUIO C BYJIKAHU3aTaMU
MEePBOT0 — UeTBEPTOro BapuaHToOB. ClaenoBaTebHO, MSITHIH BApUAHT PE3MHOBON CMECH MOXKET OBITh
PEKOMEHAO0BAH JJIs1 U3TOTOBJIECHUS U3JIEIUM, SKCIIIyaTUPYEMBIX B YCIOBUSX BO3JIEUCTBUSI MOPCKOM
BOJIBI.

UccnenoBanust JuHAaMMYECKUX CBOMCTB BYJIKaHMU3aTOB MIOKA3bIBAIOT, YTO JJIs BTOPOIO Bapu-
aHTa 10 CPABHEHMIO C MEPBBIM HAOJIIOaeTCs BO3pacTaHNUE TAHTEHCA yIiia MEXaHUYECKHUX MOTeph,
NpPUBOASILIEE K yIYUIIEHUIO JUHAMUYECKUX CBOMCTB pe3uHbl [16], 4TO CBSI3aHO C coaepKaHUEM
TITHB BO BTOpOM BapuaHTe pe3uHOBON cMecu. Habmomaemoe CHIKEHHUE MOIYJIsl YIIPYTOCTH TSt
BYJIKAHM3aTa BTOPOr0 BapUaHTa KOPPEIUPYET C OTMEUEHHBIM BbILIE CHUKEHHEM JUISI HETO MPOoU-
HOCTHBIX CBOWCTB. 3HaUEHHE TAHTEHCA YTJla MEXaHUYECKHUX MOTEPh AJIs BTOPOTO BapuaHTa Pe3u-
HBI ABJSIETCSI HEAOCTATOUHBIM U MIOATOMY B TPETHEM M YETBEPTOM BapHaHTaX PE3WHOBOU cMecH
On1na mpoBeeHa yactTuyHasg 3ameHa kayuyka CKMC-30APK na kayuyku CKH-4065, CKU-3 u no-
MMOTHUTENbHOE BBeJeHue monun3o0ytuiieHa [1-200. Kak BUIHO, By IKaHH3aTHl TPETHETO H YETBEP-
TOTO BapHaHTOB 110 CPABHEHUIO C BYJIKAaHU3aTOM BTOPOI'O BapHaHTa XapaKTEPHU3YIOTCs OONbIIHU-
MM 3HAYEHUSIMU TaHT€HCa yria MEXaHUYECKHUX MOTEepb U MOAYJIS ynpyrocTtu. s nanpHenero
YBEJIWUCHUS JUHAMHUYECKUX CBONCTB PE3UHBI UCCIENOBAJICS MATHIH BapUaHT, B KOTOPOM B3aMeH
CKHU-3 n nonmuzoOytuiena [1-200 ucnonbizoBanuck Oyrunkayayk BK-1675 u cosunen 11808-340.
W3 naHHbIX TaOIUIBI CIIEYET, YTO BYJIKAHU3AT IISITOTO BapHaHTa PE3MHOBOM cMecH 00J1a1aeT Hau-
OONBIINM 3HAYCHUEM TAaHTCHCA yIJIa MEXaHHYSCKUX MOTEPh W 3TOT BapHAHT PE3NHOBOH cMecH
MOJKET OBITh PEKOMEHIOBAH JJIs1 H3TOTOBJICHU S U3CJIHI C MOBBIIICHHBIMH BHOPOU30TUPY FOLITHUMHU

CBOMCTBaMHU.
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3akJaueHue

B nanHO# paboTe M3y4YeHO BIUSHUE KAy 1yKOB 1 MHT PEIUEHTOB JIJISl PE3UHBI, U3/ICJIHSI U3 KOTOPOH
KOHTaKTHUPYIOT C MOPCKOH BOZIOH, HA €€ JUHAaMU4eCKUe CBOKWCTBA. Vccie10BaHbl BYJIKAaHU3aLIHOHHbIE
XapaKTEePUCTUKN PE3NHOBON cMecH, (PU3NKO-MEXaHNYEeCKHE CBOMCTBA M CTOMKOCTh K BO3AECHCTBHIO
MOPCKOIi BO/IbI PE3MHBI Ha OCHOBE Kay4yKOB OOILEro U CIeIHaIbHOI0 Ha3HaueHusl. PaccMoTpeHa Bo3-
MOXXHOCTb IOBBIIICHNS JMHAMUYECKHX CBOWCTB PE3UHBI 3a cUeT BBeeHus B ee coctas TITHDB, nmonn-
uzo0ytunena [1-200, Oyrunkayuayka BK-1675, copunena 11808—340. [TokazaHo, 4TO pe3rHa ¢ CEPHOM
BYJIKAHU3YIOIICH cHCTEMOH (cepa, 2,2"-nuber3tuazonaucynbdun u ryanu @), BKIogaromas KoMOu-
Hanuio kayuykoB CKMC-30APK, CKH-4065 u BK-1675, 20,0 mac. u. TIIHB u 5,0 mac. 4. coBuneHa
11808-340, obnagaeT MOBBIMICHHBIMUA JTUHAMUYCCKUMU MTOKA3ATEIIMHU, XapaKTePU3yeTCs YIIyUIICH-
HBIMU (PU3UKO-MEXaHHMUYECKUMH CBOMCTBAMHU M HAUMEHBIIMMHU UX U3MEHEHUSIMHU I1OCIE BBIICPIKKH

B MOPCKOM BOJIE.
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Hosbiii MeTOX O/TYyYeHH s NPO3PAYHbIX
NMPOBOASIIUX IJIeHOK okcuaa unaus (111)

H OKCHUJA HHIUA-0J10Ba

H.II. ®ageesa?, C.B. CaiikoBa®?’,

E.B. Iluxyposa*, A.C. Boponun®,

10.B. ®aneen®, A.C. Camoiino®, U. A. TambacoB"
“Uncmumym xumuu u xumuyeckou mexuonoeuu @UL] KHI] CO PAH
Poccuiickas ®edepayus, Kpacnosapck

®Cubupcxuil hedepanvubiii ynueepcumem

Poccuiickas ®edepayus, Kpacuosapck

‘DUL] «Kpacnoapckuii nayunwviti yeump CO PAH»

Poccuiickas ®edepayus, Kpacnosapck

Uncmumym guzuxu um. JI. B. Kupenckoeo ®UL] KHI] CO PAH
Poccuiickas ®edepayus, Kpacnosapck

AnHoTamus. B paboTe monydeHsl CeAMMEHTAIMOHHO YeToHYnBBIe 3001 ruapokcuoB nuaus (I11) u onosa
(IV) MeTozioM aHHOHOOOMEHHOT'0 CHHTE3a, 3aKJIFOUAIOLIMMCs B 00MeHHOU peakuuu Mex 1y OH-nonamu
AQHMOHOOOMEHHOI CMOJIBI 1 aHHOHAMH METAJIIIOCOAEPKAIMX PAcTBOPOB. CHHTE3UPOBAHHBIE THAPO30IIH
WCTIONIb30BaHbI JIJIS TOyUYeHU s mpoBoAsmuX MieHok okcuaa uuaus (I11) In,O; u okcuaa naaus,
JErupoBaHHOro 0J10BOM In,O5:Sn, ¢ MOBepXHOCTHEIM corpoTuBieHneM 4 kKOM/kB, Tommuaamu 200—
500 HM u ipo3padHoCcThIO Oosiee 85 %. [TomoOpaHbl pexKUMbI HAHECEHHSI IIPEKYPCOPOB Ha CTEKJISTHHbBIC
TIO/VIOKKH MOJM(HUIIMPOBAHHBIM CIIPEH-METOIOM M METOZOM LeHTpudgyrupoBanust. [IneHKH nccie10BaHbl

¢ nomotibio POA, COM, onTH4ecKOH MUKPOCKOITMH U CIIEKTPOPOTOMETPHUH.

KJioueBble cjioBa: IIJICHKH, OKCUJ UHAHUA, OKCHUJ HHAWA-0J10BAa, AHMOHOOOMEHHBIN CHHTES.

Iuruposanne: ®aneea, H.I1. Hoblit MeTO MOy deHNs TPO3pAavHBIX IPOBOASIINX MIeHOK okcuaa muaus (I11) m oxcuga
unaus-onosa / H.I1. daneesa, C. B. Caiikosa, E. B. ITnkyposa, A. C. Boponus, 10.B. ®anees, A. C. Camoitno, 1. A. Tambacos
// Kypn. Cub. penep. yn-ta. Xumus, 2021, 14(1). C. 45-58. DOI: 10.17516/1998-2836-0215

BBenenue

Oxcunst maaus (111) InyO; m maaUsA-0M0Ba InyOs5: Sn (ITO — indium tin oxide) MOTYIPOBOTHUKH
N-THTA C OTHOCUTENBHO HU3KUM YAEIBHBIM JJIEKTPHIECKUM conpoTuienueM 10—-10° OM/kB u -
pokoii pyHIaMEHTAIBHOW 3ampemeHHoN 30H0H (>2,89 eV). [Ins HHX TakKe XapaKTEepPHO BBICOKOE
MpoIyCKaHUe B BUAUMON 00jacTu crekrpa ~90 % u cuiibHOEe OTpakeHue B MH(pakpacHOH oOa-
ctu [1-4]. JlanHble MaTepraabl MIMPOKO IIPUMEHSIOTCS IS IIPOU3BOJICTBA JKUJKOKPUCTAIIITMYECKUX
U TUTa3MEHHBIX JIUCIUIEEB, COJTHEUHBIX JEMEHTOB, ONTHUKO-3JIEKTPOHHBIX YCTPONCTB, OCHAIIEHHBIX
CCHCOPHBIMH 9KPaHAMH, U BBICOKOYYBCTBHUTEIBHBIX Ta30BBIX CEHCOPOB [5, 6].

Pa3nuyHble MOAXOAB! K MOTYYEHHUIO TOHKUX (TOJIIUHON 10 HECKOIBKUX MUKPOH) TIeHok [TO

u okcuna waaus (111), mpencraBieHHbIe B TUTEpAType, MOKHO pa3AeinTh HA 1Ba BUJA: (pU3NYEeCKUe
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U XMMHYECKHUE. B IUPOKO pacnpocTpaHEHHBIX (PU3UYSCKUX METOAaX BEIICCTBO MHUIICHH MEPEHO-
CUTCSI Ha MOAJIOKKY IO/ BIUSHUEM Pa3JIMYHbIX SJHEPreTUYECKUX Bo3aencTBuii [7—11]. Otu Mmetoabl
MO3BOJISIIOT TI0JyYaTh BHICOKOKAYECTBEHHBIC TIOKPBITUS C HU3KUM TOBEPXHOCTHBIM COMPOTHUBIIE-
HueM, nocturarmuMm 10—15 OM/kB, ogHAKO TPEOYIOT CO3TaHUS BaKyyMa H JTOPOTOCTOSIIETO 000-
pyIOBaHUSL.

XUMHYECKUE METO/bI, HAIIPUMEP 30J1b-reib MeTo [12, 13] uiau MeTog XMMHYECKOT0 OCaXKie-
Hust u3 ra3oBoii (asel (CVD mporecc) [14, 15], He TpeOYyIOT CII0KHOTO anmnaparypHoro ohpopmiie-
HHUS ¥ TIO3BOJISIOT MOJTYYaTh MOKPHITUS C TOBEPXHOCTHBIM COMPOTUBIICHHEM BILIOTH 10 100 OM/KB
[6]. OnHaKO MX HCIOJIB30BAHHUE COMPSIKEHO C HEOOXOIMMOCTBIO THIATEIBHOIO KOHTPOJIS YCIOBUMA
CHHTE3a BO M30CKaHNEe MUKPOHEOIHOPOMTHOCTEH B cucTeMe. Hampumep, mpu mpoBeIeHUU 30J1b-
relib CHHTE3a HEOOXOAMMO TIIATENBHOE PEeTYJINPOBAHUE CKOPOCTU THAPOIU3a MpeKypcopoB. Kpo-
Me TOro, TpeOyeTcs MpUMEHEHHE TOPOTHX T'ele00pa3yIoNInX KOMIIOHCHTOB, a CaM CHHTE3 BeChMa
JUTUTEJICH.

[porecc CVD-ocaxaeHusI OTHOCUTEIBHO CIIOKEH U TPEOyeT KOHTPOIISI MHOTUX (DaKTOPOB: TEM-
neparypa u JaBlicHHE B paboueii kaMmepe, CKOPOCTh OTKAYKH, KOHIIGHTPAIMs TaPOB HUCXOIHOTO COe-
JTUHEHWS, HaJTu9re J00aBOK K IapaM UCXOTHOTO CoeMuHeHus U T. 1. Takxke mist CVD-ocaxieHus cy-
HIECTBYIOT BBICOKHE TPEOOBAHUS K IPEKYPCOPaM, OHU AOJDKHBI ObITh TOCTATOYHO JICTYUUMH, YTOOBI
HCIAPATHCS MIPH OTHOCUTEIBFHO HU3KOH TeMIepaType U, pearupys C MOIJI0KKOH, TaBaTh CILIOIIHYIO
TOHKYIO TUICHKY. TakuM 00pa3om, pa3paboTka HEAOPOIHX M MPOCTHIX METOAOB MOJIYUYCHHUS TOHKHX
IJICHOK Ha OCHOBE OKCHJA WHIUSA SBISICTCS aKTYaJbHON IIPOOIeMOii.

[Ipennaraemslii B janHoi paboTe MeTo nonydenus miaeHok In,O; u ITO 3akntouaercs B pop-
MHPOBaHHH PaBHOMEPHBIX ILICHOK THIPOKCHIOB METAJIIOB (IPEKYpPCOPOB) HA CTEKJISSHHBIX TIOA-
JIOXKKAX C IMOCIIEAY oL TepM0o0o0padoTKoi MOKpbITHI. CHHTE3 IPEKYPCOPOB IIPOBOAUTCS 3aMaTCH-
TOBAaHHBIM aBTOPAMH METOJOM aHHOHOOOMEHHOTO Ocax<JeHus [16, 17], OCHOBaHHBIM Ha PEaKIIUIX
MEX]ly MIOHAMH HOHOOOMEHHOH cMouibl (Hanpumep, OH™) 1 BOXHBIM pacTBOPOM, COACPIKALIUM COJIb

MeTaia:
InAs+ 3ROH = In(OH); + 3RA, 1)

SnA, + 4ROH = Sn(OH),+ 4RA, @)

rae R-marpuna annonura, A = Cl-, NOs™, 5 SO4%.

B xone peaknnit 1 U 2 mpoHCXOOUT CBA3BIBAHUE MOHOB METAJJIOB T'MJIPOKCHA-aHHOHAMH, 00-
pa3yrouMMucs B X0Jie HOHHOTO0 00MeHa, B MajiopacTBOpUMbIe MPOoAYKTHI. [lyTem nmondopa ycinoBuit
CHUHTE3a MOXHO MOIy4aTh YCTOWUYUBBIE THAPOKCUAHBIE 3014 [18, 19]. CMoua B 3TOM caydae He TOJIb-
KO CITYKUT ncTouHNKOM OH-HOHOB, HO M cOpOUpYeT MeIIaroNe MPUMECHbIE aHMOHBI HCXOIHBIX pac-
TBOPOB, YTO 00ECIIEYNBAET HEOOXOANMYIO YHCTOTY MPOLYKTa O€3 JTOMOTHUTEIBHBIX CTaIUH OYHCT-
ku. [Iporecc mpoTekaeT B CTallMOHAPHOM PEXMME IPH NOCTOSIHHOM 3HaueHuu pH, 4To criocoOcTByeT
00pa30BaHUIO OJTHOPOJIHBIX 110 COCTaBY, CTPYKTYpE, pazmMepy ¥ MOP(OJIOrHN 4acTUIl IPEKyPCOpPOB
[20]. CTOUT OTMETHUTH, YTO AaHUOHHUTHI, IPUMEHIEMBIE ISl CHHTE3a, SBJISIIOTCS HEAOPOT MU KOMMED-
YEeCKH JIOCTYIHBIMU PeareHTaMu, TPAAUIIMOHHO IPHMEHSIEMBIMU B BOJOIOATOTOBKE M BOJOOYNCTKE
TSl OBITOBBIX M MPOMBIIIICHHBIX HYXJ, @ TaK)K€ HEMaJIOBaXKHO, YTO IIOCJE MPOBEICHUS CHHTE3a

AHUOHUTHI NNOAJICIKAT pEreHePpAllud U MOT'YT UCIIOJIb30BATHCSI MHOTOKPATHO.
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Lenb nanHOM paboThl — ONOOP YCIOBHM CHHTE3a CTAaOMIIbHBIX 30Jiei ruapokcuaoB unaus (111)
u osioBa (IV) MeTos10M aHHOHOOOMEHHOTO OCAXK/ICHHUS, [TOJIYUYCHHUE HA MX OCHOBE MPOBOISIIUX TLIIE-
HOK In,O3 1 ITO ¢ conepxanuem onoBa 10 %, a Takke UCCIeIOBaHUE UX CTPYKTYPHBIX, dJEKTpUUE-

CKHX M OIITHYECKUX CBOMICTB.

MartepuaJibl U METOBI

B pabote ucnons3oBanu cieayromue peaktussl: SnCly SH,0, Iny(SO4)3:5SH,0, In(NO;);4.5H,0,
InCl33H,0 (Bce Sigma-Aldrich, 99.99 %), reneBsrit cminbHOOCHOBHBIN aHMOHUT AB-17-8 (I'OCT
20301-74, pupma ITAO «A30T»), nerunrpumerniammonnii 6pomun (LITAB, Biochem), a-1.4-; a-1.6-
rirokaH (mysuryias, Hayashibara). [ToqrotoBky aHHOHHTA K AKCILTYaTaIldd H ONPENEICHHUE ero 00-
MEHHOH €MKOCTH MPOBOIUIIHN 10 METOAMKAM, onucaHHbIM B [21]. CtaTudeckass 0OMEHHast eMKOCTh

AQHMOHHTA B TUIPOKCHIHOM hopme cocTaBisiia 1.6 MMOIBb-3KB/T.

CuHTe3 mpeKypcopoB

AHHOHOOOMeHHBINH cuHTE3 3015 In(OH); mpoBomwiin ClIEAYIONUM 00pa30M: HaBECKY CYXOro
AB-17-8(0OH), paccunrannyto no ¢opmyse 3, 3aIUBaIN JUCTHIIITMPOBAHHONW BOJOH /1J1s1 HAOyXaHHs
U TIPUBOAMIM B KOHTAKT ¢ 0.25 M pacTBOpoM HHUTpaTa WHIUS NMPU MOCTOSTHHOM IEpEeMENINBAaHUN
Ha MarauTHOM Memanke 200 MUH' P KOMHATHOM TeMIepaType B TeueHue 25 MUH. AHAJIOrHY-
HO CHHTE3 BeJH I nmoiydenus npekypcopa ITO: 0.25 M pacteop, comepxamniuii In(NO;); u SnCly
(In:Sn=9:1 mo macce), NPUBOAMIN B KOHTAKT C PACCUUTAHHBIM 110 (hopMyse 4 KOJTMYECTBOM aHHO-
Huta. CootHomenue In:Sn=9:1 nmo macce ontumansHo A [TO, MOCKONBKY MPU TaKOM COJEPKAaHUN
0JIOBA JIOCTHTAeTCs MAaKCUMaJIbHasi KOHIEHTPAIHs W MOJABM)KHOCTH CBOOOJAHBIX HOCHTEJNICH 3apsiia

[22, 23]. Ins oTaeneHUss aHKOHUTA UCIIOIB30BAIM CUTO € AUaMeTpoM oTBepcTrii 0.1 Mm.
_ (C]n i I/]n)1’53
mmmormma - COE ’

m = (Cl” ‘I/[”).1’5'3+(CS)1'VS'n).l’S'4a
dHuoHuma COE

©)

@

rae Cy,, Cs, — KoHIIeHTpanuu ucxogHeix pactBopoB unaus (I11) u omosa (IV); Vi, Vs, — 00beMbI nc-
xoaHbIX pacTBopoB; COE — craTnyeckas 0OMEHHAs EMKOCTh, MMOJIb-OKBXI™!,

VYaenpHy10 31eKTPONPOBOAHOCTh PEAKIIMOHHBIX PACTBOPOB U3MEPSIIIN HA TPHOOpe MyIbTUTECT
KCJI-101 (HIIIT «Cemuko», Poccus, r. HoBocuOupck).

Hanecenne njeHok

Jliist GopMUpPOBaHUST pABHOMEPHBIX IIJIGHOK IPEKYpCcopa Ha CTEKJISTHHBIX MOUIOKKAX TPUMEHSIITH
JIBa TIOIX0/1a: MOTU(DHUIIMPOBAHHEIN CIIpel-MeTO U METO IICHTpU(yTrupoBaHus (spin coating). B mep-
BOM CJy4ae UCMOJIb30BaIN yIbTPa3BYKOBOE JHCIEPrUPOBAHUE MM IPO30JIeH IIpeKypcopa (yJIbTpa3ByKo-
Boii uarasrop «POTOP» Myccon-1M, pabouas yactoTa 2.64 MI'11), uTo 1103B0IHIIO0 000HTH TpOOIEMY
MaKPOCKOITMYECKNX HEOIHOPOAHOCTEH, BOSHUKAIOUIYIO MPH MCHOIH30BAHUN OOBIYHOTO PACTIBLICHUS
[24]. [ToxyuuBIIHiics a3p0o30Ib IIOIACTCS B pab0UyI0 KaMepy, TIe pa30ouBaeTcsi HOTOKOM BO3yXa O IO/~
JOXKY (puc. la). Bpems eTMHUYHOr0 HaIycKa a’po30JIsi COCTABIIAJIO 5 C, CYIIKA CJIOS B TOTOKE BO3/Y-

xa — 5 muH. KoandgecTBo ciioeB OpeaACIIOCh MMPEABAPUTCIIBHBIMHU SKCIEPUMCHTAMU U COCTABJIAJIO 25.



Journal of Siberian Federal University. Chemistry 2021 14(1): 45-58

dopMUpOBaHUE TUICHOK LEHTPU(PYTUPOBAHMEM OCYUIECTBISUIOCh Ha IHEeHTpudyre sl Ha-
HEeCceHUs TOHKHX IuIeHOK u ¢poropesucta CTH-3.80.7.HUK (OOO «HIIK Cneunrexnayka», Poccus,
r. Kpacuosipck). 100 MK rTHApPO30I1s1, COAEPIKAIIETO MPEKYPCOP, HAHOCUIIU Ha CTEKJISTHHYIO TOIJIOXK-
Ky TIO BCEHl MMOBEPXHOCTH H HNEHTPU(YTHPOBATH Ha cKopocTsax 2500 o6/MuH B TedeHHe | MUH, BEI-
cymuanu npu Temnepatype 80 °C ¢ nmomonisio MK-HarpeBarens, HHTErpUPOBAHHOTO B YCTAHOBKY,
OXJIAX/1aJIM 10 KOMHATHOM TeMIIepaTypbl M TOBTOPSIIIN HAHECEHHE ITpeKypcopa (puc. 16). Ontumais-

HOC KOJIMYECTBO CJIOEB, UCXOAA U3 IPECABAPUTEIBHBIX SKCIICPUMEHTOB, COCTABJIAIO 10.

a o
IToTok Bo3myxa

HK-narpes
— =

Aspo30Jb #

mpeKypcopa

peybeop Bpamenue Cymka

Tlonmoxka Hanecenne pactBopa 2000-3000 o6/muu

Puc. 1. Cxema ¢opmupoBanus mieHoK npexypcopoB [TO u In,O; MoguduumpoBaHHBIM CIIPEH-METOAOM (a)
¥ MeToIOM HeHTpudyruposanus (0)

Fig. 1. Formation scheme of the precursors films of ITO and In,O; by the modified spray method (a) and by the
centrifugation method ()

CrexJIsTHHBIC MOIJIOKKH pa3MepoM 2.5%2.5 ¢M MOJAroTaBIMBaIIH CICAYIONIMM 00pa30M: MPOMbIBKA
Bogoii ¢ [TAB (moneumncynbdar Hatpus, 5 %), oopadorka 1 M NaOH, nmpombIBKa TUCTHIINPOBAHHOMN
BOJIOH, yIIBTpa3ByKoBas 00paboTKa B JUCTUIUIMPoBaHHON Bozie pH 70 °C, cymika Ha BO3TyXe.

[Momy4eHHbIe MIICHKH MTpeKypcopoB oTxuraiuck B CVD-neun «/Jomua» (OO0 «HT-MAT CUy,
Poccust, 3eneHorpan) B Teuenue 1 1 mpu 450 °C B motoke N, (10 51/4).

CbeMKa peHTTeHOrpaMM OCYIIECTBIISIIACh Ha IIEHKaX B AMAaNa3oHe yrioB 5°<20<70° ¢ marom
0.03° 1 ckopocCThIO CKaHUpPOBaHMsI 1.5 Tpaji/MUH Ha aBTOMATU3MPOBAHHOM PEHTI'C€HOBCKOM JU(paK-
ToMeTpuueckoM obopynosannn Gupmel Shimadzu XRD-7000S (u3myuenne CuK,). Penrrenogaso-
BBIM aHaJIM3 MPOBOAMIIN C UCIIOJIb30BaHHEM MH()OPMAIIMOHHO-TIOUCKOBON CUCTEMbI pEHTreHO(a30-
BOM MAECHTU(PHUKAIMH MaTEPHUAJIOB, COBMEIAIONICH KaueCTBEHHBIN M ITOJyKOJIMYECTBCHHBIN aHAIN3
(110 METOY «KOPYH/IOBBIX YHCEI).

MaxkpocTpyKTypy IJICHOK U3y4aJjIH TPH IIOMOIITY O THYECKOro MuKpockoma Assramu-104 (OO0
«Anwrammy, Poccus, r. Cankr-IlerepOypr). [ist uccinenoBaHust MUKPOCTPYKTYPhI IIJICHOK HCIIOIb30-
BaJlM CKaHMPYIOIIMH 31eKTpoHHbIH Mukpockon Hitachi S5500 (Hitachi Ltd., SImonus).

CriekTpalibHas 3aBUCHMOCTh Kod(duiuenTa nponyckanus T(L) monydeHa Ha cieKTpodoTome-
tpe Shimadzu-UV 3600 (Shimadzu Corp., fAnonus) B nuanazone niuuH BoiH 400—1500 HM. Ompene-
JICHHE ONITHYECKOT0 MPOIYCKaHHs TOHKHMX IJICHOK BBITOJIHSIIHN C y4eTOM (DPEHEICBCKOr0 OTPaKEHHS
OT TPaHUIl CTEKJISTHHOM MOJIOKKH.

Bonsramnepusie xapakTepucTuku (BAX) TOHKHX MIEHOK OMPEIeIsiii C TOMOIIBI0 H3MEpPHUTe-

JI51 TApaMeTPOB TOJIYTPOBOAHUKOBBIX nprbopos (UIIIIII-1, OAO « MHUIIN», benapyck, . MHUHCK).
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BAX ObutH nCCiIeI0BaHbI HAa 00pa3iax KBaapaTHONH GOpMBbI pazMepoM 25%25X]1 MM IpH MOCTOSTHHOM

TOKE U IIPU KOMHATHOH TeMIepaType 1o METOAUKE, ONUCaHHOH B [24].

O6cy:xeHne pe3yJbTaTOB

Ha anmonooOmeHHoe ocaxxaenue 3oieil In(OH); cymiecTBEHHO BiIMSET KOHIEHTPALMs M THII
AHMOHA UCXOAHOM conu. PaHee OBLIIO MOKa3aHO, YTO MPH HCIOIB30BAHUY HU3KUX KOHIICHTPAIIUN Ka-
THOHOB MeTasuioB (<0.15 M) HabnromaeTcsi HEBBICOKasi CKOPOCTh IPOIECCa, U YCTAHOBIICHO €€ OITH-
MasbHOe 3HadeHue — 0.25 monp/i [25].

C 1enpio UCCIeIOBAHMUSI BIUSIHUS TUIIA aHMOHA MCXOJHON COJIM MHJUSI HAa CKOPOCTh U TIOJITHOTY
€ro OCaXICHHS ONPEICIsIIA U3MECHCHHE YICIBHONW 3IIEKTPOIPOBOAHOCTH PEAKIIMOHHBIX PACTBOPOB
oT BpeMeHH. [10CKONIBKY B X0/Ie MpoIiecca MPOUCXOIUT COPOIHsT AaHHOHOB UCXOIHBIX COJICH HOHHUTOM
U CBSI3BIBaHUE 00pa3yromuxcs npu oomene OH-OHOB U HOHOB MeTalia B THAPOKCH]I, HaOIomaeTcs
CHIDKEHHUE YACNBbHOHN 3MeKTponpoBogHOCTH (puc. 2). B coydae In,(SO4); 251eKTpOnpoBOIHOCT pe-
AKIIMOHHBIX PACTBOPOB PE3KO YMEHBIAIACH B MIEPBBIC TPH MUHYTHI IIpolecca U B TedeHue 30 MUH
JIOCTUTalla paBHOBeCHOro 3HaueHus1 9 MCm/M. OnHako npu 3ToM (GopMuUpoBasCs MIIOTHBIN Oenblit
ocanok. [Ipu ucmonp3oanuu InCl; u In(NO;); mpomecc men MeIjeHHee: paBHOBECHOEC 3HAYCHHE
anekTponpoBogHocTH (50 u 100 MCM/M COOTBETCTBEHHO) JOCTUTAIOCH B TedeHUE 60 MUH, HO IPHUBO-
JIUJI0 K 00pa3oBaHUIO THIPO30Jei. 301k, monydeHHbIH u3 In(NOs);, 001aman Oonbineld cequMeHTa-
[IUOHHOW YCTOMYMBOCTHIO: 00pa30BaHMs OCajKka He HAOII0aloCh B TEUEHUE CYTOK, B TO BpEMs Kak
u3 3014, momydeHHoro u3 InCl;, gepe3 2 4 mocie OKOHYaHUsS CHHTE3a BBIMAJAN OCaZoK. B memom
MOJTHOTA OCAXKACHHUS UHIUS YMEHbIIanachk B psaay Iny(SO,);>InCl;>In(NO;);, uTo cormacyercs ¢ psi-
JIOM CEJIEKTUBHOCTH aHHMOHHUTA AB-17—8 110 OTHOIIEHHIO K JaHHBIM aHUOHaM [26, 27].

B nanpHeiiiem aHHOHOOOMEHHBIN CHHTE3 MTPEKYPCOPOB MIPOBOAMIIA U3 HUTPATHBIX PACTBOPOB,

06CCH€‘II/IB3K)H_[I/IX MOJTYYCHHUC arperaTuBHO U CCAUMCHTALIUOHHO YCTOP'I‘IHBBIX 3oieii. B cjIy4dac Co-
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Puc. 2. V3MeHeHHE yaEIbHOM 3JICKTPONPOBOJHOCTU peakinOoHHBIX pacTBopoB: 1 — In(NO;);; 2 — InCl;; 3 —

In,(SOy4); co Bpemenem

Fig. 2. Change of the specific electrical conductivity of the reaction solutions: 1 — In(NOs);, 2 — InCl;, 3 — In,(SO4)3
with time
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BMECTHOI'O OCQXKJICHHsI MH/MSI M 0JI0Ba TaK)Ke 00pa3oBbIBaJICS CTa0MIBHBIN 30b. Bee mosyueHHbIe
HPOJYKTHI HE COIEPKAM IPUMECHBIX AaHUOHOB (TIpezien 00Hapyxkenust 1:1076 Monb/).
CBeXEelpUrOTOBJICHHBIH 30Jb HAHOCHJIM Ha CTEKJISIHHBIC MOMJIONKKHA MOIU(BHUIIMPOBAHHBIM
CIPEW-METOIOM H C MOMOIIBI0 IeHTpudyrupoBanus (Tadbn. 1, odbpasusl 1 u 2), B pe3yabprare 4ero,
HE3aBHCUMO OT KCIOJIb3yEMOI'0 METO/la HaHECEHHs], ITOJIy4YeHbl HEIPOBOSIIUE IUICHKH C BbIpa-
JKCHHOH OCTPOBKOBOH CTPYKTYpOH (cpemHuid pasmep ocTpoBkoB 50—100 MKM, IPOMEKYTKOB — OT 5
1o 60 MkMm, puc. 3a, 0). BeposiTHO, HcriapeHne BOIBI B MPOIECCE CYIIKU CIOEB MPUBEJIO K ariiomepa-

UK 9aCTHuIl C 06pa30BaHI/I€M FJ'IO6yJ'I.

Tabnuua 1. BiiusiHue ycnoBuii cMHTE3a IPEKYPCOPOB M IApaMETPOB UX HAHECCHH ST Ha BEJINYHHY TOBEPXHOCTHOTO
COIIPOTUBJICHUS U ONTUYECKOE IPOIYCKAHUE TOKPHITUI

Table 1. Influence of the precursor synthesis conditions and parameters of their application on the surface
resistance and optical transmission of coatings

Ne Hcxonnas Croco6 Hosepxnocrioe
JlobaBkn conporusieHue, |IIponyckanue, %
obpasua coJb HaHECCHUS
kOM/KB
1 Bes Crpeit > 108 -
2 100aBOK | [leHTprpyrupoBaHme > 108 -
3 Crpeit 196 89.92
In(NO;); LTAB
4 Llentpudyruposanue > 108 -
5 Cupeit >10* -
[lynnynan
6 LenTpudyruposanne 203 70.65
! In(NO;);+SnCl LITAB 11 b - 10 -
n n eHTpU(yTHpOBaHHE
8 v ! [ynnynan PHOYTHP 4 85.96

Jns ctabunuzanuy GOPMHUPYIOIIMXCS THAPO30JICH U MPEIOTBPAICHHUS [TPOLIECCOB arjioMepa-
UMK MCIONIb30BajK crabuiauzatopel: LIITAB (konuenrpanus 8:10~* M, HuKe KPUTHYECKON KOHIIEH-
Tpanuu Muneiooopasosanus [28]) win mysutyian (0.065 mac. %). B ciyyae nyninynaHa, KOTOPbIT
SIBJISICTCS TTONTMCAXaPHIHBIM ITOJIMMEPOM C TIICHKOOOpa3yIOMIMMHU CBOMCTBAMU, MOAOMpaIach Takas
€ro KOHIICHTpAIlUs, TP KOTOPOI BA3KOCTh pacTBOpa HE MPEMSITCTBOBAJIa 00pa30BaHUIO a3pP030JIs
JUTSL OCYIIECTBIICHUS CIIpeH-TIporecca.

JloOaBKa CTaOMIN3aTOPOB, YIIYUIIHB CCAUMCHTAIIMOHHYO0 YCTOWUYMBOCTD MOJIyYaeMbIX 30J1¢i
(oOpa3oBaHHs ocajgka HE HAONFONAIOCh B TCUCHHE HECKOJIBKHUX MECAIICB), OTPHUIIATEIBHO CKa3a-
JIaCh Ha UX PCOJOTHYECKHUX CBOHCTBAX, YTO MPHUBEIO K HEOOXOAUMOCTH IOHCKA ONMTHUMAJIBHOIO
BapWaHTa HAHECCHHWs 30JIeH Ha MOJJIOXKKY B Cllydae KaXKIOr'0 HCIIOJb30BAHHOTO CTAa0MIN3aTO-
pa. Ilpu neHTpudy rupoBaHUU TOJIIMIMHA U OXHOPOJHOCTD IJICHOK 3aBUCAT OT MHOTHX (DAKTOPOB:
OT BSI3KOCTH M COCTaBa 30JIs, TOBEPXHOCTHOT'O HATSIKEHHS, COCTOSHUS MOBEPXHOCTH MOJIIOKKH,
a TaK)Ke OT MapaMeTPOB MPoIecca — CKOPOCTH BpaICHUS HEHTPUDYTH, TEMIIEPATy Pbl, BJAXXHOCTH
okpy>xaromieit cpensl [29, 30]. Tak, B cnyuae IITAB meton nueHTpudyrupoBanus He cMOT oOecrie-
YUTh PABHOMEPHOT'0 pacpeeeHns YaCTUI] THAPO30JIeH 10 MOBEPXHOCTH MOMJIOKKH, a TAKIKE UX

JocTaTouHOH aaresuu. [1o maHHBIM onTHYecKOd MUKpockonuu (tabdn. 1, oopasusl 4 u 7, puc. 3e
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Puc. 3. Mukpodororpadun (onTuueckas MHUKPOCKONHUsS) IOIYYCHHBIX IIIEHOK (a)-(3): oOpasmsel 1-8
COOTBETCTBEHHO (Tabm. 1)

Fig. 3. Micrographs (optical microscopy) of the obtained films (a) — (3): samples 1-8, respectively (Table 1)

u 3o1c), TUIOIMAAb HOKPBITEIX YYacTKOB cocTaBisieT Tonbko 30—40 %. B pesynbrare mosydeHsl
HEIpPOBOSIINE IIICHKH.

Opnako 1ieHka In,O; (tadis. 1, obpaser 3), H3roTOBICHAS CIIPEH-METOOM C HUCIOIb30BAaHUEM
LTAB, paBHOMEPHO MOKPHIBACT MOUIOKKY (pUC. 36) M UMEET OTHOPOAHYIO CTPYKTYPY H TOBEPX-
HOCTHOE conpoTuBieHue 196 kOm/kB. HanpoTus, NOKpbITHE, NONYYSHHOE CIPEH-METONOM B MPH-
CYTCTBUU TyJutynaHa (tadu. 1, obpaser 5), UMeeT 3epHUCTYIO CTPYKTYpY (pHc. 30) U IEMOHCTPUPY-
eT 0oJiee BBICOKOE MOBEPXHOCTHOE comporuiieHue (>10 MOwm/kB). OueBuaHo, uto nodaska I{TAB
MIPUBOJINT K PACTEKaHHIO KaIleslb a3p030Jis 110 MOMJI0KKE B OTIMYNE OT ITyJuTylaHa. BeposiTHo, 4To
B IIPOLIECCE CYUIKH MTOTOKOM BO3/1yXa MPOUCXOAUT MHTEHCHBHOE MCHApEHHe KUIAKON (as3bl U3 3015
1 BSI3KOCTH 30JIs C JI0OABKOH ITyJUTyJlaHa CYIIECTBEHHO YBEJIMYHMBAETCS, YTO MPEMSATCTBYET pPaBHO-
MEPHOMY PacTeKaHHIO Karelb aspo3oiisi. [Ipu ucrnoiab30BaHUK METOAA LIEHTPUPYTUPOBAHUS B ITPH-
CYTCTBHUU IyJuTynaHa (tadi. 1, oOpasen 6) Ha MOJII0KKe 00pa3yeTcsl CIUIONIHAS IICHKa, 00J1a1aomast
MMOBEPXHOCTHBIM conpoTuBiieHreM 203 KOM/KB U HU3KHM OITHYECKUM Iporyckanuem (okoiio 70 %)

BCIIEICTBHE 3aMeTHOT0 penbeda (puc. 3e).
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Jlob6aBka okcuJia 0J0Ba OJHOBPEMEHHO MOBBICHIIA ITPO3PAYHOCTh U IIPOBOAUMOCTH (hOPMUPYIO-
mieiics TuteHk! (Tadu. 1, oopasen 8). [To mTaHHBEIM MHKPOCKOTHH (pHC. 33), IOKPHITHE HMEET OJJHOPO/I-
HYIO CTPYKTYPY, & €ro peiibed) CriaxeH.

Pentrenoda3zosblii ananu3 niaeHok In,O; u ITO, obnagaronux HAaMMEHBIINM TTOBEPXHOCTHBIM
conpoTtuBicHueM (Tadi. 1, oopasusl 3 u 8), mokasa (puc. 4), 4To B 000HX CIIydasx MOJy4SHBI MOHO-
(azHbIe TPOAYKTHI 0€3 NMPHU3HAKOB MPUCYTCTBUS APYrux ¢a3. B mepBom cirydyae CHEeKTp COOTBET-
cTByeT Kyomnueckoit ¢aze In,O; [JCPDS01-083-3348]. B cnekrpe ITO HaGmrogaercss HeOOIBIION
CIBUT AU(PAKIMOHHBIX MAKCHMYMOB II0 CPABHEHHIO CO CTAHAAPTHHIM 3HAUYCHHEM MEKIUIOCKOCT-
HBIX PACCTOSIHUI, YTO XapaKTEPHO JJIsl OKCHJa MH]IUS, KyOMUYeCcKOoi MOJU(HUKAIINH, JerIPOBAHHOTO
onoBoM [31]. [TonoxeHre MaKCUMyMOB COOTBETCTBYET OKCHUAY HWHIUSA-0JI0Ba cocTaBa (In; gsSng ) Os
[JCPDS01-089—-4598].

JIJIsl OLIEHKH CpPEeAHEero pasMepa KpHCTaUINTOB HpuMeHsun ¢opmyny [ebdas-Illepeppa. Pac-
4et /uist 00pasia 3 ObUT IPOBEJIeH 0 TPeM Hanbosiee HHTEHCHBHBIM TU(PPAKIIMOHHBIM MaKCUMYMaM
(222), (400) u (440), nns oOpasua 8 ucronpzoBaH MUK (222). CpeaHui pa3Mep HAHOKPUCTAIIUTOB IS
rieHok okcuyia uuaus u ITO cocraBuin 36 u 19 HM cooTBeTCTBEHHO. BO3MOXKHO, yinpenue qudpax-
LHUOHHBIX MakcuMyMoB [TO siBisieTcs cirecTBHEM HEOOIBIIOT0 HCKAXKEHU S PELISTKH OKCUIa MHIMS
M3-32 BOBHMKHOBEHU S B3aNMOJICHCTBHS MEXKy aToMaMu oyioBa [32].

ITo nanapiM COM (puc. 5), nuenka In,O; (tadn. 1, obpaszen 3), nomydeHHas: CpeH-METOAOM
B npucyrctBun LITAB (25 cnoes), umeet Tonmuny 400—500 1M, a nokpertre ITO (tadm. 1, oOpasers
8), curTe3upoBanHoOe 3a 10 HaHECeHM, Ooee ToHKOoe — 210-250 HM.

Ha puc. 6 mpuBeaeHbI CHIEKTPhI ONTHYECKOrO MPOMYCKAaHUSA CTEKISHHON MoIoKku 6e3 (1)
¥ ¢ HaHeCEHHBIMU NOKpeITHAMU [n,05 1 ITO (Tadmn. 1, o6pasust 3 u 8). B BupuMom nuamna3oHe IIHH
BOJIH MIOJIyYEHHBIE 00pa3I[bl JOCTATOUYHO XOPOILO IPOITYCKAIOT CBET, KOAPPUIUEHT MPOITycKanus 00-

nee 80 %. Tak, Ha nnuHe BoiHbl 550 HM npornyckanue miaeHku In,O; cocrasnsier 89.92 %, a ITO —

440)
(622)

AR
50 60 70

MHTEeHCHUBHOCTE, OTH.EJ.
T

30 40
20,°

Puc. 4. PenTreHorpaMMbl CHHTE3UPOBAHHBIX MJIEHOK In,0; — kpuBas 1 u ITO — kpusas 2 (tabun. 1, obpazen 3 u 8
COOTBETCTBEHHO)

Fig. 4. X-ray diffraction patterns of the synthesized In,0O; films — curve 1 and ITO — curve 2 (Table 1, sample 3
and 8, respectively)
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Puc. 5. Mukpodororpadpuu (COM) nonepeunoro cpesa mieHok In,O; (@) u ITO (6) (rabn. 1, obpaszen 3 u 8
COOTBETCTBCHHO)

Fig. 5. Micrographs (SEM) of a cross section of (a) In,O; and (6) ITO films (Table 1, samples 3 and 8, respectively)
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Puc. 6. CriekTpbI IpOITyCKaHU S TOHKUX MJICHOK Ha CTEKJISTHHBIX MOJIOKKAX: | — YUCTasi CTeKIISHHAS IMOJI0XKKA;
2 — mognoxka — In,0;; 3 — momgmmoxkka — [TO (Tabn. 1, 06pasubl 3 1 8 COOTBETCTBEHHO)

Fig. 6. Transmission spectra of thin films on glass substrates: 1 — clean glass substrate; 2 — substrate — In,0;;
3 — substrate — ITO (Table 1, samples 3 and 8, respectively)

85.96 %. Cyns no nuTepaTypHBIM JaHHBIM, yMeHblIeHue nponyckanust [TO cBa3ano ¢ Gonee BbICO-
KUM KOJTMYECTBOM HOCHTEIIEH 3apsia Mo cpaBHEHUIO ¢ In,O; [33].

Ha puc. 7 npencraBiieHbl BOJbT-aMIIEPHbIE XapaKTEPUCTUKH, N3MEPEHHBIE JJIsSi TOHKUX IJICHOK
okcuna nHaus (puc. 7a) u ITO (puc. 76). BAX mony4eHHBIX IUIEHOK MMCIOT JIMHSHHBIN XapaKTep, 4T
CBOMCTBEHHO ISl OMHYECKOI'0 KOHTAKTa ¥ TOBOPUT 00 OJHOPOIHOCTH TIOJIYYEHHBIX ILICHOK. YIIelb-
HOE JICKTPHYECKOE COMTPOTHBIICHHUE, TT0 JAHHBIM BOJIBT-aMIIEPHBIX XapaKTEPUCTUK C YUETOM TONIIUH
TOHKUX IUIEHOK, cocTaBisgeT 9 u 0.1 Om-cm ans oxcuga uaaus u ITO cooTBeCTBEHHO.

[Mnerkn In,O; cO CXOKUMH ANEKTPUUSCKUMH XapaKTePUCTUKAMH (yIEIbHAS ITPOBOJUMOCTH
0.16-6.9 (Om-cm)™") GbLTn Oy YeHs! B [34] ¢ MOMOIIBIO METOA TIA3MEHHO-TEPMHUIECKOTO UCTIApe-
HUS, ISl OCYLIECTBIICHUS KOTOPOr0 HEOOXOAMMO CIOKHOE BayyMHOEe 00opyaoBaHHe. A B paboTax
[35, 36] noxyuenst miuenku 1TO ¢ Gnu3koit k HatuM npoBoauMocThio 0.1-50 kOm/kB. OHAKO aBTO-

PBI IPUMEH AN OPTaHUYCCKUE PEATr€HTHI, KOTOPBHIEC ITOABEPTaIMCh BBICOKOTEMIIEPATY PHOMY PA3JIOKE-
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Puc. 7. BonbT-aMnepHbIie XapaKTePUCTHKH CHHTe3upoBaHHbIX ieHOK [TO (a) u In,O; (6) (Tabi. 1, o6pasisr 8
1 3 COOTBETCTBEHHO)

Fig. 7. Current-voltage characteristics of the synthesized films ITO (a) u In,O; (6) (Table 1, samples 8 and 3,
respectively)

HHUIO ¢ 00pa30oBaHUEM OKCHIOB yriiepoaa, B ToM uncie CO, CH;COOH, aneToHa u clieoB yIiIeBOIO-
ponos [37]. [Ipensiaraemplii B TaHHOH pabOTe METO/ HE MPEATIONATaeT UCIIOIb30BAHUS JIETKOIETYUYNX

OPraHu4YeCKUX pearcHTOB, 4 3HAYUT, ABJIACTCA 0o0JIe€ IKOJOTHYHEIM.

3akJ/ioueHue

[MTomoOpanskl ycinoBus 1 0TpabOTaHbl METOIMKH MOJIYUYSHUS THIPO30JICH THAPOKCUAA HHINS Me-
TOJIOM aHHOHOOOMEHHOT'0 OCaXK/ICHHU S C HCITOJIb30BAHHEM CHIIBHOOCHOBHOTO aHnoHUTa AB-17—-8(OH).
YCTaHOBIICHO, YTO arperaTuBHO M CEAMMEHTAIIMOHHO YCTOWYMBBIC 3011 00pa3ytorcs u3 0.25 M pac-
tBopa In(NOs); ¢ no6asnennem I[TAB (810~ M) uinu nynynana (0.065 mac.%). JlobaBka pactopa
SnCl, (In:Sn=9:1 o macce) He CHMYKAET YyCTOWYMBOCTH 30JICH.

OmnpezneneHsl yCIOBUsI MPUMEHUMOCTH PA3IMYHBIX METOIOB HAHECEHWUs 30JIed Ha IMOMJIOKKY
B 3aBUCHMOCTH OT UX XMMHUYECKOro coctapa. Tak, meros ueHTpudyruposanus (10 cioes) B npucyT-
ctBun LITADB He cmor obecrieynTh paBHOMEPHOI'O PACIIPEACICHHUS U JOCTAaTOYHOM aAre3nn 4acTHIL
30J15 K MOBEPXHOCTH CTeKJa. B To ke Bpemsa no0aBka MyJuTyjlaHa MOJIOKUTEIBHO BIMSET HA pac-
MpeJesieHne YacTHIl IPeKypcopa Mo MOJI0KKE NP MPOBEJCHNN HeHTpudyruposanus. [Ipexypcop
PaBHOMEPHO pacIpeieNsieTcsi HIeHTPOOSKHBIMH CUIIAMH, U, OJarojapsi mojJeHKooOpasyoIuM CBO-
CTBaM ITyJlTyJaHa 00pa3yeTcsi CIIOMHOE TTOKPHITHE 0€3 BUANMBIX Pa3PhIBOB.

3onu, crabuinzupoBanubie [ITAB, hopmupyroT paBHOMEpHbIE TpoBoOAsIIKe IeHKH [n,0; npu
HCIIONIb30BaHMHM cripeii-merona. OQHAaKo B 3TOM Cilydae HEOOXOAMMO HAHECEHHE OOJIBLIOTO KOoJIHye-
CTBa CJI0eB (25 CJI0eB) C CYNIKOM Ka)/I0ro U3 HUX U, CIIeI0BATENIbHO, TPEOYIOTCs 00JIbIINE BPEMEHHBIC
3aTparsbl.

CHHTE3UpOBaHHBIE C MOMOINBIO cripeili-metona B mpucyTcTBuu LITAD mienku In,O; umenn
ynenbHoe conpoTusieHue 9 Om-cMm u Tonmuny 400-500 HM, a noxydYeHHbIE HEHTPU(PYTHPOBAHHU-
em ienku 1TO obnananu yaensHbiM conporusienuem 0.1 Om-cm u tommuuoi 200-250 um. O6e
IIJICHKHM JIEMOHCTPUPOBAIH BBICOKYIO ITPO3PAavyHOCTh B IIMPOKOM HHTEpBaJie JUIMH BoiH. [Tomyden-
HbIE B IJAHHOW paboTe MJICHKH COMOCTaBUMBbI 110 CBOWCTBAM € MaTepuaiaMu, GOpMUPYIOIIUMUCS KaK

B XOAC IMJIa3MCHHO-TECPMUYCCKOI'0 UCITApCHU, TAK U CUHTC3UPOBAHHBIMU PACTBOPHBIMU MCTOAAMMU.
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OnHako mpeasiaraeMblii MeTo 1 0oJiee POCT TEXHOJOTHUECKH, HE TPEOyeT CI0KHOr0 000pyA0BaHHMS,
a Takxe 0oJiee HKOJIOTNYEH, IIOCKOJIBKY HE IIPEANoaraeT UCIoIb30BaAHNS OPraHHIECKIX PACTBOPH-
Tenel u sxctpareHToB. [lo nanueiM PDA, B pesynsrare orxura mieHka ITO mpencrasiser coboit
HE MPOCTO CMECh HAHOYACTHUI] OKCH/JA MHAMS U OKCHJIA OJIOBA, TIOJyYEHHBIX U3 COOTBETCTBYIOIINX
30JI€i, @ MMEHHO TBEP/Iblii PACTBOP OIHOI'O OKCHJA B IPYT'OM, YTO MOKa3bIBaeT IPPEKTUBHOCTH MPHU-
MEHSEMOW TEXHOJIOTHH U JIAeT BAXKHBIC IIEPCIIEKTUBBI B TEXHOJIOTHHU MTPO3PAYHBIX MPOBOASIINX TI0-

KPBITUH.
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Omnpenesenne pyaHbIX COAeP:KAHUN pPeIKO3eMeJIbHbIX 3JIEMEHTOB
B re0JIOTMYeCKUX 00pa3iax MeToI0M
ATOMHO-3MHCCUOHHO CMIEKTPOMETPUH

C IYT'OBBIM JIBYXCTPYHHBIM MJ1a3MOTPOHOM

A.C. lllaBexkun, C.b. 3aakuna, b. 0. Capbir-oo,

N. H. Msarkas, C. M. &Kmonuk, E. B. JlazapeBa

Hncmumym eeonocuu u munepanozuu um. B. C. Cobonesa CO PAH
Poccuiickas ®@eoepayus, Hosocubupck

AnHoTauus. B paboTe npuBeneHbl pe3yJbTaThl OMPEANICHUs PYAHBIX COACPKAHUN PEIKO3EMETBHBIX
anemenToB (P33) B reomormyecknx oOpasnax METOIOM aTOMHO-IMHUCCHOHHON CIIEKTPOMETPHH C TyTOBBIM
JIBYXCTPYHHBIM I1JIA3MaTPOHOM, [TO3BOJISIIOIIEH TPOBOIUTH aHAIN3 TBepA0(ha3HbIX 00Pa3IOB B BHIC
MEIIKOJTUCIIEPCHBIX MOPOINTKOB. M3ydascs odpa3en HHOOUH-PEaKO3EMEITbHOU Pyabl, OTOOpaHHBIN
Ha y4actke bypanubiii TomTopckoro mecropoxaenus (Apkruueckas Cudbupb, Poccust). Pedynbrars
aHanu3a o BceM P30, 3a nckirouenuem Tb, Ybu Lu, cormacyrores ¢ magasivu MCIT-MC-ananm3a.
ITokazaHo, 4TO UCMOIH30BAHNE OTHOBPEMEHHO HECKOJIBKMX aHAIUTHYECKUX JTMHUHN MTPU ONIPEICTICHIT

P3D 3HaunTeIbHO NOBHIIIAET TOYHOCTD ompeAcJICHUA U JOCTOBCPHOCTL PE3YJIbTATOB.

KuioueBble cioBa: 1yroBoil ABYXCTPYWHBIN IUIa3MaTpOH, aTOMHO-3MHUCCHOHHAS CIIEKTPOMETPHS,

peaKo3eMesbHbIe 3J1eMEHTHI, ToMTOop.

Iutuposanue: [aBexun, A. C. OnpeneneHne pyIHbIX COACPKAHNI PEIKO3EMENBHBIX 3IEMEHTOB B I'€0JOTHYECKHX 00pa3max
METO/IOM aTOMHO-3MHUCCHOHHOMN CIIEKTPOMETPHH C TyTOBBIM ABYXCTpPYHHBIM muazmorponoM / A. C. Illaseknn, C. b. 3askuna,
B.10. Capsir-ooun, 1. H. Msrkas, C. M. )Xmonuk, E. B. Jlazapea / XKypn. Cub. penep. yu-ta. Xumus, 2021, 14(1). C. 59-71.
DOI: 10.17516/1998-2836-0216

BBenenne

ATtoMHO-3MuccroHHas crieKTpoMeTprst (ADC) SBIISIETCS MOIIHBIM HHCTPYMEHTOM JIJIS ONIPEACIICHUS
AJIEMEHTHOT'0 COCTaBa 00pa3IioB pa3IMYHON MPUPO/IbI. B KauecTBe HCTOYHNKOB BO30YK/ICHH S CIEKTPOB
(MBC) B8 ADC npuMeHSIOT HHIYKTHBHO CBS3aHHYIO IUIa3MYy, YTy IIOCTOSIHHOTO TOKA, TyTOBYIO JABYX-
CTPYHHYIO MIa3My, MUKPOBOJHOBYIO Miia3my u 1ip. [1]. HecMoTps Ha TO 4TO MaccoBoe pacnpocTpaHeHHe
nonyunna ADC ¢ HHAYKTHBHO CBSI3aHHOM I171a3MOM, HHTEpEC BbI3bIBaIOT ycTaHOBKHU ¢ UBC, no3pomnstomnye
MIPOBOJIUTDH DJIEMEHTHBIN aHAJIN3 HEMIOCPECTBEHHO U3 TBepAo(da3HbIX 00pa3ioB O3 peaBapuTeIbHOM
XUMHUYECKOH IPOOOIOATOTOBKH [2], 9TO MO3BOJIUT COKPATUTh BPEMsI aHAJIN3a U YMEHBIIUTH CHCTEMa-
TUYECKYIO IOrPEITHOCTh, BHOCHMYIO B IIPOIIECCE MTPOOONOATOTOBKH [3].

WucTpyMeHTanbHOE ONpeesieHie ColepkKaHui peIko3eMebHbIX deMeHToB (P33) B reonornyeckux
obpasmax sSBIseTCs akTyanbHOH 3a7aueit [4—6]. CIOKHOCTD U JJTUTENBHOCTh XMMUYECKOU TPOOOIOI-
TOTOBKH T€0JIOTHYECKUX 00pa3uoB s onpeneneHus P33, BeI3BaHHAS, TPEK]IE BCETO, YIIOPHOCTHIO
MuHepasioB-Hocuteneil P33 [7], moATOIKHYJIO HCcclenoBaresicii K pa3paboTKe METO0B U YCTAHOBOK,

MTO3BOJISIOIINX ITPOBOAUTH IIPSMOU AIIEMEHTHBIN aHATN3 TBEPIABIX 00pa3nos [8—10].
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ATOMHO-3MHUCCHOHHAS CIIEKTPOMETPHS C AYTOBBIM ABYXCTPyHHBIM mu1azmaTpoHoM (I ATT-ADC)
JlaeT BO3MOXKHOCTH ITPOBOJUTH aHAJIN3 TBEPAO(DA3HBIX 00pa3I0B B BUIE MEJIKOIUCIIEPCHBIX MOPOII-
koB [10]. Bosmoxuoctu JIJITI-ADC nnist onpenesnenus: SJIeMEHTHOTO COCTaBa Pa3IMUHbBIX T'€OJIOTH-
YeCKUX 00pasloB MMOKa3aHBl BO MHOTHX paboTax [2, 11-16], omHAKO MPaKTHYECKU HE MCCICIOBAHBI
BO3MOXKHOCTH METO/ JUJIsl OnpejiesieHus Beero crektpa P33, Tunuunble npeaessl 00Hapy KeHUs! 115
P3D naxozsrtes Ha ypoHe 1075-1077 Macc.% B 3aBUCHMOCTHU OT BBIOPAHHOW aHAIUTUYECKON JTHHUK
9JIEMEHTa ¥ XUMHYECKoro cocraBa obpasua [11, 12]. [lepcriekTUBHBIM sIBIIsIeTCSl IIPUMEHEHHE JaH-
HOT'O METOJ1a JUJIsl aHAJIN3a Pyl PEAKO3EMENbHBIX 3JIEMEHTOB ¢ copepkanusiMu P33 Ha yposae ot 0.1
10 10 macc.%, 4TO MO3BOJIUT U30€kKATh TPYAHOCTEH, CBI3aHHBIX C XMMHUYECKOH ITPOOOMOATOTOBKON
YIBTPAOOTaTHIX PYA, «3apakeHHs» MPUOOpa MPH UCIIOIB30BAaHUM APYTUX BBICOKOUYBCTBUTEIBHBIX
meTtonoB (Harmpumep, UCIT-MC), u cHUXKaeT NOrpeIIHOCTh MPU 3HAYUTEIbHBIX pa30aBICHUSX.

Kpome Toro, pazpaboTka 3KCIIPECCHOT0 HHCTPYMEHTAIBHOTO MeToa onpeaeneHus P33 ¢ mu-
POKHMM JHANa3oHoM copepxanuii saementon (ot 107> 1o 10 Mace.%) B o6pasuax u HU3KMMH MPEE-
JaMM OOHAPYXKEHUS MOXKET ObITH OYEHB IOJIE3HOH M BOCTPEOOBAHHOW B CBSI3M ¢ HEOOXOJUMOCTBIO
MaccoBOro omnpeneieHust P32 npu morckax u passeake mectopokacHuii P35, OcoOeHHO akTyabHO
B CIIy4asiX, KOrJja aHAIIM3UPYIOTCS TIPOOBI C PE3KO KOHTPACTHBIMH COAEPIKAHUSIMHU JIEMEHTOB, a TaK-
JKe B TEXHOJIOTHYECKUX Ipolieccax oboramenus u u3snedenus P3D. B nannoii pabote ncciaenosanacsk
MIPUHINIIHAIBHAS BO3MOXKHOCTH ONPEACICHUs PYAHBIX cojiepkannii P30 B reonorndyecknx odpasmax

MCTOAOM aTOMHO-3MHUCCHOHHOM CIICKTPOMETPHHU C TYTOBbIM }:[ByXCprI‘/IIHBIM IJ1a3MaTpoOHOM.

3KcnepnmeHTaanaﬂ JacThb

Obpasey pyosi

Jlnst uccnenoBanusi ucnonb3oBanu oodpaszer pynasl (TM-96), oroOpanHbiii Ha y4yactke Bypan-
HbI ToMTOpCKOro HHOOHMI-PEIKO3EMEIEHOIO MECTOPOKICHUS U NIPEJICTABIIAIONINI co00ii OoraTsie
HUOOUI-pesiko3emMenbHble pyabl [17]. MuHepaiabHblil cocTaB pyn Bkitodaer Oosee 80 MUHEpasoB:
OKCHIBI (TUPOXJIIOP, TETUT, TEMATHUT, Py THJI, HIBMEHOPYTHII), hochaTsl (MOHAIIUT, MHHEPAJIBI TPYIIITBI
KpaHJaauinTa, GTopanaTuT, KCCHOTUM), KapOOHAThI (CUICPUT), Cybhuabl (MUPUT, TaICHUT, chaie-
PUT, XalIbKOITMUPHUT), CHITUKATHI (KAOIHHUT, TUApOCcTonsl) [18, 19]. Ho ocHOBY pya cOCTaBISIOT FETUT,
MOHAIIMT U MHUHEPAJIbI IPYIIIbl KPaHIAJUINTA, IIUPOXJIOP, OKCU bl Ti. Pyibl TOHKOCIOUCTBIE M KPHUII-
To3epHUCTHIE, bosiee 70 % 3épeH umerot pasmep <1 um [17]. Uccnemyemsrii oopazers TM-96 o ocHOB-
HOMY MHUHEPaJIbHOMY COCTaBY OUCHBb CXOK C THHUYHBIMU pynaMu. OTIHYHE COCTOUT B 3HAUUTEIb-
HOM COZIEp)KaHUH B 00paslie KCeHOTHMA, YTO 00ecreunBaeT 0oiiee BEICOKOE, YeM B THITHYHBIX PYAax
conepkanue utTpus (Y,0;-2 %, Torma kak B cpenHeM B pynax cogepxkutcs 0.75 %) u TSHKETbIX
nanTaHounoB. Cogepxkanns REE,O5 cocraBnsrot 7.2 %, Nb,Os—1.2 %, P,Os—7.6 %, Fe,05-21.2 %,
Ti0,-2.7 %.

Anmnaparypa

HccnenoBanue aiist 1aHHOM pabOTHI MPOBOAMIIOCH HA YCTAHOBKE C JAYTOBBIM JABYXCTPYHHBIM
nna3mMaTpoHoMm U cnexktpometpom JIDPC-458C [20, 21], Ha KOTOPOM YCTaHOBJIEH MHOTOKAHATbHBIN
aHAJIN3aTOp aTOMHO-3MHUCCHOHHBIX cieKTpoB (MADC) [22], pa3paboTaHHBIH 1 U3TOTOBIEHHBIN (hUp-
Mot BMK «OmnTosnexktponuka» (r. HoBocubupck). B ycTaHOBKE MpUMEHSICS aprOHOBBIN IJIa3Ma-

TPOH, COCTOSIIUI U3 JBYX UJEHTUYHBIX JIEKTPOJHBIX rOpesiok [23, 24].
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Ha menb cnekTpomeTpa mpoenupyeTcs: anaauTudeckas 3oHa (puc. 1), odpasyromascst mocepe-
JUHE MEXIY JABYMs IIa3MEHHBIMHU I'OpPEJIKaMH, B PE3YJIbTaTe CIUSHUS TPEX Ta30BBIX CTPYH (ABYX
ropsiuux IUIa3MEHHBIX M OJIHOW XOJIOJHOI, TpaHCcIopTHpyouel npoody). Mccnenyemas npobda mnpen-
CTaBIISIET COOOI MEIKOAMCIIEPCHBIH MOPOIIOK C KPYITHOCTHIO yacTuIl He 6oiee 0.074—0.076 MM, KOTO-

PBIN BBOAMTCA B TUIa3MEHHBIN MMOTOK MEXAY CTPYAMH Iu1a3Msl (puc. 1). Macca HaBecku cocTaBisiia

[Ipoba

Puc. 1. DnexTpoaHblii OJOK MJIa3MaTPOHA W AHATUTHYCCKHUE 30HBI MJIa3Mbl: 1, 2 — MIa3MEHHBIC TOPENIKH; 3,
4 — MOTOKH MJIa3MO00PAa3yOIIUX CTPYH; 5 — MOTOK TPAHCTIOPTUPYIOIICH TPOOyY CTPyH; 6 — aHAIUTHYCCKAs 30HA
JIa3Mbl JI0 CIUSIHUM CTPYH; 7 — aHAIMTHYECKasl 30HA I1JIa3Mbl [10CJIE CIIMSHUS CTPYH [25]

Fig. 1. Plasmatron electrode unit and analytical zones of the plasma: 1, 2 — plasma torches; 3, 4 — flows of the
plasma-forming jets; 5 — flow of the sample transporting jet; 6 — analytical zone of the plasma before the jets
confluence; 7 — analytical zone of the plasma after jets confluence [25]

30 Mr, Bpems MOJTHOM Kco3uiyu 6.5 ¢, BpeMst 6a3zoBoii sxcriosuunu 100 mc. st onpenenenns P30
UCTONb30BaH AudpakiHoHHY 0 pemeTky 1200 mt/MM, 4TO MO3BOJIUIO CHUMATh CIIEKTPhI B AHAara-
30He OoT 280 10 545 HM.

Jist yupasiieHus mpubopoM, 00pabOTKH CIIEKTPOB U CTATUCTUYECCKOH 00pabOTKH pe3ysIbTaTOB

aHaJIN3a UCIIOIB30BAJIOCH TporpaMMHoe obecrieueHrne « ATom» («BMK «OnrosnekTporuka»») [26].

MarepuaJibl U peaKkTHBbI

s ipobomoaroToBky (pa3dasiieHus) 00pas3oB UCIOIb30BATH CIIEKTPAIbHO YUCThIH rpadu-
toBbIit Topomrok (I'TT) (oca., TOCT 23463-79). JIns nocTpoeHus rpagynpOBOYHBIX TpaprKOB OBII
B3sAT OTpacieBoil cranaapTHeid odpaszery OCO 250-91 (HOC-23, pyaa peaxosemensHas, BUMC,

Poccus).
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Ilpobonoodeomoska 0bpazyos

Crannaptasiid oopasen (CO) obnagaeT O4eHb BRICOKUMU KOHIIEHTparusmu P32 (tadm. 1), mosro-
My BO n3zbexanue 3(h(hexta caMOoIorIOnCHU s aHATUTHYECKOTO CUTHAA, XapaKTEPHOTO ITPU BEICOKUX
KOHIICHTpalusIX 3eMenTa [27], naHHbIi oOpasen Obut pa3bdasieH [Tl B 5 pa3. beuta mpurorosieHa
cepusi TPaJAyHpOBOYHBIX 00pa3lOB, MOJy4YEeHHAs MOCIe0BATeIbHBIM pPa30aBieHUEeM CTaHAapPTHOTO
o6pasna I'TI B 3 pa3za Tpems cranusmu (tadm. 1). O6pasen pyasl TOMTOPCKOTO MECTOPOXKACHUS pa3-

OaBJisiicst rpadUTOBBIM TTIOPOIIKOM B 3 pasa.

Ta6muua 1. Conepxanus P32 (ppm) B o6paszue TM-96 no nanaeim UCIT-MC u JAIT-ADC
Table 1. The REE contents (ppm) in TM-96 sample according to ICP-MS and TJP-OES

JUITT-ADC
Dnement | UCIT-MC thacu Lraon
CixA, o1, % CoxA, 82, %

La 10800 10800+2200 20 10800+500 (10) 5 0.10 2.26
Ce 22800 22000+16000 73 22700+300 (11) 2 0.74 2.23
Pr 2300 2200+1400 64 2200+100 ©9) 5 1.99 2.31
Nd 8000 8100+5000 62 8300+600 (11) 8 1.33 2.23
Sm 2700 2400+1400 58 2500+300 ®) 12 1.96 2.78
Eu 1000 1250+750 60 1100+300 (€] 27 1.49 3.18
Gd 3500 370043300 89 3800+300 ) 8 2.36 2.37
Tb 580 390+260 67 430+80 ®) 19 5.17 2.78
Dy 3000 2600+1400 54 2600+400 4 16 2.61 3.18
Ho 510 390+140 36 400£100 3) 25 4.07 4.30
Er 980 1200+900 75 990+330 3) 34 0.03 4.30
Tm 115 - - - - — -
Yb 570 500300 60 460+90 3) 20 4.70 4.30
Lu 71 14£11 79 | 1245 3| % 50 430

IIpumeudanue: C, A;, §; — cpeliHee copepKaHue, MOrPEUIHOCTh U OTHOCUTEIbHAS MTOTPEIIHOCTD, NoTy4YeHHble MeTogoMm JJIT1-
ADC no ocHOBHBIM aHanuTHYeCKUM JuHUAM P3D (n=3); C,, A,, 8, — cpeliHee coliepKaHue, MOrPEUTHOCTh U OTHOCUTEIbHAS
MOrPELIHOCTh, nodayueHHble MetonoMm JI/III-ADC mno HEeCKONbKMM aHaJIMTHYECKUM JuHUAM P33, B ckoOkax ykaszaHo
KOJMYECTBO aHATMTHUYECKUX JIMHMH, UCHOAb30BaHHBIX Ja pacueta C,, As, 0y; tpeeq — PACUETHOE 3HAYECHHE KPUTEpPHA
CTBIONICHTA, tryg, — TAONMYHOE 3HaUeHUE KpUuTepusi CThIOJCHTA.

KOHmpOJlb npaeujibHocmu

OO6paszern; pyabl OblT napajuienbHo npoaHanuzupoBaH MetogoMm NMCII-MC mocne cruaBieHus
¢ nepokcugoMm Hatpusi Na,O,. MeToauka CIijiaBjieHUs onucaHa B padbore [28], MeTouKa ompe/esie-
HUS METOJIOM MacC-CIIEKTPOMETPUH ¢ HHIYKTHBHO cBsi3aHHOH mna3moit (MCII-MC), peanu3oBaHHas
B «IIKII MHOrosmeMeHTHBIX U n30TONHBIX uccienoBanuii CO PAH» Ha Macc-crieKTpoMeTpe BBICOKO-

ro pa3pemenuss ELEMENT (Finnigan MAT, I'epmanusi), onrcana B padore [29].

Pe3yabTaThl M HX 00Cy:K/IeHHE

Jns omnpenenenus: copepxkanuii P33 Obutd BBHIOpPaHBI OCHOBHBIC AHAJUTHYCCKUE JTMHHH

(Ta6J'I. 2) C Y4€TOM UX UHTCHCUBHOCTHU HU3JIYYCHHUSA U BO3MOXHBIX CIICKTPAJIbHBIX BJIHSHHI CO CTO-
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Tabauua 2. OcHOBHbBIC aHAIMTHYECKUE TUHUK P33 M X HHTEHCUBHOCTD, cojepkanus P33 (ppm) B HCXOAHOM
CTaHAaPTHOM 00pasiie ¥ rpalyiPOBOYHBIX 00pasiax

Table 2. Main spectral lines of REE and their intensity, the contents of REE (ppm) in initial certified reference
material and calibration samples

DeMeHT A, HM I, oTH.ex. Crannapribiii I pasyHpoROiTbIe 00pasItEI
obpasen 1/5 1/5/3 1/5/9 | 1/5/27

La 326.567 550 54700 10940 3647 1216 405
Ce 321.894 710 108100 21620 7207 2402 801
Pr 424.101 960 11500 2300 767 256 85
Nd 372.350 780 36700 7340 2447 816 272
Sm 373.920 2900 4400 880 293 98 33
Eu 420.505 | 60000 1230 246 82 27 9
Gd 343.999 2700 2600 520 173 58 19
Tb 351.386 290 390 78 26 9 3
Dy 357.624 4400 1700 340 113 38 13
Ho 406.509 1700 300 60 20 7

Er 400.797 14000 660 132 44 15

Yb 369.419 32000 450 90 30.0 10.0 33
Lu 337.650 6200 80 15 5.3 1.8 0.6

IIpumeuanue: A — aHanUTHYECKast JIUHUS;, | — HHTEHCHBHOCTh aHAJIMTHYECKOH JuHHH. | / 5 / 3 — sramsl pa3daBieHHs
HCXOHOTO CTaHAAPTHOrO 00pa3ia crieKTpanbHbeIM OydepoM B 1Ba mara. [lepBoe pazbaBieHne HCXOAHOTO CTAHAAPTa B 5 pa3
U moceiyoniee pa3daBieHue MoxyYeHHo cMecn B 3, 9, 27 pa3 COOTBETCTBEHHO.

POHBI IPYTHX 3JIEMEHTOB. MI3BECTHO, 4YTO OCHOBHOI1 P00JIEMOii TpU BEIOOpE aHATUTHYECKUX JTUHU I
P30 aBnserca UMEHHO HAJOXKEHHE TUHUN Opyrux 3yeMeHToB [12, 30]. bonbmioil peructpupyemMslii
CHEKTPpaJIbHBIN quana3on (280—540 HM), pealn30BaHHBIN B IPUOOPE, MTO3BOJSCT BHIOUPATH JTMHUN
C MUHUMAaJbHBIMH HAJOXKEHUSIMH JINHUNA Opyrux siaeMeHToB. Onpenenenne P35 no nanbosee un-
TEHCHUBHBIM AaHAJIUTHYECKUM JUHHUIM, TPAAUIIMOHHO MPUMEHSIEMBIM IIPU aTOMHO-3MUCCHOHHOM
aHanuse [31, 32], 3aTpyIHEHO U3-3a yparaHHbIX COAEPKaHUM 2JIEMEHTOB U, COOTBETCTBEHHO, CIIEK-
TPalbHBIX BIUSHUI.

I'panyupoBounble rpaduKy 11 OCHOBHBIX aHAUTHUECKUX JuHUI P33 (puc. 2), nocTpoeHHbIe
o cranaaptHomy obopasiy OCO 250-91 (HDPC-23, tabi. 2), 06ecneynBaOT XOPOUIy0 KOHIICHTPA-
HOHHYIO 3aBUCHMOCTB: YTJIBI HAKJIOHA rpadukoB (o) OIu3Ku K 45 rpagycam (puc. 2). B pamkax nan-
HOT'O HCCJIEJIOBAaHMS HE ITPOBOJIMIIACH OL[CHKA MPEIeNIOB OOHAPYKEHHsI U3y4YaeMbIX j1eMeHToB. [1pu-
BeZICHHBIE Ha pHC. 2 3HaUCHUSI Cyyiy COOTBETCTBYIOT KOHIIEHTPAIIMSAM 3JIEMEHTOB B I'PaLyHPOBOYHOM
obpasue 1/ 5/ 27. VI3BecTHO, 4TO IPU aHATU3E Py PEAKHX U PEAKO3EMEIbHBIX JIEMEHTOB METOIOM
JAATI-ADC npenenst oOHapysxerust P30 yxyamaroTcs Ha 2—3 mopsiika U3-3a CIIeKTPalIbHbIX BIUSHUN
[12]. B nanHo#i paboTe creKTpajibHble BIMSHHS YaCTHYHO yCTpaHsIu pasbaBieHuem odpasnos ['T1.
Kpome Toro, 370 o3BosIsieT pemuTh ApyTHe MpodIeMbl: ycTpaHseTcs 3pQEeKT CaMOIOIIIONICHN S aHa-
JUTHUYECKOTO CUTHAJIAa IPH BBICOKUX KOHIEHTpauusax P33; nis aHanuTHYECKUX JTUHUHN C BBICOKUMU
MHTEHCUBHOCTSIMH U3JTyUCHHS YMEHBIIACTCS MAHC «3alIKaIUBaHUD (IPEBBIICHHS TOPOTa BO3MOXK-
HOCTEH DJICKTPOHHUKH I10 TIpUeMy 1 00paboTKe CHTHaJa) aHAJIMTHYECKOI0 CUTHAJA IIPH PErUCcTpaliiu

JIETEKTOPOM; BBIPAaBHUBAETCS paclpeielieHIe TEMIIEPaTy phl B 1iazme [27].
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Puc. 2. T'pagyupoBouHble T'paduKH JIsi OCHOBHBIX aHAJUTHYCCKUX JuHHE P3D. B pamkax ykaszaHbl
XapaKTePUCTUKU IPa(UKOB: 0 — yroj HaKJIOHA TpaayupoBodHOro rpaduka; Cyi, — MUHUMAIBHOE TOCTOBEPHO
ONpeAessieMoe COepKaHUE IEMEHTA

Fig. 2. The calibration curves for the main spectral lines of REE. The characteristics of the curves are indicated
within the frames: o — the slope of the calibration curve; Cy,;, — the minimum reliably determined content of the
element

Hekoropsle anemenTsl, Takue kak Tm, Y, Sc, oTHOocsuuecs k uucay P39 [6], He onpenensauck
B paMKax JIaHHOTO MCCIIeIOBAHMS U3-32 HHCTPYMEHTAJIBHBIX OrpaHu4YeHni. OnpeneneHue coaepxa-
HUW ocTalbHBIX P30 10 0cHOBHBIM aHanmuTH4decKuM TUHUSIM (C, Tabm. 1) Takxke OBUIO COMPSIKEHO
C PSLIOM TPYAHOCTEH, KOTOPBIE MPUBEIHN K YBEINUYCHUIO MOTPEIIHOCTH aHaiu3a (A, Tabn. 1). OTHO-
CHUTEIIbHAs IO PEITHOCTH aHasn3a (91, Tadi. 1) Bapeupyet ot 20 10 89 %. Takum 06pazom, cpaBHEHHUE
pesyasraroB JJJITT-ADC ¢ nanusimu UCIT-MC Oy et HeKOppeKTHO.

Bricokasi morpenrHocTh BBI3BaHA, MPEXKAE BCEro, OOIBIINM Pa30pOCOM COACPIKaHHUM DIIEMEHTA
IPH MapaeNbHbIX H3MEPEHUSX, YTO BEPOSITHO BBI3BAHO HEJOCTATOYHON OTHOPOIHOCTHIO BEIIECTBA

1 KpyIHOCTBIO YacTUIl MUHEpasioB-HocuTeneld P33. MsBectHo, uTo ans 3ddexTnBHOrO ncnapeHus
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npoObl B MJ1a3Me HEOOXOJMMO TILIATEIbHOE UCTUPAHUE MTPOOBI: AMCIEPCHOCTh 00pasiia JOJKHA CO-
CTaBISITh Kak MUHUMYM 0.025 MM, a TUCTIEPCHOCTH 00pas3iia, COACPIKAIIET0 YITOPHBIEY» MUHEPAIIBI, —
menee 0.005 mm [33].

J1Jist OBBIMICHUS TOYHOCTH PE3YJIBTATOB aHaAJK3a OB UCIOJIB30BAH MOJXO, Pean30BAHHBIH
B pabote [14]. Comepxanust P3D OblIn paccyMTaHbl KaK CPEIHEE MO HECKOJIbKHM aHAIUTHYCCKUM
nuHuIM (C,, Tabum. 1). 1715 KaXk10ro 3JeMeHTa HCIOIh30BaIach BEIOOPKA aHATTUTHYCCKUX JIMHHH C XO-

POLIMMHU TpajlyupoBOYHbIMU rpadukamu (o, Onuskoe k 45°). B kauectBe npumepa B Tadi. 3 mpen-

Tabnuua 3. Conepxanus Ce B o6pasne TM-96, moaydeHHBIE 110 pa3HbIM aHATUTHYCCKHM JTHHISIM

Table 3. The REE contents in the TM-96 sample obtained from various spectral lines

A, HM I, oTH.en. Conepxanue, ppm (n=3)
Ce 320.171 990 22900
Ce 321.894 710 22000
Ce 356.080 1200 22800
Ce 365.585 1800 22800
Ce 394.215 2000 22100
Ce 394.275 2700 22900
Ce 404.076 2100 22000
Ce 408.122 670 23600
Ce 414.500 670 22900
Ce 424.868 1100 23000
Ce 456.236 2100 22100
Ce 462.816 1700 22200

HpnMeanne: A — aHaNUTHYECKAs TUHUS DJICMCHTA, | — MHTEHCUBHOCTH AHATTUTHYECKOMN TIMHUU.

CTaBJICHBI PE3YJIBTATHI 110 LEPHUI0, AJIs pacuéTa CPEeHEro ColepkKaHusi KOTOPOro ObLIO UCIIOIb30BAHO
11 nuunii. KonuuecTBo TMHUNI, UCIIONB30BAHHBIX [JIS pacueTa CpeJHEero coaep:kanus apyrux P30,
npezcrasieHo B Tadu. 1. [lorpemHocTs 1 OTHOCHTENIBHAS [TOIPEUIHOCTh aHaJIM3a IIPU HCII0JIb30Ba-
HUU JIaHHOTO To/1X0/1a HIKe (A, 8;, Tabim. 1). [loaydeHHble TakuM 00pa3oM cofepKaHMs SJIEMEHTOB
66111 conoctaBineHs! ¢ pesynsratamu UCII-MC. IIpaBunbHOCTS pe3ynbTaTOB aHAIN3a, OTYUYEeHHBIX
meronoM JIATT-ADC, oueHuBanu no BenuurHe Kpurepus CThIOAEHTa, PACCUUTAHHOTO JJISl KaXK 10T 0
2JIEMEHTA, U C JonyineHueM, 4To pesynbratel UCIT-MC sBisitoTcst «arrecToBaHHBIMIY (hopmyia 1).
Ecnu pacuérnas BenuuuHa kputepus CThrofeHTa (fpacq) MEHBIIE TAOIUYHOIO (trasy, AJ18 CTENEHEN
cBoOoab! f=n-1 u noBeputeabHOI BeposTHocT P=0.95), To cucTemarnyeckas ommndka ornpeneneHus

OTCYTCTBYCT UJIM HC3HAUMUMA!:

t = |C,£lL[l'l—A3C‘:I/ICl'l—MC|*\[7_l ¢ (P,f), )

rJie 1 — KOJIMYECTBO (BBIOOPKA) CIIEKTPaJIbHBIX JIMHHUH, UCIIOJIB30BAaHHbBIX JUIsl pacyéTa CpeHero co-

JepXKAHUS; S — CTAHAAPTHOE OTKJIOHCHHE BEIOOPKH [34].
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Puc. 3. HopMupoBaHHblc Ha KapOOHATHBIM XOHAPHUT [35] cmekTpsl comepkanuit P3D B obOpasue TM-96,
nonyuyeHHoie Merogamu MCII-MC u JJJII-ADC. Copepxxanust P35 wmerogom JAII-ADC mnonyueHsl
110 OCHOBHBIM aHAJIMTHYECKUM JIMHUAM (a) u conepkanust P30 merogom JJITT-ADC nosyyeHsbl 110 HECKOJIBKUM
AHAJTUTHYCCKUM JTHHUAM (b)

Fig. 3. Carbonaceous chondrite-normalized [35] spectra of the REE contents in TM-96 sample obtained by the
ICP-MS and TJP-OES. (a) REE contents by the TIP-OES obtained from the main analytical lines and (b) REE
contents by the TJP-OES obtained from several analytical lines

Pesynbrate! onpenenenus Bcex P33, 3a nckmouennem Tb, Yb u Lu, sBistoTcs npaBUIBHBIMU.
3aHmkeHne pe3ynsraroB o Tb, Yb u Lu cBs3aHo ¢ TeM, 4TO 3TH 3JIEMEHTHI UMEIOT MaJioe KoJuye-
CTBO aHAJIIMTUYECKUX JIMHUH B aHATM3UPYEMOM CIIEKTPAJIEHOM JTHAra30He ¢ BHICOKUMHU OTHOCHTEIb-
HBIMU HHTEHCUBHOCTSIMH U3JIyUueHHsI. DTOT (JaKTOp, B COBOKYITHOCTH C HEOOJIBLIMMH COJIEPKAHUSIMH
JAaHHBIX IEMEHTOB B 00pas3Iie MpH BBICOKUX COAEpKaHUAX Apyrux P30, okaspIBalomux Memaromee
BIUSAHME (HAJIO)KEHNE aHAIUTUYECKUX TUHUN Apyrux P33 ¢ 6onee BRICOKUMU OTHOCUTENbHBIMHU HH-
TEHCHBHOCTSIMH), CO3[aeT MpodaeMsl ¢ ompeaencareM Tb, Yb u Lu.

Mo mosry4eHHBIM JIaHHBIM OBLIN TIOCTPOCHBI CIIEKTPbI, HOPMUPOBAHHBIE 110 KAPOOHATHOMY XOH-
nputy (puc. 3) [35], KoTOpbIe HarIsAHEE AEMOHCTPUPYIOT IPABHIIBHOCTh PE3yJIbTAaTOB, IOy Y€HHBIX
metoaom JIJITT-ADC.

3akjrouenne

Ouenenbl Bo3MoxkHoctu Metoga JJAII-ADC nns ananu3za pyaHbix cogepxkanuit P32 B reonoru-
yeckux obOpasmax. Ha mpumepe obpasna peakosemensHol pyasl (TM-96) uz TomTopckoro HuoOM -
PEeAKO3eMEeTBFHOT0 MECTOPOXKICHUS MTOKa3aHO, YTO METO/I TIO3BOJISICT TOCTOBEPHO OMPEACIATh COIEP-
xanus cnenyromux P33: La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho u Er. Onnako npu onpezaeneHuu Thb,
Yb, Lu BeIsiBIICHA cricTeMaTH4ecKast ONIHOKa, 3aHIKAIOIAs] HCTHHHBIC CONEPIKAHUS ITUX IIEMEHTOB
B oOpasmax. HeoOXoaumbl najbHEHIINE UCCIICIOBAHUS 110 COBEPIICHCTBOBAHUIO HE TOJIBKO METO-
QUKH aHAJIN3a, HO HHCTPYMEHTAIBHOTO 00eclieueHUsT MeToia. BO3MOKHOCTH METOAa M OTCYTCTBHE
HEOOXOIUMOCTH IIPOBOJUTH MPEABAPUTEIBHY 0 XUMHUUCCKYIO IIPOOOMOATOTOBKY JACIAI0T 3TOT METOI
OBICTPBIM U 3G eKTHBHBIM. [loTydeHHBIC TaHHBIC TO3BOJISIOT UCIIOJIB30BATh METOJ JIJISI PYTHHHOTO

onpeacJICHUA 0OJIBIIIOrO KOJIMYECTBA Hp06, H€O6XOJQ[I/IMOFO JJIsL CTaTUCTHYCCKOI'O aHaJInu3a.
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Henpsimoe 3/1eKTpOKaTAJIMTHYECKOE OKUCJIEHHE Pe30OPLHHA
AKTUBHBIMHU (pOpMaMM KHUCJIOPO/A, in Situ reHepUPOBAHHBIMH
B CONPSI’KEHHBIX peakuusix Ha aHoxax us Pt u Pb/PbO,

U KAaToJle U3 Me30CTPYKTYPUPOBaHHOIO yriepona CMK-3

I'. B. Kopuuenko®’, T. A. Kenosa?,

B.JI. Kopuuenko?, A. A. Kykymkun®

“Uncmumym xumuu u xumuyeckou mexnonocuu CO PAH,
QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacuosapck

SCubupckuil 20cyoapcmeentviil yHuepcumen HayKu

u mexnonocuu umenu akademuxa M. @. Pewwemnesa
Poccuiickaa ®edepayus, Kpacnospck

AHHoTanus. VccnenoBana KWHETHKA U CETIEKTUBHOCTD HEMIPSIMOTO AIEKTPOKATATUTHYECKOTO OKHUCIICHUS
pe3opuuHa akTUBHEIME (opMamu kuciopoaa (ADK), reHepupoBaHHBIME in situ U3 KUCIOPOIa
B razonuddysuonrom sekrpoae (I'/1D) Ha ocHOBe Me3oCcTpyKTypHupoBaHHOro yriaepona CMK-3
n anonax u3 Pt u Pb/PbO, npu paznuunsix pH. [Tokazana Beicokast 3 (peKTHBHOCTH IIPOLIECCca OKUCICHUS
pesopuuHa (99 %) B cucreme ¢ I'JID u Pt mpu pH =10 B pactBope 0.05 M NaOH: 0.5 M Na,SO, (3:1),
u Pb/PbO, + Fe?" npu pH=2 (99 %) B pactBope 0.5 M Na,S0,:0.1 M H,SO, (3:1), npeasioxkena cxema

€TI0 OKHUCJICHU .

KarwueBble €J10Ba: HEMPIMOE 3ICKTPOKATATUTHUECKOE OKUCIICHHE, aKTHUBHBIE (POPMBI KHCIOPO/Ia,

PE30pIHH, ME30CTPYKTYPHPOBAaHHBIN yriepon, ra3oauddy3noHHbIi 31eKTPOa, HHTEPMEIHATHL.

Hurtuposanue: Kopuuenko, I.B. Henpsimoe 35eKTpoKaTaIu THYECKOE OKHCIICHHE PE30PLUHA aKTUBHBIMU (DOPMaMU KHUCIIOPO/a,
in situ TeHEPUPOBAHHBIMU B CONPSKEHHBIX peakuusX Ha aHoxax u3 Pt u Pb/PbO, u katone u3 Me30CTpyKTYpUPOBAHHOTO
yranepona CMK-3 / I'.B. Kopuuenko, T.A. Kenoa, B.JI. Kopuuenko, A. A. Kykymkun / XKypu. Cub. ¢penep. yu-ta. Xumus,
2021, 14(1). C. 72-81. DOI: 10.17516/1998-2836-0217

BBenenue

W3omepbl quruipokcrOen3osa (ruIpoXHHOH, MHPOKATEXUH, PE30PLUH) HAXOAT IIUPOKOE TIPH-
MEHEHHE B IIPOM3BOICTBE KPACUTEIICH, KayuyKOB, IIOJIMMEPOB, UCIOIb3YIOTCI B (JapMaleBTHIECKOH,
MUIIEBOH, KOCMETHUECKON U pAsie APYTUX OoTpacieil mpoMbinuieHHOCTH [1]. CTouHbIe BOMBI, COAEp-
JKalue MpOou3BOAHbIE (peHOoNMa M/MIIN TPOLYKTHl UX AECTPYKIHH, SIBISIIOTCSI CEPbE3HON 3KOJIOrHYe-
CKOM MpoO0JIEMOH, TOCKOJIBKY 3TH MOJLIIOTAHTBI OO0JIbIICH YaCThi0 OTHOCITCS K TPYIHO (HOTO- 1 OHO-
pasziaraemMbIM COeJUHEHUsIM [2—4].

TpaauLMOHHBIE METO/ABI OYMCTKH (PEHOJICOAePIKALINX CTOYHBIX BOJ, TaKWE KaK XUMHYECKHUE,
¢dusndeckne n OMOIOTNYECKHE, UMEIOT PsiJl CyIECTBEHHBIX HEAOCTATKOB [5].

B 3T10i1 cBsI3u MHHOBAIMOHHBIE MTpoliecchl okucieHus («advanced oxidation processes» (AOPs))

BCC HallC pacCMaTpuBAOTCA KaK aJIbTCPHATUBHBLIC CII0COOBI OYUCTKH MNPOMBIINIJICHHBIX U MYHHUIIU-
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MaJbHBIX CTOYHBIX BOJ, COACPXKAIIMX PAa3IHMYHBIC OPraHUYECKHE M HEOPTaHMUYECKHE MOJUTIOTAHTHI,
OYUCTKH U Ie3MH(DEKITNU MUTHEBOH BOIBI, PEKYIBTHBAINY 3aTPS3HEHHBIX T0YB [2, 6—11].

Cpenu AOPs nieKTpoXUMHUYECKHEe METO/IbI 00JIaIat0T PSIOM MPEUMYILECTB, IIOCKOJIBKY B HUX
HCIIOTB3YETCSI «IUCTHIN peareHT» — 3JMeKTPoH. OHU MPOTEKAIOT B MATKHUX YCIOBUSX, CO CPABHUTEIb-
HO BBICOKHMH CKOPOCTSIMU, KOHTPOJIUPYEMBbIMH TUIOTHOCTBIO TOKA MJIM MOTEHI[UAJIOM, HE TPEOYIOT
CJIO)KHOTO 00OPYZOBaHUS U JIETKO aBTOMATH3UPYIOTC» [9].

CrnemyeT OTMETUTB, YTO B HACTOSIIEE BpPeMs IEKTPOXUMUYECKHE TEXHOJOTHU paccMaTpHBa-
FOTCS B Ka4eCTBE MEPCIEKTHBHBIX IS IEpepadoTKH OHMOMACCHI C TIOTyYEeHHUEM IEJIEBBIX MMPOIYKTOB
C BBICOKOH 100aBJICHHON CTOMMOCTBIO [12,13]. DTH mpoIiecChl yA0BICTBOPSIIOT OOIBIIHHCTBY TPEOO-
BAaHUH 3€J€HON XUMUH.

B ocnoBe AOPs nexur in-situ monyudeHue BbicokopeakioHHbIX ADK (rnaBHbIM 00paszom,
*OH-pannKaoB), y4acTBYIOIINX B IIpoLieccax oKucyieHus [14].

ITo crocoby nonyueHus *OH-pagnKajoB B SJIEKTPOIUTHYCCKON CHCTEME MOXKHO BBIJICIUTH J1BA
BUJIA DIIEKTPOXUMUYCCKUX MPOIECCOB: MPSIMON W HENpsMOH. B cirydae mpsMOro 3ieKTpoxXumide-
cKoro mpotecca odopazosanue *OH-pagukanoB IpoTeKaeT Ha aHOJE 3a CUET IPSMOro pas3psijia MoJie-
KYJI BOJIBI, CKOPOCTb ITOYYCHUSI U KOHIICHTPALHs KOTOPBIX 3aBUCHT OT KATaTUTHYCCKON aKTHBHOCTH

aHogHoro marepuaia (1).
HQO — HO'(MC‘) +H" +e. (1)

K HenpsiMoMy 3IeKTPOXUMHYECKOMY ITporieccy 00BIYHO OTHOCST MpoIiecchl ¢ noixydenrem *OH

Ha ocHOBe peakiun DertoHa (2) (nekTpo-DeHToH, GoTo-37eKTPo-PEeHTOH, COHO-3eKTPo-DeHTOH

H Jp.).
H,0, + Fe** — Fe** + OH~ + HO". )

B sToM cityuae TpeGyeTcs 100aBIeHHE UM SIEKTPOXUMHUYECKas in situ renepanus H,O, u Fe?*
[15].

B kadyectBe MOEIbHOTO (PEHOIBHOIO KOMIIOHEHTA CTOYHBIX BOJ pa3pylICHHE Pe30pLHHA ObLIO
nccienoBano ¢ nomomisio xumuaeckoro (HCIO, NH,Cl, KMnOy) [16,17], katanutudeckoro [18], do-
TOKaTaTuTH4YecKoro [19] okucienust, o3oauposanus [20] u agcopOiuu [21]. B [22] 6b110 moka3aHo,
YTO pe30piuH () (HEKTUBHO MOXKET OBITH OKHUCIICH AJICKTPOXUMUYECKH Ha JIOMPOBAaHHOM OOpOM al-
MazHoM anekTpoge (JIBAD).

B nanHoil paboTe mCCienoBaHO AIIEKTPOKATAIMTHYECKOE OKHCICHHE PE30pIUHA AKTHBHBI-
MU (popMaMH KHUCIIOPOAA, in Situ TEHEPUPOBAHHBIMH B COIPSIKEHHBIX peaklUsx Ha aHoaax u3 Pt u
Pb/PbO, u xatoze n3 Me30cTpyKTyprupoBanHoro yriaepoga CMK-3 npu paznuunsix pH B 6e3nnad-
parMeHHOM 3JieKTposin3epe. M3y4yeHo BiusiHUe Marepuala aHo/a, INIOTHOCTH Toka, pH aiekTponuTa

Ha 3((PEKTUBHOCTH U KHHETHKY IIpOIecca.

JKcnepruMeHTAIbHAS YacTh

Jns nonyuyenus HyO, 1 mpoBeeHusI 2JEKTPOIN3a C €r0 YYaACTUEM i Siti UCTIONb30BAIU TEPMO-
CTATUPYEMYIO STUCHKY ¢ Hepa3[IeJICHHBIM KaTOXHBIM M aHOTHBIM IpocTpaHcTBoM. [azonuddysnon-
HBIC BJICKTPO/IbI U3TOTOBJIAJIN B BUAC 2-CIHOMHBIX JUCKOB TUaMETPOM 30 MM 110 MCTOIHMKC, ONKUCAHHON

B [23]. Conepxxanne propomuacta ®-4J1 B padbouem cioe cocrasisuio 60 mac. %, B 3aIIOPHOM CJIOE —
2
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50 mac. %. J1ist 3a1IOpHOrO CJIOS MCIIOJIb30BAIM AllCTUIICHOBY IO Caky Mapku A-437 3, nis padouero
ciosi — Me30cTpyKTypupoBaHHblil yraeponx CMK-3. TekcTypHble XapaKTepUCTHKU JaHHOTO yIIIEPOJ-
HOT'0 MaTepuaja NpuBeACHEHI B [24].

B kauecTBe aHOMOB NMPHUMEHSUIM IUIATHHOBYIO IUIACTHHY M AJICKTPOX M3 JUOKCHJA CBUHIIA
(Pb/PbO,), M3rOTOBIEHHBII 10 METOMUKE, ONIMCAHHOMN B [25], MIIOIWAas aHOAOB COCTaBNIANa 2,5 cM?.
B kauecTBe 37eKTpo/a CpaBHEHMSI HCIIOIB30BAIN XJIOPUA — cepeOpsnbIii anekrpox (OBJI-1M1), ot-
HOCHTEIHHO KOTOPOTO MPUBECHBI BCE 3HAYEHU S MTOTeHIIHaNa B cTaTbe. O0beM suerku S50 M.

OKHcIIeHNEe MOJICIBHBIX PACTBOPOB PE30PIMHA MPOBOAMIIN IIPH MJIOTHOCTH TOKA B MHTEpBAJe
ot 25 10 100 MAcm 2. VicXoaHbIE KOHLEHTPAMU pe3opuuHa coctasusaau 50 u 100 mr ' B pabo-
T€ HCIIOJIb30BaIH clenytomue aekTponutel: pH=2—-0.5 M Na,SO,, 0.1 M H,SO, (3:1); pH=7-0.5M
Na,SOy; pH = 10-0.05 M NaOH: 0.5 M Na,SOy (3:1), rTemneparypa snektponuta coctasisiaa 20 °C.
IIpu okucIeHnH B dIeKTpouTe ¢ pH=2 mnpouecc npoBoauiu ¢ gobasieHueM cyibdara xeneza Cr2*
=3,2=1073 mr !, Kucnopon B I'JID nomasaiy ¢ €ro ThIILHONH CTOPOHEL.

AHanu3 nNpoJyKTOB OKHMCICHHS pe30pLrHa npoBoauian Ha npubdope Shimadzu LC/MS-2002
¢ kosionkoit RAPTOR ARC-18 100. XpomarorpadupoBanue o0pa3sia OCyUIECTBISIIA B H30KPUTH-
YEeCKOM pPEeXHMME B alleTOHUTpHIIE. /Il perncTpaniy Macc-CleKTPOB HCIOIb30BAN KBAAPYOIb-
HBIIl Macc-CIEeKTPOMETP € 3JIEKTPOHAIBUINTENBHBIM HCTOYHNKOM HOHOB (ESI) mpu npsimom BBOZIE
oOpa3sla ¥ 3J110aTa, NoAaBaeMoro xpomMarorpagom co ckopoctsio 20 Mki/MuH. Bee anextpoxumu-
YecKHe M3MEPEHMS MPOBOAMIM ¢ momoIibio norennuocrara [1M 50—1.1 (BUII, r. l'omens, Pecmy-

omuka bemapycs).

Pe3yabTaThl M 00CyKAEHUE

Ha puc. | mpuBeneHsl KHHETHYECKHE KPUBBIE OKHUCICHUS PE30PIHMHA B KHCIOM M IEJIOYHOM

DIIEKTPOIUTAX B AUEHKE C IUIATHHOBBIM aHOI0M. MicxonHas KoHIeHTpauus pesopuuna 100 mr o,

C, mrnt

120

0 1 2 3 4 5 gy

Puc. 1. Kunetnueckue KpuBble OKHCICHUs pe3opuuHa Ha Pt anone B 3aBucuMocTH oT pH npu MiIoTHOCTH ToKa
50 mAcm 2 (1,2) u 100 MAcm 2 (3,4): 1.3 —-pH=2u2,4-pH=10

Fig. 1. Kinetic curves of resorcinol oxidation on Pt anode versus pH at current density 50 mAcm™ (1, 2) and
100 mAcm™ (3,4): 1.3 —pH=2and 2,4 — pH = 10
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Ha puc. | BugHO, 4TO Kak B IIEJIOYHOM, TaK U B KMCIIOM 3JIEKTPOJIUTAX C YBEIHMYCHHUEM IIOTHO-
CTH TOKa 3()()EeKTUBHOCTH OKUCICHUS Pe30pIrHa Bo3pacTaeT. Hanbonee 3HaunTEeNbHO 3TO HAOIIO-
JIaeTCsl B TEUEHHUE MEPBBIX JABYX 4acOB pabOTHI siuelku. Tak, B MIETOYHOM JIEKTPOIUTE 3a MEPBBIH
qac dneKTponu3a dPPEKTUBHOCTh OKUCIEHHs cocTaBuia 60 % mpu mioTHocTd Toka 50 MAcM™2
1 94 % —npu 100 MAcM 2. B KHCIIOM 3JIEKTPOJIUTE 3a MEPBBII Yac 31eKTponu3a 3GpHeKTHBHOCTH CO-
craBuna 59 % npu miotHoctu Toka 50 MAcM 2 u 60 % — npu 100 MAcm 2. CpaBHEHUE PE3YIIBTATOB
MOKAa3BIBAET, YTO OKUCIICHHE PE30PIIMHA B EI0YHOM pacTBope npu pH = 10 mpoTekaeT 3HaAYNTEb-
HO >QQeKTHUBHEE, YeM B KUCIOM. DTO MOXXHO OOBSCHUTH TEM, UTO IPHU IEKTPOXUMUUYECKOM BOC-
craHoBnenuu O, B 3aBucumoctu oT pH pactBopa 00pa3yrorcs pa3audHble 110 CBOCH peaKlMOHHOM

criocoonoctu ADK:
0, + H,0 +2e =HO,~ + OH™ pH>7, 3

0, + 2 H' + 2e = H,0, pH <7. @)

Ha anone mpoTekaeT peakius OKUCIEHUS BoAbI ¢ oopa3oBanueM HO-pagukanos (1) [11].
B staeiike ¢ Hepa3jeIeHHBIM IIPOCTPAHCTBOM 3JIEKTporeHepupoBanubiii H,O, MoxeT ObITH OKHC-
JIEH Ha aHoJe 1Mo peakiusaM (5, 6), 1aBas B KauecTBe nHTepMearnara paaukan HO," ¢ MeHblIel oKuc-

JIUTENBHOM crocoOHOCTRI0, ueM HO™:
H202 — HOZI +H + c, (5)

H202 +HO — HOZI + Hzo (6)

B memounom pactBope HO,™ 1o yCIoBHSIM 3IeKTporiepeHoca OyaeT MepeHOCHTHCS K aHOMY
U OKHCIIATBHCS JI0 MepruapoKkcmiibHoro pagukana HO,". Kpome Toro, OH™, okucisisice Ha aHone, Oy-
JIeT aBaTh TUAPOKCHIbHBIC paaukansl HO'. TloaToMy B anekTposuzepe 6€3 MeMOpaHbI B MIETOYHOM
JIIEKTPOIIUTE C yYACTHEM ILJIATHHOBOTO aHO/a HabronaeTcs Gomee 3G HeKTHBHOE OKUCIECHHE Pe30p-
[IHA.

Ha puc. 2 npencraBieHbl KHHETHYECKHE KPUBBIE OKHCIICHUSI PE30PLUHA C IPUMEHEHHEM aHO-
noB u3 Pt u PbO/PbO, B kuciom snextponure B npucytcTur nonos Fe(Il). 13 pucyHka BuaHO, 4TO
3a MEPBbIH Yac dIEKTPONIU3A P IIIOTHOCTH TOKa 50 MACM 2 5 ()EKTUBHOCTH OKUCIIEHHUSI COCTABHIIA
quis anona us Pt — 44 %, Pb/PbO, — 57 %, Pb/PbO, + Fe** — 64 %. AHanu3 KHHETHYECKMX KPUBBIX
OKHUCJICHHSI PE30PIHHA [IPH PAa3IMYHBIX 3HAYeHHUsX PH [OKa3al JOCTaTOYHO XOPOIINE INHEHHBIE 3a-
BHCHMOCTH € KO3 durieHToM Koppesiuu ~ 0,95 s peakiuu mceBIomepBoro mopsiaKa, OmuchBa-

€MOil ypaBHEHHEM:
InCy/C=kt, @)

rae: Cy— MCXOIHOE 3HAYECHUE KOHLIEHTPAI[MU PE30pIUHa, MT T '; C — KOHLIEHTPALKs PE30PIHHA YepPe3
BpEMS £, MI' I, k — KasKy1ascs KOHCTaHTa CKOPOCTH OKUCIIEHHUS, U,

HaiineHHble 3HaYeHUs KaXKyIIUXCsl KOHCTAHT CKOPOCTH IIPU PA3JIUUYHbIX IUIOTHOCTAX Toka U pH
TIPUBEICHEI B TA0I. 1.

W3 nanubix Tab. 1 BUAHO, 4TO OoJiee onTHMalbHbIE ycloBuUs peannsytorcs npu pH = 10 u rmiot-

HocTH Toka 100 MAcM 2
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Puc. 2. Kunetnueckue KpuBbie OKHCIICHUS PE30pLMHA Ha aHOAHBIX MaTepuanax u3 Pt, PbO/PbO, npu nioTHOCTH
toka 50 MAcm2, pH =2: 1 — anog Pt; 2 — anon Pb/PbO,; 3 — anox PbO/PbO, ¢ nobasnenuem B pactsop Fe?'.
VcxoaHas KOHIEeHTpanus pesopiuuna 50 mr !

Fig. 2. Kinetic curves of resorcinol oxidation on anodes Pt, PbO/PbO; at current density 50 mAcm=, pH =2:
1 — anode Pt; 2 — anode Pb/PbO,; 3 — anode PbO/PbO, with addition to the solution Fe?". Initial resorcinol
concentration 50 mgl™!

Tabmuma 1. KOHCTaHTBI CKOPOCTH OKHCICHHS PE30pIMHA IPU Pa3HBIX 3HAYCHUSX IUIOTHOCTUH Toka W pH
snekTposanTa. Mcxomnas konneHTpanus pesopuuna 50 mrr!, anon Pt

Table 1. Resorcinol oxidation rate constants at different current densities and pH electrolyte. Initial resorcinol
concentration 50 mg 1!, anode — Pt

k, a’!
i, MAcM 2
pH=2 pH=7 pH=10
25 0,23 0,19 0,29
50 0,65 0,60 0,81
100 1,00 0,90 1,60

B Tabn. 2 mpuBeneHBl pe3yibTaThl d()(EKTHBHOCTH OKHCICHHS PE30OpPIHA B 3aBHCHMOCTH
OT IUIOTHOCTH TOKa, BPEMEHH JJIEKTPOJIN3a, KOHIIEHTpaLuu cyocTpara u pH 21eKTposuTa ¢ UCIoib-
30BaHHEM PA3JIHMYHBIX aHOIOB.

U3 pesynbraroB Tabu. 2 BHAHO, 4YTO 3(PPEKTHUBHOCTH OKHMCICHHUS PE30PLHMHA yBEJIWYHBa-
eTcsl IpU BCeX 3HaYeHHsAX pH ¢ yBenm4eHHEM MIOTHOCTH TOKa. D(PPEKTUBHOCTH OKHCICHHS
3a MEpBbIH Yac 3JIEKTPOJIM3a 3aBUCUT OT NPUPOJIbI MaTepualia aHoJla, MJIOTHOCTH TOKAa, KOH-
neHTpanuu cybctpata u pH pacTBopa snextponurta. [IpuMeHeHHe pa3HYHBIX aHOMHBIX Ma-
TEPHAJIOB II0Ka3ajo, 4To Oonee 3¢ dexTuBHEIM aHopoM npu pH = 2 ssuserca Pb/PbO, a mpu
pH =10 — Pt.

MeToaoM XpoMaTo-Macc-CIHEeKTPOCKOIIMKM PEaKIMOHHOH CMECH B TEUEHHME 5 4 AJIEKTPOJIH3a
OBUTH MACHTU(UIIMPOBAHBI CIEAYIOMIHE MPOAYKTH — HHTEPMEIUATHI 11 00EUX CXeM OKHCIICHHS:
I-pesopiun, Ila-1,2,4-tpuruapokcudenson, IIb-nmuporammon, Illa-2-ruppokcurekca-2,4-nueH-1,6-

nukapOoHoBas kuciora, [IIb-3-rungpokcurekca-2,4-nueH-1,6-nukapOoHOBas KUCIoTa, [ V- maBeneBas
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Tabauua 2. Pe3ynbrarsl 5Q(HEeKTHBHOCTH OKUCICHHUS PE30PIMHA B 3aBUCHMOCTH OT IUIOTHOCTH TOKa, BPEMEHU
UIEKTPOJIN3a, KOHIEHTPALUH cyOcTpaTa u pH 2/1eKTpoIuTa ¢ UCIIONIb30BAHUEM PA3JINYHBIX AHOJ0B

Table 2. Results of resorcinol oxidation efficiency versus current density, electrolysis duration, substrate
concentration and pH electrolyte using different anodes

YenoBust sKcriepuMeHTa DddekTHBHOCT OKHCICHUSL, Y0
[InoTHOCTH TOKA
pH aHom i, MACM 2 lu 54
Cp=50mru!
25 16 94
10 Pt 50 48 91
100 58 99
25 12 92
7 Pt 50 27 95
100 32 96
25 8 91
2 Pt
50 20 96
Cp=100mr !
50 39 96
10 Pt
100 69 99
50 34 93
2 Pt
100 37 98
50 42 90
2 Pb/PbO,
100 22 98
Pb/PbO, + 50 51 99
2
PeaxtnB ®eHTOHA 100 68 95

KHCJIOTA. I/IHTepMeI[I/IaTI)I C HHACKCOM a I/IJIeHTI/I(bI/IHI/IPOBaHBI B AYCHKE C aHOAOM M3 JUOKCHA CBHH-
na, ¢ MHACKCOM b — B siuelike ¢ MJIaTUHOBBIM AaHOIOM.

Ha ocHoBanuu TMOJYYCHHBIX PE3YJILTATOB aHAJIMU3a MOXHO NPEAINOJ0XKUTH, YTO OKHUCIICHUC PE-
30pOUHa B 00eux cucremax MMPOTCKACT MOCICAOBATCIIBHO YEPE3 PAA MHTCPMEAUATOB U KOHCUHBIM
IMPOAYKTOM ABJIACTCA HIaBEJIEBAA KHUCJIOTA. Ucxons n3 9TOro, MOXXHO IMPECATIOTIOKUTDb Hanboiee BEpPO-

ATHYIO CXEMY €ro OKHCJICHUA:

HO OH OH

\ O
_— - 10 OH i
T
HO OH HO Y == HO
Ila OH
on Illa
O / le) (9)
HO OH
I U HO — v
—
— 0
Ho HO
IIb IIIb

Cxema okwucieHust pezopuuna: I[-pesopums, Ila-1,2,4-rpurmapoxcudensosn, IIb-muporamodn,
IITa-2-runpokcurekca-2,4-nueH-1,6-nukapoonosast  kuciota, IIIb-3-runpokcurekca-2,4-nueH-1,6-

,I[I/IKap6OHOBa$[ KHCJIOTa, V- maBc€yICBas KUCJI0Ta.
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Takum 00pa3oM, B UCCIIEIOBAHHBIX YCIOBHSIX M3 PE30PLHMHA MOXHO MOJydYaTh MO MapuipyTam
[-IV-maBeneyto xucnory (IV), KoTopas HAXOIUT MIHPOKOE NMPUMEHEHHE B PA3IMUYHBIX OTPACIsiX

IIPOMBIIIJICHHOCTH.

3akjrouenne

YcranoBieHa BbICOKast 3(Q()EKTUBHOCTh HEMPSIMOTO 3JIEKTPOKATAIUTHUECKOI'0 OKHCICHUS
pesopuuHa akTUBHbIMU (opmamu kuciopona (ADK), reHepupoBaHHBIMU in Situ U3 KUCIOPOAA
B razoau¢ dysnonnom anexrpoxe (I'Z13) Ha ocHOBE Me30CTPYKTyprupoBanHoro yriaepoga CMK-3
u anonax u3 Pt u Pb/PbO, npu paznuunbix pH B siueiike ¢ Hepa3aeleHHbIMH aHOJHBIM U KaTO/-
HBIM IIPOCTPAaHCTBAMU. BBIsIBICHO BIIMsiHME MaTepualia aHOa, IIIOTHOCTH Toka, pH snexkTponu-
Ta Ha 9P PEeKTUBHOCTh U KHHETHKY Mpoliecca. YCTAHOBJICHO, YTO KaK B LICJIOYHOM, TaK U B KUC-
JIOM 3JIEKTPOIUTAX C YBEIMYCHHUEM IIJIOTHOCTH TOKa 3(Q(PEKTUBHOCTH OKHCIEHHS PEe30pLHHA
BO3PAaCTAET HA BCEX UCCIEJOBAHHBIX aHOIHBIX MaTepuaax. B suelike ¢ Pt anogom B menoyHom
9JEKTPOIMTE 32 MEPBBIM Yac 3MekTposnn3a 3(p(PeKTHBHOCTh OKUCIEeHHs cocTaBmia 60 % mpu
moTHOCTH Toka 50 MAcM ™ 1 94 % — nipu 100 MAcCM ™2, B KHCJIOM DIEKTPOJIMTE 3a TEPBBIN Yac
aneKTponu3a 3PEeKTUBHOCTH cocTaBuia 59 % mpu miotHocTr Toka 50 MAcM2 u 60 % — mpu
100 mAcm 2.

YcTaHOBIIEHO, YTO IPH OKHCICHUH pe3opunHa npu pH=2 ¢ anogamu u3 Pb/PbO, u Pt Hanbo-
nee 3 dexTuBHO peanusyercs cxema Pb/PbO, + nobasneHue coseit xene3a (3eKTpo — OEHTOH):
npu mwiotHocTu Toka 50 MAcM 2 adpexktuBHOCTD cocTaBuna 99 %. Ilpu ucnonszosanuu Pt aHona
JIydIllde pe3yJbTarhl nojydeHsl npu pH=10 — 3)eKTHBHOCTH OKHCIEHHS MPH TUIOTHOCTH TOKA
100 mAcm~2 cocrasuia 99 %.

W3 pe3opunHa B MCCIEIOBAHHBIX YCIOBUAX HEMPSIMOIO 3NEKTPOKATATUTHYECKOTO OKHCIICHUS
MOXHO I0Jy4aTh IIaBEJIEBYIO KHCIOTY, KOTOpas HAaXOJUT MIMPOKOE IPUMEHEHHE B Pa3iINYHbIX OT-

paciiaX NTpOMBIIIJICHHOCTH.
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YeTpoiicTBO M MeTOAMKA MPOOONOATOTOBKH 00pa31oB
Uil Ta30XpoMaTorpaguuecKux UCCaeJ0BAHUM
€ UCNIO0JIb30BaHUeM napoga3Hoil cOPOLMOHHOM

MHKPOIKCTPAKIUA KOMIIOHCHTOB

A.B. O6epenxo?, C.B. Kaunn®, C.A. Caranakos®

4 DKChepMHO-KPUMUHATUCTUYECKULL YyeHmp Ynpasnenus

na mpancnopme MB/] Poccuu no Cubupckomy gpedepanbHomy okpyey
Poccuiickaa ®edepayus, Kpacnospck

SCubupckuii pedepanvhbiii ynusepcumem

Poccuiickaa ®edepayus, Kpacnospck

AnHoTanus. Pazpaborano ycTpoiicTBO U METOMKA IIPOOOIIOATOTOBKH 00Pa3L0B, TO3BOJISIOLINE
peanu3oBarh NOCIEJ0BATENbHbBIE CTAJUU TEPMUUECKOTO BbIIEICHHUS JIETYYUX KOMIIOHEHTOB U3 TBEPIOH
(KUIKON) MaTPHUIlbI, UX yJIaBIMBAaHUE U3 ra30BOil (a3bl TBEPABIM COPOCHTOM U KHIKOCTHY O
MHUKPOIKCTPAKITUIO cOPOATOB ISl aIEHEHITUX Ta30XxpoMaTorpadudeckux uccinenopanuii. [Iposenena
anmpoOanus yCTpOMCTBA U aArOpUTMa €ro NpuMeHeHus 115 [ X- 1 Macc-CneKTPOMETPUUECKHUX
ONIpEJIeJICHUH psijia IETYyUYUX OPraHUYECKUX COEAMHEHUH U3 CI0XKHBIX 10 CBOEMY XUMUYECKOMY

COCTaBY MaTpHIIL.

KurroueBble ¢JjioBa: mpoOOOAroTOBKa, YCTPOMCTBO ISl TPOOOMOATOTOBKH, Tapoda3Hblid aHAIH3,
COpOIHS, )KUJAKOCTHASI MUKPOIKCTPAKIIHS, JIETYYHE OPraHMYeCKHe COSAUHEHH S, Ta30Bast XpomaTorpadusi,

XpOMAaTO-Macc-CleKTPOMETPHU .

Hurnposanue: O6epenko, A. B. YerpolicTBO n MeToaMKa TPOOONOATOTOBKH 00pa3IOB AJIs Ta30XpoMaTorpapuuecKux
HCCIIEZIOBAHUHN C HCIIONIb30BaHMUEM TTapo(a3HOil COPOIIMOHHOI MUKPOKCTpaKIMK KoMroHeHTOB / A. B. O6epenko, C. B. Kaunn,
C.A. Caranaxkos // Xypu. Cub. dpenep. yu-ta. Xumus, 2021, 14(1). C. 82-90. DOI: 10.17516/1998-2836-0218

Introduction

The successes of modern gas chromatography (GC) are largely associated with the development
of efficient methods of sample preparation: processes and devices [1-3]. Isolation and concentration
of target components from matrices with complex chemical composition can provide a significant
increase in the selectivity and sensitivity of GC determinations already at the sampling stage. For
example, in headspace sampling, the gas phase above the object, which contains volatile compounds,
isanalyzed, which reduces the influence of matrix effects. The use of microextraction can significantly
reduce the volume of the analyzed sample and increase the concentration of the component. The
efficiency of microextraction has been demonstrated on numerous examples in the «Headspace»
(HS) sample preparation methods for the separation of volatile and semi-volatile components in a
vapor state under dynamic or static conditions from complex matrices such as biological samples,

pharmaceuticals, food products, soils [4—8]. The following combinations of processes and devices
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Table 1. Limitations and disadvantages of HS sample preparation methods

Method Method Limitations and Disadvantages

fragility of quartz fibers, degradation of polymer coatings when using metal carriers,

SPME rather high cost of consumables that are not produced in Russia.

Ig?)l}’)th Small capacities and a limited set of extraction phases, decomposition of the polymer
coating during desorption, lack of commercially available models.

PNME

SDME Instability of a solvent droplet and the possibility of its detachment from the needle,

solvent evaporation at high temperatures.

were used: static (SPME) [9] and dynamic (SPDE) [10] solid phase microextraction, in-tube solid-
phase microextraction (ITSPME) [11], single dropmicroextraction (SDME) [12] hollow fiber-based
liquid phase microextraction (HF-LPME) [13], sorbent-packedneedle-trap device (SP-NTD) [14].
Despite the advantages of the methods described [9—-14], they are also not devoid of a number of
limitations and disadvantages (Table 1).

The aim of this work was to develop a combined method for sample preparation, including the
processes of vapor-phase separation of volatile components, their capture from the gas phase with
a solid sorbent and subsequent liquid microextraction of sorbates, as well as the development of a

corresponding device.

Experimental

Materials and methods

Devices and equipment: Chromatograph «Kristall 5000.2» (Russia) in the following
configuration: quartz capillary column (L = 20 m, @ = 0.25 mm) with dimethylsilicone phase
containing 5 % phenyl groups (HP 5MS type); quadrupole mass spectrometric detector «ISQ».
Thermostat EB-18 Jouan (France). Measurement conditions: ionization by electron impact (energy
70 eV); temperature of the evaporator and detector interface — 280 °C; programming the temperature
of the column thermostat from 50 °C (initial) to 200 °C (final), the rate of rise temperature is
20 °C/min; holding time at final temperature 5 min; carrier gas — helium; carrier gas flow rate —
1.0 ml/min; sample injection mode — split flow (Split 20: 1), sample injection volume 1 pl. Reagents
Methanol (Merck, chemically pure grade), dichlomethane (analytical grade, OOO Komponent-
Reaktiv), trichloromethane (analytical grade, ZAO Vekton), carbon tetrachloride (analytical
grade), ZAO EKOS-1), hexane (analytical grade, ZAO Vekton), diethylamine (analytical grade,
ZAO Mosreaktiv), triethylamine (analytical grade, ZAO Mosreaktiv), tetrahydrofuran (analytical
grade, OOO Komponent-Reaktiv), dioxane (analytical grade, OOO Komponent-Reaktiv), toluene
(analytical grade, ZAO Baza No. 1 Khimreativov), silica gel ASKG, fraction 0.2—0.5 mm, helium
grade «A» (OJSC Gazprom).

Device for conducting vapor-phase sorptivemicroextraction

The device for conducting vapor-phase sorptivemicroextraction consists of a hermetically sealed
vial made of thermally stable glass with an analyzed sample and a conical glass insert with a hole in

the upper part, at the bottom of which there is a sorbent (Fig. 1).
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Fig. 1. Device for vapor-phase sorption microextraction of samples. Crimp sealed lid — 1, glass insert — 2, vial — 3,
sample — 4, sorbent — 5

The sample to be analyzed is placed in the vial in the form of a solution or a solid phase ground
to a powder form. Next, a glass insert with the selected sorbent is placed in the vial. The vial is
sealed with a crimp hermetic lid and placed in a heating device for thermal separation of volatile
components from the sample matrix into the gas phase with their subsequent sorption with a solid
sorbent. Upon completion of these processes, the vial is removed from the heating device and cooled
to room temperature. The sorbent is treated with a certain volume of solvent by using a microsyringe,

and the resulting extracts are subjected to GC—MS studies.

/\ Heating Extraction —> GC-MS

i " :'

i

Fig. 2. The principle of operation of the device for conducting vapor-phase sorption microextraction

- volatile components + - solvent

+ - nonvolatile components

Sample preparation

Model solutions of volatile organic compounds of various natures in methanol were prepared
(Table 2).
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Table 2. Concentrations of model solutions

Concentration, g/L
Component - - - -
Solution Ne 1 Solution Ne 2 Solution Ne 3 Solution Ne 4
dichlomethane 5,3 0,53 0,11 0,053
hexane 2,6 0,26 0,05 0,026
diethylamine 2.8 0,28 0,06 0,028
trichloromethane 5,9 0,59 0,12 0,059
tetrahydrofuran 3,6 0,36 0,07 0,036
carbon tetrachloride 6.4 0,64 0,13 0,064
triethylamine 2,9 0,29 0,06 0,029
1,4-dioxane 4,1 0,41 0,08 0,041
toluene 3,5 0,35 0,07 0,035

Results and their discussion

To check the possibility of separating and detecting the analyzed compounds, the model mixtures
were chromatographed under the above conditions. Component peaks were identified by comparing
the obtained chromatograms, mass spectra of the studied and standard samples using the literature
data and the NIST14 library. The search and comparison of mass spectra was carried out using the
NIST MS Search 2.0 program. The percentage of coincidence of the experimental mass spectra with
the library ones was at least 90 %. It was found that with the selected chromatographic parameters, an
effective separation of the mixture components is achieved. Although a decrease in the split of the flow
gives a slight increase in sensitivity, it leads to a deterioration in the chromatographic separation of the
components. Atypicalchromatogram of a model mixture is shown in Fig. 3.

In order to assess the applicability of the device for the separation of volatile components, the
operations described above were performed. The vials contained 1 pl of model solution 2. Silica gel
ASKG, fraction 0.2-0.5 mm, weight 10 mg was used as a sorbent. The choice of the sorbent was
determined by its widespread use, low price, and versatility for various classes of compounds. Fraction
0.2-0.5 mm allows the selection of the extract with a chromatographic syringe without filtration,
since the size of the granules is larger than the inner diameter of the needle (0.1 mm). The vials were
hermetically sealed and kept for 30 minutes at 115 °C. The choice of the heating temperature was
determined by the boiling point — toluene (110.6 °C) — the highest-boiling component. The extraction
of sorbates was carried out with 30 pL of methanol for 30 min.

Chromatograms of extracts and model solutions with the addition of methyl stearate (3.5 g/L) as a
nonvolatile component are shown in Fig. 4. In both cases, the chromatographic peaks of the initial and
isolated volatile compounds were recorded, which indicates the fundamental possibility of using this
device in solving the problem. Methyl stearate was not found in the extract.

As a result of the study, the optimal parameters of the sample preparation process for the used
set of compounds using this device were established: heating time — 15 min; cooling the vial to room
temperature; extraction time 30 min under static conditions. This achieves quantitative isolation
of the compounds under study. The relative standard deviations of the peak areas for solutions 1-4

(Table 2) at (n = 5) does not exceed 0.05. The calculated detection limits, based on the signal-to-noise
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Fig. 3. Fragment of a typical chromatogram on the total ionic current of the model mixture: 1 —dichlomethane; 2 —
hexane; 3 — diethylamine; 4 — trichloromethane; 5 — tetrahydrofuran; 6 — tetrachloromethane; 7 — triethylamine;
8 — dioxane; 9 — toluene
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Fig. 4. Chromatograms for the total ionic current of the original solution (A) and the obtained extract (B)
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Fig. 5. Chromatograms (TIC) of methanol extracts of the TMCP-2201 sample, obtained: by extraction under
standard expert examination conditions (A); using vapor phase sorption microextraction (B)

ratio (for the used model of the mass detector, at least 25: 1), were (ng/dm3): dichlomethane (31),
hexane (51), diethylamine (1500), trichloromethane (29), tetrahydrofuran (23), tetrachloromethane (4),
triethylamine (160), 1,4-dioxane (51), toluene (20).

In the described format, the device was successfully tested in the determination of food flavorings
for tea [15], flavoring and aromatic additives of chewing gums [16], volatile impurities in synthetic
cannabinoids [17]. In Fig. 5, as an example, chromatograms of the total ionic current (TIC) of methanol
extracts of an expert sample of the synthetic cannabinoid TMCP-2201 are shown.

The use of vapor-phase sorption microextraction can significantly increase the information
content of chromatograms: both in terms of the number of identified compounds and the intensity
of chromatographic peaks and the corresponding quality of mass spectra, as can be seen from
Fig. 5.

Conclusion

A device and a method for sample preparation have been developed, including the processes of
vapor-phase separation of volatile components from matrices with complex chemical composition,
their capture from the gas phase with a solid sorbent and liquid microextraction of sorbates for further
gas chromatographic studies. The use of this device in sample preparation of real objects has shown

the promise of its use for GC- and GC—MS determination of volatile components.
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MexaHOXMMHUYECKH MOJY4YeHHbIEe PUTOONOTHKH,
NOJABJISIOLINE Pa3BUTHE

60ﬂe3HeTBOpHLIX MHUKPOOpPraliusmMoB

. 0. Jlomosckuii?, B. JO. Konres®,

M. A. Jleonosa®, O. . JIoMOBCKHIi?

“Uncmumym xumuu meepooco mena u mexanoxumuu CO PAH
Poccuiickas ®edepayus, Hosocubupck

SUncmumym sxenepumenmanvioti semepunapuu Cubupu

u /lanvneeo Bocmoka Cubupckozo gedepanvriozo yenmpa
azpobuomexnonoeuti PAH

Poccuiickas ®edepayus, Hosocubupck

AnHoTanus. [IpoBeneHo uccienoBaHue OAKTEPHUIIMIHOTO ASHCTBUS psiga puUTonpenaparos,
MOy YCHHBIX B PE3YJIbTaTe MEXaHOXUMUYECKOH 00padOTKH CMECeH PaCTHUTEIBHOrO ChIPhs C TBEPABIM
KapOOHATOM HATPHUs B OTHOUICHWH YCIOBHO-NIATOreHHbIX OakTepuit Salmonella typhimurium,
Shigella sonnei, Esherichia coli, Pasteurella multocida, Yersinia pseudotuberculosis, Streptococcu
spyogenes, Staphylococcus aureus, Staphylococcu sepidermidis, Proteus vulgaris, Proteus mirabilis.
HccnenoBanHble GpUTONpenapaTsl XapakTepH3YOTCs CEIEKTUBHBIM BO3JICHCTBUEM Ha OJIUH — TPHU BHIA
MUKpoopranuzmMoB. OOHapykeH 3 (GeKT aIuTUBHOTO JeUCTBHS (PUTONPENapaToB B CMECH, KOTOPBIH
MOXeT OBITh B IaJIbHEIIIEM UCIIOIb30BaH BHE CMECEH AT IPOPUIAKTHKN H TePAIIH KOHKPETHBIX

ciydJaeB 3a00JIeBaHMS )KUBOTHBIX M YEJIOBEKA C YCTAHOBJIICHHON OaKTepHaIbHOM dTUOIOTHEH.

KuioueBble ci1oBa: MexaHOXMMHUECKas 00padboTKa, GUTONpenapaThl, MeJIaHUH, OHOJIOrHYeCcKas

AKTHUBHOCTbD.

Hurtuposanue: Jlomosckuit, 1. 0. MexaHOXMMHUYECKH TTOJTyYeHHBIE (PUTOOMOTHKH, OAABISIONINE PA3BUTHE OOJIC3HETBOPHBIX
mukpoopranusmos / 1. O. Jlomosckuii, B. 0. Kontes, M. A. Jleonosa, O. 1. Jlomosckwuii // Kypn. Cud. dpenep. yu-ta. Xumus,
2021, 14(1). C. 91-99. DOL: 10.17516/1998-2836-0219

BBenenne

WHTepec k nonydyeHHo GUTOOMOTUKOB M UX MCIIOJIB30BAHUIO B PA3JIMYHBIX OTPACIISIX HKUBOT-
HOBOJICTBA U ITMILEBOI MPOMBIIUIEHHOCTH OIPEIEIISIeTCs OCO3HAHHOH 00I1eCTBOM HEOOXOIUMOCTBIO
MaKCHMaJIbHOTO MCKJIIOUYEHHSI aHTUOMOTHKOB 13 KOpMOB U nuiy. [Tox ¢puTodnoTrkamu noapasyme-
BAIOTCS IIPenaparhbl PaCTUTEIBHOTO IIPOUCXOXKICHNU I, 001 JafOIHe ITHPOKHM CIIEKTPOM BO3JICHCTBHS
Ha MUKPOOPraHU3MbI, HAXO/SIIIIUECS B HKEJIYJOUHO-KHIIEUHOM TPAKTE YeIoBeKa 1 )KUBOTHBIX. Hanbornee
4acTO YIIOMHUHAIOTCSI aHTUMUKPOOHBIE, aHTUBUPYCHBIC, aHTUT PUOKOBBIE, HMMYHOCTHMYJINPYIOLIHE,
MPOTHUBOBOCHAIMTEbHBIE CBOICTBA (puTonpenapaToB. PUTOOMOTHUKH MOBBIIIAIOT MPOIYKTHBHOCTD
JKABOTHBIX U YJIYyULIaIOT KaUECTBO MUIIEBBIX MPOLYKTOB )KMBOTHOIO POUCXOKAeHus [1].

HecMoTpst Ha OrpOMHOE KOJIMYECTBO AAHHBIX O XMMHUYECKOM COCTaBE PACTUTEIIBHOIO ChIPbS,

(6] HpO(i)I/I.]'If{X AKTHUBHOCTH OMOJIOTMYECKH aKTHBHBIX COC,Z[I/IHGHPlﬁ, pasaciaceHue (1)I/IT06I/IOTI/IKOB npo-
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BOJISIT, HAIIPUMED, 110 CIICAYIOUIMM PU3HAKAM: TPaBbl, CIIELUH, d(PUPHBIE MACIIa, CMOJIbI, SKCTPAKTBI,
MIoJTy4JaeMble ¢ TOMOIIBIO HEBOAHBIX pacTBopuTesneil [2]. Paznenenne no HeoqHOPOHEIM (hakTopam,
KaK 1 BECbMa HepaBHOMEPHOE pacipeseseHne HHGOpMAaIuK 10 aKTUBHOCTH TaKUX TPy GUTOOHO-
THKOB, HE 00ecIeurBacT MIOHUMAHUSI TPUHIIUIIOB CO3aHNs cMecel puToOnoTnkoB. CocTaBbl cMecei
KOPMOBBIX (DUTOOMOTHKOB, [10-BUAMMOMY, OJI0UPAIOT YMO3PUTEIBHO HJIM ONBITHBIM Iy TEM.

B 10 ke BpeMs coBpeMEHHBIE MEXaHOXMMHUYECKHE TEXHOJOTHH MO3BOJIAIOT MOJydaTh HKOJIO-
rUYECKH 0€30MacCHBIM M 9KOHOMUYECKH 3()(EKTUBHBIM COCOOOM MOPOILIKOBBIE PACTHTEIbHbIE IIpe-
rapaThl, KOTOPbIE XapaKTEPU3YIOTCS IMOBBIMICHHOW KOHIEHTPALUEH pacTBOPUMBIX OHMOJIOIMUYECKH
AKTHBHBIX BEHIECTB [3] ¥ MepCHEKTUBHBI JJIsI MUIIEBOI MPOMBIIIJICHHOCTH U KOPMOIIPOU3BOJCTBA [4].

[Momyuynnu cymecTBEHHOE Pa3BUTHE MUKPOOHOJIOTHYECKHE METOABI aHAJIW3a MHUKPOOHOW 3a-
CEJICHHOCTH OPTaHU3MOB XHUBOTHBIX M YeJIOBEKAa, COCTABJICHBI TEMaTHYECKUE KOJUICKIIMH MHUKPO-
OpPraHu3MOB, B TOM YHCIIEe 0OJIE3HETBOPHBIX, XapAKTEPHBIX JJIS )KUBOTHBIX M NTHIIBI, PA3BUTHI IKC-
NEePUMEHTAJIbHBIC METOBI ONPE/CICHUS BIUSHUS OHOJIOIMYECKN aKTUBHBIX BEIECTB M MPENapaToB
Ha MUKPOOPraHU3MBI.

Ienp HacTosmieii paboOThl — onpeaeacHue nTpoduas OUOJOrHYSCKON aKTUBHOCTH HEKOTOPBIX
COBPEMEHHBIX MEXaHOXMMHUYECKHX IPEMNapaToB, 0XapaKTePU30BAHHBIX 110 COJEPKAHNIO ONOIOTHYe-

CKHX BCIIECCTB, BOSMOKHOCTU COBMECIIICHUA IPEIIapaToB B CMECAX.

MarepuaJibl 1 METObI

[Tpenaparbl-pUTOOMOTHKH TOTOBMJIMCH IyTEM CMEUIEHUS M MEXaHOXMMHUYEeCKOW 00paboT-
KM CMECH TOPOIIKOB PAaCTUTENBHOTO CBHIPhS U ILEJIOYH, B KaYeCTBE KOTOPOH HCIONB30BajCAd TBEP-
Il KapOoHAT HATpHsl, 0OBIYHO B KosnmdecTBe 5 Mac.%. CozpepkaHue BIaru B PaCTUTEIHHOM Chl-
pre coctaBnsio 8—10 mac.%. B kagecTBe MEXaHOXMMHUYECKOTO PEAKTOpA MPUMEHSUIH MJIaHETapHYIO
MenpHuIy-akTuBaTop AI'O-2 pazpaborku UXTTM CO PAH, pexum 00paboTKH — pacueTHOE YCKO-
penue BozaeiicTByromux tea 200 M/c?, Bpemst 06pabOTKU 2 MMH, BO3AEHCTBYIOLIME TEa — CTAIbHEIE
Iapbl TMaMeTPOM 5 MM, BECOBOE COOTHOIIEHHE 00pabaThiBacMasi CMeCh — I1apoBas 3arpyska — 1/20.

Bubl HCTIONB30BAaHHOTO CHIPbS OTOOpPAHBI B MPEABAPUTEIBHBIX IKCIIEPUMEHTAX M3 YUCIIa pac-
TEHHH, IIPUTOIHBIX JUISl MTUIIEBOTO M (hapMaleBTHIECKOro Henonb3oBanus. Kpurepuem orbopa 06110
yBEJIMYCHUE BBIXO/Ia BOJOPACTBOPHUMBIX BELIECTB IOCIE MEXaHOXMMHYECKOHW 00pabOTKH B BOJE
He MeHee yeM Ha 50 % 110 cpaBHEHHIO ¢ He0OpaboTaHHBIM chipbeM. IIpruMeHeHne KkapOoHaTa HaTpHs
[5] obecrieunBaso MOBBIIEHHE PACTBOPUMOCTH AKTHBHBIX KOMIIOHEHTOB ChIPhSi BO BCEX OTOOPaHHBIX
cirydasix.

HccnenoBausl ciienytonue o0pasibl:

1. 3emens muxTH + 5 % Mmacc. Na,COs;.

2. I'peuneBas my3ra, U3MeIbuCHHAS.

3. I'peuneBas nysra + 5 % macc. Na,COs.

4. TpaBa pamca + 5 % macc. Na,COs.

5. Tpaa ranera + 5 % macc. Na,CO;.

6. 3enieHbIi vaii + pucosas menyxa + 5 % macc. Na,COs.

7. KomOunupoBaHHbIH npenapart (3 +4 + 5 + 6).

8. KomOunupoBanuslii npenapar 1/4 (3 +4 + 5 + 6), 1. e. npenapar 7 ¢ yMEHbILICHHBIM B 4 paza

KOJIMYECTBOM KOMIIOHCHTOB.
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9. brocub-komOu, mpenapar MUKPOOHOTO MTPOUCXOXKACHHUSI, 00pa3ell CPaBHEHHUS, IPOU3BOJCTBO
«CUBBUO®APM», 1. bepack HoBocnbupckoii odnactu.

Omnpenenenue 00IEro KOJINYECTBA PACTBOPUMBIX BEIIECTB MPOBOAMIOCH METOIOM HCYEPIIBIBA-
fomieit SKcTpakuu B anmapare Cokciieta BOJIOH, BEIIIAPUBAHUEM U B3BEIIMBaHHEM dKcTpakTta. Co-
JiepKaHue Haubosee aKTUBHBIX, 110 JTUTEPATYPHBIM JaHHBIM, BEIIECTB ONPEACTAIOCh I KaXI0ro
HCCIIELyEMOT0 CITy4dast 10 M3BECTHBIM METOINKAM.

3eneHb XBOHHBIX SIBJISIETCSl OIHUM M3 HauboJiee MONyJsPHBIX (PUTOOMOTHKOB, UCIOIb3YEMbIM
B T€UEHHE JUTUTEIHHOr0 BpeMeHH [6]. [Ipn MexaHOXMMHUYEeCKOM B3aMMOJICHCTBUN ¢ KapOOHATOM Ha-
Tpus nonyues npenapar (1) (tadaa. 1), conepxammii 10 33 % pacTBOPUMBIX BELIECTB, OIS aKTUBHBIX
TPUTEPIEHOBBIX KUCIOT B KOTOpoM cocTaBuna 1,2 % [7].

I'peuneBas ny3ra npuBiIeKaeT BHUMaHHE KaK JOCTYITHBIH HCTOYHUK MEJTaHUHOB — aKTUBHBIX I10-
TU(EHOIBHBIX BEIIECTB, B MEXaHOXMMHUYECKHUX dKCTpakTax (3), MOIYyUYEHHBIX C KapOOHATOM HaTpHs,
ux nons cocrasmusieT 10 15 % [8]. IlpenmapaT U3 u3Menb4eHHON IpeyHEBON Ty3TH (2) BKIIIOYCH s
MJUTIOCTPAIMH, HACKOJIBKO MEXaHOXMMHYECKasl aKTHBALUS yBEJIWUUBACT 3(P(heKTHBHOCTE BhIJEIIE-
HUSI MEJIAHWHOB. AHaJIN3 MEJIAaHWUHOB MPOBOAMIICA IO METOJuKe [9], 0OTpabOTaHHOMN NI METAHUHOB
JPEBECHBIX I'PUOOB.

TpaBa parnca mpeacTaBiIseTCs B HACTOSIIEE BPEMsI IEPCIEKTUBHBIM HCTOYHUKOM KBEPLETH-
Ha M €T0 MPOM3BOJHBIX — OTHOCHTEIBHO HU3KOMOJIEKYJIIPHBIX MOINU(PEHOIIOB, 00IaAat0NuX BbI-
PaKEHHBIM aHTHOKCHUIAAHTHBIM neiicTBueM (4) [10], comepkaHue B HCXOJHOM CHIPhE COCTABIISIET
0,38 %. TpaBa ranera (rajiera BOCTOYHas), BBEJCHHAs B KYJbTYypy B KaueCTBE HCTOUYHHKA KOP-
MoOBOro 0Oejka, obyiajaeT nepcrueKTuBaMu MpUMeHeHUs B papMaKoJIOruu, IPEx i€ BCEro 1o Mpu-
YU HE BBICOKOTO COACPKaHNUs B HEH paCTUTENBHBIX aHaIoros MetdopmuHa [18] n kapbouuknnye-

ckux caxapos (5).

Tabnmuuma 1. OOmee conep)kaHUEe BOJOPACTBOPUMBIX BEIIECTB W COJACPIKAHUE JEHCTBYIOIIUX BELICCTB
B HCCIICIOBaHHBIX IpernapaTax

Table 1. The content of water — soluble substances and the content of substances in the studied preparations

O0mee Meroauka
No Obpaser, Hassane cofepkaHme JlelicTBytomue Cooz[epmaHne, ompeieNeHHA
BOJIOPACTBOPUMBIX BEIECTBA % macc. JIEHCTBYFOLINX
BEILECTB, % Macc. BEIECTB, CCBIIIKU
+ [v)
1 3esieHb MUXTH + 5 % 33 Tpureprien. 12 7
macc. Na,COs KHCJIOTBI
2 |I'peuneBas mysra 5 MenanuHbI 0,8 9
I'peuneBas mysra+5 %
3 wace. Na,COs 14 MenaHUHBI 4.5 9
CyMmmMma
+59 .
4 Tpaa panca + 5 % macc 30 (haBoHOUI0B 0,38 17
N32CO3
(kBepLeTHH)
Tpasa ranera + 5 % macc.
5 Na,CO; 34 lanerun 0,2 11
3eneHslil daif + prcoBas 30 Karexunbt 16 19
6 |wenyxa+ 5 % macc. 3€JIEHOTO Yast ’
Na,COs 30 Xenar KpeMHUSL 0,002 13
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[Ipenapat «3eneHblil yaii + pucoBas menyxay (6) MpuBIeKaeT BHUMaHUE COEpKaHUEM IPO-
JYKTOB MEXaHOXMMHUYECKOTO B3aMMOICHCTBUS U HU3KOMOJIEKYJISIPHBIX MOIU(PEHOIOB U aMOP(HO-
r0 AUOKCHa KPEMHHUS PUCOBOH menyxH [12] — XenaTHBIX KOMIIJIEKCOB THOKCHIA KPEMHUS U Taj-
JIOKaTEXWHOB Yasi, 00JIaJafoINX aHTUOAKTepUalbHEIM [13] 1 aHTUBHPYCHBIME CBoOWcTBaMu [14].
KomOuHupoBaHHbI# npenapat (7) npeacTaBiaseT co00i cMeCh yKa3aHHBIX B Tabm. 1 ¢puroduotu-
KoB. B xoMOuHMpoBanHOM npenapare (8) cogepkanue GUTOOMOTHKOB B 4 pa3a MEHbIIIE, YEM B IIpe-
napare (7). [Ipenapar cpaBuenust (9) npenocrasien [10 « CUBBO®APM», r. Bepack HoBocuOup-
CKOI1 o0acT.

[Ipu mpoBeaecHUU HCCICIOBAHUN AHTArOHUCTHUYECKOH aKTHBHOCTH 0O0pAa3IOB PYKOBOICTBO-
BaJMCh MeToaukamu, u3noxkeHHbIMH B ODC.1.7.2.0012.15 «I[Ipon3BoncTBeHHBIE MPOOHOTHYSCKHE
HITAMMBI ¥ IITAMMBI JJIsI KOHTPOJIst TpoOuoTukoBy, OPC.1.7.2.0001.15 «be3omnacHocTs MPOOHOTHKOB
B onbITax in vivoy [15] 1 MYK 4.2.1890-04 «Onpenenennie 4yBCTBUTEIBHOCTH MUKPOOPIaHU3MOB
K aHTHOaKTepuaJbHBIM Ipenapatam» [16]. MeToq oCHOBaH Ha MPSAMOM OIpPEIEICHHH OCHOBHOTO
KOJINYECTBEHHOT'O MOKa3aTeJ sl — MUHUMaIbHOM KOHIICHTPALINH, TIOAABIISIONIEH BUIUMBII pOCT HC-
CJIEZIyeMOro MUKpOOpranu3ma B OyJIbOHHOH KyJIBTYype HJIM Ha MJIOTHOW cpejie. 3aaHHble KOHIIEH-
Tpanyuy aHTHOAKTEPHAIBHOTO ITpernapaTa BHOCSIT B MUTATEIBHYIO CPEy, KOTOPYIO 3aTEM 3aCEBAIOT
KYJBTYPOH UCCIETyeMOr0 MUKPOOPTraHU3Ma | MOCJIe NHKYOAI[MH OLIEHUBAIOT HAJINYNE HIH OTCYT-
CTBHUE BHJINMOTO POCTA.

B kadecTBe TECT-KyJbTYp NMPHUMEHSIN My3€iHBIE IITaMMBI M MOJEBBIC U30JISTH CIETYIOLINX
MUKpOOpPraHu3MoB: Salmonella typhimurium, Shigella sonnei, Esherichia coli, Pasteurella multocida,
Yersinia pseudotuberculosis, Streptococcus pyogenes, Staphylococcus aureus, Staphylococcus
epidermidis, Proteus vulgaris, Proteusmirabilis.

[Ipu paGoTe ¢ MHUKPOOpPraHM3MaMH HCIIOIB30BAaIN MACONENTOHHBINA arap (MIIA) mpousBon-
ctBa ®bYH «l'ocynapcTBeHHbIH HayUHBIH HEHTP MPUKIATHON MUKPOOHOIOTHMH U OMOTEXHOJIOTHI

(r. O60mn€eHCK).

OO0cy:x/1eHne pe3yJbTaToOB

Pe3ynbraThl onpeneneHus 4yBCTBUTEILHOCTH MUKPOOPTaHU3MOB K aHTHOAKTEPHAIIBHBIM ITIpe-
naparaM — aHTaroHUCTHYECKOI aKTUBHOCTH MPEICTABICHHBIX 00pa310B IPUBEICHbI B TA0I. 2.

[TonokuTenbHbIE Pe3yIbTaThl CBOASITCS K CIIETYIOIINM:

— mnpenapar (1) U3 3eJieHH MUXTHI aKTUBEH B OTHOIIEHUU Salmonella typhimurium, Shigella
sonnei, Pasteurella multocida, Yersinia pseudotuberculosis, Staphylococcus epidermidis;

— mpenapar (3) U3 rpeyHeBoil 1y3ru — B oTHoweHuu Salmonella typhimurium, Esherichia coli,
Staphylococcus aureus;

— mpemnapat (4) u3 TpaBsl panca — Salmonella typhimurium, Shigella sonnei,

— mpemapart (5) U3 TpaBbl raneru — Proteus vulgaris;

— mpemnapar (6) U3 3eJEHOT0 Yasi ¥ pUcoBoii menyxu — Pasteurella multocida.

CpaBHEHHE aKTHBHOCTH 0Opas3IoB pacTUTENbHOro mpoucxoxaeHus (1) — (8) ¢ akTUBHOCTBHIO
KOMOMHHMPOBaHHOTO 00pasiia, MoJly4eHHOI0 MUKPOOHOIOrHYeCKUM CHHTEe30M (9), OKa3bIBAET, YTO
¢uTompenapaTel 007Ia1aF0T BRICOKOI CEICKTUBHOCTHIO NieiicTBUs. MccnenoBanubie 0Opasisl (3) — (6)
(UTOOMOTHKOB aKTHBHBI 110 OTHOLICHHUIO K OJIHOMY — TPEM BH/IaM MUKPOOPIaHU3MOB M3 UCCIICJOBAH-

HBIX ACCATH.
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Tabnuua 2. AHTaroHUCTHYECKAsI AKTHBHOCTH 00pa3uoB GUTOONOTHKOB

Table 2. Antagonistic activity of the phytobiotic samples

-2
g 2
o~ = 'g ) &) E =
s| £ % Slg |8 |3 S| S
N Q Q QL =« =~ =
Ne IItamm SIS 3 |2 2|8 S 83| = g
SRS < |3 S S gl S| o
SE S| 2 |sE|R8|8E|2elRE| g g
SE|l 3 SRR IR ARIES 5| 8 S
£S5 »| 2 [zZ|2s|oP eS| 5| %
S & = s (S 3|5 2&E2Ss 88 L 2
IR N [N S|~ |yaas|iad ~ [y
1 3enens muxThl + 5 % Na,CO3 - - - - -
2 |I'peuneBas mysra
3 |I'peunesas mysra+5 % Na,COs -
4 | Tpasa pamnca + 5 % Na,COs -
5 Tanera +5 % Na,COs -
6 3esneHblil yait + pucosas menyxa
+5% N212CO3
7 KomOunupoBanHsbIil mpemapar
B+4+5+6)
] KomOuHupoBaHHEIi pemapat
1/4B+4+5+6+17)

9 | Buocub-xomMbu

IIpumedanns:
—  (+) — BBIpaKCHHBIH aHTATOHU3M; (—) — OTCYTCTBHE aHTATOHH3Ma;
—  BozHbIi pacTBop Na,CO; B KOHIIEHTpAIL[UH, BBOJUMOM ¢ (pUTOIMpenapaTaMy, aKTUBHOCTEIO He 00JIa/1aeT.

O6paser (1) U3 3eJ1eHN TUXTHI MOABIISIET PA3BUTHUE TSATH BUIOB MUKPOOPraHU3MOB. bonee miu-
POKHIl CHEKTp TOAABISEMbIX MHUKPOOPIaHU3MOB MOXET OOBSCHATHCS 00Jee CIIONKHBIM COCTABOM
AKTHBHBIX BEIIECTB B Iperapare, B YaCTHOCTH, KPOME aKTUBHBIX TPUTEPIICHOBBIX KUCIOT B 3€JICHH
XBOWHBIX MPUCYTCTBYIOT apomaruueckue macia [1]. CpenHee coaepkanue Macesl B 3€JIEHH MTUXThHI
6onee 5 %, u3 Hux 30 % — OopHuUIaLeTar.

Obpaszen (7) npencrapisieT co00i KOMOMHUPOBAHHBIM M3 paBHBIX KoiudecTB 00pasios (3), (4),
(5) u (6) puronpenapar. BuaHo, 4T0 HAOOP MOAABISIEMbIX UM MHKPOOPTaHU3MOB — 3TO 00CIHCHHBIN
CYMMAapHBIH CIIUCOK MUKPOOPraHMU3MOB, Ha KOTOPbBIE BO3JCUCTBYET KaX bl WHAMBUYAbHBIN (DH-
TOMperapar, BXOASIINA B COCTAB KOMOMHUPOBAaHHOrO (puTompenapara. Bo3aMOXHON MPUYHUHON CO-
KpalICHUs CIIUCKA MUKPOOPIaHU3MOB SIBJISICTCS B3aUMOJICHCTBHE KOMIIOHEHTOB PA3JIMYHOIO ChIPhS
MEXy COOOH M IpeBpalieHne JeUCTBYIOLINX BEIIECTB B HEAKTHBHbBIC XMMUYECKHE (DOPMBI.

OOHapyx)eHHBI 3(QQEeKT agIuTHBHOTO NEHCTBUS (HUTONPENApPaTOB B CMECH MOXET OBITh
B JIaJIbHEHIIIEM HCII0JIb30BaH JJis 000CHOBAHHOI'O MOAXOJA K COCTAaBJICHHWI0O KOMOMHHUPOBAaHHBIX
MpernapaToB, KOTOPbIH HY)XHO HCIIOJIb30BaTh B KOHKPETHBIX CIydasxX NPOMUIAKTUKH U Tepanuu
YyeJIOBeKa M KUBOTHBIX. B mocrieayromem npu pacuiMpeHUH CBEIEHUM O CeJIEKTUBHOCTH BO3[EH-
cTBUs (PUTOMPENApaToB U COCTaBa 0OJE3HETBOPHBIX MUKPOOPTaHU3MOB, XapAKTEPHBIX IS KOH-
KPETHOIro ciydasi 3a00JIeBaHUsI, MOXKET OCYIIECTBIIATHCS MOA00Op cMeced (uTompenaparoB s
KaXKJI0T0 3a00JIeBaHUSL.

CpasHenre o0pasnoB (2) u (3) nemMoHCcTpUpPYeT, YTO 3 (HEKTUBHOCTH (PUTOMPENAPATOB, MOJIY-

YEeHHBIX MEXaHOXUMHUUCCKOI 06pa6OTKOﬁ PACTUTEIIBHOTO CBIPhS CO CII€HUAJIBHBIM PEAr€HTOM, BBIIIC
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3G PEKTUBHOCTH N3MENIBYEHHOI'0 B TEX )K€ YCIOBHUSX PACTHTEIBHOTO ChIpbs. [lo-BuanMOMY, TaHHBIH
sddekT onpenenseTcs oOpazoBaHHEM B X0[e 00paOd0OTKH PaCTBOPUMBIX, B JaHHOM CIIy4ae COJICBBIX,
(hopm OMONIOrMUECKU aKTHBHBIX BEIIECTB U MMOBBIIIEHHEM HX SKCTPAarupyeMOCTH.

Cpasaenue 06pa3ios (7) u (8), OTIIMYAIOMINXCS YMEHBIICHHBIM B 4 pa3a cofep’KaHHEeM KOMIIO-
HEHTOB CMECH, NIOKa3bIBACT, YTO TAKOE CHI)KEHHE TAK)KE MPUBOAMT K YMEHBILICHHUIO CIIEKTpPa MoJa-
BJISIEMBIX MUKPOOPTraHU3MOB, IT0-BUANMOMY, 32 CYET IOHWKCHHS KOHLCHTPALH OTACIbHBIX aKTHB-

HBIX BEHICCTB HUIKE MOpora 4YyBCTBUTCIbHOCTH.

BriBoabl

1. U3 pacTUTEIHHOTO ChIPhS MEXAaHOX UMUYECKON 00pabOTKOM ¢ TBEPIOH IIEI0YbI0 MOTY T ObIThH
MOJTy Y€HbI TOPOIIKOBBIC MPENapaThl, 00JIaIA0IIHE OBBIIICHHOW aHTHOAKTEPHUAIbHON aKTUBHOCTHIO
10 CPABHEHHIO C UCXOHBIM ChIPBEM.

2. HWccnenoBanubie UTONPENapaThl XapaKTEPU3YIOTCS CEJICKTUBHBIM BO3JICHCTBHEM Ha OJTUH —
TPH BUJIa YCIIOBHO-IIATOr€HHBIX MUKPOOPIraHU3MOB U3 UCCIEOBAHHBIX JIECSTH.

3. TlpemapaTsl ¢ aKTHBHOCTBIO IIPOTHUB OIMPEICICHHBIX BHIOB MUKPOOPTraHU3MOB MOT'YT MOJTY-
4aThCsl CMEIICHHEM (DUTOIPENapaTOB U3 MOJXO/SIIUX TUIIOB ChIPbSI.

4. OoOHapyxeHHbIH 3()(HEKT agIUTHBHOIO JCHCTBUS (UTOMPEIAPATOB B CMECH MOMKET OBIThH
B JIaJIbHEHIIIEM HCIIOIB30BaH JJIsl COCTABICHHSI CMECEH, KOTOPbhIE HY)KHO IMPUMEHSITh B KOHKPETHBIX
citydasix 3a00JieBaHUS KUBOTHBIX, JJIS1 KOTOPBIX H3BECTHBI THITBl MUKPOOPIaHM3MOB, BbI3BIBAIOIINX

3a00J1€BaHus.
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Abstract. Inorganic nitrile halides have been studied theoretically by quantum-chemical approach and
experimentally in the reactions of halogenation, nitration and nitro halogenation of aromatic compounds
and alkynes. The generation of nitrile halides was eventually proved can be can be carried out using the
iodine system (alkali metal halides) in the presence of alkali metal nitrates in an acetic acid medium.
It has been found that the reaction can give the products of iodination, nitration, nitro halogenation,
as well as products of cyclization, and oxidation depending on the nature of the halogen. To predict
the products of reaction theoretical quantum-chemical calculations for intermediate particles — nitrile
halides using the standard Gaussian-03 software package were carried out. The possibility of NO,Hal
formation was approved from quantum calculations. Furthermore the geometry of NO,Hal particles

and mechanism of their homo- or heterolytic decay were represented.
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HeopraaneCKne HUTPHAJITAJOTI€HU/IbI

B CHHTe3e rajioreH-, HUTPO- ¥ raJoreHHUTPONPOIYKTOB

10. 10. Mupomnnyenko™’, A.T. SIpkoBa?,

N. A. Ilepenepuna?, E. H. TBepsixoBa?,

O.A. T'onyouna?, E. A. Auucumona?, I. A. ’Kos1060Ba*
“Cubupckuii 20cy0apcmeeHHbll MEOUYUHCKUL YHUBEPCUMem
Poccuiickaa ®eoepayus, Tomck

STomckutl norumexHueckull yHueepcumen

Poccuiickaa ®eoepayus, Tomck

AHHOTanus. IIpoBeieHO TEOPETUYECKOE U DKCIIEPUMEHTAJIBHOE U3YUYEHUE HEOPIraHUUECKUX
HUTPUITAION€HUJIOB B PEAKIUsAX IaJIOTEHUPOBAHNU S, HUTPOBAHUS U HUTPOraJIOr€HUPOBAHUS apEHOB
u ankuHoB. [lokazaHo, 4T0 NpH UCIONb30BaHUH cucTeMbI [, (Hal") B mpucyTCTBUM HUTPATOB IIEIOUHBIX
METaJIJIOB B CPEZie YKCYCHOH KHCIOTHI BOBMOXHO 00pa3oBaHNe HUTPUIITAJIOreHNI0B. B 3aBrcuMocTH
OT IIPUPOJbI FaJIOr€HUAA MOy YEHBl IPOAYKTHI HOAUPOBAHUS, HUTPOBAHUS, HUTPOraJIOr€HUPOBAHMS,
OUKJIN3aIUH, OKHCICHUS OpraHndecKux cyoctpaToB. s ocyniecTBICHNS HAIIPaBJICHHOT O
CHUHTE3a IIPOBEACHBI TEOPETUUECKUE KBAHTOBO-XMMHUYECKUE PACUEThl IPOMEKY TOUHBIX YACTHL] —
HUTPHITAJIOT€HNI0B — C HCTIONB30BAaHUEM CTaHAAPTHOTO Maketa nporpamm Gaussian-03. Pacuer nokasan
BO3MOXKHOCTB 00pa3zoBanus yactui NO,Hal, ux reomeTpuio u pacnas 1o roMmo- Ui reTepoIMTHIECKOMY

MCXaHU3MY.

Kuarouesble cjioBa: HUTPUITAJIOTCHUABI, T'aJIOTCHUPOBAHNUE, HUTPOBAHWUEC, HUTPOT'AJIOTCHUPOBAHNE,
KBAHTOBO-XMMHYCCKUE PACUETHI, TCOMETPUA HUTPUJITAJIOT€HUI0B, TCPMOJUHAMUYECKUEC XapAKTCPUCTUKU

HUTPUJITAJIOICHUIO0B.

HurtupoBanune: Mupomunuenko, 0. 0. Heoprannueckue HUTPUITAIOTCHU bl B CHHTE3€ rajJoreH-, HUTPO-
u ranoreHHuTponpoaykTos / FO.}O. Mupomnunyenxko, A.T. Spkoa, U. A. Tlepenepuna, E. H. TBepskosa, O. A. T'ony6uHna,
E.A. Anucumosa, I A. XKomno6osa // Kypn. Cub. pexnep. yu-ta. Xumus, 2021, 14(1). C. 100-110. DOI: 10.17516/1998-2836-0220

BBenenne

HuTtpuiranorenuasl NpeacTaBIsIIOT HHTEPEC ISl CHHTE3a, TaK KaK SBIISIIOTCS MOTEHIINATbHBIMU
raJOreHUPYIOMIMMI, HUTPYIOINIMMHI U HUTPOTaJIOTCHUPYIOIUMHE peareHTamMu. HutTpunranoreHu s,
rajoreHuIbl HUTPOHUS — OOLICIPUHATHIC TpUBHabHbIe Ha3BaHus Mojekyln NO,F, NO,Cl, NO,Br,
NO,I.

Coenunenust NO,F, NO,Cl, NO,Br u3BecTHbI Kak HHAMBHAYalbHbIC BemiecTBa. OOpa3oBaHue
NO,I B pacTBOpe paHee He OBIIO JOKa3aHO, XOTS HCKIIOYUTH MOSIBIICHUE STOW PEaKIIHOHHOCIIOCOOHOM
YaCTHUI[bI B PABHOBECHBIX KOHIICHTPALMIX B PACTBOPE in Situ HEBO3MOXKHO.

Hurpunxmopua kak peareHT HauOosee JOCTYICH, €ro MOMIyYaloT IPU B3aUMOICHCTBUHU XJIOP-
CYJIb(OHOBOW KHCIIOTHI C A30THUCTOM KHCJIOTOM C BBICOKHUM BBIXOJIOM. B mociennee BpeMsi HUTPHUII

XJIOpUJ TOY4aroT U3 XJOPTPUMETHIICHIaHa U aneTuiHuTpara [1-4]. [lorydenne Hutpundropua
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no peakuuu propa ¢ N,O4 3aTpysiHeHO, TpeOyeT ClielHaibHOr0 annapaTypHOro OCHAICHUS U CTPO-
TUX Mep coOnroeHns 0e30IacHOCTH NpH padoTe ¢ razaMu. OTOPHUCTHIM HUTPUII MOXKHO HMOIYUYUTH
B peakuuu SFsOF ¢ NO,, a Taxxe nytem (GTOpUPOBAHUSI HUTPUTOB IIEIOYHBIX METAJIJIOB UM Pa3-
noxxenureM npu 200 °C GTOpHUTPUIIBHEIX cojiel Oopa (KpeMHUS) B IPUCYTCTBUU (PTOPUCTOTO HUKE-
as1. O6pazoBanue NO,Br B peakunu NO,Cl ¢ NaBr 6110 3adukcupoBano ¢ nomortupto UK-criekTpoB
[5]. Honyuenue NO,Br npoucxoaut no peakuuu N,Os u pactBopa NaBr ¢ BBICOKOI KOHLIEHTpaluen
OpOMUI-MOHOB, TOT/Ia KaK MPH HU3KMX KOHIIEHTPALUsAX OpoMua peakius He uaetT. O0pazoBaHue HU-
TpriIOpoMua npeanonaraiot u B cucreMax NO, — Br, 1 MeNO, — KBr 8 CF;COOH (Me — menounsie
U [IeJI0YHO3EeMeTbHBIE MeTasuIbl). OOpa3oBaHMEe HUTPHIIHOAN A He HCKITI0UaloT B cucTeMax N,O4 — I,
AgNO, — I, NaNO, — I, B atunanerare ¢ Bomoil u stmireHrnukoneM, NaNO; — I, (KI) B ykcycHol
kuciore [6].

HurtpunranoreHuasl TPUMEHSIOT U1 (GYHKIIMOHAIU3ALNK OPraHUYecKUX coeauHeHui. Ha-
npumep, GTOpUCTHI HUTPUII pearupyer ¢ nepGropkeToHamMmu, 00pasysi COOTBETCTBYIOIINE HUTpa-
Thl. B pabore [7] nokaszano, uto peaknus EtOH ¢ NO,F B 6e3sonnom MeCN B npucyrctBun KF
HNPUBOAKUT K 00PA30BaHUIO STUITHUTPATA C BBICOKMM BBIXOJOM. DTOT METOJ] HCIIOJIb30BAJIN IS 110-
JTy4eHUs HUTPATOB 3aMELICHHBIX CITUPTOB ain(paTHIecKoro psiaa. Takum o0pa3oM, B 3THX paboTax
JI0OKa3aHO, YTO C OPraHWYECKUMHU BEIECTBAMU HUTPUIPTOPHI MPOSBISIET HUTPYIOUIYIO aKTHB-
HOCTb.

W3BecTHO, UTO pacmaj HUTPUIXJIOPUIA 3aBUCUT OT YCJIOBHH MPOTEKAaHUs PEaKINH; TaK, MpH
B3aMMOJICHCTBIH (DEHMIIALIETHIICHA U XJIOPUCTOI0 HUTPHJIA TIOJTyYal0T AUXJIOPIPOU3BOAHOE U XJIOP-
HUTPOIPOU3BOIHOE dTHIIeHA. [IprcoearHeHHe MPOTeKaeT M0 CBOOOAHOPAAMKAIBHOMY MEXaHU3MY,
HO HE MCKJIIOYEHA BO3MOXKHOCTh MOHHOTO IpHCOeNMHEHMs. Jlucconuanus HUTPUIXIOPUIa MOKET
MPOXOJUTH B ABYX HAIIPABJICHUIX B 3aBUCUMOCTH OT TUIIA pacTBopHUTeNs. [1o myTH (A) B HEMOJISIPHBIX

pacTBOpHTEINSX, a o myTH (B) — B mossipHbIX:
NO,Cl

Ni
NO," +Cr NO, +CI*

[pu mpucoenuuaernn NO,Cl x HenrpeaeTbHBIM COSTUHEHISM B TIOJISIPHBIX HYKIICO(PHUIBHBIX pac-
TBOPUTEIISIX peaju3yeTcss MOHHBIH MexaHu3M (B). Takum o0pa3om, HUTPHIIXJIOPU SBIISETCS YyB-
CTBUTEIBHBIM PEAareHTOM HE TOJIBKO K YCIOBHUSAM MPOBEICHIS PEaKIUU, HO U K IIPUPOJE cyOcTpara.
Tak, HaTIpuMep, B peakuuu apomMarnyeckux coequueHuii ¢ MeCl/MeNO; B TpuTOPYKCYCHO# KHC-
JIO0Te TIpH JOOABJICHUH BOJBI TOMUHUPYIOMICH peakIiuell sIBIsSSTCS XIOPHPOBAHHUE, TOTIa Kak 0e3 1o-
6aBok H,O ennHCTBEHHBIM POy KTOM SIBJISIETCS HUTPOIIPOM3BOAHOE. BiusiHue npupobl cyocTpara
MMOKa3aHo B pabote [8], B KOTOPOH NaHHAs 3aKOHOMEPHOCTH IOITBEPIKICHA U C HUTPHUIOPOMHUJIOM.
OO0pa3syromuiics in situ HUTPUIOPOMHUIL C APOMATHYCCKUMU COCIUHCHUSIMHE, COACPIKALIUMHU CHIIBHO
JIe3aKTUBUPOBAHHEIC TPYIIIIEL, BCTYNACT B PEAKI[HI0 OPOMHPOBAHUS, & C yMEPEHHO JIe3aKTHBHPOBAH-
HBIMU I'pyIIIaMH1 TpeodiaiaeT peakius HuTpoanus. B paborax [9, 10] moaTBepkieHa BO3MOKHOCTb
o0pa3oBaHUS HUTPIIIPTOPUIA, HITPUIXJIOPUIA, HUTPUIOPOMHUIA. ABTOPHI ISTAOT BBIBOJI HA OCHO-
BaHUH TEPMOJMHAMHUYECKOI0 pacyeTa cBo0o1HOM sHepruu ['md0ca nporecca AUCCOHUALNN C YIETOM

aHallm3a OTHOCHUTCIBHOM (HOKaHLHOﬁ) SHCKTPOQ)I/IJIBHOCTI/I HUTPUJITAJIOICHUA0OB U YCTAHOBJIUBAIOT
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3aBUCHMOCTbD JJICKTPOQHIIBHON rajoreHUPYIOIIEH CIIOCOOHOCTH HUTPHIITAIOreHUA0B B psiiy NO,Br
> NO,Cl > NO,F. Tloka3zano, uto HUTpIIPTOPHU HanOOJIee MOAXOIANINI PeareHT s MPOBEICHUS
peaxIy HUTPOBaHUS C apOMATHUYECKUMU CyOCTpaTamHu.

HuTtpunuonn — nHTEpMENaT, MPEAIO0N0KUTENEHO 00pa3yromuiics B cuctemax AgNO, —I,, I, —
NO;~— CF;COOH, I, - NO;~ — CH;COOH, I, - HNO, — AcOH — HCIO,, KI - HNO, —H,SO, — H,0,
NHyNO; — 1, - H,SO4 — O, [2, 11], B peakusix ¢ apoMaTn4ecKUMH CyOCTpaTaMHy IPOSIBIISIET HOJUPY-
IOIIYI0 aKTUBHOCTh. OCHOBHBIMU MPOJYKTaMH B OTHX PEaKIUsX ObLIH HOJapEHBI.

B pab6ore [3] ¢ npousBoaHbME ankeHOB B cucteMe NaNO,—KI-Oxone Obliy 1osryd4eHbl HUTPO-
ankeHbl. OTMEUYEHO BIUSAHHUE 3aMECTUTENEH Ha BBIXOJ MPOAYKTOB. Tak, IPOM3BOIHbBIE CTUPOIIA, CO-
JeprKallKe IEKTPOHOJOHOPHBIE rpy bl pearupyroT B cucteme NaNO,—KI-Oxone ¢ BBICOKMMU BbI-
XO/IaMH B OTJIMYHE OT CyOCTPATOB C JIEKTPOHOAKIICIITOPHBIMY rpyIinaMu. B padore [4] npemioxena
cucrema [, — tBuONO, — THF nns nmudyHKIHOHAIH3AIUN aTKWHOB, B 3THX PEAKIUSIX MONYyYar0T
HMOTHUTPOMPOU3BOIHBIC AJIKCHOB.

Hamu ObL11 TpOBEICHBI HCCIIEA0BAHMS, B KOTOPBIX CHCTEMa HUTPATHI IEJIOYHBIX MeTauios / I,
(KI) B yKCyCHOU KHCIIOTE MPOSIBIISIET HOAHUTPYIOLIYIO CIOCOOHOCTH 110 OTHOILEHHIO K alIKMHaM [6].
JlanHas cucTema nokasajia BO3MOKHOCTb CTPOrO HAlIPaBIEHHOI0 OHOPEAKTOPHOIO HOIHUTPOBAHUS
KpaTHBIX CBs3€il MPOM3BOAHBIX alleTHieHa. KpoMe Toro, nmpeanokeHa cxema MexaHu3Ma HOaupoBa-
HUSI aPEHOB U HOJHUTPOBAHMS HEMPEIEIBHBIX YIJIEBOIOPOIOB, BKIIOYAOMAs LUK OKUCIUTEIBHO-
BOCCTAHOBHUTEIILHBIX PEAKIUil MEX 1y Hoa0M (HOAMI0M) B HUTPAT-HOHOM B YKCYCHOW KHCIJIOTE C 00-

pa3oBaHUuEM HHTpHHﬁOﬂHI{aZ

o ! +3e I(I)
NOaI % NOyT T T

+e NO+T —+

3 \_/ HOOHPOEAHHE
- ApeHOB
NO, P

HOTHpOESHHE HOOHHTPOESHHE
apEHOE AlETHICHOE
B CJIy4ac aJIKCHOB pCaKI M NPOTCKACT C O6p330BaHI/ICM HI/ITPOCOG,Z[I/IHGHI/Iﬁ N3 IMIPOMEIKYTOIHBIX
ﬁOHHHTpoaHKaHOB, TOraa Kak 1mpu ﬁOHHHTpOBaHHH AJIKMHOB BBIJICJICHBI C BBICOKMMMH BbIXOJdaMH HOI-

HUTPOAJIKCHBI.
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Pesyabrarsl n 00cyxaenue

[IpennoxxeHHas cucTeMa HATPATHI menodHbIX MeTamioB / I (KI) B ykcycHO# kucnoTe sBiseT-
Csl TOCTYMHOM M 0e30macHOil B OpraHnyeckoM cHHTe3e. sl n3y4yeHus MeXxaHu3Ma peakIuil U 3Kc-
MIEPUMEHTAJIEHOTO TIOATBEPXKIACHHS 00pa30BaHUS HUTPHITAJIOTCHHUIOB in Situ MBI 3aMCHHIIA HOMIHT
B M3y4aeMOH CHCTEeMe Ha Jpyrue rajoreHujibl (propua-, Xjaopui-, OpOMHUA-) U MPOBEIN PEAKIHH
¢ 9-meTmkap0a30I0M, TaK KaK JaHHOE COCOMHEHHE 00JIaaeT MOBBIMICHHON aKTUBHOCTHIO B Peak-
HUSX AIeKTpoduiIbHOro 3amemienus. [Ipu ucnonp3opanuu B cucteme NO;/ HAc Hioga 0OCHOBHBIM
MPOIYKTOM peakuu ObLT 3,6-TUHOA-9-MeTHITKap0a30i1 ¢ BBICOKUM BBIXOOM. A ITPH HCIOIB30BAHUU
Hoxuna wiu OpoMUIa BBIACISUIM CMECh IIPOYKTOB TrajloreHnpoBanus u Hutposanus. C ¢ropumom
WU XJIOPUJIOM B U3y9aeMOU crcTeMe OBLITH BBIICICHBI TOJIBKO MPOAYKTH HUTpoBaHUs. Ha ocHOBa-
HUY 10y YSHHBIX JaHHBIX MPEIIOI0KUIN 00pa30BaHNe HUTPUITAIIONCHHU/IOB B 9TUX CHCTEMaX U UX
Pa3HyI0 JUCCOLUALUIO.

Jlist moATBEepK ICHHSI MeXaHU3Ma 00pa30BaHus HUTPUIITAJIOT€HUIOB U JI0OKAa3aTeIbCTBA BIUSHUS
OPUPO/IBI TOOABIECHHBIX TaoreHu 108 (1in noaa) B cucteme NO;/ HAc ipu 85 °C 9KcriepuMeHTaIbHO
OIpeAeTUIN KOHICHTpanuio okcuaa azora (IV) (tadsm. 1). st 3TOro MCrob30Bain CTaAHIAPTHYIO
MeTOnuKy ynaBinuBaHus raza (NO,) IICHOYHBIM XeMOCOPOSHTOM U (JOTOMETPUUYECKOE OIIPEICICHHE

NO; -aHunoHa.

Ta6nuna 1. Konmnuectsennoe onpenenenne NO, B cucteme I, (mmm Hal")* / NOs; B HAC

Table 1. Quantitative determination of NO, in the I, (or Hal")* / NOs™ system in HAc

Pearent NO;/HAc | Bpewms peakuuu, 9 HOHE?:IEEEE?;S C, Mmr/n n, MMOJIb

- 1 0,12 0,021 0,04

- 5 0,44 0,176 0,33

KI 1 0,67 0,26 0,53

KBr 1 0,7 0,28 0,57
KCl1 1 0,051 0,04 0,008

NaF 1 0,097 0,097 0,019

I, 1 0,5 0,19 0,38

I, 5 1,5 0,63 1,26

"Hal =F, Cl, Br, L.

OOHapy KW, YTO MPUPOJIA TAJOreHU A ONpeelisieT KOJUYEeCTBO 00pa3yoLierocsi B CUCTEME

NO,. Haunbosee BepossTHBIN TyTh 00pa30BaHUsI HUTPWIMOAUAA U HUTPHUIOPOMH/IA IIPOTEKAET Yepe3

pAX OKUCIUTEIIBHO-BOCCTAHOBUTEIbHBIX peaKHI/IﬁZ

61" (Br)+ 2NOy + 8H* = 31, (Br,) + 2NO + 4H,0;

2NO + O, =2NOy;

2N02 + 12 = 21N02
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OKHCINTEIBHO-BOCCTAHOBUTENbHBIE peakiuu (1) u (2) M3BECTHBI U TEPMOAMHAMHYECKH BO3-
MOXHBI C OOJIBIIMMH OTPHIIATEIbHBIMA 3HAYCHUIMH U3MEHEHHS CBOOOIHOM sHepruu ['nboca.

[Ipu ncnonp3oBaHMM Hoaa, HOMKUIOB UM OPOMHIOB BBIAENAETCS okcuaa azoTa (IV) 3HaunTemns-
HO OoJIblIIe, YeM IPH MCHOJIB30BAaHUH XJIOPHJIOB MM (PTOPUIOB MIETOYHBIX METAJUIOB (Tadi. 1) u3-3a
OTCYTCTBUSI OKHCIUTEIbHO-BOCCTAHOBUTEIBHBIX B3aUMOJICHCTBUI MEXAY XJIOPHUI-HOHAMH, (HTOPHI-
HMOHAMHM W HUTPATaMHM LIEJOYHBIX METAJUIOB B KHCIION cpene. DHeprus [ mdbOca sTHX peakiuii uMeeT
MOJIOKUATEbHBIC 3HAUCHHUS. OJTHAKO MOXKET MPOUCXOAUTH peakiust X + NO," — XNO, no myTu noH-
HOTO CBsI3bIBaHUS. M3BecTHO [§], 4TO HUTPUIXIIOPU M HUTPHIPTOPUI SBISIFOTCS CTAOMIIBHBIMU Ya-
ctunamu. Torna Kak HUTPUJIOPOMUT M HUTPHIIMOIU]] CYIIIECTBYIOT B paBHOBecuH ¢ Br, nmn I, u NO,.
MBI IpoBEpHIIN PACTBOPHMOCTH COJIEH TajOreHH/I0B MIEJIOUYHBIX METAJJIOB B YKCYCHON KHCIIOTE, JUIS
9TOTO PaCTBOPHIIM | MMOJIB TaJIOT€HU A B 5 MJT YKCYCHOW KMCIOTHI ¥ Harpenu 10 85 °C. DkcnepuMeH-
TajbHble TaHHble pacTBopuMocTH conelt (KI, KBr, KCI, NaF) B ykcycHo# KucinoTe UMeIoT OJu3Kne
sravenus (ot 0,175 mo 0,190 mob/n), a konudecTBO NO, B 3aBUCHMOCTH OT TOT'0, KAKOH B PEaKIHOHHON
CHCTEMe raJIOTeHN ]I, pe3Ko MeHsieTcst. ClieJoBaTeIbHO, Hallle ITPE/IIOIIOKEHUE O TOM, 4TO 00pa3oBaHUE
HUTpUI(TOPHIIA U HUTPUIXJIOPUIA UJET MO NYTH MOHHOIO CBSI3BIBAHMS I'aJIOTCHU]A U HUTPOHUH-
KaTHOHA HE MCKII0YaeT 00pa30BaHMs HUTPUIITAIOTCHH/IOB B N3y4aeMbIX HAMH CHCTEMaX.

Jlns aHanmm3a CTPOCHHUS W PEAKIIMOHHOW CIOCOOHOCTH psina HutpuiramoreHunos HalNO,
(Hal = F, Cl, Br, I) npoBeneH KBaHTOBO-XMMHWYECKHH PacdeT ¢ MCIOJIb30BAHHEM CTAHIAPTHOTO Ia-
keta nmporpamm Gaussian-03. JIsi IpOBEACHUST TEOPETUUSCKUX HMCCIEAOBAHUI MPUMEHUIN METOJ
¢ysxunonana wiotHoctH (DFT) B3LYP ¢ nmomHosnexTporHbIM 6a3ucHbiM HaOopom DGDZVP [12,
13]. JlaHHBIA METOJ IIHPOKO HCIOJIB3YETCsA B MOCIEIHHUE TOABI AJII PacueTOB COSAMHEHUH, COAep-
JKaIUX aToOMbl V nepuosa, BKIodas Hox. MeTo/ Mo3BOoJIseT MOJyYUTh TOUYHBIC PE3yJIbTaThl B IIpe/-
CKa3aHUU FeOMETPHYECKUX U TEPMOJUHAMUYECKUX XapaKTepucTHK [14, 15]. s usyuenus npupoas
CBsI3eil B MOJIEKYJIaX HUTPHJITAJIOTEHUI0B HCIOIb30BAIN NPUOIMIKEHUE HATypPaJIbHBIX OpOHTaNeH
ces3u (NBO).

Mozenn pacCYMTaHHBIX MOJIEKYJ OBLIN MOJTHOCTHIO ONTHMHU3HPOBAHBI, @ OTCYTCTBUE MHUMBIX
4acTOT KoJeOaHUH MOATBEP)KIAeT UX CTAIlMOHAPHBIN XapakTep. PacueTsl reoMeTprun U TepMOAMHA-
MHUYECKHX BEJIMYUH B PACTBOPE IIPOBECHBI BBIIICYKa3aHHBIMU METOIAMH C HCIOJIH30BAHUEM MOJICITH
noJsipu3oBaHHoOro Kkoutuayyma (PCM) [16], B kadecTBe pacTBOPUTEIISI ObLI BHIOPAH alleTOHUTPHII,
OIU3KHIA 10 MOJISIPHOCTH K YKCYCHOM KHCIOTE. DHEPrUH PACCYNTAHHBIX COSAMHEHUI CKOPPEKTHPO-
BaHbI C y4eTOM HyJeBOW KojebaTenbHOM sHeprun (ZPVE) u npuBeAeHbI K CTAHAAPTHBIM YCIOBHSAM
(298,15 K, 1 at™M) ¢ BCrob30BaHAEM TEPMUYCCKOH IMOMPABKU K SHTAIBIINU U CBOOOIHOW SHEPTHH.

Ha ocHOBaHNU MpPOBENEHHBIX KBAHTOBO-XMMHYECKHX PAaCUETOB IOCTPOSHBI MOAETH MOJEKYII
HUTpUIATAJIOreHUI0B (puc. 1, Tabm. 2), onpeneneno pacmpenenenue 3apsnaos NBO n HampaBieHne
BEKTOpa AUMOIbHOr0 MoMeHTa. [{miHa cBsi3u Hal-N B psiny ramorenos (F — Cl — Br — 1) 3akonomepHO
yBEJIMUUBACTCS, a MHJIEKC Bubepra, KOTOpHIi MOKa3bIBAET KPATHOCTH CBSI3M, YMEHbBIIACTCS. 3HAUMT,
Cpeau HUTPUIITAJIOTeHNUI0B CBA3b | — N HanMeHee mpoyHas u 6ojiee CKJIIOHHA K Pa3phIBY.

JleduuuT 271eKTpOHHON IUIOTHOCTH Ha aToMe rajoreHa B coequnenusx HalNO, pacreT npu me-
pexone ot (ropa K HOAY B COOTBETCTBUH C 3JIEKTPOOTPHLATEIILHOCTHIO aTOMOB T'aJIOTCHOB, a M0JI0-
JKUTENBHBIN 3apsijl Ha aTOME a30Ta HUTPOrPYIIbl CHUKAETCS. DIEKTPOHHAS IIIOTHOCTH CBsi3u F — N
B Mosiekysie FNO, cuibHO cMelieHa K aroMy (ropa U JaeT BO3MOXKHOCTb HCIIOJIb30BaHMS HUTPUJI-

(dbropuaa B kKauecTBE HUTPYIOMIEro peareHTa [13].
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Puc. 1. Mogenu monexyn NO,Hal, ontumusupoanusix Mmetogom B3LY P/dgdzvp

Fig. 1. Models of NO,Hal molecules optimized by the B3LY P/dgdzvp method

Tabnuua 2. l'eometpus monexyn NO,Hal

Table 2. Geometry of NO,Hal molecules

o(Ha) | o(N)

Hal n 1, am qnso Hal qnso N Aq % w N-Hal
F -0,5014 1,478 -0,303 0,845 1,148 61,8 38,2 0,6853
Cl 0,2899 1,900 -0,032 0,565 0,597 441 55,9 0,6969
Br 0,6442 2,067 0,021 0,515 0,494 40,4 59,6 0,6612

I 1,3373 2,286 0,115 0,449 0,334 34,8 65,2 0,6295

IIpumedanwue: [ — IUIOIBHEIM MOMEHT MOJIEKYJIBI; | — mnHa csi3u Hal-N, aM; w — nanexe Bubepra cssisu Hal-N; qugo — 3apsin
Ha aToMe atoMe, paccuutanublii NBO; o — pacripeznenenue (1oist) a1eKTpoHHOHU utoTHOCTH cBsizu Hal-N, %

Cgsi3u Cl — N 1 Br — N HanMeHee MoJIIpHBI CPEIU HUTPUITAIOTEHUIOB C HE3HAYUTEIFHBIM CME-
HICHHUEM DJICKTPOHHOH TIOTHOCTH (®, %) K aTomMy a3oTa (Ta0J1. 2), 4TO MO3BOJISICT HCIOJIB30BATh HX
HE TOJIBKO KaK MOHHbBIE, HO M KaK paJUKaJIbHblE peareHThl B OPraHUYeCcKOM cuHTe3e. B Moisekyie
INO, »>nexTpoHHas MIOTHOCTH CBsA3H | — N CHIIBHO cMellieHa K HUTPOTPYIIIE, MO3TOMY HOJ MOXKET
BBICTYTIATh B KAYE€CTBE AIEKTPOIIIA.

JIns HUTPUITATOT€HU/I0B BBINOIHEHBI pacdyeThl TEPMOAMHAMHYECKHX MapaMeTpPOB IOMOJIN3a
u reTeponnsa ces3eit Hal-N B HuTpmiranoreannax merogom B3LY P/dgdzvp, nanHBIe KOTOPEIX MTPH-
BEZICHBI B Ta01I. 3.

U3 TepMoMHAMUYECKUX PACUETOB rOMOJIM3a U T€TEPOIM3a HUTPUIITAIIOTEHHUIOB CIEAYET, UTO
JIeTYe BCEro pa3phIBaeTCs CBsA3h B HUTpuIHonuae. OueBuiHO, CBs3b | — N B MOJIeKyJie HUTPUIHOIM 1A
noJisipusyeTcs ¢ oopaszoBanuem [ oj BiusiHueM CyOCTPAaTOB C BHIPAKEHHBIM HYKJICO(DUIBHBIM Xa-
pakTepoM (kap0a30J1, aHU30JI U T. 11.). A [IJIs1 HeIIPENeIbHBIX COSIMHECHUI HanbosIee TepMOJUHAMHUYC-

CKH BBITOJICH paJuKallbHEIHN pacmal ¢ oopazoBanueM dacTull [* u *NO, (tadm. 3).
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Tabnumna 3. TepmoarHaMU4YecKUe mapaMeTpbl romosinsa u rereponusa NO,Hal (metox B3LY P/dgdzvp)

Table 3. Thermodynamics parameters of NO,Hal homolysis and heterolysis (B3LY P/dgdzvp method)

Hal AG. AL AS xan/monpK AG pactBop, kKax/
KKaJl/MOJb MOJIb
T'omonus Hal-NO, — Hal "+ NO;*
F 43 51 30 45
Cl 22 30 29 23
Br 17 25 28 18
I 11 19 28 13
T'eteponus Hal-NO, — Hal “+ NO,"
F - - - -
Cl 262 270 27 188
Br 256 234 26 156
I 183 191 26 118
Tereponus Hal-NO, — Hal~+ NO,"
F 147 151 15 63
Cl 122 114 14 41
Br 104 109 14 42
1 100 105 13 44

W3yuuB TepMOAMHAMUKY MPOIECCOB IHUCCONHMANNHA HUTPUITAJIOTCHUOB, YCTAHOBHIIH, YTO
31eKTpOoUIIbHAS TaJIOTeHUPYOIAst AKTHBHOCTH YMEHBIIACTCS B psiAy HUTpuirajgorenunos ot Clk I,
a cBOOOTHOpaIMKAIbHASI PEaKIIHOHHAS CIOCOOHOCTH Bo3pacTaeT oT FNO, < CINO, < BrNO, <INO,.
KBaHTOBO-XMMHUUECKHE pacdyeThl TO3BOJUIN MOATBEPAUTh CXEMY MEXaHU3Ma HOAMPOBAHUS apEHOB
¥ HOMHUTPOBAHUS HEIIPEIEITHHBIX YTICBOIOPOAOB U OOBSICHUTH Pa3HYIO MPUPOAY MPOIYKTOB B PEaK-
USIX ¢ HUTPUIHOAUIOM, a TAK)KE YTOYHUTH CXEMbI MEXaHU3MOB PEaKIU TajJoreHUPOBaHHU S apEHOB
¥ HOTHUTPOBAHUS IPOU3BOIHBIX aJIKMHOB.

JI1s1 9TOTO MBI pacCYUTAIN TEPMOJUHAMHYECKUE XapaKTePUCTHKH peakiuu (3):
2N02 + 12 = 2IN02

Omnpenenuiu, uto cBoOonHas sHeprus ['mb0ca peaknuu B pacTBope paBHa +11 KKaia/Moub,
a 9HTaJbnus +1 KKaj1/MoJib, 4TO MOJATBEPIKJAET pAaBHOBECHBII XapakTep peakuuu (3). JanbpHeii-
U pacrag HUTPUIHOAN/1Aa 3aBUCUT OT NPUPOJIEI CyOCTpaTa; Tak, C apOMaTHYECKUMH COeaMHe-
HUSMU UJeT oOpa3oBanue [*, a B peakusix ¢ IpOU3BOJHBIMU AJIKHHOB 00pa3yloTcs paJuKaibHbIe
YaCTHUIIBI.

Jlns peakiiuii B3aUMOJIEHCTBUSI HUTPHITHOAUIA C aHU30JI0M ¢ 00pa3oBaHUeEM M-HoaaHu3oda (pe-
aKknus 4), a TakKe peakiMy B3aUMOJCHCTBHS HUTPHIHOAMAA ¢ AM(EHIIANETHIICHOM (peakiuu 5

U 6) NOJYYHIJIN 3HAYCHU ST CBOOOIHOM sHepruu [ mb0ca, SHTPOIIUH U SHTAIBIINHU (Ta0I. 4).

(oN O.
©/ CH3+1.NO2 I/©/ CH; + H-NO, @)

— 107 —




Journal of Siberian Federal University. Chemistry 2021 14(1): 100-110

I

&
@—czc@ +1-NO, OzN‘c:c\ ®)
O

{Veze< ) rivor—— Nl ©)
OO

KBaHTOBO-XMMUYECKHUH pacueT TePMOANHAMHUKHN peakinii HUTPUIIHOAN A C apeHaM K U aJIKHHa-
MU TTOKa3bIBAE€T BO3MOXHOCTD IOJTYUEHHUSI OCHOBHBIX MTPOAYKTOB HOJUPOBAHUS APCHOB UJIN IBOMHHON
(YHKIIMOHAIN3AUN AJIKMHOB.

IIpu crangapTHBIX yCJOBHSIX CBOOOmHass oHeprusi [nOOca wu3ydaembix peakuuid (4—

6) (Tabmn. 4) 6M3Ka K HYJIIO, YTO YKa3bIBA€T HA COCTOSTHUS XMMHUYECKOTO paBHOBecHs. [Ipn koMHaT-

Tabnuua 4. 3nauenus AG, AH, AS st peakunii (4—6)
Table 4. Values AG, AH, AS for reactions (4—6)

Peakmus AG AH AS AG p-p
KKaJ1/MOJIb kKkaJ/mMons*K KKaJI/MOJIb
4 3 2 -1 -6
o) -11 25 -46 -12
©) -10 25 -49 -13

HOW TeMIepaType M3ydaeMble PeaKI[Ui NMPAKTHUYECKH He MPOTEKAIoT, A7 00pa30BaHUs MPOIYKTOB
HeoOxoxumo Harpesanue ot 60 xo 85 °C. IIpu remneparype 85 °C nosydeHsl n-HogaHu301 (peaKius
4) ¢ BeixomoM 92 %. Bbeixoabl mponyKTOB cocTaBuiu B peakuuu (5) E — ioqauTpocTunsoena 44 %,

a B peakun (6) Z — nomHUTpOCTHIBOCHA 12 %.

BriBOJ

DKCIEepUMEHTAIbHO U TEOPETHUYECKU JOKa3aHO 00pa3oBaHME HUTpHWIIOAMIA B cucTteMax I,
(nmm I') / HUTPATHI MIEIOYHBIX METAJIJIOB B yKCYCHON KHCIIOTE. YCTAHOBIICHO, YTO 00pa3yIouuiics
HUTPHIHOIN ] 00J1a1aeT Hoaupyoleil CHOCOOHOCTHIO M0 OTHOLICHHUIO K apOMATHYECKHM COCIHE-
HUSIM.

KBaHTOBO-XMMHYECKHUM pacye€ToM MOATBEPKACH MCXAaHU3M IOJTYUCHHUSA HUTPHUJITAJIOICHUIOB.
W3y4eHbl XNMHUYECKHE CBOMCTBA, YCTAHOBIICHA BOZMOXKHOCTD UX PacIa/ia 1o ToMo- U reTepoIuTHYe-
CKOMY IyTH B 32aBUCHMOCTH OT YCJIOBUH peaKkIuy U MPUPOJIbI cyOcTpaTa.

CocTtaBieH CpaBHUTEIBHBIN S AJIEKTPOGHIBHON rajJoreHUPYIOIeH aKTHBHOCTH HUTPHIITAIIO-
TEHHJIOB 110 OTHOIICHHUIO K apeHaM U CBOOOTHOPAIMKAIbHOM PEaKIIMOHHOM CIIOCOOHOCTH 110 OTHOIIIE-
HUIO K aJIKMHAM.

HOJ’[y‘IeHHLIe TEOPECTHUYCCKUE U OKCIICPUMCHTAJIBHBIC JAHHBIC ITO3BOJIAT IMIPOTrHO3UPOBATH IMOBEC-

JACHHUC HCOPraHUYCCKUX HUTPUJITAJIOTCHUIOB B 3aZ[aHHOI>'I peaKHPIOHHOﬁ Macce, 4To JacT BO3MOXK-
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HOCTBb BECTH HaHpaBJ’[CHHLIﬁ CHHTE3 IPU NOJYYEHU N IPOAYKTOB raJIOrCHUPOBAHUSA, HUTPOBAHU A UJIN

JBOIHOHN (PYHKIIMOHATU3AINH — FaJIOTCHHUTPOBAHUS.
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Abstract. The behavior of binary composites (BC) containing polyvinyl alcohol (PVA-1799) and
various amounts of microcellulose (MC) in water and biochemical media (soil, compost, water-silt
mixture) is studied. The results of the experiment emphasize the complex nature of the biodegradation
of the studied composites under natural conditions. Introduction of microcellulose into the polymer
matrix of PVA about 60 vol.% is accompanied by the formation of a porous structure that promotes the
penetration of water and components of biochemical media into the volume of the material. At the same
time, the uniform distribution of the MC fibers creates the effect of a reinforcing filler and allows you
to maintain strength even with prolonged soaking of the BC. The achievement of «zero» strength at
exposure in water is observed after 2 days, 14 days, 2 months. for BC with a content of MC 0, 80—60,
40-10 vol.%, respectively. After 6 months of incubation in the soil environment, the index of destruction
of composites was 0.89, 0.87, 0.95, 0.96 with a degree of filling with microcellulose of 10, 20,40, 80
vol.%, respectively, while there was a lack of fragmentation of the samples. A method of computer
colorometry in the dynamics of biodegradation of polysaccharide-filled thermoplastics is proposed to

assess the degree of penetration of components of biochemical media into the volume of the material.

Keywords: biodegradation, binary composites, polyvinyl alcohol, microcellulose, composting,

environment, biodegradation standards.

Citation: Studenikina L.N., Korchagin V.I., Popova L. V., Savvin P.N. Biodegradation of polyvinyl alcohol-based binary
composites, J. Sib. Fed. Univ. Chem., 2021, 14(1), 111-119. DOI: 10.17516/1998-2836-0221

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

— 111 =



Journal of Siberian Federal University. Chemistry 2021 14(1): 111-119

Buogerpananusi OMHAPHBIX KOMIIO3UTOB

Ha OCHOB€ MOJIMBHUHMUJIOBOI'O CIIMPTaA

JI.H. Cryaenukuna, B. U. Kopuarums,

JI. B. Ilonoma, I1. H. CaBBun

Boponesicckuii eocyoapcmeennulil yHugepcumem
UHDICEHEPHBIX MEXHON02UL

Poccuiickaa ®eoepayus, Boponeaic

AnHoTtanus. MccnenoBano noseaenne OmHapHbIX KoMo3uToB (bK), BKIIOYAOMINX MOJUBUHUIOBBIN
criupt (IIBC) mapku 1799, ¢ pasnuaHbIM cozepkaHrneM MUKporesutono3s! (ML) B Boge n OHOXMMHYECKHUX
cpeax: moyBe, KOMIIOCTE, BOJHO-HUIIOBON CMECH. Pe3ynbTaTsl SKCIIEpHIMEHTA TOYEPKUBAIOT CIIOKHBIN
xapakrtep ouonerpananuu uccienyeMmsx bK B ecrecTBeHHBIX ycinoBusix. Beenenne ML nopsinka
60 00. % B nonumepuyto marpuny [I1BC conpoBoxkaaeTcs o00pa3oBaHHEM MOPUCTON CTPYKTYPHI,
CIIOCOOCTBYIONIEH MPOHUKHOBEHHIO BOJBI H KOMIIOHEHTOB OMOXMMHYECKUX CpeJl B 00beM MaTepHala,
IIpU DTOM PaBHOMEPHOE paciipeesieHre BojokoH ML] coznaet adexT apMupyroLIero HarmoJIHUTeN s
1 TI03BOJISIET COXPAHSTH MPOYHOCTH JaXKe MPH JUINTeTbHOM BeiMaunBanuy bK. JlocTixkeHune «HyneBoi»
MPOYHOCTH (T. €. TAKOE COCTOsIHUE 00pasiia, KOTOPOE He MO3BOJISIET IPOBECTH UCIIBITAHHE, TaK KaK
MaTepual pa3pymaeTcs B pyKax) IIpH 9KCIO3UIUHK B BoJe Habmogaercs yepes 2 cyT, 14 cyT, 2 mec.
st BK ¢ cogepskannem ML 0, 80—60, 40—10 06. % cooTBeTcTBeHHO. Uepe3 6 MecsiieB MHKyOauu
B [MOUBEHHOM cpene uniaeke aectpykuuu bK coctasuin 0.89, 0.87, 0.95, 0.96 npu cTeneHu HarnoiIHEHUS
10, 20, 40, 80 06. % COOTBETCTBEHHO, IIPH 3TOM HAOJIFOIAJI0Ch OTCYTCTBUE (PparMeHTauu 00pa3IoB.
[pemoxeH MeTOR KOMITBIOTEPHON LIBETOMETPUH B AMHAMHUKE ITporiecca Onosierpagalini HaroJIHEHHBIX
HoJIMcaxapuaaMy TEPMOIIIACTOB /ISl OLIEHKU CTEIICHU TPOHUKHOBEHU S KOMIIOHEHTOB OMOXMMYECKUX

cpen B 00beM MaTepuaia.

KiroueBbie ciioBa: 6noz[erpa)lauuﬂ, 6I/IHapHBIG KOMIIO3UTHI, ITOJTUBUHHUJIOBBIN CIIMPT, MUKPOLCIIIIIOJIO34,

KOMITOCTHPOBAHHUE, OKPYIKAOIIas Cpela, CTaHaPThl OHOPA3I0KEHUSL.

Iutuposanue: Crynenukuna, JI. H. Bnogerpananus OMHapHBIX KOMIIO3MTOB Ha OCHOBE IOJIMBHHHUIIOBOTO CITHPTA /
JI.H. Crynenukuna, B. 1. Kopuarun, JI. B. ITonosa, I1. H. Caseun / XKypn. Cu6. denep. yn-ta. Xumus, 2021, 14(1). C. 111-
119. DOI: 10.17516/1998-2836-0221

CHIKEHUE HETaTHBHOTO BO3JICHCTBHUS Ha OKpykammryio cpeny (OC) IIacTHKOBBEIX OTXOIOB
SIBJISICTCS OJHOM M3 MPHOPUTETHBIX DKOJOTMUECKHX 3amad XXI Beka. 3aMeHa HENMKBUIHBIX MPHU
BTOpIIEpepabOTKe IUIACTHKOB Ha OnopasiaraeMble (KOMIIOCTHPYEMBIC) aHAJIOTH IO3BOJHUT PEUIUTH
npo0JieMy UX YTUIU3AIMKUH TyTEM COBMECTHOM IepepaboTKH ¢ OPraHuYeCKUMU (PPAKIUIMHA OTXOI0B
C TIOJTYYCHHUEM IIEJIEBBIX TPOAYKTOB (KOMIIOCTOB, TOYBOTPYHTOB H IIp.).

AKTyaJIbHBIM  HAalpaBJICHHEM HCCJICAOBAaHUH B O00JIACTH CO3JaHUs W IepepadoTKH
OmopasaraeMbIX TOJIHMMEPHBIX MAaTEPHAIOB SBISCTCS pa3paboTka KOMIIOCTHPYEMBIX KOMIIO3HTOB
¢ TpeOyeMbIMH OKCIUTyaTal[AOHHBIMH CBOWCTBAMH TMPH BBICOKHX TEXHHKO-DKOHOMHYCCKHX

NOKa3aTeiisixX mpou3BoACTBa, YTO Tp€6y€T H3YYCHUS CTCIICHU BJIUAHUSA TCXHOJIOTUYCCKUX (1)aKTOpOB
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Ha CTPYKTypooOpa3oBaHue U (U3UKO-MEXAaHHUECKUE XapaKTEPUCTHKU C Y4€TOM OMOJerpajaliiu
B NPHUPOIHBIX cpenax. He MeHee BakHasi mpobieMa — aHaIW3 KOPPEJSLHUH METOAOB OLEHKH
ouozerpananyuu (J1abopaToOpHBIX U HATYPHBIX, IPSIMbIX 1 KOCBEHHBIX).

TexHonoruu noxydeHus OMopasiaraeMbIx IMOJUMEPOB pa3BUBAIOTCS yxe Oonee 20 JeT, o1HaKO
TaKie KOMIIOCTHPYEMBbIE IUIACTHKH, KaK MOJMIAKTH, MOJUTHIPOKCHOYTHPAT U MPOUNE MPOTYKTHI
MHUKPOOHOJIOTHYECKOT0 CHHTE3a, @ TaK)Ke CIIUTBIC IPUPOAHBIE TTOJNMEPHI (TTIoJucaxapuabl, OemIKn),
JI0 CHX TIOp HE TOJIYYMJIH MAacCOBOTO PacIpOCTPAHEHUS H3-3a BBICOKOH CTOMMOCTH M CIOXKHOCTH
noxydenust. bunapusie komno3utsl (BK) Ha ocHOBe CHHTETHUYECKMX TEpMOILIACTOB OoJiee MpHBIIe-
KaTeJIbHbI C TEXHUKO-I)KOHOMHYECKON TOYKH 3PEHUSI, HO KIIFOYEeBBIM (hakTOpoM 3(h(HEKTUBHOCTH UX
WCIIOJIb30BaHUS NIPU3HAHA CIIOCOOHOCTH MOJMMEPHOM MaTpHUIlbl K OMOer paaliny.

OfHMM W3 HEMHOTMX CHHTETHYECKHX TEPMOIIJIACTOB, CIIOCOOHBIX K OHOAerpajaluu, sBI-
ercst monuBUHIWIOBHIH criupT ([IBC), KOTOpPBIil BKIIIOUEH B IEpedeHb OMOpa3iiaraéMblX IUIACTHKOB
o 'OCT P 574322017 u cTOoMMOCTB KOTOPOTO B HECKOJIBKO pPa3 HIKE, 4YeM y OHopa3IaraeMbIX IMOJIH-
MEpPOB MUKpOOHOIoruueckoro npoucxoxaenus. llnpoxoe ncnonszosanne [IBC orpannueno HU3KoH
BJIArOCTOMKOCTBIO U CTA0MIBHOCTHIO AKCILITYaTaIl[HOHHBIX CBOMCTB.

B kauectBe nonumepnoit matpunsl bK npeacrasaset uatepec [IBC ¢ BEICOKON MONEKYIISIPHON
maccoit (10° + 10°) u HM3KUM ComEp/KaHUEM BUHMJIALIETATHEIX TPy (He Gomee 1,0 macc. %), Hanpu-
Mep, Mapku 1799, 4To crmocoOCTBYET BOZOCTOUKOCTH U O0Jiee BEICOKOHW TeMIIepaType pa3MsrdeHus,
TaK KaK HaJIM4Yue alleTHIBHBIX TPYII B BUJE KOPOTKOIETIOUEYHBIX OTBETBICHUHM CHU)KAET KPUCTAT-
JUYHOCTD TIOJINMEPOB U, KaK CIEACTBUE, GPU3UKO-XUMHUUYECKHE U IIPOYHOCTHBIC ITOKA3ATEIH.

[lepcnexTuBHOCTH MpUMeHEeHUs KoMITO3uTOB Ha ocHoBe [IBC u monucaxapuaos (I1C) ormeuaroT
MHOT'HE HccienoBaren [1-5], mpu 3TOM B KauecTBe AUCIEPCHOM (a3bl 11e1eco00pa3Ho HCI0JIb30BaTh
KpaxMaJjl WIH 1eJUII0NI03y Kak HauboJjee JOCTYIHble U crocoOHble Ouoperpagaunu. [Ipumenenue
Mukpouemtonossl (ML) ¢ pazmepom yactui 70 200 MKM B ITOTMMEPHBIX KOMIIO3UIUAX B OTIHYNE
OT TIOPOIIKOBOM IEJITIONIO3bI, pazMep 4acTull Kotopoi mpocturaet 2000 MKM, UMEET psill MPEeUMy-
IIECTB: BO3MOYKHOCTh ()OPMOBAHMSI TOHKOCTEHHBIX M3JIEIUI M IIJICHOK, MOBBIMICHUE TIPOYHOCTHBIX
rokasaTesieil Matepuala u mp. [6].

Monunduxamus [1BC HanmosHuTeNsIMM M JOOABKaMHM HM3MEHSET CTPYKTYPY MaKpOMOJEKYI,
B YAaCTHOCTH, CTEPEOPETryIIPHOCTh U CBA3AHHYIO C HEW KPUCTAINIMYHOCTD [7], a «CIIMBKa» MaKpo-
mozekyn [IBC mpu TexHoiornyeckoir 00paboTke MOKET MPUBOANTH K CHH)KEHHIO PACTBOPUMOCTH
u quddysun GpepmeHToB B MaTepua [§], 4TO CHUIKAET CKOPOCTh OUOJIET PAIAIIHH.

[Mpoueccer ouonectpykuu [I1BC ncenenosansl B paborax [9—13], momydeHHbIC pe3yIbTaThl CBU-
JIETEIBCTBYIOT O CIOKHOM XapakTepe aerpagauuu gaHHoro nonumepa B OC. MccnenoBaHus BiHS-
Hus crepeoperynsipaoctd [IBC Ha ero 6nonerpaanpyeMocTb B IPUCYTCTBUU OaKTEPUHU-IECTPYKTOpa
Pseudomonassp. (mo mokasarento cHIXeHus odmiero opranundeckoro yriaepoaa (TOC) B kynsrype PVA)
mokaszainu, 4to m3otaktudeckuil [IBC (i-PVA), umeromuii psix JITHHHBIX ME30IOCISIOBATEIIEHOCTEH,
BOCIIPUMMUYUB K Onomerpananuu, a [IBC ¢ BRICOKOW CHHIHOTAKTUIHOCTHIO (S-PVA) — Het [13].

B Hacrosimee Bpemst pa3paboTaHo OOJIBIIOE KOJTMYECTBO METOIOB OLEHKH OMOAECTPYKIMH I10-
JIMMEPHBIX MaTEPHAJIOB, OTIMYAIOIINXCS TTPONOIKUTEIPHOCTHIO, YPOBHEM pErilaMeHTAINH, Opee-
JSIeMBIM ITapaMeTpoM OropasiiaraeMocTH 1 T. 1. HarypHble MeTO/bl, HECMOTPSI HA MX JUTUTEIBHOCTh
U TPYZOEMKOCTb, ITO3BOJISIIOT MOJYUYUTh HauOOJIee JOCTOBEPHBIC JJAHHBIE O KHHETHKE U MEXaHU3ME

6I/IO,I[€CprKI_[I/II/I MarepuajoB, YeM J'Ia60paTOpHLI€, TaK KaK IO3BOJIAIOT OAHOBPEMCEHHO INOABCPraTh
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MaTrepuajbl BCEMY KOMILIEKCY BHELIHUX BO3JEHUCTBUI OKpYysKarolel cpeasl. Hepocrarok HaTypHbIX
WCIIBITAHUH COCTOMT B TOM, YTO B €CTECTBEHHOH CpPEAe IPOUCXOAUT HENPEPHIBHOE M3MEHEHHE €¢
XUMHYECKOT0 ¥ MUKPOOHOIOTHUECKOTO COCTaBa, TEMIIEPATYPhl, BIAXKHOCTH, KUCIOTHOCTH, YCIOBUH
AdPUPOBAHMS U T. [I., YTO CO3JAET TPYIHOCTH B MHTEPIIPETALMU pe3yabTaToB [14].

CrnemyeT OTMETHUTD, UTO ITPH MIPOBEACHUH U 1a00paTOPHBIX, U HATYPHBIX UCIIBITAHUN BO3HUKAET
1po0iieMa KoJInYeCTBEHHOH OLIEHKH CTEeNIeHH OMONIOBPEX ACHUH, OO HEe BCET1a BO3MOXKHO C JIONYCTH-
MOH CTENEHBIO TIOTPEIIHOCTH OLIEHUTh U3MEHEeHUe (PU3NYECKHX MoKa3aTelieil MaTeprala, a BU3yasb-
Hasl XapaKTePUCTHUKA MOXKET OBITh BeCbMa CyObEKTHBHOM.

Lenb paboThI: OLIEHKA BIMSIHUSI OMOXUMHYECKUX BO3/ICHCTBHI Ha OMHAPHBIE KOMIIO3UTHI, ITPE/I-
HA3HAYCHHBIE JJI M3TOTOBJICHUSI KOMIIOCTHPYEMBIX YIIAKOBOUHBIX MAaTEPHAJIOB, BKIIIOUAIOIIUE TIOJIH-
BUHWJIOBBIA CIIUPT ¢ BBICOKOM MOJIEKYIspHON Maccoi (10° + 10°) 1 HM3KUM conepKaHUEM OCTATOU-
HBIX alleTaTHBIX I'PYTII, B 3aBUCUMOCTH OT COAEPIKAHUSI MUK POIIEIIIIONI03HL.

B kauecTBe 00HEKTOB UCCIenOBaHuUs ObLIH BeIOpaHbl BK B Bue mactun 5x10 ¢M ¥ TONIIKUHOM
200 = 800 MKM (B 3aBHCHMOCTH OT CTEIICHH HAIIOJTHCHWS), MOJYUYSHHBIE ¢ HUcTHonb3oBaHueM [1BC
mapku 1799 u M1 mapku Filtracell npu cogepsxkanuu ot 10 10 80 % (00.) BK n3rorasiuBasiu MeToq0M
xuakogasnoro HanonaeHus p-pallBC (5 %) u rorkoxucnepcunoit M1 ¢ nocienyromum 006e3B0KnBa-
HUEM IUICHOUHBIX 00pa3loB B BAKYYM-CYIIHJIBHOM HIKa(y.

MaxkpocTpyKTypy HOJIMMEPHBIX KOMIIO3UTOB OLIEHWBAJIH C MTOMOIIBIO IIM(YPOBOTrO MUKPOCKOIA
Levenhuk-D670T ¢ nporpammubiM obecnieuenrnem LevenhukToupView. IIpounocTHbie nokaszareiu
onpenensinu o 'OCT 11262—17 ¢ nmomomipio paspeiBHOW Mamuubsl PM-50 ¢ mporpaMMHBIM 00e-
cneyenueM «StretchTesty. Onpenenenue npounoctu bK 10 BeIMauMBaHMs OCYLIECTBIISIIOCH MTOCTE
24-9acoBOr0 KOHAWIIMOHWPOBAHUS IPUTOTOBIICHHBIX 00pa310B HAa BO3AYXE B HOPMAJIbHBIX YCIOBHUSIX
(BmaxxHOCTB Bo3nyxa 75 %, remneparypa 20 °C), onpenensuiu IpoYHOCTh MOCTe BRIMAYNBAaHUS Yepe3
5 muH (+ 10 ¢) mocne u3paTHs oOpasna u3 Bogasl. OueHKy BoponoriomeHust bK mpoBommm B coot-
BetcTBuu ¢ ['OCT 4650-2014.

KadecTBeHHYIO M KOJIMYECTBEHHYIO OLIEHKH BO3/eHCTBHsI Onoxummueckux cpen Ha BK ¢ pas-
JUYHBIM cofepkaHueM ML mpoBoxuau ¢ MCMOIB30BaHUEM METOAA KOMIIBIOTEPHOM LIBETOMETPHH.
O6pa3ns! BK, mogBeprayThie SKCIO3UIIMH OIPE/ICICHHON TPOJOKUTEIBHOCTH, U3BJIEKAIN U3 OHO-
XUMUYECKUX CPEJ], OYUINAIN MOBEPXHOCTh OT MEXaHUYECKUX 3arPSI3HEHHH, TTOCIIe YeT0 CKAaHUPOBAIN
B 1iBeToBOM pesknme TrueColor (ontuueckoe paspemtenue 300 dpi, pasmep He Menee 100 x 100 pix).
J1s craHgapTHU3alMHM Pe3yJIbTaTOB M HCKJIIOYEHHS MOTPEIIHOCTH I[BETONEpEeNayll CKaHHPOBAaHUE
MIPOBOJIYIIN B IIPUCYTCTBHU OEJIOT0 JINCTA C HAHECEHHOM CIIEKTPabHON MIKAJIONW U MIKAJIONW SIPKOCTH
(It aBTOMAaTHYECKOrO OMpeeicHusT OanaHca 0e10ro), 00padaTeiBaaId H300PaKEHUS TP TOMOIIN
HeKoMMepuecKoi mporpammsl Imagel 1.46. 3a pe3ynbrar NIpUHUMAIHN CpeiHeapruPpMETHIECKOE 3Ha-
YeHHE Ka)KJOW U3 I[BETOBBIX KOMIIOHEHT U HHTEHCUBHOCTh OKPACKH.

O1eHKy OMOXMMHYECKOr0 BO3JEHCTBUS Ha 00pa3msl BK mpoBoanmu nmocie skcro3unuu B cpe-
Jlax: Mo4YBe (4epHO3eM TUIHUYHBIN), KOMIIOCTE (Macca Ha KOHEUHOM CTaJUU CO3PEBaHUs OTXOO0B pac-
TUTEJIHOTO TIPOUCXOXKACHUS), CYCIIEH3UHU TIPUPOTHOTO HJIa (BOIHO-NIIOBAs cMech). [I0UBeHHBIHN TecT
¥ KOMIIOCTHPOBAaHHE OCYIIECTBIISUIN B TeUCHHE 6 MECSIIEB C MEPHOANYECKUM YBIAKHEHUEM U Tiepe-
MemmnBaHueM. buoxnmunyeckoe Bo3aelicTBre Ha bBK mpupomHOro mia nmpoBoawiIM B T€UEHUE 2-He-
JIeNIbHOTO TIpeObIBaHUSI B J1a00OpaTOpHOM a’poTeHKe, 0oJiee JTUTENbHOE MPeObIBaHHE MPUPOJHOTO

nja B UCKYCCTBCHHO CO3JaHHBIX YCIIOBUAX HEU30EKHO COIIPOBOKAACTCA CMEHOI 6I/IOI_[€H033.
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Boponoriorenue [IBC mapku 1799 (o6pa3sert B Buae miacTusbl 1 X 1 cM u TonmuHoi 200 MKM)
npu temnepatype 20 °C u pH = 7,0 nocturaer 800 % mo Macce B nepBble 5 MUH KCHO3ULIHUU. BBe-
nerre M1 cHHKaeT BOMOIMOIJIOIIEHNE HE TOJIBKO 3a CYET COKpalieHus obmero oosema [1BC B Ou-
HapHOM KOMIIO3HMTE, HO M 3a CUET CTPYKTYPHBIX M3MEHEHHWH B Nepuoja HaOyXaHHWs IoIuMepa, 3a-
MeUISIIOIIUX TUPPY3Ut0 BoAbI (KOdDGHULMEHT TU(Py3un CHUIKACTCS TPOIOPIIHOHAIEHO CHHIKEHUIO
conepxanust ML B BK mo koHKpeTHOTO TIpesena).

Ha puc. 1 oTpaxkena 3aBucumMocTh Boponornomenus bK ot cogepxanus MII.

OTtMmeueHo, uto conepxkanue ML] mopsaka 60—65 00. % sBisieTcss KpUTHYECKUM 3HAYEHUEM, TaK
KaK HapylIaeTcsl CIUIOUIHOCTh NonuMepHoi MaTpuiel BK, uto conpoBoxaaercs o00pa3oBaHUEM I10-
PHCTOM CTPYKTYPBI 32 cUeT AeUIINTa MOIUMEPHOro CBs3ytonero. [loBeseHe BBICOKOHATIOTHEHHBIX
xomno3uToB [IBC: MII B Boze COOTBETCTBYET MOBEACHHIO MAaKPOIIOPUCTHIX MAaTEPHAJIOB, OTKPbITas
CTPYKTYpa KOTOPBIX JIeJIaeT BO3MOXKHBIM OBICTPYIO COPOLIMIO )KHUIKOCTH B HAIIPABJICHUH LICHTPA BbI-
CYHICHHOW MaTpPHIIBI 32 CUET ACUCTBUS KaMUJUIIAPHBIX cui [15].

Bopomornomenne kommnosutoB [IBC: MII compoBokmaeTcs pe3KUM H3MEHEHUEM (PH3UKO-
MEXaHHUYECKUX CBOWCTB Marepuaja, 4To CBsi3aHo ¢ pazdOyxanuem ML, nnactuduuupyromumm aei-
ctBueM Boxsl Ha [IBC, u mocienytomum resreodpazoBanreM. OieHKa H3MEHEHHsI TPOYHOCTH B INHA-
MHUKE BbIMAuMBaHHUsl HEOOXOAMMA IS IPOrHO3UPOBAHMSI KCIUTYaTallHOHHBIX CBOWCTB KOMIIO3UTOB,
a Tak)Ke BO3MOXXHOCTU UX THAPOIUTUYECKOH nectpykuuu. Crneayer OTMETHTh, YTO IPU OLEHKE
NPOYHOCTHBIX MOKa3aTelieil MaTeprasioB Ha ocHoBe [IBC kpaiiHe BakHO 00ECIEUHUTh OJMHAKOBYIO
BJIQ)KHOCTH 00pa3IOB M OKPY’KAIOMIEH Cpesbl, MMOCKOJIBKY C M3MEHEHHEM BIa)KHOCTH MCKa)KaIOTCs
JUarpaMMBl PAaCTSIKCHHUS.

VYeranoBneHo, uto Moayib FOHra nist HenanonnenHoro [IBC yepes3 1 cyT BoIMauuMBaHuUsl CHU-
swics B 5000 pas, mist kommosuta [I1BC: MII ipu 20 06. % HanonHenust — B 230 pas, npu 40 06. %
HanonHeHus — B 285 pa3. Uepes 14 cyT BeiMaunBaHus HeHanosnHeHHbIH [IBC nokasan «HyleByto»
MPOYHOCTH (COCTOSTHUE 00pas3iia He MO3BOJAET MIPOBECTH UCTIBITAHUE, TAaK KaK OH pa3pyLIaeTcs B py-
Kax), a komno3uTel [IBC: MII coxpanuiau GopMy 1 JOCTaTOUHYIO ISl HCIIBITAHUS IPOYHOCTD. BBIsB-
JIeHO, uTo npu noBeieHuu B BK conepskanus M1 ¢ 20 10 40 06. % moayias KOHra npu BeiMauynBaHUH
koMmno3utoB cHukaercs ¢ 0,015 no 0,007 uepes 1 cyT BeimaunuBanus u ¢ 0,008 no 0,004 yepes 14 cyT

BbIMAQUUBAaHHUA, T. €. OTMCUYACTCA HpHMOHHHeﬁHaﬂ 3aBUCUMOCTbD.
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Puc. 1. Bnusnaue crenenu Hanonuenus I1BC Ha Bogonoriomesue KOMIo3ura
Fig. 1. Influence of the degree of PVA filling on the water absorption of the composite
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PaBHOMEpHOE pacrpeecHIe BOJOKOH 1003kl B ojuMepHoit marpuiie bK co3maer ahdexr
ApPMUPYIOIIET0 HAIOJIHUTEIS 1 TI03BOJISICT COXPAHSTh IPOYHOCTD J[ake MPH JJINTEIHHOM BhIMaunBa-
Hun. Ha puc. 2 noka3ana JMHaAMUKa U3MEHEHHUS TPOYHOCTHBIX MOKa3aTeneil KOMIIO3UTOB Ha OCHOBE
IIBC1799 npu BeIMauuBaHUU B BOJIE€ B TEUEHHUE IBYX MECSLEB.

I'paduueckue 3aBucumoctu 1151 oopasos [IBC u BK ¢ conepxanuem MII 40 % (00.) o6pbiBa-
10TCs B TOUKaX 48 4 1 14 cyT COOTBETCTBEHHO, TaK KakK B CJISIYIOIIEM EPHO/IE UCTIBITAHUH MaTepHua
MOKa3aJl «HYJIEBYIO» MPOYHOCTH. M3HauanbHO BRIMaduBaHue (PHUC. 2) COMPOBOXKIACTCS CHUKCHUEM
MIPOYHOCTH U TOBBIIICHHEM YUIMHEHHS (MIacTu(uKanus 6e3 1ecTpyKIUH TOJTUMEPHOI LIEMH) C BbI-
XO/IOM 3aBUCHMOCTH IIPOYHOCTHBIX MOKa3aTelel Ha TIIaTo, HO Yepe3 ONMpeAesICHHOE BpeMs IpU CHU-
JKEHNU TIPOYHOCTH HAYMHAET CHUKAThCS U OTHOCUTENIFHOE YAJIMHEHHE, YTO TOBOPHUT O JIECTPYKTHB-
HBIX IIpoIeccax B MOJIMMEPHON MaTpHILe.

MexaHu3M Ononerpaganuy rereporeHHbx mopucthix bK, comepxkammx [IBC u M1, Bo Biax-
HBIX OMOXMMHUYECKHX Cpe/iaX BKIIIOYAET CTaJNU TPOHUKHOBEHHSI BOJIBI U MUKPOOPTaHU3MOB B TIOPBI
BK, rugponutideckoi AecTpyKIHH TOTUMEPHONW MaTPHUIIEL, (hepMEeHTATUBHON AecTpykiuu MII, uto
B Ha4YaJIbHBIN MMEPHO OMoJerpaganuy 0ToOpaxaeTcst Ha MakpooTorpadusx B BUIAC TPELIUH, «II0-
TEMHEHUS» 1I0p U Pa3BUTHUS B HUX Munenus (puc. 3a u 0).

[Iporneccs! 6uoaerpamay MPOTEKAIOT MPH HATUYIHH BJIATH, OJHAKO BEICOKHE 3HAYEHHUS CIOCO0-
HOCTH MaTepHaja K copOunu Boabl ¥ AndQy3un BOISHOTO Iapa He TapAaHTHPYIOT BBICOKOH CKOPOCTH
Ouonerpananuu [16]. B MukpoOHOit atake Ha OuozerpaiupyeMblii MaTepuall yuyacTByeT He OJMH BU]I,
a accoluanus MUKpPOOPraHW3MOB, B3aMHO BIIMSIOUINX JIPYT Ha JIpyra U BhIpaOaThIBAOIIUX (hepMeH-
ThI, YYacTBYIOIIME B pa3pyuieHnu marepuasna [17]. Haubomnpiryro posib B MUKpOOHOH arake UrparoT
6akrepun Cytophaga, Bacillus, Streptomyces, Micobacterium, Pseudomonas, MALEIISPHBIE TPUOBI

u npoxku Aspergillus, Alternaria, Penicillium, Trichoderma v psan npyrux [16]. B pa6ote [9] ycTaHOB-
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(1;/ 1y) — kpamnocmo nosviuienus omuocumenbHo2o yorunenus npu paspwige (1, %)

Puc. 2. I3mMeHneHnue npoyHOCTHBIX Nokasaresei BK B guHaMuke BoIMauuBaHUS
Fig. 2. Changes in the strength parameters of binary composites in the dynamics of soaking

— 116 —



Journal of Siberian Federal University. Chemistry 2021 14(1): 111-119

JieHo, 4yto ouomectpykius [I1BC ocyiecTBisiercs ¢ moMoribio pepmerToB [IBA-okcHaa3bI U aJIKOT0JThb-
JIETHJIPOTeHa3bl, OTHAKO OaKTepHsl, POy IMpYyommas HeoOxonumslii pepmeHT (bakTepust Sphingomona
SSp, BBIJICJICHHAs] U3 aKTUBHOTO MJia), TpeOyeT onpenesaeHHbIX (aKTOPOB pocTa U CUMOMOTHYECKOTrO
B3aMMOJICHCTBUS C JPYTUMH IIPEICTABUTEIIMHI OMOIIEHO3a, YTO HE BCET/Ia OCYIIECTBIMO Ha IPaKTHKE.

[Tpu BO31EiiCcTBUU NPUPOAHBIX cpel (II0UBa, KOMIIOCT, UJI) Ha MOJMMEPHbIE KOMIIO3UTHI, CO/IEP-
JKallue IoJIncaxapuiabl U CIIOCOOHBIE K IPOHNKHOBEHUIO B 00bEM MaTepHala Bilard ¥ MUKpOOPraHHU3-
MOB C IocjeayolIel Onoierpaaanmeil, MpOUCXoIUT U3MEHEHHE OKPACKH.

O0paboTKa pe3yIbTaTOB IBETOMETPUUYCCKON OLIEHKH 00pa3noB (puc. 4) mokasalia CX0XKeCTh TU-
HaMUKHU U3MeHeHus okpacku bK B mouBe u komrocte, JUisi BOJHO-HIJIOBOH CMECH U3MEHEHHE OKPACKHU
0Ka3aJoch MeHee nHTeHCHBHBIM (HaOyxanue [IBC u ML conpoBoxaeTcst cy’>kKeHHEM U 3aKpBITHEM
TI0p, YTO HE T03BOJISIET MPOHUKATh KOMIIOHEHTAM HJIa B 00beM KOMIIO3UTa B [IEPUOJ UCCIIEIOBAHUS).
3a Tpu Mecsia OMozerpaaliuy B YCIOBUSX KOMIIOCTA M TIOYBBI HHTEHCHBHOCTH OKPACKH KOMITO3UTOB
IIBC: MI] cHusuiaceh B 4-5 pas.

Puc. 3. Makpoctpykrypa kommno3urta Ha ocHose IIBC c conepskanunem MIL 60 %, 06.: a — uepe3 1 mecsn
MHKyOanuu B komrocre; 0 —yepe3 1 Mecsl HHKYOal K B HOUBE

Fig. 3. Macrostructure of a composite based on PVA with a content of 60 % MC, vol.: a — after 1 month of
incubation in compost; b — after 1 month of incubation in soil
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Puc. 4. JlunaMnka U3MEHEHHs MHTEHCUBHOCTH okpacku (I, yci.en.) HamoaHeHHOro Mukpouenttonosoit [IBC
B Pa3JINYHBIX OHOXMMHUYECKUX CPenax

Fig. 4. Dynamics of changes in the color intensity of PVA filled with microcellulose in various biochemical media
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[Toxazarenn MOTEpH MPOYHOCTH KOMIIO3UTHBIX MAaTEPHAJIOB MO3BOJSAIOT yI00HO M JOCTOBEPHO
OLICHUTH CKOPOCTH JIECTPYKTHBHBIX ITPOIECCOB B IIOJINMEPHON MaTpHIIE MO/ BO3AECHCTBHEM Pa3jIny-
HBIX (hakTopoB. [Ipu 3TOM HCIOIB3yeTCsl TEPMUH «HHJEKC necTpyKuuu (ID)» — oTHOmeHne hakTrye-
CKOH yOBIITH KaKOW-TH00 (PM3MUECKON BEIMUUHBI MTOJTUMEpa (MOJICKYIISIPHOM Macchl, Ipesesa mpod-
HOCTH TIPH pa3pbIBe U Ap.) K MAKCUMAIbHO BO3MOXKHON. ECcTu ofiH U TOT jke MaTepual NoKa3bIBaeT
paznuunble ID o Bo3neicTBHEM TeX MIJIM MHBIX BHEIIHUX (PAKTOPOB, 3TO CBHJIETEIBCTBYET O pas-
JUYHBIX MEXaHU3Max pas3joXKeHUs, MPOTEKAIINX BHYTpU nojluMepHoi Matpunbl [18]. ID (mo mo-
Ka3aTelo IMOTepH MPOYHOCTH MpH pa3pbiBe) komno3uToB [IBC: MII co crenensto HamonHenus 10,
20, 40, 80 06. % mocie 6-MecssuHOM HHKYOAIMU B MOUYBeHHOM cpene coctaBui 0,89; 0,87; 0,95 u 0,96
COOTBETCTBEHHO. [Ipr 3TOM 117151 06pa31IOB OTMEUEHO COXpaHEHUE LEJIOCTHOCTH (OPMBI (OTCYTCTBHUE
(parMeHTaIuu), YTO HE TI03BOJISIET OTHECTH TAKOH MaTepral K KaTeroprui KOMIIOCTHPYEMBIX IJIaCTH-
xoB o 'OCT P 57226-2016.

Takum 00pa3om, pe3yibTaThl SKCHEPHUMEHTA MOAYSPKHBAIOT CIOXKHBIA XapakTep Ouoperpa-
nqanuu BK Ha ocHoBe IIBC ¢ BBICOKOH MOJIEKYISIPHOI Maccoil U HU3KUM coiepxkaHueM BA-rpynn
B ecTeCTBeHHbIX Onoxumuueckux ycioBusix OC. C onHO#M cTopoHbl, BBeeHne ML B monumepHyo
matpuny [IBC compoBoxaaercss 0Opa3oBaHHEM IOPUCTOH CTPYKTYPBI, CHOCOOCTBYIOMIEH TPOHUK-
HOBEHHIO BOJABI U KOMIIOHEHTOB OMOXMMHUYECKHX Cpel B 00beM MaTepuaia, ¢ Jpyroi — paBHOMEp-
HOE pacIipe/ielIeHIEe BOJIOKOH [EIJUTIONO03bI co3/1aeT AP (eKT apMHUPYIOMIETo HAOIHUTENS U TI03BOJISET
COXPAaHSITh MPOYHOCTH AAKE MpU JIUTeNbHOM BhiMaunBaHuU bK. IlpemnokeH mMeTos KOMIBIOTEp-
HOU IIBETOMETPHUH B IMHAMHKE OHOJIETpaiallii HAIIOJIHEHHBIX ITOJINCaXapuIaMy TEPMOILIACTOB IS

OLIEHKH CTENECHU IIPOHUKHOBEHHSI KOMIIOHEHTOB OMOXMMHUYECKUX CpeJl B 00beM Marepuala.
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Abstract. The possibility of isolation of high-quality cellulose by peroxide delignification of birch
wood in an acetic acid-water medium in the presence of a TiO, catalyst at a temperature of 100 °C
was shown. The influence of the process conditions (concentration of hydrogen peroxide and acetic
acid, liquid/wood ratio (LWR)) on the yield and composition of cellulose products was established.
Numerical optimization of the process was carried out using a full factorial experiment. The optimal
conditions for isolation from birch wood a cellulose product with residual lignin content of < 1 wt.%
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92.5 wt.% was 49.9 wt.%.
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MaremaTH4yecKkas ONTHMHM3ALUA Ipolecca
MOJIY4YeHHU s LEeJVII0JI03bI IePOKCH/IHOH
AeJurHuukanuei ApesecuHbl depe3bl

B Cpejie YKCYCHas KMCJIOTAa — BOJA

B IpucyTcTBUM Kataausaropa TiO,

H.B. I'apsinuena, U.I. Cynakosa,

A.WU. Yynuna, b. H. Ky3nenos

Hnemumym xumuu u xumuuecxoti mexronrocuu CO PAH
@UL] «Kpacnoapckui nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnospck

AnHortanms. [TokazaHa BO3MOKHOCTB MOJYYEHUs] KAY€CTBEHHOI'O [[EJIJIIOJI03HOIO TPOAYKTA Iy TEM
MIEPOKCHUTHOW IETUTHU(PUKAIIIH JPEBECHHBI Oepe3bl B Cpe/ie YKCyCHasi KUCIOTa — BOJIA B IPUCYTCTBUU
karanusatopa TiO, mpu Temneparype 100 °C. YcTaHOBICHO BIAUSHUC YCIOBUN MeTUTHUDUKALTHN
(KOHIIEHTpaLM ¥ ITEPOKCUIa BOJIOPOIA U YKCYCHOM KHCIOTHI, THAPOMOIYJISI) Ha BEIXOM M COCTaB
LEJUTIONIO3HBIX TPoaAYyKTOB. [IpoBeeHa maTemMarrueckasi ONTHMHU3AIMUS [TPOLIEcca C IPUMEHEHHEM
ITOJTHOTO (DAKTOPHOTO PKCIepUMeHTa. HaliieHbl OITUMAIIBHBIC YCIOBHS TIOTYYCHHS U3 IPEBECUHBI
Oepesbl IEeJUTFOIO3HOTO MPOAYKTA C CONEePKAHUEM OCTATOUHOr0 MUTHUHA < | Mac.%: KOHIIEHTpaIust
CH;COOH 23,8 mac.%, konuentpanus H,O, 4,9 mac.%, ruapomonyns 14,9, remneparypa 100 °C,
MMPOAOKUTEIIBHOCTD 4 4. B onTuMaIbHBIX YCIIOBHUAX ITpoLecca }leHI/IFHI/Iq)I/IKaLU/II/I BBIXO/I LIEJIJIFOJIO3HOTO

NPOAYKTa C COAep)KaHUEM LEeuTon03bl 92,5 Mac.% coctaBui 49,9 mac.%.

KoaroueBsble ciaoBa: npeBecuHa Oepesbl, IepOKCUIHAs AeTUurHupuKanus, karaanzarop Ti0O,,

MaTeMaTHYCCKada OIITUMU3Al U, LCJITFOJIO3HBIN IMPOAYKT, COCTaB.

Hutuposanue: 'apeinuesa, H.B. Maremarnueckas onTUMH3aLUs IPOLECCA TOJYUYEHUS LEJIII0I03bI IEPOKCU THOMN
JeNUrHA(UKAIMe 1peBecuHbI Oepeskl B Cpelie YKCyCHas KHCIIOTa - BOJa B IpucyTCTBUHM Katanu3aropa TiO, / H.B. I'apsinnea,
W.I'. Cynakosa, A.W. Uynuna, b.H. Ky3nenos // XKypn. Cu6. dpeznep. yn-ra. Xumus, 2021, 14(1). C. 120-132. DOI: 10.17516/1998-
2836-0222

BBenenne

Bepesa saBnseTcs omHOI u3 Hanboiee pacIpoCTpaHESHHBIX TOPOJ JEPEBbHEB HA TEPPUTOPUH
Poccuiickoii @enepanuu. Ee 3anacel cocrapusoT okono 10 mupa M3, JIpeBecuna Gepessl — 3TO
LIEHHOE CBIPhE IS MPOU3BOJICTBA TAKOTO KOMIO3UIIMOHHOIO MaTepuana, kak ¢anepa [1]. [Ipu
9TOM Ha JiepeBornepepadaThiBalOIUX MPEANPHUATHIX 00pa3yeTcs 00bIIoe KOJIMYECTBO OTXO/0B
(6omee 50 % OT MCXOQHOM APEBECUHBI) B BUJIE OMMUJIOK M CTPYKKH, KOTOPbIE HCOOXOAUMO YTHUIIU-
3upoBaTth [2].

BwMmecrte ¢ Tem qpeBecrHa Oepe3bl MPEACTaBIseT 0COOBI HHTEpEC ST XUMUYECKON TiepepadoT-
KH HE TOJIBKO B ICJIJIIOJIO3Y, HO U B APYTUC XUMUUYCCKUEC MTPOAYKTHI, IMOJb3YIOIIHUECA BBICOKUM CIIPO-

coM: GpypdypoI, KCHT03a, KCHIINT, BAHWJIMH U CHPEHEBBIN aiabaeruy [3—5].
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Tpaguunonusie cynbdaTHble U CyJIb(OUTHBIE CHOCOOBI MOJYUYEHHS LEJII0NIO3bl JTOCTATOUHO
SHEPro3aTpaTHEHI, a TAK)Ke HAHOCAT 3HAYUTEIBHEIN yIepO OKpyKaromie cpe/e 3a CUeT UCTIONh30Ba-
HUS BPEIHBIX CEPO- M XJIOPCOACPIKAIIUX ACTUTHUPUIIUPYIOIUX areHTOB [6].

AJIBTEpHATUBHBIMHU CIOCOOAMH TIONYUYCHUS IIEJUTIONIO3BI SIBISIOTCS OPraHOCOJBBCHTHBIC Me-
TOIBI NCTUTHU(DHUKAIIMH, B OCHOBE KOTOPBIX JIGKUT HCIOIH30BAHUE OPraHUYCCKUX cpei (CIIUPTOB,
KapOOHOBBIX KUCIIOT, KeTOHOB) [7—9]. JlaHHBIE METOBI B OTIUYHE OT TPAJAUIIHOHHBIX TIO3BOJISIOT UC-
MOJIB30BATh Pa3HOE MO MPUPOJIE PACTUTENIBHOE CHIPhE (B TOM UHCIIE OTXObI JIECOMUIIEHHUST), OCYIIECT-
BIISITh KOMILICKCHYIO ITepepadOTKy APEeBECHOW OMOMACCHI C yTHIIH3AIMNCH TeMHIICIUTIONO03 U JINTHUHA,
a TaK)Ke PEereHepUPOBATh M BO3BPAIATh B TEXHOJOTUUECKHUH ITUKJI PACTBOPUTENH MMYTEM UX OTTOHKH
MIPU HEOOJBIINX JHEPTETHUSCKUX 3aTPaTax.

OnHUM W3 TEPCHCKTHUBHBIX CIIOCOOOB MOJYYCHHS IICJIIIOI03bI BBICTYHACT ACTUTHUPHKAIUS
JUTHOIEIUTIONO3HOTO CBHIPBSl B Cpe/ie OpPraHUYeCKUX KUCIOT (YKCYCHOH M MYpPaBBHHOH) B MPUCYT-
CTBUH 3KOJOTMYCCKH O€30MaCHOI0 OKUCIIUTENS IIepoKcHaa Bogopoaa [10—12].

B mpornecce «Milox» menuraudUKaIus ocymecTBiIseTcs ¢ ucnonb3zopanueMm 80—90%-x pacTBo-
POB KUCIOT (YKCYCHOH UM MypaBbuHOW) Npu Temnepatypa 80—120 °C B Teuenue 2—5 4, B IBe WU
Tpu ctaauu [13, 14].

Panee Hamu Obli1a TOKa3aHa BO3MOXHOCTD IOJYYCHUSI KAUECTBEHHOW IIEJUIIOI03bI Ty TEM OIHO-
CTaIUHHON MEPOKCUTHON eTUTHUPUKALINA TPEBECHHBI OCHHBI B HOPMAaJIBHBIX YCIOBUAX (aTMOC]ep-
Hoe nasienue, Temnepatypa < 100 °C) B cpene ykcycHasi KMCJIOTa — BOJia B IPUCYTCTBUU CEPHOKHUC-
JIOTHOr0 KaTanu3aropa [15].

AKTyallbHas 3ajada — pa3paboTKa HOBBIX YKOJOTHYECKU O€30MacCHBIX U YKOHOMUYECKHU
3Q(hHEeKTUBHBIX ONTUMHU3UPOBAHHBIX IPOILECCOB MONYYCHHS IEJIIOI03Bl U3 IPEBECHOTO CHI-
phsl.

B nmanHo# paboTe YCTAaHOBICHO BIUSHHE MAapaMETPOB IMpoIecca MEPOKCUIHON JAeTUrHU(IKA-
MU JAPEBECUHBI OEpe3bl B cpejie YKCYCHOM KUCIIOTHI B IPUCYTCTBUU KaTanu3aTopa TiO, Ha BBIXOI
¥ COCTaB LIEJUTFOJIO3HBIX IIPOIYKTOB U IIPOBEICHA MaTeMaTHYeCcKasi ONTUMHU3AIIHS IIPOIIecca C IEIbI0
o700pa YCIIOBUH [JIs1 MOJTYYCHHS KAYeCTBEHHOTO IEJLTFOJIO3HOTO MPOIYKTa C HU3KUM COACPIKaHHEM

OCTAaTOYHOI'O JIMTHHUHA.

JKCcHepuMeHTAIbHAS YacTh

B kadyecTBe UCXOIHOIO CHIPhsI UCIIOJIB30BAIM APEBECHBIC OMUIKH ((Pppakius 2,55 MM) Oepe3sl
nioBuciot (Betula Pendula), npouspacratomeii B KpacHosipckom kpae. OnpezeneHne XMMHYECKOTO
COCTaBa APEBECHBIX OMUJIOK MPOBOAMIIM MO CTAaHAAPTHBIM, ONMUCAaHHBIM paHee MeTomukam [16]. Co-
Jiep>KaHnue OCHOBHBIX KOMITOHEHTOB APEBECHHBI Oepe3sl (Mac.%): nemntonosa — 46,8; nuraus — 21,7,
TEeMHUIIEIITIONO03bI — 27,3; SKCTpaKTUBHBIE BemecTa — 3,5; 301a — 0,34.

Jenuranpukaniio U3MEIbUYCeHHOW APEBECHHBI Oepe3bl OCYLIECTBISIIN B CTEKISHHOM PEaKTo-
pe, CHaOKEHHOM MEXaHMYECKOM MelIaKoil 1 00paTHBIM XOJIOAMIBHUKOM. PacTBOp 11s1 ienuraudu-
KallM¥ TOTOBMJIM M3 CMECH JICJSTHOW YKCYCHOHM KHMCIIOTBHI, COAep)KaHue KOTOPOH BapbHpoBasn OT 15
1o 35 mac.%, nepokcuia Boropozaa ot 3 10 6 Mac.%. 3HaueHHe BEIMUYUHBI THIPOMOJYJIS COCTABIISIO
5, 10 u 15. B xadecTBe KaTaiau3aTopa UCHOIb30BaIH IpombriieHHbd TiO, (DuPont, USA) B konu-
yecTBe 1 % OT Maccel ApeBecuHsbl. IIporecc ocyIecTBIsIM B TeueHUE 4 4 MPU MOCTOSHHOM Iepe-

MemBaHuu 1 temneparype 100 °C.

— 122 —



Journal of Siberian Federal University. Chemistry 2021 14(1): 120-132

[Mocne nenuraudukanuy TBEPAbIH OCTATOK OTACISIM OT LIEJOKa (PUIBTPOBAHUEM Ha BOPOHKE
BroxHepa, mpoMbIBaIu 10 HEUTPaIbHOM peakLMH MPOMBIBHBIX BOJ, BBICYIIMBAJIM 1O BO3AYILIHO-
CYXOro COCTOSIHUA U aHanu3uposanu. OnpeneneHne coaepKaHus LEeJTI0N03bl, JUTHUHA U JIETKOT U-

JIPOJTU3YEMBIX MTOTUCAXAPHIOB IIPOBOIIIIH IO OOMICTTPHHATEIM MEeTOIHKaM [16].

Pe3yabTaThl M 00CyKAEHUE

BbIxon 1 cocTaB HEUTIONIO3HBIX MPOAYKTOB, MOJyYaeMbIX B UCCIEAYEMOM IIPOIEcCce MePOKCH/I-
HOM NenurHu(UKannuu IpEeBECHHBI Oepe3bl, 3aBUCHUT OT CIEAYIOLINX [TapaMeTPOB: TEMIIepaTypa, Ipo-
JOJKUTEIBHOCTh, KOHIIGHTPAIUs peareHToB (YKCYCHON KHCIIOTH M MEPOKCHIA BOJOPO/A), COOTHO-
IICHHEe pacTBOP/TBepAas pas3a (THIPOMOIYIIB).

[enp HACTOAIIETO HCCIEIOBAHHUS COCTOSATIA B IMTOUCKE 0oJjiee MATKHUX, YeM IPOMBIIIJICHHBIE, YC-
noBuil nenuraudukanun: Temneparypa nponecca < 100 °C, HeBbICOKash KOHLIIEHTPAIUSI PEareHTOB
C OJTHOBPEMEHHBIM 00€CIIeUeHHEM BBICOKOTO BBIXO/A IIEJUIFOJIO3HOIO MPOAYKTAa U HU3KUM COZIEpIKa-
HUEM B HEM OCTaTOYHOT'O JIUTHHHA.

Panee npoBesieHHOE MCCIIEIOBaHUE KMHETUKH MEPOKCHIHON JeNUTrHU(DUKALMU IPEBECHHBI Oe-
pe3bl B uHTepBane temneparyp 70—100 °C nokaszamno, 4To sl HOTYy4EHHUs LEIII0I03HOIO MPOIyKTa
C HU3KUM COZIEpP’)KaHHEM OCTATOYHOrO JIMI'HMHA HEOOXOJUMO IPOBOAMTD MIPOLECC IIPU TEMIIeparype
100 °C B Teuenue 4 u [15].

JlaHHBIE 1O BIMSHUIO IPYTHUX MapaMeTPOB: KOHIEHTPALMH MEPOKCHIA BOJOPOAA M YKCYCHOM
KHCJIOTHI, a Takke ruapomonyiis (I'M) mporecca Ha BBIXOJI M COCTAB LEJUTIONO3HBIX TTPOYKTOB IIpe/i-
CTaBJIeHBI HA puc. 14-B.

HauanbHasi KOHIIEHTpanKs IEPOKCUAA BOJOPOAA OKa3bIBACT 3HAUNTEIBHOE BIMSHNAE HA BBIXO
U CoNlep)KaHUE OCHOBHBIX KOMIIOHEHTOB B MOJIy4aeMbIX HEJUTIONO3HBIX MpoaykTax (puc. 14). YBe-
JUYEHNe KOHIEHTPAIUK TepOKCHIa Bofopoaa ¢ 3 1o 6 mac.% MPUBOANT K 3HAUNTEIHHOMY yMEHbB-
HIEHUIO COJIEPXKAHUsI OCTATOYHOTrO JUTHUHA ¢ 7,8 10 0,7 Mac.% 1 yBEIUYEHUIO COACPIKAHUS EIITIO-
n03bl ¢ 82,1 o 91,2 mac.%. Ilpu 3TOM BBIXOA LEJUIIOI03HOIO MpoaykTa cuuxkaercs Ha 10 % c 67,5
10 56,5 mac.%. CozmeprkaHne FeMULIEIUTION03 B IENITI0N03HBIX IPOAYKTaX YMEHbIIAeTCsI, HO HE3HAYH-
TesnbHO — ¢ 9,8 1o 6,7 mac.%

CorJiacHO MOJTY4YeHHBIM JaHHbIM (puc. 15), riryOokas JequrHuukanus ApeBeCuHbl 0epe3bl MO-
KET OCYIIECTBIATBCS MPH JIOCTATOYHO HM3KMX 3HAUCHUSX KOHIEHTPAIMHM YKCYCHOW KHCIIOTBIL 25—
35 mac.%, moTy4eHHBIH HEJUTION03HBIH MPORYKT coaepkuT 1,5 u 0,5 mac.% ocTarodHoro JUrHUHA U 8,8
1 6,9 Mac.% reMuLeIItoi03 COOTBETCTBEHHO, COXPAHSIsl IPU HTOM BBICOKUI BbIX0A — 0K0JI0 50 Mac.%.

T'uapoMoaysib — 3TO BaKHBIN MMapameTp, MO3BOJSIOMIANA PEryJIupoBaTh mpoiecchl auddys3uu
B IreTepOreHHbIX cpeaax. [Ipu onTumu3anuy mporecca HeoOXOAMMO HalTH pa3yMHBIH KOMITPOMICC,
oOecrneunBaroIni, ¢ OAHOI CTOPOHBI, HEBBICOKUI pacxo]] peareHToB (HeBeIcokuit I'M), ¢ apyroit —
BO3MOXKHOCTH CHSATHS BHEIIHUX Au(dy3noHHbIX orpannyennii (Beicoknit I'M). B xone nccnenosa-
HUSl YCTaHOBIICHO, 4TO MpH ruapoMoayisix 10 u 15 oOpasyercs: LeII0I03HbIA TPOIYKT C HU3KHM
cozepkanueM ocraTouyHoro jaurHuHa (3,7 % u 0,8 mMac.% cooTBEeTCTBEHHO), puc. 1B. YMeHbIIeHUEe
BEIMYUHBI THAPOMOJIYJIS 10 5 YBEIMYUBAET BBIXOJ LIEJUTIOI03HOT0 TpoaykTa 10 70,2 mac.%, HO CHU-
JKaeT ero Ka4ecTBo. Bricokoe conepxanne ITMTHIHA B HEJUTION03HOM mpoaykre (9,2 mac.%) sBisercs
CJIE/ICTBUEM 3aTpyIHeHUs A1((y3u OKUCISIONIEro peareHTa B MeKKIJIETOYHOE TPOCTPAHCTBO U OT-

BOJia MPOAYKTOB OKHCJICHUS JIUTHHUHA B paCTBOP.
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B Uennwnoza Oremuuennwonossl B AMrHuH

Puc. 1. Bnusinue KOHIEHTpanuu nepokcuaa Bogopoaa (A), ykcycnoi xkucnotsl (B) u ruapomonynst mponecca
(B) Ha BEIXOA M COCTaB LEJUIIONO3HBIX MPOAYKTOB, HOIYIEHHBIX IIEPOKCHIHON JeMUrHU(UKAINEH 1PeBECHHBI
oepesbr: A — CH;COOH 25 mac.%, I'M 10; b — H,O, 5 mac.%, 'M 10; B — CH;COOH 25 mac.%, H,O, 5 mac.%.
Temmneparypa 100 °C, mponomknuTensHOCTh 4 1, kKatanuzaTtop TiO,

Fig. 1. Influence of hydrogen peroxide concentration (A), acetic acid concentration () and LWR (B) on yield and
composition of cellulose products obtained by hydrogen peroxide delignification of birch wood: A — CH;COOH
25 wt.%, LWRI10; b — H,0, 5 wt.%, LWR10; B — CH;COOH 25 wt.%, H,0, 5 wt.%. Temperature 100 °C, time
4 h, catalyst TiO,

W3 nony4eHHbIX 3KCIIEPUMEHTAIIBHBIX JAHHBIX CJIEAYET, YTO KOHIIEHTPALMU pearupyonmx Be-
IIECTB M THJIPOMOJYJIb IIPOLIECCa OKAa3bIBAIOT 3HAUYUTENILHOE BIIMSIHUE HA BBIXOJ] U COCTAB LIEJIITOJIO3-
HBIX IIPOJYKTOB.

[ToaTOMy npu OonTUMH3ALKMKU Tpoliecca AeTUTHUPUKALUHE IPEBECUHbBI Oepe3bl B KaueCTBE
NepEMEHHBIX (PAaKTOPOB MCIIOIB30BAHBI: X; — KOHLEHTPAIUs NEPOKCUIA BOJOPOAa B PACTBO-
pe (3—6 mac.%), X, — rugpomonyns npouecca (5—15), X3 — KOHIEHTpAIUs YKCYCHONH KHCIOTHI
B pactBope (15-35 mac.%). B xaduecTBe BHIXOAHBIX IMapaMeTPOB ONTHUMHU3ALMH BBIOpaHbL: Y, —
BBIXOJI IIEJUTIONIO3HOTO MPOAYKTa, %; Y, — comep:KaHHe LEII0I03bl B IIEITI0I03HOM MPOAYK-
Te, %; Y; — colepkaHne OCTATOYHOTO JIUTHUHA; Yy — COIepKAHUE OCTATOUYHBIX T€MHUIIEIIITION03
B LeJUTI0I03HOM mpoaykte. [locTosHHbIe mapameTpsl: TeMmnepatypa 100 °C, mpoaoKuTenb-

HOCTbH 4 4.
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MaremMaTn4yecKy ONTUMHU3ALUIO IPOBOJMIA C TPUMEHEHUEM TOJIHOIO (haKTOPHOTO 3KCIEepPH-
Mmenra (TIOD) Tuna 2°. TIOD N03BOJSET MONYYUTH YPABHEHUE PErPECCUH MEPBOTO TMOPAIKA U Olle-
HUTH JIMHEWHBIC U MTApHbIE B3aUMOJICHCTBHSI TapaMeTpoB rporecca. OOLuil BU ypaBHEHUS perpec-

cun s [IOD 23 crenyromuii:
Y =bg + b X; + b X5 + b3X3 + bpXi X, + by Xo X5+ bi3X X, Q)

B marpuiie niaHupoBaHMS 3KCTIepUMeHTa (Tabil. 1) He3aBUCHMBbIEC TepeMEHHbIE TOKa3aHbl B Ha-
TypalbHBIX M KOAMPOBAHHBIX €AMHHULAX. BBIXOAHBIE TTapaMeTpbl, 0TOOpaKeHHbIE B TaONINLE, TIpe-

CTaBIAIOT CO00I1 cpeiHee 3HAYEHHE TPEX IKCIEPHUMEHTOB.

Ta6nuua 1. Matpuia onTHMH3AIIH TPOIecca IEPOKCH THOW IeTUTHU(DUKAIIHH IPEBECUHBI OepPe3bl U PE3yIbTaTh
ee peanu3anuu

Table 1. Matrix of optimization of the process of birch wood peroxide delignification and the results of its
implementation

Harypanbsubie nepemeHHbIE Konuposaubie BzaumoneiictBus Brixoansie mapameTpsl
yP P nepeMeHHbIe & A P p
N = | oea 2| ed
L x o Se| 58 2. &2
H,0, CH;COOH | X; | Xo | X3 | Xpp | Xz | Xa = g % 5 % = £ G
o I'M o T2 5 a2 a K a g
(%) (%) S EE o E o T o =
.258&|.85|~.88| .23
NAm g E RO SN0 E|NO R
1 3 5 15 -1 -1 -1 +1 +1 +1 70,4 66,3 18,2 15,2
2 3 5 35 -1 -1 +1 +1 -1 -1 64,2 72,4 14,5 12,8
3 3 15 15 -1 +1 -1 -1 +1 -1 59,2 78,5 8,2 13
4 3 15 35 -1 +1 +1 -1 -1 +1 54,1 86,2 43 9,2
5 6 5 15 +1 -1 -1 -1 -1 +1 59,4 78,4 9,8 11,5
6 6 5 35 +1 -1 +1 -1 +1 -1 55,1 84 7,5 8,2
7 6 15 15 +1 +1 -1 +1 -1 -1 53 87,9 2.5 9,3
8 6 15 35 +1 +1 +1 +1 +1 +1 50,7 92,5 0,5 6,7

PerpeccrnoHHbIil aHaIM3 JaHHBIX OBLI IPOBEJNIEH C UCMOJIb30BaHUeM mporpammsbl Excell. Bkian
KaXJ0ro (akropa B pe3yibTaT IPOLEcCca ONPEACTISUIM 0 3HAYCHHIO Kputepus 3()(EeKTHBHOCTH
(F-Ratio) n ypoBHI0 3HaunMocTH (P-Value) — oH TeM cyliecTBeHHEe, 4eM 00JIbIle BeIMYUHA KPUTEPUS
3¢ PEeKTUBHOCTH (AUCIIEPCHOHHOr0 OTHOMEHNs Puiepa F-Ratio) n 4eM MEHbIIe YPOBEHb 3HAYMMO-
ctu (P-Value).

JlucniepcHOHHBIHN aHAIH3 MTOKa3all, YTO BIHSHUE BCeX (PakTOpoB X;, X, U X; Ha BBIXOAHBIC Ia-
pametpsl Yi, Ys, Y3, Y4 CTATUCTHYECCKH 3HAYMMO, UX YPOBEHb 3HaunMocTH MeHbine 0,05 (tadi. 2).
D¢ dexTuBHOCTS cunTaroT npuemisiemoit npu F > 5...8 [17].

VYpaBHEHHS perpeccuu B KOAMPOBAHHBIX IEPEMEHHBIX CIIETYIOIIHE:
Y, =58,2625-4,0125X,-3,7125-X,-2,2375-X5 +1,3125-X, X+ 0,5875-X, X3, 2

Y, =280,775 + 5,5X,+4,925- X;+3,0-X5-1X,X, 3)
— 125 —



Journal of Siberian Federal University. Chemistry 2021 14(1): 120-132

Y5 = 8,1875-4,3125X,-3,1125- X,—1,4875-X5+0,7375X, X+ 0,4125X, X3, (€3]
Y, =10,7375-1,8175X,—1,1875- X,—1,5125X;. ®)

VYpaBHEHUS pErpeccuu, MOJyUYEHHbIE UMEHHO B KOJUPOBAHHBIX MEPEMEHHBIX, IIO3BOJISIIOT MPO-
BOJIUTH MHTEPIIPETALMIO OTYUYSHHOW Moienu. TobKo B 9TOM ciiydae Ha KOI((GHUIIMEHTHI HE BIUSIET
MaciTad (pakTOPOB U 110 BETUYHHE U 3HAKY K03(DPHUIIMEHTOB MOKHO CYIUTh O CTEIICHU BIUSHHUS TOTO
WJIM UHOTO (pakTopa Ha BHIXOJHOM IapameTp.

[To ypaBHeHHSAM (2—4) BHAHO, YTO Ha BBEIXOJHBIC MapaMeTpsl Y, Y, U Y3 HauOOJIbIIee BIUS-
HUE OKa3bIBaeT TUIPOMONYJIb mporiecca (X,) U KOHIIEHTpaIus nepokcuia Bogopona (X;). B Mmenbieit
CTEIICHH CKa3bIBACTCSI BIUSTHIE KOHIICHTPAIIUU YKCYCHON KUCIOTHL. Tak Kak KO3((UIIUCHTHI B YpaB-
HeHusx (2) u (4) npu X, X, u X3 oTpuLaTesbHbIe, TO C YBEJIHUYEHHEM dTHX (PaKTOPOB YMEHBIIASTCS
OTKJIMK, T. €. YMEHBLIAETCS BBIXO/ LEJUII0JI03HOI0 MPOYKTA U COACPKAHUE B HEM OCTATOYHOTO JIUT-
HuHa. B ypaBaenuu (3), Ha000poT, nosjokuTenbHbie Koddduiuen sl npu X, X, u X3 CBUJCTEIbCTBY-
FOT 00 YBEIMYCHUHU COACPKAHMS IISIITIOI03EI B IEJUTFOJIO3HOM IIPOAYKTE IIPU YBEITUUCHIH THPOMO-
JyJisl 1 KOHLIEHTpalUKU MEePOKCUIa BOJOPOJa U YKCYCHOU KucoThl. [lapHble B3aumoaencTBus X,X;
st Y, Xy X5 1 XoX; 1t Y, Xp X3 1t Y3 OKa3allich CTATUCTUYCCKU HE3HAYMMBL, II03TOMY He OBLITH
BKJIFOUEHBI B YPAaBHEHUS PETPECCUU.

B ypaBHeHuu perpeccuu (5), MoIy4eHHOM IS BBIXOIHOTO TTapaMeTpa Yy, KOOQQHUIIMESHTH TPpH
X1, X, ¥ X3 UMEIOT MPAaKTUUECKH OIMHAKOBBIC M HeBbIcOoKHUe 3HaueHus (1,5-1,9). DTo cBuneTenbCeTBy-
€T 0 HE3HAYUTEIbHOM BJIMSIHUM U3MEHEHU s THIPOMOYJISI U KOHLIEHTPALlUK pearupyrommx BelecTB
Ha COZIeP)KaHHE OCTATOYHBIX TeMHIIEIITION03 B IIEJII0JI03HOM MPOAYKTE. DTO MOITHOCTHIO COTJIacy-
eTCsl C TONYYCHHBIMH paHee SKCIePUMEHTaIbHBIMH JaHHBIME (puc. 1). OTpUnaTebHbIC 3HAUYCHUS
K03((DUIMEHTOB YKa3bIBAIOT HA YMEHBIICHHE COACPIKAHMS FeMHIIEIII0I03 TIPU YBEIMUCHHUN TIepe-
MEHHBIX (PaKTOPOB IpoIiecca.

Ha xopormie nporHocTu4eckie CBOWCTBA MOTYUEHHBIX MaTeMaTHYECKIX MOJETeH yKa3bIBalOT

BBICOKHE 3HAYCHUS KOI(PQUIIMCHTOB NETEPMHUHAIINN perpeccHoHHBIX ypaBHeHu# (0,97-0,99). Ha-

Ta6nuua 2. Pe3ynbraTsl AUCICPCHOHHOTO aHAJIKM3a BRIXOJHBIX MapamMeTpoB Y, Yi, Y3 u Yy

Table 2. Results of dispersion analysis of output parameters Y, Y, Y3 and Y,

Y, Y, Y; Y
HcTounnk 2 S g S g ) 2 5
= S é 2 o = s é S o = ° é S o = S é S o
auemepenit | F 25| S ES | 525 | 255|825 | 8ES| 55| 883
ZeS | 285 | 2gS|2ES | 2es2es|2es |2
OER | PR | OER | >R | OZK | >»688 | 0k | > 65~
X1 33 0,0192 15 0,0419 49 0,0127 7 0,0915
X3 35 0,0178 16 0,0375 69 0,0092 6 0,1384
X3 19 0,0319 9 0,0686 23 0,0267 6 0,1093
XX, 11 0,0544 5 0,0900 11 0,0538 1 0,4999
X1X;3 5 0,1204 1 0,3981 6 0,0957 0,1 0,9096
X5X3 3 0,1798 0,2 0,8556 0,2 0,8743 0,3 0,7951
R2 0,99 0,98 0,99 0,97
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Puc. 2. CpaBHeHHE SKCIIEPUMEHTAIbHBIX M PACUCTHHIX 3HAYCHUH BBIXOAA IEJUIIOJIO3HOTO INPOAyKTa (A),
coziepKaHMe IEeJITION03k B [e/UTI0I03HoM npoaykre (B), comepikanne ocTaTOYHOrO JTUTHHUHA B LENITIONIO3HOM
npoxaykre (B), coneprkaHue 0CTaTOUHBIX TEMUIIEIUTION03 B IEJITI0NI03HOM nTpoaykTe (I') B mporecce nepokcnaHoM
JEeTUTHAPHUKAINA IPEBECHHBI Oepe3bl

Fig. 2. Comparison of experimental and calculated values of the cellulose product yield (A), cellulose content in
a cellulose product (B), residual lignin content in a cellulose product (B), content of residual hemicelluloses in a
cellulose product (I') in the process of peroxide delignification of birch wood

IJISLTHO ATO MPEJCTABICHO HA PUC. 2, TA€ MPHUBEICHBI rpad UKy CpaBHEHUs 3HAUCHHH BBIXOAHBIX I1a-
pameTpoB Y, Ys, Y3 ¥ Y, HOTYYEHHBIX B OKCHEPUMEHTE, CO 3HAUEHUSIMH, IPOrHO3UPYEMBIMH IO MO-
nensim. [IpsiMble THHIM COOTBETCTBYIOT PACUETHBIM (IPOTHO3UPYEMBIM) 3HAUCHUSIM Y, Yo, Y3 U Yy,
TOUYKH — SKCIIEPUMEHTAIIbHBIM JaHHBIM.

YpaBHEHUS pETPecCur B HATYPAJbHBIX IEPEMEHHBIX CIIEYIOIIHE:
Y1 =97,2375-5,2041-X,—1,7837-X,—-0,4775-X5 + 0,175-X, X+ 0,039-X, X3,
Y, =38,50+ 5,3666-X, + 1,6625-X,-0,442-X5-0,1333-X, X5,
Y; =37,45-3,7458-X,—1,3112-X,—0,275-X;5 + 0,0983-X, X, + 0,0275-X, X3,

Y, = 23,75-1,6208-X,-0,3512X,-0,145-X5.

C IIOMOINBIO JaHHBIX ypaBHCHI/Iﬁ MOXHO pacCYuUTaThb 3HAYCHUA UCCICAYEMbBIX BCIIMYHUH (BI)IXO}I

HEJUTIOJIO3HOI'O MPOAYKTaA, COACPIKAHUC LEJIJIFOJI03bI, OCTATOYHOI'O JIMTHUHA U T'EMULECIIIIIOJIO3 B LICJI-
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JIFOJIO3HOM MPOYKTE), IpHAaBasi (GakTopaM 3HAYCHUsI, KOTOPBIC MOKHBI JICKATh MEKAY HUKHUM
W BEPXHUM YPOBHSIMU.

Ha puc. 3 mpeacTaBiieHbI TOBEPXHOCTH OTKJIMKA, IEMOHCTPHPYIOIIHE BIMSHUAC HANOOJIee 3HAYU-
MBIX TIEpEMEHHBIX (PaKTOPOB TIpoIiecca (KOHIIEHTPAIH MIEPOKCH A BOJOPOAA M THIPOMO/IYJIs) Ha BEI-
XOJIHBIE MapaMeTPhI.

CoriracHo MONy4YeHHBIM TaHHEIM (puc. 34), GakTopHbIC KOOPAUHATHI TOUYKU, B KOTOPOU BHI-
XOJ1 L[EJUTI0JIO3HOTO MPOJYKTa JOCTUraeT MakcuMaiabHOU BeinuuHbl 70,4 mac.% (0e3 orpanunye-
HUH 1O APYTHM BBIXOJHBIM mapameTrpam): koHueHtpanus H,O, 3 %, runpomonyns 5. OgHako
0e3 yuyera OrpaHHYCHUS HA CTCHCHb JACTUTHHU(DHUKAIUKA 3Ta HHOOPMALKSA I[CHHOCTH HE HECeT.
IIpuemnemasi BenuuMHa BbIXOJA LIEJUIIOJIO3HOTO NPOAYKTa HaXoAuTcs B npeaenax 53—49 mac.%

U COOTBETCTBYET yCIOBHSAM Iporecca: 5—-6 mac.% H,0, u rugpomonyns 15-16. Makcumais-

RTOMONNATY

\RTOMOAMATIANS |

Puc. 3. [loBepXHOCTH OTKJIMKA BBIXOIHBIX TApaMeTPOB Y (BBIX0/1a LIEJUTIOJIO3HOI 0 TpoayKTa (A), Y, (conepxaHus
nesoio3sl (B), Y; (murauna (B) u Yy (remuneniaromnos (I') B HeMTH0II03HOM MPOAYKTE)) OT KOHIICHTPAIHH

nepokcuaa Bomopoaa (X, mac.%) u rugpomonyis (X,) mpoiecca ACTUTHU(GHUKAIIUK JPEBECHHBI Oepe3bl
B IIPUCYTCTBUU Kataiuzaropa Ti0,

Fig. 3. Response surfaces of output parameters Y, (yield of cellulose product (A), Y, (content of cellulose (B),
Y; (lignin (B) and Y4 (hemicelluloses (I') in a cellulose product)) on the concentration of hydrogen peroxide (X,
wt.%) and LWR (X,) of birch wood delignification process in the presence of TiO, catalyst
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HOE 3HAYeHHE COACPIKAHUs IEJTI0JIO3bl B EJUIIOI03HOM MpoaykTe — 92,5 mac.% — mocTUraeT-
Cs IPH CIEAYIONIUX 3HAYCHUSIX MEPEMEHHBIX ()aKTOPOB: KOHIICHTPALHS IEPOKCHIA BOJOPOAA:
5,5-6 mac.%, ruapomonynp 14—16 (puc. 35). ConepkaHue OCTaTOYHOI'O JIUTHUHA B IEIITIOI03-
HOM IpoayKTe MeHee 1 Mac.% nocTuraeTcss B MHTEpBalie BAPbHPOBAHUS TEPEMECHHBIX (PaKTOPOB
npouecca: H,O, 5-6 mac.%, rungpomoayns 15-16 (puc. 3B). MuHUMaJIBLHOMY COAEPKAHUIO T€MU-
LIEJUTIONO03 B EJUTI0I03HOM npoaykre (< 7 mac.%) coorBeTcTBYIOT yeaosus: H,O, 4,7-5,7 mac.%,
ruapomonyib 8—13 (puc. 371).

Pucynku 4, 5 1 6 0ToOpakaroT 3aBHCUMOCTH Y5, Y3 B Y4 OT BBIXO/Ia IIEJUTIOJI03HOTO TPOAYKTa Y.
Buano, 4T0 MeX 1y conep>kaHUEM OCTATOUHOTO INTHUHA, COJIEP)KAaHUEM OCTATOUHBIX TEMHUIIEIIITION03
¥ BBIXOJIOM IEJLTIONIO3HOTO MPOAYKTa CYMIECTBYET MpsiMasi 3aBUCUMOCTb. L[eIITION03HBINH TPOAYKT,
MOJYYCHHBIH C BBICOKUM BBIXOIOM, OYJET COACPKATh 3HAUUTEILHOE KOJIMYECTBO OCTATOUHOTO JIMT-
HHUHA U TEMUIEILTI0N03. MakCHMaIbHOE COACpKAHUE TISIITI0N036I HaOMI0MaeTcs P MUHUMAIEHOM

3HAYCHHHU BbIXOJa LEJIJIFOJIO3HOIO IMTPOAYKTa.

95
90 \
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~
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65

Coaep)aHue yennonosbl, mac.% (Y2)

60

50 55 60 65 70 75

BbIXoZ LeNn0N103HOro npogykra, mac.% (Y1)

Puc. 4. 3aBucumMocTb Y, (COAEpKaHHUE LICIIION03bI B LEIUIIOJIIO3HOM MPOAYKTE) OT Y (BBIXOA LEJIIOJIO3HOTO
MPOIYKTAa)

Fig. 4. Dependence of Y, (cellulose content in cellulose product) on Y, (yield of cellulose product)
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Puc. 5. 3aBucumocTts Y3 (conepkaHue 0CTaTOYHOI'O JIMTHUHA) OT Y (BBIXOJ LIEJUIFOJIO3HOTO IPOYKTa)
Fig. 5. Dependence of Y; (residual lignin content) on Y, (cellulose product yield)
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18

CogepKaHue remuLennionos, mac.%
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BbiXoZ LennonosHoro npoaykra, mac.% (Y1)
Puc. 6. 3aBucumocts Y, (Comep>kaHHe OCTATOYHBIX TEMHIICIUTIONO03) OT Y (BBIXO[ LIEJUIFOIO3HOTO MPOAYKTA)

Fig. 6. Dependence of Y, (content of residual hemicelluloses) on Y (yield of cellulose product)

Tabnuna 3. XapakTepHCTHKHU IIEIUTIOJIO3BI, TOTYUYCHHON M3 JAPEBECHHBI Oepe3bl B ONTHMATBHBIX YCIOBHIX
rporuecca NePOKCUIHON IeTUT HUPHKAITTH

Table 3. Characteristics of cellulose obtained from birch wood under optimal conditions of the peroxide
delignification process

B Xumuueckui coctan, Mac .%
BIXOJI,
Ob6pasen o reMuien- CIl | MK
Mac.% LEJTI0JI03a JINTHUH
JTIOJTO3BI
Lemnronosa u3 ApeBecUHBI Oepe3bl 49,9 92,5 0,5 6,7 456 | 0,78

Hanuumne B3aMMOCBSA3M MEXIy BCEMH BBIXOAHBIMHU ITapaMeTPaMHU MO3BOJISIET UCIOIb30BaTh Ha-
TIISAIHBIA TpadUuecKnii MEeTOJ /ISl ONpEENeHNs ONTHMAJIbHOTO COOTHOIICHHS MEXJY BBIXOJOM
¥ COCTaBOM LIEJUTIONIO3HOTO MPOTYKTA.

3ajada ONTUMHU3AIUHN TIPOLEcca EPOKCHIHON NeIUTHU(DUKALIMH APEBECHUHBI OEpesbl nMe-
eT CIeNyIIIKe OrpaHUuYeHHUsT 00JacTU moucka B (hakTopHoMm mpoctpanctse: 3,0 < X; < 6,0;
5 <X, 515 £ X5 <35 neneBas GyHKOuUA Y, — max; OTpaHHYCHUE PYTOT0 BEIXOJHOTO Mapa-
meTpa: Y; < 1,0.

3anaua pemreHa cpencTBamu nporpammel Excel. Paccuntannble 3HaueHus1 ()aKTOPOB U MPOTHO-

3UPYEMBIX BEJIMYHMH BBIXOJHBIX [TAPAMETPOB IIPU ONTHUMAIBHBIX YCIIOBUAX IIPOIECCA TAKOBBI:
Xi1=4,9 %; X,=14,9; X5=23,8; Y, =50,2 %; Y>,=91,0 %; Ys=1 %; Ys= 7,2 %.

XHUMHYECKHI COCTaB M HEKOTOpPbHIE XapaKTepUCTHKH (cTereHu monnmepusanuu (CII), mumexc
kpuctaannaaocT (MK)) nennrono3Horo npoaykTa, MOIyUYeHHOTO B ONTHMAIBHBIX YCIOBHSX, IPE-

cTaBJieHBI B Ta01. 3.

3akJoueHue

YcTaHOBIICHO BIIMSIHHE MapaMeTpoB Mpoliecca NEPOKCUIHON NeNUTrHUPUKAIIMK TPEBECUHBI Oe-

PE3bI B CPEAC YKCYCHAs KHUCJIO0TA — BOJa B IPUCYTCTBUU KaTaJIn3aTopa T102 Ha BbIXOJ M COCTaB IICJI-
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JIFOJIO3HBIX TIPOAYKTOB. HaiineHo, uTo HanOospliee BIUSIHUE HA COCTAB IEJIIIONO3HBIX MPOAYKTOB
OKa3bIBACT THIPOMOIYIIb MPOIECCa U KOHIIEHTPAITUS TIEPOKCH Ia BOJOPOAA.

B pesynbrate sKCrepruMeHTalIbHO-CTATUCTUYECKOTO aHaIN3a MOJIyuYeHbl MaTeMaTUHYECKUE MO-
JICITH, OTACBHIBAIOIINE BIUSHHUE YCIOBUH TOTYUYSHUS IISIUTIONO03EI Ha €€ BBIXOA H XMMUYECKUI COCTaB
(comeprkaHue OCTaTOYHOT'O JJUTHUHA U TEMUIEILTION03).

VYcraHOBNICHAa JTMHEHHAs 3aBUCHMOCTH MEXKIY BBIXOIHBIMHU TMapaMeTpaMU: BBIXOJOM IIEJLIIO-
no3Horo npoaykra (Y;), coaepKaHueM LEJTI0N03bl B 1eI003HOM npoaykTe (Y,), comepkaHueM
0CTaTOYHOTro JUTHHUHA (Y3) U COoIepKaHUEeM OCTAaTOYHBIX TeMuIeiono3 (Y,). IloxydeHsr rpadude-
CKHE 3aBUCUMOCTH MEX]y BCEMU BBIXOAHBIMU MapaMeTpaMu, KOTOPbIE TO3BOJISIOT ONMPEENISATh OIl-
THMAaIIbHbIE COOTHOIICHHS MEXIy BBIXOJIOM H CBOMCTBaMHU LIEJUTFOJIO3HOTO ITPOAYKTA.

B HaiifieHHBIX ONTUMAJIBHBIX YCIOBHAX MPOIECCa MEPOKCUIHON NeIUTHUDUKAIIME APEBECHHBI
6epessl (korueHTpanus HyO, 4,9 mac.%, rugpomonyns 14,9, konnerTpanus CH;COOH 23,8 mac.%)
ObLI 1oy 4eH ¢ BbIX01oM 49,9 Mac.% KauecTBEHHBIH 1IeJUTFOJI03HBIH MPOAYKT C HU3KUM COJCPIKaHUEM
octrarounoro juranHa (< 1,0 Mac.%), BBICOKUM conepskaHueM HeILTrono3bl (92,5 Mac.%) u BBICOKUM

nHIekcoM kpuctamnuanoctu (0,78).
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