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Ruthenium indenylidene complexes bearing
bis(N-Alkyl/N’-Mesityl)-sided heterocyclic carbene ligands?

Baoyi Yu*, Fatma B. Hamad**, Kristof Van Hecke***, Francis Verpoort****
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Abstract. We report on the synthesis and characterization of new ruthenium indenylidene complexes bear-
ing two unsymmetrical N-heterocyclic carbene (NHC) ligands denoted as RuClI2(3-phenyl-1-indenyli-
dene)bis(1-mesityl-3-R-4,5-dihydroimidazole-2-ylidene) in which R is methyl 7a and cyclohexyl 7b. Com-
plexes 7a and 7b were analyzed using single-crystal X-ray diffraction analysis, elemental analysis, IR, NMR
spectroscopy, and HRMS. The catalytic activities of complexes 7a and 7b were evaluated in olefin metathe-
sis reactions: ring-opening metathesis polymerization (ROMP) of cis,cis-1,5-cyclooctadiene (COD) and ring-
closing metathesis (RCM) of diethyl diallyl malonate (DEDAM) as well as in the isomerization of allylic alco-
hols. Complexes 7a and 7b failed to initiate the reactions at room temperature in all tested reactions, which
might be due to the high thermal stability and low degree of lability of the Ru-CNHC bonds. At 80 °C, the
complex 7a showed the best performance due to an increased initiation and a decreased steric obstruction
towards the incoming substrates.

Keywords: homogeneous catalysis, indenylidene, olefin metathesis, ruthenium catalysts
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AHHOmMauyus. B pabome coobuwaemcs o cuHmese u uccnedosaHuUU xapakmepucmuK HO8bIX UHOeHuUnude-
HOBbIX KOMIIIEKCO8 pymeHuUsi ¢ dgyMsi HecummempuyHbiMu N-2emepoyuknuyeckumu kapbeHo8bIMU fU2aH-
Oamu (NHC), obosHa4yaembivMu kak RuClx(3-gpeHun-1-undeHunudeH)buc(1-mesumus-3-R-4,5-0ueudpoumu-
Oa3zosn-2-unudeH), 8 komopom R npedcmaenssiem cobol memun 7a u yuknoeekcun 7b. Komnnekesl 7a u 7b
aHanusuposanu memodamu PeHmMaeHOCMPYKMypHO20 aHanu3a MOHOKPUCMAIios, 3/1IeMEHMHO20 aHanusa,
UK-, AMP-cnekmpockonuu u HRMS. Kamanumu4eckyto akmueHOCMb KOMIeKkcos 7a u 7b ouyeHusasnu 8
peakyusx Memamesuca osiehuHo8: Memame3ucHoU nonumepusayuu ¢ packpbimuem uyukna (ROMP)
yuc,yuc-1,5-yuknookmadueHa (COD) u memame3suca ¢ 3ambikaHuem yukna (RCM) duamunduannunmarno-
Hama (DEDAM), a makxe ripu uzomepusayuu annunosbix cnupmos. Komnnekces! 7a u 76 He uHuyuuposanu
peakyuu rnpu KOMHamHou memrepamype 80 8CeX UCC1e008aHHbIX Peakyusix, 4mo Moxem 6blmb c8s3aHO C
8bICOKOU mepmu4veckol cmabusibHOCMbIO U HU3KOU cmerneHbio nabunsHocmu cesseli Ru—Cnwc. lpu 80 °C
KOMIiekc 7a rokasasn Hausydwue xapakmepucmuku 6ra2o0aps yCunneHUlo UHUUUUPOBAHUSI U YMeHbUIe-
HUK cmepu4eckol HerpoxoOuMOCmu 10 OMHOWEHU K rnocmynarouum cybcmpamanm.

Knioyeenie crnoea: 2oMo2eHHbIU Kamaru3, uHOeHUIuOeH, Memame3uc ofieghuHos, pymeHuesble Kamaru-
3amopbl

BnazodapHocmu. baoliu KOG 6nazodapum Viccriedoeamernbekull poHO Orisi Mosiodbix uccriedosamersieli (Ho-
mep epaHma/Hazpadsi: SXQN201701; 5056016013/001) u ®oHO Hay4HO-mexHU4Yeckux uHHosauulti 2018 e. —
KomuccuoHHbIli cbop 3a ¢hyHOameHmMarsibHble HayyqHble uccrnedosaHusi (5075227115/020). ®ambma b. Xamad
8blpaxaem ripusHameribHocmb ['ocydapcmeeHHoU Krrodesol nabopamopuu rnepedosbix mexHonoaul cuHmesa
u obpabomku mMamepuanosg 3a ¢huHaHcosyto NodOepXKy (YxaHbCcKuli mexHoroaudeckul yHugsepcumem). Kpu-
cmogh BaH Xekke bnacodapum ®oHO Hercules (npoekm AUGE/11/029 «3D-SPACE: 3D Structural Platform,
HauerneHHbIU Ha Xumudeckoe cosepuieHcmeoy) u @oHO crieyuansHbix uccriedosaHull (BOF) — UGent (npoekm
Ne 01N03217) 3a ¢puHaHcupoeaHue. ®ambma b. Xamad ebipaxkaem rpusHamesnbHocmb [ledacoauveckomy
konnedxy Hap-ac-Canamckozo yHusepcumema u @oHdy LLmombepixe 3a ¢huHaHCUpoOsaHUe.

Ana yumupoeaHusi: NHoeHnNuaeHoBbIe KOMMMNEKChl pyTeHus, cogepxawme 6uc(N-ankun/N'-me3nTtun) re-
Tepouuknuyeckme kapbeHoBble nuraHabl // N3Bectust By3oB. [NpuknagHas xumust n 6uotexHonorusa. 2022,
T.12. N 2. C. 180-191. (In English). https://doi.org/10.21285/2227-2925-2022-12-2-180-191.

INTRODUCTION

Ruthenium-catalyzed olefin metathesis is among
the essential methods for carbon-carbon double
bond formation/redistribution, utilized widely in both
organic and polymer synthesis [1-10]. Contributions
made by R. H. Grubbs in olefin metathesis are highly
acknowledged due to the invention of a 16-electrons
ruthenium benzylidene complex (e.g., la, Fig. 1)
[11, 12]. Complex la bearing a mono-N-heterocyclic

carbene (NHC) ligand named “Grubbs’ second-
generation catalyst” shows better catalytic perfor-
mance in terms of both efficiency and stability rela-
tive to its bis-PCys analogs [1-10]. The strong
0-donating and m-back donating properties enabled
NHC ligands to be firmly bonded to the metal center
and stabilizing the formed complexes, leading to
wide utilization of NHC ligands in organometallic
complexes [13-16].
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N Mes Mes-N N-Mes R- N Mes R-N N
Y cl Y\\m (31 \(
Ru= Ru=
a’l N\ 4 " PN
a | O cl C
PCy; PCy; PCy;
Mes = 2,4,6-trimethylphenyl L/
1a: R = Mes 2 3a: R = Methyl 4a: R = Methyl
1b: R = Adamantyl 3b: R = Cyclohexyl 4b: R = Cyclohexyl
1c: R = Methyl 3c: R =Octyl 4c: R =
1d: R = Cyclohexyl (tetrahydrothiophen-2-
yl)methyl

Fig. 1. Selected ruthenium metathesis catalysts

Puc. 1. BbibpaHHble pyTeHUeBbIE KaTanM3aTopbl METaTE3MCHON NonMMepu3aumnm

The catalysts' reactivity performance can be
significantly affected by electronic and steric modifi-
cation of the NHC ligands [13-16]. The unsymmet-
rical transformation is worth noticing since it pro-
vides a dual-site configuration in the vicinity of the
ruthenium core due to the two different steric envi-
ronments [17-19]. The dual-site configuration can
lead to catalysts with improved selectivity in various
metathesis reactions such as E:Z selectivity in
cross-metathesis (CM), selectivity in diastereo ring-
closing metathesis (RCM), and cis-selectivity in ring-
opening metathesis (ROMP).

The better-donating properties of aliphatic
groups have attracted much attention. Mol’s group
[20] reported an N-adamantyl/N-mesityl sided NHC
containing ruthenium complex 1b (Fig. 1). However,
the anticipated increase in catalytic efficiency and
stability due to the increased donation was not
found as complex 1b showed poor catalytic activity
in olefin metathesis reactions. The low catalytic abil-
ity of complex 1b was due to the greater-sized ada-
mantyl group caused a steric repulsion towards the
incoming substrate during metatheses progress. To
gain more insight into the structure-activity relation-
ship, catalysts 1c-d bearing N-alkyl/N-mesityl het-
erocyclic carbenes with decreased steric bulkiness
(Fig. 1) were synthesized and evaluated in metathe-
sis reactions [21, 22]. Complex 1c, coordinated with
the smallest alkyl (methyl) group, exhibited activity
comparable to the parent catalyst 1a.

In some cases, the isomerization reaction is fa-
vored over CM or RCM, applying Grubbs’ type com-
plexes. For example, complex la efficiently mediat-
ed isomerization of a range of allyl and homoallyl
ethers to the corresponding enol ethers and subse-
guent to alcohols upon acid treatment [23]. The
isomerization of allylamine and N-allyllactam [24]
was instead afforded than CM and RCM reactions,
respectively, using complex la. Rutjes et al. [25]
encountered remarkable isomerization of alle-
namides to dienamides catalyzed by complex 1a in
the RCM of enamides.
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Ruthenium indenylidene complexes are consid-
ered another unique class of olefin metathesis cata-
lysts, which combine an easy way of preparation,
comparative catalytic activities in the metathesis
reactions, and relatively greater stability [1-10]. The
reports on the strength of N-alkyl/N™-aryl heterocyclic
carbenes in influencing the catalytic efficiency of
ruthenium indenylidene pre-catalysts are also avail-
able [26-30]. The ruthenium indenylidene complex-
es (3a-c) reported [29], showed faster catalytic ini-
tiation than the reference complex 2. The less steri-
cally hindered complex 3a performed better than
others in terms of both catalytic initiation and effi-
ciency. While the improved initiation was attributed
to stronger donating properties, the better catalytic
efficiency was associated with steric properties. In
other strategy [31], the mixed ligands coordinated
complexes bearing NHC and NHCewg Were devel-
oped, and the precatalysts usually needed higher
temperature to initiate the activity. During the cata-
Iytic process, the electron deficient NHC functioned
as the leaving group to generate the active species.

Some of the alkyl-based unsymmetrical hetero-
cyclic carbene ligands have shown an exceptional
tendency to form bis-NHCs coordinated complexes.
Complexes (4a-c), for example, were obtained pref-
erentially and exhibited substantial olefin metathesis
activity at higher temperatures [22, 32]. Ruthenium
indenylidene complexes coordinated with bis-(N-
cyloalkyl/N-mesityl) heterocyclic carbenes where
cycloalkyl is cyclopentyl or cyclododecyl were also
noted to be formed competitively [26]. Based on the
previous report, we explored the utility of ruthenium
indenylidene  catalysts bearing  bis(N-alkyl/N-
mesityl)-heterocyclic carbene ligands.

EXPERIMENTAL SECTION

General procedure for the preparation of com-
plexes 7a-b. In an oven-dried Schlenk vessel,
KHMDS (4 eq., 6.4 mL, 3.2 mmol) (0.5 M toluene
solution) was added to a suspension of imidazolium
salt (3 eq., 2.4 mmol) in dry toluene (24 mL) at r.t.
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and the resulting solution was vigorously stirred for
30 minutes. The solution was then added to the re-
actor containing a solution of RuCl2(3-phenyl-1-
indenylidene)(PCyas)2 (6) (1eq., 0.74 g, 0.8 mmol) in
toluene (16 mL) and further stirred overnight. Purifi-
cation using silica gel chromatography (EtOAc for
7a and hexane:EtOAc = 60:1 for 7b) afforded a
brown solid. After that, the solid was rinsed three
times with pentane and three times with methanol.

RuClybis(1-mesityl-3-methylimidazolidin-2-ylidene)
(3-phenyl-1-indenylidene) (7a):

17—18

264,
28——N \ 20:21\

~ CI-—R{A‘\‘\(;I/2< /}1/12¢
-~

N\16/ \ \?/10\15¢14

\ 2% /<9

28

Brown powder (0.45 g, Yield: 74%). The X-ray
structure of complex 7a was measured using the
crystals, which were grown up by evaporation of a
complex solution in CH2Cl2/EtOAc/hexane. Anal.
Calcd. (%) for CaiH46Cl2N4Ru: C, 64.22; H, 6.05; N,
7.31. found (%): C, 64.53; H, 6.00; N, 7.15; *H-NMR
(500 MHz, CDCls, TMS, 20 °C): 6 7.98 (d, 1 H,
3Jun = 7.0 Hz, H-7), 7.67 (d, 2 H 3Jun = 7.3 Hz,
H-11, H-15), 7.50 (t, 1 H, 3Jun = 7.3 Hz, H-13), 7.40
(t, 2 H, 3Jun = 7.6 Hz, H-12, H-14), 7.08 (t, 1 H,
8Jun=7.0 Hz, H-5), 7.03 (t, 1 H, 3Jun= 7.0 Hz, H-6),
6.79 (d, 1 H,3Jnwn = 7.3 Hz, H-4), 6.77 (s, 1 H, H-2),
6.21 (s, 1 H, H-21), 5.78 (s, 1 H, H-23), 4.16 (s, 6 H,
H-28), 3.87-3.91 (m, 2 H, H-17), 3.51-3.67 (m, 2 H,
H-18), 1.98 (s, 6 H, H-26), 1.77 (s, 6 H, H-25),
1.73 (s, 6 H, H-27); BC{*H}NMR (126 MHz, CDCls,
20 °C): & 299.2 (C-1), 219.6 (C-16), 142.7 (C-8),
139.6 (C-9), 136.9 (C-10), 136.7 (C-22), 136.6
(C-20), 136.43 (C-24), 136.38 (C-3), 136.3 (C-19),
135.4 (C-2), 128.64 (C-12, C-14), 128.61 (C-21),
128.2 (C-23), 127.3 (C-7), 127.2 (C-13), 127.7
(C-6), 126.6 (C-11, C-15), 126.2 (C-5), 115.0 (C-4),
52.5 (C-17), 52.0 (C-18), 38.2 (C-28), 20.8 (C-27),
18.4 (C-25), 18.2 (C-26); IR (Neat): v = 2946, 2915,
2880, 1503, 1490, 1451, 1376, 1357, 1334, 1292,
1259, 1236, 1175, 1161, 1073, 1037, 1029, 1010,
991, 888, 850, 837, 778, 700, 756, 701, 654;
ESI-MS: [M]* calcd for CaiH6Cl2N4Ru, 766.2143,;
found: 766.2122; [M-CI]* calcd for CaiH46CIN4RuU,
731.2454; found: 731.2458.

RuCl;bis(1-cyclohexyl-3-mesitylimidazolidin-2-yli-
dene)(3-phenylinden-1-ylidene) (7b):

26 M8
21—20, / \ 28%
19— N—
27—2% NG _ 1

23= 24 - 16 13

~ 2— /10\ =14

e
d\m——l \

@ /Q 849\
=

Brown powder (0.59 g, Yield: 82%). The X-ray
structure of complex 7b was measured using the
crystals, which were grown up by evaporation of a
complex solution in CH2Cl2/EtOAc/hexane. The as-
signments and identification of resonances for C19,
C20, C22, C24 could not be achieved because of
the low intensity of the carbons signals in the NHC
group on the BC{IH}NMR spectrum. Anal. Calcd.
(%) for CsiHe2Cl2N4Ru: C, 67.83; H, 6.92; N, 6.20.
found (%): C, 67.66; H, 6.85; N, 6.13; H-NMR
(500 MHz, CDCls, TMS, 20 °C): 6 8.47 (d, 1 H,
8Jun = 7.0 Hz, H-7), 7.87 (d, 2 H, 3Jun = 7.6 Hz,
H-11, H-15), 7.54 (d, 2 H, 3Jun = 7.0 Hz, H-13), 7.47
(t, 1 H, 3Jun=7.3 Hz, H-5), 7.42 (t, 2 H, 3JuH= 7.3 Hz,
H-12, H-14), 7.36 (t, 1 H, 3Jun = 7.3 Hz, H-6), 7.20
(d, 1 H,3Jun = 7.3 Hz, H-4), 7.05 (s, 1 H, H-2), 7.01
(s, 2 H, H-21/H-23), 6.97 (s, 2 H, H-21/H-23), 3.31-3.83
(m, 8 H, H-17/H-18), 2.43 (s, 6 H, H-27), 2.83 (s,
3 H, H-25/H-26), 2.74 (s, 3 H, H-25/H-26), 2.68 (t,
2 H, 3y = 11.0 Hz,H-28),1.67 (s, 2 H, H-Cy),1.52
(s, 6 H, H-25/26),1.13-1.38 (m, 8 H, H-Cy), 1.00-1.11
(m, 2 H, H-Cy), 0.88 (s, 2 H, H-Cy), 0.55-0.77 (m,
6 H, H-Cy); BC{*H}NMR (126 MHz, CDCls, 20 °C):
0300.4 (C-1), 206.6 (C-16), 204.3 (C-16), 144.2
(C-3), 141.2 (C-9), 140.7 (C-8), 137.7 (C-2), 137.0
(C-10), 129.9 (C-21/C23), 129.7 (C-21/C23), 129.3
(C-5), 129.2 (C-6), 129.1 (C-12/C-14), 129.0
(C-21/C23), 128.9 (C-21/C-23), 128.3 (C-7),
128.1(C-13), 126.2 (C-11, C-15), 117.4 (C-4), 56.1
(C-28), 55.8 (C-21), 51.8,51.4, 44.1, 43.6 (C-17/C18),
34.1, 33.7, 32.0, 31.7, 30.0, 29.7, 25.6, 25.2 (C-Cy),
21.3 (C-27), 20.3, 20.2, 19.1, 19.0 (C-25/C-26); IR
(Neat): v = 3052, 3002, 2976, 2922, 2853, 1485,
1470, 1446, 1433, 1402, 1385, 1366, 1352, 1329,
1298, 1282, 1250, 1235, 1177, 1030, 994, 896, 852,
846, 775, 750, 697, 651; ESI-MS: [M-CI]* calcd for
Cs1He2CliN4Ru, 867.3706; found: 867.3704.

Single-crystal X-ray diffraction analysis. Crystal da-
ta for compound 7a. CCDC 1830901, Ca1HsN4Cl2Ru,
M = 766.79, triclinic, space group P-1 (No. 2),
a=9.8123(6) A, b = 11.1346(8) A, c = 18.2094(9) A,

= 88.320(5)°, B = 85.219(5)°, y = 65.454(7)°,
V =1803.4(2) A3, Z =2, T = 100 K, prac = 1.412 g
cm3, y(Cu-Ka) = 5.149 mm, F(000) = 796, 20129
reflections measured, 6339 unique (Rinr = 0.1159)
which were used in all calculations. The final R1 was
0.0587 (I >25 (1)) and wR2 was 0.1433 (all data).

Crystal data for compound 7b. CCDC 1049432,
Cs1Hs2N4Cl2Ru, M = 903.02, monoclinic, space group
P21/c (No. 14), a = 22.6954(6) A, b = 15.7051(5) A,
c = 12.8872(3) A, B = 92.902(2)°, V = 4587.5(2) A3,
Z=4,T =100 K, prac = 1.307 g cm?, y(Cu-Ka) =
= 4.124 mm-?, F(000) = 1896, 37921 reflections meas-
ured, 9508 unique (Rint = 0.0876) which were used in
all calculations. The final R1 was 0.0472 (I >2¢ (1)) and
WR2 was 0.1241 (all data).

Catalysts screening. Applied procedure for the
ROMP of cis,cis-cycloocta-1,5-diene. For example,
0.05 mol% catalyst loading: 4.07 pymol of the com-
plex was dissolved in 1 mL toluene-ds. An NMR-
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tube was charged with cis,cis-cycloocta-1,5-diene
(0.1 mL, 0.81 mmol), toluene-ds (0.5 mL) and com-
plex solution (0.1 mL). The NMR tube was then
closed and the temperature was then raised to
80 °C. By evaluation of integration of the olefinic
IH-NMR signals of the formed polymer and the con-
sumed monomer, the substrate conversion was plotted.

Applied procedure for the RCM of diethyl diallyl
malonate. For example, 0.5 mol% catalyst loading:
2.7 umol of the complex in NMR tube was dissolved
in 0.3 ml of toluene-ds and left for 2 minutes before
addition of 0.13 mL (0.54 mmol) of diethyl diallyl
malonate. The NMR tube was then closed and the
temperature was raised to 80 °C. Finally, Integration
of the allylic methylene peaks in the TH-NMR spec-
trum of the diethyl diallyl malonate and the product
was used to count the substrate conversion.

Applied procedure for isomerization of allylic al-
cohols. An NMR-tube was charged with 2.5 ymol
(5 mol%) of catalyst and dissolved in 0.5 mL CDCls.
After that, to the tube, 0.05 mmol of the substrate
and 2.5 ymol (5 mol%) of KOtBu were added. Af-
terward, the NMR-tube was sealed and kept at r.t. or

at a temperature of 80 °C. The conversion of the
substrate was evaluated by integration of the H-NMR
signals of the starting alcohol (5.68 ppm) and the
formed carbonyl compound (1.86 ppm).

RESULTS AND DISCUSSION

Synthesis of the catalysts. Unsymmetrical NHC lig-
ands: 1-mesityl-3-methyl-4,5-dihydroimidazolium chlo-
ride (5a) and 1-mesityl-3-cyclohexyl-4,5-dihydroimida-
zolium chloride (5b) (1) were prepared according to
previously reported procedures [21, 22]. The free /
N-heterocyclic carbenes were generated by the
deprotonation of NHC precursors using potassium
hexamethyldisilazide (KHMDS) in toluene at r.t. A
replacement of one of the PCys ligands from the
first-generation ruthenium indenylidene complex (6)
using the generated free carbenes [33-36], com-
plexes 7a-b were obtained. The reaction processes
were monitored by TLC. The products were purified
by silica gel chromatography and subsequently
washed with methanol and pentane to afford air-
stable reddish-brown solids (7a and 7b) in moderate
yields 74 and 82%, respectively.

Mes R-N N-Mes
B : Ph
cl +(\N (1) KHMDS, Toluene, r.t., 0.5 h Y&l G
. Nt/ > Ru
R (2) 6, Toluene, r.t. Cll/k O
5a-b R-N
N—Me
PCy;
Ll __Ph \\/
Ru'\_ 7a-b
a: R = Methyl cr? | O
b: R = Cyclohexyl PCys
6
General applied strategy for the synthesis of catalysts 7a-b )

The complexes (7a-b) were analyzed by *H and
BBC{'H}INMR spectroscopy after isolation. The ob-
tained signals were further assigned using of hetero-
nuclear *H{¥C}JHSQC, HMBC, and homo-nuclear
IH{*H}COSY, TOCSY, NOESY NMR spectroscopy [37].

The H-NMR spectrum of each complex (Fig. S1,
S2) shows peaks characteristic of the indenylidene unit:
7a, doublet (6 = 7.98 ppm) and singlet (6 = 6.77 ppm);
7b, doublet (6 = 8.47 ppm) and singlet (6 = 7.05 ppm)
[38]. Besides, the imidazolium ligand peaks are
also observed as a multiplet at 3.51-3.91 ppm and
3.31-3.83 ppm for complexes 7a and 7b, respec-
tively. The H-NMR spectrum of each complex
strongly suggests the isolation of only one conform-
er. A single conformer was also detected for ruthe-
nium benzylidene complexes coordinated with
N-alkyl/N-mesityl heterocyclic carbenes [20, 21, 39];
however, for ruthenium indenylidene complexes
3a-c, two rotamers were observed [29]. The car-
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bene-C (Ru=C) as the new complexes' characteris-
tic exhibits doublet peaks at about 300 ppm in the
13C-NMR spectra.

The NOESY spectrum of complex 7a (Fig. 2, a)
shows several correlations between the indenyli-
dene moiety and the mesityl's methyl groups from
both NHCs. The spectrum reveals no Noe correla-
tion between the N-methyl group and indenylidene
moiety, suggesting that both NHC ligands have the
mesityl groups oriented toward the indenylidene
side of the ruthenium center. This observation is in
agreement with the single-crystal X-ray diffraction
analysis (see next section). The indenylidene ligands
in the complexes 3a-c were also found to be closer to
the mesityl group than to the N-alkyl group [29]. In con-
trast, the NOESY spectrum of complex 7b (Fig. 2, b)
shows several correlations between the indenylidene
moiety and the N-cyclohexyl groups from both NHCs,
indicating their relative position.
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For the new complexes (7a-b), the orientations
of the NHC ligands are different from those of the
previously reported ruthenium metathesis catalysts
featuring two N-alkyl/N-aryl-heterocyclic carbenes.
For example, the aromatic groups of the NHCs in
complexes 4a-b have been reported as oriented in
different directions relative to the indenylidene frag-
ments [22]. In addition, elemental analysis, mass
spectra, and single-crystal X-ray analysis were
evaluated to confirm the complexes' purities and
configurations.

Single-Crystal X-ray Diffraction Analysis. The
crystals of complexes 7a-b are obtained from slow
evaporation of their solution (CH2Cl2/EtOAc/hexane
solution). Thereafter, the crystals were used in X-ray
diffraction analysis. The solid-state structures of
complexes 7a-b are depicted in Fig. 3, and some

WA
N
rical St (5

H7

a5

" 2 Chasical 840 g

selected bond lengths and angles are listed in Tab. 1.
Complex 7a-b crystallized in the triclinic centro-
symmetric space group P-1 and P2i/c, respectively.
The asymmetric units of 7a-b accommodate only
one ruthenium complex.

In general, complexes 7a and 7b exhibit a simi-
lar arrangement of the surrounding ligands around
the ruthenium core, while an opposite orientation of
the N-mesityl side of the NHC ligand is observed for
7b. In complex 7a, the two mesityl groups lay in a
parallel fashion on the five-membered ring of the
indenylidene moiety, and m-17 interactions were
found (3.408(4) and 3.467(4) A between the respec-
tive ring centroids). In general, the ligands around
the ruthenium core in complex 7a exhibit a similar
arrangement to complex 3a [27].

H7 H11, H15

T ™) f 'w,

i
[ a MM h \
J\ J lx ~) Vo W L

Ui
. Z

Fig. 2. NOESY spectra (a) complex 7a, chemical shift of *H-NMR range from 0.0 to 4.0 ppm (horizontal) and *H-NMR range
from 5.0 to 9.0 ppm (vertical); (b) complex 7b, chemical shift of *H-NMR range from 6.5 to 8.6 ppm (horizontal) and *H-NMR
range from -1.5 to 5.0 ppm (vertical)

Puc. 2. Cnektpbl NOESY (a) komnnekca 7a, xumudeckuii casur *H-AMP B ananasoxe ot 0,0 o 4,0 M.4. (No ropusoHTanu)
1 *H-AMP B gnanasoHe ot 5,0 o 9,0 m.a. (no Beptukanu); (b) kKomnnekc 7b, XMMU4eckuii casur B avanasoHe *H-AMP
oT 6,5 0o 8,6 m.4. (no ropusoHTanu) 1 B ananasoxe *H-AMP ot -1,5 oo 5,0 m.4. (no BepTukanm)

Fig. 3. Solid-state structures of complexes 7a and 7b (thermal displacement ellipsoids are shown at the level of 30%
probability). The atom-labeling scheme of the heteroatoms is displayed, and Hydrogen atoms are omitted for clarity

Puc. 3. TBepaoTenbHble CTPYKTYPbl KOMMEKCOB 7a U 76 (NoKasaHbl annmncomabl TENMOBLIX CMELLEHN Ha ypoBHe 30%
BeposiTHocTU). OTOGpaxaeTcst cxema MapKMpPOBKM reTepoaToMOB, aTOMbl BOAOPOAA ONyLUEHbI A11st SCHOCTH
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Table 1. Selected bond lengths (A) and bond angles (°)
for complexes 7a and 7b

Ta6nuua 1. BuibpaHHble AnuHbl caasen (A) u BaneHTHble
yrmnbl (°) 4na KOMnekcoB 7a mn 7b

7a 7b
Cnnc-Ru-Chie 158.4(2) 170.2(2)
Cntc-RU=Cing 101.2(3)/99.9(3) 93.4(2)/96.0 (2)
CI-Ru-Cl 159.84(6) 168.67(4)
RU=Cing 1.862(7) 1.864(4)
RU-Cnric 2.101(8)/2.086(7) | 2.131(4)/2.134(4)
Ru-Cl 2.414(1)/2.403(1) | 2.368(1)/2.380(1)

For 7a, the dihedral angles between the least-
squares plane of the mesityl groups and the five-
membered ring are 5.2(4)° and 11.0(4)°, respective-
ly. In complex 7b, the two cyclohexyl groups in the
NHC ligands orient to the indenylidene moiety, leav-
ing the two mesityl groups at the opposite side of
the indenylidene ligand. The dihedral angle between
the two least-squares planes of the mesityl groups is
34.8 (2)°.

The least-squares plane angles between the re-
spective two imidazole rings of 7a and 7b differ sig-
nificantly from each other. The imidazole rings in 7b
show a larger dihedral angle (63.6(2)°), which is
incomparable with that of imidazole rings in 7a
(18.3(4)°).

The Ru-Cl bond lengths for 7a and 7b are in
values between 2.368(1) A and 2.414(1) A, and the
Ru-Cnie bond lengths are within the range of
2.086(7)A to 2.134(4)A. The Ru=Cind bond length is
1.862(7) A for 7a, and 1.864(4) A for 7b. The Cnhc-
Ru-CnHe, CI-Ru-Cl and Cnhe-Ru=Cing angles for 7a
are 158.4(2)°, 159.84(6)° and 101.2(3)°/99.9(3)°,

O Rl

8
The ROMP of COD (8)

RCM of DEDAM. The complexes 7a-b were fur-
ther investigated using the RCM of DEDAM (9) (3).
Since these bis-NHC complexes generally need an
elevated temperature to be active, the RCM reaction
was performed at 80 °C in toluene at different cata-
lyst loadings. Under these conditions, complex 7a
required 180 minutes to complete the reaction with a
catalyst loading of 5 mol%, 240 minutes for 95%
conversion of the substrate at 1.25 mol% catalyst
loading, and 1170 minutes for 81.75% conversion at

respectively, while for 7b these are 170.2(2)°,
168.67(4)° and 93.4(2)°/96.0(2)°, respectively.

Catalytic activity of complexes 7a-b in olefin me-
tathesis reactions. Firstly, the catalytic abilities of
complexes 7a and 7b on olefin metathesis reactions
were evaluated in ring-closing metathesis polymeri-
zation (ROMP) of cis,cis-1,5-cyclooctadiene (COD)
and ring-closing metathesis (RCM) of diethyl diallyl
malonate (DEDAM).

ROMP of COD. The complexes 7a-b were in-
volved in the ROMP of COD (8) (2) under varying
reaction conditions. At room temperature with a cat-
alyst loading of 1 mol% in CDCls, initiators 7a-b
showed negligible conversion after 24 hours. Similar
results were found by using complex 4a-b [22] in
which no detectable conversion of COD was found
after 24 hours. The poor performance of bis-NHC
ruthenium complexes at room temperature might be
due to the stronger Ru-Cnnc bond relative to Ru-P
bond, and thus high thermal stability and low degree
of lability [22].

A significant improvement of the catalytic activity
was observed when the reaction temperature was
controlled at 80 °C. Generally, all catalysts exhibit
almost similar kinetic profiles at an elevated temper-
ature. Under a condition of a catalyst loading of
0.33 mol% in toluene at 80 °C, complex 7a reached full
conversion after 90 minutes, while 7b achieved complete
COD consumption after 120 minutes (Fig. 4). The better
performance of 7a might be due to an increased
initiation and decreased steric obstruction for the
substrates during reaction [29]. Reducing the cata-
lyst loading, a decrease of catalysts initiation rate
and the catalytic activity were observed. Complex
7a needed 3 hours to fully convert the COD with a
catalyst loading of 0.1 mol%, and the same time
was required for 95% with 0.05 mol% catalyst load-
ing (Fig. 4). Complex 7b, on the other hand, could
not reach full conversion even after 3 hours of reac-
tion with neither 0.1 mol% nor 0.05 mol% catalyst
loadings (Fig. 4).

NN NS

)

0.5 mol% catalyst loading (Fig. 5). In contrast, com-
plex 7b needs 240 minutes for full conversion of the
substrate (at a catalyst loading of 5 mol%), 1170 minutes
for 95% conversion (1.25 mol%), and 1170 minutes for
81.75% conversion of the substrate (catalyst loading
of 0.5 mol%) (Fig. 5). The ability of these catalysts
to remain in solution at high temperature (80 °C) for
such a long time (up to 1170 minutes) during cata-
Iytic reactions without noticeable decomposition
proves their stability.
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Fig. 4. ROMP of COD with complexes 7a and 7b
(0.05-0.33 mol%) at 80 °C in toluene

Puc. 4. MeTaTtesncHas nonumepusaumnsi C packpbiTem umkna
unc,umc-1,5-umnknookTagueHa ¢ komnnekcamm 7a n 76
(0,05-0,33 mon.%) npn 80 °C B Tonyone

OH

[Ru]

Time (minutes)

Fig. 5. The RCM of DEDAM with complexes 7a and 7b
(0.5-5 mol%) at 80 °C in toluene

Puc. 5. MeTaTteauc ¢ 3aMblkaH1eM Lykna
AV3TUNAMannuMManoHaTa ¢ Komnrekcamu 7a n 76
(0,5-5 mon.%) npu 80 °C B TONyone

Isomerization of Allylic Alcohols. In addition, the
synthesized catalysts were investigated for their per-
formance in the isomerization of allylic alcohols (4).

O

-~ R/\/U\,

R/\)\R

Isomerization of allylic alcohols

Our initial efforts focused on the isomerization of
penten-3-ol, hepten-3-ol, and 2-cyclohexen-1-ol to
their corresponding carbonyl compounds at room
temperature. However, by applying 5 mol% of either
catalyst at room temperature, no noticeable conver-
sion was observed after 72 hours of reaction for all
substrates. From a mechanistic perspective, allylic
alcohols can coordinate to the ruthenium center ei-
ther via olefin or alcoholate functionalities. For the
isomerization toward the aldehyde to occur, one of
the NHC ligands has to disassociate from the com-
plex before consecutive coordination of the olefin
moiety to the metal center can be realized [40].
Therefore, the failure to isomerize the substrate us-
ing the catalysts at low temperatures is probably
due to the difficulty in de-coordination of the NHCs
from the ruthenium core. However, upon addition of
5 mol% of KOtBu, 94 and 92% of the isomerization
of hepten-3-ol and penten-3-ol, respectively, was
observed after 72 hours, applying complex 7a (Fig.
6). Under these conditions, using catalyst 7b, the
conversion of hepten-3-ol and penten-3-ol reached
95 and 90%, respectively (Fig. 6). In these two reac-

> R
(4)

tions, complex 7a revealed a higher catalyst initia-
tion rate and a similar activity relative to complex 7b.
Nevertheless, even with the addition of 5 mol% of
KOtBu at room temperature, the isomerization of
2-cyclohexen-1-ol was not possible applying these
catalysts.

By raising the temperature to 80 °C, a significant
increase in reaction rate was observed. For the
isomerization of hept-3-ol, 98 and 90% conversion
were revealed, with complexes 7a and 7b, respec-
tively, after 180 minutes (Fig. 7). In the case of the
isomerization of penten-3-ol, the reaction reached
95 and 90% conversion, with catalysts 7a and 7b,
respectively, after 240 minutes (Fig. 7).

Using 5 mol% of catalyst without base, no con-
versions were observed with all substrates after
24 hours of reactions, even at 80 °C. However, by
increasing the catalyst loading to 10 mol%, all cata-
lysts isomerized the substrates without adding a
base (Tab. 2). The catalysts' performance under
these conditions resembles those when 5 mol% of
the base was used in addition to 5 mol% of catalyst
(Fig. 6). It is worth noting that 5 mol% of the cata-
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lysts can be replaced by 5 mol% of the base in this
reaction; however, the catalyst cost is not compara-
ble to that of the base.

100

—m— 7a (hepten-3-ol)
—e— 7b (hepten-3-ol)

7a (penten-3-ol)
—wv— 7b (penten-3-ol)

% Conversion

o 1'0 2'0 3'0 4'0 5'0 6'0 7'() 8’0
Time (hours)

Fig. 6. Isomerization of hepten-3-ol and penten-3-ol using

5 mol% of complexes 7a and 7b with 5 mol% of KOtBu

at room temperature

Puc. 6. N3omepusaumsa renteH-3-ona v neHTeH-3-ona
€ ucnonb3osaHneM 5 mon.% komnnekcos 7a n 76
npu 5 mon.% KOtBu npu koMmHaTHOM Temnepatype

100 . I
p
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/ /// /V/
80 - &
/// /v
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5 60 u / / v
g e v
§ o v/ —u— 7a (hepten-3-ol)
Li 40 / —e— 7b (hepten-3-ol)
= v 7a (penten-3-ol)
/ —v— 7b (penten-3-ol)
204 /¥
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T T T 1
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Fig. 7. Isomerization of hepten-3-ol and penten-3-ol using
5 mol% of catalysts7a and 7b with 5 mol% of KOtBu at 80 °C.
The lines are intended as a visual aid

Puc. 7. N3omepusaumns renteH-3-ona v neHTeH-3-ona
C ucnonb3oBaHvem 5 Mon.% katanusatopoB 7a 1 76
¢ 5 mon.% KOtBu npu 80 °C. JlnHum npeacrasneHbl
B Ka4yeCTBe HarnsaHoro nocobums

Table 2. Isomerization of allylic alcohols using 10 mol%
catalysts at 80 °C

Ta6bnuua 2. Misomepusauus annnnosbIX CNMPTOB
¢ ucnonb3oBaHnem 10 mon.% kaTanu3atopos npu 80 °C

Substrate Catalyst Time (h) %Conversion
hepten-3-ol 7a 2.5 100
hepten-3-ol 7b 4 98
penten-3-ol 7a 4 95
penten-3-ol 7b 5 90

CONCLUSION

We have successfully synthesized two ruthenium
indenylidene initiators bearing bis(N-alkyl/N-mesityl)-
heterocyclic carbene ligands (7a-b), which were fully
characterized by NMR spectroscopy, elemental anal-
ysis, IR, HRMS, and single-crystal X-ray diffraction
analysis. It is interesting to observe that the mesityl
groups of 7a and 7b orient in the opposite direction
toward the indenylidene moiety. For complexes 7a
and 7b, a similar ligand arrangement around the ru-
thenium center is exhibited, while an opposite direc-
tion of the NHC ligands toward the indenylidene moi-
ety was found. For the olefin metathesis reactions,
complexes 7a-b produced activities comparable with
complexes 4a-b, respectively. For the non-
metathesis reaction, the new initiators were evaluat-
ed on the isomerization of allylic alcohols. The opti-
mum and cost-effective conditions occurred when the
KOtBu base was added as co-initiator. The catalyst's
failure to initiate reactions at room temperature was
associated with the difficulty in de-coordination of the
NHCs from the metal center due to the stronger Ru-
CnHe bond relative to Ru-P bond, and thus high ther-
mal stability and low degree of lability. In all tested
reactions, complex 7a performed better. The better
performance of 7a was associated with increased
initiation and decreased steric obstruction for the
substrates during the reaction. The results imply that
fine-tuning of the ligands environment can substan-
tially impact both the structure and activity pattern of
the resulting catalytic system.
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NMonnmepHble KOMNO3UTbLI U UX CBOUCTBA

OkcaHa BuktopoBHa JlebepeBa, EBreHns MHHokeHTbeBHa CunkunHa

Upkymckull HayuoHarnbHbIlU uccriedogamesibCKUl mexHUYeCcKull yHugepcumem,
2. nkymck, Poccutickass ®edepayusi
ABTOp, OTBETCTBEHHbIN 3a nepenucky: Jlebepesa OkcaHa BuktoposHa, lebedeva@istu.edu

AHHOMauyusi. B 0aHHoMm 0630pe 0606wWeHbl pedyrnbmamael uccriedosaHull 8 obnacmu MosUMEPHbLIX KOMI0-
3Umo8, MoJyYeHHbIX Pas3uydHbIMU Memodamu. Paspabomka rnonumMepHbIX Mamepuasos U KOMIo3umoe Ha
Ux ocHoge serisiemcss 00HUM U3 MepCriekKmueHbIX HarpaesneHul. Komnosumel, 8 Komopbix mampuuel ciy-
JKUM ronuMepHbIt Mamepuar (MonuMephbl, 0f1U20Mepbl, COrnoauMepsbl), S6/sH0MmMcs OOHUM U3 caMbIX MHO20-
YUCMEHHbIX U pa3Hoobpa3Hbix sudoe mamepuasiog. OHU WUPOKO MPUMEHSIIOMCS 8 NPOMbIWIeHHOCMU Ors
U320moe/IeHUsT CMEeKM0BUOHbIX, KepaMUYeCcKUX, 3/1eKmMpPOoU30IsIUUOHHbIX MOKPbImul, 8 KadYecmee adcop-
6eHmoe8 npu o4ucmKe CMOYHbIX 800 OM UOHO8 MSKErbIX Memasios, a makxe O Mosy4eHuUsi UOHOOb-
MeHHbIX mMembpaH. KomrnosuyuoHHble Mamepuarsi obnadarom yHUKarbHbIMU ceolcmeamu, makuMu Kak
bonbwas nnow,adb NnosepxHocmu, mepmMudYecKkasl U MexaHu4deckasi cmabusibHOCMb, Xopowasi CesleKmus-
HOCMb MO OMHOWEHUIO K pasfuyHbIM 3a2psi3HUMESIsIM, 3KOHOMUYeckasi aghghekmusHocmb. B 063ope rnpeo-
cmasneHbl (OU3UKO-XUMUYECKUE U CMPYKMYpPHbIE XapaKmepucmuKu KOMMIO3UMHbIX Mamepuasios Ha OCHO-
8e CUHMEMUYECKUX MOSIUMepo8 (nonumep-yanepodHbie, MOAUMEPeIUHUCTbIE KOMMIO3Umbi), MOUMEPHbIX
2emepoyUKIUYEeCKUX U KpeMHuliopaaHuyeckux coeOuHeHud. Monumep-yenepooHbie U noaumMepaiuHuCmesle
Komno3umsl aghghekmueHbl O ydaneHusi opeaHU4ecKUX U Heop2aHU4YeCKUX 3agpsas3HSouux seujecms 8
pasnuyHbix obracmsx npumeHeHus. OdHako cnedyem 3amemumb, 4MO OHU He docmueanu onmumMarsibHbIX
KCMIyamayuoHHbIX Xapakmepucmuk 8 kadecmee adcopbeHmoes O KpyrnHocepuliHO20 rpoussodcmea.
FubpudHbie mamepuarbl, NOMy4YEHHbIE 3071b-2€/1b MemodoM, 3acsyxuearm o0cobo20 eHumaHus. [pu uc-
r10/1b308aHUU 3M020 Memoda MOXHO CpasHUMEIbHO JIE2KO 8/1UsIMb Ha cOCmas U CmMpoeHUe oeepxHocm-
HO20 CJ1051 8 MaKux Mamepuarsax, Komopble pUMeHsIlomcsi 8 kKadecmee adcopbeHmos msixxesbix u bnazo-
POOHbIX Memarnsios, kKamanu3amopos, MeMbpaH, CEHCopos, 8 bUOM02UYECKOM aHMUBUO3€e, UOHOO6MEHHOM
kamanuse u m. 0. Takue KOMIO3umbl OMAUYAOMCS MO8bILUEHHOU MeXaHU4YecKol MPOYHOCMbIO U MepMo-
cmabunbHocmelo, obrnadaom ynyYWeHHbIMU MEPMOXUMUYECKUMU, PeosioeudeCcKUMU, 3/1IeKMPUYECKUMU U
onmuyecKkumMu ceolicmeamul.

Knroyeenie cnoea: nonumepHbie KomMno3umsi, adcopbeHmsl, MembpaHbl, COpbUUOHHasi eMKoCMb, Mpo-
MOHHas npoeoduMocma

Ans uumupoeaHus: INlebepgera O. B., CunkmnHa E. W. NonumepHble KOMNO3UTLI U X cBOWCTBa // 3BecTus
By30B. [MpuknagHas xummns n duotexHonorusa. 2022. T. 12. N 2. C. 192—-207. https://doi.org/10.21285/2227-
2925-2022-12-2-192-207.
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Polymer composites and their properties
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Irkutsk National Research Technical University,
Irkutsk, Russian Federation
Corresponding author: Oksana V. Lebedeva, lebedeva@istu.edu

Abstract. The review article summarizes the results of studies conducted in the field of polymer composites
obtained by various methods. An important industrial activity is structured around the development of poly-
meric materials and composites based on them. Composite materials having a matrix comprised of a poly-
meric material (polymers, oligomers, copolymers) are highly numerous and diverse. They are widely used in
the industry for the manufacture of vitreous, ceramic, electrically insulating coatings, as adsorbents in the
treatment of wastewater from heavy metal ions, and in the production of ion-exchange membranes. Compo-
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site materials have unique properties such as a large surface area, thermal and mechanical stability, good
selectivity against various contaminants, and cost-effectiveness. The review presents the physicochemical
and structural characteristics of composite materials based on synthetic polymers (polymer-carbon, polymer-
clay composites), polymeric heterocyclic and organosilicon compounds. Used across a variety of applica-
tions, polymer-carbon and polymer-clay composites are effective in removing organic and inorganic contami-
nants. However, when used as adsorbents for large-scale production, they have yet to achieve optimum per-
formance. Hybrid materials obtained by the sol-gel method deserve special attention. This method can be
conveniently used to influence the composition and structure of the surface layer of such materials as adsor-
bents of heavy and noble metals, catalysts, membranes and sensors for applications in biological antibiosis,
ion exchange catalysis, etc. Such composites are characterized by their increased mechanical strength and
thermal stability, as well as offering improved thermochemical, rheological, electrical and optical properties.

Keywords: polymer composites, adsorbents, membranes, sorption capacity, proton conductivity

For citation: Lebedeva O. V., Sipkina E. |. Polymer composites and their properties. lzvestiya Vuzov. Pri-
kladnaya Khimiya i Biotekhnologiya = Proceedings of Universities. Applied Chemistry and Biotechnology.
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BBEOEHUE

PaspaboTka nonMmepHbIX mMatepuanoB M KOMMO-
3UTOB Ha UX OCHOBE SABNSIETCA OOHUM U3 MepCcneKkTmB-
HbIX HanpasneHun. MNonnmepbl — 3TO OpraHuyeckue
mMaTepuanbl C PSAOM  YHUKamnbHbIX XapaKTepucTuK
(BbICOKOW MexaHU4YecKoW MPOYHOCTbIO, TMOKOCTbIO,
XMMMYECKON CcTabunbHOCTbIO). BBegeHve opraHuye-
CKMX UMM HEOPraHW4ecKnX KOMMOHEHTOB B NonumMep-
Hble MaTpuLbl NO3BONSAET MoNy4YaTb HOBble MaTepua-
nbl C UeneBbIMW CBOWCTBaMW (Hanpumep, Hu3kas
MMOTHOCTb, BA3KOCTb, XXECTKOCTb, TepMuyecKkas, Xu-
MUYeckas 1 MexaHudeckasi CTabunbHOCTb, B 3aBUCK-
MOCTU OT Lienn UCMNOMb30BaHus), HasblBaeMble NOMu-
MepHbIMW KOMMo3uTamu. onnMepHble KOMNo3wTbl, B
KOTOPbIX MaTpuuen CRyXWT MONUMEpPHbLIA MaTtepuan
(nonvMmepsbl, onMromepbl, COMONMMEPbI), ABNAITCA
OOHVM U3 CaMblX MHOTOMUCIIEHHBIX U PasHOOOPa3HbIX
BUAOOB MaTepuanoB. OHWU HALLNW NMPUMEHEHWe B CTpOW-
TENbHOW MPOMBILLIIEHHOCTH, KOCMWUYECKOW M aBuauu-
OHHOW TEXHWKe (CTeKonnacTvkK, yrnennactuky, 6opo-
MracTuk1, OpraHoNMacTVKK, TEKCTONWTbI, MeHononwu-
CTVpOr, MeHornonuypeTaH u T. A.), B kayecTeBe aacop-
GEHTOB MPY OYUCTKE M OMNPECHEHUN BoApl, ANd yaane-
HWS KpacuTenen U3 CTOYHbIX BOf, MOHOB TSPKEMbIX Me-
Tanmnos, B MeMbBpaHHbIX TEXHOMNormsaxX n T. a. [1-3].

KOMMNO3UTHbLIE MATEPUAIIbI HA OCHOBE

CUHTETUYECKUX NOJIMMEPOB

lMonumep-yanepodHbie komno3umsel. B HacTos-
lwee Bpems Gomnblioe BHUMaHWE yaensieTcst nonwu-
MEPHbIM KOMMO3UTaM M3 YrrepoaHbix HaHoMaTepu-
anoB. OHM 06nagalT YHUKanbHbIMU CBOWCTBaMMU
(6onbwasi nnowagb MOBEPXHOCTM M MOBbILIEHHAS
TepMuyeckasi 1 MexaHudeckasi cTabunbHOCTb), KO-
Topble 3EKTMBHBI AN YAaNeHUs OpraHNYeckux n
HEeOopraHMYecKnx 3arpsAsHsSWUX BELECTB B pas-
JNINYHBIX 06NACTAX NPUMEHEHUS.

MonnmepHble KOMNO3UTbI C YrNEePOAHBIMU HAHO-
Tpybkamn (YHT) siBNsitoTCA NepcrnekTMBHBIMU KaH-
anpoatamu Ons NoBbleHUa 3dEKTUBHOCTU yaa-
neHuss Macna wu3 BoaoHedTsHOM cmecu. Tak,
Hanpumep, membpaHa Ha ocHose nonu(N-usonpo-
nunakpunammga) ¢ pobaBneHMeM OAHOCTEHHbIX

YHT Obina ncnonb3oBaHa gns pasgeneHvs BOLO-
HedTAHON CMeCW 1 nokasana yganeHue macrna Ha
99,99%. [ns otoeneHus HedTU OT BOAOHEMTAHON
cMecu ucnonb3oBanu GMOYHBIN comonMmep nonu-
cynbcoHa-nonnacgpmpa ¢ obpasoBaHnem YHT-no-
nnvepHon meMmbpaHbl. B xoge nccnegoBaHuii noka-
3aHO BMMsHWE KomnmyecTBa MHorocnovHbix YHT Ha
3(PPEKTUBHOCTb yaaneHns HedTu. YBenuyeHue
KonunyectBa MHorocnornHblx YHT go 2 macc.% npu-
BOAMWT K YNyYLIEHHOW CMOCOBHOCTU yaaneHus mac-
na ot 91,4 o 99,79%. lNoTok NPOHNLAEMOCTH yBe-
nnyuncsa B 3 pasa, korga KoapuLMeHT 3arpysku
MHorocnonHbix YHT goctur 0,5 macc.%. danbHen-
lee yBernuyeHne koapduumeHTa 3arpy3km MHOro-
CTeHHbIX YHT Bblwe 2 macc.% npuBeno K CHuxe-
HUto noToka nepmearta Ha 30% [7].

dyHKUMOHanu3auua nonumepos YHT — 310
3(pPeKkTNBHLIA MyTb MOBbLIWEHUA He TONbKO apf-
COPOLUUNOHHBIX CBOWCTB KOMMO3WTOB, HO U WX UA-
POOUIBHOCTN 1 PacTBOPUMOCTK B Boae. MNpusntbin
KOMMo3nT nonurmgpokcmbytupat — YHT [5], YHT,
NOKPbIThI NonnamugoamuHom [6], YHT, BkrtoyeH-
HbI B MOMNUMEPHBLIN rmaporens, coaepxawimm no-
nuakpunamua n anermHat Hatpua [7], nonvaHunu-
HOBBIW MPUBUTBIN MHOrOCNOWHbIA YHT-koMno3nt ¢
nocrnegyowmmMm nerMpoBaHneM  rmapousibHbLIMU
rpynnamu n-TonyoncynbgoHOBOW K1CnoTon [8] Gbl-
N NPYMEHEeHbI B Ka4yecTBe HaHoaAcopOeHTOB ANns
yaaneHus TskemnblX MeTanmnoB U3 MPOMbILLSIEHHbIX
CTOYHbIX BOA. [NoBepxHOCTHas dyHKUMOHanNu3aums
NPUBUTOrO cornonvmMmepa nonucynbgoHaTa HaTpus —
n-cTupona mHorocnonHsiM YHT, nokpbiToro goda-
MWHOM, MOKasana XopoLlyl agcopbUMOHHYHO Ccho-
CODHOCTb K METUIIEHOBOMY CuHEMyY Kpacutento [9].
AncopbumoHHast cnocobHocTe gocturna 174 wr/r
yepes 25 MUH.

KomMnosuuunoHHble nonMMmepHbie MaTepuansl Ha
OocHoBe rpacdheHa npuobpeTtaroT 6onbLion nccneno-
BaTeNbCKUIN NHTEPEC B Ka4eCcTBe HaHOaACcOpOEHTOB,
nockonbky obrnagatoT 3-MepHON CTPYKTypon, obec-
neuymBatoLLlern 6onee BbICOKYID MOPUCTOCTb, UMEIOT
OonbLUY0 yAenbHYH NOBEPXHOCTb, @ TaKkKe BbICO-
KYl0 3NeKTpOnpoBOAHOCTb, MeXaHU4Yeckue CBOMCTBa
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1 TepMOCTabnnbHOCTb.

C uenblo nonyyeHnss HaHomembpaHbl Ansa ynb-
TpacdunbTpaumm okcua rpadeHa Obin NpuMBUT Ha
nonun-N,N-2-aTunammHoaTMnMeTakpunaT. 3ta MeMm-
OpaHa Gbina npoTecTMpoBaHa Ha 3axBaT pogaMunHa-
B n meTunopanxeBbix kpacutenen. CpeaHvue noka-
3aTenu 3axesaTta Ansa 3Tux 2-X Kpacutenem cocrtaBu-
nm 98,9 n 96,5% cootesetctBeHHO [10]. MNonumep-
Hag memOpaHa Ha ocHoBe cwwuTtoro N-usonponu-
nakpunammga c N,N-meTuneHgnakpnnammaom wu
npuBnTEIM rpadeHoM nokasana [11] ynydlweHHble
MEeXaHWYEeCKMEe XapaKTePUCTUKU C BbICOKON MPOU3-
BOAMTENbHOCTbIO. BOAHBLIN MOTOK 4epe3 MonyyeH-
Hyt0 mMembpaHy cocTtaBun 25,8 n/m24. CuHTE3MpO-
BaHa Npo4YHasa 1 MHoropasoBas rybyaras membpaHa
nytem oObeauMHEeHUs nonuOMMETUIICUIIOKCaHa W
HaHOmMaTepuanoB okcuga rpadeHa B npouecce xu-
MMYECKOro ammampoBaHus. B aTtom nonumepHo-
yrnepoaHoM KomnosuTe okcug rpadeHa pabotan B
KayecTBe MexaHM4eCcKoro ykpenutens, cnocobeTeys
OOMNroBe4YHoCTM hOPMOBaAHHOW TyOku. STOT KOMMO-
31T ObIN UCMbITaH ANA pasgerneHnst pasnuyHbIX Ma-
Cen WM opraHuM4eckux sarpssHutenen. AgcopOLmMoH-
Has cnocobHocTb rybkn Gbina B 724 pasa Gonblue
ee nepesoHavansHoro Beca [12].

KomnoauunoHHoe obpa3oBaHWe MONUMMEPOB C
aKTUBMPOBAHHBLIM YIMeM Takke OKasblBaeTcsl nep-
CMEKTUBHbIM METOAOM OYUCTKM U ONPECHEHUA BO-
apl. Tak, ons yganeHus MOHOB CBUHLIA M3 BOAHbIX
Ccpen uUcnonb30oBanu KOMMO3uT Ha OCHOBE MONUMUP-
pona n akTMBMPOBAHHOIO Yrnd, KOTopbl 6Gbin nony-
YeH mMeToAoM kapboHM3aumMuM B NPUCYTCTBUU XUMMU-
Yyeckoro aktusaTopa. MakcumanbHas apcopbuws
pocturana 50,0 mr/r yepes 4 4 npu pH=5,5. KnHe-
TUYECKUE NCCnefoBaHUst KOMMNO3uTa nokasanu, 4YTo
agcopbuna sBnseTcsa npoueccom xemocopbumu, a
He anddysum [13].

lMonumepanuHucmeie Komno3umsl. Monumepr-
NMHUCTBIE KOMMO3WUTbI MPUBMEKNM BHUMaHue npwu
obpaboTke BOAbI TEM, YTO OHU AEMOHCTPUPOBANM
LUMPOKUA CMEKTP MOPOBLIX CTPYKTYP, XOPOLUYHO
nnowiage MOBEPXHOCTU, CBEPXNEerkun Bec, Ynyu-
WeHHylo obpabaTbiBAaeMOCTb U CTabunbHOCTb, XO-
POLUYI0 CENEKTUBHOCTbL MO OTHOLUEHWIO K pasnuy-
HbIM 3arps3HUTENSAM, 3KOHOMUYECKYID 3hdeKTUB-
HOCTb W NMOYTU OTCYTCTBME NOTEPb Ha pereHepauunio
ONsi MOBTOPHOro Mcnonb3oBaHus. [MonumeprnnHu-
CTble KOMMO3WUTbl MOryT ObITb MOMYyYEHbl B pPasnuy-
HbIX popMax MyTemM MHTEpKanNsiLMn, HaHECEHMUS MO-
KpbITUSA, ONOKYNSLMA UM OTCNanBaHUS.

B kauecTBe HOBOro agcopbeHTa 3arpsi3HALNX
BELLECTB Oblfl1 CMHTE3NPOBAH MONIMMEPHbIN NPUBU-
Tbid AVHUCTBIA KOMMNO3WUT, COAepKaliun nosiBu-
HANMUPUANH U MOHTMOPUIIIOHUT. CTpyKTypa KOM-
no3uTa Mnokasana BbICOKYH MOSIMMEPHYI0 Harpysky
6e3 BbilenaymBaHusa nonumepa, 6Gonee HU3KYHO
3aBUcMMOCTb OT pH u Bbicokui C-noteHuman. MNpu
HU3KOM MNU ymepeHHOM pH pearupyowimin Ha 3a-
rPA3HUTENU NONMMEP MNPUHUMAET MNPOTOHbI, 4TO
NpUBOAMT K YCUNEHUIO aacopbumy 3arpAasHsAoLLnX
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BewecTts. OgHako npu nosbilweHHOM pH pearmpy-
IOLLMI Ha 3arpsa3HUTENU NosMmMep TepseT NPOTOHbI,
4YTO MPUBOAWT K Aecopbumy 3arpsasHALWMX Be-
wects. Kpome Toro, 3TOoT KOMMNO3WT UCCNEAOBaH Ha
yaaneHne MUKpPOMOMMTaHTOB (CynbdeHTpasoHa,
apceHaTa, aTpasuHa) n3 CTouHbIX Bog [14]. Skcdo-
NMMPOBaHHbIE U UHTEPKanMpoBaHHbIE MOHTMOPWII-
NOHUTBI BbINM NPUBMTHI NONMMEPaMN HATPUN 2-aK-
punamuao-2-metunnponaHcynsgoHatom u N-u3o-
nponunakpunammaoMm ¢ UCMonbL3oBaHMeM MeToaa
6e3noBEepPXHOCTHO-aKTUBHBIX BelecTB. [lonyyeH-
HbI KOMMO3WUT MPOAEMOHCTPUPOBAI XOPOLLYIO CMo-
COBHOCTb K yaaneHuio kobanbTa, HUKens u meTune-
HOBOrO CWHero kpacutens. Komnosut rnokasan CHu-
XeHVe MNOBEPXHOCTHOrO HaTSXKEHWs, YTO MPUBENO K
ynydweHnto abcopbLMOHHON CMOCOBHOCTU MWHBI U,
COOTBETCTBEHHO, K 3D(PEeKTMBHOMY YOANEHWNIO UOHOB
MeTannoB W MOMeKyn Kkpacutens. JTOT KOMMO3WUT
TaKkKe nokasan NOBTOPHOE UCMONb3oBaHWe (4 uukna)
6e3 notepu adpdektmBHocTM yaganexus [15]. B ka-
yecTBe 3(PPEKTUBHBIX N IKOHOMUYECKMX adcopber-
TOB AN yAaneHus WOHOB PTYTWU U3 BoAbl Npearo-
XE€H KOMMO3WT, MONyYeHHbI KoMMnekcoobpasosa-
HMEM MOHTMOPWNIOHMTA C MOSIMBUHUITOBLIM CNNP-
TOM W NONKN-4-CTUPONCYNIbGOOHOBOW KWUCIIOTOM-CO-
ManenHoBOW KucnoTon [16].

Ona yoaneHus kpacutenen nornyvyeH HOBbIA rna-
porenesbli KOMMO3WUT HA OCHOBE akpunammaa, 2-ak-
punaMmmao-2-MeTUnnpPonNaHCcynbMOKUCIOTbl U MOHT-
MopunnoHuTa. B kadvecTBe clumBatlowero areHTa
ucrnoneb3oBanm  buc-[2-(MeTakpunonnoken)aTurjdocaar.
'maporenesblii KOMMO3UT NPUMEHANca Ana yaane-
HUS1 KpacuTenem W3 CTOYHbIX BOA: METWUIOBOro
kpacHoro (MK), metuneHosoro cuHero (MC) n kpu-
ctannunyeckoro guonetosoro (K®). MakcumanbHas
agcopbunoHHas cnocobHOCTb 3TOrO MMApPOoreneBoro
komno3uta coctaBuna 113, 155 n 176 mr/r gna MK,
MC n K& cootBeTcTBEHHO. [lecopbuuto kpacuTenen
13 KOMNo3uTa npoBoAuNu B pacteope ataHona [17].
[nsa atow Xe uenu 6bin CMHTE3MPOBaH rMaporenbs ak-
pvnamuga, N-uzonponunakpunamuga u MOHTMOPWIT-
MNoHWTa Ansa yganeHus MeTUNeHoBoro cuHero. MNony-
YEHHbIA KOMMO3WT MoKa3an XopoLuee CBOMCTBO Haby-
xaHus-cxatus. MNpouecc agcopbuum 3asucen ot pH u
TemnepaTtypbl cpedbl. KuHeTnyeckue wccrnegoBaHus
rokasanu, 4to aacopbumsa CooTBETCTBYET NCEBAOBTO-
poMy nopsaky. KomnosuT Takke nokasan XopoLuyto
pereHepauMoHHY0 CrocobHocTb (5 umknoB agcopo-
LIMOHHO-AeCOPOLIMOHHBIX Npoueccos) [18].

OpHako cnegyeT 3amMeTWTb, YTO MOMMMeEp-
yrnepogHble U MNOMMMEPITINHUCTLIE KOMMO3UTbl He
AOCTUIMN ONTMMAarbHbIX 3KCMyaTauMOHHbIX Xapak-
TEPUCTUK B Ka4yecTBe aacopOeHTOB ANnd KpymnHoce-
PUNHOro Npon3BOACTBA.

KOMNO3UTbl HA OCHOBE NOJIMMEPHbIX

FETEPOLUMKNUYECKUX COEQUHEHUNA

MonekynapHO-UMNPUHTUPOBAHHbIE  NONIMMEPDI
(MWNI) — aTo HoBOE NokorneHue aacopbeHToB, KOTO-
poe npuHUMNuansHO OTnnyaeTcs OT ApYrux aacop-
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GeHTOB crnocobamu cuHTEe3a, CTPYKTYpOW M CBOW-
ctBamn. OcHOBHOe TpeboBaHWe K COpPOLMOHHBLIM
mMaTtepuanam — BbICOKasi CENeKTMBHOCTb, KOTopas
pewaerca nyteM OPMMPOBaHUA B MonmMMmepe
yHKUMOHANbHbLIX rpynn. OMEEKTUBHBIM pELLEH M-
€M CO030aHuS BbICOKOCENEKTMBHbLIX COPOLMOHHBLIX
MaTepuanoB Ha OCHOBE MOMMMEPHbIX CUCTEM $1B-
NATCA NONUMEpPbI C «MONEKYNSAPHBIMU OTneYyaTka-
MWy, Morydyaemble METOAOM MOJSEKYNSAPHOIO UM-
MPUHTWHrAa.

MeTog nonydyeHusi NONMMEPOB C «MOSEKYmsp-
HbIMW OTnevyaTkamm» BkMNoyaeT 3 aTtama. Ha 1-m
aTane MOHOMEpP M MOMEKYNSAPHbIA WabnoH cmeLun-
BalOT B MOAXOASLLEM pacTBOpUTENe OO Hadvana no-
nuMmepusaumm, npoucxoguT obpasoBaHue YyCTON4u-
BOro MpeanonMmepu3aUmoHHOro Kommnekca mone-
Kyn MOHOMepa 1 BellecTBa-wabnoHa. Ha 2-m atane
B pesynbTaTte nonvMepusaumm unm nonmnkoHgeHca-
UMM NpegnonMMepusaumoHHbIX — KOMMMEKCOB  C
OonbWwKM M3BbITKOM CLUMBAIOLLEro areHta obpasy-
€TCHA CLUMTBIN MONIMMEP C XXECTKOW CTpPyKTypon. Ha
3-m aTane — yganeHue wabnoHa Ans NonyyYeHus
oTrnevyaTaHHOro nonvMepa.

Ha ocHoBe 1-BuHunumungasona (BUM), 4-u-
HuNnupuavHa (4-Bl), 2-sunmnnupuanHa (2-BI),
4-Bl/gnaszoamuHoben3ona n ctupona (CT) Gbinu
npurotosneHsl MATbI, KOTOpbIE NPOAEMOHCTPUPO-
Banu BbICOKYIO CENEeKTMBHOCTb W BbICOKYO aacopb-
LUMOHHYIO CMOCOBHOCTb MO OTHOLWIEHWIO K WMOHaMm
Hg(l), MeHg(l), Hg(ll) [19-21].

WccneposaHus cenektneHoctn As-WlNM Ha ocHoBe
BWM, 4-BIN, CT nokasanu, 4to agcopbeHT As-Ul Ha
ocHoBe BVM niydwe yaoepxusaet As, yem As-UMT Ha
ocHoBe 4-BIM [21]. As-UlN Ha ocHoBe 1-BMHUAUMMU-
Aasona nNpoAEeMOHCTPMPOBAaN XOPOLUYK CenekTuB-
HOCTb MO OTHOLLEHUo K noHam As cpean 23 (V, Mo,
In, Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, Se, Ag,
Cd, Sb, Ba, Au, Hg, Tl, Pb n Bi) koHkypupyoLmnx

3MNEeMEHTOB C 25-KpaTHbIM YBENMYEHMEM MpakTu4e-
CKOrO AuanasoHa AMHaMWUYEeCKOW W CTaTU4ecKomn
agcopbumoHHo emkoctn (0,048—4,925 mmonsb/T).
AOcopbeHT MMeeT XOpPOoLUY BO3MOXHOCTb MHOrO-
KpaTHOro mcnonb3oBaHus 00 20 UMKIMOB, a Takke
lwvpoknin paboumin ananasoH pH=5-7 ana npume-
HeHns B TBepA0da3HON IKCTPaKLMK.

MWlMbl Ha ocHoBe 2-Bll, 4-Bll/anasoamu-
HoGeH30n GbINM CUHTE3MpPOBaHbI ANdA pacno3HaBa-
HUS OPM OpraHNYeCcKon U HeopraHM4eCcKom PTyTU:
Hg(l), MeHg(l), Hg(ll). CopbunoHHas eMKoCcTb B BO-
ae Hg(ID)-UIM na ocHoee 2-BI1 coctaBuna 25 wmir/r,
Hg(ll)-UINM Ha ocHoBe 4-Bll/gnasoammnHobeH3on —
205 wmr/r. Cononumepsl Hg(I)-UIMNM moxHO ncnonb3o-
BaTb He MeHee 20 pa3 C M3BMEYEHMEM HE MeHee
95% [19, 20].

YHT npeactaensaoT cobon HaHoaacopbeHThI,
KOTOpble B HACTOsILLLee BpeEMS cUMTAOTCS Hambonee
ucnonb3yembiMn gns agcopbunm MOHOB MeTanmnos.
OpHako apcopbuuoHHbIE CBOMCTBA 3aBUCAT  OT
dYHKLMOHanNbHbIX rpynn, AUCNEePrMpyeMocTu B BOA-
HbIX cpefax, MOTHOCTU pas3MEeLLEeHMs U NIowaam
noBepxHocTu. C 3TOW TOYKM 3PEHUSA HAHOKOMMO3UT-
Hble MaTepuanbl Ha ocHoBe YHT 1 xenatupyrowmx
NonMMepoB MNEPCNEeKTUBHbI AMsi YCTPaHEHUS 3TUX
HepocTaTkoB. Tak, komnoautsl YHT/TAHW, nonu-3,4-
anokeutrodeH Bbinv NpUMEHEHb! B KayecTBe aacop-
6eHtoB Au, YHT/nonu-2-ammHotmodeH — Cd u Pb,
YHT/nonvnmppon — Pb, Ni u Cd, YHT/nonueuHun-
npuanH — Cd n Pb [22, 23]. Komnosut YHT/nonvsu-
HANMYPUOVH MOBbILLAET YyBCTBUTENBHOCTL Onpeaere-
HMA moHoB Cd B 2,6 pasa. YyBCTBUTENBHOCTE MOXET
ObITb yBENMYEHa C UCMONb30BaHMEM OomblUel Macchbl
apcopbeHTa 1 6ornee BbICOKOW KOHLEHTpaumM obbema.
CuWHTE3 HaHOKOMIMO3UTOB Ha OCHOBE MHOIOCTEHHbIX YT-
NepoaHbIX HAaHOTPYOOK 1 4-BUHUNMMpUOVHA NPEencTaB-
neH Ha puc. 1[23].

P—

HNO3/H,SO, Vinyltrimethoxisilane 7
. {——OH , o
7 @ 2 (VTMS) % Ny
o —» T ——0H —— . o——Si 2
= . —oH - —o
MWCNT MWCNT-oxidized MWCNT-VTMS
B CH. 7] CH,
CHs ¢ ? _—— e
CH3 N, 4-Vinylpyridine
o0 A | cHSHs i
—o—gi” CH—CH—CH,-CH___O " vy N
— CH— 5
= § \"/ C——CH-CH, | g ) -
(o] iC o
| o} N 2“3 5 e GHs
= | chZ? Y o CH,
= o o
N n
= = TRIM

MWCNT-Polyvinylpyridine

Puc. 1. CxemaTtnyeckoe npeacTaBrneHne cuHTe3a HaHOKOMMO3UTOB Ha OCHOBE MHOTOCTEHHbIX YrepodHbIX HaHOTPYBOoK
n 4-suHunnupugnHa [23]

Fig. 1. Schematic representation of the synthesis of nanocomposites based on multi-walled carbon nanotubes
4-vinylpyridine [23]
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Pa3paboTka BbICOKOAKTUBHBLIX U MHOroOpasoBbIX
KaTanusaTtopoB Ha Hocutene anst peakuun Cysyku—
Muaypa wn katanutudeckoro C—H-apunupoBaHus
BaXkHa AN dhyHAaMEHTanNbHOM U NPUKNaaHON XUMUN,
MOCKOMbKY 3TV peakuuyM UCNonb3yrTcs AN nonyde-
HUST MEQULIMHCKUX M (PYHKLUMOHANbHBIX MaTepuaros.
Ons atux peakumii paspaboTaHbl NonMMepHble narn-
nagveBble KaTanu3aTopbl, Takve kak nonu-N-uso-
nponunakpunamma-N-suHunummnaason/PdClz [24], no-
nu-4-suHnnnupuani/NazPdCls  [25], nonuBuUHUIMMU-
nason-akpunamug/(NHa)2PdCls  [26], nonunuppon/
[PA(NH3)4Cl2]  [27]. HaHokomnoautbl  monvnvp-
pon/[Pd(NH3)4Cl2] moryT adbcpekTmBHO cBA3bIBaTH 2-0y-
TundypaH n 2-0ytuntnodeH ¢ OGpomOeH3onom U
OPOMXUHONMHOM, a TaKkKe C aKTUBMPOBaHHbLIMW WM
0e3aKTMBMPOBAHHBIMU 3MEKTPOHHO-6eaHbIMKN 1 Bora-
TbIMUW 3NEKTPOHAMM, DYHKLMOHANM3NpoBaHHbIMK Bpo-
mMapeHamun. Komnosut nonu-4-suHnnnvupnanH/NazPdCla
ObIn NErko NPUroTOBMEH NMyTEM MOMEKYNAPHON CBEPT-
KM nonu-4-BUHUNNUpUAMHA W TeTpaxnopnannajata
HaTpus C MorfydYeHnem TPYOHOPaCcTBOPMMOIO KOMMO-
3uta nonumep—metann (puc. 2). CoyetaHne Cysykn—
Mustiypa n C—H-apunmpoBaHue apunxnopugos n 6po-
MWOOB C apunbOPOHOBLIMM KUCIIOTaMu, TuodheHamu,

[a]

polyid-vinylpyridine)

Molecular Convelution

dypaHamu, GEH30MIOM M aHM3OSIOM MPOUCXOONIO B
NPUCYTCTBMU KOMMo3uTa, cogepxailero ot 0,004 go
1 mon.% Pd. AHanus agcopbunn/gecopbunm razoob-
pasHoro N2 nokasan, 4TO Katanu3aTtop UMeeT Mes-
OMOPUCTYI0 NPUPOAY, YTO UrpaeT peLuatoLLyto porb
B KaTanmse.

OpHako nyylwme xapakTepucTMKM MNokasanu He
caMmn nNpoBoAsLUME MOSMMEPbLI, @ KOMMO3NUTbl Ha WX
ocHose. Tak, komnosuT nonuteptTuodeH/YHT ©bin
CVYHTE3MPOBaH N UCMONb30BaH B Ka4eCcTBe KaTOOHOro
maTepuana B NIMTUEBOM 3fIeEMEHTEe, cobpaHHOM Nnbo
C VWOHHOW >XWOKOCTbI, NMOO C OObIMHBIM KUAKAM
3NEKTPONUTOM [27]. DNEKTPONUT — MOHHAS >KUOKOCTb,
cocTosilas u3 Tetpadptopbopara 1-aTun-3-meTunu-
mMuaasonusi, cogepxawero LiBF4 n HebonbLloe konu-
YeCTBO BUHWMNEHKkapboHaTa. JIutmeBble anemeHTbl Obl-
N OXapaKTepM30BaHbl C MOMOLLIbIO LIMKITMYECKON BOSb-
TamMnepoOMETPUM 1 FranbBaHOCTATUYECKOTO LMKNa 3apsi-
Aalpaspsga. YoenbHas eMKOCTb S4eek C MOHHOM XXua-
KOCTbIO 1 OObIYHBIMU XUOKAMUW 3TIEKTPONMTaMm rnocrie
1-ro uukna coctasmna 50 n 47 MAY-TL, COOTBETCTBEHHO
Ha C/5 6annos. CoxpaHeHne emkoctn nocre 100-ro
uukna coctaBumo 78 n 53% cooTBETCTBEHHO.

.
= + NajPdCl,
[ P
N ]

polyvinylpyridine-PdCl; catalyst 1 Ly

Apumus. insoluble polymeric metal composite
[b]

polymeric Pd nanoparticle catalyst

@. c>~e|

Suzuki-Miyaura coupling

pelymeric Pd complex catalyst

.--—\’A /,\ "
N M=

.

Pd

t

2]

C-H arylation

O*Btomg + Cl—Ar —’G <_>— + Br, Cl—Ar -—-O—Ar

Puc. 2. CouetaHue Cysykn—Musiypa n C—H-apunupoBaHume ¢ NOMOLLbIO reTeporeHHbIX nonmmepHbix Pd
2-peXMMHbBIX KaTanusaTopoB:
a — MonekynsapHas ceepTka Ans NPUroToBEeHNS NOMMMEPHbLIX MeTanIMYeCcKnx KaTanm3aTopos;
b — 2-pexxuMHble kaTanusaTopsl [25]

Fig. 2. Suzuki—Miyaura Coupling and C—H Arylation with Heterogeneous Polymeric Pd
2-mode catalysts:
a — molecular convolution for the preparation of polymer metal catalysts;
b — 2-mode catalysts [25]

KOMNO3UTbl HA OCHOBE

KPEMHUUWOPIAHUYECKUX COEOUHEHUN

BonbLiown BKnag B pa3BuUtue Hanpasli€HUA, CBA-
3aHHOIo C CMHTE30M U unccrnegoBaHeEM beHKLWIO-
HalrlbHbIX MOJTMCUITOKCAHOBbIX Kceporeneﬂ, Oobin
BHeceH akagemunkoMm M. I'. BopoHkoBbiM (CO PAH,
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Poccus), akagemunkom A. A. Yynko (HAH YkpauHsbl)
M WX HayyHO-uccregoBaTenbCkuMu rpynnamu. B
1977 rogy BnepBble 6bIO COOBLEHO O CUHTE3E
Kceporens ¢ UCMonb3oBaHWEM peakuun rMaponuTmn-
YeCKOW NOMMKOHAEHCcCaUMM MepKanToMmeTun-Tpuve-
TOKCMCUNaHa, YTo CTarno Havanom cepuu paboT no
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cepocoepXallyM KpeMHUNOpraHnyeckum copbuu-
OHHbIM MaTepuanam [28]. PaccMoTpeHbl NyTK CUHTe-
3a C MCMONb30BaHWEM 30fb-Teflb MeToga HOBOro
Krnacca copbeHTOB M HOCUTENEN — NOMMCUITOKCAHOBBIX
kceporenewn, yHKLUMOHANN3MPOBAHHbLIX a30T-, KUCIO-
pod-, dpoccop- 1 cepocogepawmmm nuraHgamn. C
NPUMEHEHNEM  Pa3NNYHbIX  PUNYECKUX METOOOB
YCTaHOBMEHO CTPOEHME Kceporenem n ux MnoBepx-
HocTHoro cnosi. lMpoaHanusmpoBaH psa (PakTopOB,
BMUSIIOLLMX Ha CTPYKTYPHO-aACOpPOLUMOHHBIE XapakTe-

Si(OCH3)4 + [-CH,-CH(SO3Na)];,

3HaveHuns yaenbHOW NoBEepPXHOCTU M COpOLUMOH-
Horo obbema nop HaxoasiTCa B 3aBUCMMOCTU OT KO-
nuyecTBa BBEOEHHOTO B CUIIOKCAHOBYKD MaTpuly
nonumMepa. B HacTosillee BpemsA 9TO HarnpasreHue
npoaosmKaeT axkTUBHO pas3BMBaTbCHA, MNPU  STOM
Gonblloe BHUMaHWe yaenseTcsa paspaboTke nyten
CMHTE3a OpraHo-HeopraHW4Yecknx rmépuaHbIx mare-
pvanoB. TexHonorua 3ofb-refib CMHTE3a KOMNo3u-
TOB MO3BONSAET BBOAUTb B XMMWYECKU UHEPTHYIO U
TEPMUYECKN CTaBWMBbHYIO KPEMHE3EMHYI0 MaTpuuy
npakTudyeckn nbble opraHnyeckMe MOHOMEpHI,
onuromepsbl 1 nonmmepsl. OBpasytoLwmecs Npm 3Tom
opraHo-HeopraHudeckne rmbpuabsl MOryT MCMONb3O-
BaTbCsA B CaMblX pPa3fuYHbIX TEXHOMOMMYECKNX
dopmax — B Buae o6beMHbIX GNOKOB, TOHKMX MNrie-
HOK, BOJIOKOH, MOKPbLITUIA Ha pasfu4HbIX NOANOXKaX.
HecOMHeHHbIM  [JOCTOMHCTBOM  OpraHo-Heopra-
HMYeCKNX rMbpuAaHbIX MaTepuarnoB SBMSETCA BO3-
MOXHOCTb COYETaHWsi BbICOKOWN TEPMUYECKOW U XU-
MWYECKOWM CTabUNbHOCTN HEOPraHNYeCKon maTpuubl
M MPaKTU4eCKM  MONesHbIX  (PYHKUMOHANbHbIX
CBOWCTB OpraHM4eckoro KomnoHeHta. BsepeHwve
HeopraHM4yeckux HanorHuTenenm B MOMMMEPHYIO
MaTpuLy MOBbILLAET ee NPOYHOCTb U KECTKOCTb, a
nHorga u onpegenseT KOHeYHble XapaKTepuCTUKM
matepuana.

Cpeon nepBbix 0OGBLEKTOB, NOMy4YaeMbIX 30Jib-
renb MeToAoM, OblNM TOHKOCMOWHbIE MOKPbITUSA
(TonwmHon oT Aonen MUKPOHa A0 HECKOMbKUX MUK-
poH) [31]. B HacTosdllee Bpemsa uX MNpUMeEHeHue
OCTaeTCsl akTyarnbHbIM U B ONTUKE, U B MUKPOSIEK-
TPOHUKE. B MUKpOanekTpoHunke [32] TOHKMe HaHo-
pasMepHble nokpblTns (tTonwwmHon 30-200 HM) no-
ny4yaroT M3 BOAHO-CNMPTOBBLIX PacTBOPOB TeTpa-
aToKcucunaHa, AONMPOBAHHbIX OPraHWYeckuMu U
HeopraHM4eCkKUMN COeaNHEHUSIMU COOTBETCTBYIO-
LLIMX 3NEeMEHTOB, METOAOM LieHTpUdyrupoBaHus. Mx
HaHOCAT Ha MOynpPOBOAHUKOBbLIE W Apyrve MaTepu-

OH

OH + (RO3)Si(CH2)oNHy —>
(RO3)Si(CH2) ——

OH

+ HO/H"
- CH3OH

pucTukm kceporenen [29, 30].

[MokasaHa BO3MOXHOCTb MOMyYEHNsi C MOMOLLbIO
30Mb-reflb MeToda HOBbIX MaTepuanos, NpeacTaB-
ngawwmx cobon NONUCUMIOKCaHOBbIE MaTpuLbl CO
BCTPOEHHbIMU parMeHTamMmun WunuM OpraHN4yecKUMm
nonumepamm [30]. Tak, BbIM NnonyyeHsbl Kceporenu
Ha OCHOBe TeTpamMeTOKCUCUNaHa W MNONUBUHUI-
cynbpoHaTa HaTpUa C pasHbiM COOTHOLLUEHWEM
KOMMOHEHTOB B MCXOOHOM pacTBOpE:

(SiO2)x ([ - CH2 - CH(SOsNa)]n)y

arnbl 3NEKTPOHHOW TEXHUKW, Hanpumep, Ha KPEMHUNA.

Hanbonblwee pacnpocTpaHeHne TOHKUE CTek-
noBuAHbIE MOKPbLITUS MOMYYNNN B KavyecTBE UCTOM-
HUKoB Ancpdy3aHToB. X HAHOCAT Ha MNOBEPXHOCTb
NonynpoBOAHUKOBBIX MaTepuanoB npu 0ObIYHON
TemnepaTtype. Janee npu BbICOKOTEMMEpaTYpPHON
TepmoobpaboTke (800-1230 °C) npoTekaeT aud-
dy3ma aToMOB AOMUPYIOLLMX SMEMEHTOB B MOMYy-
NPOBOAHMK. BaXXHbIM JOCTOMHCTBOM 30f1b-Treflb Me-
TOAa nermpoBaHus NONYNpOBOAHMKOBLIX MaTepua-
nos gnddysnen n3 HaHopa3MepHbIX NMOKPbITUN AB-
nsieTca BO3MOXHOCTb BBOAMTb B HMX CHayana go-
NaHTbl, KOTOPble TPYAHO UMW HEBO3MOXHO BBOOUTb
apyrumm metogamu [32]. Takow cnocob nermposa-
HUA NpeanoyTUTENEeH Mpu M3roTOBMEHUM, Hanpu-
Mep, ManoLwyMSALLNX TPaH3UCTOPOB.

Mpu ucnonb3oBaHUKM 30Mb-refb METoAa MOXHO
CpaBHUTENBLHO Nerko BNUATbL Ha COCTaB U CTpOeHue
NOBEPXHOCTHOIO CMosA B TakMX maTepuanax, KoTo-
pble NPUMEHSIOTCA B KAa4ecTBe afAcopbeHToB, kaTa-
nusaTopos, MembpaH, ceHcopoB U T. 4. B koHue
NPOLUMOro CTONeTUs BO3MOXHOCTU 30fb-reflb MEeTo-
Aa 6binvM NPogeMOHCTPMPOBaHbI MPU CUHTE3€e NoMnu-
CWUIMOKCaHOBbLIX Kceporenem ¢ MOHOMYHKLMOHaIb-
HbIM rMaPOMOBHBEIM MOBEPXHOCTHLIM crioem [33],
nosgHee — nNpu NOnNyyYeHUU Kcepokorenen, MyHKLUK-
OHaNM3MpPOBAaHHLIX FPynnamu, CrNoCOOHLIMU K KOM-
nekcoobpasoaHuio [34].

OcHoBHbIMK cnocobamu  [35] nmonyyeHus ru-
OpUOHBLIX MOHOOOMEHHBIX M KOMMIIEKCOOOpa3yoLLnX
MaTepunanoB SABNATCA:

— Xumunyeckas Moandukaunsa UCXOoOHbIX OKCUA-
HbIX HOCUTEmNen KpeMHUMOPraHn4yeckumMmn coefuHe-
HusiMmK (cxema 1);

— HenocpeacTBEHHbIN CUHTE3 copbeHTa rmapo-
NUTUYECKON MNOSIMKOHAEHCALUMEN COOTBETCTBYHOLLMX
arnkokcmaoB (cxema 2).

o>

Si(CH3)3NH, 1)
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NSi(OR)4 + (RO)3SI(CH2)sNH; — > n Sj0O, - SiO4,5(CH2)3NH>
R=Me, Et, n=1/3-3 2

B 1-m meToge Bce (pyHKUMOHAMNbHbIE TPyMnbl
HaxodAaTCA Ha MOBEPXHOCTU HOCUTENs, Torga Kak
2-i MeTof4 MO3BONSAET CMHTE3MpOBaTb aACOPOEHTHI
¢ 6onblwKM cogepXaHnem OYHKUMOHANbHbIX rpynm,
pacnpegeneHHbIX Mo BCEMy 00beMmy.

B HacTosiLlee BpeMsi MPOMBILLIIEHHO MPOU3BO-
aarca  cunukarenn  («Ouacop6-UOK», «BruoXum-
Mak», Poccusa), cogepxalwiue umumHoguaueTaTHble
rpynnel. OnMcaHo Mx ycnewHoe MCnonb3oBaHWE B
mMeTann-xenatHom xpomaTtorpadum [36], npu ag-
COpPOLIMOHHOM KOHLUEHTPUPOBAHUN W pa3geneHun
CNOXHBIX CMecen MoHOB MeTannoB [37], B TecCT-

Si(OEt), + (EtO)3Si(CH2)3NH>

meTogax aHanusa [38]. OgHako cBefeHun O MeTo-
Aax MoNny4yeHus 1 CBOMCTBAxX Takoro poga rmbpua-
HbIX afcopbeHTOB HE4OCTaTOYHO.

CvHTe3npoBaH psa HOBbIX MOPUAOHbLIX OpraHo-
HeopraHuyeckmx agcopbeHToB C  3-aMUHOMPO-
nnoHaTHomn xenatHown rpynnon [35]. CuHTe3 npose-
OEH  COMONWKOHAEHCaUMen TeTpadTOKCMCUIaHa,
3-aMuHONPONMNTPUITOKCMCUNaHa u psga moaudm-
katopoB (MeSi(OEt)s, EtSi(OEt)s, Ti(OEt)4, AIONOs,
ZrOClz) ¢ nocnegyowum KapboKCM3TUNNMPOBaHMEM
akpunoBou kucrnotom (cxema 3).

X (OEt),
RS(OEt)3

SiO; "XO3 SiO;,5(CH2)3NH;
SiO," RSiO4,5°SiO1,5(CH,)3NH;
SiO5" 0,5A1,03° SiO1,5(CH,)3NH>
SiO," 0,5 Zr,03" SiO;,5(CHz)3NH,

R=Si, Ti;: R=Me,Et

O—_

O
n=1.2-2.0

AgcopbuMoHHas eMKOCTb MONyYeHHbIX obpas-
uoB Gbina nuccnegoBaHa B pacTBOpe, coaepKallem
katTuoHbl Ni2*, Co2", Cu?* u Zn?'. [lony4eHHble
N-kapboKkcnaTUNMpoBaHHble agcopbeHTbl umetot 6o-
nee BbICOKYHD afCcOpPOLUMOHHYI0 EMKOCTb MO OTHOLLE-
HUO K noHam Mmetannos (0,5-0,9 mmonb/r; pH=6,3;
NH4OAc; 20 °C), 4yem ucxogHble agcopbeHTbl ¢ nep-
BM4HON amuHorpynnou (0,05-0,2 mmonk/r). OHu npo-
ABMNSOT 3HAYUTENbHYK M3OUpaTenbHOCTL NpU n3-
BrneyeHmn noHos meawm (ll).

KomMnosuuunoHHble asporenn ¢yHKLMOHAmNbHbLIN
nonumep/SiO2, NONy4YeHHbIE C MOMOLLbIO 30Mb-TefNb
npoLecca, Hawmnu NpMMeHeHMe B Ka4yecTBe afcop-
OEHTOB TSXKEeNbIX MeTanoB, B GUONOrmyeckom a-
TMOMo3e, MOHOOOMEHHOM KaTanm3e. B kadecTBe
byHKLMOHAmNbHbLIX NONMMEPOB ObINM UCNOMb30BaAHbI
MeTurnMeTakpunaT, nonMMeTUunMeTakpunaT, nonu-
aTuneHguokcmaTnodeH, nonuctuporn, N-BUHUNMMK-
aason, 4-sMHunnupuauH u 1. g. [39]. OgHako 4ToObI
yNy4LlNTb COBMECTUMOCTbL OpPraHM4Yeckon 1 Heopra-
HM4Yeckon asbl B KOMMO3WMLMOHHOM Martepwuarne,
Obl gobaBneH amynbratop WM HeopraHudeckune
yacTuubl, NpegBapuTenbHO 06paboTaHHbIE UM MO-
andUUMpOBaHHbIE 3apaHee, 4YTO MPUBOAMITO K
CNOXHbIM MpoLeccamM nonyyeHus komnosnta. O6b-
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o)
O —Si(CHz)3NHz+n(CHz= CHOOH)N ——— |0 —S;j(CH,)3NH,—n(CH2CH,COOH)N
e O/

®3)

e[IMHEeHNe OpraHn4eckon M HeopraHu4deckon dasbl
KOMMO31Ta NOCpeaCcTBOM KUCMOTHO-OCHOBHOIO B3a-
MMOLENCTBUSA yNpoLLaeT MPOLECC ero MnonydeHus.
Tak, Hanpumep, B3auMOOeWCTBME Mexdy aToOMOM
asoTa B asoTcofepxalleM Monmepe U MnoBepx-
HOCTHOW CUNaHOMNbHOW rPynnon cunukarens npuse-
N0 K MONyYEHUIO KOMMO3WTa, KOTOpPbIA CnocobeH
apcopbupoBatb Cu(ll) u3 ctouHbix Bog (puc. 3).
MonyyYeHHbIV KOMMO3UT MMEET BbICOKYH YAENBbHYHO
noeepxHocTb Nno BAT 314 mM2/r n copbUMOHHYIO cro-
cobHocTb 40 85 Mr/r B HENTparnbHbIX YCIOBUSX.

CuHTe3MpoBaHbl M OXapakTepu3oBaHbl HOBbIE
mbpuaHble MaTtepuanbsl TeTpaaTtokcucunad/1,3,4-
Tnagmason-2,5-anammHa (Mi),  TeTpasToKcucu-
naw/1,3,4-tnagnason-2,5-gutnona (M) [40]. Mexa-
HW3M CUHTE3a NpeacTaBneH Ha puc. 4.

CTpykTypa rubpuaHbix MaTepuarnos Obina nsydeHa
metogamun AMP 13C, macc- n WK-cnektpockonuen,
COM, a Takke nNOCPeACTBOM aHanmsa agcopbumm—
aecopbuum azota. MbpuaHble MaTepuarnsl UMeKT Me-
30MOPUCTYIO CTPYKTYPY (pUC. 5), OTHOCWUTENBHO BbICO-
Kve yaernbHble MOBEPXHOCTU M 0Obembl Mop (Seer —
290-310 M2~r1, Vnop - 0,4—0,2 CM2~r1, dnop —34,80-20 A
COOTBETCTBEHHO Ans KOMNo3uToB M1 n My).

MonyyeHHble Kceporenu 6binM UccrnefoBaHbl B
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KadecTBe afcOpOEHTOB TSKENbIX MEeTanfoB, Takmx
N3 peanbHbIX CTOYHbIX
BoA. OHM OEMOHCTPUPYIOT BbLICOKYO afacopbunoH-
Hyto crnocobHocTb oT 214 go 410 mr-ri, kotopas
MOXeT ObiTb 0ObsSCHEHa BbICOKOW YAENbHOW MO-

kak Pb(Il), Cd(ll) n Zn(ll),

BEPXHOCTbIO, a TakkKe KONMMYECTBOM XenaTHbIX
hparMEHTOB Ha MOBEPXHOCTU CUHTE3NPOBAHHbIX
aacopbeHToB. [MonyyeHHble afcopGeHTbl  MoryT

6bITb Mcnonb3oBaHbl B TeyeHue 5 LMKNOB C He-
O0nbLUMM CHUXEHUEM MOornoLwarLen cCnocoOHOCTN.
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HO o
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Puc. 3. O6pasoBaHune a3oTcoaepKaLlero KoMmmnosuta nonu-4-BuHUNNMpuanH/Sio, [39]

Fig. 3. Formation of a nitrogen-containing composite poly-4-vinylpyridine/SiO, [39]
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Puc. 4. BudyHkunoHanbHble rmMbpuaHble MaTepuarnbl kak HoBble aacopbeHTbl AN yaaneHus TsKenblx MeTansos
13 BOOHOro pacTBopa: NakeTHble U cTaumoHapHble metogbl / IntechOpen [40]

Fig. 4. Bifunctional hybrid materials as new adsorbents for the heavy metals removal from an aqueous solution:
batch and stationary methods / IntechOpen [40]

Puc. 5. CkaHupytoLlan anekTpoHHas Mukpockonus agcopbertos My n M,

Fig. 5. Scanning electron microscopy of M; and M, adsorbents
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HaHOKOMMNO3WTHbIE MAEHKM ObiNM NPeaMeToM
OOLMNPHBIX paboT no paspaboTke 3hPEKTUBHOCTU
HaKOMMEHUS 3HEPrnu 3SNEeKTPOCTAaTUYECKMMU KOH-
aeHcaTopamu. Takue hakTopbl, Kak YuctoTa nonu-
Mepa, pasmep HaHodacTul, U Mopdonorns NIeHKuK,
pes3ko BMUAIOT Ha aneKkTpocTaTuyeckyro adpekTus-
HOCTb OWANEKTPUYECKOro maTepuana, KoTopblin 06-
pasyeT U3onupyrowas nrneHka mMexay npoBOASLLN-
MW 3neKTpoaamMu KoHAeHcaTopa. 3TO, B CBOK O4e-
pedb, BAMSIET Ha 3HEPTUI0 M 3aMOMUHAIOLLYIO CMOo-
cobHOCTb KOoHAeHcaTopa. B pabote [41] uccnepo-
Banu [OMANeKTpuyeckme CBOWCTBA 4-X MIIEHOK
aMOpP@HbIX MOSIMMEPOB BbICOKOW YNCTOTLI: NONUMe-
TunmeTtakpunaTta (INMMMA), nonuctupona, nonuu-
Muga v nonu-4-suHunnupugnHa. CpaBHeHue au-
3NEKTPNYECKMX CBONCTB 3TVX MONMMEPOB NoKasaro,
4yTO BOMnee BbICOKME XapaKTepucTnku Nnpobos xapak-
TepHbl ana nonuumuga (MA) n NMMMA. 3Skcnepwu-
MeHTanbHble AaHHble NoKa3bliBaloT, YTo Aobasne-
Hue konnouaHoro kpemHesema (1% 06.) k TMMA n
MA  nNpuBOOUT K CHWXEHWUIO OUINEKTPUYECKUX
CBOWICTB MO CPaBHEHUIO C MCXOAHbIM MOJIMMEPOM.
Mpu pobaBneHny KONMoMOHOro pacTBopa KpPeMHe-
3eMa oT 5 go 15% 006. K nonn-4-BUHUNUPUONHY UNN
MONMMUCTUPONY 3HAYEHUs1 ANEKTPOCTaATUYECKOrO Npo-
605 yBenuumsatotcsa. [JobasneHne gvokcuaa Kpem-
HUS K aMOPHbLIM nonvMMepamMm AenaeTr UxX Takumu
Xe  NPouYHbIMM  ananekTpukamu.  dakTtuyeckn
KpemHe3eM nomoraeT 3apsigy, NpUCyTCTBYOLWEMY B
«X03IMHEe» W HaHo4acTuuax, ObiTb nNMbo pasbpo-
CaHHbIM, NGO 3axBayeHHbIM. JTO CTUMYyNUpyeT
OVANEeKTpuYeckne CBOWCTBA MNONMMEPOB W YCUIW-
BaeT 3HepreTMyecKkne XapakTEPUCTUKU XpaHeHUs
3TMX aMOpPHbIX MaTepuranos.

TONnMBHbIE 3MeMeHTbl C  MONMUMEPHO-AMNEKTPO-
NUTHBIMM MeMOpaHaMn CTaHOBATCSA Bce Oonee nony-
NAPHLIMX ANs1 Pa3NMYHbIX OTpacnen NPOMbILLIIEHHOCTU
(anekTpomobunen, noesgoB, kopabnem u T. A4.). B
HacTosilee Bpemsa npumeHsemas membpaHa Ha-
h1oH® MmMeeT psa HEeJOCTaTKOB, KOTOPbIE MOXHO
pewntb NMBO BBEAEHWEM HanonHutenen, nnbo no-
ny4yeHnem HoBblIX MembpaH. B kadecTtBe anbTepHa-
TMBbl MeMbpaHam Tuna HaduoH BbICTYNawT Mem-
OpaHbl Ha ocHoBe nonubeHanmuaasona (MBU) un
cynbupoBaHHoro nonuacmpadpupketToHa (Cr33K),
HO OHWM TPeOYIOT 3HAYUTENBHOrO KUCMOTHOrO neru-
poBaHus. HanonHutenu npegHasHayeHbl Ons yBe-
NMYeHns yaoepXaHus Bogbl 32 CYET MIPOCKOMUYHO-
CTW, CHMXXEHUS pacxoga TOonnmMBa M nepexoga Kuc-
nopoga, OHU WHAYUMPYIT ObICTPYD MOABUXHOCTb
MPOTOHOB Ha TrpaHuuax pasgena, YynaBnuBaloT
BpedHble pagukanbl M ynydwarT MexaHudyeckme
csounctea [42].

OOHUM M3 MEeTOAdoB MONyYEeHUS KOMMO3ULMOH-
HbIX MembpaH siBNsieTca 30Mb-reflb CuHTe3. 30nb-
renb npouecc in situ 6bin UCNONb30BaH AN U3ro-
ToBNeHns membpaH HacdwmoH, cogepxawmx ZrOz,
SiO2 u TiO2. PesynbTaThl 3TOr0 UccnegoBaHus no-
Kasanu, 4to KoMno3uTHas MembpaHa nNnbo yaepxm-
Bana, nubo yBenu4ymMeana nornoweHne sodbl. Mem-
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OpaHbl ¢ ZrO2 yBenu4MBalT BOAOYAEPXKMBAIOLLYIO
crnocobHocTb Ha 33 u 45% npu Temnepatype 90 n
120 °C cootBeTCcTBEHHO, TiO2 — Ha 20-25%, a SiO:2
— Ha 15% npu Temnepatype 120 °C. OgHako m3me-
peHMs MpOBOAMMOCTU MOKasanu, YTO BBEAEHUE B
membpaHny TiO2, SiO2 He MPUBOOUT K YBEMMYEHUIO
ee NpoBoAUMOCTU, B oTnmn4dne ot ZrO2, rae yBenu-
YeHne NpoBOAMMOCTM MPOM3oLLNO Bcero Ha 8—10%
Nno CpaBHEHWO C McxoaHbiM HadmoHom. ABTOpHI
NPULLAX K BbIBOAY, YTO yBENMYeHWe BOAOMOrnoLle-
HUSA He Bcerga npuBOAUT K Gonee BbICOKOW MPOBO-
anmocTu [43].

KomnoautHele Membpanbl TBWU/SIO2 [44] wu
MBN/Fe2TiOs [45], nermpoBaHHble H3POa, yBenmun-
BalT CNOCOOHOCTb yAepXuBaTb KUCIOTY U obrner-
YalT TPaHCMOPT MPOTOHOB MOMEPEK MONMMEPHOMN
maTpuubl. NMpoTOHHasa NPOBOAMMOCTb KOMMO3UTHON
MembpaHbl NPakTUYecKn He 3aBucernia OT KOHLEH-
Tpauum HanonHuTens u oeina 6nmnska K NPoBOAUMO-
CTn cBo6oaHOM KMCnoThl [45]. Takke 6bIN0 N3y4yeHo
BNUSAHME HAMNOMHWUTENEN Ha XapakKTEPUCTUKN MEM-
6paHHo-anekTpoaHoro 6noka (MOB) [46]. BeeaoeHve
20 macc.% SiO2 B MeMBpaHy gano makcMMmarbHYyo
NNOTHOCTb MoLHocTK 83 MBT/cm? npu 300 MA/cwm?,
yTo Ha 20% BbILWE, YeM Y MeEMOpPaH, UCMOMb3YHOLLMX
yuncTeln nonuvep MNBN.

COM-n3obpaxeHrne MNonepeYHoro CeYeHust HaHo-
KOMMO3NTHOM MeMOpaHbl, cogepxallen 4 n 16 macc.%
FezTiOs (puc. 6), nokasano, 4Yto B criydae 4 macc.%
Fe2TiOs HaHoYacTULbl pPaBHOMEPHO AWCMEPrYpOBaHbI
BHYTPM MaTpuubl B, a B cnydae 16 macc.% FezTiOs
Habrnoganack 3Ha4YuTernbHas arnomMepaums HaHo4acTuL,

MakcrumMym MPOTOHHOW NPOBOANMOCTU — 78 MCM/CcM —
6bin gocTurHyT membpaHamm NBA/Fe:TiOs, nermposaH-
HbiMm HsPOs (12 macc.%) n cogepxaHvem FezTiOs
(4 macc.%) npu Temnepatype 180 °C B cyxux ycrnoBusix
(puc. 7, a). Xopowy MPOTOHHYK NPOBOAUMOCTb
MOXHO OODBSICHUTb TeM, YTO KaTuoHbl Fed* pacno-
NOXeHbl PAOOM € kaTuoHamu Ti4* B HaHoYacTULax u
YBENNYMBAKOT KUCIMOTHOCTb CBOWCTB 3TWUX WOHOB.
CnepoBarenbHo, B3aumogencTene mexagy HsPOs u
Fe2TiOs BHYTPM CTPYKTYpbl HAMHOIO CuUIlbHEee, 4To
npvMBOAUT K Bonee BbICOKOW MPOTOHHOW MPOBOAU-
MoOCTW. Xapaktepuctnku M3B nokasanu, 4To Npo-
N3BOAUTENBHOCTb TOMMMBHOIO 3fiEMEHTa 3Haudu-
TenbHo yBenunyunack ot 100 go 180 °C, 4to cBAa3a-
HO C Bornee ObLICTPON KMHETUMKOW peakuun U MoBbl-
LUEHHON MPOTOHHOW MNPOBOOMMOCTBLIO MeMOpaHbl,
3Ha4YeHUs1 MOLLHOCTW M NAOTHOCTK Toka npn 180 °C
coctaBunm 430 MBT /cm? 1 850 MA/cMm? cooTBeT-
CTBEHHO (puc. 7, b).

Komnosutbl CMO3K, cogepxawme 10% amopdp-
Horo SiO2, ZrP nnu 40% amopdHoro LmpkoHus (coc-
dat cynbdodeHundocdoHar), Takke 6binn npegso-
eHbl B Ka4yecTBe arbTepHaTUBHLIX MeMOpaH Ans
TOMMUBHBLIX 3reMeHTOB. [1pOoTOHHas NPOBOAMMOCTb
komno3autoB coctasuna 30-90 mCm/cm npu 100 °C n
oTHocuTenbHoW BriaxHocTn  100%. KomnosuTtHble
membpaHbl CMNIBK/ Fe2TiOs (1 macc.%) nokasanu ca-
MYHO BbICOKYIO MPOTOHHYIO NMPOBOAUMOCTb — 96 MCMm/cm
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npu 80 °C, yto Ha 65,5 n 6,6% Bbiwe, YeM y YMCTON
mMembpaHbl CIMA3K n HadmoH 117 cOOTBETCTBEHHO.
MnoTHocTb Toka coctasuna 188 mBt/cm?2 npu 80 °C un
oTHocuTenbHOW BRnaxHocTn 90% [47].

MbpuaHble MaTepuarnbl, NoOryyYyeHHbIe 30Ib-refb
METOAOM, OT/IMYATCA MOBBILLEHHON MeXaHUYeCKon
MPOYHOCTBIO W TEepMOCTaburbHOCTbIO, 0bnagaloT

AJS2100C SEI WD=113 1000 KV X 10K

YNYYLEHHBIMU TEPMOXMMUYECKMU, PEOSIOMMYECKMM,
ANEKTPUYECKMMWN N ONTUHECKMMM CBOMCTBaMU. Tarke
rmopuaHble KOMMO3UTbl HaxXOAAT LUMPOKOE MpUMEHe-
HME NpY OYMCTKE CTOYHBLIX U MPUPOAHbLIX BOA, U3BMe-
YEHUWN U KOHLIEHTPMPOBAHMN METASNSIOB B aHanuTuye-
CKOW XUMWW.

.US!I)C SEI WD=118 1000 KV X 10K

Puc. 6. CkaHupytoLLas anekTpoHHas MUKPOCKOMMUS NOMNEPEYHOro ceYeHnst HAaHOKOMMO3UTHON MeMBpaHbl
nonnbeHsnmmaason/Fe, TiOs, nermpoaHHon H3PO4 4 n 16 macc.%

Fig. 6. Scanning electron microscopy of a cross section of a nanocomposite membrane
polybenzimidazole/Fe,TiOs doped with H3PO4 4 and 16 wt.%
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Puc. 7. XapaktepucTukn MembpaH: a — NpoTOHHas NPoBOAMMOCTb Npw BRaxHoOcTn 0%;
b — nonspusaunoHHbie kpuBblie MeMbpaHbl nonmbeHsnmuaason/Fe, TiOs, nermpoeaHHon H3PO4 4 macc.% [45]

Fig. 7. Membrane characteristics: a — proton conductivity at 0% humidity; b — polarization curves
of a polybenzimidazole/Fe,TiOs membrane doped with 4 wt.% H3PO, [45]

3AKIKOYEHUE

MonyyeHve KOMMO3WLMOHHLIX MaTepuaroB siB-
NseTcs OOHUM W3 MEPCMNEKTUBHbIX HanpaBreHUNn.
KoMno3nTbl, B KOTOPbIX MaTpuuen CRyXut Monu-
MEpPHbI MaTepuan, SIBASOTCS OOHUMM U3 CaMbIX
MHOTOUYMCINEHHBIX M PasHOOOpasHbIX BUAOB MaTe-
pvanos.

KomnosuuunoHHble MaTtepuanbl obnagalT yHu-
KanbHbIMW CBOWCTBaAMU, TakMMK Kak Bonbluas nno-
Waab NOBEPXHOCTU, TEPMUYECKAS U MeXaHN4Yeckas
CTabunNbHOCTb, XOpPOLUas CENeKTUBHOCTb MO OTHO-
LWEHNIO K pasnuyHbIM 3arpsi3HUTENSM, 3KOHOMMUYe-
ckasi acpdpekTuBHOCTL. B 0630pe npencTaBreHbl
PU3UKO-XUMUYECKME N CTPYKTYPHbIE XapaKTepucTu-
KM KOMMO3WUTHBIX MaTepuasnoB Ha OCHOBE CUHTETU-
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Yeckux nonumepoB (MonMMep-yrnepogHbie, Monu-
MEPIMNHUCTBIE KOMMO3UTbI), MOMMMEPHBLIX reTepo-
LIMKITMYECKUX U KPEMHUMOPraHUYECKNX COeaUHEHUN.
Monumep-yrnepogHble U NOSIMMEPTIIMHUCTBIE KOM-
no3nTbl 3¢pPEKTUBHBI ANS yOANEeHUs OpraHN4yeckux
N HEOpraHUYecKMx 3arps3HALLMX BELeCcTB B pas-
NMYHbIX obnactsax npumeHenust. OgHako cregyet
3aMeTUTb, YTO OHM HE AOCTUIMN ONTUMANbHbIX 3KC-
nnyaTaLMoHHbIX XapaKTepPUCTUK B KadecTBe aacop-
©€eHTOB A4NsA KPYNHOCEPUNHOIO NPOU3BOACTBA.
LWvpoyaniume BO3MOXHOCTM B MOMYYEHUM
PYHKLMOHAmNbHbLIX  KOMMO3ULMOHHBLIX MOMMMEPHbLIX
MaTepuanoB npenocTaBnsieT 305fb-feflb  MeTOoA,
VMEKLINA Marnble OrpaHNYeHnss B OTHOLLEHUMU Tep-
MOAWHAMUYECKON COBMECTMMOCTM  KOMMOHEHTOB
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cuctembl. Bnarogapsi aTomy B nmpouecc 305nb-refb
CMHTE3a MOXHO BBOAWUTb MPAKTUYECKU HeorpaHu-
YEHHbIN HaGop MOMMMEPHbIX MaTpul, QYHKUMO-
HamnbHbIX COEAVMHEHWMA WU aPMUPYIOLLUX KOMMOHEH-
TOB, XapaKTEpPU3YIOLMXCS pa3Hoobpa3HbIM cocTa-
BOM U CTPOEHNEM XMMMWYECKN aKTUBHbIX rpynn. Mpu
NCNONb30BaHUN 3TOr0 MeToda MOXHO CPaBHUTEIb-
HO Ferko BMWSTb Ha COCTaB W CTPOEHME MOBEpPX-
HOCTHOIO CNosl B TakMx mMaTepuanax, KoTopble npu-
MEHSIIOTCA B KayecTBe afCOpPGEHTOB TSXKEmbIX U
GrnaropogHblX MeTannoB, KaTanv3aTtopoB, MeM-
OpaH, ceHcopoB, B Ouonorm4yeckoMm aHTMbmose,
MOHOOOMEHHOM KaTanuse U T. A. Takue KOMMO3UTbl
OTNINYAKTCH MOBLILUEHHON MEXaHWYECKON MPOYHO-
CTbl0O U TepMOCTabUNbHOCTbIO, O6GragatT  ynyud-
LWEHHbIMW  TEPMOXUMUYECKAMU, PEOSIOrMYECKUMM,
3NEKTPUYECKMMMU 1N ONTUYECKUMU CBONCTBAMM.
OpHako B paccmartpvBaemol obrnactu cylie-
CTBYET psf BOMPOCOB, OTBETbI Ha KOTOpble MOKa
oTcyTcTBytoT. [pexae Bcero, 3T0 OTHOCUTCS K He-
[OCTaTOYHOMY BHUMaHMIO UccriegoBaTenen K Xumu-

YECKOW CTPYKType KOMMO3WUTOB, MpuMpode CBSA3EW,
YOEPXKUBAKOLWMX KOMMOHEHTBI CUCTEMbI, COCTaBy
NPOAYKTOB 30Mb-refb npouecca. OTCyTCTBME Takon
WHOPMaLMM CO3[aeT CNOXHOCTU B PErynnpoBaHmm
YCIoBUA CUHTE3a MMBPUOHBIX CUCTEM, OT KOTOPbIX
CyLeCTBEHHbIM 00pa3oM 3aBuCUT  MOpPdONorns
KOMMO3UTOB, MX TepMU4eckass U XumMumyeckasa Cra-
OUNbHOCTb, PYHKUNOHANbHbIE N 3KCNyaTauUOHHbIE
XapaKTepUCTUKK.

HecmoTps Ha BbICOKUI YPOBEHb Pa3BUTUS 30JTb-
refnb TEXHONOMW, CyLLecTBYOLNE CBEAEHUS O Mo-
NMMEpPHBIX KOMMO3MLMOHHBLIX MaTepuanax Ha OCHO-
BE KPEMHWUMOPraHWYeCKUX MPEKYPCOpPOB  HOCAT
dparMeHTapHbIn N MNOBEPXHOCTHLIN Xapaktep. B
3MM304NYECKMX MCCMEAOoBaHMAX aBTOPbl OrpaHNYm-
Banucb NuLLb KOHCTaTaunen cmHTe3a HOBbIX KOMMO-
3UTHLIX MaTepuanoB, a Takke MCCNedoBaHMeM KX
Ba3nCHbIX XapakTepucTuk. Bo3amoxHOCTN co3paHus
COPOUMOHHBIX, MeMbBpaHHbIX, Buonornyeckn n ka-
TanuTUYECKN akTUBHBIX MaTepuanoB Ha OCHOBE Ta-
KX NPOAYKTOB He OblNv pacKpbIThl B MOSIHOW Mepe.
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The effect of methyl methacrylate transformations during
photocatalysis in the presence of RbTe1.5Wo.506
on the change of the complex oxide surface
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Abstract. The features of the surface changes of the RbTe1sWos506 photocatalyst during polymerization
processes involving methyl methacrylate (MMA) under irradiation with visible light A= 400-700 nm at a tem-
perature of 20-25 °C, as well as regeneration conditions for its reuse, have been studied. The realization of
a chemical reaction in a mixture of a photocatalyst and a monomer is determined by its kinetic parameters
and the concentration of reacting particles. The formation of OHe radicals, which are active in radical
polymerization, occurs in this case by both ways: interacting between water molecules adsorbed on the sur-
face, as well as during the recovery of oxygen dissolved in water. Due to the high reactivity of the hydroxyl
radical, an active process of radical polymerization of MMA could be expected. However, the formation of
polymethyl methacrylate (PMMA) in the reaction takes place with a low conversion — the formation of 5-10%
polymer, which is related to changes on the surface of the complex oxide RbTe15Wo 506 during the reaction.
Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) methods have been used
to investigate the catalyst surface. The presence of organic and polymer substrates was revealed on the
catalyst surface after the reaction. As a result of the catalyst treatment by ultrasound in an aqueous emul-
sion, polymer macromolecules are not identified on the surface, but chemically adsorbed monomer and oli-
gomers formed under the ultrasound destruction of the polymer are presented. Other methods of cleaning
the catalyst surface by washing in different solutions as chloroform and tetrahydrofuran also are not effective
and cause the adsorbates transformations on the surface. It leads to decreasing the RbTe15W, 506 catalyst's
activity for repeated polymerization. Thus, to successful regeneration of the catalyst's powder not only ultra-
sound treatment is required, but also heating it at 300—400 °C to remove organic substrates.

Keywords: photocatalysis, B-pyrochlore, complex oxide RbTe15Wo506, emulsion polymerization, X-ray pho-
toelectron spectroscopy, scanning electron microscopy
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BnusaHue npeBpawieHUn MeTUNIMeTakpunara
npu dootokaTtanuse B npucytcteum RbTe1s5Wo,506
Ha U3MEeHeHue NOBEePXHOCTU CNOXHOro oKkcuaa
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AHHOMauyus. M3ydyeHbl ocobeHHOCMU U3MEHEeHUs nogepxHocmu ¢homokamarnusamopa RbTe15Wos06 6
rofIUMepPU3ayUOHHbIX rpoyeccax ¢ ydacmuem memunmvemakpunama (MMA) npu obnyyeHuu eudumbim
ceemom A=400-700 Hm u memnepamype 20-25 °C, a makxe ycroeusi peeeHepayuu O0rs e2o nogmopHo20
npumeHeHusi. Peanusayusi mod unu uHolU XuMu4eckol peakyuu 8 cMecu homokamarsnusamopa U MOHoOMepa
onpedensiemcs ee KUHEMUYECKUMU napamMempamu U KoHUeHmpauyuel peazupytoujux 4acmuy. Obpa3sosa-
Hue OHe padukasnos, akmusHbIX 8 padukasbHOU MnoauMepu3ayuu, npoucxooum 8 3moM cily4ae Kak npu
g83aumodelicmeuu ¢ adcopbuposaHHbIMU Ha NMOBEPXHOCMU MOieKyamu 800bl, mak u 8 0bbeme pacmeopa,
a makxe rnpu eoccmaHo8/IeHUU pacmeopeHHo20 8 800e Kucriopoda. B ces3u ¢ mem, 4mo audpoKCusibHbIl
padukan obnadaem 6bICOKOU peaKUUOHHOU CriocobHOCMbIO, MOXHO ObIIo OXudamb akmueHbIl rpouecc
padukanbHol nonumepusauyuu MMA. O0Hako obpasosaHue NMMMA e paccmampusaemol peaKkuyuu fpoxo-
Oum ¢ Hu3kol KoHeepcueli — Habrodaemcsi obpasosaHue 5—10% ronumepa, 4YmMo C853aHO C USMEHEHUSIMU
Ha nogepxHocmu crioxHo20 okcuda RbTe;sWo 506 8 npouecce peakyuu. [ns uccrnedosaHusi nogepxHocmu
Kamanusamopa 6bifiu Ucronb308aHbl Memoodbi cKaHupyrowel 31eKmpoHHoU mMukpockonuu (COM) u peHm-
eeHoeckol chomoanekmpoHHoU cnekmpockonuu (PO®3C). Nocne peakyuu Ha MogepxHocCmMu Kamasusamopa
661510 06Hapy>KeHOo rnpucymcemeue op2aHUYeCKUX U rnoumMepHbix cybcmpamos. B pesynbmame obpabomku
Kamasnusamopa ynbmpa3eyKkoM 8 800HOU 3MyfbCUU MaKpOMOJIEeKY bl rnofumepa He udeHmughuyupyromcesi
Ha rnogepxHocmu, Ho rpedcmassieHbl XUMU4YecKu adcopbuposaHHble MOHOMEpP U Oflu2oMepbl, obpa3yruu-
ecs npu paspyweHuu rnonumepa yrnbmpassykom. [pyaue crnocobbl 04UCMKU N08EPXHOCMU Kamarsu3amopa
riymem rpoMbI8KU 8 Pa3/iu4yHbIX pacmeopax, makux Kak X/10poghopm u mempazudpoghypaH, makxe Heagh-
gekmusHbI U 8bi3bigarom rpespaweHuss adcopbamos Ha nosepxHocmu. AmMo npueodum K CHUXEHUI ak-
musHocmu kamanu3damopa RbTe15Wo 506 ripu noemopHoU rnonumepusayuu. Takum obpasom, 0ns ycriewl-
HoOU pezeHepayuu nopowka Kamasuzamopa mpebyemcs He Mmosibko obpabomka yrnbmpas3eykoM, HO U
Haepes e20 rpu 300—400 °C dns ydaneHus op2aHu4Yeckux cybcmpamos.

Knroydeenie criosa: homokamarnus, 3-nupoxnop, KoMrnekcHbil okcud RbTe1sWosOe, MyribCUOHHAsS ronume-
pusayusi, PEHM2eHoB8CKasi (hOMO3IEKMPOHHas CIEKMPOCKOMUSI, CKaHUPYyouwast 371eKMPOHHasi MUKPOCKOMUST

BnazodapHocmu. Paboma ebinosiHeHa ¢ ucrnonb3oeaHuem obopydosaHusi LIKI «Hoeble mamepuaribi u pe-
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INTRODUCTION

Photocatalytic reactions under the influence of
visible light attract attention due to compliance with
the principles of green chemistry and the wide range
of possibilities with their use. Different metal oxides,
which are capable of catalyzing reactions under vis-
ible light irradiation rather than ultraviolet, have re-
cently become the most widespread [1-5].

Photocatalytic oxidation is especially widely
known for the decomposition of pollutants with dif-
ferent nature in water and air. It is due to the pres-
ence of variety active particles in the reaction vol-
ume: charged particles, radicals, singlet oxygen,
hydrogen peroxide, capable of destroying organic
compounds. Significant progress has been recently
reached in this direction [1, 6-17].

It is attractive to use an active hydroxyl radical,
also formed under irradiation of metal oxides, to ob-
tain new polymer materials for a number of reasons:
the possibility of carrying out the process at room
temperature, the absence of fragments of material
initiators with organic nature, etc. Photo-catalytic
radical polymerization at low temperatures with the
active hydroxyl radical participation is the best
known for titanium oxide [18, 19]. A number of arti-
cles describe similar studies for the production of
composites used for 3D printing of biomedicine ma-
terials [20], or along with controlled copolymerization
by the mechanism of reversible transfer of the addi-
tion-fragmentation chain for the synthesis of block
copolymers of acrylic monomers with a certain com-
position [21].

In previous studies, we have described the syn-
thesis of the MMA polymer and its graft copolymers
with natural polymers, collagen and pectin, in an
aqueous emulsion in the presence of a complex oxide
RbTe1sWos0s under irradiation with visible light
A=400-700 nm at a temperature of 20-25 °C [22, 23].
The structural and relief organization of the obtained
graft copolymers is typical of scaffolds and allows us
to consider them as a promising material for medical
materials — hydrogel scaffolds with a new set of
properties. Such composites based on copolymers
of natural and synthetic polymers are well known,
especially for tissue engineering [22-31]. The re-
peated usage of the catalyst deserves special atten-
tion in case of developing new methods for obtain-
ing polymer materials. Such studies have been car-
ried out for many catalysts with a practical focus of
research. For example, the reuse of -catalysts
AgsPOs-Guar gum [32], Fes304/CeO2/g-C3Nas [33],
SiO2/WO3z-TiO@rGO [34] is possible for several
cycles with a slight loss of activity after solvent
treatment and heating. Thus, the study of the reuse
possibility of the complex oxide RbTe1sWos50s is
relevant due to photocatalytic activity for polymeriza-
tion processes.

In this paper, different surface purification meth-
ods of the RbTe1sWosOs catalyst after poly-
merization of MMA have been carried out. In order
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to analyze the surface behavior of the complex ox-
ide RbTe15Wos0s in detail during the adsorption of
organic substrates and further photocatalytic
polymerization in water MMA emulsion under irradi-
ation with visible light A=400-700 nm at a tempera-
ture of 20-25 °C, the methods of XPS and SEM
were used, which allows to qualitatively and quanti-
tatively determine the chemical composition of com-
pounds at the near-surface layer from 1-2 nm to
several micrometers.

EXPERIMENTAL SECTION

Materials. Commercial organic solvents were
used in the study: tetrahydrofuran (99.5%, Compo-
nent-Reagent, Russia), chloroform (99.85%, Com-
ponent-Reagent, Russia). MMA (99.8%, Ener-
goeffect, Russia) was used as a monomer. It was
previously purified from the stabilizer by washing the
monomer with a 10% w/w alkali solution in a ratio of
1:1 at least 4 times, and then it was repeatedly
washed with cold water to a neutral pH. Then the
monomer was dried using calcium chloride for at
least a day. At the end, the MMA was distilled under
vacuum (1.33 Pa) at 40 °C. Potassium salts of resin
and fatty acids (Ediscan, Orghim, Russia) and di-
methacrylic ether of triethylene glycol (TEGDME,
Khimtransit, Russia) played the role of emulsion
stabilizers.

Preparation of MMA-in-water emulsion. The syn-
thesis of a polycrystaline sample of the
RbTe1sWo.506 compound with an average particle
size of ~700 nm was carried out by a solid-state re-
action, a detailed experimental technique was de-
scribed earlier in our papers [13, 23, 35]. The emul-
sion for the reaction was prepared by mixing
RbTe1sWo.506 powder, water and monomer with the
addition of emulsion stabilizers (mass ratio monomer-
water mixture : Ediscan : TEGDME : catalyst =
= 100:1:3:1), treating with ultrasound for 5 mi-nutes
using the ultrasonic dispergator UZDN-A650. The v/v
ratio of water and monomer was 75:25. The reaction
was carried out in an argon current, irradiation was
carried out using an LED lamp of visible radiation
(white, 30 W LED, 6500 K) (Fig. 1).

Photocatalyst treatment after emulsion polymer-
ization reactions. After the end of the reaction, the
emulsion was centrifuged for 30 minutes to separate
the catalyst. Catalyst powders after parallel polymer-
ization experiments were subjected to different puri-
fication methods (purification was not carried out
sequentially, and a specific procedure was carried
out for each catalyst powder after the polymerization
reaction):

1) washing at 50 °C in THF solution for 3 hours;

2) chloroform extraction at 61 °C in the Soxhlet
extractor for 15 h;

3) powder treatment with ultrasound for 40 mi-
nutes in the presence of water at 20 °C;

4) powder heating at 300—400 °C in the Pt cru-
cible in a muffle oven.
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Fig. 1. Lamp spectrum (white, 30 W LED, 6500 K)
Puc. 1. CnekTp namnsl (6enbiit, 30 BT LED, 6500 K)

Then all the powders were dried under vacuum
(1.33 Pa) at 40 °C to a constant mass.

Characterization. The obtained samples of the
catalyst powder were examined by scanning elec-
tron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS). The study of the surface of
photocatalyst powder was performed using a scan-
ning electron microscope JSM-IT300 (Jeolltd, Ja-
pan) with an electron probe diameter of 5 nm (oper-
ating voltage 20 kV), using a backscattered electron

@
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catalyst surface

detector in high vacuum mode. Determination of the
features of the chemical composition of the surface
in the samples was carried out by XPS on an elec-
tronic spectrometer “Escalab 250Xi”. A monochro-
matized line Al Ko=1486.6 eV was used as the radi-
ation source. The spectra were recorded in the
mode of constant transmission energy at 100 eV for
the survey spectrum and 50 eV for the spectra of
regions of elements with a spot size of 650 microns.
The depth of the surface analysis is up to 2 nm. The
total energy resolution was about 0.3 eV. A neutral-
izer gas was used to neutralize the surface charge.
The pressure in the chamber during the study was
no more than 10-° mbar, which guaranteed a clean
surface. Correction of the position of the element
lines in all cases was carried out along the carbon
line C 1s (285 eV). The study of the surface compo-
sition by depth was carried out by etching the sur-
face with an ion gun (Ar*) with an accelerating volt-
age of 3 kV.

RESULTS AND DISCUSSION

It was previously shown [36] that after the cata-
lyst — oxide RbTe1sWos0s irradiation with visible
light, electron-hole pairs are formed, which can lead
to a number of transformations according to

schemes 1-7 in Fig. 2.

M
catalyst surface

Fig. 2. Scheme of formation of electron-hole pairs during photocatalysis

Puc. 2. Cxema 06pa3oBaH1sl 3NEKTPOHHO-AbIPOYHbLIX Nap nNpu oTokaTanmse
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Reactions (1-7) indicate that several chemical
transformations can actually occur simultaneously in
the reaction mixture of a photocatalyst and a mon-
omer. The realization of a chemical reaction is de-
termined by its kinetic parameters and the concen-
tration of reacting particles. The formation of OH- ra-
dicals, which are active in radical polymerization,
occurs in this case by both ways: interacting be-
tween water molecules adsorbed on the surface
(scheme 2, 3), as well as during the recovery of ox-
ygen dissolved in water (scheme 6, 7). Due to the
high reactivity of the hydroxyl radical, an active pro-
cess of radical polymerization of MMA could be ex-
pected. However, as was shown in the work [22], the
formation of polymethyl methacrylate (PMMA) in the
reaction takes place with a low conversion - the for-
mation of 5—-10% polymer with molecular weight (MW)
and polydispersity coefficient (PDI) 140-145 kDa and
2.2, respectively, are observed. In addition, the
product of oxidative dimerization of MMA (OMMA)
and its oligomer were also isolated in small amounts
and polymer on the catalyst’s surface. If a natural
polymer (collagen, pectin) is presented in the reac-
tion mixture, a graft copolymer is formed [22, 23].
Schematically, reactions in a mixture of a catalyst
with a monomer, including in the presence of a natu-
ral polymer, are shown in Fig. 3.

Thus, it was necessary to conduct a detailed
study of the catalyst powder surface and test it after
the photocatalytic polymerization reaction for reuse.
To achieve this goal, PMMA was synthesized from

an MMA emulsion using a photocatalyst. To study
the features of the processes occurring on the sur-
face, the catalyst powder after the reaction was sub-
jected to various purification methods.

Analysis of the catalyst powder after the MMA
polymerization reaction by SEM showed the presence
on the surface of a significant number of polymer fibers
with a length of up to 200-700 microns, as well as
smaller organic particles with a size of 5-10 microns
(Fig. 4), as previously in works [22, 23].

Study of the catalyst powder surface by SEM af-
ter washing in THF and chloroform, as in the previ-
ous experiments [22, 23], showed the presence of
polymer and organic fibers (Fig. 4, b, c). However,
after purification in water by ultrasound and subse-
quent drying in vacuum, polymer fibers on the
RbTe1s5Wo.506 oxide surface are not identified by the
SEM method (Fig. 4, d) as well as after further heat-
ing at 300—400 °C.

However, the catalyst powder after ultrasonic
purification in water without additional calcination
showed a significant drop in its effectiveness in the
synthesis of a polymer based on MMA. Such pow-
der leads to PMMA formation with a conversion of
less than 5% (when using fresh powder, up to ~10%
of the polymer can be isolated from the reaction
mixture) [22]. It is obvious that the change in the
efficiency of the photocatalyst is associated with a
change in the RbTe1s5Wos506 oxide surface, which
are not identified by the SEM method.

Polymer

RN e

ing OF
‘” =OH n MMA
-oH ——=M-0- —»
H:D
o [—
) 5

Fig. 3. Schemes of various directions of interaction of formed radicals with the substrate

Puc. 3. CxeMbl pas3nuyHbix HanpasneHnin B3aumoaencTenst obpasoBaHHbIX pagukanos ¢ cybctpaTtom
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b

d

Fig. 4. Polymer macromolecules on the surface of the RbTe; sWo 506 catalyst powder
after the polymerization reaction of MMA (a); the RbTe; sWo 506 catalyst powder surface after washing
of PMMA in a THF solution (b), CHCI; (c) and water in UZDN-A650 (d)

Puc. 4. Makpomonekyrnbl nonumepa Ha NoOBEpPXHOCTM nopoLuka katanudatopa RbTe; sWo 506 nocne
npoBeAeHNs peakuuy NonuMmepunsaumm meTunMeTakpunara (a); NOBepXHOCTb NopoLUka katanusatopa RbTe; sWo 50 nocne
OTMbIBaHWA NonMMeTUNMeTakpunarta B pactsope teTrparngpodypana (b), CHCI; (¢) n Bogbl B Y3[H-A650 (d)

A more in-depth study of the RbTe1sWos50s Oxide
surface after the 1st, 2d and 3d purification methods
by the XPS method showed that a shift of the photoe-
lectronic lines of Rb, Te, W metals towards high bind-
ing energies respect to RbTe15Wos06 initial sample is
observed [13, 35]. The shift shows Rb, Te, W atoms
on the surface are predominantly connected to oxygen
that is, all the atoms on the surface after the polymeri-
zation process and purification are in an oxidized state
“M-O-” (Fig. 5). Simultaneously, ultrasound purification
with further calcination at 300—400 °C leads to almost
full recovering the positions of the metals photoelec-
tron lines on the surface.

The behavior of the surface carbon also should
be noted. Photoelectronic lines C 1s and O 1s for the
initial catalyst powder show the presence of a charac-
teristic insignificant amount of adsorbed organic pollu-
tants and CO2 on the surface (Fig. 6, a, b), while there
are significant changes of C1s and O1s for samples
after the 1st, 2d and 3d treatment methods. Only
ultrasonic treatment with next heating allows to
reach quite close the initial decompositions of the C

1s and O 1s lines. Moreover, as it has been con-
firmed earlier [35], the ratio of Rb:Te:W atoms on
the surface strongly impacts on the photocatalytic
activity of the powder. Using XPS method, it has
been obtained that the Rb:Te:W ratio is significantly
depended on purification procedure, and it becomes
close to the initial only after chloroform solution
treatment and ultrasound conditions with further
heating.

Decomposition of photoelectronic lines of car-
bon C 1s and oxygen O 1s showed that chemically
adsorbed MMA and its oligomers are present on the
surface of the powder sample washed in an ultra-
sonic bath: contributions of the C-C (285 eV),
C-C=0 (285.75 eV), C-O (286.7 eV), O-C=0
(289.1 eV) bonds are correlated as 2.4:1:0.7:0.4
(Fig. 6, c, d; Tab. 1). A slight change in the peaks
ratio compared to pure PMMA (2:1:1:1) in the line C
1s occurs due to the influence of the metals of the
RbTe15Wo.506 compound on the distribution of elec-
tron density along the bonds, formed between Rb,
Te, W and carbon of the MMA molecules though
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oxygen. Besides the chemical bonds of MMA, there
is a small excess of C=0 — ether group bonds on
the photocatalyst surface, as well as potassium
(doublet), which got to the surface of the catalyst
from the emulsifier, and C—F bonds associated with
the storage of samples in plastic bags, are observed
at the level of impurities. Thus, although the powder
treatment in an ultrasonic dispergator leads to the
destruction of large catalyst-bound macromolecules
observed by SEM, the monomer and oligomers
formed during the destruction of macromolecules by
ultrasound form chemical bonds with the catalyst
and remain on its surface. Thus, while SEM does
not identify polymer macromolecules, XPS shows
the catalyst surface is not free.

After prolonged chloroform extraction, part of the
MMA and OMMA macromolecules formed in the
reaction mixture (Fig. 3), passes into solution. Pre-
viously it was noted [6] that MMA and OMMA poly-
mers were also identified in chloroform after wash-
ing the photocatalyst powder by 3C NMR spectros-
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copy and MALDI methods (Fig. 4). However, a sig-
nificant part of macromolecules remains on the sur-
face of the catalyst, and it is detected by the SEM
method (Fig. 4, c). Despite this, the analysis of the
photocatalyst powder washed in chloroform at boil-
ing point (61 °C) immediately after the synthesis of
the polymer by the XPS method shows the absence
of PMMA and MMA molecules on the surface. In
this case, decomposition of the photoelectronic car-
bon line 1s gives a distribution of bond contribution
intensities that does not correspond to PMMA.
There is a significant increase in the contribution of
the C=0 bonds of the ether group and C-O-R and
the appearance of CO3? groups on the powder sur-
face (Fig. 6, e, f; Tab. 1), which can be attributed to
the oxidation products of polymer molecules and
monomers. That is, although large macromolecules
remain bound to the photocatalyst powder after
treatment with chloroform, the surface layer of the
adsorbed MMA is noticeably oxidized.
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Fig. 5. Rb 3d (a), Te 3d (b) and W 4f (c) lines for samples of

Cc

initial catalyst, after ultrasonic treatment, after washing in CHCls,

in THF and after heating at 300—400 °C

Puc. 5. Jlunumn Rb 3d (a), Te 3d (b) and W 4f (c) ana obpasuoB kaTanuaaTopa nocne ynbTpa3BykoBon o6paboTku,
nocne npombiBaHusa B CHCl3, B TeTparngpodypaHe n nocne HarpeBaHusi npu 300-400 °C
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Fig. 6. C 1s and O 1s photoelectronic lines for samples of initial catalyst (a, b); after ultrasonic treatment (c, d);
after washing in CHCI; (e, f); in THF (g, h) and after heating at 300—-400 °C (i, j)

Puc. 6. ®oToanekTpoHHble nnHuM C 1s 1 O 1s anst 06pasLoB MCxogHoro katanuaaropa (&, b); nocne ynetpassykoBon 06paboTku (c, d);
nocne npombiBkn B CHCIs (e, f); B TeTparngpodypane (g, h) n nocne HarpesaHus npu 300—400 °C (i, j)
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Table 1. The contributions of bonds to the carbon photoelectron line C 1s for the studied samples

of RbTe15Wo0506 powder in atomic %

Tabnuua 1. Bknagbl cBasden B poOTOINEKTPOHHYIO nNuHuio yrnepoaa C 1s
ANs uccnefoBaHHbIX 06pasuos nopowka RbTer,sWo506 B aTOMHbIX %

Type

. o Powder after Powder after Powder after Powder after
of cﬁsr?;lcal E, eV Initial powder ultrasonic treatment CHCls THF firing 300-400 °C

C-C,C-H 285 77.5% 48.19% 49.88% 72.48 63%

Cc-C=0 285.75 12.5% 20.08% 11.48% 7.22 16%

c-O0 286.7 10% 13.34% 12.68% 12.67 10.7

0O-C=0 289.1 - 7.90 6.70 2.86 -

C=0 288.1 — 10.49 15.55 4.77 -

CO3% 290 - - 3.71 - -

C=C 284.2 - - - — 10.3

After washing the powder with a THF solution,
polymer molecules (Fig. 4, b) are also visible on the
SEM images [6], however, they are not identified on
the catalyst’s surface by the XPS method. Potassi-
um from the emulsifier is also detected on the sur-
face (Fig. 6, g, h; Tab. 1). The proportion of C-C
and C-H bonds on the photocatalyst’s surface in-
creases significantly compared to the other two
samples. Probably, in this case, the excess of THF
substitutes adsorbed MMA on the catalyst surface
with the opening of the ring according to the scheme
in Fig. 7 proposed in the work [37].

The study of the composition of the catalyst samples
by depth during ion profiling shows that after 2—4 nm ad-
sorbed monomers and oligomers in the line C 1s are
absent. There are also no contributions of C-O and
C=0 bonds in the O 1s photoelectronic line. It sug-
gests that MMA molecules and oligomers are ad-
sorbed only on the thin layer of the catalyst’s surface
with thickness no more than 1-2 nm.

THF molecule is adsorGed
on the catalyst surface

I OH

(@)

Catalyst surface

In general, the following features of changes on
the RbTe1sWos06 complex oxide surface after ca-
talysis of methyl methacrylate polymerization should
be distinguished. From the previous study of the
surface and the photocatalytic properties of
RbTe1sWo.50s, it is known that the compound’s sur-
face is enriched with Rb atoms, due to their migra-
tion from the volume to the surface through the
channels of the crystal lattice [32]. It leads to the
appearance of a small positive charge on the sur-
face of the powder particles, which in an aqueous
solution well adsorbs water and OH-. Thus, the
RbTe1sWo506 surface in solution has a partially
negative charge, which is confirmed by the in-
creased adsorption of cationic dyes by the catalyst
surface [35]. The surface may have the form shown in
Fig. 8. In addition, Te and W atoms are presented on
the surface, which are also capable of adsorbing water
to form —(Te/W)-OH and —(Te/W)-O-, however, their
contribution to the surface state is less due to the
smaller number of atoms on the surface than Rb.

Opening of the THF
molecule ring

Catalyst surface

Fig. 7. Mechanism of adsorption of the THF molecule on the catalyst surface
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H\ /H
OH o g

Catalyst surface

Catalyst surface

Catalyst surface

Fig. 8. Types of adsorbed particles on the catalyst’s surface in an aqueous solution

Puc. 8. Tunbl a,D,COpGI/IpOBaHHbIX YacTul Ha NOBEpPXHOCTU KaTanm3aTtopa B BOOAHOM pacTtBope

After the polymerization reaction, metal atoms
on the RbTe1sWos0e6 surface are in an oxidized
state. It means that the active centers -M-Oe-, where
the radical polymerization process starts, are occu-
pied. After the powder is treated with ultrasound,
polymer macromolecules are destroyed, while oli-
gomers can still occupy active centers -M-Oe. The
atomic concentration of Rb (3d), Te (3d) and W (4f) is
corresponds to 19.2, 62 and 18.8%, respectively, while
initial powder possess containing 49.8, 35.5 and
14.7% for Rb (3d), Te (3d) and W (4f) in atom%, re-
spectively. Thus, it is clearly seen, the Rb-sites on
the surface is not recovered (Fig. 5). In addition, due
to multiple bonds in the monomer and polymer, or-
ganic substrates interact with the complex oxide
RbTe1s5Wo0s506 with the formation of coordination
complexes [38-40], which prevent the release of
hydroxyl radicals into the volume of the monomer
solution. These features in the reaction mixture ex-
plain the small yield of PMMA (5-10%) in solution
after the reaction [12]. Probably, with the formation
and growth of a MMA and OMMA oligomers chain
on the catalyst surface, the process of interaction
between electron-hole pairs and solvent-water be-
comes sterically difficult, and reactions (2), (4-7)
(Fig. 2) practically stop. On the other hand, growth
of the electron migration path along the chain of
PMMA molecules from the catalyst to the radical
center in solution increases the probability of re-
combination of the electron-hole pair. It leads to a
sharp decrease of the number of active particles
and formed radicals, and, consequently, to a slow-
down and stop of the polymerization reaction on the
surface and in solution.

Moreover, for the regeneration of the RbTe1sWos0s
photocatalyst, the treatment by using organic sol-
vents of PMMA is not sufficient for reuse too. After
washing the powder in TG solution, the atomic con-
centration of Rb (3d), Te (3d) and W (4f) on the sur-
face becomes 19.3, 62 and 14.8%, respectively,
which is also distinguished in comparison to initial
one and characterized by loss of Rb (Fig. 5). In case
of using chloroform as solvent, the surface atomic

concentrations of Rb (3d), Te (3d) and W (4f) seems
to be almost recovered and corresponds to 40.7,
42.7 and 16.6%, respectively (Fig. 5). Despite the
fact, strong oxidation of the surface is still observed
and influences the photocatalytic activity.

Thus, for the regeneration of the RbTe15Wo0.50s
photocatalyst, the treatment of its aqueous solution
with ultrasound or using PMMA organic solvents is
not sufficient for reuse. It was clearly shown by XPS
studies, as well as a decrease in the effectiveness
of MMA polymerization processes and MMA grafting
on collagen and pectin.

To remove organic molecules from the catalyst’s
surface, it was fired at a temperature of 300—-400 °C
after ultrasonic treatment. After such treatment of
the catalyst, the polymerization process of MMA
leads to the isolation of its polymer with a conver-
sion rate of ~5%, which is slightly less, than for the
fresh catalyst. It is due to the recovery of the chemi-
cal state of metals and their quantitative distribution
on the surface to close the original (Rb (3d), Te (3d)
and W (4f) is 42.9, 42.8 and 14.3% in atom%, re-
spectively). The surface is also cleaned of organic
compounds — reagents and products of the polymer-
ization process, which can be confirmed by the de-
composition of the C 1s and O 1s photoelectronic
lines for the heated sample (Fig. 6, i, j) to a state
close to the original, except for the presence of a
small number of bonds C = C (~284.2 eV).

CONCLUSIONS

Different ways of surface purification of the
RbTe1s5Wo506 catalyst after MMA polymerization in
an aqueous emulsion under irradiation with visible
light A=400-700 nm at a temperature of 20-25 °C
for further reuse have been carried out. Analysis of
the catalyst surface by SEM and XPS methods
showed that the treatment of the catalyst under ul-
trasonic conditions in an aqueous emulsion allows
the destruction of polymer macromolecules, but the
monomer and oligomers formed under the action of
ultrasound due to the destruction of the polymer
remain on the surface of the catalyst, forming chem-
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ical bonds with it. It was also found that prolonged
treatment of the catalyst powder with chloroform at
its boiling point in the Soxhlet extractor, as well as
mixing it in THF, leads to partial removal of organic
substrates — oxidative products and solvents. These
processes lead to inactivation of the RbTe15Wo50s

catalyst during polymerization. To reach the efficient
regeneration of the powder, not only ultrasound treat-
ment is required, but also its heating at 300-400 °C to
fully clean the surface of organic substrates and
recover the Rb:Te:W ratio.
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TepmoauHaMu4yeckme U KUHeTUYECKMEe NapamMeTpbl 3KCTPaKLUK
noaa u3 xnopuaHbIX BOAHbIX PacCTBOPOB
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AHHOMauyus. Skcmpakyusi — yHueepcarsbHbIl U OMHOCUMEsIbHO npocmou Memod u3erieqyeHuss peoKux U
paccesiHHbIX 3/1IEMEHIMO8, M0380/sUWUl 006UMbCS XOPOWUX PE3ybmamos npu MUHUMAalbHbIX 3ampamax
Ha peazeHmMHoe U annapamHoe OCHaljeHuUe. 3HaHue mennosebix 3¢hgheKmos U KUHEMUYEeCKUX 3a8ucuMo-
cmed npoyecca 3KCmpakyuu Mo3eosisiem npoeHo3uposampe U OfepamueHO peasuposams Mnpu U3MEHEHUU
8HEWHUX ycrnosuli. M3y4eHbl mepMoOUHaMu4YecKue U KUHemu4yeckue rnapamempsbl rpoyecca akcmpaxkuyuu
tioda Ha MoOeribHbIX pacmeopax, codepxxawux 8 kayecmee YOHOBOU MuHepanusayuu xao0pud Hampus ¢
UuoHHouU cunoti om 0 8o 5 Monb/n, YMo HaunyHwum obpa3zom cOOMHOCUMCS C MPUPOOHBLIMU U MEXHO2EeHHbI-
mMu 8odamu HegpmsiHbIX U Heghmez2a3o0KoHOeHcamHbIX MecmopoxdeHul. B kauecmee akcmpazeHma rnpume-
HAmacb KomMnosuyus mpu-H-6ymurnghocchama u uzookmana. [Jnsi oyeHku mepmoduHaMudYecKkux napamem-
po8 bbifiu NocmpoeHbl U30MeEPMbI IKCmpakyuu npu memrnepamypax 278 u 288 K. [ns pa3nuyHbix ¢poHO-
8biX 3Ha4yeHUl UOHHOU Curibl ornpedesieHbl pagHOBECHbIE MapamMmemphbl SKCMpaKyuu: cmerneHb U3eeYeHUs],
KoaghcbuyueHm pacripedesieHuUs, KOHCImMaHma pasHO8ecUs, U3MEHeHUe 3HmMarbnuu, SHMponuu U 3Hepauu
l'ubbca nipoyecca. N3yyeHue KUHEMUYECKUX 3a8ucUMOcmell SKCMpPaKyUOHHO20 u3erevyeHus toda u3 800-
HbIX pacmeopos8 ¢ pasfUuYHbIMU 3HAYEHUSMU UOHHOU cusbkl ripu memnepamypax 278, 288 u 293 K noseonu-
JI0 ycmaHo8UMb UCMUHHBIU U KaxXyuwulcs nopsidKu peakyuu, a makxe SHepeur akmuseauuu rpouecca
aKcmpakyuu. Bo ecem u3y4eHHOM uHmepeasie 3HadyeHull UOHHOU cuflbl pacmeopos usgeredeHue Utoda rnpo-
ucxooum camorpou380/IbHO C 8bICOKUMU KO3ghgbulyueHmamu pacripedesieHusi U CmerneHbio U3e/e4eHus
bonee 86%. KuHemuyeckue napamempbl 3KCmpaKkyuu (3Hepausi akmusayuu rnpoyecca, 8PEMEHHOU U KOH-
UeHMpayuoHHbIU rnopsadku peakyuu) ceudemenscmgyrom o0 Oughghy3UOHHOM xapakmepe numumupyrowel
cmaduu, Hanau4yuu rnpoMexXymoyHbix cmaduli KomraekcoobpasogaHusi U 06 omcymcemeuu 8/1UsHUS memrie-
pamypbl Ha ckopocmb rpoyecca.

Knroyesbie cnoea: skcmpakuyus, Uod, mepmoduHamudecKue rnapamempsl, KUHemu4yeckue rnapamempsi,
numumupyrowasi cmadusi

Ana yumupoearusi: NoHomapesa [1. A., Kanbirnia O. H., CanbHukoBa E. B. TepmognHammuyeckme n knHe-
TUYECKMEe napamMeTpbl SKCTPaKUMK ioga M3 XNOopUaHbIX BOAHbIX pacTBopoB // 3BecTus By30B. [MNpuknagHasa xu-
Mus n BrnotexHonorus. 2022, T. 12. N 2. C. 222—-230. https://doi.org/10.21285/2227-2925-2022-12-2-222-230.
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Thermodynamic and kinetic parameters of iodine extraction
from chloride aqueous solutions
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Abstract. Extraction is a versatile and relatively simple method for extracting rare and scattered elements,
producing good results at minimal expenses in terms of reagents and equipment. Information about the
thermal effects and kinetic dependencies of the extraction process is essential for predicting and counteract-
ing fluctuations in external conditions. In this work, the thermodynamic and kinetic parameters of the iodine
extraction process were studied using model solutions that contained sodium chloride with an ionic strength
of 0-5 mol/l as a background mineralization. This composition closely corresponds to natural and man-made
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waters of oil and gas condensate fields. A mixture of tri-n-butyl phosphate and isooctane was used as the
extractant. In order to evaluate thermodynamic parameters, extraction isotherms were constructed at tem-
peratures of 278 and 288 K. For different background ionic strength values, equilibrium extraction parame-
ters were determined, including the extraction degree, distribution coefficient and equilibrium constant, as
well as changes in the enthalpy, entropy and Gibbs energy of the process. A study of the kinetic dependen-
cies of iodine extraction from aqueous solutions under different ionic strength values at temperatures of 278,
288 and 293 K allowed the true and apparent orders of reaction to be established, along with the activation
energy of the extraction process. Across the entire range of the studied ionic strength values, iodine extrac-
tion occurs spontaneously with high distribution coefficients and an extraction degree of over 86%. The kinet-
ic parameters of the iodine extraction process (activation energy, temporal and concentration reaction order)
indicate the diffusion nature of the rate-determining step, the presence of intermediate complexation stages
and the absence of temperature effects on the reaction rate.

Keywords: extraction, iodine, thermodynamic parameters, kinetic parameters, limiting stage

For citation: Ponomareva P. A., Kanygina O. N., Salnikova E. V. Thermodynamic and kinetic parameters of
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Proceedings of Universities. Applied Chemistry and Biotechnology. 2022;12(2):222-230. (In Russian). https://

doi.org/10.21285/2227-2925-2022-12-2-222-230.

BBEOEHUE

C mowmeHTa, korga 6bin nonyyeH B cBOGOOHOM
COCTOSIHMK, U OO HACTOSLLEro BPEMEHU MUcCrneaoBa-
HVE XMMUM €ero NpUpOAHbLIX COeQUHEHUI, BONPOCOB
MUrpaLmn, NPOLLECCOB aKKyMyIsuuM u U3BNEYEHNSs
CBSI3aHO C onpefernieHHbIMU TPYAHOCTSAMM, NMOCKOSb-
Ky Nof OTHOCUTCSA K paccesiHHbIM anemeHTam [1].
CoBpeMeHHble TEXHOMOrMW, nexawime B OCHOBE
NMPOMBILLIIEHHOTO NMPOU3BOACTBA, AOCTAaTOYHO OTpa-
6oTaHbl. B nx ocHoBe — nocnepoBaTtenbHbIE onepa-
UMW MOAKUCNEHMS BOAbl, OKACNEHWUS WOLAWA-UOHOB
00 3NeMEeHTHOro noga u COBCTBEHHO M3BrevYeHue
noga [2]. Metog aKCTpakumMM C BbICOKOM CTEMEHbHO
3P PEKTUBHOCTN UCMONb3YETCA ANA U3BMEYEHMS U
pasgeneHna anemeHTtoB [3]. MNpumeHeHne docao-
pOpraHMYecKMx IKCTpareHTOB B MOCMedHEEe BpPEMS
MOMy4unno LWMPOKoe pacrnpocTpaHeHne Ans 6onb-
LIOro Kpyra HeopraHuM4eckux MpPOCTbIX M KOMMIIEKC-
HbIX cOeauHeHUN [4—6]. M3BECTHbI SKCTPaKLUMOHHbIE
KOMMO3ML MK, MO3BONSAOLLME SKCTpParnpoBaTb 1Mog C
BblCOKON addpekTnBHOCTLIO [7, 8]. [Ina coBpemeH-
HOrO NPOU3BOACTBA aKTyaslbHbIM SBNSAETCHA CHUXKe-
HVWe 3aTpaT Ha nepepaboTky 6egHoro cbipbs [9] K
yBenuyeHne ah@EeKTMBHOCTN MPOLLeCCOB U3BreYye-
HWUS 3@ CYET KOHTPOMNsi U U3MEHEHUS YCIOBUIA MpoO-
BefeHust npouecca [10, 11]. B OpeHbyprckoi obna-
CTW NoTeHUManbHas cbipbeBasi 6a3a npeacraBneHa
nnacTtoBbiMM U TEXHOreHHbIMU Bogamu OpeHOypr-
CKOro HedTerasokoHAeHCaTHOro MmectopoxaeHusi. K
MOMEHTY nepepaboTkn AaHHbIe BOAbI SBNsOTCA 6eaHbI-
MM MO U3BIiEKaeMOMY KOMIMOHEHTY (CoaepaT Mof, B KOH-
ueHTpauum He 6onee 0,079 mmonb/n, oHOBLIE CONU —
B KOHUEHTpaumm Jo 5 monb/n ¢ npeobrnagaHuem
xnopuaa Hatpusa — 0o 96% ot obuien muHepanuaa-
LUun) 1 He ABMATCS TepManbHbiMu [12], noaTomy B
KadyecTBe (DOHOBOW COMNW BbIOpaH Xnopua HaTpus.

M3yyeHune KUHeTUKM N TennoBbIX a(eKToB, Co-
NPOBOXAAOLMNX IKCTPAKLMIO, NO3BONSAET MPOrHO3u-
poBaTb M yNpaBnsiTb NPOLECCOM M3BNEYEeHUs npu
N3MEHEeHWW BHELIHMX ycnosui [13, 14].

Llenb paboTbl — U3yunTb KMHETUYECKNE N Tep-

MOOMHaMMYECKMEe NapaMeTpbl npouecca 3KCTpak-
UMM noda M3 BOAHbLIX PacTBOPOB C PasfiMYHON MU-
Hepanusaunen.

SKCNEPUMEHTAIIbHAA YACTb

VccnepoBaHns NpoBoAMNM Ha MOAENbHbIX BOAHbIX
pacTtBopax rofa, cogepXallmx U3Brnekaemblin SnemMeHT
B KOHUeHTpaumsix ot 0,5*10° po 1,0¥10° monb/n ¢
noHHon cunow (I) ot 0 go 5 monb/n, 3agaBaemon
pobaBneHvem xnopuga HaTtpud. MopgenbHble pac-
TBOPbI FOTOBWIN NMYTEM PACTBOPEHMUSA KpUcTannmye-
CKOro Moga B Boge C NOCrneayrLmm NOAKUCIEHNEM
COSISIHOW KMCNOTOW. BenuunHa cteneHun nasneyeHus
He 3aBucuUT OT pH pacTBopa, ogHako paboTta B 006-
nactn pH>3,5 conpoBoxganacb NoTepen anemMeHT-
HOro noga B pesynbTaTe MAPONUTUYECKOro AMUC-
nponopLmoHMpoBaHus [15].

OpraHunyeckas tasa npeacraensina cobon Kom-
no3numio, COCTOSILLYIO M3 3KCTpareHTa — Tpu-H-
6ytundocdar (TBP) mapku x.4. — 1 aKTUBHOrO pas-
6aBuTens — n3ooktaHa. CogepxaHue TB® B n300k-
TaHe coctasnsano 10% (no obvemy) [7, 8].

OKCTpaKkLMO MpPOBOAUNN B CTaTMYECKUX YCIO-
Busix. lpyn mM3y4yeHUM paBHOBECHBLIX MNapameTpoB
NPUMEHSNN MeTo, NEPEMEHHbIX 06beMoB. [ns aTo-
ro akTMBHO nepemMewwmnsanu 10 Mn aKCTpPaKLUUOHHOM
KOMMO3uLUMM U anuKBOTbl MOAENbHOro pacTeopa
noga no 40, 50, 70, 80, 100, 200 n 400 mn. MNpouecc
3KCTpaKumm TepmocTaTupoBanu npu 278 n 288 K. Us-
MEHEHUWE 3HTanNbMUKU, 3HTPONMUM N cBOBOJHON 3HEpP-
run 'mb6ca onpegenanu nytem rpadmMyeckoro aHa-
nn3a nuHerHbIX n3otepm BaHTt-Modda [15]:

lnﬁzﬂ(i_i)’ (1)

D11 R \Ty Ty

roe AH — sHtanbnusa, x/monb; D11, D12 — Koaddu-
LUMEeHTbl pacnpefeneHuss npu TemnepaTtypax Ti
n T2; R — yHuBepcanbHasa ra3oBas MOCTOSIHHas,
R = 8,314 Ox/monb*K; T1, T.— Temnepatypa, K.

B vactHocTh 3aBucumocTtm IgD ~ f (1/T) [16].
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M3yyeHne KMHEeTUYECKMX NapamMeTpoB NpoBoAu-
NN NPU COOTHOLLEHMM OpraHN4YeCcKon 1 BoAHOW ha3
1:10 n Temnepatypax 278, 288 n 293 K, nockonbky
npasuno BaHnT-Modda cnpaBegnmeBo Ons orpaHu-
YEHHOro Yncra roMoreHHbIX peakumnn.

[na onpepeneHns aHeprum akTMeBauum npume-
HAMNca MeTon TpaHcdopmauuu, OnAs peanu3auuu
KoToporo TpebyeTca ucnonb3oBaTb He MeHee 3-X
TemnepaTyp.

PasgeneHune a3 ocywecTBnsanvM B OenuTenb-
HbIX BOPOHKaX.

AHanus BogHon dhasbl Nocne 3KCTPaKumm npo-
BOOMIN TUTPUMETPUYECKUM METOAOM C TUOCYIb-
daTom HaTpus [12].

OBCYXOEHUE PE3YJIIbTATOB

Ha npegBaputensHOM 3Tane ObINo U3yYeHO
BNUSIHME  CKOPOCTU  nepemewwmBaHunss  (o6opo-
TOB/MUWHYTY) pacTBopa Ha MpOLLeCC 3KCTPaKUMmM — Ha
KoadhbumumeHT pacnpegenerus oga (D) n cteneHb
n3enevenns noga (R, %). OKkCNepmMMeHTbl NpoBOAU-
nn Ha 6ecconeBbIX MOAENbHBIX pacTBOpaXx.

CrteneHb unssneveHus nopa (R) paccumTeiBanu
no cpopmyne:

R, % = =) % 100% ,

(ucx.)

()

roe Mepr) — Macca noga, nepellewero B opraHu-
Yyeckylo asy; Muex) — Macca noga B WCXOOHOM
pacTtBope [17].

[na onucaHna 3KCTPaKUMOHHBLIX paBHOBECUNA
uenecoobpasHo Mcnonb3oBaTb KOIPPULMEHT pac-
npegeneHns, yduTbiBawwmMi Bce OpMbl  Cylle-
CTBOBaHUA pacrnpenenseMoro KOMMOHEeHTa Kak B
BOOHOW, TaK U B opraHudeckon gasax. Koadpduuu-
€HT pacnpefeneHns onpegenseTcs Kak:

_ C(iz(opr))
D = s womny 3

rae C(lx(ope.)) n C(l2(800H.)) — cyMMapHble KOHUEeH-
Tpauunm noga B OpPraHNMYeckon M BOAHOW pasax,
monb/n [16].

MonyyYeHHble 3HA4YeHWs CTEMNeHU W3BIEYEHUs]
noga n kKoaddULMEHTOB pacnpeneneHnsa npueege-
Hbl B Tabn. 1.

Mo pesynbTatam, npuBedeHHbIM B Tabn. 1,
MOXHO cenaTtb BbIBOA, YTO CKOPOCTb NepeMeluu-
BaHWs1 Maro BfMSIET HA CTEMNeHb U3BMNEYeHUs noaa:
npu yBENMYEHNM CKOPOCTM NnepemMeluvBaHms B 5 pas
cTeneHb usBreveHus Bblipocna Ha 11%. [daHHbin
¢aKkT BO3MOXHO OOBACHUTH M3HAYANbHO BbICOKMMM
3Ha4YeHMAMM cTeneHn umssneveHms. OgHako Koad-
dUUMEHT pacnpegeneHns ctabunuampyeTcs TonbKo

Nno OOCTWIXKEHUM CKOPOCTM MepemeluvBaHuns bonee
120 06/MuH. Tpn aToM oTHoweHue Dizo : Dso = 5,6.
B cBA3n ¢ 3TUM pakTOM B AanbHenwWwmx ncecnegosa-
HUSAX UCNONb30BanM CKOPOCTb, paBHyto 200 06/MUH.

Ha cnepytoliem atane paccunTbiBany U3MeHeHUs
TepMOAMHAMUYECKUX MapaMeTPOB — 3JHTPONWUK, SH-
Tanenuu n aHeprum Mmbbca — B npouecce aKCTpaKLuK,
ncnonb3ys n3oTepMbl  Copr/Ceogn, NMOCTPOEHHBIE MO
KCNepUMeHTanbHbIM AaHHbIM. 30Tepmbl BO Bcex
cny4asix fuHenHbl ¢ KOIUUMEHTOM annpoKcuma-
umm bonee 95%, 4YTO MO3BOMSAET paccynTaTb KO-
UUMEHT pacnpeaeneHus roga Mexay BogHoOM 1 op-
raHuyeckon dasamMun Kak TaHreHC yrra HakroHa u3o-
TepMbl K ocn abecumce. N3oTepmbl 3KCTpakumum npy 278
n 288 K npeacrtasneHsl Ha puc. 1 1 2 [18].

PesynbTatbl pacyeTta 3HauyeHun kKoadhpuumeH-
TOB pacnpenerneHns u KOHCTaHT paBHOBECUsI MpPo-
uecca 9KCTpakumuM noga mnpu pasfuyHOW WMOHHOM
cune BoaHoOM basbl NpeacTaBneHsl B Tabn. 2.

YBenudeHne TemnepaTypbl npouecca crnocob-
CTBYET pOCTY ko3adhpuumeHTa pacnpegeneHuns mnoga
anst becconesBblXx pPacTBOPOB M pacTBOPOB, coaep-
Xalmx YyMepeHHoe KOnMyecTBO (OHOBOW CONM.
Mpn MoHHOWM cune Gonee 1 Monb/n NposiBnsieTcs
obpaTHas TeHaeHUns. BeegeHne doHoBOM conn Oo
MoHHon cunbl 0,5-1,0 Monb/n cnocobCTBYET POCTY
KoacbhmumeHTa pacnpegeneHus nMoga, ogHako C
POCTOM MWHEepanusauum 3HaveHue KoadduumneH-
TOB pacnpefeneHuns nagaer.

PesynbTatbl pacyeta 3aBUCMMOCTEN TepMOAU-
HaMU4YECKNX NapameTpoB OT MOHHOW CUIbl PAcTBO-
poB npeacTaBneHbl Ha puc. 3. OkcTpakumsa ns bec-
COMNeBbIX W ManoMWHepanu3oBaHHbIX pPacTBOPOB
ABNAETCA 9HOOTEPMUYECKMM MPOLECCOM, OAHAaKO C
POCTOM WOHHOW CWMbl PacTBOPOB MPOLIECC CTaHo-
BUTCA 3K30TepMuyeckum (puc. 3, a). AHanorndHas
3aBMCMMOCTb HabnwgaeTcs U ONs 3HTPONMM Mpo-
uecca (puc. 3, b). BennuuHa ceobopgHow aHeprum
'mb6ca (puc. 3, c) BO BCEM UHTEpBarne 3agaBaeMblX
3Ha4YeHMN NOHHOW CUIbl PACcTBOPOB SIBNSETCH BENU-
YMHOW OTpuLaTenbHOW, 4YTO CBUAETENbCTBYET O
CMELLLEHMM paBHOBECUS SKCTPaAKLMM B CTOPOHY pac-
npegeneHnsa noga B opraHMyeckyto gasy.

Mockonbky
AG® = —2.3RTIgD, (4)
AHC AS°
lgh = — 23RT | 23R’ ®)

NpecTaBUIOCh BO3MOXHBIM PaccunTaTh KOHCTAHTY
paBHoBecusi npouecca K5 °.

Ta6nuua 1. BrnvsiHne ckopocTu nepeMelunBaHns as Ha aKCTpakuuio noaa

Table 1. Influence of phase mixing rate on iodine extraction

NapameTpb CKopoCTb NepemMeluMBaHus pacteopa, 06/MuH
50 90 120 170 230 300
D 64,20 161,2 356,3 362,8 3419 360,6
R, % 86,50 94,2 97,3 97,3 97,2 97,3
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Puc. 1. N30Tepmbl SKCTpakumm noga U3 BOAHbIX pacTBOPOB
C pasnuyHon hoHOBON MUHepanuaaumnen npu 278 K

1 KOHUEeHTpaumen xnopuaa Hatpusi: 1 — 0 monb/m;

2 - 0,5 monb/n; 3 —1,0 monb/n; 4 — 2,0 monb/n;
5—4,0 monb/n; 6 — 5,0 monb/n

Fig. 1. lodine extraction isotherms from aqueous solutions

® CBogH *105,

with different background mineralization at 278 K and sodium
chloride concentration: 1 — 0 mol/l; 2 — 0,5 mol/l; 3 — 1,0 mol/l;

4 — 2,0 mol/l; 5— 4,0 mol/l; 6 — 5,0 mol/l
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4000 mons/n

3500 2 4
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Puc. 2. 3o0TepMmbl aKCTpakuum noga n3 BOOHbIX pacTBOPOB
C pas3nunyHon hoHOBON MUHepanu3auuen npu 288 K

1 noHHow cune: 1 — 0 mone/n; 2 — 0,5 mone/n;

3-1,0 monb/n; 4 — 2,0 monb/n; 5 — 4,0 mons/n;

6 — 5,0 monb/n

Fig. 2. lodine extraction isotherms from aqueous solutions
with different background mineralization at 288 K and sodium
chloride concentration: 1 — 0 mol/l; 2 — 0,5 mol/l; 3 — 1,0 mol/l;
4 —2,0 mol/l; 5 - 4,0 mol/l; 6 — 5,0 mol/l

Ta6nuua 2. 3aBrcMMOCTb kKo3dhduLeHTa pacnpeaenieHnst U KOHCTaHTbl paBHOBECUS NpoLiecca 3KCTpakuuM oaa

OT MOHHOWN CWflbl BOAHOW hasbl

Table 2. Dependence of the distribution coefficient and the equilibrium constant of the iodine extraction

on aqueous phase ionic strength

|, Mmonb/n

MapameTp

1,0

2,0 4,0 5,0

K38 257,8 524,9
D278 278,9 373,7
D288 303,9 644,3

408,5
603,8
499,3

206,4 177,6 199,2
518,9 351,1 326,7
2475 211,5 237,9

50 AH,
40 L kOx/mMonb

C(NaCl),monb/n

AS,
200 x/monb K

150 +
100 +

50 - C(NaCl),mons/n

-50 4

-100

-150 -

AG,
25 L kDw/monb

C(NaCl),monb/n
. T T )

Cc

Puc. 3. BnusiHme noHHom cunbl BogHOM dasbl Ha aHTanbnuio (a), aHTponuio (b) u aHepruto M'mb6ca (c) npouecca aKkcTpakuum noga

Fig. 3. Influence of aqueous phase ionic strength on the enthalpy (a), entropy (b) and Gibbs energy (c) of the iodine extraction process
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M3yyeHne KMHEeTWMKU IKCTpakuuwm npu Temnepa-
Typax 278, 288 n 293 K nosonuno caenatb npeg-
BapuTenbHbIN BbIBO4 O XapakTepe mnpouecca B
HepaBHOBECHbIX ycrnoBusax. Ha puc. 4 n 5 npeg-
CTaBlieHbl KMHETUYECKME 3aBUCUMOCTM IKCTPaKLmK
ONS pasnnyHbiX UCXOOHbIX KOHLIEHTpauun noda npu
NoHHOM cune 1 1 5 Monb/n COOTBETCTBEHHO.

240

Cocr., Mr/a

200

160

120

80

40 t, Mun

0 \
0 20 40 60 80 100

Puc. 4. KnuHeTuyeckme 3aBUCUMOCTU OCTaTOYHOMN
KOHLeHTpauun oga OT BPeMEeHU 3KCTPaKLUKU Npu NOHHON
cune pacteopa 1 Monb/n AN pasnnYHbIX MCXOL4HbIX
KOHLeHTpauui n3BrnekaeMoro komnoHeHta: 1 — 192,8 mr/n;
2 -106,3 mr/n; 3 - 24,2 mr/n

Fig. 4. Kinetic dependences of the iodine residual
concentration on the extraction time with ionic strength

of 1 mol/l for various initial concentrations of the extracted
component: 1 —192,8 mg/l; 2 — 106,3 mg/l; 3 — 24,2 mg/l

Ha puc. 6 npegcraBneHbl 3aBUCUMOCTU CKOPOCTU
npouecca OT KOHLEHTpauuu B riorapudoMuU4eckmx Ko-
opanHaTax, No3sonstLime onpeaenuTb BpeMeHHON U
KOHLIEHTPaLVOHHBIN MOPSAKN peakLnm.

TaHreHc yrna HaknoHa 6wunorapndmmyeckon
3aBMCMMOCTM CKOPOCTM Mpouecca B HayanbHbIN
MOMEHT BpPEeMeHW Npu pasnnN4yHOM WMCXOLAHOW KOH-
LeHTpauuM U3BreKaeMoro KOMMOHEHTa Mno3BonsieT
YCTaHOBUTb WUCTUHHbLIA (pPc) Nopsigok peakuuun. Ka-
Xywmines (py) NopsaoK peakumm onpenensercsa cKo-
poCcTAMM npouecca B pasnnyHble MOMEHTbl Bpeme-
HU Npu (OUKCUPOBAHHON MCXOL4HOW KOHLIEHTpauumn
N3BrNeKaemMoro KOMrnoHeHTa.

T4 gy
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Puc. 5. KuHeTnyeckme 3aBMCMMOCTN OCTaTOYHOMN
KOHLEHTpauuu roga OT BPeMEHW SKCTPaKLUM NpyY MOHHON
cune pacTteopa 5 Monb/n ons pasnuyHbiX MCXOL4HbIX
KOHLeHTpauui n3BnekaemMoro komrnoHeHta: 1 —211,1 mr/n;
2—-94,1 mr/n; 3-24,3 mr/n

Fig. 5. Kinetic dependences of the iodine residual
concentration on the extraction time with ionic strength

of 5 mol/l for various initial concentrations of the extracted
component: 1 —211,1 mg/l; 2 - 94,1 mg/l; 3 — 24,3 mg/|

BnusHne noHHOW cunbl BOAHBLIX pacTBOPOB Ha
3HaYeHVs NOPSAOKOB peakuMn Npu 3KCTpakumMm noga
npeacrtaeneHo B Tabn. 3.

[ns MyHepann3oBaHHbIX pPacTBOPOB BenU4YMHA
BPEMEHHOro nopsiaka peakumm W 3HauynTenbHoe
pasnuMune C KOHUEHTPaUMOHHbIM MOPSAKOM, BEpPO-
ATHee BCero, CBMAETENbCTBYET O napasnnensHoMm ¢
SKCTpaKumMen CNOXHOM KOMMNIekcoobpasoBaHun.

[ns uv3ydeHna sHeprun akTuBauum npouecca
9KCTpakumMn OblNN MNOCTPOEHbI KUHETUYECKNe 3aBu-
CMMOCTK NPU pasnu4HbLIX Temnepatypax u gukcu-
pPOBaHHOWN MCXOAHOW KOHLIEHTpauumn noga. Ha puc. 7
a u b npegcrTaeneHbl KWHETUYECKUE KpUBbIE, Onpe-
AeneHHble KakK 3aBMCUMOCTb OCTaTOYHOW KOHLEH-
TpauuMm noga oT BpeMeHW KoHTakTa a3 npu Tem-
nepatypax 278, 288 n 293 K ¢ noHHown cunon 1 un
5 monb/n cooTBETCTBEHHO. [Nony4YeHHble 3aBUCUMO-
CcTn Gbinn TpaHCcOPMMPOBaHbI MO OCU BPEMEHW,
4YTO B appeHnycoBckux koopamHaTax (In k~1/T) nos-
BOMUIIO OMpeaennTb 3HEPrni0 akTMeaumm npotecca
3KCTpaKumu noga.

25 v
2 .
1,5 + 1
1+ 2
/) [
gC
0,5

0
1 2 3
-0,5 F /

1t
A5 L

b

Puc. 6. bunorapudpmMmyeckme oTHOLIEHUS Ansi onpeaeneHns KoHUeHTpaumoHHoro (a) n BpemeHHoro (b) nopsiakoB peakuun
npuv pasnuMyHon MoHHoW cune pacteopoB: 1 — 1,0 monbk/n; 2 — 5,0 monb/n

Fig. 6. Logarithmic ratios for determining concentration (a) and time orders (b) of the reaction at different ionic strength:
1-1,0 mol/l; 2 -5,0 mol/l
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Ta6nuua 3. 3HaveHns NoPsAKOB PeakLmMmn U SHEPTUIA aKTUBaLIMKM SKCTPaKLMK Moga 13 pacTBOPOB C PasnYHON MOHHOW CUION

Table 3. Values of reaction orders and activation energies of iodine extraction from solutions with different ionic strength

|, Mmonb/n Pc pt Eacr, KK/MOnb
0 1,63 0,99 10,13
0,5 0,84 2,07 12,10
1 0,23 2,01 6,73
2 0,80 1,76 9,37
4 0,28 2,28 6,18
5 0,58 2,87 3,17
250 . o 250 - CocT,

a

Mrn

200

150

100

50

b

Puc. 7. BpemeHHble 3aBMCMMOCTIN OCTaTOYHOM KOHLEHTpaLMM roga npu pasnmnyHoi MOHHON cune:
a— 1,0 monb/n; b — 5,0 monb/n; onsa Temnepatyp: 1 —278 K; 2 - 288 K; 3 — 293 K

Fig. 7. Time dependences of the iodine residual concentration at various ionic strength degrees:
a— 1,0 mol/l; b — 5,0 mol/l; for temperatures: 1 — 278 K; 2 — 288 K; 3 — 293 K

BenuunHa aHeprmn aktuBauum meHee 40 k[hx/Morb
N napabonuyeckuin xapaktep yObiBaHWS CKOPOCTMU
OCTaTOYHOM KOHLUEHTpauum CBUOETENLCTBYT O
AndysmoHHoN Npupoae NMMUTUPYIOLLEn CTaauu.

BbiBOObI

1. CTeneHb n3BneveHus roga u3 BogHbIX pacTBo-
pOB B AManasoHe CKOpOCTel nepemMeluvBaHug gas ot
50 pno 300 o6/mMuH coctaBnsieT ot 86,5 0o 97,3%.

2. KoahdpuumeHT pacnpegeneHns noga D mex-
4y BOOHOWN U opraHn4eckon casamun He U3MeHsieTcs
npu cKOpocTu nepemelnBaHusg Boiwe120 06/MuH.

3. N3oTepmbl npouecca SKCTpakumMu UMeroT nu-
HelrHbIN xapakTep. KoadduumeHTbl pacnpeaeneHms
KOHCTaHTbl paBHOBECUS JOCTUratoT HambombLUMX 3Ha-
YeHu Npy noHHoW cune pacteopos 0,5 n 1,0 monb/n.

4. TepmoavHamuyeckne napameTpbl (3HTanb-
nug, aHTponusa u ceobogHas sHeprusa [Mbbca) xa-
pakTepu3yloT NPoLEecc Kak caMonpom3BonbHbIn [19]
B WHTepBane 3adaHHbIX 3Ha4YeHUW WOHHOW Curbl
pacTBOpOB.

5. Mpn noHHon cune BogHon asbl 1 Monb/n
npouecc M3 3HAOTEPMMYECKOro MpeBpallaeTcs B
3K30TEPMUYECKUNA.

6. AHanM3 KMHETMYECKUX 3aBUCUMOCTEN IKCTPaK-
UM oga nokasan, 4YTO Mpouecc nNUMUTUpPYyeTCH
anddysmen. Pasnuuma B BenuUMHaX KOHLIEHTpauu-
OHHOMO N BPEMEHHOTO MOPSIAKOB peakumnn CBMOETENb-
CTBYIOT O HanMyMm NPOMEXYTOYHbIX CTaAMN KOMIMIEK-
coobpazoBaHua [20]. C pocTom MuHepanusauum
SHEprMs aKkTMBauuM YMEHbLUaeTcsl, a Temnepartypa
NPaKTUYECKM He BNUSIET HA CKOPOCTb NMpoLiecca.
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Abstract. The phytochemical study of Leptopyrum fumarioides started in 2011 and since then 14 volatile
compounds have been identified by GC-MS. 7 flavonoids and 4 alkaloids have been isolated and 2 of them
have been recognized as new natural compounds. The structures of the natural products have been deter-
mined and ascertained by MS, as well as IR, 1D NMR and 2D NMR spectroscopic methods. The antioxidant,
antimutagenic, antiproliferative, hepatoprotective, imnmunomodulatory, and anticancer activity of Leptopyrum
fumarioides extracts and some isolated pure compounds were examined. The new alkaloids leptopyrine (3)
and leptofumarine (4) were identified. Leptopyrine (3) is a new type of dimer alkaloid of benzylisoquinoline
and simple isoquinoline with imine nitrogen. Leptofumarine (4) is the first example of aporphine and benzyli-
soquinoline alkaloid with two ether bridges which have head-to-head and tail-to-tail coupling. This review
clearly shows that the phytochemical study of plant species is just beginning and requires more detailed and
comprehensive study.
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AHHOmMauyus. umoxumudeckoe usydyeHue Leptopyrum fumaroides Hayanocs e 2011 20dy, ¢ mex nop ¢
rnomouwbto 'X-MC 6bi10 onpedeneHo 14 nemydux coeduHeHul, a makxe ebidesneHbl U udeHmuguyuposaHsi
7 ¢bnnasoHoudos u 4 ankanouda, 2 U3 KOmopbix ObiIU HOBbIMU MPUPOOHLIMU COeOUHEHUSMU. CmpoeHue
npupodHbIx npodykmoe onpedenieHoO U ycmaHosneHo memodamu MC-, UK-, 1D AMP- u 2D AMP-
criekmpockonuu. Hoeble ankanoudsl nosnyyunu Ha3saHus rnenmonupuH (3) u nenmogymapuH (4). Jlenmo-
nupuH (3) npedcmasnsgem cobol Ho8bIU mur GUMEePHO20 BEH3UMU30XUHOMUHA U MPOCMOo20 U30XUHOIIUHO-
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8020 arnkanouda ¢ UMUHHbIM azomom. flenmocbymapuH (4) sensiemcs nepsbiM NpUMEpPOM arnkanouda
arnopchuHa u 6eH3UNU30XUHONUHa ¢ 08YMs1 3(OUPHBLIMU MOCMUKaMU, KOmMOopbie UMem C853U «20/108a K 20-
noge» u «xeocm K xgeocmy». MiccnedoeaHbl aHmuokcuGaHmMHas, aHmumMymazeHHasi, aHmunposnugepamus-
Hasi, eernamorpomeKkmopHasi, UMMyHOMOOyiupyrowas u rnpomueopakoeasl akmueHOCMb pPasu4yHbIX 3KC-
mpakmoe Leptopyrum fumaroides u HeKomopbix 8bIOEIEHHbIX YUcmbIXx coeduHeHul. B daHHOM 0630pe
Haensi0HO nMokasaHo, 4mo ¢humoxumudeckoe u buorioeudeckoe udydeHue 3moao euda pacmeHulli mosibKo
Ha4YuHaemcs u mpebyem 6onee 0emasibHO20 U 8CECMOPOHHE20 U3YYEHUSI.

Knroyeenie cnoea: Leptopyrum fumarioides (L.) Reichenb., mpaduyuoHHoe ucrnonb3oeaHue, ghumoxumus u
buornoau4eckasi akmueHoCMb

Ans yumupoeaHusi: Conoxro A., JoHuyesa L., Janrap6at b., CanaHra 1. O630p (pUTOXMMUYECKMX N HEKO-
TOpbIX UccnegosaHui buonornyeckon aktmeHoctTn Leptopyrum fumarioides (L.) Reichenb. // UsBecTns By-
30B. [puknagHas xumusa n uotexHonorus. 2022. T. 12. N 2. C. 231-237. (In English). https://doi.org/10.212

85/2227-2925-2022-12-2-231-237.

INTRODUCTION

Leptopyrum fumarioides belongs to the Ranun-
culaceae family. L. fumarioides is distributed in Si-
beria, Mongolia, China and North Korea. There are
three species of the genus Leptopyrum — Leptopy-
rum fumarioides (L.) Reichenb., L. tenellum Raf. and
L. generale E.H.L. Of these, only Leptopyrum fumar-
ioides grows in Mongolia as Khubsugul, Khenti,
Khangai, Mongol Daguur, Mongol Altai, Dundad
Khalkh, Dornod Mongol and Gobi Altai regions [1-3].
Leptopyrum was previously assigned to the genus
Isopyrum, but in 1964 Xiao Pei-Keng and Wang
Wen-Cai recognized Leptopyrum as a separate ge-
nus [4]. The genus Isopyrum has about 60 species.
However, its chemical composition and biological
activity have been little studied. So, European re-
searchers isolated and found only alkaloids [5-12].

Compared to the genus Isopyrum there is no de-
tailed study on the genus Leptopyrum. There is no
scientific justification for the use of many medicinal
plants, based on the study of the biological functions
and activity of their extracts and components. The
use of these plants for the manufacture of medicines
is based solely on traditions that have been pre-
served for generations. Therefore, it is important to
study the chemical composition, biological functions,
and activity of traditional medicinal plants, and con-
firm their use on a scientific basis [13]. L. fumar-
ioides (L.) Reichenb. is an example of one such
plant species. However, we could not find any in-
formation about the chemical composition and bio-
logical activity of the other two species of Leptopy-
rum, so we tried to review the studies of Leptopyrum
fumaroides and hope that this may help further re-
searchers.

Traditional uses of L. fumarioides. Aerial parts of
the plant are used in Mongolian and Tibetan folk
medicine for the treatment of fever, typhoid fever,
high blood pressure, liver diseases, and dropsy,
cardiovascular, gastrointestinal diseases, and for
the treatment of various intoxications?! [14]. In tradi-

tional Mongolian medicine, Leptopyrum fumarioides
and Hypecoum erectum L. have similar usage under
the same name “Barbad” in variety of traditional
medicine for the treatment of liver diseases. H. erec-
tum is an ingredient of “Hepamon” drug and in com-
bination with Salsola colina it is used for the treat-
ment of liver. The comparative study of “Hepamon”
and Silymarin was performed in the liver treatment
of rats poisoned with CCI4. After liver intoxication
with CCl4, the concentrations of succinate dehydro-
genase (SDH) and lactate dehydrogenase (LDH) in
the animals treated with Hepamon were higher than
in the animals treated with silymarin [15]. It is worth
to mention that L. fumarioides extract is one of the
components of an anticancer drug in the traditional
Chinese folk medicine [16].

Study of chemical compositions of L. fumar-
ioides. The chemical composition of this plant species
has been little studied. Previously, it was only found
that the herb contains alkaloids, saponins [17, 18],
cyanogenic glycosides, and a small amount of
ascorbic acid [19, 20].

Alkaloids. From the aerial part of L. fumarioides
growing in Mongolia, the isoquinoline alkaloid such
as known alkaloids protopine (1), thalifoline (2), and
new alkaloids leptopyrine (3) and leptofumarine (4)
were isolated and identified. Leptopyrine (3) is a
new type of dimer alkaloid of benzylisoquinoline and
simple isoquinoline with imine nitrogen (Fig. 1) [21]
Leptofumarine (4) is the first example of aporphine
and benzylisoquinoline alkaloid with two ether
bridges which have head-to-head and tail-to-tail
coupling? (Fig. 1) [21, 22].

Non-alkaloid components. From dichloro-
methane extract of the aerial part of L. fumarioides,
D. Boldbaatar et al. the 14 hydrocarbons were iso-
lated and identified by the GC-MS method, and
among them 1-Propoxypentane (5), 6,10,13-
trimethyltetradecanol (6), 8-methylheptadecane (7),
tetracosane (8), heneicosane (9), eicosane (10),
hexadecanoic acid, methyl ester (11), phytol (12),

1Sanchir Ch., Batkhuu J., Boldsaikhan B., Komatsu K. The encyclopedia of Mongolian useful plants. Ulanbataatar:

Admon Printing, 2005. Vol. 2. 180 p.

2Solongo A. The isoquinoline alkaloids from Berberis sibirica Pall. and Leptopyrum fumarioides (L.) Reichenb. of Mon-
golian origin: PhD Thesis. National University of Mongolia, 2019.
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2,4-decadienal (13), 2-pentadecanone (14), 10-
methylcosane (15), tetradecahydro-7-isopropyl-
1,4a-dimethylphenanthren-1-methanol (16), penta-
decane (17), pentadecanoic acid (18) (Table). From
the n-butanol and aqueous extracts, 7 flavonoids
were isolated and identified, such as luteolin-7-O-
glucoside (19), luteolin 6-C-B-D-glucopyranoside
(20), apigenin 7-glucuronide (21), isovitexin (22),
naringenin-7-O-glucoside (23), 6-hydroxynaringenin
(24), naringin (25)3 (Fig. 2) [23, 24].

Biological activities. Antioxidative, hepatoprotec-
tive, antibacterial, antigenotoxic, immunomodulatory
and anti-cancer activities of various extracts and
some isolated pure compounds of Leptopyrum fu-
marioides were studied.

Antigenotoxic effects or DNA damaging effects.
The results of the investigations of L. fumarioides
showed that its sub extracts and some pure com-
pounds can to prevent catechol-induced DNA dam-
age and possibly play a potent antioxidant role [23].
The various extracts and the most common compo-
nents of these extracts were tested for their ability to
induce DNA damage. It has been shown that Lute-
loin-7-O-glucoside (9) has no effect on DNA dam-
age up to 10 pg/ml (higher concentrations could not
be tested)* [24].

The acute toxicity. The acute toxicity of a 40%
ethanol dry extract of L. fumarioides was studied.
The LD50 of this extract was 25001176 mg/kg. As a
result, the extract of L. fumarioides was assigned to
the group of practically non-toxic substances [25].

DNA protective effects. The DNA-protective ef-
fects of various components of L. fumarioides have
been studied in mouse lymphoma cells exposed to
high concentrations of the DNA-damaging pro-
oxidant catechol. Low concentrations of the three
sub-extracts significantly reduced catechol-induced

1
OCHj
N O
Hie” OH
o OCH;
CrC0r
OCHj
3

DNA degradation, and the most successful protec-
tive agent was flavone luteolin-7-O-glucoside isolat-
ed from the n-butanol sub-extract. This compound
has been shown to reduce catechol-induced DNA
degradation to almost control levels [24].

Immunomodulatory activity. New alkaloids Lep-
tofumarine and Leptopyrine isolated from L. fumar-
ioides were evaluated for their effect on macro-
phages and bone marrow (BM) cells in vitro. Our
results showed that both alkaloids inhibit cytokine
production by LPS-stimulated peritoneal macro-
phages. Leptopirine suppressed the formation of
osteoclasts and osteoblasts, while leptofumarine
only affected osteoblastogenesis [22].

Anticancer and antiepileptic activity. L. fumar-
ioides extracts inhibit activity of U-937 GTB in lung
cancer cells; in addition, their positive antiepileptic
activity has been discovered® [24].

Antioxidant activity. The free radical scavenging
antioxidant activity of DPPH (2,2-diphenyl-1-
picrylhydrazyl) was tested on sub-extracts and L.
fumaroides extract. The n-butanol sub-extract had
the stronger antioxidative activity than both the ex-
tract and the other two sub-extracts (the dichloro-
methane sub-extract was the least effective). The
most striking result of the assay was that the isolat-
ed flavone, luteolin-7-O-glucoside (9), had a very
strong antioxidant activity and were found to have
an almost the same ICso-value as the positive con-
trol rutin® [24].

The screening of DPPH radical scavenging of
antioxidant activity, hepatoprotective and antiprolif-
erative activity was carried out. The total alkaloids
(b, e, 1d, llle) were isolated from 4 kg air-dry
arial part of L. fumarioides. About 4.0 kg of the
plant sample was extracted with 95% ethanol
5 times.

H;CO

/

HO CHj
2

HO

O N
‘ CH,
O )

OCHs

Fig. 1. Structure of alkaloids from L. fumarioides

Puc. 1. CtpykTypa ankanougos L. fumarioides

3Boldbaatar D. Phytochemistry and antimutagenic activity of Leptopyrum fumarioides (L.) RCHB.: PhD Thesis. Na-

tional University of Mongolia, 2018.
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The volatile compounds from L. fumarioides identified by GC-MS

IleTyune coeanHenus L. fumarioides, naeHTudnumpoBaHHble ¢ nomolubio MX-MC
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Fig. 2. Structure of flavonoids from L. fumarioides

Puc. 2. CtpykTypa dnasoHonaos L. fumaroides

After evaporation 478.25 g of thick extract was ob-
tained (I). The extract was dissolved in 5% HCI and
purified by hexane 3 times (llla). The acidic solution
was alkalized by 25% NH4OH to pH 7-8 and ex-
tracted with chloroform to obtain 3.06 g of crude
alkaloid mixture (lllb). Besides, 25% NHsOH was
added to acidic solution up to pH 9-10 and extract-
ed with chloroform to obtain 2.04 g of crude alkaloid
mixture (lllc). If the acid solution was alkalized to pH
9-10 and extracted with chloroform-methanol (4:1),
then 0.75 g of polar crude alkaloid mixture (llld) was
isolated, while the extraction with butanol gave
163.14 g of crude alkaloid mixture (llle).

234

In addition, a 1.5 kg of plant sample was ex-
tracted with 70% ethanol 4 times. After evaporation
330.72 g of thick extract was obtained (ll). After the
use of various organic solvents, the 29.84 g of di-
chloromethane (IV) fraction, 3.66 g of ethyl acetate
(V) fraction, and 65.79 g butanol (VI) fraction were
isolated. Alkaloid fractions llls, lllc, Illo, and Ille were
different from each other. All fractions were passed
through preliminary screening for hepatoprotective,
antiproliferative, and antioxidant activity. According
to our study of DPPH radical scavenging screening,
all extracts and sub-extracts of L. fumaroides, ethyl
acetate (IC50 168.58+0.68), and total alkaloids

https://vuzbiochemi.elpub.ru/jour
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(IC50 97.84+0.39) showed high antioxidant activity.
The antioxidant activity of the extract is considered
to be highly active if the ICso is less than 100, mod-
erately active if the IC50 is 100-200, and inactive if it
is more than 200. Further study will take up the
three various assays such as DPPH radical scav-
enging antioxidant activity, ABTS antioxidant and
Ferric reducing antioxidant power assays on effec-
tive fractions [26].

Hepatoprotective activity. Toxic hepatitis had
been caused in white rats by subcutaneous injection
of 50% oil solution of carbon tetrachloride (CCl4) at
the rate of 0.4 ml / 100 g of body weight once a day
for four consecutive days. L. fumarioides extract at a
dose of 200 mg/kg (experimental — therapeutic
dose) in the form of an aqueous solution was intra-
gastric administered starting from the second day
once a day for 10 days of the experiment. For com-
parison, a separate group of rats was similarly in-
jected with Holosas in a volume of 1.0 ml/kg of body
weight (experimental therapeutic dose). Animals of
the control group were injected with an equal vol-
ume of purified water according to a similar scheme.
After 7, 14 and 21 days from the start of CCl4 ad-
ministration, the bile-forming and bile-diverting func-
tion and the structural state of the rat liver were as-
sessed.

As a result of the study, it was found that the
aqueous and 40% ethanol extract of L. fumarioides
showed choleretic and hepatoprotective effect on
rats, as well as stimulating effect on the synthesis
and release of cholic acid. It has been shown that L.
fumarioides extract causes a pronounced inhibition
of cholera-forming and choleretic functions of the
liver and their destructive changes [25].

According to our study, the hepaprotective effect
of extracts and sub-extracts of L. fumarioides is in-
duced by t-BHP in cell culture. Ethanol extract, ethyl
acetate and butanol sub-extracts have shown a pro-
tective effect against cell toxicity. In addition, a more

detailed study of the hepatoprotective effects of this
species using certain fractions and isolated pure
compounds is needed [26].

Antiproliferative effects. The antiproliferative ac-
tivity of L. fumarioides in liver cancer cells Hep G2
was compared with positive control 5-fluoroacyl (an
agent that treats many cancers, including colon,
rectum, breast, stomach, pancreas, ovaries, blad-
der, and liver). As a result of this screening, it was
found that 29.34% crude ethanol extract and
38.44% crude mixture of alkaloids, and 10.84% di-
chloromethane sub-extract of L. fumaroides showed
more pronounced inhibition of the cell growth of liver
cancer than the positive control 5-fluoroacyl [26].

CONCLUSIONS

It was found that 4 alkaloids, 7 flavonoids and
14 volatile compounds identified from the L. fuma-
roides. Thus, 25 natural compounds of L. fumar-
ioides were isolated and identified.

The antioxidant, antimutagenic, antiproliferative,
hepatoprotective, immunomodulatory and anti-
cancer effects of various extracts and some isolated
pure compounds of L. fumarioides have been stud-
ied. In comparison, all of these biologically active
studies show that low-polar compounds of plant
species have genotoxic and antiproliferative effects.
The polar compounds of plant species have anti-
genotoxic, hepaprotective, and antioxidant effects.
Therefore, they are extensively used in the Mongoli-
an as well as Tibetan traditional medicines to relief
fever, treat liver diseases and dropsy and also for
the treatment of various intoxications. Moreover, it is
used as an essential component in the anticancer
drug in the Chinese traditional medicine. From this
review, it may be possible to provide scientific evi-
dence for the use of traditional medicine. But it may
be worthwhile to make a final conclusion based on a
more detailed study.
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MNMepcnekTuBbI NepepaboTKM NNacTUKOBbLIX OTXOA0B
Ha OCHOBeE NONMU3ITUNIEHINUKonbTepedTanara
C NPUMEeHeHNEeM XNBbIX cuctem (o63op)

OeHnc BnagumunpoBuny benos, Cepren Hukonaesny bensieB
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2. HuxHuti Hoszopod, Poccutickas ®edepauyus
ABTOp, OTBETCTBEHHbIN 3a nepenucky: benos [JeHnc Bnagnmuposuy, belov.denbel2013@yandex.ru

AHHOmMauyus. B rocnedHue 200bl buodezpadauyusa nonuamusieHesIukoibmepegmanama cmasna uspamsb
8aXXKHYIO POIib 8 peweHuU npobrieMbl 3a2psA3HEHUST OKpyXarouwiel cpeldbl nnacmukosbiMu omxodamu. B 0aH-
HoM 0630pe 0bobuweHa Hoselwasi UHGhopMauusi 0 pasnudyHbIX MUKDPOOpaaHuU3Max, CriocobHbix K buodeepa-
dayuu nonuamurneHanukonsmepegpmasnama. [TodpobHO u3yyeHbl MexaHu3Mbl hePMEHMamueHbIX peakyul
eudpornu3a nonuamursieHanuKkobmepegpmanama u cmpoeHue ghepmeHmos buodezpadayuu. B ob63ope pac-
CMOMPpeEHbI cywecmsyrouwue rnpobraems! nPoMbILIEHHOU peanusayuu memoda 6uodeepadayuu nonusIMmu-
NieHanukonbmepegmanama U ebiCKa3aHbl HEKOMOPbie COObpaxeHus o npods8LXXeHU CO0Mmeemcmasyro-
Wux mexHonoaul ymunu3sayuu omxodoe Ha 0CHO8e ronusmurneHanukonbmepegpmanama. buodeespadayus
s6e/19emcs npusnekamesibHbIM CO8PEMEHHbBIM MEMOOOM 3KOI02UHECKU YUCMO20 U aghghekmusHo20 ydarie-
Husi omxodoe nnacmmacc. AKmyarnbHocmb daHHOU meMbl 0OBbSICHAEMCS meM, Ymo ewe He paspabomasbl
mexHOsI02uU, M0380JIAIUWUE 8 KOMMEPYECKUX Macwmabax ymunusuposames MOAU3IMUIeH2/1UKOIbmepe-
pmanam nymem buodezpadayuu. B amol obnacmu rnposodumcsi 6osbuwoe Kosiudecmao uccredosaHud,
o4esudHO, Ymo paspabomka peHmaberibHbIX U 8bICOKO MEXHOI02UYHbIX fpouyeccos buodezpadayuu — 3mo
eoripoc spemeHuU. bydyuue docmuxeHusi 8 amoul obriacmu 6ydym oCcHo8aHbl Ha cmpameausix cuHmemu4ye-
cKol 6uosiozuu u Memabonu4yeckol UHXeHepuu. VX uenbo cmaHem KOHCmPyupoBaHUe UCKYCCIMEEHHbIX
MUKPOBHBIX KOHCOPUUYMO8 U MoOuguyuposaHue MUKPOBHbIX 2udposia3 nonusmureHaaukonbmepegpma-
nama, HauersneHHbIX Ha 6onee nonHyo 6uodegpadayuro U BUOKOH8EPCUKD MonusmurieHanuKkonsmepegpma-
niama u Opyaux CrI0XHbIX 10/IUMEpPO8.

Knro4deenie crioea: nonuamurneHanukonbmepegpmanam, nepepabomka omxodos, buodezpadayus, Ther-
mobifida fusca, eudponasa, kymuHa3sa, ldeonella sakaiensis, buopemeduayusi, mepegpmarnegas KuciIoma,
amuneHenukosnb, N3 Tasa (PETase), MOTasa (MHETase), peyuknuHe

Ans uumupoeaHusi: benos [. B., bensiee C. H. NepcnekTnBbl NnepepaboTky NNacTUKOBLIX OTXOAOB Ha OC-
HOBE NONMAaTWUNEHINUuKoNbTepedTanaTa ¢ NPMMeHeHeM XuBbix cuctemM (063op) // N3secTtus Bysos. [pu-
KnagHas xumusi n 6mnotexHonorus. 2022. T. 12. N 2. C. 238-253. https://doi.org/10.21285/2227-2925-2022-
12-2-238-253.

PHYSICOCHEMICAL BIOLOGY
Review article
Prospects for recycling plastic waste
based on polyethylene glycol terephthalate
using living systems (a review)
Denis V. Belov, Sergey N. Belyaev

Institute of Applied Physics of the RAS,
Nizhny Novgorod, Russian Federation
Corresponding author: Denis V. Belov, belov.denbel2013@yandex.ru

Abstract. In recent years, the biodegradation of polyethylene glycol terephthalate has become an important
direction in solving the problem of environmental pollution with plastic waste. This review generalizes the
latest data on various microorganisms capable of biodegrading polyethylene glycol terephthalate. The
mechanisms of enzymatic reactions of polyethylene glycol terephthalate hydrolysis and the structure of bio-
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degradation enzymes are elucidated. Challenges to the industrial implementation of polyethylene glycol ter-
ephthalate biodegradation are considered along with proposals on the promotion of appropriate waste dis-
posal technologies. Biodegradation comprises a promising method for the environmentally friendly and effi-
cient disposal of waste plastics. So far, no commercial biodegradation technologies for recycling polyeth-
ylene glycol terephthalate have been developed. This area is attracting increased research attention, which
is expected to result in the appearance of cost-effective and high-tech biodegradation processes. Future ad-
vances are likely to be based on synthetic biology and metabolic engineering strategies capable of construct-
ing artificial microbial consortia and modifying microbial polyethylene glycol terephthalate hydrolases aimed
at a more complete biodegradation and bioconversion of polyethylene glycol terephthalate and other com-
plex polymers.

Keywords: polyethylene glycol terephthalate, waste disposal, biodegradation, Thermobifida fusca, hydro-
lase, cutinase, Ideonella sakaiensis, bioremediation, terephthalic acid, ethylene glycol, PETase, MHETase,
recycling

For citation: Belov D. V., Belyaev S. N. Prospects for recycling plastic waste based on polyethylene glycol
terephthalate using living systems (a review). lzvestiya Vuzov. Prikladnaya Khimiya i Biotekhnologiya = Pro-
ceedings of Universities. Applied Chemistry and Biotechnology. 2022;12(2):238-253. (In Russian). https://

doi.org/10.21285/2227-2925-2022-12-2-238-253.

BBEOEHUE

B coBpemMeHHOM Mupe LLUMPOKO pacnpocTpaHe-
Hbl CUHTETUYECKMe NONUMeEpPbl U MaTepuansl Ha UX
ocHoBe. C TOYKM 3pEHUsI IKOSMOrMM OHWU NpeacTaB-
nawT rnobanbHyo npobnemy, SBMSASCb CaMbIMU
MHOIOYMUCNEHHLIMU 3arpA3HUTENSMU  OKpYXatoLLen
cpeabl. BonbWWMHCTBO NONUMEPOB M NnacTtMace, B
YacTHOCTU nonuatuneHrnukoneTepedTanat (M3T),
npeacTaBnsaoT cobon LyHaMUYECKUA N MOCTOSIHHO
pacTyLmnn puck Ans dayHsl U nopbl Kak Ha cyle,
Tak u Boge. OcHoBHOW npobnemon ABnseTCH
YyCTOMYMBOCTb MOMMMEPHBIX MaTepuarnoB K derpa-
AauMm U eCTeCTBEHHOMY Pa3fnoXeHWUo W, Kak cnea-
CTBWE, MOCTOSIHHO HapacTallasa akonoruyeckas
Harpyska Ha BcCe 3KocucTembl. Hanpumep, orpom-
Hyto NpobnemMy npeacTaBnseT 3arpas3HeHve nnact-
Maccamm MOpPCKOW cpedbl. Haxogsicb B MopCKoK
cpefe, nnactmaccbl ObICTPO KOMOHWU3MPYHOTCSA pas-
HOOGpa3HbLIMU MUKPOOPraHn3Mamu, HasbiBaeMbIMU
nnactucdepon. Kak m mukpoopraHmambel Guonne-
HOK, urneHbl nnactucdepbl BbIMOMHAT MHOXECTBO
pasnuyHbIX (OYHKLMIA, B TOM YuUCMe Yy4yacTBYOT B
BuopasnoxeHumn nnactmka. OgHako B eCTECTBEHHON
cpefe 3TOT NpoLece AnuTerneH.

Celiyac, kak HuKorga, MOXHO Habntogartb no-
CTOSIHHO BO3pacTatoLlee faBneHne aHTPONoreHHoro
BO34eNCTBMSA Yenoseka Ha npupoay. K HacTosilemy
BPEMEHM Ha nraHeTe CKOMWNOCb OKomno 6,5 mnpa
TOHH pasnU4HbIX MNacTUKOBbIX oTxonos. [pu co-
XpaHEeHUN COBPEMEHHbIX TeHAEHLMIA NpoM3BOACTBa
nnactvka M obpalweHnss ¢ HenepepaboTaHHbIMM
nnacTUKoBbIMKM oTxodamu yxe K 2050 rogy aTo0 KO-
NMYecTBO BO3pacTeT A0 12 Mnpa TOHHL.

lMpounssoacTBO NnacTmacc crtano He3ameHUMbIM
0N coBpeMeHHoro obuiecTBa bnarogaps Ux Hese-
POSTHOW YHMBEPCANbHOCTN B COMETAHUN C HU3KUMMU
Npou3BoACTBEHHbIMY 3aTpaTamu. OAHOBPEMEHHO C

3TMM MeHee 4YeMm 3a CTO feT 3TO MPOou3BOACTBO
HaHecno cepbesHbli ywepb akonornm n Guocdepe
3emnu. MNpunsHaHo, YTO CUHTETMYECKME NacTMacchl
npeacTaBnsaoT cobovi cepbe3Hylo yrposy rrnobarnb-
HOro 3arpsi3HeHusi, 0COBEHHO MOPCKMX 3KOCUCTEM,
u3-3a MX CBEPXANIUTENbHOro CpoKa eCTeCTBEHHOro
pasnoxeHus.

B aTon cBs3u paspaboTka u BHegpeHUe TEeXHO-
norun nepepaboTtkm noctnoTpebutensckoro 3T
(POSTC-PET) npegcrtaBnaet co0oOW BaXHEWLLYHO
COBPEMEHHYI0 MeXancumniMHapHyto 3agayy [1].

B HacTosiee BpemMs Ha NpakTUKe MCNomMb3yrT-
ca Tpu metoga 6opbbbl C oTxogamu nracTtmacc:
3axXOpoHeHve, cxuraHve u nepepaboTka. 3axopo-
HEeHWe n cXuraHwe OTXOAOB NPUBOAAT K BbIOpOCY B
OKpY>KaloLLyt0 cpefy OnacHbIX BTOPWUYHBLIX 3arpss-
HuTenen. Peunpkynsuma nonMmepoB  peluaet
onpefeneHHble 3Konoruyeckme npobnembl NepBbixX
ABYX MeTOAO0B, OAHAaKO 3TOT npouecc sBnseTcs Ma-
noaddEKTUBHLIM, OrpaHNYEHHbIM HU3KOW CTOUMO-
CTbio cbopa n nepepaboTkM OTXOO0B, HEBLICOKMM
KayeCTBOM MONy4aeMoro BTOPUYHOro nonmmepa. B
cBsA3M ¢ aTUM Buogerpagauus MNI3T npusnekaeT BCce
Gonblue BHMMaHMSA Kak 3KOMOMMYecKku YucTasi anb-
TepHaTMBa ApYrMM MeTodaM nepepaboTky OTXOA0B,
yTo sABnsAeTcA 9PPEKTUBHLIM METOAOM KOHTPOIS
3arpAsHeHus nnactukom. [Mpouecc TpebyeT yme-
peHHOn TemnepaTypbl, HebonbLIOro aHepronoTpeb-
NeHNs, HEeCNOoXHOro annapaTypHoro odOopMIIeHMs
npouecca. Mpogyktel 6uogerpagauun MIOT moryT
ObITb Merko BCTPOEHbI B CYLUECTBYIOLINE TEXHOMO-
rMYecKne NMHUN.

MonuatuneHrnukonbTepedTanar — 3710 TepPMO-
nnacTuk, npeacraBuTenb Knacca nonnadgpupos, Ko-
TOPbIA M3BECTEH MO PasHbIMW Ha3BaHUAMW: NOMU-
aTuneHtepedTanart, M3T, NOT®, nascaH, mannap
n ap. (puc. 1).

!B nonckax nnactuka. Kak Greenpeace B Poccum 1 nioam no Bcew cTpaHe nsyyanu nnacTUKoBbIA Mycop Ha
Beperax mopen, pek n o3ep: otyeT Greenpeace 0 NNACTUKOBOM 3arpsi3HeHMM Geperos BOAHbIX 06LEKTOB B
Poccun. 2020. 43 c. [OnekTpoHHbIM pecypc]. URL: https://greenpeace.ru/wp-content/uploads/2020/03/
Greenpeace-plastic-pollution-report.pdf (19.06.2022).
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Fig. 1. PET biodegradation process and its biodegradation products

M3T gBndeTca NPOAYKTOM peakuMu MOMMKOH-
JeHcauun 3aTUNeHrnukons ¢ TepedTaneBon KUCro-
TOW Unn ee gumeTunosbiM 3dumpom. o BHeLWHeMy
BMAY NpeacrtaBnseT cobon B aMopdHOM COCTOSTHUM
TBepgoe, 6ecuBeTHOe M Npo3pavyHoe BELLECTBO, B
KpUCTann4yeckoMm cocTosiHum — 6enoe, Henpo3spay-
HOe BeLLecTBO, KOTOpoe NpW HarpeBaHuu OO TeM-
nepatypbl CTEKIOBaHUS MepexoauT B npo3pavHoe
COCTOSIHME U OCTaeTCsl B HEM NPW pe3koM oxnaxge-
HUW. Byayy4n KOHCTPYKUMOHHbIM MaTtepuanom M3T
MpoOYeH, M3HOCOCTOEK, MposBNsAeT CBOWCTBa AW-
anektpuka. dusnyeckme ceornctea MIT: NNOTHOCTb
1,37-1,46 r/cm?, Temnepatypa pasmsryeHuns 245 °C,
Temnepatypa nnasneHus 260 °C, TemnepaTtypa CTek-
noeaHua 70 °C, Temnepatypa pasnoxeHus 350 °C.

BelectBo HepacTBOpMMO B BoAde U OOMbLUWH-
CTBE OpraHuyeckux pacTBopuUTenen, OAHaKO He-
YCTOWYMBO K KETOHaM, CUMbHbIM KUCOTaM U LWeno-
yam. B Poccuun nonuatuneHtepedTanar ucnosnb3y-
eTcs rmaBHbIM 06pa3oM Ans U3roToBMEHUS MnacTu-
KOBbIX €MKOCTEl 1 B NepBYy0 ovepedb 0OHOPa30BbIX
NNacTUKOBbIX OYTbINOK. B MeHbLen cTteneHn aToT
nonuadup npumeHsieTca ond nepepaboTkM B BO-
NOKHO M nneHky. Bo Bcem mupe Gonbwas 4actb
M3T naet Ha NPon3BOACTBO HUTEN U BOJOKOH [1].

TPAOULIMOHHBIE CNOCOGEbI

NEPEPABOTKW OTXOOOB N3T

Cnocobbl nepepaboTkn OTXOAOB MONUITUSEH-
TepedTanara MOXHO pasgenvTb Ha TPU OCHOBHbIE
rpynnbl: MexaHn4yeckme, OU3NKO-XMMUYECKNE N XU~
mMudeckne. OCHOBHbIM MEXaHWYEeCKMM CnocoGom
nepepabotkn otxopoB 3T sBnsetrca mamenb4e-
Hne. Takas nepepaboTka MO3BOMNSET MOAYyYUTb MO-
poLkoobpasHbie MaTepuanbl U KpoLKy Anis nocne-
aytowero nutesa nod gasneHuneM. lNpu nepepaboTke
atTum cnocobom [M3T-Tapbl nony4arT «dnekcbi»
(ot aHrn. flakes — xnonbs), KayecTBO KOTOPbIX
onpeaenseTcsl CTeneHblo 3arpsasHeHus matepuana
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W cogepXaHuem B HeM Apyrux nonumepos (nonwu-
nponuneHa, NonMBMHUIIXNopuaa v ap.).

PU3NKo-XMMmn4yeckne metoabl nepepaboTkm OT-
xogoB M3T knaccudmumpytoT crneayowmm obpa-
30M: AECTPYKUNS OTXOAOB C LEeNblo NOMyYeHUs Mo-
HOMEpPOB WM ONUIOMEPOB, MPUroAHbLIX ANS MOony-
YeHWs1 BONOKHA M NMEHKW; nrnaBneHne oTxodo0B Ang
nonyyeHnss n3genuin akcTpysnen unm nNuTbem nop
AaBrneHveMm, rpaHynsata u arriomepaTta; nepeoca-
XOEeHue n3 pacTBOPOB C MOMyYEeHWEM MNOPOLLKOB
Ans nocneayloLwero HaHeceH s MOKPbITUA; nonyye-
HMEe KOMMO3WUMOHHBIX MaTepuanos; Xummuyeckas
mMoaudukaums Ans NpousBOACTBa Martepuarnos C
HOBbIMU CBONCTBaMMU.

Cpenmn xvmuyeckmx cnocoboB nepepaboTkm OT-
X040B Ha ocHoBe 3T MOXHO YNOMSIHYTb rMapoOnNus,
MeTaHonu3 (B3anmoaencTBnme ¢ MeTUNoBbIM CiUp-
TOM), FNUKONU3 (B3aUMOLEWCTBUE C [MUKOMAMM),
amMmuHonua (B3anmogencTene ¢ ammHamm), aMMOHO-
nu3 (B3anMoaemncTene ¢ ammmakom) n ap. [2].

MonuaTtuneHtepedTanar, WCMNonb3yembin B
NpOM3BOACTBE OAHOPAa30BbIX OYTHINOK, O4EXAbl,
YyNaKoBKM M KOBPOBbIX MOKPLITUIA, YCTOMYMB K KaTa-
NUTUYECKON unm BnonorMyeckon genonumepusaunm
13-3a OrpaHUYEeHHOM OOCTYMHOCTU CROXHOIMUPHBIX
cBazenn. [MpoMbllNEHHBLIM cnocob aenonumepusa-
umm MN3T ¢ NOMOLbIO XMMUYECKUX BELLLECTB, CMO-
COOHbIX pacLLennsATb CMOXHO3(UPHbLIE CBA3W, MO-
XeT ObITb peanun3oBaH, HO Ha CErofHSALHUA OeHb
3TO He onpaBdaHO 3KOHOMMYECKU W3-3a CpaBHU-
TenbHOM AdeweBu3Hbl nepsudHoro MN3T. Kpome To-
ro, HanMuMe MHOXeCTBa apoMaTUYecKunx parmeH-
TOB AeriaeT NonMMEPHYI0O MOMEKYNy NONMaTUIeHTe-
pedTanarta XeCcTKoOn U XMMUYECKU MHEPTHOW NO OT-
HOLLEeHMIO K rugponuay [3].

M3BecTHa TexHonorus pasnoxernusa MNOT B rma-
PONUTMYECKUX N POTOMUTUYECKMX YCINOBUAX, KOTO-
pble ABMAIOTCH OCHOBHBLIMW MpoLeccammn pasnoxe-
HWs1, NpoTeKalLWwnMn B ectecTBeHHon cpefe. OgHa-
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KO MOSHOrO MOHWMaHWs MexaHu3ma C ngeHTtudmka-
LMen KIYeBbIX MPOMEXYTOYHBIX NPOAYKTOB, obpa-
3yloLmMXxcs B xoae gerpagaumm MN3T, noka HeT [4].

TepmomexaHuyecknni  cnocob  nepepaboTku
TpebyeT Gonblunx 3atpaT 3Heprun. K Tomy xe me-
XaHM4YecKkne CBOWCTBa MnacTuka B npoLecce ero
TepMOMexaHn4eckon nepepaboTkym 3HAYMTENBHO
yxygwatotes [5]. YacTb nnacTuMkoBbIX OTXOAO0B (He
meHee 10-12%) cxuraeTtcs, ogHako nogobHas yTu-
nM3auus WMeeT HeraTuMBHblE MOCNEACTBUS AN
okpyxatowen cpeabl. Ytunusaums M3T npownsso-
OWTCA ynpaBrisieMbiM CXXUraHvem npu TemnepaType
He meHee 850 °C.

lMepeyncrneHHble Bbille YCIOBUS B UTOre npu-
BOOAT K HaKOMSIEHMIO MMAacTUKOBBIX OTXOOOB B
oKkpyxatowen cpege. Ecnu He ByayT HanaeHbl 3Ko-
HOMUWYECKM U TEXHOMOTMYECKU OMpaBOaHHbIE MyTU
nepepaboTkn MNONMUMEPHbIX OTXOAOB, HaKOMneHue
nnacTuka npueBedeT K yXacarwlum nocneacTeusam.
ExxerogHO nnacTvMkoBOe 3arpsi3HEHVME  SBMSieTCS
NpuYMHOM rmbenn okono 1 MMAH MOPCKMX NTul, a
Tarke 100 000 TbIC. MOPCKUX MIEKOMUTAIOLNX W
yepenax [6]. B HacTosiLee Bpems cYMTaeTCd, YTO
MoYBblI MOFyT MPeAcTaBnATb cobon ewe 6onblmn
KOHUeHTpaTop nnactuka. INMockonbky MUKpOMNnacTuk
MOXET JEerko BbIMbIBaTbCHA B IPYHTOBbIE BOAbI U 3a-
rpsA3HATL Apyrue BOAHbIE PEeCcypChbl, CYNTAETCH, YTO
aTa npobnema 3aTparmBaeT OpraHusMbl BO BCEW
aKocucTeme nnaHeThbl [7].

CraHoBuTCA BCe Oonee 04YeBMAHbIM, YTO B OT-
BET Ha HakonfeHue nnactuka B duocdepe MUKpo-
Obl NpucnocabnuealoT, HacTpaMBalT U pa3BUBaOT
CBOM (DEpPMEHTHbIE CUCTEMbI U KaTabonmyeckme
nyTW ANst YaCTUYHOIO Pa3foXeHUs1 NCKYCCTBEHHOMO
nrnactvka M NCMNonb30BaHMsA ero B Ka4yecTBe MCTOY-
HVKa yrnepoga v aHepruun. [na Toro 4tobbl MOMOYb
pewnTb HaOBUTalLLYOCS 3KOMOMMYECKYH yrpoay,
CO30aBaeMyH) WUCKYCCTBEHHBIMU CUHTETUYECKUMMU
nnactukamm, MMKpomup 6aktepun npegnaraeT CBou
3BOMOLUMOHHO ONocpefoBaHHbIE MEXaHU3Mbl, KOTO-
pble SABMAKTCA MHOroobeLalWmMMn OTNPaBHbIMU
TOYKaMyn NS NPOMBILLNIEHHON BUoTEXHONOMMN 1"
CYHTETU4Yeckomn Guonoruum.

ArEHTbl BAOXUMUYECKOW OErPAOALIUN

naT

®epmeHmbl  6akmepul. CBOWCTBa, KOTOpblE
aenatoT MN3T He3aMeHUMbIM N YHMBeEpPCarnbHbIM Ma-
TepuanoM, Takke HadensitoT ero onacHon yCTon4u-
BOCTbIO K GUoOpasnoxeHuto, 4to cnocobCcTByeT Co-
XPaHEHUIO N HAKOMIIEHUIO €ro B OKpY)XKatoLlen cpe-
pe. Bbicokas ctabunbHOCTbL OCHOBHOWM LienU Monu-
Mepa, a TaKkKe ero KpuCTamu4yHoCTb U rmpgpodod-
HOCTb MOBEPXHOCTU SIBMSAKTCA OOHUMM U3 OCHOB-
HbIX (DaKTOPOB, OrpaHU4YMBaKOWNX E€CTECTBEHHOE
paspyLleHue aToro nnacTuka [6, 8, 9].

lMouyBeHHas nanoukoBuaHasi aspobHasa rpamno-
noxutenoHas 6Gaktepus Thermobifida fusca cno-
cobHa K poCTy U pasMHOXEHUIO NMPU BbICOKUX TEM-
nepatypax, onTumManbHO cyulectsyeT npu 55 °C B

lwmpokom auanasoHe pH (4—-10). baktepus cnocob-
Ha dopMupoBaTb 3HOOreHHbIe cnopbl. OHa ABnseT-
Cs1 EeCTPYKTOPOM KIETOYHbIX CTEHOK MEPTBbIX pac-
TeHun. lMpyn nomowmn epmMeHTOB OHa paspyluaeT
NoNUMEpPbl KMETOYHbIX CTEHOK, KPOME IIMrHUHA U
nektuHa. EctectBeHHas cpepa obutaHus T. fusca —
KOMMOCTHbIE Ky4W, FOPOACKME MYCOPHbIe CBarku.
C nomoLubto cBoero pepMeHTaTMBHOro annaparta T.
fusca moxeT paspylatb nnacTMacchl, NO3TOMY 3Ta
GakTepus NpeacTaBnsieT MHTEpeC KaK NepcrneKkTyB-
HblA OOBEKT ANA UccneaoBaHUNA.

M3HavanbHO 3 Gaktepuin T. fusca Gbin Bbige-
neH psia uyennionas u nogpobHO N3y4eHo ux cTpoe-
HWe, KaTanuTUYecKkMe MexaHu3Mmbl, MyTU perynmpo-
BaHUSA KaTanuTuyeckon aktmsHocTu [10, 11]. Bax-
HOCTb M3y4yeHusa Guoxmmumn n GuotexHonornn uen-
nonas, NOHMMaHWe WX KaTanUTUYECKMX MeXaHu3-
MOB OTKpbIBAlOT pPsg MEPCNEKTUB B NPOU3BOACTBE
Tonnuea n3 Guomacchi.

TepmodunbHas Gaktepua T. fusca siBnsietcs
npoayueHTom depmeHToB Ansa ruaponusa [13T.
MHorouncrneHHbIMn MccnegoBaHMsMmu ObINo noka-
3aHo, 4To WTtammsbl T. fusca npogyumpyoT rmgpona-
3bl BTA-1 (TfH) n BTA-2, kytuHasel TfCut1 n TfCut2
(EC 3.1.1.74), nuna3bl Tfu_0882 un Tfu 0883 (EC
3.1.1.3). T'maponasebl T. fusca BTA-2, Tfu_0882, TfCutl,
TfCut2 n TfH Obinn oueHeHbl Ha NpegMeT KX cnocob-
HOCTM K PasnoXeHuto amopHON (HEKpUCTaNIM4YecKkomn)
nneHkn n3 MNMOT. NHkybauus ¢ ydactmem atux 5 cep-
MEHTOB Mpu TemnepaType ot 55 go 65 °C B TeyeHune
48 4 npuBogwuna Kk notepe Macchl nrneHkn go 4, 5, 11,
12 n 14% cooTBeTCTBEHHO. bBbINO MNOKasaHo, 4TO
TfCut2 pocturatot 25% noTepu Beca NreHKn nNpu Tem-
nepaTtypHbIX ycrnousix 65-80 °C B TedeHune 48 4 1 45%
nocne 50 4 nHkydaumm npu 65 °C [12, 13].

M'oponasbl MOT, aBNAACk yHMBEpCanbHbIMU MO-
nuactepasamu, MOryT rmaponusosaTb He Tonbko MaT,
HO W Apyrve nonuadupbl. Kpome Toro, TepmocTa-
OUNBHOCTb TMAPONa3 TEXHOMOTMYECKN BbIrO4HA C TOY-
KN 3PEHUS X MPUMEHEHMS B COMETAHUN C BbICOKUMM
Temnepatypamu npu nepepabotke MN3T, yTo yBEnu-
yMBaeT CKOpoCTb peakuun [14]. BonbwwuHcTBo M3T-
rmgponas copepxaT C-kOHUEBY AMCYNbOUOHYO
CBsi3b, KOTOpasi OTBeYaeT 3a obecrnedeHve Tepmmnye-
CKOW W KUHETUYECKON cTabuneHocTy [15].

BakTepuanbHble bepMeHTbI, NpeacTaBnawoLme
MHTepec ana rmgponusa MN3T, He orpaHnyMBaloTCS
depMeHTamMu, MOonyyYeHHbIMU K3  TepModUbHOM
Gaktepumn T. fusca; u3BeCTHbl U Opyrne npuMepbi:
acTepasa u3 Bacillus subtilis, kytuHasa n3 Pseudo-
monas mendocina, nunasa u3 Burkholderia.

depmeHT KyTuHasa TfCut2 Gbin oxapakTtepuso-
BaH CTPYKTYPHO M DYHKLMOHANbLHO. Bbinu npoaHa-
NN3NPOBaHbl €ro CTPYKTYpPHblE (bparMeHTbl, OTBET-
CTBEHHble 3a cneuyundumyHocts. depmeHT TfCut2
UMEeEeT CcTaHAapTHyl o/B-rMgponasHyto  CKnagaky,
Kkatanutuyeckasa Tpmaga Ser 130—His 208-Asp 176
obHapyxeHa B LUenn Ha NOBEPXHOCTU hepMeHTa.
TepmocTtabunbHocTe TfCut2 obbsacHseTcs npucyT-
CTBMEM ANCYNbUAHOrO MOCTUKA MeXay ocTaTkaMu
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Cys 241 n Cys 259 [16].

B 2020 roay [17] n3 mopckon Baktepum Pseu-
domonas aestusnigri Obin  BblgeneH epMEHT,
Ha3BaHHbIn PE-H, 1 uaeHTudmumnposaH kak kap-
6okcunactepasa (EC 3.1.1.1), cnocobGHbI pasna-
ratb CrioXxHble nonuadgupsl. B yactHocty, 6eina go-
KasaHa ero rmgponuTuyeckasi CnocobHOCTb no OT-
HoweHuto Kk MAT. PE-H rngponusosan amopgHyto
nnenky M3T npu 30 °C c BblgeneHvemM NpoMexy-
TOYHOrO MpoAyKTa — MOHO(2-rmapokcuaTun)teped-
Taneeon kucnotel (MIFAT). B ero crtpyktype 6bina
HargeHa kaHoHu4deckas a/B-rmgponasHasi cknagka.
OTOT PEepMEHT MMen BbICOKYHD TFOMOJIOIUI0 C W3-
BECTHbIMM NONMacTepasamu.

C wmomeHTa oOTKpbiTUs [3T-rmgponasel U3
T. fusca B 2005 rogy 6binn uccnegoBaHbl HOBble
M3T-rnaponaskbl 1 NX AOCTYNHOCTb ANS TEXHOMNOrMN
nepepabotkn otxogos [1OT. B HacToswee Bpems
M3BEeCTHO OOMbLUOE KOMMYECTBO TEPMOMUIBbHBIX
rmgponas, KOTOpble MOXHO MCNoNb3oBaTb AnNs ne-
pepaboTku oTxogos MN3T. B oTnnyne oT pepmeHTa-
TMBHOro rugponusa amopdgHoro M3T, mMexaHusm
hepMeHTaTMBHOIO rMApoONM3a KpucTanimnyeckoro
M3T ewe A0 KOHLA HE BbISICHEH.

®epmeHmbl MUKpOCKonuyeckux epubos. Kytu-
Hasbl rPMbOB Takke NPOSABNSOT aKTMBHOCTb MO OT-
HoweHutio Kk 3T B kavecTBe cybcTpata, npuyem
npegcraeutenn pogos Fusarium n Humicola ssns-
toTca Hanbonee BakHbIMU UCTOYHMKAMU 3TUX dhep-
mMeHTOB [18]. Hanmpumep, akTMBHOCTb KyTMHa3 M3
Fusarium solani (FsC) n Humicola insolens (HiC)
Obina oueHeHa Ha obpasuax MN3T pasHon cTenexun
KpuctannuyHoctu [19]. BbiNno nokasaHo, YTO KyTu-
Ha3bl B 10 pa3 6onee akTuBHbI B oTHoLeHuu M3T ¢
HM3KOW  KpuCTanM4HocTbl.  BopopactBopuMble
NPOOYKTbl Pa3foXEHUS COCTOANU UCKITHOYMTENBHO
13 TepedTaneBow KUCOTbl U 3TUNEHITIMKONS.

Mukpockonuyeckme rpubbel Aspergillus oryzae,
Candida antarctica u Penicillium citrinum asnstoTtca
npoAayueHTamn OepMeHTOB, KOTOpble Takke Oblnu
nccnenoBaHbl Ha akTUBHOCTL B OTHowweHumn M3T [9].

OTKpbITUE MMKPOOPraHM3MOB, CMOCOOHbLIX pas-
pywaTtb CWHTETMYECKME MaKPOMOJIEKYNbl, [aeT
Gonblune Hagexabl Ha nporpecc B bropemeanaumm
(komMNNeKC METOLOB OYUCTKM BOA, FPYHTOB U aTMO-
cdepbl C MUCMonb3oBaHMEM MeTabonuyeckoro no-
TeHUMana MWKPOOpraHMamMoB, rpuboB, pacTeHui,
HaCeKoMbIX, YEPBEW U APYTUX KUBbLIX CUCTEM).

Ucmopus eonpoca. 'pynna AnoHCkux mccnego-
BaTtenen ua TexHonornyeckoro uHctutyta Kuoto un
YHusepcuteta Keno npegnoxuna Tpu crpateruu,
KOTOpble MOXHO Obino Obl ucnonb3oBatb Ans 6mo-
pemeguauumn n drMonormyeckor nepepadoTku OTXO-
gos 3T BMecTe C ApYrMMM BO3MOXHbIMU MOTEH-
unanbHbIMU NPUNOXKEHNSIMU, BKItovas OMOKOHBEpP-
cuio, nepepaboTky MUKpoOMMacTvka U gerpagauuio
MukporpaHnyn [20].

lMepBasa cTpaTterMs OCHOBaHa Ha MUKPOBHOM
KOHCOpuMyme, cocTosilleM u3 BGaktepuin, nNpocTen-

LWKX 1 apoxokenodobHbix knetok. OHKM ObinK Bbige-
neHbl nocrie OOWMPHOIO CKpUHMHIa npob M3 OKpy-
Xawlen cpedbl Ha HanuuMe MUKPOOPraHW3MOoB,
pasnaratowmx [M3T. Bbinu npoBepeHbl CTOYHbIE
BOAbl, aKTMBHbIA U1, MOYBA U OTMIOXEHUS C Teppu-
TOpUKM, OKpyXaloLlen 3aBog no nepepaboTke OTXO-
ooB Tapbl n3 M3T [20]. Okaszanock, YTO MUKPOGBHLIN
KOHCcOpUMyM kak pasnaraet 13T, Tak n accummnnu-
pyeT npoayktbl pasnoxexus go COz u H20 [21].
OTOT KOHCOPLMYM >XMBbIX OpPraHuM3moB obnapan
NPeKpacHON aAre3voHHOW CMOCOBHOCTLIO K MITEHKe
M3T un BbI3bIBAN 3Ha4MTENbHBIE U3MEHEHUS B ee
mMopdonorn1, BAfAOTb OO0 paspylleHus nneHku. B
cocTaBe KOHcopuumyma Obinv naeHTUULMPOBaHbI
6onee 20 TunoB GakTepwuin, ANsi HEKOTOPbLIX OblnM
OXapakTepu3oBaHbl WX WHAMBMAYyanbHblE PONv B
npouecce pasnoxenuda: Bacillus megaterium co-
3gaeT GuonneHky Ha noBepxHocTu nneHku [9T;
Rhizopus sp. gencTByeT BHYTpM OMOMNIEHKW, pac-
Lennsas crnoxHoadupHble cBasu nonumepa MN3T ¢
obpasoBaHmem BI3T (buc(2-rmgpokcmnatun)repe-
dpranat); Pseudomonas sp. pasnaraet BI'OT Ha
MOHOMEpbI — TepedTaneBy KUCNOTY N STUINEHr K-
konb, a Pigmentiphaga sp. n Mycobacterium sp.
aCCUMUIMPYIOT UX.

M3 koHcopumyma Obin BblgeneH wramm bakre-
pun ldeonella sakaiensis 201-F6, koTopbli cocTa-
BWIT OCHOBY BTOPOW cTpatermmn pgerpagaumm [22].
OTa Gaktepusa okasanacb [1OT-nutudeckon, n ee
pPOCT Ha nuTaTenbHOM cpefde, cogepxawen M3T,
Obl1 HAMHOrO BhbIlE, YeM Ha KOHTPOSbHOW cpefde
6e3 M3T [20]. Mpu BbipalimMBaHUM BakTepun B Xna-
KO nuTaTenbHow cpege Obinv oBHapyxeHbl Npo-
AyKkTbl rmgponuaa M3T, 4yTo Aokaszano cnocobHOCTb
|. sakaiensis NONHOCTbLIO pasnaraTb U aCCUMMUANPO-
Batb 3T (ucnonb3osaTb AT B kayecTBe OCHOB-
HOro UCTOYHUKA 3Hepruu u yrnepopaa) [23]. Mpuuem
ckopocTb gerpagauun MNMIT Gakrtepuen Obina npu-
MEpHO B [Ba pasa Bbille, YEM Y MUKPOOHOro KOH-
copuuyma, n3 KoToporo oHa 6blinia n3onMpoBaHa.

Takum obpasom, baktepus Ideonella sakaiensis
201-F6 BbipabaTbiBaeT ABa rMaponUTUYECKUX dep-
MEHTa Kracca ruaporas, KoTopble KaTanusvpyroT
perpagaumio M3T ¢ obpasoBaHMEM MOHOMEPOB.
3aTemM MOHOMepbl, siBNSAcCbL Ansa Oakrepuun eguH-
CTBEHHbIM WCTOYHWKOM Yyrrepoga, kaTabonuaupy-
H0TCA et A0 NpocTbix Monekyn [20] (puc. 2).

Bakrepun Ideonella sakaiensis — aTo Bug rpamoT-
pyLaTenbHbIX a3pobHbIX Hecrnopoobpa3syrowmx Gak-
TepU1I NanoykoBnOHON HOPMbl M3 IPyMnbl NpoTeobak-
Tepuid. Knetkn noaBmXHbI U HECYT MOMNSPHBLIA XIYTUK.
OHu cogepxaT UMTOXpOMOKCMAasy u katanasy. bak-
Tepun ObINnM OBHapyxeHbl B x04e CKpuHMHra obpas-
LIOB MOYBbI, BOAbI U Una, B3ATbIX U3 MECT yTUIU3auum
1 nepepaboTku ByTbINok, coctoawmx us MNaT, B ropo-
ae Cakan (AnoHus). ECTb MHEHUWe, YTO 3TOT MUKPOOP-
raHW3Mm 3BOMIOLMOHMPOBaN B MOYBax, coAepXalumx
MOT. [llepBble pesynbTaTbl UcCCneaoBaHU Obinu
onybnukosaHbl B 2016 roay [6].
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Puc. 2. Mogenb ctpoenus M3Tasbl (a); kpuctannmyeckasa ctpyktypa (b) M3Tasel us Ideonella sakaiensis [27]

Fig. 2. Model of PETase structure (a); crystal structure of PETase from Ideonella sakaiensis (b) [27]

MocnegHwin Nogxon OCHOBaH Ha UCMONb30BaHWUM
HOBbIX (PEPMEHTOB, MAEHTUMUMPOBAHHBLIX Y BakTe-
pum |. sakaiensis. B ee reHome 6bina paclundpoBaHa
aMUHOKUCNOTHas nocnegoBaTenbHOCTb,  MMeloLLas
51% wnpeHTu4HOCTU C reHomom Baktepum Thermobi-
fida fusca (TfH), o6nagatowen MIAT-rmaponasHon ak-
TMBHOCTBHO [20]. COOTBETCTBYHOLLNIA PEKOMOMHAHTHBIN
Genok BbICBOOOXOAET NpoaykTbl pa3noxeHusi MAT B
BOOHY'O cpeay, a nneHka MN3T gemMoHCTpupyeT kpate-
ponogobHble SMKM Npu  BO3AENCTBUMM  (bepMeHTa.
®epmeHT Gaktepum |. sa-kaiensis nogoGHO KyTMHa3e
6bin HassaH Poly(ethylene terephthalate)hydrolase,
unu IsPETase (IM3Tasa). MNMo3xe 6bIno nokasaHo, YTo
€ro aKTMBHOCTb B OTHOWeHun rugpormsa M3T npe-
BOCXOOUT TaKOBYHK YK€ WU3BECTHbIX K TOMY BpPEMEHU
rmaponutuieckmnx doepmeHToB MNMAT, B YacTHOCTU Hak-
Tepun T. fusca (TfH), kytnHasel rpuba F. solani (FsC)
[24] n LC-kyTnHa3bl (LCC) [25]. PepMeHTbl oLeHuBa-
N NO MX aKTUBHOCTM B OTHOLLEHMW CMOCOBHOCTY pas-
pywatb nneHky u kpuctannudeckui [M3T. bBbeino
onpegeneHo, 4To aktuBHocTb IsSPETase B coTHM pa3
Bbilwe aktmHoctTn TfH, LCC wmn FsC [21]. OgHako
HeobxoaMMo yunTbIBaTh, YTO ISPETase xopowlo pa-
OoTaeT Mpu ymepeHHbIX TemnepaTypax, Torga Kak
ocTarnbHble hepPMEHTbI aKTUBHBI Npu Boree BbICOKUX
TemnepaTtypax, SBnascb TepmModunbHbIMU. Sdhdek-
TMBHOCTb M cneumdudHocTb IsPETase B oTHOLWEHMM
rmaponusa N3T caenanu ee MHoroobeLLaloLWmMM KaH-
AnaaToM Ans HOBbIX cTpaternn buoagerpagauum MOT.

MEXAHU3M BUOOENPAOALIUMA N3T

B oTBeT Ha HakonneHve nnactuka B buocdepe
MUKPOObI pa3BMBaKOT CMNOCOBGHOCTb MCMONBb30BaTh
CUMHTETUYECKME NMONMMMEpPbl B KayeCcTBe WCTOYHMKOB
yrnepoaa n aHeprun. baktepus Ideonella sakaiensis
cekpeTupyeT 2-(bepMeHTHYK0 cuctemy And pasno-

xenusa [3T Ha cocTaBngwwmMe ero MOHOMEpbI.
Knetkn ©Gaktepuin, BblAeneHHbIX C MOBEPXHOCTU
nneHkn n3 MN3T, NPUKpennsaTCa K HEeW N COeanHS-
HOTCA OPYr C APYroM C MOMOLLbIO BOPCUMHOK. Bo3-
MOXHO, OHM Y4acTBYKOT B TpaHCrnopTe PepPMEHTOB,
pasnaratowmx MN3T. Mo gericteBuem bakrtepuans-
HbIX hepmeHTOB nneHka u3 MN3T paspywaetca u
MOMHOCTLIO pasnaraetcs Yepe3 6 Hedemnb Npu TeM-
nepatype 30 °C [21].

lMpegnonaraembii MexaHu3m paspylienuns MNaT
Oaktepusimmn Ideonella sakaiensis TakoB: BHaudarsne
BHEKIMETOUHbIN TepMonabunbHbin  depmeHT TMOT
rmgponasa, wnu [3Tasa (poly(ethylene tereph-
thalate) hydrolase, PETase), aenonumepusyet M3T
OO OCHOBHOIO Mpogykta — MOHO(2-rapokcu-
aTun)tepedraneson kncnotol, unu MC3T (mono-(2-
hydroxyethyl)terephthalic acid, MHET), n no6o4Horo
npogykta — 6wuc(2-rmgpokcmatun)repedtaneson
kncnotel, wunu BIrAT (bis-(2-hydroxyethyl) tere-
phthalic acid, BHET). ®epMeHT MOHO(2-rmapokcu-
atun)tepedranat rugponasa (MM3Tasa), unm mo-
no(2-hydroxyethyl) terephthalate hydrolase
(MHETase), pacwennsetr MI'OT go aTuneHrnukons
(ethylene glycol, EG) n TepedTaneBon KnCNOThHI
(terephthalic acid, TPA), nogseprasi rugponusy
CNoXHO3hMpHyto cBA3b MIAT. 3To BTOpPOM (hep-
MeHT nyTu pasnoxexus MN3T (puc. 3) [26].

MoHo(2-rugpokcnatun)tepedtanesaa KucroTta
noggepraetca rmgponuzy MIOTason pfo atu-
NeHrnukonsa u TepedTaneBon KUCNOThbI, KOoTopas
JocTaBnseTca B OakTepuanbHyl KNeTky nocpea-
CTBOM crneumansHoro 6enka-nepeHocymka u nocrie-
AOBaTenbHO KaTabonuanpyeTcs 40 NPOTOKaTEXOBOW
kucnotbl. [locne yero cneymanbHasa 3,4-guokcure-
Hasa paspyLlaeT apoMaTU4ecKoe KOmnbLO MpoToKa-
TexoBon Kncnotbl [21].
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Boemuss meMOpaHa
DAKTepHAIbHOH KIeTKH

TepedTanepasa kucI0Ta
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IMepamaasMaTHYecKoe
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& IPOCTPAHCTEO
=" ITHICHIJIHKOb

w0

BryTpennsin memopana
faKTepHAIbHOH KICTKH

©

HHTOHJ’[a3Ma KIIeTKH

Memabonuyeckuli nyms eudponusa MNIT bakmepueli |. sakaiensis ekmo4aem cnedyruue cmaduu: sHeknemoyHas MO Ta3a
a2udponusyem 3T ¢ obpasosaHuem MIOT e kayecmee ocHO8HO20 NpPodykma. [MoboyHbIM MPodykmom sensemcsi mepeghma-
neeasi kucrioma (TPA). Samem npodykmel eudponu3a NOT mpaHcrnopmupyromcs 8 nepuria3mamuyecKoe rnpocmpaHcmeo
yepe3 besnok eHewHel membpaHbi (MopuH). ®epmeHm MIOTa3a kak unNoNpPomMeuH, 3asKOpeHHbIl Ha eHewHel membpate,
audponusyem MIOT do TPA u amunerenukons (EG). 3amem monekyna TPA nonadaem e yumonna3my Krnemku yepe3 6esok-
nepeHocquk TPA, cesisaHHbIl ¢ TPA-cesasbigarouwum benkom. TPA uHmezpupyemcs 8 yukin mpukapboHOB8bIX KUCiom 4Yepe3
npomokamexosyto kucriomy, a EG memabonusupyemcsi Yepe3 2/1UOKCUIIo8YI0 KUCIomy

The metabolic pathway of PET hydrolysis by the bacterium I. sakaiensis includes the following stages: extracellular PETase
hydrolyzes PET with the formation of MGET as the main product. Terephthalic acid (TPA) is the by-product. PET hydrolysis
products are then transported to the periplasmic space through the outer membrane protein (porin). The enzyme MGETase, as
a lipoprotein anchored to the outer membrane, hydrolyzes MGET to TPA and ethylene glycol (EG). The TPA molecule then
enters the cell cytoplasm via a TPA transporter protein coupled to a TPA-binding protein. TPA is integrated into the citric acid
cycle via protocatechuic acid, while EG is metabolized via glyoxylic acid

Puc. 3. Cxematuyeckoe npeacraBneHme AeicTBUSA (OepMEHTOB Ha NONMaTUNEHrNMKonbTepedTanat

Fig. 3. Schematic representation of enzymes effect on PET

XAPAKTEPUCTUKA OBYXDEPMEHTHOW

CUCTEMbI OENONUMEPU3ALNN NIT

Komuccuen no dpepmeHtam (Enzyme Commis-
sion, EC) MexayHapogHOro GMOXMMUYECKOTO CO3a
depmeHTam MOTaze n MMBTase Obinv NPUCBOEHbI HO-
Bble Homepa — 3.1.1.101 1 3.1.1.102 cooTBETCTBEHHO.

M3Ta3bl — 3TO hepMeHTbI Knacca 3cTepas, Ko-
Topble katanuaupytoT rugponus MNAT go MIIAT [8].
MepBaga MN3Tas3a 6Gbina BblgeneHa M3 wrtamma 6ak-
Tepwui |. sakaiensis 201-F6 [27] (puc. 4).

M3Tasa (IsPETase) pencrtByeT BHEKNETOYHO,
cHavana npespawasa MN3T B onuromepsl (B OCHOB-

Hom MIT3T), 3atem rugponusathl M3T TpaHcnopTu- Puc. 4.C .

o UC. 4. LxeMaTn4eckoe pacnosioxxeHue ydacTtka nosimmepHoun
pYIOTCFl 6eﬂKOM BHELLHEM MeM6paHbl (HaanMep’ Lenu I'IOJ'II/ISTI/IJ'IeHFJ'II/IKOﬂbTepe(bTaJ'laTaBaKTVIBHOM LeHTpe
NMOpVMHOM) B nepunnasMaTuyeckoe NPOCTPaHCTBO U depmenTa M3Tazb! [29]

nanee rmgponusytotca MI3Tasol o MOHOMepOB ) ] )
NaT (cm. puc. 3) Fig. 4. Schematic location of the PET polymer
’ e chain section in the active center

of the PETase enzyme [29]
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M3yueHne kpuctannmdeckon cTpyktypbl M3Tasbl
METOAOM ASIMHHOBOSTHOBOW PEHTTEHOBCKOW KpUCTasnso-
rpadomn NO3BONWIIO BbISIBUTL HEKOTOPLIE CXOXME Yep-
Tbl C hepmeHTamm kyTnHason (EC 3.1.1.74) n nunason
(EC 3.1.1.3). KyTMHasa npuHagnexuT K cemMencrsy
acTepas Knacca rugponas, KOTopble rMaponuayoT
CNOXHO3(MpPHbIE CBA3W B MOJSIEKynax MNpUPOLHbIX
nonnachnpoB TuUnNa KyTuHa, obpasyemoro Ha no-
BEPXHOCTU NIUCTLEB pacTeHun Ansa ux s3awmtbl. Ky-
TMHa3a $BMSETCS [NIMKONPOTEUHOM, CMOCOGHbBIM
BbICBOOOXOATbCA B OKpyKatoLyto cpeny (sk3odep-
MeHT). Jlunasa — 310 hepMeHT ceMencTBa acTepas,
KaTanusvpyroLwmin rmgponms xmpos. 1o cpaBHEHUIO
C rOMOMorMYHbIMKN KyTrHasamu [13Tasa coxpaHsaeT
npenkoBylo a/B-rmgponasHylo cknagky, HO cogep-
XUT Bonee OOCTyMHyO Ans cybcTparta wenb B ak-
TMBHOM UeHTpe. 3a cuyeT myTaumm 2-X KOHCepBa-
TMBHbIX OCTATKOB aMMWHOKWUCIIOT W CY>KEHUs Lwenu
CBA3bIBAHNSA B aKTMBHOM CaWTe KyTMHa3bl MOXHO
oxugaTtb npuobpeteHne depMeHTOM CnoCOBHOCTH
K pasnoxeHuto NMIT. BeposiTHO, CXOXWUIA 3BOJSTHOLIMOH-
HbIi MEeXaHu3M ONTUMM3ALUWN CTPYKTYpbl aKTMBHOIO
ueHTpa MN3Tasbl nponcxoamn B cpede, coaepkallen
Gonbwoe konmuyectBo [13T, 4yto cnocobcTeoBano
pa3BUTUIO CNIOCOBHOCTU pasnaratb nonumep [28].

Kak 6bino oTMeuveHo Bbilwe, [13Tasa yHacneno-
Bana Knaccuyeckylo o/B-rmgponasHyro Cknagky c
LEHTPOM, COCTOSALUUM U3 BOCbMU [3-Lenen 1 LecTu
a-cnupanen [29].

M3Ta3a nmeeT O4OCTAaTOYHO OMM3KYD MAEHTWY-
HOCTb C OakTepuanbHbiMU KyTuMHa3amun. OpgHako
M3Ta3sa, B oTnnymne ot HUX, obnagaet 6onee wnpo-
KON LLEenbo B aKTMBHOM LIEHTpe, KoTopasi Heobxo-
OvMa Ons pa3MelleHus MOJIEKYN apoMaTUYeCKMX
nonmMacpmpos.

B aktuBHOM LeHTpe OTa3 coxpaHseTcs xopo-
WO M3ydeHHasa KaTanutuyeckas Tpuaga, xapakrep-
Hasa gns nunas n kytuHad. OHa BKM4YaeT amMuHO-
kncnotHele octatku Ser 160, Asp 206 n His 237.
KaTanutnyeckme ocTtaTkm pacnonaralnTcs Ha net-
nax, Npuyem HykneounbHbIA CEPUH 3aHMMAET Bbl-
COKO KOHCepBaTMBHOE MOMoXeHne, obpasys CTpyk-
TYPHbIA MOTUB «HYKNEoMunbHbIN NokoTby. N3 Tasa
nUmeeT ABe AncynbuaHble CBA3M, 0OHa N3 KOTOPbIX
NpuMMbIKaeT K akTMBHOMY cawTy, a gpyraa — K
C-koHUy Genka. OucynbduaHble CBA3M BaXKHbI A1
cTabunmaauum CTpyKTypbl akTUBHOTO LieHTpa M3 Tasbl.

®PepmeHT nmeeT 0as3oBYyD CTPYKTYpY, Hanomu-
HatoLLyo apyrve bepMeHThbl, rmgponuayowme MNaT,
C yknagkow o/B-rmgponasbl U KaTanuTUYeckon Tpu-
apown Hykneodun—His—kucnota. Cemenctso a/B-ce-
PUHOBLIX TMApPONas LEMOHCTPUPYET KaTanutuye-
CKMA MeXaHW3M, OCHOBaHHbIA Ha HYKIeounsHOM
aTake CrOXHO3(MPHON CBs3N cybGcTpaTa OCTaTKoOM
cepuHa [20]. KoBaneHTHbIN TeTpasgpuUYEeCKUin WH-
Tepmeamat, oOpa3oBaHHbIN B pe3ynbTaTe CBs3blBa-
HMA cepuHa C KapOOHUIbLHOW rpyMnon CROXHOro
acpupa, crabunuampyeTcs AOBYMSA BOOOPOOHLIMMU
CBSA3AMWN C aMUHOKMUCNOTHBIMU OCTaTkamu pacrnono-
XXEHHOW PSAOM «OKCUMAHWOHHOW Ablpbl», copMu-

poBaHHon octatkamu Tyr 87 n Met 161 [30]. Cknaga-
ka IsPETase coctouT n3 9 B-uenen, kotopble obpa-
3YIOT CKPYYEHHYK LEeHTparnbHyl0 KoHdopmauuio
B-nncTa, OKpPYXKEeHHy 6-10 a-cnvpansmMu, OCTaTku
Ser 160-His 237-Asp 206 cospaloT Katanutunye-
ckyto Tpuagy [8, 13].

B otnuume ot TfCut2 n LCC, IsPETase nemoH-
CTpupyeT 3aMeTHO 6onee LIMPOKWMMA aKTUBHbIV
LeHTP U UMeEeT YANUHEHHYIO Wenb AN CBA3bIBAHUS
cybcTpaTa, koTopasi cocTouT u3 2-x ydactkos (I n ll).
YeTbipe octatka MI'OT cBsA3biBaloTCA B cybcanTax
[, lla, llb n llc [31]. Ha yyacTke paciienneHnus | npo-
NCXOONT paspbiB CNOXHOIMUPHOM CBA3K (puc. 5).

depmeHT Takke WMeeT [OMOSNHUTENbHY au-
cynbuaHyl0 CBsi3b B CBOEM aKTUBHOM LIEHTpe.
IsPETase obnagaeT cnefylowmmMy OTNNYUTENbHbI-
Mun ocobeHHocTsamm [20]:

— B cybcante Il IsPETase napa octaTtkoB Trp
159-Ser 238 obecneunBaeT [OCTAaTOYHOE MpO-
CTpaHCTBO, Heobxoaumoe pnns CBA3bIBaHWUS CYy6-
ctpata. WvpuHa kapmaHa cBsA3biBaHWsi cybcTparta
ABNAETCA pewatowen ansa 3deKkTUBHOro ruaponu-
3a kpuctannudeckoro M3T [32];

— IsPETase vmeeT BbITAHYTYIO COEOUHUTEb-
HYIO NeTn U3 3-X aMUHOKMCMOTHBIX OCTaTKoB: Ser
245, Asn 246 n GIn 247, koTopble co3gatoT gonor-
HUTENbHOE MeCTO Ans cBa3biBaHuA MN3OT;

— pepmeHT IsPETase nmeet 2 gncynbdungHolie
cBa3n. PaHee wu3ydeHHble KyTMHa3bl oObnagatoT
TONbKO OOHOW AMCYNbMUOHON CBA3bI0. JTa 4OMOs-
HUTeNbHas ancynbduaHas CBA3b COEOUHSAET O- U
B-neTnu, cogepXkalimMe kaTanuTUYeckyl Tpuagy, a
Takke oTBevaeT 3a Oomnee BbICOKYIO TMOKOCTb ak-
TMBHOMO UeHTpa. 3Ta rmbkocTb  no3BonseT
IsPETase npucnocabnuBaTbCa K XECTKOCTU CyO-
ctpata N3T 6e3 HapyLleHus CTPYKTYPHOW LernocT-
HOCTU chepMmeHTa. YaaneHve Ancyrnb@uaHon CBSA3M
NPUBOAUT K CHWXKEHWIO akTMBHOCTU M ocrnabneHuio
kaTanutunyeckon Tpmagel [13, 33].

Ctpyktypa MI'3Tasbl 6bina onpegenena 8 2019
rogy [26]. 3TOoT hepMeHT Takke NpUHAZNEXUT K
cynepcemencTtsy a/B-rmgponas. CornacHo knaccu-
dukaumm B 6a3e gaHHbix ESTHER, MI'OTasa oTHO-
cutca K cemencTBy TaHHas [34]. Npegnonaraetcs,
yto MI3Tasza npeacraensieT cobOM NUNONPOTENH,
KOTOPbI, BEPOATHO, 3aKpensieH Ha BHELHEeNn MeM-
6paHe [21]. M'OTasa pacwennsetr MIOT go aTu-
neHrnukons n tepedtaneBon KUCNOTbl. PepmeHT
COCTOUT U3 2-X JOMEHOB: MAPONUTUYECKNA OOMEH
COOEPXKUT KaTanuTuyeckne octaTkm Ser 225, His
528 n Asp 492; oOMEH KpbILKN COCTaBNsAeT 6orib-
LUYIO YacTb OCTaATKOB canTa CBs3blBaHMs cybcTpara,
umeeT cybcTpatHyto  cneunduyHocTb.  Kpbilwka
MI3Tasbl uMeeT peluarollee 3HayeHne ang rmapo-
nnsa MI'3T [36] (puc. 6).

BbIno nokasaHo, YTO «BEeCKpbILWEYHbINY MyTaHT
MI3Tasbl He kaTanusanpoBarn COOTBETCTBYIOLLYIO
peakuuto [35].

CepaueBuHHbIN fOoMeH depmeHTa MIOTasbl
NoX0OX Ha Takow ke gomeH depmeHTa N3 Taskbl, 3a-
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KpbITbIA KpblleYHbIM gOoMeHoM. MogenupoBaHue
KaTanuTuyeckoro maplpyTa npeackasbiBaeT, 4To
MI'3Tasa crnegyeT KaHOHMYECKOMY 2-CTyrneH4YaToMy
MeXxaHuU3mMy CepUHrMaponasbi.

Ha ocHOBaHMM GUMOXUMUYECKUX SKCNEPUMEHTOB
6bIno 06HapyxeHo, YTo MIMOTasa yHKUMOHUPYET
Kak 9k30-[19Tasa, rugponusya MIOT. MNpegnonara-

eTcs1, uto MI'OTasa urpaeT HeCcKombKO ponen B bu-
operpagaumm M3AT, obnagasi He ToONbKO YHKLMEN
rmgponuaa MIOT, Ho n rmaponnsys bBIrAT [37]. Ho-
KasaHo, 4YTO [geauunupoBaHue Moh LeNCTBMEM

MIOTasbl gBndeTca NUMUTUPYIOLWEN CTaguen pa-
B0Tbl hepmeHTa.

Cybeaiir [Ib Cy6eaiir llc

IlepBoe pacuenienne

-MI'DT

Cyo6caiir I Cyocaiir Ila
CaiiT pacuenyieHust
O\
HO
MIDT

Cybcaiir Ilb

l Bropoe pacmenienue

Puc. 5. Cnocob cBsi3biBaHus cybctpata ¢ [N3Tason u cxema rugponusa nonuaTuneHrnukonstepedtanara [20]

Fig. 5. Method of binding the substrate with PETaseand the scheme of PET hydrolysis [20]

Puc. 6. Mogenb ctpoeHusa MI'3Tasebl (a); cTpyktypa M3 Tasbl 13 Ideonella sakaiensis (b) [36]

Fig. 6. Model of MHETase structure (a); structure of MHETase from Ideonella sakaiensis (b) [36]
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BUOXUMUNYECKUE OCOBEHHOCTH KoTopasi ctabunuanpyet TeTpasgpuyecknii npome-

MEXAHU3MA PABOTbl ®EPMEHTHbIX XXYTOYHbIN NPOAYKT peakuun. ATo CTUMYNMpyeT 00-
CUCTEM PA3JIOXEHUA N3T pasoBaHue B calTe CBA3blBaHUSA cybcTpata OJIWH-

lMocne CTPYKTYpHOro M BGUOXMMMUYECKOrO aHanu-  HOW Hernybokow rugpodobHon wenu. 1-n dpar-
3a chepmenTa IsPETase 6bin npeanoxeH noapob- meHT M3T cBAsaH ¢ cybcanTtom |, Torga kak 2, 3 u
Hbli MOMEKYMSIPHBbIN  MexaHu3M [OencTBus 3aToro  4-i pparmMeHTbl pasmelleHbl B cybecanTe Il (puc. 7).

depmeHTa [13, 31]. Anga nsyvyeHns pexumma CBs3bl- Casa3biBaHWe onocpenyeTcs n ctabunuaupyeTcs
BaHusA cybcTpata ¢ hepMeHTOM B MOAENnu KoBa-  3a CYeT rmapodo6HbIX, NONAPHbLIX U TT—TT-B3anUMO-
NEHTHOM CTbIKOBKM AN umutauum pabotsl M3T 6bl-  gencteun. Monekyna MN3T cBA3bIBaeTcHa ¢ cekpeTu-

na BbibpaHa Morekyna, coctosilasi U3 4-x octatkoB  pyemon IsPETase B ruagpodobHoN Wwenn Takum ob-
MI'3T, HassanHaa 2-HE(MHET)s. B katanutmnye-  pasom, 4TO CROXHO3(MpHasi CBS3b pacnonaraeTcs
CKOM LeHTpe ocTaTok Ser 160 kaTanuMTU4eckomn 6nwke K HykneodunbHomy octatky Ser 160. 3T1o
Tpuagbl (Ser 160—His 237—Asp 206) byHKUMOHUPY-  MO3BONSIET pacwennsatb OAHY CIOXHOIMUPHYIO
€T KaK KOBaneHTHbIV Hykreodun, AeNCTBME KOTOPO-  CBSA3b, paspbiBas monekyny MN3T n npmBoas K 2-m
ro HanpaBneHO Ha KapOOHMWIbHbLIA aToM yrnepoga uensam MN3T ¢ pasHbiMKn okoHYaHuAMU (TPA-koHeL, 1
CMOXXHO3(UPHOWN CBA3N. AMUHOKUCIOTHbIE OcTaTkm  EG-koHeu), KOTOpble 3aTeM pacLiennsiTcs 40 MOo-
Tyr 87 n Met 161 obpasyloT OKCMaHMOHHYIO Ablpy,  Homepos MITOT [13].
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80oe beH305bHOEe Konbyo Makpomonekynbl 13T e3aumodeticmeyem ¢ ocmamkom Trp 156 (m—i-cmakuHe); B — obpasosaHue
mempasdpuyeckoeo nepexodHo2o cocmosiHus,; - — KoganeHmMHoe cesi3blgaHue C 0OCMamKoOM CepuHa, 0bpa3osaHue NPoOMexy-
mouyHo20 ayusn-gpepmeHma (AEl); [ — o6pasosaHue mempaadpuyeckoeo uHmepmeduama; E — ocmamok Trp 156 3acmasnsem
rosopayugamscsi opaeMeHm MakpoOMOIeKy bl C 0CMamkoM mepeghmaregoll KUCIombl U pa3MewamsCsi napaniesibHO Maoc-
KocmsiM apomMamu4ecKux Uuknos. Bbixod npodykmos audponusa — mepeghmanesoll KUC/IOMbl U 3MUMEHaUKOs — U3 30HbI
Kamarnusa 8 akKmusHOM yeHmpe epmeHma

A — Apo-form of the enzyme: the substrate-binding pocket is empty and the Trp 156 residue shows different conformations; 6 —
binding to the substrate macromolecule (PET). PET is fixed in the substrate binding slot. The carbonyl group of the substrate is
placed in the active site and the ester bond is ready for hydrolysis. The first benzene ring of the PET macromolecule interacts
with the Trp 156 residue (T—1T stacking), B — formation of a tetrahedral transition state; I” — covalent binding to a serine residue,
formation of an intermediate acyl-enzyme (AEI); 4 — formation of a tetrahedral intermediate; E — the residue Trp 156 causes the
fragment of the macromolecule with the terephthalic acid residue to rotate and be placed parallel to the planes of aromatic cy-
cles. The release of hydrolysis products — terephthalic acid and ethylene glycol — from the catalysis zone in the active site of the
enzyme

Puc. 7. Cxema MexaHuama rugponmsa nonmaturneHrnmkonbTepedtanarta gepmeHTom N3 Taszon

Fig. 7. Mechanism of PET hydrolysis by the PETase enzyme
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Cuutaetcs, 4yto octatok Trp 156, koTOpbIA
HaxoauTcsa psSOoM C KaTanuTUYECKUM LIEHTPOM, Ur-
paeT BaXHYK ponb B CBsA3biBaHWM cybcTpata MOT.
BbicokokoHCepBaTMBHbIN OcTaTtok Trp 156 OemoH-
cTpupyeT 3 pasnuuHble KoHdopmauun. depmeHT
cHauyana obpa3syeT Hernybokyld MNOBEPXHOCTHYIO
Lenb, BHYTPU KOTOPON MMEET MEeCTO KOHopmaLm-
OHHOe «KonebaHme» octatka Trp 156. 3aTem, rnae-
HbiM OBpa3oM nocpencTtBoM rMApodobHbIX B3au-
mogencTeun, cyoctpaT MNOT ceA3biBaeTca ¢ dep-
MEHTOM CBO€lN KapOOHWNbHOW FPynnoKr, pacnoso-
KEHHOW B KaTaluTUYECKOM LEHTpe, B 4aCTHOCTU
aTOMOM Kucriopoaa, obpalleHHbIM K OKCUaHWOHHOM
Oblpe, B TO BpeMs Kak MHOOMbHOE Konbuo Trp 156
B3aUMOJENCTBYET C apoMaTUYECKOM YacTbto (ocTaT-
koM TepecptaneBon kucnoTel) M3T. Octatok Trp 156
OOIMKEeH HaxoauTecs B B-koHdopmauun, 4TOGbI
obecneunte T-o6pasHoe yknagbiBaHWe dparmMeHTa
TPA makpomonekynel 3T, lMocne yero npoucxo-
ONT nocnegoBaTenbHoe 0Opa3oBaHME MNPOMEXY-
ToyHoro auun-gepmeHTta (Acyl-Enzyme Intermedi-

ate, AEl) n paspblB CNOXHO3UPHOW CBA3N MNpu
HYKNeounbHOM aTake MONeKynon Boasl (rmaponu-
Tnyeckas peakumsi). Monekyna TPA obpa3syeT wmpo-
Kyl MIMOCKYH0 MOBEPXHOCTb N CKIIOHHA K CUMbHOMY TT-
CTIKVUHI B3aMMOENCTBUO ¢ octatkom Trp 156. Mna-
ponu3 M3T obnervyaetca 3a cyeT crnaboro B3anMMo-
OEeNCTBMA Mexay ero apomMaTtvdeckumy eHuneHo-
BbIMW 3BEHbsSIMU U Gnusnexaumm rmapodobHbIMK
aMVHOKMUCMNOTHBLIMW  OocTaTkamn depmeHTa. 3aTem
NpoAdyKT MOBOPaYMBaETCA U BbICBODOXAAETCA M3 Ka-
TanuTUYEeCKoro LEeHTpa nocne B3aMMOOENCTBUSA Kap-
BokcunbHOWM rpynnbl KACHoThl ¢ Trp 156 [38].

TouHbI cnocob ceaAsbiBaHus MAT v nexaluunii B
OCHOBe MexaHu3M rugponusa MN3T kyTuHa3onm Tpe-
OyeT ganbHenWero n3y4yeHuns, NOCKONMbKy CTPYKTypa
M3T cunbHO OTNMYaeTca OT CyGCTPaToOB KyTUHA3bI,
Takmx kak KkytuH [13, 39]. OedAtenbHocTb o6omx
depMeHTOB [[aeT npeacTaBleHne O CUCTeEMe
2-(bepMEeHTHOro  MexaHusma  AenonMMmepusanmm
M3T [35]. Ha puc. 8 npuBegeHa cxema mexaHuama
pencteua MIF3Tasbl.
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Puc. 8. MNporHo3vpyemblii xo4 KOHEYHOro NyTW Aerpagauun nonuaTUneHrnukonsTepedTanaTta [7]

Fig. 8. Predicted path of the final path of PET degradation [7]
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CepuHrngponasel KatanuaupylT 2-CTagUNHY0 Ty Xe pOorib, YTO U B auUNMpPOBaHUK, KaTanmuTUYecKn
peakumio, BKMOYawLWylo obpa3oBaHMe MNpPOMEXy-  OenpoTOHMPYS BOAY M NepeHocs 3TOT MPOTOH Ha
ToyHoro auun-gepmeHTta AEl (cTagma aumnupoBa- — ocTaTok Ser 225, pereHepupys ero ons cnegyrole-
HWS), KOTOpbIA BbICBOBOXAaeTCca Ha 2-h cTaguu ro KatanuTuyeckoro uukna (puc. 9).

(ctagpua peaumnupoBanug). [pu auyunupoBaHum [eaunnupoBaHue BKMOYaeT HYKNEoUNbHY0
KaTanutuyeckuin cepuH (Ser 225) oenpoToHMpyeTca  ataky MOneKynbl BOAbl Ha MPOMEXYTOYHbIA auuri-
c nomowbio His 528, aktmeBupys ero anga Hykneo-  ¢epmeHT AEI, BbicBOGOXOaA Monekyny Tepedra-
unbHOM aTakM Ha KapboOHUNbHBIM aToM yrnepoga  nesow kucnotbl (TPA). Bbicka3aHo npeanonoxe-
MI3T, BbicBoboxaaa atuneHrnukons (EG) n obpa- Hue, yTo TPA BnocneacTsmm BXoguT B LMK TpUKap-
3ysi NPOMEXYTOuUHbIA auun-gpepmeHT (AEI). Pacye-  GOHOBbLIX KMCMOT Yepe3 NPOTOKaTEXOBYH KUCHOTY, a
Tbl METOA4AMW MOJIEKYNSIPHOW OUHaMuKM nokasanu, EG katabonumaupyeTtcs B 9TOM LMKIE 4epes MMmoK-
4YTO nocne oTwenneHmsa ot MIAT monekyna 3Tu-  CUIOBYHO KMcroTy [39].

nerrnukons EG nokMgaeT akTuMBHbIA canT depMeH- BHekneTtouHasn NMOTasa rmgponuayet MNMOT ¢ 06-
Ta. Monekyna EG cBssbiBaeTCcs BOOOpPOOHOW CBsS-  pasoBaHveM MIOT B kauecTBe OCHOBHOMO MpOAyKTa.
3bto ¢ octatkom His 528 B TeueHne ~100 nc, 3atem  JlunonpotenH MIM3Ta3za ruaponnayet MI'AT oo TPA n
BbIXOAWUT M3 aKTMBHOro uUeHTpa u B TedyeHme 1 HC  EG. [Hdanee TPA nepeHocutca ©Genkom-TpaHcnop-
nepexoaut B pacteop. BaxHbim HabnogeHnem no-  tepom (TPATP) n katabonuanpyeTtca nog AencTBrem
CMYXWUMO TO, YTO CTagus AeauunupoBaHus npoTe-  TPA-1,2-guokcureHasbl (TPADO), a 3atem nog gew-
kaeT 6e3 yyactus monekyn EG B akTBHOM LeHTpe ctBnemM 1,2-gurmppokeu-3,5-Lmknorekcagnen-1,4-gu-
depmeHTa. 310 obecnedmBaeT OGonbwun goctyn  kapbokcunatgermgporeHassl (DCDDH). MonyyeHHas
ONsi MONeKyn BoAbl K 3apshkeHHoMy ocTaTtky His 528  npoTokatexoBas kucnota (PCA) pacliennsetca PCA-
ONsl fjanbHenwero npoTekaHus npouecca geaumnu-  3,4-gnokcureHason (Pca34) no 6eH30MbHOMY KOrnbLy
poBaHus. AMUHOKUCIIOTHBIN ocTaTok His 528 urpaet  (cM. puc. 8) [21].
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The catalytic mechanism of MGETase action is represented by two stages. Acylation, which includes: A — reagents, b — transi-
tion state, and B — acylation product, in which His 528 transfers a proton from Ser 225 to the cleaved ethylene glycol (EG) mole-
cule. In the deacylation step (—E), His 528 plays a similar role and reduces the catalytic serine, transferring a proton from a
water molecule to Ser 225, releasing a terephthalic acid (TPA) molecule

Puc. 9. Cxema hbepMeHTaTMBHOrO MexaH1U3ma pasfoXeHns: MOHO(2-rmapoKeuaTun)TepedTaneBon KUCNOTbI

Fig. 9. Enzymatic mechanism of MHET decomposition
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NEPCNEKTUBbI METOOA

OtkpbiTve Baktepun Ideonella sakaiensis co-
3[aeT Npeanochinkv Ans passutua buopemeguaunm
— TexHomnoruu nepepaboTkMm OTXOAOB C WUCMONb30-
BaHMEM XMBbIX OpraHu3amoB. bBbINno BbiCkaszaHo
npeanoxeHne o HeobXxOAMMOCTU YCKOPUTb Mpo-
Lecc, BCTPOMB BbISIBIIEHHbIE TEHbl, y4acTBylOLME B
pasnoXxeHuy NnacTuka, B ObICTPO pa3MHOXatoLLyIo-
cs1 bakteputo Escherichia coli.

UTtobbl npoBepuTb, kak paboTtalT gBa Oenka
BmecTe, [NOT obpabotanu Tonbko [1OTason wu
M3Ta3on B cmecu ¢ MI'OTason. Okasanocb, 4TO
nrneHka pasnaraeTtcs ObicTpee Mpu Hanuuum obomx
depmeHTOB. Kpome TOro, xmmepHbii 6enok, cocTo-
AWMA N3 ocTtaTkoB oboux depmeHToB, paboTaet
ny4Lue, Yem Kaxkapli U3 HUX B OTAENbHOCTU, KakK npwu
nepepabotke M3T, Tak 1 npu pacwenneHnn MIFIT.

B HacTosiLee BpeMs LWIMPOKO NPUMEHSAIOTCS WH-
CTPYMEHTbI FEHETUYECKOM U BEnKoBOW WHXEHepun
ONns yBeNnuYeHus cnocobHOCTM MUKPOOPraHM3MOB U
nx cpepmeHToB Kk aerpagaumm MNM3I3T [6]. Hanpumep,
mMeToabl pekoMbuHaHTHom [OHK coenann BO3MOX-
HbIM 3KCMPEeCcCuio reHoB Aerpajauun NofMMepHbIX
BELLECTB B OpraHumsMm, KoTopbin Oonee nogxoguT
ONnst nonyyeHust pepMeHToB. OTO MO3BONSET MOsy-
yatb 6onblioe KonMyecTBOo hepmMeHTa Anst ero
JanbHenLwero M3yyYyeHnss U npumeHenns. [nanasoH
cybCcTpaToB M UX aKTMBHOCTb MOTYT ObITb JOMNOMHK-
TENbHO YBENWYEHbI C UCMONb30BAHUEM TaKUX TEX-
HOMOMNW, Kak canT-HanpasneHHbIn MyTareHes. Mc-
nonb3oBaHne 6GEnNKOBOM WHXEHepUn Ansi U3MeHe-
HUSA N MoaMdUKaLMM aMUHOKMUCIIOTHOM Nocneao-
BaTeNbHOCTU Benka MOXeT MPUBECTU K NMOBbLILLEHWIO
aKTMBHOCTU M YCTOMYMBOCTM NPEnapaToB K YCroBu-
M peakuuu [14, 41].

PocT 3HaHui B 3TOM HanpaBneHun OygeTt cno-
cobcTBOBaThL JanbHenwemy pasButuio Buonoruye-
CKoro crocoba BTOPWYHOW NepepaboTKu NnacTuko-
BbIX OTX0A0B, cogepxawymx MNOT.

MPOMbILWNEHHAA PEANTU3ALNA METOOA

OTkpbITUE DEPMEHTHOWN CUCTEMBI, CMOCOBHOM K
ovoperpagauuu MNM3AT, sBnseTca 60NbWNM TONMYKOM
Ha Nyt K paspaboTke TexHornorunm GruopeLmKNnpo-
BaHMS1 CUMHTETUYECKMX MonMMepoB. B HacTosiliee
Bpemsi npeanaraetcsl TEXHOMOMMS yTunm3aumm oT-
xogoB [MN3T, cBA3aHHaa ¢ depMeHTaTUBHOM Oeno-
numepusauunen MIT, a Takke c pereHepaunen u
pekynepauuven nNpoaykToB rvaponunsa. B npombiw-
NEHHbIX YCNOBUAX (DEPMEHTATMBHBIA MMOPONN3 Mo-
nnatuneHTepedTanata npegnaraeTca  peanuso-
BaTb MO Criegylrolen nNpuHUMnuansHon cxeme [41].
PacuyeTHoe konun4yecTBO uamenbyeHHoro 3T cme-
LmMBaeTca C HeobXxoAMMbIM KONMMYECTBOM BOAbl U
depMeHTHbIM NpenapaToMm, Nofly4eHHbIM Ha OCHOBE
MoAMULUMPOBaHHOIO depMeHTa KyTuHasbl (leaf-
branch compost cutinase, LCC), kotopbin 6bin Bbl-
peneH u3 6akrepuin NUCTBEHHOro komnocta. 'mapo-
nn3 OOSMKEH NPOBOAMTLCA Mpy TeMnepaType OKOono
70 °C B cnabowenoyHon cpege (pH = 8), koTopas

250

co3gaetcs gobaBneHuem rugpokcuaga Hatpus. [lo-
cne genonumepusaumm 90% M3T B pacyeTe OT ero
MCXOOHOrO KONMMYecTBa MNPOLLECC OCTaHaBMMBAKT
nyTeM CHWXKEHWs Temnepatypbl B peaktope OO0
HOpMarnbHOW W OTAENAT LEeHTPUdyrnpoBaHuem
TBEpPAObI OCTATOK HenpopearvpoBaBsLUero nonume-
pa. XXugkas dasa npeacraenseTt cobon cmecb aTu-
neHrnukonsa v Tepedtanara Hatpusa. Beugy manon
pacTBopMMOCTU TepedTaneBonW KUCMOTbl B BoAe
(0,0019 /100 r H20) ee MOXHO BbIAENUTbL U3 BOA-
HOro pacTtBopa HaTpueBon conu obpaboTkow pac-
TBOPOM CepHoK Kncnotbl. [locne atoro TepedTane-
BYIO KMCIIOTY MOXHO OTAENUTb LeHTpndyrupoBaHu-
€M N OYNCTUTb NepekpucTannusaumen [42]. Tepe-
dTaneBasi KMCroTa MOXeT ObiTb BHOBb MCMOSMb30-
BaHa ansa nonydvenus MN3T. M3 ocTasBuerocs BOOHO-
CONEBOro pacTBOpa MOXHO BbIAEMNUTb ITUNEHTNN-
KOnb, Hanpumep, ANann3oMm C WMOHOOOMEHHbLIMM
membpaHamu. [na aTux uenen nogonayT KaTUOHO-
OOMeHHble U aHMOHOOOMEHHbIE MeMbpaHbl Ha OC-
HOBE COMONMMEPOB CTUpONa 1 AnBMHUNOEH30Na.

PaspaboTka npoMbILLMEHHbIX OuokaTanusaTo-
poB pasnoxeHus 3T oTkpbiBaeT 6Gonblive BO3-
MOXHOCTMK A51s1 BUOKOHBEPCUN U «3ENEHBIX» TEXHO-
nornin nepepaboTkn oTxodos, coaepxawmx MIAT.
CyuiecTtByeT ocTpast He06X0OUMOCTb B HOBbIX CTpa-
Termsax NOBbILWEHUA CTabMUMbHOCTH, KaTanuTU4eCcKomn
aKTUBHOCTW, BO3MOXHOCTU MOBTOPHOIO MCMNOMb30-
BaHua 6wuokatanu3atopoB pasnoxenua M3T. K
HacTosILLLeMY BpPEeMEHU OOCTUTHYT onpeaeneHHbIn
nporpecc B nogxogax oepMeHTHON BUonHxXeHepum,
ncnonb3yemblX Afsi NOMyYeHUs HOBbIX Ouokatanu-
3aTopoB 13T, BbLIACHEHUS MOMEKYNSAPHOro Mexa-
HU3Ma UX JENCTBUS, yNyYLLEHUS NX KaTanuTU4ecKnx
XapaktepucTuk [43].

3AKIKOYEHUE

CnocobHocTb pasnarate NonuMepbl 40 UCXod-
HbIX MOHOMEPOB BaXHa ANdA UX NocnenyoLwero no-
BTOPHOIO WUCMONb30BaHUA C LENblo MpoM3BOACTBA
HOBbIX MPOOYKTOB, YTO SIBMISIETCA BaXXHENLIUM TEX-
HUYECKUM [OOCTMXKEHMEM, HEeobXoaumbIM Afst COo-
3[aHMsa 3aMKHYTOro umkna matepuanoB [44]. Non-
Hasa genonumepusauns MNOT oo MOHOMEPOB MOXET
ObITb OCyLlecTBMMa MpU UCMonb3oBaHUK BakTepun
|. sakaiensis ¢ ee hepMeHTHON CMCTEMOW, COCTOS-
wen n3 2-x pepmeHToB: MO Tasbl n MN3Tasbl.

PepmeHTaTUBHOE  paspylleHuMe  YCTOMYMBBIX
NPUPOAOHbLIX MONMMEPOB, TaKMX Kak Lennosfosa u
XUTVH, OCYLLECTBNSAETCHA B NPUPOAE Nog AeNCTBMEM
KomMnnekca hepMeHTOB, CeKpeTupyembix MuKpoba-
mMu. Hanpumep, rpnbkoBble CUCTEMBI AEMNONMMEpU-
3auumn uennonosbl 06bIMHO cogepXkaT MHOXECTBO
depMeHTOB (Hanpumep, LUennwnasbl), KoTopble
OEVNCTBYIOT HENOCPeACTBEHHO Ha TBepAble Nnonu-
MepHble cybGcTpaTbl MOCPEACTBOM  MexdasHbIX
dEepMEHTHbIX MEXaHWU3MOB, W [OOMOMHUTENbHbIE
depmeHTbl (Hanpumep, B-rniokKo3vaasbl), KOTopble
npeBpaLlaloT ConubunmnsmpoBaHHbIE NPOMEXYTOY-
Hble COeAMHEeHUs B MOHOMEpPHble COCTaBnsoLne
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(Hanpumep, rmaponus Lennobuosbl OO [IOKO3bI).
Y4yuTbiBas, YTO €CTECTBEHHbIE MUKPODOHbLIE CUCTEMBI
3BOJIIOLMOHMPOBANN B TEYEHNE MUIIIMOHOB NeT Ans
ONTUManbHOro pPasfoXeHWUsi YCTOMYUBLIX MOnMme-
poOB, BO3MOXHO, YTO NoyBeHHas Oaktepwus |. sa-
kaiensis pasBuna cnocobHOCTb MCNONb3oBaTb Kpu-
cTannuyeckun nonuadupHeln cybcTpat nocpen-
CTBOM 2-(pepPMEHTHOWN CUCTEMBI.

Taknum obpasom, paspaboTka MynbTUPEPMEHT-
HbIX CUCTEM M KOMMIIEKCOB, NpeAHa3Ha4YeHHbIX A51s
Aenonumepu3aunm CMeLLaHHbIX NOSIMMEPHbIX OTXO-
0OB, SIBNSIeTCS BecbMa MEPCNEKTUBHON 0OMNacTbio
ONsl NPOAOIMKEHUS UCCNEeA0BaHWN.

HecoMHeHHO, 4TO JONONHUTENBHON MoAMdUKa-
umnen cTpyktyp 6enkoB MOXHO JOBUTbCA MOBbILIE-

HUs adpdpekTnBHOCTM Ouropasnoxenua [NOT. 3JT1o
nogyepkupaeT HeobxoAMMOCTb AaribHeWLero usy-
YeHMs B3aMMOCBS3eN CTPYKTypa—aKTMBHOCTb B BO-
npoce Hayky 1 TexHonornm GuopasnoxeHnst CUHTe-
TUYECKUX NONU3UPOB.

Heobxooumo npopomkaTb U3ydaTb BO3MOXHbIE
MEeXaHU3Mbl JENCTBUS U CTPYKTYPHbIE OCOBEHHOCTU
KNoYeBbIX (PEPMEHTOB, Y4aCTBYHOLLUX B MUKPOOHOM
rmgponuae MN3T, NpUMEHATbL TEXHONOIMU FEHOMHOM
1 GEenKkoBoW WMHXeHepuu Ana nonyvyeHus depmeH-
TOB, cnocobHbix paspywartb 13T, n oueHuBaTb
CMOCOBHOCTL 3TUX hepMeHTOB paboTaTb B NpakTu-
YECKMX YCMOBUAX C LENbl CO34aHUS MPOMbILLIEH-
HbIX TexHomnorui nepepabotku MOT no Tuny 3a-
MKHYTOrO LMKna.
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AHTUMUKPOOHbLIE NpenapaTbl NPUPOAHOIO NPOUCXOXKAEHUS:
00630p CBOMCTB U NepcneKkTuBbI NPUMeHeHUSs
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AHHOmMauyus. B 063opHolU cmambe npugedeHbi 0aHHble 10 aHMUMUKPOOHbIM dobaskaM, npuUMeHsIeMbIM 8
nuwesol npombiwneHHocmu 0151 CoXxpaHeHUsl Kadecmea nuuesbix npodykmos. Hcronib3o8aHue mpaduyu-
OHHbIX aHMUMUKPOBHbIX A06aBOK — KOHCEePB8aHMO8 UCKYCCMBEHHO20 rnpoucxoxoeHusi (6eH30lHoU u copbu-
HOBOU Kucriom u ux conel) — 8bi3bigaem He2amueHyto peakyuro y nompebumenel u npueodum K riocme-
MMEeHHOMY 8bIMeCHeHU0 makol rnpodyKyuU C pbiHKa. B mo xe epeMss Haxo0sim WUpPOKoe NMpUMeHEeHUe aH-
MUuMUKpPObHble 0obasKu HamyparibHO20 MPOUCX0XOEHUS, U3y4YeHUI0 KOMOpbIX MOC8AWeHbl MHoaue pabomel
omeYecmeeHHbIX U 3apybexHbiX y4eHbiX. B cmambe paccmompeHbl OCHOBHbIe rpedcmasumenu aHmuMuK-
pPObHbIX 06aBoK XUBOMHO20, pacmMumMesibHo20 U MUKPObHO20 rpoucxoxdeHusi. OCHO8HbIMU rpedcmasu-
mensamMu aHMUMUKPOOHbIX rpenapamos XUBOMHO20 POUCXOXOeHUsI S8Nsmcsi hepMeHmbl 1U30UUM,
nakmonepokcudasa, nenmudbl JakmogheppuH U rniaespoyuduH, a makxe xumo3saH — MpPou3eodHoe XUmuHa.
Cpedu pacmumernbHO20 Mupa aHmMUMUKpObHbIM delicmeuem mo2ym obnadamb Kak HeKkomopble eulbi
mpae u crneyuli 8 HAMUBHOM U 8bICYUWEHHOM 8Ude, maK U O0mOeslbHO U38/1e4EeHHbIE KOMIMOHEHMbI pacme-
Hul, nposensuwue aHmuMukpobHble U aHmuUoKucaumersbHbie ceolicmea. Hanpumep, k nocnedHum omHo-
csam ahupHbie macra, (heHosnbHble COeOUHEHUs, opaaHudeckue kucrombsl. OOHUM U3 repcriekmugHbIX U
aKmueHO U3y4YaeMbiX Kracco8 aHmMUMUKPOBHbIX rpernapamoes siensiromces rnpenapamsi MUKpObHO20 npouc-
Xox0eHusi, 8 yacmHocmu 6akmepuouyuHbl. OHU npedcmaensiom cobol cuHmesupyemblie Ha pubocomax
boniee mernikue ronunenmulOHbIe MOMEKYIbl, MPOSBNSAWUE aHMaz2oOHUCMUYECKY akmueHOCMb 8 OMHO-
weHuu 6nuskopodcmeeHHbIx epynn bakmepul. bakmepuoyuHbl (HU3UH, HamaMuyuH, neduoyuH, 3HmMepo-
UUH, nnaHmapuyuH) moaym obnadams bakmepuyudHbim delicmeueM, HO He UMeom meparesmuyecko20
3HaYeHUs U He OKa3sblgalom ompuuyamesibHoe 8030elicmaeue Ha KUWEYHY0 MUKPOGIIoOpy 4qesiogeka, Yyem
omnu4atomcs om aHmubuomukos. [ToOpobHoe paccMompeHue ceolcme yKa3aHHbIX fpernapamos 8 cma-
mbe no3eosnuio coenams 861800, YMO 8KIOYEHUE makux 0obasok Kak 8 cocmas npodykma, mak U 8 Co-
cmae akmueHbIX yYraKkoeoK UMeem WUpPOKUE repcriekmuebl 8 CospeMeHHOU buomexHonoauu.

Knro4deeblie cnoesa: akmusHasi ynakoeka, /lU30UUM, XUMo3aH, 3QhUPHbIE Macsna, heHOMbHbIe COeOUHEHUS],
6akmepuoyuHsbl
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Antimicrobial substances of natural origin:
a review of properties and prospects
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Abstract. This article reviews data on antimicrobial additives used in the food industry for preserving the
quality of food products. The use of conventional antimicrobial additives, including artificial preservatives
(benzoic and sorbic acids and their salts), causes a negative response among consumers. As a result, such
products are gradually disappearing from the market. At the same time, antimicrobial additives of natural
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origin are gaining in popularity, increasingly attracting the attention of both Russian and foreign researchers.
In this article, the main antimicrobial additives of animal, vegetable and microbial origin are considered. An-
timicrobial additives of animal origin are represented by lysozyme and lactoperoxidase enzymes, lactoferrin
and pleurocidin peptides, as well as by chitosan, a derivative of chitin. Plant substances that exhibit antimi-
crobial and antioxidant properties include herbs and spices, both in native and dried form, as well as sepa-
rately extracted plant components, such as essential oils, phenolic compounds and organic acids. Substanc-
es of microbial origin, in particular bacteriocins, comprise another promising class of antimicrobial additives.
These forms represent smaller polypeptide molecules synthesized on ribosomes, which exhibit antagonistic
activity against closely related groups of bacteria. Bacteriocins, such as nisin, natamycin, pediocin, enterocin
and plantaricin, may exhibit bactericidal properties, at the same time as having little therapeutic value and no
negative effect on the human intestinal microflora. This makes them different from antibiotic preparations.
The conducted review confirms the prospects of using the considered additives in the composition of both
food products and active packaging systems.

Keywords: active packaging, lysozyme, chitosan, essential oils, phenolic compounds, bacteriocins
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BBEOEHUE

MuweBble gobaBku nNpencTaBnsloT cobon Be-
lectBa, KoTopble [obaBndAwT B notpebnsemblie
NpoOAyKTbl C UENnbl YNyylWeHUs W MOAAepXaHus
BKyCa, TEKCTYpbl U BHewwHero Buaa [1]. Jliogn ¢ pas-
HUX MOP WMCMNONb3YIT WX ANS YBENIMYEHMSI CPOKOB
XpaHeHUs NPOAYKTOB NMUTAHMS.

OgHumun 13 Haubonee NONYNAPHbIX MULLEBbLIX
AobaBok ABNATCA KOHcepBaHTbl. OHM NpegHasHa-
YeHbl Ona nNpefoTBpalleHns rHueHus u Gaktepu-
anbHOro 3arpsi3HEHUST CKOPOMOPTALLMXCS MULLEBBIX
npoaykTos [2]. B ponu KoHCepBaHTOB MOryT BbICTY-
naTb pasfnuyHble XMMWUYECKME COEOMHEHMWS, B TOM
Yncne MHOTOYMCIIEHHbIE COMNMWN U OpraHUYeckne Kunc-
noTbl (MponuoHaTbl, 6eH3oaThl, CyNnbUTbI, HUTPU-
Thbl, XNI0pUabl, MMMOHHas, BUHHag kucrnotsl) [3]. Oa-
Hako Bce Gonblle noTpebuTenen oco3HaeT NOTEH-
unanbHOe HeraTMBHOE BO3OENCTBME XUMMUYECKUX
KOHCEepPBaHTOB Ha 300pOBbe, YTO NOBYXKAaeT nuile-
BYIO MPOMbILUNIEHHOCTb MCKaTb 3aMeHy B KayecTBe
HaTypanbHbIX gobasok [3, 4]. Tak, nponnoHoBas K
GeH30MHast KUcnoThl, 6eH30aT HaTpus, HUTpaT Ka-
NV BbI3bIBAKOT annepruyeckme peakuuun; copbuHo-
Bas KMCIoTa MPMBOAWT K pacLuensieHnio BUTaMuHa
B12. 3T KOHCEpPBaAHTLI MOCTENEHHO HakanmnMBaloTCA
B OpraHu3me YeroBeka, YTO B JanbHenwem npuBo-
OUT K BO3HUKHOBEHMIO 3aboneBaHus [5].

Mpumepamn NpUpoaHbIX coeanHeHun, obnaga-
IOLLIMX KOHCEPBMPYHOLMMU aHTUMUKPOOHBIMU CBOW-
CTBaMM, MOTYT CINY>XUTb NM30LUM, OOHapPY>XEHHbIN B
AnYHOM Benke; nonndeHonbl, NOMyYeHHbIe U3 pac-
TEeHWI; NakTonepokcnaasa, cogepallasaca B MOJIo-
Ke; XMTO3aH, U3BIEYEHHbIN N3 NaHuMpen KpeBeToK;
GaKTepuOLMHbI, CoaepXKallMecss B MOJTOYHOKUCHbIX
GakTepusx [3] v ap.

MpupogHble aHTUMUKPOOHbIE COEQUHEHMS MPO-
OneBatoT CPOK FOAHOCTM MULLEBBLIX NPOJYKTOB, NoAaB-
NSt POCT MUKPOBHBIX KNETOK nnu yousasa mnx. Mcnonb-
30BaHMe NpUPOAHbIX aHTUMWUKPOOHBLIX MpenapaToB B
KayecTBe MULLEBbIX KOHCEPBAHTOB MOXET MOMOYb
nsbexarb 4pesmMepHon duanyeckon obpaboTkm nu-

LLIEBBLIX NPOAYKTOB AJ1s obecneyeHns MMKpobHom 6e3-
OMacHOCTW, KOTOpasl 4YacTo W3MEHSIET opraHonenTu-
YyecKkMe CBOWCTBA MULLEBLIX NPOOYKTOB. [lockomnbky
MHOTME M3 3TUX COoeduHeHW GesonacHbl Ans yho-
TpebneHusi, Nx NPUMEHEHNE B MULLIEBbLIX NPOAYKTax B
KayecTBe HaTypasibHbIX KOHCEPBAHTOB MOXET ObITb
npeanoyTUTENbHbIM BapMaHTOM AN MHOMMX Mpou3-
BOOMTENEN NULLEBbIX NPOAYKTOB [6].

Kpome TOro, HabupaeT nonynspHoOCTb Tak
HasblBaemasi «aKkTUBHasi» ynakoBka, MpensiTCTBYto-
LLas HeraTUBHOMY BO34ENCTBUIO MUKPOOPraHM3MOB,
pPa3BUBAIOLLMXCS HA MOBEPXHOCTU MULLIEBLIX MNPO-
OYKTOB. W3y4yeHuo Takmx YnakoBOK MOCBALLEHO
MHOXEeCTBO paboT pa3Hbix aBTopoB [7—11].

Llenbto gaHHo 0030pHOM cTaTbu SIBMSIETCS aHa-
N3 CYLLECTBYIOLMX HaTyparbHbIX aHTUMUKPOOHBLIX
npenapaToB 1 UX BAUSIHUS HA NPOSYKTbI NMUTaHKS.

AHTUMUKPOBHbIE MNMPEMAPATDI

XMBOTHOI'O NPOUCXOXOEHUA

Jlusouum. MpepctaensieTr cobon hepMeHT, Ka-
Tanusmpylowmn rmgponua nentuaornvkaHa B Krie-
TOYHbIX CTeHkax OGakTepui [12]. Ero nony4aioT u3
KYPVHOTO sIMYHOro ©Oernka, KOTOpbIA WMHrMbupyet
poct cnop Clostridium tyrobutyricum B nonyTeepabix
coipax [13]. Monekyna nu3ouMma urpaeT BaXHYHO
ponb B 3alluTe AWLEKNETKU U obnagaet MHrmbupy-
IOLLIEN aKTMBHOCTbIO B OTHOLUEHUN GakTepwi, BUpY-
COB U npocTenumnx [3].

OTOT (hbepMeHT HaxoauT NPMMEHEHUE B MOJIOY-
HbIX MPOAYKTaX, Cbipax, Msce, pblbe, ankorosnbHbIX
HanuTkax, pykToBbIX cokax [14]. OH Gonee ad-
eKTUBEH NPOTMB FPaMMoONOXUTENbHBLIX BGakTepun,
TaK Kak KOnM4yecTBO NenTuaornnkaHa B HUX COCTaB-
nget okono 90% OT cyxoro BellecTBa KMNeTOYHOW
CTEHKM. Y rpaMoTpuLaTeNbHbIX 0aKTepUin MOHMKEH-
Hoe cofepxaHue nentugornukaHa (5—10%), kpome
TOro, MMeeTcd [OCTaTOYHOE KONMYecTBO NUMOono-
nucaxapuaos n ¢occonMnuaos, YTo co3gaeT ad-
GeKkTMBHbIN Bapbep NpoTMB Nusouuma [3].

JInzoumm ObIN MpennoxeH B KayecTBe anbTep-
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HaTMBbl UCMOMb30BaHNA OUOKCMAa cepbl Anst 6opb-
Obl C pasMHOXeHMEeM MOJIOYHOKMCHbIX GakTepuii B
KpacHom u 6enom BuHe. OgHAKo HECMOTPS Ha ToO,
YTO NM30UMM SBNSAETCA HaTypanbHoW aobaBkow,
ObIlnn 3adpykcMpoBaHbl cnydan anneprum Ha 3ToT
depmeHT [14].

Xumo3saH. FABnsieTcs NpouM3BOAHBIM XWUTWMHA — OC-
HOBHOrO KOMMOHEHTAa KMEeTOYHbIX CTeHOK rpubos. Co-
OepXnTca B ckeneTe pakoobpasHbix 1 Monmtockos [15].

Xummyeckasa  mogmdumkaums  cynbdOHaTHOM
rpynnow yny4ylaeT pacTBOPMMOCTb XWUTO3aHa WU
npugaet emy um3buvpaTenbHyl0 aHTUrpUOKOBYHO ak-
TMBHOCTb B OTHoweHun Penicillium sp., Botrytis
cinerea n Aspergillus sacchari. Cooblaetcs o BO3-
MOXHOCTM MPUMEHEHUSA XUTO3aHa B KayecTBe MNpo-
TMBOMMKPOOHOIO KOHCEpBaHTa Ans NIO40B YEepHU-
K/, MOABEPXEHHbIX BeCbMa ObICTPOMY THUEHUIO,
BbI3BaHHOMY AaHHbIMK B6akTepusamu [16].

Anpxena Ka T. YaHr ¢ coaBtopamu [15] oTme-
YaloT BbICOKYD 3(PEKTMBHOCTL XWTO3aHa MNpPOTUB
Staphylococcus aureus u Escherichia coli. Ux wnc-
CrnefoBaHUA MNokasarnu, YTO 3KCTparMpoBaHHbIA Xu-
TO3aH NPosIBNAET Aaxe GOonbLuyl0 aKTUBHOCTb Mpo-
TMB MWKPOOPraHM3MOB, YEM XMTO3aH, MCMonb3ye-
MbI/ B MPOMBILLIIEHHOCTH.

[okazaHa adpEKTUBHOCTb NIIEHOK U3 XMUTO3aHa
ans nokpbiTua 6aHaHoB. KOHCEpPBaHT 3HAYMTENbHO
3ameanun notepto 6aHaHamu BuTamuHa C, a Takke
crnocobCcTBOBaN YBENMYEHUKO CPOKOB XpaHEeHUst
npoagykta [17].

JlakmocghbeppuH. £BnserTcsa OgHMM W3  CaMblX
BaXHbIX >KEne3oCBA3blBalOLWMX OenkoB Momoka.
MposBnseT aHTUMMKPOOHYIO aKTUBHOCTb B OTHOLLE-
HMM GONbLUOrO KONMMYecTBa pasHOOOpPa3HbIX MUKPO-
opraHm3moB. BbisiBneHo, 4To naktodgeppuH obna-
OaeT OaKkTepuocTaTMyeckumMn CBOWCTBaMU NPOTMB
rpamoTpuuaTenbHbix 6akTtepuii, TpebyoLwmx BbICO-
KOro cogepkaHus xenesa, Takux Kak Konmgopmel, a
Takke gencteyeT npotuB GakTepuin poga Bacillus,
S. aureus, S. epidermidis, Streptococcus mutans,
Listeria monocytogenes [18-20].

AHTUMUKPOOHBIN areHT HaxoauT NpUMEHeHne B
MSICHOW MPOMBILLNIEHHOCTH, Obin 0go6peH Ans npu-
MeHeHus B roesiguHe B CLUA [13]. AHTUMUKpOOHas
aKTMBHOCTb NakToepprHa obbACHAETCA TeM, YTO
OH MPOYHO CBA3bLIBAETCH C XXENe3oM U CTaHOBUTCS
HeOCTYNHbIM Anst MMKpOoGHoro pocTa [3].

Jlakmonepokcudasa. MNpeacraenset cobon cep-
MEHT, obragaroLmnii NPOTUBOMUKPOOHBIM OENCTBUEM
LUMPOKOro CrnekTpa NPOTUB MATOrEHHbIX MUKPOOpPra-
HM3MoB. OHa ABMSIETCA YaCTbIO NTaKTONEePOKCUaa3HoM
CMCTEMbI U LUMPOKO MPUMEHSIETCA B MULLEBOW MNpPO-
MbILLSIEHHOCTM B KavecTBe [0OaBKM K CnvBKam, MO-
POXXEHOMY, CbipaM, AETCKOMY nuTaHuio [3, 21].

pynnon wuccnepoBatenen Obina NpoTECTUPO-
BaHa nakTtonepokcuaasHasa cuctema (J1IMNC) B codve-
TaHUW C anbrMHaTHbIMU NNeHkamu. depmMeHT B co-
yeTaHUM C MNIEeHKaMn MposiBNANn CTabunbHOCTb WU
aKTUBHOCTb, JENCTBYS B LUMPOKOM AMana3oHe TeM-
nepatyp v pH. Bbinu yctaHoBneHbl adhdeKkTUBHbIE
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KoHueHTpaumm JIMC 1 BbIsIBNEH XOPOLUNIA NOTEHLU-
an ans npMMeHeHns B NULLEBLIX NpoaykTax [22].

WHTepecHoe wnccnegoBaHve ObiNo NpoBedeHO
dpaHLy3ckumMm  yyeHbiMn. MaHro obpabatbiBanu
3-MS KOHLIEHTpaLMsMM XUTO3aHa C CoAepXaHuem
unn 6e3 copepxaHua nakronepokcuaasel. Mokpbl-
Tnsa ¢ BknoveHuem JIMNC adpekTnBHO MHrMBUpoOBa-
nn pasMHOXeHue rpubos, a Takke 3amennsanu co-
3peBaHMe MaHro. Ha uBeT Koxypbl (ppykTa nakro-
nepokcuagasa He nosnudana [23].

lNnespouuduH. 3TO0 nenTua, cocTosAWMn U3 25
aMWHOKMCIIOT W BbIAENEHHbIN U3 Cnn3ncTton obo-
NOYKM 3MHeN kambarnbl. OH akTMBEH B OTHOLLUEHUN
rPaMMoNIOXNUTENbHBIX U rpamoTpuuaTenbHbiX Gak-
TEpWU; CONeycTomumB, TEPMOCTabuNeH U He4ys-
CTBUTENEH K U3NOMOIMYECKUM KOHLIEHTpaLMsM
Kanbumsi U MmarHms. AddektmBeH npoTtue Vibrio
parahemolyticus, L. monocytogenes, E. coli, Penicil-
lium expansum. ABnAeTca Xopolwen anbTepHaTu-
BOW XMMUKaTaM, O4HAKO MHIMOUpyeTCcs KanbLmem K
MarHMeM, YTo MOXeT orpaHnyMBaTb €ro UCNonb30-
BaHue [13, 24].

CsaotoaHb BaHr u gp. npotectupoBanu addek-
TUBHOCTb NMeBpOUMAMHA, BXOASALWEro B COCTaB
HaHOBOMOKHA M3 NONMBMHUIIOBOrO cnupTa. MNnespo-
UMOMH B cOCTaBe HaHOBOMNOKHa MpPOAEMOHCTPUPO-
Ban Gonee BbICOKYHD aKTUBHOCTb MHIMOMPOBaHMA B
OoTHoLeHun E. coli, yem cBOOOAHLIN NNEBPOLNONH.
Bonee Toro, oH 6bin ycnewHo npumeHeH B A6n04-
HOM cuape, 4TO MoKasano BO3MOXHOCTb €ro Uc-
NoNb30BaHMs B NULLEBbLIX NpoaykTax [25].

AHTUMUKPOBHbIE NMPEMAPATDI

PACTUTEJIbHOIO NPOUCXOXOEHUA

OpupHbie macna (OM). lMpeacTtaBnsT cobon
XVUOKMEe CMecU NETYYNX COEAMHEHMWI, MonyyYaemblx
M3 apoMaTU4YeCcKMX PacTEeHW, Yalle BCEero nyrem
NneperoHkn ¢ BOASAHbIM MapoM. AHTUMOKCUOAHTHbIE
CBOWCTBa UrpaloT KMYeBYIO porb B Buonornyeckomn
aKTMBHOCTM HeKoTopbIX OM [26].

OM oboralieHbl TepneHamu. K TepneHam OTHO-
CATCS NWHaNOOoM, 3BreHon, TUMOJ, KapBOH, KapBa-
Kpon, uMTparnb, IMMOHEH 1 UX NpeaLwecTBEHHMKN, a
Takke MHOrMe pgpyrve BellecTBa, obGnapgatoline
NPOTUBOMMKPOOHBIMW  CBOWCTBAMU B  OTHOLLEHUM
LUMPOKOTO CMEKTpa MUKPOOPraHM3MoB, BKIIHO4as
GakTtepum 1 rpubsl [3].

Anxenuka Knasuxo-Pomepo ¢ coaBTopamu usy-
Yanu aHTUMUKPOOHYK aKTUBHOCTb 3amynbcui OM
aBkanunta. lMccnegosaHve anunocb 28 pOHen, B
TeyeHne KOTopbiXx ObiNO npoaHanuanpoBaHo 16
3MYNbCUIA C PasfMYHbIMU KOHLIEHTpaLMaMM Macna.
MocnegHue 3 coctasa (14, 15 n 16) npossunu ca-
MY BbICOKYIO GaKkTepuunOHYyl0 akTMBHOCTb MO OT-
HoweHuo K E. coli, S. aureus, Pseudomonas aeru-
ginosa, gencTeysa meHee 4yeMm 3a 1 MuH [27].

Opyrve nccneposaHus nokasanu, 4to OM pos-
MapuvHa, UCnonb3yeMoe BMECTO HUTPUTOB, OKasaro
XOpoLlee KOHCepBUpYyloLwee AeCTBUE Ha KavyecTBO
konbacHbIX u3genun, npy 3TOM 3HAYMTENbHO He
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N3MEHSAS OpraHonenTUYecKMx CBOWCTB MNpoOAyKTa
[28], a OM wvaiiHoro gepeBa okasanocb 3adpeKTuB-
HbIM Ans uHrmbmposaHusa L. monocytogenes B ro-
BshkbeM dhaplue [29].

LisnH Xy n gp. B cBOer paboTte roBopAT o ObICT-
poW nopye u NerkoM OKUCMEHMU OCHOBHbLIX KOMMO-
HeHTOB OM noa pencTBMeMm Kucrniopoga, cBeTa u
Tenna. Bo nsbexaHme takmx adppekToB nccnegosa-
Tenamu 6biny NpUroToBneHbl HaHokancynsl M ko-
pylbl, TUMbSIHA U UMOMPS C XUTO3aHOM B KayecTBe
cTeHkn. [lonyyeHHble HaHokancynbl, 6narogaps
codeTaHnio 3M un xmuTo3aHa, NPOAEMOHCTPMPOBaM
ONUTENbHYID aHTubakTepuarnbHyl0 akKTUMBHOCTb B
oTHowweHuu E. coli, B. subtilis n S. aureus [30].

OM naBaHfbl Takke sIBNSETCA NPOTUBOMUKPOO-
HbIM CpPeaCTBOM, OAHAKO €ro UCNonb30BaHWE B Mu-
LLEeBbIX NPOAYKTax OrpaHMYeHO BCrEeACTBME MIOXON
pacTBOPMMOCTU B BOLE W BbICOKOW neTydecTtu. Ku-
Tanckue y4veHble coBmectTunu 3M naBaHAbl C LMK-
NOOEKCTPUHOM U M3Yy4unu  PU3NKO-XMMUYECKNE
CBOWICTBA MOMy4YEeHHOro Komnsekca. 3a c4eT npume-
HEeHUSA UWKNOAEKCTPMHA aHTMMMKpOOHasi akTuB-
HocTb OM naeaHabl Bo3pocna B 3 pasa [31].

pynna vccnegoBartenen nsyyana aHTUMUKPOO-
HYI0 aKTMBHOCTb 27 OM, cpean KOTopbIX Kopuua,
wanden, kegp, CocHa, MyCcKaTHbIA Opex, Kunapwuc,
MATa noneeas u Ap., UCMOoMb3yeMbIX NPOTUB LUTAM-
mMoB E. coli, S. aureus, P. aeruginosa. EgUHCTBEH-
HbIM BUOOM, HE MNPOSABMBLUMM AHTUMUKPOOHOM ak-
TMBHOCTW, OKasarncs Kunapucosuk. MNpoTue rpamoT-
puuaTenbHbIX LWTaMMOB HanbonbLUyd akTUBHOCTb
nposisunio 3M reo3guky, a MpoTMB LITamMmoB S.
aureus — macno YepHoro nepua [32].

®eHorbHble coeduHeHus. Hapsagy ¢ OM asns-
IOTCS1 XOPOLUMMUN @aHTUMUKPOOHBIMY CpeacTBaMm.

Bbino BbIsSBNEHO, 4TO 6OonMblIOe KONMMYECTBO
heHonNbHLIX coeanHeHun (cheHonos, pnaBoHONOOB,
AHTOLMAHWAMHOB) COLEPXUTCSA B CNUPTOBbLIX 3KC-
TpakTax rmbuckyca. M. boppac-JliuHapec v gp. npo-
TecTupoBanu 25 copToB rmbuckyca u BbISBUNK, YTO
deHonbHbIE BellecTBa B UX cocTaBe 3PAEKTUBHbI
B OOnblUen CTeNeHW NPOTUB TPaMMONOXUTENBHbIX
Gaktepuir S. aureus u Micrococcus luteus u B
MeHblen cTteneHn npotuB E. coli n Salmonella
enterica [33].

OpHor m3 rpynn nonudeHomnoB sBnsaTCca ge-
HOMOKMCNOThl (Hanpumep, KopuyHas). KcnaHckue
y4YeHble U3y4yanu CBOWCTBA KpaxMarbHbIX MIEHOK C
nobaBneHvemM KOpUYHOW W dOepyrnoBOW  KUCIIOT.
Bcneactene BBegeHUSA OEHOMbHBIX KUCMOT MIIEHKU
cTanun MeHee pacTBOPMMbIMW B BOAE U MeHee
NMPOYHBIMKU, OfHAKO coaepxaHue 2% Kakom-nmbo
KACMOTbl B MNreHke 3ddeKTMBHO WHrMbuposano
pocT E. coli u Listeria innocua. Kopn4yHasa kucnota
okasanack apdekTnBHee epynoson, a L. innocua
bonee yyBcTBMTENBHA, YeM E. coli [34]. KopnyHas u
XIOporeHoBas KUCNOTbl MPOSIBNSAOT aHTubakTepu-
anbHble CBOWCTBa MyTeM paspylleHuss memOpaHsbl,
BO3dencTByst Takmm obpasom Ha Alicyclobacillus
acidoterrestris. [103TOMy WX MOXHO NPUMEHATbL B

npoun3soacTBe (OPYKTOBLIX COKOB U HAanuTKoB [35].

MonudeHonbl Yyasi, 0COGEHHO KaTEXMHbI, — MOLL-
Hble NPOTMBOMMKPOGHbIE cpeacTBa. ATo Hambonee
BaXKHble KOMMOHEHTbl NUCTbEB 4as. [pynnown wuc-
cneposatenen 6bino M3ydeHo 13 pasnuuHbIX Yan-
HbIX HacToeB. Jlyywmne pesynbTaTbl Nokasanu 3ene-
HbIn 1 Genbin 4Yan, Hambonbliass aHTUMUKPOOHas
aKTUMBHOCTb 3aduKCcMpoBaHa y HedepMEHTUPOBaH-
Horo 4Yas [36].

OpeaHuyeckue Kuciomsl. 3TO NPUPOaHbIE Belle-
CTBa, CoAepallmecs B pas3nuyHbIX pykTax un cep-
MEHTMPOBAHHbIX MPOAYKTaxX, NPOSIBMSIOLMX aHTUMUK-
POGHYIO aKTUBHOCTb B OTHOLUEHWM MULLEBLIX Matore-
HoB [37]. K HUM OTHOCSITCS yKCycHasl, NIMMOHHas!, s10-
rioYHas, MoMnoYHasi U gpyrue KUCroTbl.

C. A. Kum n M. C. Pu ugyyanu 6akrepuumagHoe
AeNCTBME JIMMOHHON WM KanpwuioBOW KUCIOT Ha BUW-
pyneHTHbINn natoreH E. coli O157:H7 v aHOoreHHyto
MUKpPOMopy B HeMacTepu3OBaHHOM CBEXEM MOp-
KOBHOM coke. MopkoBHbIV cok obpabaTbiBanun nubo
KanpunoBon, NMbo NIMMOHHOW KUCIIOTORW, NGO uX
cmecbto npu TemnepaType 45-50 °C. O6paboTka
CMeCbl0 KWUCMOT B TeyeHne 5 MUH 3HauuTenbHO
CHWXana cofepXaHue naToreHHow MUKpodriopbl B
COKe, B TO BPEMS KaK KUCINOThbl MO OTAENbHOCTU Ta-
Koro adpdpekta He okasbiBanu. bornee npogormku-
TenbHas KombuHmpoBaHHas obpaboTka NONMHOCTLIO
yHUYTOXMNA BakTepuu, a Takke ycununa useT Mop-
KOBHOrO COKa, YTO ABNSETCA OOHVM M3 nokasaTtenen
ero kadvectsa [38].

E-BoH UH u agp. uccnegoBann aHTUMUKPOOHYHO
aKTUBHOCTb YKCYCHOM, NIMMOHHOW M MOJSIOYHOW KUC-
not B OTHoweHun wwurenn 4-x Bugos: Shigella
sonnei, Shigella flexneri, Shigella boydii n Shigella
dysenteriae. MonouHas kucnota (0,5%) vHrMbupo-
Bana pocT BCex BMAOB wurenn. JInMoHHas kucnota
cnabo Bnusna Ha S. flexneri, HO cunbHee BceX MH-
rmbupoBana pocT S. dysenteriae. YkcycHas xe Kuc-
noTta nposiBuna camyl crabyio akTMBHOCTb B OT-
HoweHun BakTepun, ogHAKO Aana camble BbICOKME
nokasaTtenu NoBpexaeHHbIX kneTok [37].

Ewe ogHa paboTa 6bina noceslleHa OLEeHke
NPOTUBOMMKPOBOHOTO OEWCTBUSI conen copOMHOBOM
N OEH30MHOM KUCINOT U UX HaHOpPas3MepHbIX COto-
6unnsaTtoB B OTHOWweHMM S. aureus, Pseudomonas
fluorescens n MUKPOGUOTHI, BbIGENEHHON U3 Kypu-
Horo coune. bbiny nokasaHbl XxopoLluas aHTUMUKPOO-
Hasi aKTMBHOCTb MPOTMB KYPUMHOW MUKPOOMOTHI, a
Takke 3HAYUTEMbHO nydlwee WHrMbupoBaHue Oak-
TepU HaHocomNBUNN3aTamMmn KUCNOT, YeM X HEHa-
HopasMepHbiMKu 3kBmBaneHTamu [39]. Kpome Toro,
copbuHOBas KucrnoTa sBnaeTcs a(PPEKTUBHBIM aH-
TMbaKTepunanbHbIM areHTOM B COYeTaHUU C XMTo3a-
HoM. Ha nx ocHoBe Obiny NpUroToBnEHbLI MUKpOKar-
Cynbl, KOTOPbIE€ BMOCNEACTBMM UCNOMNb30Ban1chb Ans
nony4yeHnss MpOTUBOMUKPOOHOW nneHkn. Takas
nrneHka NposiBNsAeT BbICOKYID aKTMBHOCTb MPOTUB S.
enteritidis n E. coli, a Takke cnocobHa yBennuuTb
CPOK XpaHeHusi pblGHOro dune Ha 4 OHs Npu TeMm-
nepatype 4 °C [40].
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Tpasbi u cneyuu. dununn JInHc B cBOEW paboTe
n3yyan aHTMMMUKPOOHYH aKTMBHOCTb Takux Crneuun,
Kak OyLWWCTBIN MU YepHbIA nepeu, 6a3unnuk, kopuua,
MYCKaTHbIA Opex, operaHo, nanpuka/yunu, neTpyLu-
Ka 1 TMMbsiH B OTHoLleHMM Salmonella oranienburg.
Bce ob6pasubl 6biny BbICYLUEHbI, TLATENBHO W3-
MenbyeHbl M 0bpaboTaHbl Napom Ans ynydweHus
MuKpobuonornyeckoro cratyca npunpas. Bbpkua-
€MOCTb carnbMoHenmnbl B obpasuax cyxux TpasB OT-
crnexuBanacb B TedeHue roga. beino ycraHoBneHo,
yTto HGakTepum Bonee BOCMPUUMYMBBI K MPSHOCTAM,
YeM K TpaBaMm, a OperaHo 1 Kopuua NMofHOCTbI0 WH-
rmbupytoT S. oranienburg [41].

WmetoTcsa Takke cBefeHns o6 aHTubakTepumans-
HOM [eWCTBUM HEKOTOpbIX AMKOPAacTyLUMX pacTte-
HVUIA. Bbinn oueHeHbl pacteHna Mekcukn, lMakncta-
Ha u ErvnTa, a Takke ycTaHOBneHbl BuAabl Gakre-
purA, MHIMBUpPYEMbIX MMW. Tak, MHOrMe pacTeHus
ceBepo-3anaga Mekcukn addPeKTUBHBI NPOTUB
Helicobacter pylori, Bbi3biBalowWwen pasnnyHblie 3a-
OoneBaHust xenygka, MeTaHOSbHble 3JKCTPaKThl
pacteHun [lakncTtaHa NpoABRAAKT MHrMOUpyoLee
denictene B oTHoweHun E. coli, Salmonella typhi,
Streptococcus pneumoniae un Proteus vulgaris, a
pacteHns Erunta obGnapatoT aHTUMWKPOOHOM ak-
TMBHOCTbIO B oTHoweHun E. coli, S. enterica, Yer-
sinia enterocolitica, Bacillus thuringiensis, L. mono-
cytogenes un S. aureus [42—-44].

AHTUMUKPOBHbLIE NMPENAPATbDI
MWKPOBHOI'O NPOUCXOXAEHUA
bakmepuouyuHsbi. MNMpeactaBnsaoT cobOM CUHTe-
3mpyemble Ha pubocomax ©ornee Mernkue nonvnen-
TUOHbIE MOMEKYIbI, NPOSABNASAIOWME aHTaroHUCTUYe-
CKYI0 aKTMBHOCTb B OTHOLUEHUN ONN3KOPOACTBEH-
HbIX rpynn G6akTepwuii [45]. MoryT BbiTb OTHECEHbI K
aHTMOMOTMKaM M3-3a UX BaKTeEPULMAHOTO OENCTBUSI.
OpHako npopgyueHTamy GaKTePUOLMHOB SIBNAOTCA
OakTepun, a He aKTMHOMMLUETbI Unu rpubbl, Kak B
cnyvyae aHTUOMOTMKOB. BakTepuoLmHbl — NPOOYKTbI
nepBmyHOro obmeHa, CUHTE3Npyemble B MNepuoaun-
YecKoW KynbType Ha norapudMuUyecKkon cragum
pasBuTUSA, TOrga Kak aHTUOMOTUMKM — 3TO MPOAYKThI
BTOpPUYHOro obmeHa, obpasyllmecs Ha cragusix
KOHUa cTaumoHapHoW dasbl 1 ¢asbl OTMUpPaHMUS.
Kpome TOro, 6akrepmounHbl He MMEKT TepaneBTu-
YECKOro 3Ha4YeHUs1 N He OKasbiBalOT OTpULATENBHOE
BO30ENCTBUE Ha KULLIEYHY MUKPOIIopy YenoBeka.
OCHOBHOE e pa3nuyuve 3akro4aeTcs B aKTUBHOCTM
WMHrMOMpPOBaHNs cneungnyecknx MMKpOOpraHM3MoB.
BakTepuoLMHbl  OrpaHMYMBalOT CBOK  aKTMBHOCTb
LWTaMMaMM POOCTBEHHbIX BUOOB, B TO BPEMS Kak aH-
TMOMOTUKM OobnagalT 6Gonee LIMPOKUM  CMEKTPOM
OENCTBMSA U He MPOSIBISIOT MPEVMYLLECTBEHHOE BO3-
OencTBre Ha BNNM3KOPOACTBEHHbIE LWTaMMbI [46, 47].
HusuHn — Hanbonee nonynsipHbIA BaKTepUOLMH,
pekoMeHOO0BaHHbI BO BCEM MUPe B KayecTBe nuLie-
Bon pobasku, umeet ctatyc GRAS. lNpeacrasnser
cobon aHTUMMKPOOHLIA NenTua, eCTeCTBEHHLIM 0bpa-
30M CUHTE3upyeMbIn Lactococcus lactis [3]. Mposiens-
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€T aHTVMUKPOOHYI0 aKTUBHOCTb B OTHOLUEHWM LUMPO-
KOrO CreKkTpa rpamnonoXuTenbHbIX OakTepuii u oka-
3bIBaeTCs OCOOEHHO 3(PEKTMBHLIM NPOTMB CMOP.
OpHako HeahdeKTMBEH NPOTMB MNIECEeHN, OPOXOKEN U
rpamoTpuuaTtenbHbix GakTepuin, NOSTOMY ero Leneco-
06pa3Ho MCMNonb30BaTb COBMECTHO C KOHCEPBaHTamm
Ha ocHoBe copbUHOBON KUCNOTHI [48].

Tak, HU3MH 1 copbat kanus B Ka4ecTBe KOHCep-
BAHTOB WCMONb3YOTCA B CaMbIX pPa3sHbIX MSCHbIX
npogyktax. [pynnon y4yeHbIX ObINIO MCCNegoBaHO
BNMsHWE 39TuUX [006aBOK Ha nuUNMAHbIE KayecTBa
oBeybero mdca. bbino noaTBepxaeHo, YTO HU3WH
ABNAETCA My4YlWNM KOHCEPBAHTOM AN NpoArfeHus
CpoKa rogHOCTW OBeYbero Msca, a Takke CHWXaet
noTepu ero NUTaTenbHbIX BewecTB [49].

HusmH cnocobeH koHTponupoBaTb pocT bHakTe-
pun poga Clostridium B cbipe Yegaep. Yepes 4 He-
Aenn XpaHeHusi cbipa U ero 06paboTkn HU3UHOM
uncreHHocTb Gaktepuit poga Clostridium 3ameTHO
cHmxaeTcs, a 6bakTepumn poga Pediococcus aBnsoT-
ca goMmuHnpyrowmmn [50].

MoxHo a3ddeKTMBHO nCnonbL3oBaTb HU3NH B
nusoBapeHun. OH He OKasbiBaeT OTpULATENbLHOro
BO3eNCTBMSA Ha BpoAMmbHY0 aKTMBHOCTb NMUBOBA-
PeHHbIX APOXKEW, a Takke BKYC, apomart, BHELLIHWUN
BUA U du3nyeckyo ctabunbHocTb nuea. [Jobasne-
HMEe HM3WHa B MpoLecce NMBOBapeHUs no3songaet
CHM3UTb TemnepaTtypy nacrtepu3auun m Takum o6-
pa3oM 3SKOHOMMUTb SHEPrui, YMEHbLUUTbL OTpULa-
TenbHOEe BO34ENCTBUE BbICOKMX Temnepartyp Ha op-
raHonenTuyeckne nokasatenu nuea [46].

HamamuyuH — YHIMUMOHBIA NPOTUBOrPUOKO-
BbIl Npenapar, CMHTe3upyembln 6aktepusammu Strep-
tomyces natalensis n Streptomyces chatanoogen
nytem depMeHTauumn Ha yrrneBoAHbIx cpefax. Ero
KOHLIEHTPUPYIOT, KPUCTannu3ylT, BbICYLUUBAKOT U
CMeLLMBaloT C NakTo3on B cooTHoweHun 1:1. Koh-
CepBaHT aKTMBEH B OTHOLUEHMU BONbLUMHCTBA NaTo-
reHHbIX  ApoXoKenodobHbix  rpuboB  (0cobeHHOo
Candida albicans), gpoxken (Torulopsis n Rhodo-
torula) n gpyrux natoreHHbix rpuboB (Aspergillus,
Penicillium) [48].

HaTamMyuuH LIMPOKO UCMONb3yeTcsl B PasHbIX
CTpaHax B KayecTBe MuLLeBON AoGaBkM AN NpenoT-
BpallleHnsi pocTa MNMeceHn U APOXCKEN Ha cbipax u
konbacax. Huskass pacTBOPMMOCTb MO3BOMSAET €My
OOCTaTOYHO [O0Mr0 HaXOAMTbCA Ha MOBEPXHOCTU Nu-
wesoro npoaykra. OH Takke sBnseTcst 3PEeKTUBHBIM
aHTUMUKPOOHBIM areHTOM B COCTaBe MIEeHOK. Tak,
Guononumepsl, cogepXaliue HaTamMULMH, UHIMOWpY-
10T pocT A. niger B cbipe Kaluap, a noToMy MOryT uc-
nonb30BaTbCA ANst MpPedoTBPaLLUEHNss U KOHTPOIS
NneceHn Ha MOSOYHbIX NpoaykTax [51].

M3BECTHO, YTO APOXOKM HEraTMBHO BIUSIIOT Ha
dpyKkToBbIE COKM. B HacTosilee Bpemsa sBNAeTCs
aKTyanbHbIM MOWUCK HaTyparbHbIX KOHCEPBAHTOB B
3TOM oTpacnu Ans yBernnyeHus CpPOKOB FOAHOCTU
roToBbIX NPOAYKTOB. He Tak AaBHO M3yyanacb aH-
TUAPOXKEBAsS aKTUBHOCTb HaTaMuLMHa B A61104HOM
coke. BbINno BbIABNEHO, 4TO npenapaT oka3blBaeT
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3amMeTHOe BO3OeWCTBME Ha ApoxokMm Zygosaccha-
romyces bailii, a Tarkke noBbILLAET aHTUOKCUOAHTHYIO
aKTUBHOCTb SI6JTI0O4HOIO CoKa Npu xpaHeHuu [52].

OdPeKTNBHLIM SBMSIETCA COYeTaHMe HaTaMu-
UWMHA M HM3WHA AN yBENWYEeHUs Cpoka rogHOCTU
6e3ankoronbHbIX HanUTKOB. PynMnomn y4YeHbix 6bino
N3y4eHO UX BIUSHME HA COXPaHAEMOCTb HarnuTKOB
CO BKYCOM numoHa. ViccnepoBaHusa nokasanu, 4to
Takasg KOMOMHaLMSA KOHCEPBAHTOB MOXET CHU3UTb
obpasoBaHne GeH3ona, Bbligensiemoro GeHzoatamu
n copbatamm, u MHrMBUpyeT pocT KynbTyp Lactoba-
cillus plantarum wu Z. bailii B Hanutkax. HatamuumH n
HU3WMH HE W3MEHSIIOT OPraHoNEnTUYECKNUX N MUKPO-
G1onorM4ecknx CBOMCTB FOTOBON MPOAYKLUUW U Cry-
XaT anbTepHaTUBOW WUCMONb30BaHUSA GEH30MHON ”
copbuHosou kucnot [53].

lMNeduoyuH — 6enkoBbIN aHTUMUKPOOHLIN Npena-
paTt, npoayumpyemblin 6aktepusimm poga Pedioco-
ccus. VsBecTeH B nepBylo odepenb CBOEN crnocob-
HOCTbIO MOAaBnATb PoCT GakTepui poga Listeria, B
TOM 4WCNEe NaTOrEHHbIX LWTAMMOB, BbI3blBaOLLMX
TshKenble nuweBble nHdekunn [54].

M. Cepy30 1 gp. u3y4anu aHTUIIMCTEPUYECKYIO
aKTUBHOCTb TepmodunmnHa 110, Takke OTHocALLe-
rocst kK bakrepuoumHam, n neguoumHa B hepMeHTu-
poBaHHOM Moroke. VccnegoBaHua nokasanum, 4To
BbICOKME KOHLEHTpauun TepMmodunmHa noaaensitoT
pocT L. monocytogenes Ha Cpok o 22 4, a KOMm-
NnekcHoe NpMMeHeHne TepModUuIMHa 1 negmoLmHa
3HAYNTENBbHO CHWXAET KONMUYECTBO KNEeToK OakTe-
pun. Takum oBpasom, Obina NpogeMoHCTpUMpoBaHa
NepCNeKTUBHOCTb WCMONb30BaHWS [aHHbIX npena-
paToB AN NpefoTBpaLLEHUS 3apaXKeHUsT MOJTOYHbIX
NPOAYKTOB nmuctepusamm [55].

MegvoumH — 3pEeKTMBHLIN areHT B cocTaBe
aHTMMUKPOOHBbIX ynakoBok. Ewe B 2009 rogy 6bino
YyCTaHOBMEHO, YTO nneHkn ¢ 25 n 50%-m copepxa-
HMEM neauouuHa 3PQEKTUBHO MHIMOMPYIOT pPOCT
L. innocua 1 okasbiBalOT HebonbLIOe BO3ENCTBME
Ha Salmonella sp. Ha NOMTMKax BETUYUHBI [56].

Bce 6onbwwmm cnpocom y notpebutenen nonb-
3yeTcsl TEXHOMOrMs Cy-BuA (Bapka NpoaykToB B Ba-
Kyyme npu HU3KMX Temnepartypax). OgHako cyule-
CTBYIOT ornpeferneHHble MUKpobuonormieckne puc-
KW, CBAi3aHHble C 3TOW TexHonormen. Nccnegosarte-
NsIMA OOHOTO M3 WUCMAHCKUX YHUBEPCUTETOB Obina
n3y4yeHa npobnema 3arpsisHeHus rpuboB u canara
N3 MOJITOCKOB, MPUIOTOBMIEHHBLIX METOOOM CY-BUA,
crnopamun Gaktepun popa Bacillus. Ee pewweHnem
CTano KOMMEKCHOe NpUMeHeHne GakTepruoLMHOB —
neguoumHa n HuauHa. lNeguouunH 6bin Gonee adp-
dektnBeH npotme B. licheniformis, a HM3nH — npo-
TMB B. subtilis. BeretatuBHble kneTkn GakTepuii He
Obinn obHapyxeHbl B efe, obpabotaHHow GakTe-
puounHamu, gaxe cnycta 90 gHen [57].

B TO Bpems kak HU3NH MOXHO NPUMEHATb B M-
BOBapeHnn, NeguoUuH MOXHO MCMNOMb30BaTb B BU-
Hogenuu. pynnon uccnegosatenen 6biNn onpeae-
neHbl MHIMBUPYIOLLIME KOHUEHTpaumumM ang neguouu-
Ha B OTHOLUEHWW MOMOYHOKMCNbIX GakTepui. [daH-

HbI GakTepuounH 3PdEKTUBEH Kak B COYETaHUN C
OVOKCMOOM Cepbl M 3TAHOSOM, Tak 1 6e3 Hux [58].

OHmepoyuH — OGaKTepPUOLUH, CUHTE3NPYEMbI
Gakrepusamu poga Enterococcus. ABnsisice NpogyKToM
MOSOYHOKMCHbIX BakTepuii, MOXeT BblTb MHTEPECEH B
KayecTBe 3alUWTHbIX KynbTyp Ansi NPOM3BOACTBA Chbl-
pa, NOCKOMbKY NPOSIBASET UHIMBMPYIOLLYIO aKTUBHOCTb
B OTHoweHun Listeria n Clostridium. A npMmeHeHune
3HTEPOUMHA B COMETaAHUMU C HU3UHOM U NEeOUOLIMHOM
okasblBaeT 60nbLIon aHTubakTepuanbHbIi 3deKT Ha
Enterococcus faecium [59].

OHTepounH MOXeT ucnonb3oBaTbecs Ans obes-
3apaxuBaHWs MOBEPXHOCTU (DPYKTOB U AroAd, a Tak-
e B KayecTBe KOHCEpBaHTa B OBOLLHbLIX U OPYKTO-
BbIX cokax. ObpaboTka 3HTEPOLMHOM 3HAYUTESBHO,
a vMHorga u norHoCTb MHMMBupyeT pocT L. Mono-
cytogenes B knyOHUKE, MarnuHe, eXEeBUKE U 3eMris-
HUKE N YMEHbLUAET KONMMYECTBO >XMU3HECNOCOOHbIX
OopraHn3moB B AblHe, apbyse, rpywe n kusu. OgHako
aHTubakTepuanbHbli 3G EKT BO MHOMOM 3aBUCUT
OT TemnepaTtypbl XpaHeHusl. B OBOLLHbIX COKax u3
KanycTbl, canata, cenbgepesi, aconu 3HTEPOLMH
O4eHb cTabuneH B Te4eHWe nepBbiX CyTOK. B cBe-
XKENPUroTOBIEHHBbIX COKax W3 anenbcuHa, sbnoka,
rpenndpyTa, rpywim, aHaHaca u KuBu GakTepuoumH
nposiensieT akTuBHocTb Ao 30 AHel, a B MarasuH-
HbIX cokax — 0o 120 gHen. Kpome TOro, aHTEpOLMH
oka3blBaeT Oonblloe BnusiHne Ha Alicyclobacillus
acidoterrestris — ©akTepuio, BbI3blBaIOLLY0 MOPYY
pyKTOBBLIX COKOB [60—62].

lMnaHmapuyuH — aHTUMUKPOOHBIA npenapar,
npogyumpyembli Lactobacillus plantarum. OH MHMGK-
PYeT pPOCT MHOMMX rPaMrOSIOXKUTENbHBIX U FPaMOTpK-
uatenbHbIX OGakTepun, B 4YacTHocTu Enterococcus
mundtii, noaTomy MoXeT ObiTb 3HPEKTUBHBIM KOMMO-
HEHTOM 3aKBacku ons kedmpa [63].

B MeknHe GbinM NpoBedeHbl NcCneaoBaHNUs UH-
rmbvpyloLLen akTUBHOCTW NNaHTapyuMHa B OTHOLLE-
HUM L. monocytogenes B BapeHon BeTumHe. Bbino
BbISIBNIEHO, YTO BaKTepmoLMH B cOMeTaHUM C TENSOo-
BOW 06paboTKOM 3aMETHO yMeHbLUaeT YUCIIO XKU3-
HeCcrnocobHbIX BakTepuin, a KOMMMIEKCHOe UCMOMb30-
BaHVe MnaHTapuuuHa, TennoBon 00paboTkM U HUT-
puTa HaTpus oKasbiBaeT Hambomnbluni aHTubakTe-
puanbHbIn 3EKT Ha NPOaYKT [64].

PeymepuH — B-rvapoKCUNPONUOHOBLIN anbaeria.
MpencTtaensieT cobon mMomnekyny HebonbLnx pasme-
poB, 00naJaroLLyt0 YHWUKaNbHbIMU MPOTUBOMUKPOO-
HbIMW CBOVCTBaMM, NPOBOLIMPYIOLLYIO OKUCTIUTENbHbIN
CTpecc B onpedeneHHbiX MuKpoopraHusmax. Peyte-
puH criocobeH uHrMbupoBaTb pocT Escherichia, Sal-
monella, Shigella, Proteus, Pseudomonas, Clostri-
dium, Staphylococcus, Streptococcus n H. pylori, a
Takke psiga rpubos [65].

B coyeTaHum ¢ rmuuepmHOM peyTepuH sIBrsieTcs
3P HEKTUBHBIM AHTUMUKPOOHBLIM areHToM B Cblpax.
Tak, rpynna uccnegosartenen oueHuBana MHrubu-
pyloLLYyI0 aKTUBHOCTbL peyTepuHa npotus L. Mono-
cytogenes u E. coli O157:H7 B nonyTBepaom cbipe.
KonuyecTtBo KONMgOpMOB B Cbipe YMEHbLUNNOCH B
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nepBbI Xe AeHb UCMONb30BaHMSA KOHCepBaHTa [66].
Takke Oblna ycTaHOBMEHa KOHLEHTpauus peytepu-
Ha, Heobxoommas Oris KOHTPONSA poCTa NaToreHHbIX
MMKPOOPraHM3MoB, MOTEHUWanbHO MNPUCYTCTBYIO-
LUMX BO BpeMmsi MPOU3BOACTBa M CO3pPEBaHUA Cbipa,
npu KOTOpon He 06pa30BbIBANMCL COEANHEHUS, U3-
MeHsoLLmMe UBeT npoaykTa. [lepBoHavanbHo Cbip 3a
CYeT NPUCYTCTBUSA rnNuuepuHa npuobpeTtan po3osa-
Tbil OTTEHOK [67]. MNMpumeHeHne Lactobacillus reu-
teri, NpoAyuUMpPYOLNX peyTepuH, He OKasblBaeT 3a-
METHOrO BIMMSHWS Ha OpraHoNenTU4ecKue xapakre-
pucTukn cbipa. O6WKMIi 3anax n apomar cbipa ocTa-
IOTCS MPEXHUMWU, HO TEM HE MeHee 3Ha4MTeNbHO
CHWXalTca nokasatenu 3anaxa. CbIpHbIi apomar
npeobnagaeTt Hag MOJMOYHbIM, NOrypTOBLIM [68].

PeyTtepuH MoxeT ucnonb3oBaTbCs A9 NOBbI-
weHns Bes3onacHOCTU U NPOASieHMa Cpoka rogHo-
CTN CcNnaboKOHCEPBUPOBAHHBIX MOPENPOAYKTOB,
HanpMmep, KOMYEHOro Nococs, Tak Kak npu yme-
PEHHOV MMM BbICOKOM TemnepaType OH CHuxaet
pocT L. Monocytogenes [69]. Kpome TOro, oH oka-
3biBaeT 60MbLIOE BO3OENCTBME HA OPOXOKM U Ne-
CeHb, B CBA3U C YeM Haxo4uT NpumeHeHne B 61o-
KoHcepBauun norypta [70].

3AKNKOYEHUE

Takum obpasom, npeacraBneHHas B 0630pHOMN
cTatbe WHopMauuMa no3BondeT caenaTtb BbiBOS,
YTO B HacTosLee BPeEMSI U3YyYEeHO Hemarno HaTy-
panbHbIX aHTUMUKPOOHBIX NpenapaToB, MHOrMe U3
KOTOPbIX MOFYT COCTaBWUTb KOHKYPEHLMUIO XMMU4Ye-
CKMM KOHCepBaHTaM. Takne [obaBku MpakTUyecku
He OKa3blBalOT BpPeOHOro BO3OENCTBMA Ha 300po-
Bbe yernoseka. YacTb U3 HUX yXKe HaxoauT npume-
HEHWe B NULLLEBON MPOMbILLSIEHHOCTU, ApYyrue noka
NVWb FOTOBATCA K BHEOPEHWI0 B HEKOTOpble Mpo-
N3BOACTBA.

WHTepec nogen K MCnonb30oBaHMI0 HaTypalb-
HbIX KOHCEPBaHTOB HeycTaHHO pacTeT. [lpoBoasT-
CS1 HOBblE MCCINeaoBaHus, U3y4arTcsl HOBbIE U CO-
BEPLUEHCTBYIOTCS CTapble METOAMKN BHECEHMUS aH-
TUMUKPOOHBLIX MpenapaTtoB B MNPOAYKTbl MUTaHWUS.
MpUMeHATCA HOBEWLLIME TEXHOMOrMK, Takue Kak
HaHoKancynupoBaHue, Ans obecneyeHuns Gonee
KayeCTBEHHOro uHrMbupytowero addekrta npu-
poaHbix gobaBok. [MO3TOMy He WUCKIIYEHO, YTO B
6nvxanwem 6yaywem HaTyparnbHble aHTUMUKPOO-
Hble npenapaTtbl CMOryT 3MdEKTUBHO 3aMeEHMUTb
XUMUYECKME.

CMNCOK UCTOYHUKOB

1. KOpkoBa A. A. MNuweBble gobaBkn B cocTaBe
nonynspHbIX NPOAYKTOB // MexayHapOoAHbIv XXypHan
ryMaHuUTapHbIX U ecTecTBeHHbIX Hayk. 2021. T. 56.
N 5-1. C. 91-94. https://doi.org/10.24412/2500-100
0-2021-5-1-91-94.

2. Esimbekova E. N., Asanova A. A., Deeva A. A.,
Kratasyuk V. A. Inhibition effect of food preserva-
tives on endoproteinases // Food Chemistry. 2017.
Vol. 235. P. 294-297. https://doi.org/10.1016/J.
FOODCHEM.2017.05.059.

3. Bensid A., El Abed N., Houicher A., Regen-
stein J. M., Ozogul F. Antioxidant and antimicrobial
preservatives: Properties, mechanism of action and
applications in food — a review // Critical Reviews in
Food Science and Nutrition. 2020. Vol. 62, no. 11.
P. 2985-3001. https://doi.org/10.1080/10408398.
2020.1862046.

4. Mei J., Ma X., Xie J. Review on natural pre-
servatives for extending fish shelf life // Foods.
2019. Vol. 8, no. 10. P. 490. https://doi.org/10.33
90/FOODS8100490.

5. Ackapos . P., Xonmatoea M. M. Xumunyeckui
COCTaB KOHCEPBAHTOB B PbIOHbIX KOHCEPBAX U UX BNUW-
AHVe Ha opraHuaMm // Universum: xumusa n 6uonorus.
2021. N 12. C. 58-60. https://doi.org/10.32743/Uni-
Chem.2021.90.12.12584.

6. Juneja V. K., Dwivedi H. P., Yan X. Novel
natural food antimicrobials // Annual Review of Food
Science and Technology. 2012. Vol. 3, no. 1.
P. 381-403. https://doi.org/10.1146/ANNUREV-FO
0OD-022811-101241.

7. Kupw W. A., ®ponoea tO. B., Manenko . M.
YnakoBO4YHble MaTtepuarnbl Ans NUMLeBOn NpoayKumnm
C @aHTUMMKPOOHBLIM KOMMNOHEHTOM NPUPOAHOrO Mpo-

260

ucxoxgeHus // MNMuwesas npombiwneHHocTs. 2018.
N 1. C. 24-25.

8. TeeputHmkosa W. C., Kupw U. A., BaHHukosa O. A,
BesHaesa O. B., PomaroBa B. A., KoHgpatosa T. A.
[v Ap.]. iccnepoBaHme MHOrOCNOMHbLIX MOMMMEpPHbIX
NNEHOK,  MOOUMUUNPOBAHHBIX  AHTUMUKPOOHBIM
KOMMOHEHTOM, MpeAHasHayeHHbIX ANs  YNakoBKU
MOMOYHbIX npoAayktoB // luweBass NpOMbILLINEH-
HocTb. 2020. N 12. C. 66-69. https://doi.org/10.24
411/0235-2486-2020-10146.

9. Kyabmuy B. B., Kosnos H. I"., KapnyHun UN. L.,
BbanabaHoBa O. B. 3kcnepumeHTanbHble UcCreaoBa-
HUS MO OMpedeNnieHnto CocTaBa MONMUMEPHBIX YMaKo-
BOYHbLIX MaTepuarnoB ¢ 6uoumaHbimyn gobaskamu //
Hayka n texHuka. 2019. T. 18. N 5. C. 409-415.
https://doi.org/10.21122/2227-1031-2019-18-5-409-415.

10. Horuna A. A., TuxoHos C. J1., TuxoHoBa J1. B.
PaspaboTka 1 nccnegoBaHve BnvsiHMA Ovopasna-
raembIX NMEHOK Ha MokasaTenu CBEXEeCTU MSCHbIX
nonycgabpukaToB // TexHWka U TEXHOMOrUs MuLle-
Bbix npoussogcts. 2018. T. 49. N 4. C. 73-78.
https://doi.org/10.21603/2074-9414-2018-4-73-78.

11. Poavonos I'. B., Onectok A. ., KontuHoBa E. A.,
Eropoe B. B., ManodeeBa H. A., Owenkos M. C.
MonuatuneHoBasi ynakoBka C MMKpodacTMuamu ce-
pebpa v uuHKa, 1 ee BNNSHUE Ha Ka4yeCTBO MOJIOKa
/I N3BecTus By30B. XUMWUS U XMMUYECKAS TEXHOMO-
rma. 2021. T. 64. N 3. C. 82-91. https://doi.org/10.
6060/ivkkt.20216403.6295.

12. Branen J. K., Davidson P. M. Enhancement
of nisin, lysozyme, and monolaurin antimicrobial
activities by ethylenediam inetetraacetic acid and
lactoferrin // International Journal of Food Microbiol-
ogy. 2004. Vol. 90, no. 1. P. 63-74. https://doi.org/

https://vuzbiochemi.elpub.ru/jour


https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.3390/FOODS8100490
https://doi.org/10.3390/FOODS8100490
https://doi.org/10.3390/FOODS8100490
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1146/ANNUREV-FOOD-022811-101241
https://doi.org/10.1146/ANNUREV-FOOD-022811-101241
https://doi.org/10.1146/ANNUREV-FOOD-022811-101241
https://doi.org/10.21122/2227-1031-2019-18-5-409-415
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/S0168-1605(03)00172-7

YepeomkuHa 4. P., bopucoea A. B. AHMUMUKPOOGHbIe npenapamasl MPUPOOHO20 MPOUCXO0XOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

10.1016/S0168-1605(03)00172-7.

13. Tiwari B. K., Valdramidis V. P., O’'Donnell C. P.,
Muthukumarappan K., Bourk P., Cullen P. J. Appli-
cation of natural antimicrobials for food preservation //
Journal of Agricultural and Food Chemistry. 2009.
Vol. 57, no. 14. P. 5987-6000. https://doi.org/10.10
21/JF900668N.

14. Liburdi K., Benucci I., Esti M. Lysozyme in
wine: an overview of current and future applications //
Comprehensive Reviews in Food Science and Food
Safety. 2014. Vol. 13, no. 5. P. 1062-1073. https://
doi.org/10.1111/1541-4337.12102.

15. Chang A. K. T., Frias R. R., Alvarez L. V.,
Bigol U. G., Guzman J. P. M. D. Comparative anti-
bacterial activity of commercial chitosan and chitosan
extracted from Auricularia sp. // Biocatalysis and Agri-
cultural Biotechnology. 2019. Vol. 17. P. 189-195.
https://doi.org/10.1016/J.BCAB.2018.11.016.

16. Liu Y., Sun Z., Xiu L., Huang J., Zhou F. Se-
lective antifungal activity of chitosan and sulfonated
chitosan against postharvest fungus isolated from
blueberry // Journal of Food Biochemistry. 2018.
Vol. 42, no. 6. https://doi.org/10.1111/JFBC.12658.

17. Kritchenkov A. S., Egorov A. R., Volkova O. V.,
Zabodalova L. A., Suchkova E. P., Yagafarov N. Z.,
et al. Active antibacterial food coatings based on
blends of succinyl chitosan and triazole betaine chi-
tosan derivatives // Food Packaging and Shelf Life.
2020. Vol. 25. P. 100534. https://doi.org/10.1016/
J.FPSL.2020.100534.

18. Niaz B., Saeed F., Ahmed A., Imran M.,
Maan A. A., Khan M. K. I., et al. Lactoferrin (LF): a
natural antimicrobial protein // International Journal of
Food Properties. 2019. Vol. 22, no. 1. P. 1626-1641.
https://doi.org/10.1080/10942912.2019.1666137.

19. Conesa C., Rota M. C., Pérez M.-D., Calvo M.,
Sanchez L. Antimicrobial activity of recombinant hu-
man lactoferrin from Aspergillus awamori, human milk
lactoferrin and their hydrolysates // European Food
Research and Technology. 2008. Vol. 228, no. 2.
P. 205-211. https://doi.org/10.1007/S00217-008-0924-9.

20. Zhang Y., Lu C., Zhang J. Lactoferrin and its
detection methods: a review // Nutrients. 2021. Vol. 13,
no. 8. P. 2492. https://doi.org/10.3390/NU13082492.

21. Boroujeni M. B., Nayeri H. Stabilization of
bovine lactoperoxidase in the presence of ectoine //
Food Chemistry. 2018. Vol. 265. P. 208-215.
https://doi.org/10.1016/J.FOODCHEM.2018.05.067.

22. Yener F. Y. G., Korel F., Yemenicioglu A.
Antimicrobial activity of lactoperoxidase system in-
corporated into cross-linked alginate films // Journal
of Food Science. 2009. Vol. 74, no. 2. P. 73-79.
https://doi.org/10.1111/J.1750-3841.2009.01057.X.

23. Cissé M., Polidori J., Montet D., Loiseau G.,
Ducamp-Collin M. N. Preservation of mango quality
by using functional chitosan-lactoperoxidase systems
coatings // Postharvest Biology and Technology. 2015.
Vol. 101. P. 10-14. https://doi.org/10.1016/J.POST-
HARVBIO.2014.11.003.

24. Burrowes O. J., Hadjicharalambous C., Di-

amond G., Lee T.-C. Evaluation of antimicrobial
spectrum and cytotoxic activity of pleurocidin for
food applications // Journal of Food Science. 2004.
Vol. 69, no. 3. P. 66-71. https://doi.org/10.1111/
J.1365-2621.2004.TB13373.X.

25. Wang X., Yue T., Lee T. Development of
Pleurocidin-poly(vinyl alcohol) electrospun antimi-
crobial nanofibers to retain antimicrobial activity in
food system application // Food Control. 2015. Vol.
54. P. 150-157. https://doi.org/10.1016/J.FOOD-
CONT.2015.02.001.

26. Amorati R., Foti M. C., Valgimigli L. Antioxi-
dant activity of essential oils // Journal of Agricultural
and Food Chemistry. 2013. Vol. 61, no. 46. P.
10835-10847. https://doi.org/10.1021/JF403496K.

27. Clavijo-Romero A., Quintanilla-Carvajal M. X.,
Ruiz Y. Stability and antimicrobial activity of euca-
lyptus essential oil emulsions // Food Science and
Technology International. 2019. Vol. 25, no. 1.
P. 24-37. https://doi.org/10.1177/1082013218794841.

28. Abbasi M. A., Ghazanfari S., Sharifi S. D.,
Ahmadi Gavlighi H. Effect of rosemary essential oil
as nitrite substitute on quality of sausage produced
using chicken fed by thymus essential oil and rape-
seed oil // Journal of Food Science and Technology.
2020. Vol. 6, no. 1. P. 54-68. https://doi.org/10.
1007/S13197-020-04786-8.

29. De Sa Silva C., de Figueiredo H. M., Stam-
ford T. L. M., da Silva L. H. M. Inhibition of Listeria
monocytogenes by Melaleuca alternifolia (tea tree)
essential oil in ground beef // International Journal of
Food Microbiology. 2019. Vol. 293. P. 79-86.
https://doi.org/10.1016/J.1JFOODMICRO0.2019.01.004.

30. Hu J., Zhang Y., Xiao Z., Wang X. Prepara-
tion and properties of cinnamon-thyme-ginger com-
posite essential oil nanocapsules // Industrial Crops
and Products. 2018. Vol. 122. P. 85-92.
https://doi.org/10.1016/J.INDCROP.2018.05.058.

31. Yuan C., Wang Y., Liu Y., Cui B. Physico-
chemical characterization and antibacterial activity
assessment of lavender essential oil encapsulated
in  hydroxypropyl-beta-cyclodextrin //  Industrial
Crops and Products. 2019. Vol. 130. P. 104-110.
https://doi.org/10.1016/J.INDCROP.2018.12.067.

32. Andrade B. F. M. T., Barbosa L. N., da Silva
Probst I., Fernandes Junior A. Antimicrobial activity
of essential oils // Journal of Essential Oil Research.
2014. Vol. 26, no. 1. P. 34-40. https://doi.org/10.10
80/10412905.2013.860409.

33. Borras-Linares 1., Fernandez-Arroyo S.,
Arrdez-Roman D., Palmeros-Suarez P. A., Del Val-
Diaz R., Andrade-Gonzales |., et al. Characteriza-
tion of phenolic compounds, anthocyanidin, antioxi-
dant and antimicrobial activity of 25 varieties of Mex-
ican Roselle (Hibiscus sabdariffa) // Industrial Crops
and Products. 2015. Vol. 69. P. 385-394. https://
doi.org/10.1016/J.INDCROP.2015.02.053.

34. Ordoiez R., Atarés L., Chiralt A. Physico-
chemical and antimicrobial properties of cassava
starch films with ferulic or cinnamic acid // LWT —

https://vuzbiochemi.elpub.ru/jour

261


https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1021/JF900668N
https://doi.org/10.1021/JF900668N
https://doi.org/10.1021/JF900668N
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/1541-4337.12102
https://doi.org/10.1111/1541-4337.12102
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.BCAB.2018.11.016
https://doi.org/10.1016/J.BCAB.2018.11.016
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/JFBC.12658
https://doi.org/10.1111/JFBC.12658
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FPSL.2020.100534
https://doi.org/10.1016/J.FPSL.2020.100534
https://doi.org/10.1016/J.FPSL.2020.100534
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10942912.2019.1666137
https://doi.org/10.1080/10942912.2019.1666137
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1007/S00217-008-0924-9
https://doi.org/10.1007/S00217-008-0924-9
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.3390/NU13082492
https://doi.org/10.3390/NU13082492
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2018.05.067
https://doi.org/10.1016/J.FOODCHEM.2018.05.067
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/J.1750-3841.2009.01057.X
https://doi.org/10.1111/J.1750-3841.2009.01057.X
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.POSTHARVBIO.2014.11.003
https://doi.org/10.1016/J.POSTHARVBIO.2014.11.003
https://doi.org/10.1016/J.POSTHARVBIO.2014.11.003
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/J.1365-2621.2004.TB13373.X
https://doi.org/10.1111/J.1365-2621.2004.TB13373.X
https://doi.org/10.1111/J.1365-2621.2004.TB13373.X
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCONT.2015.02.001
https://doi.org/10.1016/J.FOODCONT.2015.02.001
https://doi.org/10.1016/J.FOODCONT.2015.02.001
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1021/JF403496K
https://doi.org/10.1021/JF403496K
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1177/1082013218794841
https://doi.org/10.1177/1082013218794841
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1007/S13197-020-04786-8
https://doi.org/10.1007/S13197-020-04786-8
https://doi.org/10.1007/S13197-020-04786-8
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.IJFOODMICRO.2019.01.004
https://doi.org/10.1016/J.IJFOODMICRO.2019.01.004
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.INDCROP.2018.05.058
https://doi.org/10.1016/J.INDCROP.2018.05.058
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.INDCROP.2018.12.067
https://doi.org/10.1016/J.INDCROP.2018.12.067
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10412905.2013.860409
https://doi.org/10.1080/10412905.2013.860409
https://doi.org/10.1080/10412905.2013.860409
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.INDCROP.2015.02.053
https://doi.org/10.1016/J.INDCROP.2015.02.053

YepeomkuHa 4. P., bopucoea A. B. AHMUMUKPOGHbLIe npenapamsi MPUPOOHO20 MPOUCXOXOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

Food Science and Technology. 2021. Vol. 144,
P. 111242. https://doi.org/10.1016/J.LWT.2021.111242.
35. Cai R., Miao M., Yue T., Zhang Y., Cui L.,
Wang Z., et al. Antibacterial activity and mechanism
of cinnamic acid and chlorogenic acid against Alicy-
clobacillus acidoterrestris vegetative cells in apple
juice /I International Journal of Food Science and
Technology. 2019. Vol. 54. P. 1697-1705. https://
doi.org/10.1111/1JFS.14051.

36. Almajano M. P., Carbé R., Jiménez J. A. L.,
Gordon M. H. Antioxidant and antimicrobial activities
of tea infusions // Food Chemistry. 2008. Vol. 108,
no. 1. P. 55-63. https://doi.org/10.1016/J.FOOD-
CHEM.2007.10.040.

37.InY.W,, Kim J. J.,, Kim H. J., Oh S. W. An-
timicrobial activities of acetic acid, citric acid and
lactic acid against shigella species // Journal of
Food Safety. 2013. Vol. 33, no. 1. P. 79-85.
https://doi.org/10.1111/JFS.12025.

38. Kim S. A., Rhee M. S. Synergistic antimicro-
bial activity of caprylic acid in combination with citric
acid against both Escherichia coli O157:H7 and in-
digenous microflora in carrot juice // Food Microbiol-
ogy. 2015. Vol. 49. P. 166-172. https://doi.org/10.
1016/J.FM.2015.02.009.

39. Sullivan D. J., Azlin-Hasim S., Cruz-Romero M.,
Cummins E., Kerry J. P., Morris M. A. Antimicrobial
effect of benzoic and sorbic acid salts and nano-
solubilisates against Staphylococcus aureus, Pseu-
domonas fluorescens and chicken microbiota bio-
films // Food Control. 2020. Vol. 107. P. 106786.
https://doi.org/10.1016/J.FOODCONT.2019.106786.

40.Hu S., YuJ.,Wang Z., LiL.,Du Y., Wang L.,
et al. Effects of sorbic acid-chitosan microcapsules as
antimicrobial agent on the properties of ethylene vinyl
alcohol copolymer film for food packaging // Journal of
Food Science. 2017. Vol. 82, no. 6. P. 1451-1460.
https://doi.org/10.1111/1750-3841.13731.

41. Lins P. Antimicrobial activities of spices and
herbs against Salmonella Oranienburg // Food Con-
trol. 2018. Vol. 83. P. 123-130. https://doi.org/10.10
16/J.FOODCONT.2017.05.041.

42. Robles-Zepeda R. E., Velazquez-Contreras C. A,
Garibay-Escobar A., Galvez-Ruiz J. C., Ruiz-Bustos E.
Antimicrobial activity of northwestern mexican plants
against Helicobacter pylori // Journal of Medicinal
Food. 2011. Vol. 14, no. 10. P. 1280-1283. https://
doi.org/10.1089/JMF.2010.0263.

43. Khan H., Jan S. A., Javed M., Shaheen R.,
Khan Z., Ahmad A., et al. Nutritional composition,
antioxidant and antimicrobial activities of selected
wild edible plants // Journal of Food Biochemistry.
2016. Vol. 40, no. 1. P. 61-70. https://doi.org/10.
1111/JFBC.12189.

44. Rashed K., lvanisova E., Kacaniova M.
Evaluation of antioxidant, antimicrobial activities and
phytochemical content of some Egyptian plants //
International Food Research Journal. 2018. Vol. 25,
no. 6. P. 2292-2300.

45. Johnson E. M., Jung D. Y.-G., Jin D. Y.-Y.,

262

Jayabalan D. R., Yang D. S. H., Suh J. W. Bacteri-
ocins as food preservatives: challenges and emerg-
ing horizons // Critical Reviews in Food Science and
Nutrition. 2018. Vol. 58, no. 16. P. 2743-2767.
https://doi.org/10.1080/10408398.2017.1340870.

46. Bonkoea T. H., bopucerko O. A., CenvnHa U. B.,
CosunHoBa M. C. lNpuMMeHeHue Hu3MHa B MMBOBa-
peHHOM npomblwneHHocT // Mneo n Hanutku. 2019.
N 4. C. 20-25. https://doi.org/10.24411/2072-9650-
2019-10014.

47. Ramith R., Prithvi S. S., Devi A. T., Ashwini P.,
Kumuda J., Lochana M. S., et al. Nagendra. Bacte-
riocins and their applications in food preservation
(retraction of 10.1080/10408398.2015.1020918,
2015) // Critical Reviews in Food Science and Nutri-
tion. 2020. Vol. 60, no. 18. https://doi.org/10.
1080/10408398.2015.1020918.

48. Kyopsiwos B. J1., Anekcees B. B., dypcosa H. A.
Hu3nH 1 HaTamMnumH — 3dEKTVBHbIE NULLEBbIE
Mukpobuonormyeckne KoHcepBaHTbl // luwesas
nmHgyctpms. 2020. N 2. C. 67-71. https://doi.org/
10.24411/9999-008A-2020-10007.

49. Jia W., Wu X,, Li R,, Liu S., Shi L. Effect of
nisin and potassium sorbate additions on lipids and
nutritional quality of Tan sheep meat // Food Chem-
istry. 2021. Vol. 365. P. 130535. https://doi.org/
10.1016/J.FOODCHEM.2021.130535.

50. Hassan H., St-Gelais D., Gomaa A., Fliss I.
Impact of nisin and nisin-producing Lactococcus
lactis ssp. lactis on Clostridium tyrobutyricum and
bacterial Ecosystem of cheese matrices // Foods.
2021. Vol. 10, no. 4. P. 898. https://doi.org/10.33
90/FOODS10040898.

51. Ture H., Eroglu E., Ozen B., Soyer F. Effect
of biopolymers containing natamycin against Aspergillus
niger and Penicillium roquefortii on fresh kashar cheese
/I International Journal of Food Science and Technolo-
gy. 2011. Vol. 46, no. 1. P. 154-160. https://doi.org/
10.1111/3.1365-2621.2010.02465.X.

52. Karaman K., Sagdic O., Yilmaz M. T. Evalu-
ation of natamycin performance to control the
growth of Zygosaccharomyces bailii and Z. rouxii in
apple juice during storage // International Journal of
Food Microbiology. 2020. Vol. 332. P. 108771.
https://doi.org/10.1016/J.I1JFOODMICR0.2020.108771.

53. Garavaglia J., Nunes Pinto L. M., de Souza D.,
de Castilhos J., Rossi R. C., Machado I. C. K., et al.
Natamycin and nisin to improve shelf life and mini-
mize benzene generation in lemon soft drinks //
Food Science and Technology. 2019. Vol. 39, no. 2.
P. 274-279. https://doi.org/10.1590/FST.13217.

54. banaHauH C. B., llepemeTtbeBa 3. B., Os-
YnmHHUKkoBa T. B. lMegnoumH-nogoOHblE aAHTUMMK-
pobHble nentuabl GakTtepun // Buoxumusa. 2019.
T. 84. N 5. C. 616-633. https://doi.org/10.1134/
S0320972519050026.

55. Ceruso M., Liu Y., Gunther N. W., Pepe T.,
Anastasio A., Qi P. X., et al. Anti-listerial activity of
thermophilin 110 and pediocin in fermented milk and
whey // Food Control. 2021. Vol. 125. P. 107941.

https://vuzbiochemi.elpub.ru/jour


https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.LWT.2021.111242
https://doi.org/10.1016/J.LWT.2021.111242
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/IJFS.14051
https://doi.org/10.1111/IJFS.14051
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2007.10.040
https://doi.org/10.1016/J.FOODCHEM.2007.10.040
https://doi.org/10.1016/J.FOODCHEM.2007.10.040
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/JFS.12025
https://doi.org/10.1111/JFS.12025
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FM.2015.02.009
https://doi.org/10.1016/J.FM.2015.02.009
https://doi.org/10.1016/J.FM.2015.02.009
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCONT.2019.106786
https://doi.org/10.1016/J.FOODCONT.2019.106786
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/1750-3841.13731
https://doi.org/10.1111/1750-3841.13731
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCONT.2017.05.041
https://doi.org/10.1016/J.FOODCONT.2017.05.041
https://doi.org/10.1016/J.FOODCONT.2017.05.041
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1089/JMF.2010.0263
https://doi.org/10.1089/JMF.2010.0263
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/JFBC.12189
https://doi.org/10.1111/JFBC.12189
https://doi.org/10.1111/JFBC.12189
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2017.1340870
https://doi.org/10.1080/10408398.2017.1340870
https://doi.org/10.24411/2072-9650-2019-10014
https://doi.org/10.24411/2072-9650-2019-10014
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2015.1020918
https://doi.org/10.1080/10408398.2015.1020918
https://doi.org/10.1080/10408398.2015.1020918
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.3390/FOODS10040898
https://doi.org/10.3390/FOODS10040898
https://doi.org/10.3390/FOODS10040898
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1111/J.1365-2621.2010.02465.X
https://doi.org/10.1111/J.1365-2621.2010.02465.X
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.IJFOODMICRO.2020.108771
https://doi.org/10.1016/J.IJFOODMICRO.2020.108771
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1590/FST.13217
https://doi.org/10.1590/FST.13217

YepeomkuHa 4. P., bopucoea A. B. AHMUMUKPOOGHbIe npenapamasl MPUPOOHO20 MPOUCXO0XOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

https://doi.org/10.1016/J.FOODCONT.2021.107941.

56. Santiago-Silva P., Soares N. F. F., Nébrega J. E.,
Junior M. A. W., Barbosa K. B. F., Volp A. C. P., et
al. Antimicrobial efficiency of film incorporated with
pediocin (ALTA® 2351) on preservation of sliced
ham // Food Control. 2009. Vol. 20, no. 1. P. 85-89.
https://doi.org/10.1016/J.FOODCONT.2008.02.006.

57. Cabo M. L., Torres B., Herrera J. J. R., Ber-
nardez M., Pastoriza L. Application of nisin and
pediocin against resistance and germination of ba-
cillus spores in sous vide products // Journal of Food
Protection. 2009. Vol. 72, no. 3. P. 515-523. https://
doi.org/10.4315/0362-028X-72.3.515.

58. Diez L., Rojo-Bezares B., Zarazaga M.,
Rodriguez J. M., Torres C., Ruiz-Larrea F. Antimi-
crobial activity of pediocin PA-1 against Oenococcus
oeni and other wine bacteria // Food Microbiology.
2012. Vol. 31, no. 2. P. 167-172. https://doi.org/
10.1016/J.FM.2012.03.006.

59. Kaur G., Singh T. P., Malik R. K., Bhardwaj A.,
De S. Antibacterial efficacy of nisin, pediocin 34 and
enterocin FH99 against L. monocytogenes, E. faeci-
um and E. faecalis and bacteriocin cross resistance
and antibiotic susceptibility of their bacteriocin re-
sistant variants // Journal of Food Science and
Technology. 2014. Vol. 51, no. 2. P. 233-244.
https://doi.org/10.1007/S13197-011-0500-3.

60. Molinos A. C., Abriouel H., Ben Omar N.,
Lucas R., Valdivia E., Galvez A. Inactivation of Lis-
teria monocytogenes in raw fruits by Enterocin AS-
48 /! Journal of Food Protection. 2008. Vol. 71, no.
12. P. 2460-2467. https://doi.org/10.4315/0362-
028X-71.12.2460.

61. Grande M. J., Lucas R., Valdivia E., Abriouel H.,
Maqueda M., Ben Omar N., et al. Stability of Enterocin
AS-48 in fruit and vegetable juices // Journal of Food Pro-
tection. 2005. Vol. 68, no. 10. P. 2085-2094. https://
doi.org/10.4315/0362-028X-68.10.2085.

62. Grande M. J., Lucas R., Abriouel H., Ben
Omar N., Maqueda M., Martinez-Bueno M., et al. Con-
trol of Alicyclobacillus acidoterrestris in fruit juices by
enterocin AS-48 // International Journal of Food Micro-
biology. 2005. Vol. 104, no. 3. P. 289-297. https:/
doi.org/10.1016/J.IJFOODMICR0.2005.03.010.

63. Kareem A. R., Razavi S. H. Plantaricin bac-
teriocins: as safe alternative antimicrobial peptides

in food preservation — a review // Journal of Food
Safety. 2020. Vol. 40, no. 1. https://doi.org/10.1111/
JFS.12735.

64. Wu S., Zhang H., Zhou H., Jin J., Xie Y.
Synergistic effect of plantaricin BM-1 combined with
physicochemical treatments on the control of Lis-
teria monocytogenes in cooked ham // Journal of
Food Protection. 2017. Vol. 80, no. 6. P. 976-981.
https://doi.org/10.4315/0362-028X.JFP-16-434.

65. 3axaposa . H., bepexHasa WN. B., Cyran H. T,
CanHukoBa T. H., KyunHa A. E., CasaHoBa 0. O.
Yrto Mbl 3Haem cerogHsa o Lactobacillus reuteri? // Me-
anumHckuin coeet. 2018. N 2. C. 163-169. https://
doi.org/10.21518/2079-701X-2018-2-163-169.

66. Langa S., Martin-Cabrejas |., Montiel R.,
Peiroten A., Arques J. L., Medina M. Protective ef-
fect of reuterin-producing Lactobacillus reuteri
against Listeria monocytogenes and Escherichia coli
0157:H7 in semi-hard cheese // Food Control. 2018.
Vol. 84. P. 284-289. https://doi.org/10.1016/J.
FOODCONT.2017.08.004.

67. Martin-Cabrejas I., Langa S., Gaya P., Ro-
driguez E., Landete J. M., Medina M., et al. Optimi-
zation of reuterin production in cheese by Lactoba-
cillus reuteri // Journal of Food Science and Tech-
nology. 2017. Vol. 54, no. 5. P. 1346-1349.
https://doi.org/10.1007/S13197-017-2563-2.

68. Gomez-Torres N., Avila M., Delgado D.,
Garde S. Effect of reuterin-producing Lactobacillus
reuteri coupled with glycerol on the volatile fraction,
odour and aroma of semi-hard ewe milk cheese // In-
ternational Journal of Food Microbiology. 2016. Vol.
232. P. 103-110. https://doi.org/10.1016/J.1JFOOD-
MICRO.2016.05.031.

69. Montiel R., Martin-Cabrejas I., Langa S., El
Aouad N., Arques J. L., Reyes F., et al. Antimicrobi-
al activity of reuterin produced by Lactobacillus reu-
teri on Listeria monocytogenes in cold-smoked
salmon // Food Microbiology. 2014. Vol. 44. P. 1-5.
https://doi.org/10.1016/J.FM.2014.05.006.

70. Vimont A., Fernandez B., Ahmed G., Fortin H.-P.,
Fliss |. Quantitative antifungal activity of reuterin
against food isolates of yeasts and moulds and its
potential application in yogurt // International Journal
of Food Microbiology. 2019. Vol. 289. P. 182-188.
https://doi.org/10.1016/J.1JFOODMICRO0.2018.09.005.

REFERENCES

1. Yurkova A. A. Food additives in the composi-
tion of popular products. Mezhdunarodnyi zhurnal
gumanitarnykh i estestvennykh nauk = International
Journal of Humanities and Natural Sciences. 2021;
56(5-1):91-94. (In Russian). https://doi.org/10.244
12/2500-1000-2021-5-1-91-94.

2. Esimbekova E. N., Asanova A. A., Deeva A. A,
Kratasyuk V. A. Inhibition effect of food preserva-
tives on endoproteinases. Food Chemistry. 2017;
235:294-297.  https://doi.org/10.1016/J.FOODCHEM.
2017.05.059.

3. Bensid A., El Abed N., Houicher A., Regen-

stein J. M., Ozogul F. Antioxidant and antimicrobial
preservatives: Properties, mechanism of action and
applications in food — a review. Critical Reviews in
Food Science and Nutrition. 2020;62(11):2985-3001.
https://doi.org/10.1080/10408398.2020.1862046.

4. Mei J., Ma X., Xie J. Review on natural pre-
servatives for extending fish shelf life. Foods. 2019;
8(10):490. https://doi.org/10.3390/FOODS8100490.

5. Askarov I. R., Kholmatova M. M. The chemical
composition of canned fish preservatives and their ef-
fect on the body. Universum: Khimiya i Biologiya. 2021
12):58-60. (In Russian). https://doi.org/10.32743/Uni-

https://vuzbiochemi.elpub.ru/jour

263


https://doi.org/10.1016/J.FOODCONT.2021.107941
https://doi.org/10.1016/J.FOODCONT.2008.02.006
https://doi.org/10.1007/S13197-011-0500-3
https://doi.org/10.4315/0362-028X-71.12.2460
https://doi.org/10.4315/0362-028X-71.12.2460
https://doi.org/10.1016/J.IJFOODMICRO.2005.03.010
https://doi.org/10.1016/J.IJFOODMICRO.2005.03.010
https://doi.org/10.4315/0362-028X.JFP-16-434
https://doi.org/10.1007/S13197-017-2563-2
https://doi.org/10.1016/J.FM.2014.05.006
https://doi.org/10.1016/J.IJFOODMICRO.2018.09.005
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.3390/FOODS8100490
https://doi.org/10.3390/FOODS8100490
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046

YepeomkuHa 4. P., bopucoea A. B. AHMUMUKPOGHbLIe npenapamsi MPUPOOHO20 MPOUCXOXOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

Chem.2021.90.12.12584.

6. Juneja V. K., Dwivedi H. P., Yan X. Novel nat-
ural food antimicrobials. Annual Review of Food Sci-
ence and Technology. 2012;3(1):381-403. https://doi.
0rg/10.1146/ANNUREV-FOOD-022811-101241.

7. Kirsh I. A., Frolova Yu. V. Packaging materials
for food products with an antimicrobial component of
natural origin. Pishchevaya promyshlennost' = Food
Industry. 2018;(1):24-25. (In Russian).

8. Tveritnikova I. S., Kirsh I. A., Bannikova O. A,
Beznaeva O. V., Romanova V. A., Kondratova T. A,
et al. Study of multilayered polymer films modified
by antimicror component intended for packaging
dairy products. Pishchevaya promyshlennost’' =
Food Industry. 2020;(12):66-69. (In Russian).
https://doi.org/10.24411/0235-2486-2020-10146.

9. Kuzmich V. V., Kozlov N. G., Karpunin I. 1.,
Balabanova O. V. Experimental investigations on
determination. Nauka i Tekhnika. 2019;18(5):409-
415. (In Russian). https://doi.org/10.21122/2227-
1031-2019-18-5-409-415.

10. Nogina A. A., Tikhonov S. L., Tikhonova N. V.
The influence of biodegradable food films on fresh-
ness indices of semi-finished meat products.
Tekhnika i tekhnologiya pishchevykh proizvodstv =
Food Processing: Techniques and Technology.
2018;49(4):73-78. (In Russian). https://doi.org/10.
21603/2074-9414-2018-4-73-78.

11. Rodionov G. V., Olesyuk A. P., Koltinova E. Ya.,
Egorov V. V., Malofeeva N. A., Oshchepkov M. S.
Polyethylene packaging with silver and zinc micro-
paticles and its influence on milk quality. lzvestiya
vuzov. Khimiya i khimicheskaya tekhnologiya =
ChemChemTech. 2021;64(3):82-91. (In Russian).
https://doi.org/10.6060/ivkkt.20216403.6295.

12. Branen J. K., Davidson P. M. Enhancement
of nisin, lysozyme, and monolaurin antimicrobial
activities by ethylenediam inetetraacetic acid and
lactoferrin. International Journal of Food Microbiolo-
gy. 2004;90(1):63-74. https://doi.org/10.1016/S01
68-1605(03)00172-7.

13. Tiwari B. K., Valdramidis V. P., O’'Donnell C. P.,
Muthukumarappan K., Bourke P., Cullen P. J. Appli-
cation of natural antimicrobials for food preservation.
Journal of Agricultural and Food Chemistry. 2009;57
(14):5987-6000. https://doi.org/10.1021/JF900668N.

14. Liburdi K., Benucci I., Esti M. Lysozyme in
wine: an overview of current and future applications.
Comprehensive Reviews in Food Science and Food
Safety. 2014;13(5):1062-1073. https://doi.org/10.11
11/1541-4337.12102.

15. Chang A. K. T., Frias R. R., Alvarez L. V.,
Bigol U. G., Guzman J. P. M. D. Comparative anti-
bacterial activity of commercial chitosan and chi-
tosan extracted from Auricularia sp. Biocatalysis and
Agricultural Biotechnology. 2019;17:189-195. https://
doi.org/10.1016/J.BCAB.2018.11.016.

16. Liu Y., Sun Z., Xiu L., Huang J., Zhou F. Se-
lective antifungal activity of chitosan and sulfonated
chitosan against postharvest fungus isolated from

264

blueberry. Journal of Food Biochemistry. 2018;
42(6). https://doi.org/10.1111/JFBC.12658.

17. Kritchenkov A. S., Egorov A. R., Volkova O. V.,
Zabodalova L. A., Suchkova E. P., Yagafarov N. Z.,
et al. Active antibacterial food coatings based on blends
of succinyl chitosan and triazole betaine chitosan de-
rivatives. Food Packaging and Shelf Life. 2020;25:
100534. https://doi.org/10.1016/J.FPSL.2020.100534.

18. Niaz B., Saeed F., Ahmed A., Imran M.,
Maan A. A., Khan M. K. I, et al. Lactoferrin (LF): a
natural antimicrobial protein. International Journal of
Food Properties. 2019;22(1):1626-1641. https://doi.
0rg/10.1080/10942912.2019.1666137.

19. Conesa C., Rota M. C., Pérez M.-D., Calvo M.,
Sanchez L. Antimicrobial activity of recombinant
human lactoferrin from Aspergillus awamori, human
milk lactoferrin and their hydrolysates. European
Food Research and Technology. 2008;228(2):205-
211. https://doi.org/10.1007/S00217-008-0924-9.

20. Zhang Y., Lu C., Zhang J. Lactoferrin and its
detection methods: a review. Nutrients. 2021;
13(8):2492. https://doi.org/10.3390/NU13082492.

21. Boroujeni M. B., Nayeri H. Stabilization of
bovine lactoperoxidase in the presence of ectoine.
Food Chemistry. 2018;265:208-215. https://doi.org/
10.1016/J.FOODCHEM.2018.05.067.

22. Yener F. Y. G., Korel F., Yemenicioglu A.
Antimicrobial activity of lactoperoxidase system in-
corporated into cross-linked alginate films. Journal
of Food Science. 2009;74(2):73-79. https://doi.org/
10.1111/3.1750-3841.2009.01057.X.

23. Cissé M., Polidori J., Montet D., Loiseau G.,
Ducamp-Collin M. N. Preservation of mango quality
by using functional chitosan-lactoperoxidase sys-
tems coatings. Postharvest Biology and Technology.
2015;101:10-14. https://doi.org/10.1016/J.POSTHARYV-
BI0O.2014.11.003.

24. Burrowes O. J., Hadjicharalambous C., Di-
amond G., Lee T.-C. Evaluation of antimicrobial
spectrum and cytotoxic activity of pleurocidin for
food applications. Journal of Food Science. 2004;
69(3):66-71. https://doi.org/10.1111/J.1365-2621.20
04.TB13373.X.

25. Wang X., Yue T., Lee T. Development of
Pleurocidin-poly(vinyl alcohol) electrospun antimicrobi-
al nanofibers to retain antimicrobial activity in food sys-
tem application. Food Control. 2015;54:150-157.
https://doi.org/10.1016/J.FOODCONT.2015.02.001.

26. Amorati R., Foti M. C., Valgimigli L. Antioxi-
dant activity of essential oils. Journal of Agricultural
and Food Chemistry. 2013;61(46):10835-10847.
https://doi.org/10.1021/JF403496K.

27. Clavijo-Romero A., Quintanilla-Carvajal M. X.,
Ruiz Y. Stability and antimicrobial activity of euca-
lyptus essential oil emulsions. Food Science and
Technology International. 2019;25(1):24-37. https://
doi.org/10.1177/1082013218794841.

28. Abbasi M. A., Ghazanfari S., Sharifi S. D.,
Ahmadi Gavlighi H. Effect of rosemary essential oil as
nitrite substitute on quality of sausage produced using

https://vuzbiochemi.elpub.ru/jour


https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1146/ANNUREV-FOOD-022811-101241
https://doi.org/10.1146/ANNUREV-FOOD-022811-101241
https://doi.org/10.1146/ANNUREV-FOOD-022811-101241
https://doi.org/10.24411/0235-2486-2020-10146
https://doi.org/10.21122/2227-1031-2019-18-5-409-415
https://doi.org/10.21122/2227-1031-2019-18-5-409-415
https://doi.org/10.6060/ivkkt.20216403.6295
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/S0168-1605(03)00172-7
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1021/JF900668N
https://doi.org/10.1021/JF900668N
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/1541-4337.12102
https://doi.org/10.1111/1541-4337.12102
https://doi.org/10.1111/1541-4337.12102
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.BCAB.2018.11.016
https://doi.org/10.1016/J.BCAB.2018.11.016
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/JFBC.12658
https://doi.org/10.1111/JFBC.12658
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FPSL.2020.100534
https://doi.org/10.1016/J.FPSL.2020.100534
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10942912.2019.1666137
https://doi.org/10.1080/10942912.2019.1666137
https://doi.org/10.1080/10942912.2019.1666137
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1007/S00217-008-0924-9
https://doi.org/10.1007/S00217-008-0924-9
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.3390/NU13082492
https://doi.org/10.3390/NU13082492
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2018.05.067
https://doi.org/10.1016/J.FOODCHEM.2018.05.067
https://doi.org/10.1016/J.FOODCHEM.2018.05.067
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/J.1750-3841.2009.01057.X
https://doi.org/10.1111/J.1750-3841.2009.01057.X
https://doi.org/10.1111/J.1750-3841.2009.01057.X
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.POSTHARVBIO.2014.11.003
https://doi.org/10.1016/J.POSTHARVBIO.2014.11.003
https://doi.org/10.1016/J.POSTHARVBIO.2014.11.003
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/J.1365-2621.2004.TB13373.X
https://doi.org/10.1111/J.1365-2621.2004.TB13373.X
https://doi.org/10.1111/J.1365-2621.2004.TB13373.X
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCONT.2015.02.001
https://doi.org/10.1016/J.FOODCONT.2015.02.001
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1021/JF403496K
https://doi.org/10.1021/JF403496K
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1177/1082013218794841
https://doi.org/10.1177/1082013218794841

YepeomkuHa 4. P., bopucoea A. B. AHMUMUKPOOGHbIe npenapamasl MPUPOOHO20 MPOUCXO0XOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

chicken fed by thymus essential oil and rapeseed oail.
Journal of Food Science and Technology. 2020;6(1):54-
68. https://doi.org/10.1007/S13197-020-04786-8.

29. De Sa Silva C., de Figueiredo H. M., Stam-
ford T. L. M., da Silva L. H. M. Inhibition of Listeria
monocytogenes by Melaleuca alternifolia (tea tree)
essential oil in ground beef. International Journal of
Food Microbiology. 2019;293:79-86. https://doi.org/
10.1016/J.1IJFOODMICRO0.2019.01.004.

30. Hu J., Zhang Y., Xiao Z., Wang X. Prepara-
tion and properties of cinnamon-thyme-ginger com-
posite essential oil nanocapsules. Industrial Crops
and Products. 2018;122:85-92. https://doi.org/10.10
16/J.INDCROP.2018.05.058.

31. Yuan C., Wang Y., Liu Y., Cui B. Physico-
chemical characterization and antibacterial activity
assessment of lavender essential oil encapsulated
in hydroxypropyl-beta-cyclodextrin. Industrial Crops
and Products. 2019;130:104-110. https://doi.org/10.
1016/J.INDCROP.2018.12.067.

32. Andrade B. F. M. T., Barbosa L. N., da Silva
Probst |., Fernandes Junior A. Antimicrobial activity
of essential oils. Journal of Essential Oil Research.
2014;26(1):34-40. https://doi.org/10.1080/10412905.
2013.8604009.

33. Borras-Linares |., Fernandez-Arroyo S.,
Arraez-Roman D., Palmeros-Suarez P. A., Del Val-
Diaz R., Andrade-Gonzales |., et al. Characteriza-
tion of phenolic compounds, anthocyanidin, antioxi-
dant and antimicrobial activity of 25 varieties of Mex-
ican Roselle (Hibiscus sabdariffa). Industrial Crops
and Products. 2015;69:385-394. https://doi.org/10.
1016/J.INDCROP.2015.02.053.

34. Ordofiez R., Atarés L., Chiralt A. Physico-
chemical and antimicrobial properties of cassava
starch films with ferulic or cinnamic acid. LWT —
Food Science and Technology. 2021;144:111242.
https://doi.org/10.1016/J.LWT.2021.111242.

35. Cai R., Miao M., Yue T., Zhang Y., Cui L.,
Wang Z., et al. Antibacterial activity and mechanism
of cinnamic acid and chlorogenic acid against Alicy-
clobacillus acidoterrestris vegetative cells in apple
juice. International Journal of Food Science and
Technology. 2019;54:1697-1705. https://doi.org/10.
/IJFS.14051.

36. Almajano M. P., Carbdé R., Jiménez J. A. L.,
Gordon M. H. Antioxidant and antimicrobial activities of
tea infusions. Food Chemistry. 2008;108(1):55-63.
https://doi.org/10.1016/J.FOODCHEM.2007.10.040.

37.In Y. W,, Kim J. J., Kim H. J.,, Oh S. W. An-
timicrobial activities of acetic acid, citric acid and lactic
acid against shigella species. Journal of Food Safety.
2013;33(1):79-85. https://doi.org/10.1111/JFS.12025.

38. Kim S. A., Rhee M. S. Synergistic antimicrobial
activity of caprylic acid in combination with citric acid
against both Escherichia coli O157:H7 and indigenous
microflora in carrot juice. Food Microbiology. 2015;49:
166-172. https://doi.org/10.1016/J.FM.2015.02.0009.

39. Sullivan D. J., Azlin-Hasim S., Cruz-Romero M.,
Cummins E., Kerry J. P., Morris M. A. Antimicrobial

effect of benzoic and sorbic acid salts and nano-
solubilisates against Staphylococcus aureus, Pseu-
domonas fluorescens and chicken microbiota bio-
films. Food Control. 2020;107:106786. https://doi.
0rg/10.1016/J.FOODCONT.2019.106786.

40.Hu S., YuJ.,Wang Z., LiL.,Du Y., Wang L.,
et al. Effects of sorbic acid-chitosan microcapsules
as antimicrobial agent on the properties of ethylene
vinyl alcohol copolymer film for food packaging.
Journal of Food Science. 2017;82(6):1451-1460.
https://doi.org/10.1111/1750-3841.13731.

41. Lins P. Antimicrobial activities of spices and
herbs against Salmonella Oranienburg. Food Con-
trol. 2018;83:123-130. https://doi.org/10.1016/J.
FOODCONT.2017.05.041.

42. Robles-Zepeda R. E., Velazquez-Contreras C. A,
Garibay-Escobar A., Galvez-Ruiz J. C., Ruiz-Bustos
E. Antimicrobial activity of northwestern mexican
plants against Helicobacter pylori. Journal of Medic-
inal Food. 2011;14(10):1280-1283. https://doi.org/
10.1089/JMF.2010.0263.

43. Khan H., Jan S. A., Javed M., Shaheen R.,
Khan Z., Ahmad A., et al. Nutritional composition,
antioxidant and antimicrobial activities of selected wild
edible plants. Journal of Food Biochemistry.
2016;40(1):61-70. https://doi.org/10.1111/JFBC.12189.

44. Rashed K., lIvanisova E., Kacaniova M.
Evaluation of antioxidant, antimicrobial activities and
phytochemical content of some Egyptian plants.
International Food Research Journal. 2018;25
(6):2292-2300.

45, Johnson E. M., Jung D. Y.-G., Jin D. Y.-Y.,
Jayabalan D. R., Yang D. S. H., Suh J. W. Bacteri-
ocins as food preservatives: challenges and emerg-
ing horizons. Critical Reviews in Food Science and
Nutrition. 2018;58(16):2743-2767. https://doi.org/10.
1080/10408398.2017.1340870.

46. Volkova T. N., Borisenko O. A., Selina I. V.,
Sozinova M. S. Nisin usage in brewing industry.
Pivo i Napitki. 2019;(4):20-25. (In Russian).
https://doi.org/10.24411/2072-9650-2019-10014.

47. Ramith R., Prithvi S. S., Devi A. T., Ashwini P.,
Kumuda J., Lochana M. S., et al. Nagendra. Bacte-
riocins and their applications in food preservation
(retraction of 10.1080/10408398.2015.1020918,
2015). Critical Reviews in Food Science and Nutri-
tion. 2020;60(18). https://doi.org/10.1080/10408398.
2015.1020918.

48. Kudryashov V. L., Alekseev V. V., Fursova N. A.
Nisin and natamycin are effective food microbiologi-
cal preservatives. Pishchevaya Industriya. 2020;
(2):67-71. (In Russian). https://doi.org/10.24411/99
99-008A-2020-10007.

49. Jia W., Wu X, Li R., Liu S., Shi L. Effect of
nisin and potassium sorbate additions on lipids and
nutritional quality of Tan sheep meat. Food Chemis-
try. 2021;365:130535. https://doi.org/10.1016/J.
FOODCHEM.2021.130535.

50. Hassan H., St-Gelais D., Gomaa A., Fliss .
Impact of nisin and nisin-producing Lactococcus

https://vuzbiochemi.elpub.ru/jour

265


https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1007/S13197-020-04786-8
https://doi.org/10.1007/S13197-020-04786-8
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.IJFOODMICRO.2019.01.004
https://doi.org/10.1016/J.IJFOODMICRO.2019.01.004
https://doi.org/10.1016/J.IJFOODMICRO.2019.01.004
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.INDCROP.2018.05.058
https://doi.org/10.1016/J.INDCROP.2018.05.058
https://doi.org/10.1016/J.INDCROP.2018.05.058
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.INDCROP.2018.12.067
https://doi.org/10.1016/J.INDCROP.2018.12.067
https://doi.org/10.1016/J.INDCROP.2018.12.067
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10412905.2013.860409
https://doi.org/10.1080/10412905.2013.860409
https://doi.org/10.1080/10412905.2013.860409
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.INDCROP.2015.02.053
https://doi.org/10.1016/J.INDCROP.2015.02.053
https://doi.org/10.1016/J.INDCROP.2015.02.053
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.LWT.2021.111242
https://doi.org/10.1016/J.LWT.2021.111242
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/IJFS.14051
https://doi.org/10.1111/IJFS.14051
https://doi.org/10.1111/IJFS.14051
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2007.10.040
https://doi.org/10.1016/J.FOODCHEM.2007.10.040
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/JFS.12025
https://doi.org/10.1111/JFS.12025
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FM.2015.02.009
https://doi.org/10.1016/J.FM.2015.02.009
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCONT.2019.106786
https://doi.org/10.1016/J.FOODCONT.2019.106786
https://doi.org/10.1016/J.FOODCONT.2019.106786
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/1750-3841.13731
https://doi.org/10.1111/1750-3841.13731
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCONT.2017.05.041
https://doi.org/10.1016/J.FOODCONT.2017.05.041
https://doi.org/10.1016/J.FOODCONT.2017.05.041
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1089/JMF.2010.0263
https://doi.org/10.1089/JMF.2010.0263
https://doi.org/10.1089/JMF.2010.0263
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1111/JFBC.12189
https://doi.org/10.1111/JFBC.12189
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2017.1340870
https://doi.org/10.1080/10408398.2017.1340870
https://doi.org/10.1080/10408398.2017.1340870
https://doi.org/10.24411/2072-9650-2019-10014
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2015.1020918
https://doi.org/10.1080/10408398.2015.1020918
https://doi.org/10.1080/10408398.2015.1020918
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535
https://doi.org/10.1016/J.FOODCHEM.2021.130535

YepeomkuHa 4. P., bopucoea A. B. AHMUMUKPOGHbLIe npenapamsi MPUPOOHO20 MPOUCXOXOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

lactis ssp. lactis on Clostridium tyrobutyricum and
bacterial Ecosystem of cheese matrices. Foods.
2021;10(4):898. hitps://doi.org/10.3390/FOODS10040898.

51. Ture H., Eroglu E., Ozen B., Soyer F. Effect
of biopolymers containing natamycin against Asper-
gillus niger and Penicillium roquefortii on fresh
kashar cheese. International Journal of Food Sci-
ence and Technology. 2011;46(1):154-160. https://
doi.org/10.1111/J.1365-2621.2010.02465.X.

52. Karaman K., Sagdic O., Yilmaz M. T. Evalu-
ation of natamycin performance to control the
growth of Zygosaccharomyces bailii and Z. rouxii in
apple juice during storage. International Journal of
Food Microbiology. 2020;332:108771. https://doi.
0rg/10.1016/J.1IJFOODMICRO0.2020.108771.

53. Garavaglia J., Nunes Pinto L. M., de Souza D.,
de Castilhos J., Rossi R. C., Machado I. C. K., et al.
Natamycin and nisin to improve shelf life and mini-
mize benzene generation in lemon soft drinks. Food
Science and Technology. 2019;39(2):274-279.
https://doi.org/10.1590/FST.13217.

54. Balandin S. V., Sheremeteva E. V., Ovchin-
nikova T. V. Pediocin-like antimicrobial peptides of
bacteria. Biokhimiya = Biochemistry. 2019;84(5):
616-633. (In Russian). https://doi.org/10.1134/S032
0972519050026.

55. Ceruso M., Liu Y., Gunther N. W., Pepe T.,
Anastasio A., Qi P. X., et al. Anti-listerial activity of
thermophilin 110 and pediocin in fermented milk and
whey. Food Control. 2021;125:107941. https://doi.
0rg/10.1016/J.FOODCONT.2021.107941.

56. Santiago-Silva P., Soares N. F. F., Nébrega J. E.,
Junior M. A. W., Barbosa K. B. F., Volp A. C. P, et
al. Antimicrobial efficiency of film incorporated with
pediocin (ALTA® 2351) on preservation of sliced
ham. Food Control. 2009;20(1):85-89. https://doi.
0rg/10.1016/J.FOODCONT.2008.02.006.

57. Cabo M. L., Torres B., Herrera J. J. R., Ber-
nardez M., Pastoriza L. Application of nisin and
pediocin against resistance and germination of ba-
cillus spores in sous vide products. Journal of Food
Protection. 2009;72(3):515-523. https://doi.org/10.43
15/0362-028X-72.3.515.

58. Diez L., Rojo-Bezares B., Zarazaga M.,
Rodriguez J. M., Torres C., Ruiz-Larrea F. Antimi-
crobial activity of pediocin PA-1 against Oenococcus
oeni and other wine bacteria. Food Microbiology. 2012;
31(2):167-172. https://doi.org/10.1016/J.FM.2012.03.006.

59. Kaur G., Singh T. P., Malik R. K., Bhardwaj A.,
De S. Antibacterial efficacy of nisin, pediocin 34 and
enterocin FH99 against L. monocytogenes, E. faeci-
um and E. faecalis and bacteriocin cross resistance
and antibiotic susceptibility of their bacteriocin re-
sistant variants. Journal of Food Science and Tech-
nology. 2014;51(2):233-244. https://doi.org/10.1007/
S13197-011-0500-3.

60. Molinos A. C., Abriouel H., Ben Omar N.,
Lucas R., Valdivia E., Galvez A. Inactivation of Lis-
teria monocytogenes in raw fruits by Enterocin AS-48.
Journal of Food Protection. 2008;71(12):2460-2467.

266

https://doi.org/10.4315/0362-028X-71.12.2460.

61. Grande M. J., Lucas R., Valdivia E., Abriouel H.,
Maqueda M., Ben Omar N., et al. Stability of Enter-
ocin AS-48 in fruit and vegetable juices. Journal of
Food Protection. 2005;68(10):2085-2094. https://doi.
0rg/10.4315/0362-028X-68.10.2085.

62. Grande M. J., Lucas R., Abriouel H., Ben
Omar N., Maqueda M., Martinez-Bueno M., et al.
Control of Alicyclobacillus acidoterrestris in fruit juic-
es by enterocin AS-48. International Journal of Food
Microbiology. 2005;104(3):289-297. https://doi.org/
10.1016/J.1I3FOODMICRO0.2005.03.010.

63. Kareem A. R., Razavi S. H. Plantaricin bacte-
riocins: as safe alternative antimicrobial peptides in
food preservation — a review. Journal of Food Safety.
2020;40(1). https://doi.org/10.1111/JFS.12735.

64. Wu S., Zhang H., Zhou H., Jin J., Xie Y.
Synergistic effect of plantaricin BM-1 combined with
physicochemical treatments on the control of Lis-
teria monocytogenes in cooked ham. Journal of
Food Protection. 2017;80(6):976-981. https://doi.
0rg/10.4315/0362-028X.JFP-16-434.

65. Zakharova I. N., Berezhnaya I. V., Sugyan N. G.,
Sannikova T. N., Kuchina A. E., Sazanova Yu. O.
What do we know today about Lactobacillus reuteri?
Meditsinskii sovet = Medical Council. 2018;(2):163-
169. (In Russian). https://doi.org/10.21518/2079-
701X-2018-2-163-169.

66. Langa S., Martin-Cabrejas 1., Montiel R.,
Peiroten A., Arques J. L., Medina M. Protective ef-
fect of reuterin-producing Lactobacillus reuteri
against Listeria monocytogenes and Escherichia coli
0157:H7 in semi-hard cheese. Food Control. 2018;
84:284-289. https://doi.org/10.1016/J.FOODCONT.
2017.08.004.

67. Martin-Cabrejas I., Langa S., Gaya P., Ro-
driguez E., Landete J. M., Medina M., et al. Optimi-
zation of reuterin production in cheese by Lactoba-
cillus reuteri. Journal of Food Science and Technol-
ogy. 2017;54(5):1346-1349. https://doi.org/10.1007/
S13197-017-2563-2.

68. Gomez-Torres N., Avila M., Delgado D.,
Garde S. Effect of reuterin-producing Lactobacillus
reuteri coupled with glycerol on the volatile fraction,
odour and aroma of semi-hard ewe milk cheese. Inter-
national Journal of Food Microbiology. 2016;232:103-
110. https:/doi.org/10.1016/J..lJFOODMICRO.2016.05.031.

69. Montiel R., Martin-Cabrejas |., Langa S., El
Aouad N., Arques J. L., Reyes F., et al. Antimicrobi-
al activity of reuterin produced by Lactobacillus reu-
teri on Listeria monocytogenes in cold-smoked
salmon. Food Microbiology. 2014;44:1-5. https://
doi.org/10.1016/J.FM.2014.05.006.

70. Vimont A., Fernandez B., Ahmed G., Fortin H.-P.,
Fliss |. Quantitative antifungal activity of reuterin
against food isolates of yeasts and moulds and its
potential application in yogurt. International Journal
of Food Microbiology. 2019;289:182-188. https://
doi.org/10.1016/J.IJFOODMICR0.2018.09.005.

https://vuzbiochemi.elpub.ru/jour


https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.3390/FOODS10040898
https://doi.org/10.3390/FOODS10040898
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1111/J.1365-2621.2010.02465.X
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1016/J.IJFOODMICRO.2020.108771
https://doi.org/10.1016/J.IJFOODMICRO.2020.108771
https://doi.org/10.1016/J.FOODCHEM.2017.05.059
https://doi.org/10.1080/10408398.2020.1862046
https://doi.org/10.1590/FST.13217
https://doi.org/10.1590/FST.13217
https://doi.org/10.1134/S032
https://doi.org/10.1007/S13197-011-0500-3
https://doi.org/10.1007/S13197-011-0500-3
https://doi.org/10.4315/0362-028X-71.12.2460
https://doi.org/10.1111/JFS.12735
https://doi.org/10.21518/2079-701X-2018-2-163-169
https://doi.org/10.21518/2079-701X-2018-2-163-169
https://doi.org/10.1007/S13197-017-2563-2
https://doi.org/10.1007/S13197-017-2563-2
https://doi.org/10.1016/J.IJFOODMICRO.2016.05.031

YepeomkuHa 4. P., Bopucoea A. B. AHmMUMuUKpo6Hbie npenapamsi NPUpPOGHO20 MPOUCXO0XOEHUSI: ...
Chervotkina D. R., Borisova A. V. Antimicrobial substances of natural origin: ...

UHOOPMALUNS OB ABTOPAX INFORMATION ABOUT THE AUTHORS
0. P. YepBOoTKUHa, Darya R. Chervotkina,
CTYOEHT, Student,
Camapcknii rocygapCTBEHHbIN TEXHUYECKUN Samara State Technical University,
yHMBeEpCcUTeT, 244, Molodogvardeiskaya St., 443100, Samara,
443100, r. Camapa, yn. Monogoreapaenckas, Russian Federation,
244, Poccuiickaa ®enepauus, dcher02@yandex.ru
dcher02@yandex.ru https://orcid.org/ 0000-0003-3577-560X
https://orcid.org/ 0000-0003-3577-560X
A. B. Bopucoga, Anna V. Borisova,
K.T.H., OOLEHT, OOUEHT Kadeapbl TEXHONOMN Cand. Sci. (Engineering), Associate Professor,
1 opraHnsauum obLeCTBEHHOro NUTaHus, Associate Professor,
Camapcknii rocygapCTBEHHbIN TEXHUYECKUI Department of Technology and Organization
yHMBEpCUTET, of Public Catering,
443100, r. Camapa, yn. Monogoreapgenckas, Samara State Technical University,
244, Poccuiickaa ®epepauyus, 244, Molodogvardeiskaya St., 443100, Samara,
anna_borisova_63@mail.ru Russian Federation,
https://orcid.org/0000-0003-0833-987X anna_borisova_63@mail.ru
https://orcid.org/0000-0003-0833-987X
Bknad asmopoe Contribution of the authors
[. P. YepBoTKkMHaA — NoMCK nuTepaTypbl; Darya R. Chervotkina — literature search; drafting
COCTaBIIEHME YEPHOBOIO BapuaHTa cTaTbMu. of the article.
A. B. bopucoBa — nnaHupoBaHue cTatbu; obLiee Anna V. Borisova — article planning; general work
pyKOBOACTBO paboToi. management.
KoHdgbnnukm unmepecoes Conflict interests
ABTOpbI 3a8BNSIOT 06 OTCYTCTBUM KOHNNKTA The authors declare no conflict of interests
WHTEPECOB. regarding the publication of this article.
Bce asmopsbi npoyumanu u odobpunu The final manuscript has been read
OKOHYameJsibHbIU 8apuaHm pyKomnucu. and approved by all the co-authors.
NHgpopmayusi o cmamse Information about the article
lNocmynuna e pedakyuro 27.05.2022. The article was submitted 27.05.2022.
OdobpeHa nocne peyeHauposaHusi 08.06.2022. Approved after reviewing 08.06.2022.
lpuHsma k nybnukayuu 15.06.2022. Accepted for publication 15.06.2022.

267 https://vuzbiochemi.elpub.ru/jour


mailto:dcher02@yandex.ru

U3BECTUA BY30B. INTPUKITAQHAA XUMWA U BUOTEXHOJIOMNA 2022 Tom 12 N 2
PROCEEDINGS OF UNIVERSITIES. APPLIED CHEMISTRY AND BIOTECHNOLOGY 2022 Vol. 12 No. 2

DPU3NKO-XUMUYECKAA BUOJIOIUA

Hay4yHas ctatbs
YOK 581.192.2:581.522.4
BY

DOI: https://doi.org/10.21285/2227-2925-2022-12-2-268-278

BnusHne BbICOKOU UH(EKUMOHHON Harpy3ku 6akrepmanbHOro
BO30yaAuTens KosnbLueBOW rHUNu KapTodensa Ha U3sMeHeHue
ypoBHen nepokcuaa sogopoaa u LAM® B TpaHCreHHbIX
pacTeHusAX Kaptodens in vitro ¢ NoOBbIWEHHbLIM coAepXXaHMemM
3HAOOreHHOro nepokcuaa Bogopoaa

INnana ApHonbaoBHa JlomoBaTtckaa*, Hagexaa BnagummpoBHa dunuHoBa* **,
AHaTonun Cngoposu4y PomaHeHKO*

*Cubupckuli uHcmumym ¢busuonoeauu u buoxumuu pacmeruti CO PAH,
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AHHOomauus. Lenb uccnedosaHusi 3aKnodanachb 8 U3y4eHuU 8USHUS pasfuyHoU no UHMEeHCU8HOCMU UH-
pekyuoHHoU Hazpy3sku 8036ydumens Konbuyesol eHunu kapmodgpens (Clavibacter michiganensis sps.
sepedonicus) Ha codepxaHue nepokcuda godopolda u UAM®D e pacmeHusix kapmogberns in vitro 3-x mpaHc-
2EeHHbIX nuHUlt copma Ckapb: nuHuss L17.2 — pacmeHusi, mpaHChopMUpOB8aHHbIe HamMuUBHbIM 2eHOM 2/1H0KO-
300Kcudasbl gOX U3 8bICOKOAKmMuUBHO20 e2pubHozo wmamma Penicillium funiculosum 46.1, nuHus M7.3 —
pacmeHusi, mpaHcgopmMUpPo8aHHble MOOUGULUUPO8aHHbIM 2eHOM gox-mod, u fuHust Pb14.10 — pacmeHus,
mpaHcgopmuposaHHble 8ekmopom be3 yenesozo 2eHa. K uccrnedosaHuro rpuerekanu makxe HempaHc-
2EeHHbIe pacmeHus1 moeo xe copma (cpedHeycmoduyusbili kK Cms), Jlyeoeckol (ycmou4duesit kK Cms) u Jlykb-
sHoeckull (socripuumyussiti kK Cms). lNpu uHpuyuposaHuu Cms (0,2x108 kn/mn) duHamuka yposHst UAM® u
H>O, ceudemenbcmeosana o cbanaHcupo8aHHOM CUCMEMHOM cueHane «KopeHb—cmebesb». Tump Cms
(2x108kn/mn) ebi3blgan cucmemMHoe ygesnudyeHue KoHueHmpauuu H.O. 8 opeaHax noymu ecex eapuaHmos
pacmeHul, Ho cucmeMHoe ygeriudeHue yposHs UAM® eosHukamo mosnbko y copma Jlyazoeckol. Y ecex
mpaHcaeHHbIX TUHUU yposeHb UAM® ocmasarsicsi Ha ypo8He KOHMPOJIs, YMO COnpo8ox0anoch KaK /loKarb-
HbIMU, MaK U 0OWUPHbLIMU HEKpo3aMu. BeposimHo, y pacmeHull mpaHC2eHHbIX TUHUU Kapmoghernsi U3MeHe-
Hue Kadecmea omeemHbiX 3auUmHbIX peakyuli (06wuUpHbIe HEKPO3bl Hapsidy C flIoKaslbHbIMU) C853aHO CO
CITUWKOM 8bICOKUM 6a308bIM ypoB8HEM I3HO02EHHO20 rnepokcuda eodopoda u ducbanaHcom 8 yposHe UAM®.
Tem He MeHee ggedeHUe 2eHa QOX 8 pacmeHuUst Kapmogessi nosbiaem Ux ycmol4yueocmb K UHQUUUPO-
8aHUK0 8bICOKUM mumpom Cms.

Knroyeeble cnoea: kapmoagbesrb in Vitro, gox eeH — 2eH a/1loKo300Kcudasbl, nepokcud eodopoda, UAMD,
Clavibacter michiganensis sps. sepedonicus

BnazodapHocmu. Aemopsbi ebipaxatom brazodapHocme 0okmopy 6uonozudeckux Hayk O. 0. YpbaHosuy
u dokmopy buonoauyeckux Hayk K. 3. Nambypay 3a npedocmasrneHHble pacmeHUs mpaHC2eHHbIX JIUHUU
Kapmogersi.

@uHaHcuposaHue. Paboma ebironiHeHa 8 pamkax 20cydapcmeeHHo20 3adaHus rno npoekmy Ne0277-2021-
0004 (eocydapcmeeHHas peeucmpayus Ne121031300011-7) Ha obopydoeaHuu LIKI «buoaHanumuka» u ¢
ucrnonb3osaHuem Komnnekuyut LUK «buopecypcHbili ueHmp» Cubupckoeo uHcmumyma ¢husuosioauu u buo-
xumuu pacmeHutl CO PAH (2. ipkymck).

Ana yumupoearusi: Jlomoatckas J1. A., dunmHosa H. B., PomaHeHko A. C. BrnvsHue BbICOKOW MHEKLM-
OHHOW Harpysku bakTtepuanbHoro Bo3bygutens KONbLEBOW FHUMKM KapTodens Ha M3MEeHeHue ypoBHEen ne-
pokcuaa Bogopona 1 LAM® B TpaHCreHHbIX pacTeHusax kaptodens in vitro ¢ NoBbILWEHHLIM COAEpXaHNEM
3HAOreHHOro nepokcuaa sogopoaa // iaBectus By3oB. MNpuknagHas xumus u 6uotexHonorus. 2022, T. 12.
N 2. C. 268-278. https://doi.org/10.21285/2227-2925-2022-12-2-268-278.
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Influence of the high infectious load of the causal agent
of bacterial ring rot of potatoes on variations
in hydrogen peroxide and cAMP levels in transgenic
potato plants in vitro with increased contents
of endogenous hydrogen peroxide
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Abstract. Effects of the infectious load of the causal agent Clavibacter michiganensis sps. Sepedonicus
(Cms) of ring rot of potatoes on hydrogen peroxide and cAMP levels in potato plants in vitro were studied on
three transgenic lines of the Scarb cultivar: line L17.2 — plants transformed with the native gene of glucose
oxidase gox from the highly active fungal strain Penicillium funiculosum 46.1; line M7.3 — plants transformed
with the modified gene gox-mod; and line Pb14.10 — plants transformed with a vector without a target gene.
In addition, non-transgenic plants of the same cultivar (medium resistant against Cms), Lugovskaya (re-
sistant against Cms) and Lukyanovsky (susceptible to Cms) were examined. In the plants infected with Cms
(0.2x108 cells/ml), the dynamics of cAMP and H-O; indicated a balanced system signal ‘root—stem”. The
Cms titre (2x108cells/ml) caused a systemic increase in the concentration of H,O- in the organs of almost all
plant cultivars; however, a systemic increase in the level of cAMP occurred only in the Lugovskaya cultivar.
In all the studied transgenic lines, cAMP levels remained at the control level, accompanied by both local and
extensive necrosis. In transgenic potato lines, the observed decrease in protective responses (both local and
extensive necrosis) is likely to be associated with an extremely high baseline level of endogenous hydrogen
peroxide and an imbalance in cAMP levels. The introduction of the gox gene into potato plants was found to
increase their resistance against high Cms titres.

Keywords: potatoes in vitro, gox gene — glucose oxidase gene, hydrogen peroxide, cAMP, Clavibacter
michiganensis sps. sepedonicus
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BBEOEHUE

OfgHMM 13 BaXXKHEWLUUX HanpaBreHUN Uccrneno-
BaHWI B OU3NONOTMN pacTeHN SBnSeTCa co3faHne
COPTOB CENbCKOXO3SINCTBEHHbBIX KyNbTyp, COYeTalo-
LLMX BbICOKMUIA NOTEHUMan NpoAyKTUBHOCTU U BKYCO-
BbIX KA4eCTB C YCTOMYMBOCTbIO K BOnesHsm u Bpe-
antensam. B uensx noBbilWEHUS 3aLUUTHBLIX CBOWCTB
N CcOo3daHusa YCTOM4YMBBLIX (POPM pacTeHun adpdek-
TMBHbIM NOAXOA0M, B JOMNOMHEHNE K TPagULNOHHBIM
MeToOaM Cenekuuun, ABNAETCH reHeTUuYeckas nHxe-
Hepusa. Ha cerogHAWHMA AeHb TpaHCreHHble pacTte-

HWS LLMPOKO MCMONb3YIOTCA B Ka4eCTBE MOAEISbHbIX
cUCTEM ON1A pelleHns pasnuyHblx 3agad [1, 2].
M3BecTHO, 4TO BO3pacTaHne YypOBHS Mepokcuaa
BOAOpOAA B PaCTUTENbHbIX TKaHAX crnocobcTByeT
NOBbLILLEHMIO YCTONYMBOCTU K pa3HOobpasHbiM Guo-
TUYECKUM M abuoTmyeckum cTpeccopam [3]. Uckyc-
CTBEHHO Takoro addekta MOXHO [OOUTLCA nMyTem
BBEOEHMSA B FEHOM pacTeHWI reHa rnoko3ookcuaa-
3bl (gox) 13 rpmbos [4]. B pesynbTate B TpaHCrel-
HbIX pacTeHUAX MNPOUCXOAMT peakumss OKUCMEHUS
B-D-rntoko3bl f0 B-D-rnokoHO-0-nakToHa M conps-
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XXEHHOe BOCCTaHOBMNEHWE MONEKYNAPHOro KUCNopo-
Aa 0o nepekvcu sBogopopa. B nutepaType onuvcaHbl
BMAbl pacTeHui: kaptodenb, puc, kanycta u Tabak,
KOTOpble B pesynbTaTte Takoro TpaHcreHesa npuobpe-
NN NOBBILEHHYK YCTOMYMBOCTb K cCrieunduyeckum
rpMbkoBbIM 1 GakTepuanbHbiM NaToreHam [3, 5, 6].

Mepokcna Bogopoda B HACTOsLEE Bpems pac-
cCMaTpuBaeTCs KakK «ABOMHOW areHT», KOTOPbIN MO-
XeT MHULMMPOBATb KakK OKUCIIUTENbHbIA CTPecC B
pacTUTENbHbLIX KMNeTkaxX, Tak W BbICTyNaTb B Kaye-
CTBE CUrHarbHOW MOMEeKyrbl, BOBIEYEHHOW B pery-
naumo  akcnpeccun reHoB [7, 8]. Cuutaetcs, u4TO
BO3pacTaHue ypOBHSA Mepokcuaa Bogopoaa B Knet-
Kax pacTeHuMn npu BUoTMYeckux cTpeccax cBuae-
TeNnbCTBYeT O Hecneundunyeckon 3aliuTHON peak-
uun [9]. O4yeBMOHO, YTO 3aLUUTHBIA OTBET NpU NaTo-
FeHHbIX aTakax perynupyeTcsa He eAWHCTBEHHbIM
CUrHarnbHbIM KackagoM, a C MOMOLLbIO CIOXHOW ce-
TW, BKIHOYAIOLWEN pas3fnyHble CUrHanbHble MOEKY-
nbl, CNOCOOHbIE B3anMogencTBOBaTb Mexay cobow
[10]. OgHUM M3 Takmx BTOPMYHBLIX MECCEHOXepoB
ansetca UAMO® [11]. lNpoBefeHHbIE paHee uccne-
J0BaHusA nokasarnu, YTo 3Ty CUrHamnbHYyH MOMeKyny
MOXHO paccMmaTtpuBaTb Kak OOWH W3 MapKepoB
YCTOMYMBOCTM pacTeHun [12, 13].

Ka4yecTBO U MHTEHCUBHOCTb 3aLUUTHbIX peakLuun
pacTeHN MOTYyT MEHATLCHA B 3aBMCMMOCTU OT YPOB-
HS WHekunmoHHon Harpyskm [14]. 3TOT npouecc
HanpsAMyo 3aBUCUT OT 3PMEKTUBHOCTU (PYHKLMO-
HUPOBAHUS CUrHamNbHbIX CUCTEM pacTeHUn U, B
YACTHOCTU, OT KOHLIEHTpPALMA UX BTOPUYHBIX MEC-
CEHXXepPOB: N3ObITOYHbIN YPOBEHb CUrHamNbHbIX MO-
neKyn MoXeT NPMBECTU KNeTKy K neTarbHOMY NCXO-
ay. MNMoatomy Lenb AaHHOW paboTbl 3aknyanach B
nccneaoBaHUM U3MEHEHUs YPOBHSA SHAOrMEeHHbIX ne-
pokcuaa Bogopoaa u LAM® B pacTeHUsiX TpaHCreH-
HbIX NIMHWIA KapTodens, TpaHCHOPMUPOBAHHBLIX re-
HOM QOX, NPU WHMUUMPOBAHUN Pa3NUYHBIMU TUT-
pamy BO3byauTens KonbLeBOW rHUNM kaptodpens
Clavibacter michiganensis sps. sepedonicus (Cms).

SKCNEPUMEHTAJIbHAA YACTb

B pabote ncnonb3oBanu pacTteHus kaptodens
in vitro (Solanum tuberosum L.) coptoB Ckap®, Jly-
roeckonm n JlyKbSHOBCKUIM, a Takke pacTeHus Kap-
Todpensa in vitro 3-x TpaHCreHHbIX NWMHUA copTa
Ckapb, nony4yeHHsle B THY «VHCTUTYT reHeTukn u
uutonorun HAH Benapycu»: nuHus L17.2 — pacTte-
HWUK, TpaHCPOPMUPOBAHHbIE HATUBHLIM FEHOM [fi0-
Koszookcuaasbl Qgox, nuHus M7.3 — pacTeHus,
TpaHCHOPMUPOBaAHHbLIE  MOANMULMPOBAHHBLIM  re-
HoM gox-mod, u nuHua Pb14.10 — pacTeHus,
TpaHCcOpMUpPOBaHHbIE BeKTopoMm 6e3 uenesoro
reHa. HatumBHbIN reH gox Obin KNOHNPOBaH M3 BbICO-
KoakTMBHOro rpmbHoro wtamma Penicillium funicu-
losum 46.1. Ha ocHoBe nna3mugpl pBI121 HaTtue-
HbIA FeH gOX, CNUTbIA B paMKe CUYUTbIBAHWA C Nu-
OepHON nocnefoBaTeNbHOCTBIO FEHa 3KCTEHCUMHA

MOPKOBMW, Hax0A4MTCSA Nog KOHTPONEM KOHCTUTYTUB-
Horo CaMV 35S npomotopa. MoaudumumpoBaHHbIn
reH gox-mod npencraenseT cobon reH gox ¢ 3ame-
HEHHbIMW KOAOHAMW Ha CMHOHMMWYHbIE KOAOHbI pac-
TeHu Solanum tuberosum, 4YTo Mo AaHHLIM Gernopyc-
CKUX KOrner BedeT K YBENUYEHMIO KOHLIEHTpaUun SH-
JOreHHOro nepokcuaa Bogopoda B cpegHem Ha 23%
Nno CPaBHEHWMIO C TPAHCTEHHbIMW PACTEHUSAMM, KOTO-
pble 3KCMPECCMPYIOT HATUBHBIN reH gox [4].

PacteHus kapTodens BblpalivMBanv Ha arapwu-
3oBaHHoW cpege Mypacure—Ckyra® ¢ gobaBneHnem
20 r/n caxaposbl (OO0 «AO Peaxum», Poccus),
1,0 mr/n TmamuHa, 0,5 mr/n nupuaokcuHa, 0,1 mr/n
nHgonun-3-macnsHon kucnotel M 0,02 mr/n dge-
pynoson kucrnoTbl (Sigma, CLWA), yepe3 2 Hegenu
NepeHoCUNN Ha XUOKyK cpefy TOro ke cocTaBa U
WHOKYNMpOBanu nnaHKTOHHOM  KynbTypon Cms,
wramm 6889. bakTtepum KynbTMBMPOBANM B TeYeHne
3-x cyToK B Konbax Ha cpege, cogepxawen 10 r/n
OPOXOKEBOro 3KCTpakta, 15 r/n rmokosbl 1 5 r/n
CaCOs, pH=7,0 npu TemnepaTtype 26 °C B TEMHOTE.
Tutp GakTepuin onpeagensnu npyu 655 HM Ha nnak-
lweTHom cnektpodgoTomeTpe Immunochem-2100
(High Technology Inc., CLLA).

B paborte wucnonb3oBanu 2 TuTpa OakTepwuii:
2x108 n 0,2x108 kn/Mn. HaunHas co aHA 3apaxeHus
n yepes kaxgble 48 4 dukcnpoBanm MopdomeTpu-
yeckne nokasatenu — MNpuUpoOCT M KONMUYECTBO Nu-
CTbEB, a TaKkKe CUMNTOMbI 3aboneBaHus: fokanb-
Hble W OOWWpHbIE HEeKPo3bl, Xxnopo3bl. CteneHb
pasBUTMS HEKPO3OB BblpaXkanu kak AOM UX Mfo-
Waan ot obwen nnowaanm NMCTbEB, PACCUUTAHHYIO
B cpefgHem Ha 1 pacteHue. Hekposbl cuuTanu no-
KanbHbIMUW, ecnn oHW uMmenu nnowanb 0,5—1 Mm2,

Ha 10-i1 geHb nocne 3apaeHus onpenensanu
KOHUEHTpaumo aHaoreHHbiX H202 n LAM® B kopHSAX
N BepxyLlke ctebnen. KoHTponem crnyXunm HeuHo-
KyNMpOBaHHbIE pacTeHMS.

OnpepeneHue cogepXxaHus NEpPeEKMcU BOOOPO-
Aa NpoBOAMMM MO MEeTody C MCMONb30BaHMEM XI1O0-
puga TutaHa [15]. YpoBeHb ULAM® ycTaHasnuBanm
MeToOOM MMMYHOepMeHTHoro aHanmsa [13]. KoH-
LeHTpaumo BelecTsa B npobe onpeaensny no Ka-
NMBPOBOYHLIM KPUBbLIM, MOCTPOEHHbIM Mo H202 n
UAM® cooTBeTcTBEHHO. Pesynbrtat nonyvanu B
MONSIX/N 1 Janee ero paccyuTbiBann Ha I CbIpOro
Beca pacTutenbHoro obpasua.

OKkcnepMMeHTbI NpoBoaunu B 3-kpaTHon Guono-
rM4YecKkon MOBTOPHOCTU, B KaXKAOM BapuaHTe aHanm-
saupoBanm no 10 pacteHun. OnpegeneHne ypoBHS
H202 n UAM® ocyuiecTBnsAnocb B 4-KpaTHOM aHa-
NUTUYECKON MOBTOPHOCTWU. Pe3ynbTaTbl 3Kcnepu-
MEHTOB 00paboTaHbl CTAaTUCTUYECKM C MOMOLLBIO
nporpammbl SigmaPlot 12.3. Ha rpadwmkax gaHHble
npeacTaeBneHbl B NMPOLIEHTAxX K KOHTPOM CO CTaH-
OapTHOW OLUMOKOMN.

1ByTeHko P. I., Xpomogea J1. M., CegnunHa I. . MeToauyeckme ykasaHUs Mo NosyyYeHnio BapuaHTHbIX KNETOUHbIX NMHUIA
N pacTeHun y pasHbIx copToB kapTodens. M.: BACXHWI, 1984. 28 c.
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OBCYXIOEHUE PE3YJIbTATOB

Yalncb TE€M, YTO copeprkaHue H202 B cTebnsx B

lMpoBedeHHble UWCCNedoBaHWA MoKasanu, 4To
cTeneHb WMHMEKUMOHHOW Harpysku Mo-pasHoOMy OT-
pasunacb Ha MHTEHCUBHOCTW poCTa pacTeHuin cop-
TOB M TPaAHCIrEeHHbIX NMMHWIA KapTodens in vitro. Tutp
Cms 0,2x108 knetok/Mn B HambonblUeh CTEMEHM
NHrMbmposan pocTt pacteHun coptoB Ckapb u Jlykb-
SSHOBCKMA M MEHEe 3HAYUTENbHO MOBMMAN Ha CKO-
pOCTb pOCTa pacTeHWU, HEeCYLLUMX MYCTOW BEKTOP U
MYTaHTHble NUHUKM L17.2 u M7.3. BbICOKMA TUTP
Cms 2x108 kneTtok/mMmn okasan 6onee cunbHbIA TOp-
MO3ALWMIA  3PPEKT Ha pPOCT pacTeHUA  NIUHUK
Pb14.10, copt Ckapb n copT JlykbsiHOBCKUI (puc. 1).

MiaMeHeHVs1 B OuHaMuKe pocTa COnpoBoOXAaa-
nncb NOSIBIIEHWEM CUMMNTOMOB 3aboneBaHus, npo-
ABNSAOWMXCA Ha 5-6 OeHb KouHKybauum ¢ Cms.
Mog BO3OEeNCTBMEM HEBBLICOKOW MHAEKLMOHHON
Harpysku (0,2x108 kn/mn) y pactenuii copta Jlyros-
ckon n nuHum Pb14.10 nosiBNsANUCb mnoKarnbHbIe
HeKpo3bl Ha NUCTbsAX (Tabn. 1). MNpn aTom y pacte-
HWIA BCEX COPTOB M NMHUIM HAOM4anuchb XITopo3bl U
yCbIXaHWe fNNCTLEB.

Mpn nHduumposaHm Cms C BbICOKUM TUTPOM
(2x108 kn/mn) y pacTeHun kaptodens in vitro nosie-
NAnMcb obWMPHBbIE HEKPOo3bl: Oornblue Bcero ux
Habnioganocb y pacteHun nuHui M7.3 n L17.2, n
TONbKO Yy pacTeHun copta JIyroBCKOM OHW MOJSIHO-
CTblo OTcyTCcTBOBanu. [pmn aTom Bo3pacTano Konu-
YeCTBO fOKanbHbIX HEKpo3oB Yy nuHuni Pbl4.10,
M7.3 n coprta Jlyrosckon (cm. Tabn. 1).

Kak Hu cTpaHHO, Haubonee BbICOKMMA YPOBEHb
3HOOreHHOro nepokcuaa Bogopoaa Obin BbISIBNEH B
KOPHSIX 1 cTebnax pacTeHun kapTtodens copta Jly-
roBckon. TpaHCcOopMMPOBaHHbLIE pPaCTEHUSA OTMU-

OECSTKM pa3 NpeBbIllano ero KOHUEHTpauuo B Kop-

HSX, Yero He Habnioganock y pacteHunm Bcex 3-X

copToB Kaptodpens. [lpu 3TOM pacTeHus copTa

Ckapb6 u BCex TpaHCreHHbIX NMHUW OTNUYanuChb

BeCbMa HWU3KUM MO CPaBHEHMWIO C pacTeHUsIMK ApYy-
GO I

rMx COPTOB codepXaHmem 3HaoreHHoro UAMO
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Puc.1. BnnaHne nHduympoBaHmsa Cms Ha CKOpOCTb pocTa
pacTeHuin kapTodpens in vitro: 1 — Tutp Cms 0,2x108;
2 — tutp Cms 2x108

Fig. 1. Influence of Cms infection on the growth rate of potato
plants in vitro: 1 — titer Cms 0.2x108;
2 — titer Cms 2x108

MHdwmumpoBaHne CyLeCcTBEHHO MNOBMAMANO Ha
37K nokasaTtenun. Ha 10-e cyTku kouHkybGauum pac-
TEHU KapTodens ¢ NaToreHoM C HWU3KUM TUTPOM
YPOBEHb NepokcMaa BOoAOpPOAa B KOPHAX U cTebnsax
pacteHun copta Ckap6 coctaensan 150 u 180% «k
KOHTPOIO COOTBETCTBEHHO (puC. 2).

Tabnuua 1. O6WwWMpHbBIE 1 NTOKarnbHbIE HEKPO3bI* HA NMMCTbAX kKapTodens in vitro,

MHpmumpoBaHHbIx C. michiganensis sps. sepedonicus

Table 1. Extensive and localized necrosis* on in vitro potato leaves

infected with C. michiganensis sps. sepedonicus

CopTa v nuHuu kapTodens Hekposel
O6wunpHble, % | JlokanbHble*™*, %
Tump Cms 0,2x10° Knemok/mn
Copt Ckapb 0 0
JInHmnst Pb14.10 (copt Ckap6, TpaHChOPMUPOBaHHbBIN MyCTbIM 0 0.3+0 1
BEKTOPOM) R
JInHuna L17.2 (copt Ckap®b, TpaHCHOPMUPOBAHHbIV FEHOM gOX) 0 0
JInHua M7.3 (copt Ckap6, TpaHCOpMMPOBaHHbIN 0 0
MOAMPULMPOBAHHBIM FEHOM gOX-M)
CopT JlykbsiHOBCKMI (BOCMIPUMMYMBBIN K CMS) 0 0
Coprt Jlyrosckon (ycTonymBbii K Cms) 0,8+0,1
Tump Cms 2x10° knemok/mn
Copt Ckapb 4,8+0,3 0
JluHmns Pb 14.10 (copT Ckapb, TpaHCOpMUPOBaHHBIA NyCTbIM 56404 2.9402
BEKTOPOM)
JInHuna L17.2 (copTt Ckap0, TpaHCOPMUPOBAHHbLIV FEHOM gOX) 8,9+0,7 0
JInHnst M7.3 (copt Ckap6, TpaHChOpMMPOBaHHBIN 14,5413 27402
MOAMPULMPOBAHHBIM FEHOM gOX-M)
CopT JlyKbSIHOBCKMI (BOCMIPUMMYMBBIN K CMS) 1,3+0,1 0
Copt Jlyrosckoii (ycTonumebin kK Cms) 0 1,0+0,1

*— cmerneHb pa3sumus HeKpo308 8bipaxkeHa Kak dons ux riaowadu om obwel ninowadu ucmees, paccyumaHHas 8
cpedHem Ha 1 pacmeHue; **— flokaribHble HeKpo3bl umeom nnowads 0,5—1 Mm?,
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Tabnuua 2. KoHueHTtpauusa H202 n LAM® B NCXOAHBIX pacTeHnsx kapTodens in vitro

Table 2. Concentration of H202 and cAMP in initial potato plants in vitro

H,0,, MKMOnb/T cbiporo Beca LAM®, Hmonb/T cbiporo Beca
Coprta v nuHuu kapTodens
KOpeHb crtebenb KOpeHb crtebenb

Copt Ckapb (cpegHeycTonumsbin K Cms) 38,54+2,9 49,5+3,8 1,310,1 3,0+0,3
JInHna Pb14.10 (copTt Ckap6, TpaHCOpMUPOBaHHbI 583451 82,0£7.9 0,120,001 20402
NyCTbIM BEKTOPOM)
JInHna L 17.2 (copT Ckapb, TpaHCOpMUPOBaHHbIN 38403 14754137 070,07 28402
reHoM gox)
JInHna M 7.3 (copt Ckapb, TpaHCOpMUPOBaHHbIN 85408 364434.3 1,802 1,140.1
MoanmLMpoBaHHBIM FEHOM goX-mod)
CopT JlyKbsSIHOBCKMI (BOCNPUMMYMBEBIN K CMS) 107+9,7 160+15,3 450+44,0 270+26,5
Copt Jlyrosckoi (ycTonumebin kK Cms) 127+11,8 330+32,9 178+16,2 98+8,7
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Puc. 2. BnusaHue nHduumposanusa Cms (0,2x108)
Ha koHueHTpaumnio H,O, n LAM® B pacteHusx kapTodens
in vitro: 1 — H,O5; 2 — UAM®

Fig. 2. Influence of infection with Cms (0.2x108)
on the concentration of H,O, and cAMP in potato plants
in vitro: 1 — H,0,; 2 — cAMP

Bce nccnepoBaHHble copTa U NMHUMKU KapTodens
WCXOAHO pasnuyanucb NO COAEPXKaHUID Mepokcuaa
Bogopoaa v LAM® (cm. Tabn. 2).

CopaepxaHne nepokcuga BOOoOpoAa y pacTeHun
nuHun Pb14.10 octanocb Ha ypoBHe 100% B Kop-
HAX, B cTebnsax ynano go 50% ot koHTpons, a y nu-
HUM L17.2 B KOpHAX yMeHbLluunocb Ao 50% OT KoH-
Tponsa npu HeuameHHom ypoBHe 100% B cTebnsx.
MMpu atom y pacteHun nuHum M7.3 B cTebnsax KoH-
ueHTpaumss H202 Bospocna go 400%, B KOpHSAX
ocTaBascb Ha ypoBHe koHTponsa (100%). Y pacte-
HWA copTa JlyroBckon Habnoganocb BMOSNHe pas-
HOMepHOoe noBbiweHne ypoBHsa H202 (kopHM -—
150%, ctebnm — 200%), Toraa kak y copta Jlykbs-
HOBCKMIA NMPOUCXOANNO MafeHWe HUXe KOHTponsa —
00 50 n 70% cooTBeTCTBEHHO (puC. 3). QHOOrEHHbIN
UAM® B pacTeHusIX BCeX BapuaHTOB, 3a WCKMOYe-
HeM copTa JIyKbSAHOBCKWIA, NPeBbILAn KOHTPOSb U
B NUCTbSX, U B cTEONAX — B HanbonblUen cTeneHu
3TO npoucxoauno y nuHuin L17.2 n M7.3 n copta
INyrosckon (cm. puc. 2).

KonHkybaumsi pacteHun kapTtodenda c 6onee
BbICOKMM TUTpoM Cms (2x108 kn/mn) Bbi3Bana 3Ha-
YMTENbHbIE U3MEHEHUSA B KOHLIEHTPALMAX SHOOrEH-
HbiXx H202 n uAM® (cm. puc. 3). Ha 10-e cyTku KOH-
LeHTpauma nepokcnga Bogopoga Obina HuMXKe KOH-
TpONns TOMbKO B KOPHSIX M cTebne pacTteHun copTta
Ckapb n nuHumn L17.2; Hanbonee BbICOKUI ee ypo-
BeHb Habniogancs B KopHe pacTeHui copTta Jlykbsa-
HOBCKMI. B aTuXx e ycnoBusix Hamboree BbICOKUN
ypoBeHb LAM® petektnpoBarncs B ctebne pacte-
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HUM copTa JlyroBckon, y TpaHCHOPMUPOBAHHbLIX
pacTteHun 6bin GrM30K K KOHTPOMO, a Yy pacTeHun
copTa JIykbsIHOBCKUI OblN 3HAYUTENBHO HWDKE KOH-
Tpons (cMm. puc. 3).
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¢.Crap6 Pb14.10 C.Nlyrosckoi ¢ JlykbAKOBCKE

Puc. 3. Bnuaxue nHduumposaHua Cms (2x108)
Ha koHueHTpauuio H,O, n LAM® B pacTteHusx kaptodens
in vitro: 1 — H,05; 2 — UAM®

Fig. 3. Influence of Cms (2x108) infection
on the concentration of H,O, and cAMP in potato plants
in vitro: 1 — H,O,; 2 — cAMP

TpaHCcreHHble pacTeHUs LLIMPOKO MCNONb3YHTCH
B KayecTBe MOAEIbHbIX OOBEKTOB HE TONbKO AN
U3ydeHUss CTPYKTYpbl U OYHKUWA rEHOB, HO U ANiA
peweHus psaa nNpuknagHblx 3agad, B 4acTHOCTU
ONsi MOBbILIEHUS YCTONYMBOCTM pacTeHui K Guotu-
yecknm caktopam [1, 3]. PaHee Obino nokasaHo,
4TO noBblleHne ypoBHs H202 B opraHax pacTeHui
KapTodens in vitro, TpaHCOPMUPOBAHHLIX FEHOM
rIIOKO300KCMAa3bl goX, NPUBOAMMO K MOBbILLEHUIO
UX YCTONYMBOCTM K rpnbHON nHdekunn, putodrope
[4]. B TO e BpemMs a(pPEeKTUBHOCTL 3TOM reHeTuye-
CKOM Mogudukaummn He nokasaHa npu b6akrtepuarnb-
HbIX NaTtoreHesax.

KonbLeBas rHMnb — BeCbMa pacnpoCcTpaHeHHoe
N BpedoHOCHOe 3aboneBaHue kapTodens. Y Bere-
TUPYIOLLUMX  pacTeHun BO30yguTenb  Bbi3biBaeT
CYMNTOMbI, CXOXWEe C BUPOUMOHOW W TPUOHOW WH-
dekunsamn (nogasneHue pocTa, BUMT, Mefb4vyaHue
nucTbeB, xNopo3bl). PaHee B akcnepumeHTax Ha
pacTeHusax kapTodgens in vitro 6bino nokasaHo, 4YTo
NnoBbILWEHHAas WHMEKLMOHHAA Harpyska Bbl3biBaeT
XNOPO3bl HA NMUCTbAX PacTeHU Kak BOCNPUUMYMBO-
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ro, Tak M yCTOMYMBOrO COPTOB KapTodens, No3Tomy,
Mo HalWeMy MHEHMWI0, Takue CMMNTOMbI He criegyeT
CBsA3blBaTb CO CTEMEHbI YCTOMYMBOCTU copTa [14].
OpHako Hapagy € 9TUM MHMUUMPOBaHUE UHAYLU-
poBano HoBble, HECBOMCTBEHHbIE 3TOMY 3abornesa-
HUIO CMMMTOMbl B BuAE OOLUMPHBLIX M MOKanbHbIX
HEKpO30B, NPUYEM Yy pacTeHun kaptodens in vitro
YyCTOMYMBOrO CcopTa B OCHOBHOM MPWUCYTCTBOBAmM
nokarneHble HEKPO3bl, TOrAa Kak y BOCMPUMMYMBOIO —
obwupHble [14]. B nutepaType HET TOYHbLIX yKasa-
HUA O TOM, KaKylo MHEKLMOHHYIO Harpy3ky Cms B
MOZENbHbIX JKCMEPUMMEHTax crneayeT cyuTatb Bbl-
cokou. BepodaTHO, 3TO onpegensieTcd BU3yarnbHO Mo
KONMMYECTBY M KayecTBY MOSBMASIOLNXCA CUMNTOMOB
3aboneBaHus.

M3BeCTHO, 4YTO 3HAOrEHHbIN NepoKkcug Bogopoaa
B HU3KMX KOHLIEHTPALMAX MOXET BbIMOMHATL DyHK-
LUUN CUTHamNbHOWM MOSEKYIbl, aKTUBMPYS PasfinyHble
CurHanbHble Kackafpbl, NpuUBOASALUME K MOZYNsLMK
aKTUBHOCTMW F€HOB, U PErynupysa akTMBHOCTb MOHHbIX
kaHanoB [7]. Mpn atom m3ameHeHne nyna H20: B
pacTUTENBbHOWM KINeTKke MOXET MPUBOOUTE K CMEHe
nporpaMmmbl B3anmMogencTBnsi pacTEHN C MUKPOOP-
raHuamamu. [lokasaHo, 4TO WHUUMPOBAHME Mto-
uepHbl Sinorhizobium meliloti (a3oTdwukcmpyrowmmn
CMMOMOHT) MHOyuMpyeT Gonee MHTEHCUBHBIA OKUC-
NUTENbHBLIN B3pbIB, YeM WHpMUnpoBaHne Pseudo-
monas syringae (cputonatoreH). Mpn 3TOM BbICOKWI
nyn H202 B uMTonnasmMe KneTok pacTeHni noLepHbl
6rokupyeT nHaykumio PR-reHoB (pathogenesis-rela-
ted), n pactutenbHbln mMeTabonuam nepectpavBa-
eTca B COOTBETCTBUWN C NporpaMmon asoTguKCUpy-
towero cumbuosa [16]. Bonee 3HauuTenbHoe no-
BbILLUEHNE YPOBHS BHYTpUKNeToyHoro H202, Hexa-
pakTepHOe ONA CUrHarbHbIX MOJIEKY, Bbi3blBAET B
KNeTKe OKUCIUTENbHBIA CTPECC UM NPUBOOUT WK K
aganTauum, Unu K neTanbHOMY UCXOAY, B 3aBUCU-
MOCTM OT BENUYMHBI Nyna 3Ton monekynsl [7]. Onu-
TenbHas MHKybauusa ¢ 6onee HM3KMM TUTpoM Cms
(0,2x108) B OCHOBHOM Bbl3blBana TUMU4YHbIE CUMI-
TOMbl 60MNe3HN y pacTeHui BCex BapnaHTOB: XI0opo-
3bl U yCbiXxaHue nucTbeB. CriegyeTt 3aMeTUTb, YTO MO
KONMYEeCTBY XJIOpO30B copT JlyroBckom (ycTtonum-
BbIl) Mano otnudancs ot copta Ckapb (cpegHe-
yctonumebln). OgHako, B oTnnune ot copta Ckap0,
y pacTeHuii copTta JlyroBckon Habnwoganucb u no-
KanbHble HEKpPO3bl, YTO CBUAETENLCTBYET O pa3Bu-
TUWN 3aLLMTHBIX peakunin. AHaNOrM4Hble roKanbHble
HEKpOo3bl NOABNANUCHL U Y NuHUMK Pb14.10, xoTs atu
pacTeHus He HecyT ueneBon reH. B atom cnyvae,
BEPOSATHO, MPUYMHON KX MOSIBMEHMS CrefyeT cuu-
TaTb CTPECC, MCMbITbIBAEMbIA pPacCTEHUSIMU B pe-
3ynbTate reHeTnyeckon TpaHchopmaunn. bonee
BbICOKMI, YeM y pacTeHun copta Ckap0, ypoBeHb ne-
pokcuaa BoOoopoda B opraHax pacTeHU 3TOW FMHUK
Takke cBugeTenscTtByeT o6 3atom (cm. Tabn. 2).
HanpoTuB, ewe 6onee BbICOKMMA Myn 3HOOrEHHOro
YPOBHSA nNepokcmaa Bodopoda Y PacTeHUn fvHUK
M7.3 He npuBen K NOSIBNIEHUIO HEKPO30B, YTO MOXET
nokasaTbCsi NPOTMBOPEYMEM  BbILLECKA3aHHOMY.

OpHako nockonbky H202 gBnsieTcs curHanbHON Mo-
NEeKyron, BaXHOe 3Ha4YeHWe MMeEeT U3MEHEHUEe ero
KOHUEHTpauum npv UHOUUUPOBAHWKW: Yy pacTeHUn
nvHumn Pb14.10 31O MHOYUMpOBaNoO akTMBauMIO 3a-
LWMTHBIX MexaHu3moB [17, 18], a y pacTeHUn NNHUK
M7.3 cTumynupoBano aganTaumoOHHblE MNPOLLECCHI,
noaTBEPXKAEHUEM YeMy SBNAETCA U He3HauMTellb-
HOE CHUKEHME CKOPOCTU pOoCTa 3TUX PACTEHUN.

Bonee Bbicokasi MHpeKUNOHHas Harpyska Cms
2x108 kn/mMmn npvBoAMna K MOSIBNEHU0 Gornbluero
yncna HEeTUNMMYHLIX CMMNTOMOB 3abomneBaHud, a
WMEHHO JIOKalbHbIX HEKPO30B y pacTeHun copTa
JlyroBckon (yCcTonumBeIN), a Takke y nuHnin Pbl14.10
ny M7.3 1 oOLIMPHBLIX HEKPO3OB Yy BCEX MCMbITAH-
HbIX COPTOB W NNHUIN, KpOMe copTa JlyroBckon, npu-
yem y nuHum M7.3. ¢ Hanbonee BbICOKMAM YPOBHEM
SHOOreHHOro nepokcuga sogopoga ux 6bino 6onb-
we Bcero (cm. Tabn. 1). Cuntaetcs, 4YTO NoKanbHblE
HEKpO3bl ABNSATCSA PEHOTUMMYECKNM NPOSIBIIEHNEM
peakuun cBepxyyBcTBuTENnsHocTn (CBY), xapak-
TEPHOW ANgA YCTONYMBBLIX COPTOB pacTeHui [19]. He-
CKOJNIbKO HEOXWOAHHbIM MPEeACTaBNAeTCs Hanuune
noKanbHbIX HEKPO30B Yy pacTeHui nuHum Pb14.10,
no Mrowaan COoMnoCTaBUMbIX C PACTEHMAMU JIMHWK
M7.3. OuyeBMOHO, YTO MPUYUH 3TOMY HECKOSbKO, B
MX yncne pakt reHeTU4ecKkon TpaHcdopmauum, 4YTo
yXe obcyxganocb Bbille, U Gonee BbICOKMN TUTP
natoreHHbIx H6akTepuin. Y pacteHui nuHum M7.3 ¢
Hanbornee BbICOKUM 3HOOFEHHbIM YPOBHEM MEPOK-
cvaa Bogopoaa 370 NPUBENO K NOSIBNEHMIO, C OOHOW
CTOPOHbI, OBLLMPHBIX HEKPO30B, KaK y cCpedHeyCToM-
ymporo copta Ckapb, HO, C ApYrol CTOPOHbI, JlO-
KanbHbIX HEKPO30B, ABMSKLINXCSA NoKasaTenem WuH-
OYUMPOBaHHbIX 3alUUTHbIX OTBETOB. BeposATHO, ak-
TMBaLMSA 3aUTHLIX MEXAHU3MOB OKa3arnach BMOJIHe
a(pheKkTNBHON, MOCKONBbKY CKOPOCTb pPOCTa TaKuX
pacTEHUN XOTHA U CHWXanack, HO B MEHbLLUEN CcTene-
HW, 1 ObiNa conocTaBumMa C TakOBOW Y pPacCTEHWN
copta Jlyrosckon (cm. puc. 1).

3AKINKOYEHUE

Takum obGpas3om, NMpeacTaBnsieTcsi, YTO B MO-
AenbHON cucteme KapTodbernb in Vitro — noBbILLEH-
HbI TUTP CmMS HEOOXOAMMO Y4YuTbIBATb HE XJTOPO-
3bl, MOABMSAIOLWMNECH Y paCTEHNA BCEX COPTOB Kap-
Todbensi, a NokanbHble U OBLIMPHbIE HEKPO3bl Ha
NUCTbSAX, KOTOPbIE SBMAKTCA CBOEOOPAa3HLIMU WH-
ankaTopamMu HanuMuus/OTCYTCTBUS 3aLUUTHBIX peak-
LMIN Yy pacTeHUN.

M3BeCTHO, 4YTO WMHAYKUUSA 3alUTHLIX peakuni
pacTeHuin, B YacTHOCTM anonto3 un CBY, asnsetcs
3HeprosaTpaTHbIM npoueccoM [18] u MOXeT CHu-
XaTb CKOPOCTb pocTa MHMULMPOBAHHLIX PacTEHUN.
OTOT nokasaTenb nNpu BbICOKOM TUTpe CmMS CHu-
Xancs y Bcex OonbiTHbIX pacteHun (15-30% no
CpaBHEHMIO C KOHTPOMEM), OOHAKO Y TPaHCreHHbIX
nmHvA L17.2 n M7.3, a Takke y pacTeHun copTa
JlyroBckon B HauMMeHbLUeW CTeneHw, 4To cBuae-
TenbCTBYET O AOCTAaTOMHOW HAOEeXHOCTU MeXaHu3-
MOB YCTONYMBOCTU Ja@HHbIX PACTEHUIA.
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Bce curHanbHble cucTeMbl pacTeHW B3auMoO-
CBS3aHbl, 1 U3MEHEHNe KOHLEHTpauunm OAHUX CuUr-
HanbHbLIX MOMEKYNn MOXeT OKasblBaTb 3(deKT Ha
apyrve BTOPWUYHbIE MecceHmKepbl. JlntepaTypHble
[11, 20] 1 Hawwu cobcTBEHHbIE AaHHble [21] ykasbl-
BalOT Ha TO, YTO U3MEHEHWE YPOBHS 3HAOreHHOro
nepokcvaa sogopogda u UAM® B pacTeHusax Takke
B3aumocBa3aHo. COBOKynHOCTb  Habnogaembix
CYMMNTOMOB Y PacTEHMN TPaHCreHHbIX NWHWUIA Kap-
Tohensa ykasblBaeT, CKOpee BCero, Ha W3MeHeHue
KayecTBa OTBETHbIX 3alUTHbLIX peakuui (obwmnpHble
HEeKpO3bl HapAQy C NOKanbHbIMM), KOTOPbIE CBSI3aHbI
CO CNWLUKOM BbICOKMM 0a30BbIM YPOBHEM 3HAOTEH-
HOro nepokcuga Bogopoda W BbI3BAHHLIM  3TUM
ancbanaHcom B ypoBHe UAM®. [lo HekoTopbIM
AaHHbIM, NpeaBapuTensHasa obpaboTka anbyTmpun-
UAM® (kmpopacTtsopumbin LAM®, cnocobHbIn npo-
HUKaTb B KNETKY) ycunueana npoayKLuto akTUBHbIX
dopm kncnopoga B knetkax dpaconu, KotTopble pa-
Hee OblM obpaboTaHbl anucuTtopoM u3 Colletotri-
chum lindemuthianum [19], a mMoaynauusa ypOBHS
ULAM® B KneTkax KOpHen NpOpPOCTKOB ropoxa npwu-
BOAMMNA K U3MEHEHUIO BHYTPUKNETOYHOro coaepxa-
HUSA nepokcuga sogopoaa [21].

UHdmumposaHne Cms ¢ 6onee HU3KUM TUTPOM
BbI3blBaso noBbiweHne ypoBHA LAM® Kak B KOpHe,
TaKk M B JNIMCTbAX OMbITHBIX pacTeHUn KapTodens.
[dvHamuka aToro npouecca cosnagana ¢ u3MmeHe-
HMEM KOHLIEHTpaLMin nepokcuaa Bogopoaa B TeX xe
opraHax pacTeHuIn u cBMaeTeNnbCTBOBaNa He TOMNbKO
O pPasBUTUM 3aLUUTHBIX peakuun y pacTeHun TpaHc-
FeHHbIX NMMHMI 1 copTa JlyroBckor, HO n o cbanaH-
CYPOBaHHOM CUCTEMHOM CUrHane, noctynaroLem 13
KopHsi B cTebenb [22]. PaHee Obino nokasaHo, 4To
pobasneHve ak3ononucaxapngoB CmS K KOpPHSAM
pacTeHUn kapTodensa ycTtondmsoro copTa Jlyros-
CKOW BbI3blBAeT CUCTEMHOE MOBbILLIEHNE YPOBHS
UAM® B BepxyLLKe cTebns, 4Yero He HabnogaeTcs y
pacTeHun BOCMNPUMMYMBOrO copTa JIyKbAHOBCKUNA.
Takon beHOMEH CBA3aH C Ka4eCTBEHHbIMU U KONu-
YeCTBEHHbIMU OCOBEHHOCTAMU PEeLEenTOPOB K 3K30-
nonucaxapugam (3MNC) Cms B cTeHkax K nnasma-
nemMMe KreToK pacTeHun Kaptoderns pasnuyHbIX
coptoB [23]. Y pacTeHuin BOCMPUUMHYMBOrO copTa
cesAsbiBaHne JMNC Cms ¢ peuenTtopamu NpuBOAUIIO
K WMHIMOMPOBaHUIO aKTMBHOCTM TpaHCMeMOpaHHON
afeHnNaTuuMKnasbl, YTO BMNEKIO 3a cobon 3aaepKKy
B pasBMTUU CUCTEMHOrO CuUrHarma v MeHee WUHTEH-
CVBHOE MOBbILLEHWEe 3HAOreHHOro ypoBHa LAMO®. Y
pacTeHUn YCTOWYMBOIO copTa KpaTKOBPEMEHHoe
Bosgericteue IMNC Cms uvHOYLMPOBANO CUIbHYHO
aKkTuBauuto 3Toro dpepMeHTa U MNOSIHOUEHHbIA Cu-
CTEMHbIN OoTBeT [12].

Mpy uWHUMUMPOBaAHUN BbLICOKMM TUTpoM Cms
CUCTEMHOE YyBenu4yeHue koHueHTpaumm H202 no-
npexHemy Habnoganocb B opraHax Mo4vTu BCEX
BapuaHToB pacTeHWW, OfHAKO pacnpegeneHue
ypoBHA LAM® no opraHam CyLeCTBEHHO OTnuya-
NoCb: BECbMa MHTEHCUBHbLIA CUCTEMHBIN OTBET BO3-
HWKan TONbKO y pacTteHun copTa JlyroBckon, Torga

Kak y pacTenHun copTa Ckap® wu JlykbstHOBCKWIA
Habnaanocb UHrMGMpoOBaHNE CUCTEMHOMO OTBETA,
YTO cOBMagano C OTCYTCTBMEM Y HUX JOKanbHbIX
HEKPO30B, a y BCEX TPAHCrEHHbIX NIMHUN YPOBEHb
UAM® ocTtaBancs npakTU4eCKM Ha YPOBHE KOH-
Tpons, Npy 3TOM Ha NUCTbAX Habnoganucb Kak no-
KanbHble, Tak U OBLNPHbIE HEKPO3bl. Takum obpa-
30M, CTENEeHb Pas3BUTUS W KAYeCTBO 3aLUUTHLIX pe-
aKuun y pacteHuin kaptodensa cBs3aHbl C M3MEHe-
HMEM, B TOM YucCrie YpoBHS aHAoreHHoro LAM®. Mo
nutepatypHbiM  AaHHbIM, OCHOBHOW CWUrHanbHOW
MOIEKYIOoN, nHayuupyowen peakumo CBY, sBns-
€TCs1 3HOO0reHHbIN nepokcna Bogopoada [19]. OgHako
nokasaHo, 4TO WMHrMbupoBaHMe TpaHCMeMOpaHHOM
afjeHunaTuuknasbl, a 3Ha4uT, U NOHWXEHNE KOHLEH-
Tpaumm UAM®, 6Gnokmpyet peakumo CBY B
Arabidopsis thaliana [11]. MNo gpyrum cBeaeHusM,
CanneHcuHr (3amornkaHue) pekombuHaHTHOW ape-
HunaTuuknasel NbAC y pactenHnn Nicotiana
benthamiana npnBoAUT K yMEHbLLUEHWNIO KONNYEeCTBa
rniokanbHbIX HEKPO30B MOCrie BO3AENCTBUS TabTOK-
CuHa [24].

M3BecTHO, yTo CBY siBNAeTcsa npogykTom B3au-
mogevictBust PR-6enkoB (pathogen resistant pro-
tein) ¢ cooTBeTCTBYOLWNMN 3PPEKTOPHBEIMK Genka-
MK coutonaToreHos [25]. Cms OTHOCUTCS K rpammo-
NoXutenbHbIM hUTONaToreHam, y KoTopblX, kak cum-
TaeTcsd, OTCYTCTBYWT 3(PEKTOPHbIE MOMEKYIbI.
OpHako MokasaHo, YTO 3K30MEeTabONUTHBLIA KOMMIEKC
AaHHOro Bo3byauTens cogepkut 6ernkoBblie MOreky-
nbl, cnocobHble Bbi3biBaTh peakuuto CBY y pacteHnn
Tabaka ¥ yCTonumMBbIX COPTOB KapTodensi, MPUCYLLYHO
acphekTop-3anyckaeMomMy UMMYHUTETY. K HUM OTHO-
CATCH 9K30reHHble npoTeasbl, KoTopble Npeanonoxu-
TeNbHO MOryT paspyllaTb naTTepH-pacnosHaroLme
peuentopbl (PRR, pattern recognition receptors), To-
MaTuHa3bl 1 B-gecatypasbl [26].

MHorouncrneHHble nuTepaTypHble OaHHble YKa-
3bIBalOT Ha TO, YTO 3alLMTHbIE OTBETbl PacTeHUn K
natoreHam perynupylTcs He eAWHCTBEHHbIM Cur-
HanbHbIM KackagoM, a CrIOXHOW CETbI0 CUrHAamNbHbIX
cuctem [10, 20]. MonyyeHHble pe3ynbTaTbl CBUMAE-
TENbCTBYIOT O TOM, YTO OAHUM U3 BO3MOXHbIX NyTewn
aKTMBaLMmM CUCTEMHOIO MHAYLMPOBAHHOMO UMMYHMN-
TeTa y pacTeHun KapTodens, NpuMBoAsAWMM K pas-
BuTUIO peakumn CBY, moxeT ObiTb NepBoHa4arb-
Hasa cneuunduyeckasa akTMBauusa KOMMOHEHTOB aje-
HUNaTUWKNA3HOMW CUrHanbHOW CUCTEMbl Yyepes nu-
raHg-peLenTopHbl MexaHu3Mm. [NMoBbIleHne YPOBHS
aHgoreHHoro UAM® cnocobHO aKkTMBMpPOBaTb HYK-
neotua-3aBNCUMbIE KarnbuueBble KaHanbel [27], a
yBENMYEHNE YPOBHS BHYTPUKIMIETOYHOrO Kanbuus
MOXeT BNuATb Ha akTmBHocTb HAL®PH-okcnpassl n
cynepokcuaancmyTtasbl [28], TeM cambiM perynupys
YPOBEHb 3HAOrEHHOro NepokcMaa Bogopoaa.

Mony4eHHble pesynbTaTtbl, MOMWMO OMUCAHHOMO
BO3MOXHOIO MexaHusMa akTMeauum  addekTop-
wHAyumpoBaHHoro ummyHuteta (ETI), nossonstot
caoenatb BblBOA O LIeNecoobpasHOCTU NPaKTUYeCcKoro
NPUMEHEHUsI TPAHCTEHHbIX PaCTEHWIN TAKOro TUMa: Kak
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npaBsurno, B npupoae MHMeKUMoHHasa Harpyska Cms
Ha pacTeHusi kKapTodpensi He NPMBOANT K OOLLMPHBIM 1
nokarnbHbIM HEKPO3aM Ha JINCTbSAX, OAHAKO CE30HHbIE
YXyOLLEHWS YCNOBUA POCTa U3-3a CMMLLKOM BbICOKOrO
YPOBHS 0CaAKOB MOryT CTUMYNMPOBaTb Pa3MHOXEHWE

AaHHOro naToreHa U NOBbIWATb  MHAEKLMOHHYHO
Harpysky Ha pacTeHusi kaptodpens. BHeapeHue B
NpakTUKy OBOLLEBOACTBA TakMX TPAHCTEHHbIX TUHWUIA
KapTodensi MOXeT CYyLeCTBEHHO CHU3WUTb MOTeEpU OT
©aKkTepno3os.
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MakpoMoneKynsapHbIU COCTaB UHYNIMHA Pa3fIM4YHOro
NPOUCXOXAEHUSA B KOHLLEHTPUPOBaAHHOM pacTBope
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AHHOMauyus. B daHHoU pabome npedcmasrneHb! ucciedo8aHusi MOJIEKY ISIPHO-Macco8020 pacripedesneHus
UHYNUHa pa3Ho20 MPOUCXOXOeHUs C Uerbio darnbHeliweao Uu3yvyeHusi MexaHudma ux camoopzaHu3auyuu 8
KOHUeHmpuposaHHOM pacmeope. Nocpedcmeom docmynHo2o memoda mypbudumempuyecKko2o mumposa-
HUSI Ha OCHO8e UHMmeepasbHbIX U OugbghepeHyUanbHbIX KpUBbIX MOSIEKYISPHO-Maccoe8oe0 pacrpedeneHus
paccmampusanucb credyrujue obpasubl UHYIUHA: KOMMepYeckozo U3 monuHambypa (A), akcriepumeH-
marsbHO20 U3 monuHambypa (B) u akcnepumeHmasnbHo20 u3 yukopus (C). ObHapyxeHo, 4ymo y obpa3yos
uHynuHa A u B npucymcmeytom 3 MakpoMOJIeKysipHbie hpakyuu (U30ghopMbl), Komopbie 8 omoesbHocmu
umerom y3Koe MOJIEKYSIPHO-Maccogoe pacripedesnieHue. C ygenudeHUeM KOHUEeHmpayuu UHynuHa e pac-
meope npoucxodum camoopeaHu3ayusi MakpoMOsieKys, Ymo rnpugodum K b6oree MymHoOMYy pacmeopy 8
moyke MakcuMyMa U Mosi8/IeHUK Ho8bIx u3oghopm. C ygenudeHUeM KOHUeHmpauuu rnosumepa 8 UuHynuHe A
Habnrolaemcs pocm agpezamos 05151 uzogpopmbl 3 U 5, 8 uHynuHe B, Haobopom, npoucxodum pacmeope-
Hue agpe2amos u rpespalyeHue u3oghopmM U3 8bICOKOU 8 HU3KUE MOSIEKYISIPHbIe Macchkl. B obpa3ye uHymnu-
Ha C sce 4 usoghopmMbi UHynUHa ebidensromess omyemiuso. o pesynbmamam uccriedogaHusi 83aumodel-
cmeusi MakpoOMOJIEKYIT 8 KOHUEHMPUPOBAHHOM pacmeope MOXHO coerlamb 8bi800, 4mMo mMemod mypbudu-
MempuyYyecKko2o mumposaHusi 8rosiHe Moxxem OonosiHumb dopoeocmosiyue MemoOb! onpedesieHuss Mosie-
KY/IsiPHO-Macco8020 pacrpedesieHusi MouMepos. 8bICOKOIGHHEKMUBHYIO IKCKITIO3UOHHYIO XUOKOCMHYHO
Xpomamoepadghuro, yrnbmpaueHmpugyauposaHue, ceemopacceusaHue U Opyaue cospemMeHHble Memoobi.
UccnedosaHue ceolicme yYHUKabHbLIX 10 CMPYKMYype UHYIUHO8 MOXem 3HaYumesibHO paciupume Crekmp
UX PUMEHEHUS.

Knro4deeblie csioga: UHYnuH, Uu30opMbl, mypbudumempuyeckoe mumposaHue, MOJIEKYIIsIPHO-Maccog8oe
pacnpederneHue

Ans yumupoeaHus: Awypos A. U., Weposa 3. Y., HacpuganHos A. C., YcmaHosa C. P., Wkpomn X. U.,
MyxugnHo 3. K. MakpoMoneKkynsipHblii COCTaB MHYNMHA PasfIM4YHOrO NMPOUCXOXAEHUS B KOHLEHTPUPOBAH-
Hom pactBope // N3BecTus By3oB. lNpuknagHas xumus u 6uotexHonorusa. 2022. T. 12. N 2. C. 279-290.
https://doi.org/10.21285/2227-2925-2022-12-2-279-290.
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Macromolecular composition of inulins of various origin
in concentrated solution
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Abstract. A research study into the molecular weight distribution of inulins of various origin was conducted
to elucidate the mechanism of their self-organization in concentrated solutions. Using the conventional turbi-
dimetric titration method based on integral and differential molecular weight distribution curves, the following
inulin samples were examined: commercial girasol (A), experimental girasol (B) and experimental chicory
(C). Inulin A and B samples were found to include three macromolecular fractions (isoforms), each exhibiting
a narrow molecular weight distribution. An increase in inulin concentration in the solution leads to self-
organization of macromolecules, resulting in a more turbid solution at the point of maximum and the appear-
ance of new isoforms. An increase in polymer concentration in inulin A leads to an increase in the aggre-
gates of isoforms 3 and 5. Conversely, in inulin B, aggregates dissolve making isoforms convert from high- to
low molecular weights. In inulin C, all four inulin isoforms are clearly represented. An analysis of the interac-
tion of macromolecules in a concentrated solution confirmed the applicability of turbidimetric titration for de-
termining the molecular weight distribution of polymers, along with such costly procedures, as high-
performance size exclusion liquid chromatography, ultracentrifugation and light scattering. Research into the

properties of unique inulins may significantly expand the range of their practical application.

Keywords: inulin, isoforms, turbidimetric titration, molecular weight distribution
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BBEOEHUE

M3BecTHO 0O npodunakTU4ecknx CcBoONCTBaAx
WHYNVHCOAEepXaLero cbipbs Ans 6onbHbIX gnabe-
TOM, Takoe Cblpbe CMOCOBHO NOBLICUTH MMMYHO3a-
LWMTHbIE CBOMWCTBaA OpraHuama 4enoseka [1—4]. Co-
3[aHue NULLEBbLIX MPOOYKTOB Ha OCHOBE MHYFMHCO-
AepXallero pacTuUTenbHOro Cbipbsi NO3BONMT obec-
neynTb HaceneHue QyHKUMOHANbHLIM NUTaHMEM
AnabeTnyeckoro xapakrepa.

WHYNWH — 3TO NpUPOAHLIN nonmcaxapug ¢ yHU-
KarnbHbIMU (PU3UKO-XUMUYECKMMWN CBONCTBaMM, KO-
TOpble MO3BOMSAT UCMOMNbL30BaThL €ro B NULLIEBOW U
thapmaueBTU4ECKON MPOMBbILWNEHHOCTU. U3BeCTHO,
YTO WHYIMH NpeacTaBnseT coOOM NMMHENHbIN Nonu-
OMCNEepCHbIA  (PpPYKTaH, COCTOAWMA W3  MOMeKyn
pyKTO3bI, CBA3aHHLIX (B (2—1)-cBA3AMKM C ocTaT-
kamu D-rrokosbl B KoHue uenu! [5], 4To obpasyoT
CMecCu MonucaxapugoB pasfiM4yHOW CTENeHU nonu-
mepu3sauum (CI1) — ot 15 go npumepHo 60 [5]:

[BFruf-(2-1)n<60-[aGlcp]0-1.

I'Ionwcaxapwqbl, coaepxaline cbypaHo3mn bHbl€

3BEHbs, NOABEPralTCA KUCNOTHOMY KaTanusmpye-
MOMY TMAPONIM3Y HaMHOro ferdye, Yem MONeKynbl,
cogepxalime nupaHo3unbHble 3BeHbs. C Guonoru-
YECKOWN TOYKU 3PEHUS MHYMWH SBNSAETCA 3anacHbIM
nonucaxapugom, U ero Makpomorekyrnbl opMupy-
HOTCH Ha Pa3NUyHbIX CTaansX CUHTE3a U, BO3MOXHO,
pacnaga Makpomornekyrn B HaTuBHOM Buae. [Opyru-
MK pakTopamu, CBA3AHHLIMU C UBMEHEHWEM MOfe-
KyNSPHON Macchl MHYNWHA, ABMAIOTCS €ro UCTOYHWUK,
YyCrnoBuS BblpallyBaHus, YCroBus cbopa v Bpems
XpaHeHus nocne cbopa pacteHui [4, 6].

Hanbonbluee cogepxaHue MHynuHa obHapyxu-
BaeTCAd B KOPHSX TakMX pacTeHUMn cemerncTBa
Asteraceae, kak Arctium sp. (nonyx), Cichorium sp.
(umkopun), Taraxacum sp. (ogyBaH4uuK), Smal-
lanthus sp. (skoH), Inula sp. (aessicun) n ap. B npo-
MbILUMIEHHbIX MacwTabax WHYMNWH MOoNy4arT U3 Uu-
kopus, TonuMHambypa u arasbl [3]. CogepkaHue
WHYNMMHA B LMKOPWUMA W TonMHambype poxoauTt Ao
20-30%, B KOpHSIX oyBaH4uMKa, NacTepHake, OBCS-
HOM KOpHe, KNyOHAX reopruHa, nyke-nopee — Ao
15%, penyatom nyke — 2—6%, cnapxe — 10-15%,
aesacune — 9-12%, v ap. [3, 4, 7].

IMeyer D., Blaauuhoed J. P. Inulin. In: Handbook of hydrocolloids. Phillips G. O., Williams P. A. (eds.). Bo-

ca Raton, CRC Press, 2009. P. 829-849.
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VIHYNWH HaxoguT LWMPOKOE MPUMEHEHUE B Kaye-
cTBe BMonorMyeckn akTMBHOM [oGaBKM K NuLe Kak
npebuoTuk. MNoTpebneHne nHynuHa ¢ nuwen obec-
neyvBaeT co3faHve OnTUMarnbHbIX YCMOBUA ANS
pocTa M pas3BUTUS HOPMarnbHON MUKPOMMOpPbl Ku-
LUEeYHUKa, MOBbLIWEHHYK YCTOMYMBOCTb MULLEBapU-
TENbHOW cucTembl K BakTepuanbHbIM M BUPYCHBIM
nHpekuuam [3, 8—10]. LiukopmeBbln MHYNWUH B KONU-
yectBe 10-12 r B CyTkM ynydwaet CTyn y nogew,
cTpajawwmx 3anopamu, aBTOpbl OOBACHSIOT 3TOT
achhekT BNMAHMEM Ha KuweyvHyo mukpodnopy [10].
MCTOYHMKM MHYNWMHA B NocnegHee BpeMs Bbi3bIBAKOT
BCe OONbLUMA WHTEPEC, MOCKOMbKY OHU SIBNSAKTCSA
BO30OHOBNSIEMbIM  Cblpb€M  ANS  NPOM3BOACTBA
hbpyKTO3HOrO cupona, O4HOKIETOYHOro 6enka, onu-
rocaxapvgoB v Opyrux npedbunoTnyeckmx NpoayKTOB.

KopeHb umkopusa (Cichorium) B OCHOBHOM CO-
CTOUT U3 MHYNMHA. VIHyNnH-NpebuoTmk cnocobeTay-
€T POCTY NONE3HbIX KWEeYHbIX GakTepun, perynu-
pyeT KOHLEHTpauuio caxapa B KPOBW, OCODEHHO Yy
nogen ¢ gmabetom, nuLLEBbIE BOJIOKHA LMKOPUS
MOryT MOMOYb OOnerynTb 3anop M YBEMUYUTL 4a-
cTtoty ctyna [1-3, 7].

TexHONormst 9KCTPaKUUM MWHYNUHA U3 KOpHEen
LUMKOPUSi aHanorMyHa 3KCTpPakuMM €ero u3 KopHe-
KnybHen TonMHamOypa [11] u caxaposbl U3 caxap-
HoM cBeknbl. Krnaccmyeckas 3KCTpakums WHynvHa
OCYLLECTBMSIETCA M3 LMKopusa nytem obpaboTku ro-
payen Bopon. JTa npouepypa 0ObIYHO TpebyeT
ONUTENbHOIO BpeMeHn akcTpakuum (1,5-2 4). Mep-
BbIl 3Tan OYUCTKN MPUMEHSETCH K 3KCTPaKUMOHHO-
My COKY NyTeM M3BECTKOBOW 06paboTKM C MOMOLLbIO
Ca(OH)2 npu BbicokoM 3HaveHun pH. Cobipoi Cok
OOMOSIHUTENBHO OYULLI@eTCA C  MCMONb30BaHUEM
KaTUOHHBIX M @HWOHHBIX MOHOOOMEHHBIX CMOJ A5is
OeMyHepanu3auum M akTMBMPOBAHHOMO yrns Aans
obecLBeunBaHNs. 3aTeM COK MponyckawT 4epes
GunbTp 0,2 MKM Ana crepunuaaumm nepeg Bbina-
pvBaHueM un cywart [11-13].

B npupoge cyLecTByeT HECKOMNbKO TUMOB MHYMMHA,
KOTOpbIE pasnUyaloTCa Mo CTeNeHU nonmmepusaumn u
MOMEKYNAPHON Macce B 3aBVMCUMOCTM OT MCTOYHMKA,
BpemMeHu cbopa u ycrosuii obpabotku! [5, 6, 14].

Bo3moxHO, Haubonee nonesHbiM CBONCTBOM
WHYNMHA C MEeOMLUMHCKON TOYKU 3pEeHUst ABNSETCS
€ro NpuUCyTCTBUE BO MHOXECTBE PasfnyHbIX CTPYK-
TYP MONEKYNAPHOW YynakoBKU (MonMMopdHble unm
nsocopmMHble). OcaxaeHue UHynuMHa aTaHoroM Aa-
eT B-chopmMy, a B BOAHOM pacTBoOpe Npu KOMHaTHOWM
TemnepaType WM HWXe OH Haxogutcsa B dopme
o-MHynuHa [14-16]. TeopeTuyeckne nccnegoBaHns
nokasblBaloT, YTO OOMYCTUMbI MHOTME hOPMbl UHY-
nvHa. Ha npaktuke Obino obHapyxeHo, Y4TO Kak a-,
Tak 1 PB-dopmbl ABRSAIOTCA HecTabunbHbIMW KOH-
dhopmaumsamm B Boge, Tak kak BCKOpe NpeBpaLlatoT-
CA B HOBYHO TpeTbtko chopmy (y), KoTopas Gbina B
3HaYMTENbHOW CTENeHn HepacTBOpuMa Npu Temne-
patype Tena. OTO CBOWCTBO AOMyckaeT psig CUlb-
HbIX Buonormnyeckux addpektoB [13] y makpomone-
Kynbl MHYNUHa. YetBepTas msodopma MHyNnHa —

8-cpopma [15], koTopas elle bonee akTUBHA, Tenepb
naeHtTndpuunposaHa. Bce a3t msodopmbl pacTBo-
puMbl B KOHUeHTpauuax 10—-15 macc.% npu Temne-
paTtype Hwke 75 °C, 4TOo MO3BONSET JIETKO OYULLATb
UX NS KNMHWYECKOrO UCMOMNb30BaHUS C MUHMMAaT b-
HOW cTeneHblo rmaponusa. CTpykTypHble nocnen-
CTBUSI CYLLECTBOBaHUSA Takux U30opM npeacras-
NS0T 3HaYnTenbHbIN MHTepec [15, 17]. B Boae uHy-
nVH npeTepneBaeT obpaTHoe npespalleHne 13 60-
nee pacTBOpMMOMN B MeEHee pacTBOpUMYy0 hopMy
Hanopobwue peTporpagHoro kpaxmana [18].

Bonblwoe pa3Hoobpasne NpUMeEHEeHW, KOTOpbI-
MU obnagaloT pykTaHbl, TECHO CBHA3aHO C WX
CTPYKTYPHbIM U KOMJPOPMAaLMOHHLIM pa3Hoobpasu-
eM. PpykTaHbl C BbICOKMM 3HayveHunem DP xapak-
TepHbl Ans apTuwoka (DP ot 32 go 42) [9]. PpykTa-
Hbl C kopoTkow uenbto (DP<10) yacto HasbiBalOT
dpykToonurocaxapugamu (POC), Torga kak nomnu-
Mepbl C AnvHHOW uenbto (DP>10) 0Bbl4HO MMEHY-
H0TCH MHYNMHOM [8].

[na onpegeneHnst KOHKPETHOrO KOMMEPYECKOro
NPUMEHeHUst onpeaeneHHoro pykraHa Heobxoaumo
rnybokoe MNOHUMaHWe €ero CTPYKTypbl, pa3mepa U
koHopmaumn. Hanpumep, POC HM3KOW CTeneHn no-
nMmMepu3aumm MoryT MCnonb3oBaTbCA B Ka4ecTBe He-
KanopuwHbIX nodcnacTuTenen, HO B KayecTBe 3ary-
ctutenen Gonblue NoaXoAsT BbICOKOPA3BETBIIEHHbIE
dpyKTaHbl C BbICOKOW MOMEKyNspHoM maccon. CuH-
Tes, XMMUYECKMe NpeBpaLleHnsi, a Takke paspyLLeHve
MaKpOMOMeKyrbl MOryT BbITb 9¢PHEKTUBHO OLIEHEHbI
MO U3MEHEHMIO UX MONApHON Maccel [19].

WccnepoBaHve CBOMCTB 3TUMX YHUKambHbIX MO
CTPYKTYpE WHYNUHOB MOXET 3HayuTenbHO pacLuu-
pUTb CNEKTP WX MpumeHeHus. B nutepaType paH-
Hble MO MONEKYNSPHO-MacCoOBOMY pacnpefeneHuto
(MMP) uHYnnHOB HemHorouucneHHole [14, 20]. B
CBSI3W C 3TUM MNPEACTaBNAT UHTEPEC MUccnenoBa-
HU8 MMP WHYNMHOB pasHOro NPOUCXOXAEHUS U3
MECTHOrO Cbipbsi C LiENbi0 AanbHENLLIEro n3yyeHus
MexaHuM3Ma MX camoopraHusauum B pasbaBrneHHOM
N KOHLEHTPUPOBAHHOM pacTBOpax.

QKCNEPUMEHTAINBbHAA YACTb

[na nccnepoBaHusa Mcnonb3oBany Tpy obpasua
WHyNuHa: WHynuH A m3 TtonuHambypa (Chongging
Joywin Natural Products Co Ltd., Kutan), nHynuH B,
Nomny4YeHHbIN 13 KOpHeKybHen TonMHambypa copTa
Capsart, BblpalleHHoro B Pecnybnuke TamxukucraH
no metoguke [12], u uHynuH C, n3BneYeHHbIN BOA-
HOWM SKCTpakumen no Knaccudeckon metoamke [11]
13 KOPHEW LUKOpUs, npouspacTaoLLero B r. [lywaH-
6e, Pecnybnuka TagkunkmucTaH.

MpenBaputensHO pacTBopuTenb (OUCTUNNNPO-
BaHHYl0 BOAY) W ocaguTenb (dTaHOmM) ouuLianu
npornyckaHMeM 4Yepes3 TOHKOMOPUCTYIO MembpaHy
(0,2 mkm, PVDF, Millipore Corp., CLUA).

B 1-m akcnepumeHTe B 0,5 r Kaxagoro mHynuHa
pobaenanm no 50 mn Boabl U nepemelumBann Ao
NosiHOro pacTtBopeHus. Bo 2-m akcnepumeHTe B
0,75 r kaxxgoro uHynuHa gobasnsnu no 50 mn BoAb!
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1 TaKke NnepemMeLuvBany 4o NOIHOrO0 PacTBOPEHMUS.

3arem pacTBOpbl LEHTpUdyrMpoBanu npu
6000 o06/muH. Tlocne yapaneHuss MexaHW4YecKux
npuMecen M ocagka KOHUEHTpauum pacTBOPOB CO-
ctaeunu 0,99% ansa nHynuHa A; 0,95% — ansa unHy-
nuHa B 1 n 2-ro akcnepumeHTa; 1,47, 1,43 n 1,45%
Onst HynuHoB A, B, n C COOTBETCTBEHHO 2-T0 3KC-
nepumeHTta. B kioBety Typbugumertpa pnobasnsanu
no 30 mMn 4yncToro pacTeopa MHyNuHa, NOCTeneHHo
pobaBnsnm ocagutenb (95%-1 cnupT) N M3mMepsnu
MYTHOCTb B HedoenomeTpuieckmx eanHmuax (NTU).

TypbnanmeTpuyeckoe TUTPOBaHME NPOBOAUIU
Ha nabopatopHoMm Typbuanmetpe 2100 AN IS
(HACH, CLWUA) npn temnepatype 20+0,3 °C. CHa-
Yana oOcCyLWeCTBNANM npeaBapuTensHoe rpyboe
TuTpoBaHue: 30 Mn pacTBopa MHYMMHA C KOHLEH-
Tpaunen 0,96% nomeLany Ha MarHUTHYO MeLlarnky
Variomag (Thermo Scientific, CLLUA) n npn nepeme-
LUMBaHUM TuTpoBanu pactsopom 96%-ro cnmpta go
NosIBNEHNs ene 3aMeTHOro NOMyTHeHUs. 3amepsanu
obbem ocagutens, nspacxogoBaHHOro Ha rpyboe
TUTPOBaHME.

[danee npoBoaunuM TOYHOEe TWUTpoBaHue. [ns
3TOr0 B CTaKaH4YMK HanuBanuM WCXOAHbIA pacTBOp
WHYNHA, COOTBETCTBYHOLLMIA NPUONM3NTENBHO 00b-
eMy M3MEpUTENbHOW SIYENKU, CTaBUIIM Ha MarHuT-
Hyl0 MeLLanky U npv HemnpepbiBHOM MNepemelumBa-
H1M fobaBnanu onpegeneHHoe KONMYecTBo ocaau-

Tena — 96%-u ataHon. MNocne kaxagon nopuun oca-
OVUTEns nepenvBan COOAEPXUMOE CTakaH4yMKa B
CTaHOapTHbIA FrepMETUYHbIA Cocya, KOTOPbIA Mome-
lWanm B M3MepUTENbHYI0 A4Yenky Typbuaumetpa, 1
onpegenanu mytHocte B NTU. OTtcyeTbl nponsBso-
annun npyn gobaBneHnn ocagutensa 4o Tex nop, noka
MYTHOCTb pacTBOpa He nepectana W3MeHSTbCS.
O6paboTka nonyyeHHbIX AaHHbIX NPOBOAMMAChH MO
MeToauKe, onncaHHon B pabote [21].

OBCYXOEHUE PE3YIIbTATOB

B tabn. 1 B KayectBe npumepa npusBedeHbl
AaHHble TypbuaMmeTpuyeckoro TUTpPOBaHMA pac-
TBOPOB MHYyNMHa W pacyeT napameTpoB AN Mo-
CTPOEHMA WHTerpasnbHblX K AnddpepeHumnanbHbIX
KPMBbIX MOJEKYNSPHO-MacCcoBOro pacnpeaerneHms
06pasLoB MHYNWHA.

Kak BngHo 13 puc. 1, kpuBasi 3aBUCMMOCTU MyT-
HOCTW pacTBoOpa WHyNWHa OT 06GbEMHON Jonu oca-
autensa (MHTerpanbHasa KpuBas Typbugnmetpuye-
CKOro TWUTPOBaHUA) UMeeT nomnorylo opMy, 4TO
yKkasbiBaeT Ha wupokoe MMP makpoMonekyn WHy-
nuHa A. B TO xe Bpems y MHTerpanbHOW KpuBOW
TypbramMmeTpuyeckoro TUTpoBaHMA 06pasLoB Kak
WHynuHa A, Tak n nHynuHa B (puc. 2) Habniogaetcs
2 mMakcumyma, 4YTO ykasbiBaeT Ha GumopanbHoe u
wupokoe MMP makpomonekyn obpasuoB MHynvHa
13 TonnHamobypa.

Tabnuua 1. PesynbTtathl TypbuanmeTpruyeckoro TMTpoBaHuUsi pactesopa nHynuHa A, C=0,99%

Table 1. Results of turbidimetric titration of inulin solution A, C=0.99%

v Y=VIVo-V Av 1Y TNTU | Ti=T-To T=Ta/1-Y AT» ATo/Ay
1 0,032 0,068 2,25 0,9 0,88

2 0,063 0,030 | 0,938 2,05 0,7 0,69 0,19 6,117

5 0,143 0,080 | 0,857 1,65 0.3 0,29 -0,40 -4,999

7 0,189 0,046 | 0,811 1,76 0,4 0,44 0,15 3,288

9 0,231 0,042 | 0,769 1,45 0.1 0,07 0,38 9,115

11 0,268 0,038 | 0732 1,50 0.1 0,14 0,07 1,910

13 0,302 0,034 | 0,698 1,60 0,2 0,29 0,15 4,408

14 0,318 0,016 | 0,682 1,82 0,4 0,62 0,33 20,770
15 0,333 0,031 | 0,667 1,67 0.3 0,41 0,12 3,816

17 0,362 0,028 | 0,638 1,48 0.1 0,13 0,28 9,858

19 0,388 0,026 | 0612 1,62 0,2 0,36 0,23 8,082

24 0,444 0,057 | 0556 2,20 0.8 1,44 1,08 19,063
26 0,464 0,020 | 0536 2,90 15 2,80 1,36 68,544
28 0,483 0,018 | 0517 2,44 1,0 201 079 | -42,729
30 0,500 0,017 | 0,500 2,47 11 2,14 0,13 7,501

35 0,538 0,038 | 0462 2,67 1,3 2,75 0,61 15,903
40 0,571 0,033 | 0429 3,08 1,7 3,92 1,17 35,439
45 0,600 0,029 | 0400 | 440 3,0 7,50 358 | 125,300

lpumeyaHue. V — ob6bem dobasneHHo20 ocadumerns; T — MymHocmb pacmeopa rnonumepa; To — MymHOCmb po3pay-
Ho20 pacmeopa nonumepa, pasHas 1,55 NTU; Vo — HayarnbHbili 06bem pacmeopa mnonumepa, pasHbil 35,23 wmn;
y — obbemHas dons ocadumensi; To — MymHocmb, 00ycroeneHHas 8bi0es1eHHbIM MonuMepoM; T2 — MymHoOCmb C rfo-

npaekol Ha pa3basnieHue pacmeopa.
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Puc. 1. NuTerpansHas (T2) n anddepeHumansHas (AT,/Ay)
KpuBble TypOUaANMETPUYECKOro TUTPOBaHMS pacTBopa
MHyNnHa A (koHueHTpauusa nHynuHa 0,99%)

Fig. 1. Integral (T) and differential (AT»/Ay) curves
of turbidimetric titration of inulin A solution
(inulin concentration 0.99%)
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Puc. 2. NuTerpanbHas (T2) n anddepeHumnansHas (AT2/Ay)
KpuBble TypOUONMETPUYECKOrO TUTPOBaHMSA pacTBopa
MHYNUHa B (koHueHTpauusa nHynuHa 0,95%)

Fig. 2. Integral (T>) and differential (AT./Ay) curves
of turbidimetric titration of inulin B solution
(inulin concentration 0.95%)

Mo andpdbepeHLmanbHbIM KpuBbIM TypouanmeTpu-
YeCKOro TUTPOBaHMSA 0bpasLoB nHynMHa A (cMm. puc. 1)
n B (cM. puc. 2) MOXHO BbISIBUTb, YTO y 2-X 06pas-
LOB UHYIIMHA NPUCYTCTBYIOT 3 MaKpOMOSEKYNAPHbIX
dpakuun  (M30opmbl), KOTOpble B OTAEMNbHOCTU
nmetoT y3koe MMP.

Mockonbky B 06oux obpasuax MHynuHa Habnto-
Aanvcb HebormbLUne MUKKM B Npodune KpmBbIX and-
depeHumnansHoro TypbnanMeTpu4eckoro TUTPOBa-
Hus (oanee — kpymeble MMP), Bbino NpUHATO peLle-
HWe YBEeNWUYUTb KOHLIEHTpauMio WHYNUHa B UCXOA-
HOM pacTBope.

M3 npodwuna kpuebix MMP wuHynuHOB, npea-
CTaBfeHHbIX Ha puc. 3 n 4, 4eTko BUOHO 4 nuka,
ykasblBaloLWMNX Ha obpas3oBaHune 4-xX MONEKynsipHbIX
n30hOPM MaKpOMOSEKYMbl MHYNIMHA C YBENUYEHU-
€M €ro KOHLEHTpaLuuu.

Ha ocHoBaHun aHanu3a kpuBbix MMP  moxHO
NpeanonoXnTb, YTO NEPBbIA HEOOMbLLUOK MUK MPOUC-
XxoauT npu obbemHon gone ocagutens 0,15-0,20, Bo
BCex obpasuax WMHYMWH OTHOCMTCS K BbICOKOMOe-
KynspHown chpakuumn nonucaxapuia u, ckopee Bcero,
NPUHAANEXUT K NEKTUHY.

Ha puc. 5 npencrtasneHbl pesynbTatbl Typou-
ONMETPUYECKOro TUTPOBaHUSA pacTeBopa MHynuHa C
npuW NOBbILLEHHOW KoHueHTpauun (1,45%). OtoT 06-
paseL nonyyeH u3 LMKOPWUS NOCPeACTBOM BOOHOW

9KCTPaKLMKM MO Knaccudeckon metoguke. B gaHHom
obpasue nposABnsATCS TOMbKO 2 nuka B obnactu
HU3KOMOMEKYIAPHbLIX ppakunin nHynuHa. MNMpu atom
nocregHasa pakums nokasana O4YeHb BbICOKOE
3Ha4yeHMe MYTHOCTM, Ha MOpPSAOK MpeBbillatollee
nokasartenb MyTHOCTU MHYNMHOB A 1 B.
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Puc. 3. NHTterpansHas (T2) n auddepeHumansHas (AT,/Ay)
KpvBble TypbuammeTpruyeckoro TUTPOBaHUS pacTeopa
UHynuHa A (KoHUeHTpaumsa nHynuna 1,47%)

Fig. 3. Integral (T») and differential (AT»/AY’) curves
of turbidimetric titration of inulin A solution
(inulin concentration 1.47%)
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Puc. 4. NHterpanbHas (T2) n auddepeHumansHas (AT2/Ay)
KpvBble TypOuANMETPUYECKOro TUTPOBaHUSI pacTBopa
WHYN1Ha B (KoHUeHTpaumnsa nHynuHa 1,43%)

Fig. 4. Integral (T») and differential (AT»/AY’) curves
of turbidimetric titration of inulin B solution
(inulin concentration 1.43%)
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Puc. 5. NHTerpanbHas (T2) un anddepeHumnansHas (AT2/Ay)
KpuBble TYpOUOAMMETPUYECKOTO TUTPOBAHMSA pacTBopa

nHynuHa C (koHueHTpaumsa nHynuHa 1,45%)

Fig. 5. Integral (T,) and differential (AT2/AY’) curves
of turbidimetric titration of inulin C solution
(inulin concentration 1.45%)
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Ons bonee TOYHOM OLEHKN U3MEHEHMS MYTHO-
CTW B 3aBUCUMOCTW OT OOBLEMHON JONU ocaguTens
Mbl MPMBENW 3HAYEeHWs] OCTalbHbIX MaKCUMYMOB
(kpoMe HayamnbHOro nuMka) Ha KpuBbIX TypbuanmeT-
PUYECKOro TUTPOBAHUS UHYNUHA A 1 B npu 2-x nsy-
YEeHHbIX KOHUeHTpauusax (tabn. 2-4).

Kak n oxupganock, B KOppensuum ¢ yBenuieHu-
€M KOHLIeHTpauum MpoMCXOAUT CaMoopraHm3auus
MakpOMOIeKyr, 4YTo MpuBOAWUT K Gonee MyTHOMY
pacTBOpYy B TOYke Makcumyma (cm. puc. 3, Tabn. 2)
N nosiBNeHuto HoBbiX nsocopM. Kpome Toro, 6bino
obHapyXeHO, 4TO MOoNydYeHHble arperatbl Oonee
konnoumgHele (no 3HaveHuto AT2/AY) npu 6Gonee
BbICOKOM HayarbHOW KOHLIEHTpauuu pacTBopa, YTO
TaKkKe BMMSIET Ha KOHEYHY Mopdorornio makpo-
MOSEKyrbl.

OpHako M3 aHanu3a 3HadeHul napaMeTpoB B
3aBUCMMOCTM OT OOBbEMHOM OOnM ocaauTens Ans
WHynvHa B Habniopgaetca uHas kaptuHa. C yBenu-
YEHMEM KOHLEHTpaLMU MPOUCXOAUT YMEHbLUEHUE
MYTHOCTM BONU3N MakcMMymoB (CM. Nuk 3 u 5), 3Ha-
yeHue T2 3aMETHO yMeHblUaeTcsa Ans nukos 3 1 5
(20,9-17,3 NTU 1 34,0-16,5 NTU COOTBETCTBEHHO).
OTO roBOpUT O TOM, YTO ECMN C YBEJTMYEHNEM KOH-
LeHTpauuM nonumepa B WHynNuHe A npoucxogut
pocT arperatoB Anst nsodopm (nukos) 3 1 5, To B
WHyNvHe B 3TOT npouecc ocyulecTBnsieTcs B 06-
paTHOM HanpaefeHuu, T.e. pacTBOPEHNEe arperaToB

MU npespalleHne n3odopM C BbICOKOW MOMSIPHOM
Maccol B TaKOBbIX C HWU3KUMW MOMEKYSPHLIMU
maccamu.

Kak BMOHO u3 3Ha4yeHUs napameTpoB MYTHOCTU
(cm. Tabn. 4), B obpasue uHynmHa C Bce 4 nsogop-
Mbl MHYMMHA 4YeTKO BbiAENSTCH, 0CcobeHHO npe-
BbllLIa@eT 3Ha4YeHWe napameTpoB MYTHOCTU nocnen-
HAS HU3KOMONeEKynsapHas gpakums MHynuHa — ans
nHynuHa A B 40 1 nHynuHa B B 10 pas.

N3oopmbl MHYNUHA COCTaBMAOT BO3pacTaro-
Lyl cepuio B nocnegosaTernbHOCTU B—a—y—0, B
KoTopow Gonee HuU3kue 1M3odopmbl NpeBpaLLaTCs
B Oornee BbICOKME MpK onpedenieHHbIX Temnepary-
pax, u Bce BbiClUME M30(pOPMbI MOryT ObiTb BO3-
BpalleHbl B 6onee HWU3Kne nyTeM MOSIHOrO pacTBO-
peHus 1 nepekpuctannu3aumi. B gaHHom cnydae
nocnegoBaTtenbHOCTb M30opM (B—a—y—3) COOTBET-
CTByeT Makcumymam 2-5 B obpaTtHoM nopsigke (T.e.
5-4-3-2) B kpuBble MMP wu3y4eHHbix obpasuoB
WHYNUHa.

®PpyKTaHbl CMELLAaHHOW CTPYKTYPbl C BbICOKOW
CTeneHb pa3BeTBNEHHOCTU obecrneynBaloT BbICO-
Kyt0 pacTBOPUMOCTb B BOAHOW Cpede U He ocaxga-
I0TCA NPU HU3KMX TemnepaTypax B Boge, B OTnnyme
OT pacTBOPOB MHYIUWHA, KOTOPble HECTabWUMbHbI U
BbiMadalT B OCafokK [22].

Ta6bnuua 2. 3HaueHUs napameTpPoB TYPOUANMETPUYECKOTO TUTPOBAHWUS OCHOBHbIX MUKOB MHYIMHA A,
B3SITbIX U3 MHTErpanbHbIX 1 AnddepeHLmanbHbIX KpUBbLIX NP 2-X KOHLEHTpaumsix (B %)

Table 2. Turbidimetric titration parameters of the main peaks of inulin A taken from the integral

and differential curves at 2 concentrations (in %)

MapameTpbl Muk 2 Muk 3 Muk 4 Muk 5
TOT 0,99 1,47 0,99 1,47 0,99 1,47 0,99 1,47
Y 0,33 0,348 - 0,40 0,46 0,49 - 0,57
T, 2,80 6,13 - 3,23 2,80 8,56 - 6,48
ATy/Ay 20,8 147,0 - 200,0 68,5 459,0 - 308,0
Ta6nuua 3. 3HayeHns napameTpoB TYPOMAMMETPUHECKOrO TUTPOBAHNS OCHOBHbIX MUKOB UHYNMHa B,
B3ATbIX U3 MHTerpasnbHbIX 1 AuddepeHumanbHbIX KpUBbIX MPU 2-X KOHUeHTpaumsax (B %)
Table 3. Turbidimetric titration parameters of the main peaks of inulin B taken from integral
and differential curves at two concentrations (in %)
MapameTpsbl Muk 2 Muk 3 Muk 4 Muk 5
TOT 0,95 1,43 0,95 1,43 0,95 1,43 0,95 1,43
Y - 0,27 0,35 0,38 - - 0,53 0,52
T, - 23,3 20,9 17,3 - - 34,0 16,5
AT,/Ay — 162 726,0 275,0 - - 1865,0 1108,0
Ta6nuua 4. 3HayeHns napameTpoB TypOUANMETPUNYECKOTO TUTPOBAHNSA OCHOBHbIX MUKOB MHynuHa C,
B3ATbIX N3 UHTErpanbHbiX 1 AuddepeHumnanbHbIX KpMBbIX MPU 2-X KOHLEeHTpauusx (B %)
Table 4. Turbidimetric titration parameters of the main peaks of inulin C taken from the integral
and differential curves at 2 concentrations (in %)
MapameTpsbl
T Muk 2 Muk 3 Muk 4 Muk 5
Y 0,22 0,28 0,51 0,54
T 26,4 19,4 18,5 96,2
AT,/Ay 414,0 449,0 2020 13280,0
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Taknum o6pa3oM, HOBblE CTPYKTYypbl 06pasyroTcs
3a cyeT obpaTMMOro CBA3blBaHNA MOCPEACTBOM BO-
AOPOAHbIX CBA3EN CNMPTOBBIX FPYMn, a He KoBa-
NEHTHbIMX CBA3AMKU, N Bonee BbICOKME MU30OPMbI
nmetoT bonee BbICOKOE CpedHee 3HaYeHne Monsp-
How macchl [23].

B npeabiaywien pabote [20] 6binm uccnenosa-
Hbl TMAPOAMHAMUYECKNE CBONCTBA U MONEKYNSPHbIe
Macchbl 2-x 06pasuUoB MHYNMHa TonMHambypa (nony-
YeHHble CpaBHUTEMbHbIMW  MeTogamu:  ONaLu-
3KCTPaAKLUMOHHBbIM MeToaoM (PM) npu BbICOKOW TEM-
nepaTtype 3a KopoTkoe u bornee gnuTenbHoe BpeMms
npyu TpaguumoHHom Mmetoge (TM) B HenTpanbHON
cpeae) B pa3baBneHHOM pacTBope.

M3 pesynbTaToB aHanusa MMP meTogom Bbico-
KO3(OPEKTUBHOW IKCKIMHO3NOHHOW XUOKOCTHOW XpO-
maTtorpacumn (BO3XKX) 6bin caenaH BbiBOg O camo-
arpermpyoLLmMx cBoncTeax aToro buononumepa [20].
Kak nokasanu npocunm kpmebix BOOXKX obpasua
WHynuHa B, B oyeHb pasbaBneHHOM pacTBope
(0,002%) npucyTcTBYIOT 2 M30POPMbI: HU3KOMOJSIE-
KYNAPHbIA UHYMWH U BbICOKOMOMEKYNAPHbIA arperar,
npeacrasnsowme cobon nsodopmel y 1 8. Mpu nx
pasgeneHnn Ha Y®-membpaHe B pacTBOpe peTeH-
Tata ¢opmMMpoBan1Cb, CKOpee BCero, W apyrue
nsocopmel (oo n B), npnyem o6pasoBbIBANOCH
GonbLUOEe KONMUYECTBO BbICOKOArperMpoBaHHbIX He-
pacTBOPMMbIX B Boge MuKporenen. B 1o Bpemsa kak
WHYNWH, nony4veHHein TM cnocobom, nokasan cebs
Kak Makpomonekyna c ogHon U3oopmMon, HO C Bbl-
COKOW CTeneHbIo NonnancnepcHocTu.

CyuiecTtBytoT 6onbluve pasnuyns B MONEKynsip-
HbIX KOH(OPMaUNAX MHYMMHA NS CaMblX KOPOTKUX
onuromepos ¢ CI Hwke 9 u Bblwe 20. Onuromepsl
¢ CIl meHblwe 9 MMEeT opraHu3oBaHHbIe, XOTS U
MeHee 4YeTKO onpegerneHHble koHdopmaumun. Onu-
romepbl MHynuHa ¢ CI 9 u Bbiwe obpasyoT pery-
NAPHYK CcnupanbHyl0 CTPYKTYypy B Buge 5 u
6-kpaTHOM cnupanu. CnupanbHble CTPYKTYPbl KaX-
AON uenn MoryT obbeauHATbCA B psg u3odopm,
npupoaa KOTOpbIX 3aBUCUT OT KUHETUKU U TepMoan-
Hamukn obpasoBaHus [14].

B paboTe [24] nokasaHa YeTkas pasHuua mMexay
pacrnpegeneHvemM MOMEKYnspHbIX pa3mMepoB  2-X
dpakumin, nory4yeHHbIX MponyckaHuem pacTteopa
WHyNVHa 4Yepes3 ynbTpaduibTpaLnoHHylo Membpa-
Hy. CpegHeuncnosas (Mn) n cpegHesecoas (Mw)
MOMeKynsipHble Maccbl hpakuMn nepMeara coCcTaB-
nann 3000 n 3221 [Ja coOOTBETCTBEHHO. OTU 3HA4Ye-
HMS Ona  pacTBopa peTeHTata ObiMM  paBHbI
Mn=4255, Mw=4629. CpegHue 3HauveHuss CI1 co-
ctaBnannm 18,4 n 26,1 cooTBeTcTBEHHO AN 1 u
2- dbpakumn.

B nocnegHee Bpems MOBbIWEHHOE BHUMaHWe
yYeHbIX yOenseTcss Borpocam CamoopraHv3auuu
nonvcaxapugoB n 6enkos [25, 26]. OTM cuctemsl
HalmM NpUMeHeHne ANa pasgeneHvs U yaaneHus
TOKCMHOB 1 BakTepuii, AN pacnosHaBaHWSA OMyXo-
NeBbIX KMETOK U JOCTaBKW MHCYMWHA, YyBCTBUTENMb-
HOro K rrtokose [27].

CBoicTBa caMoOpraHu3aumMm HaTypanbHbIX U
CUHTETUYECKUX MNONMMEPOB CTPEMUTENBbHO pa3Bu-
BatoTca. OgHako nNpupoaHble MONMMEPbl, NOMyYeH-
Hble M3 HATUBHbIX UNU MOAMMPULNPOBAHHBIX MOMU-
caxapugoB, Takume Kak Lenninosa, Xuto3aH, rmnwoka-
Hbl, KaMeau, NeKTUHbl 1 Kpaxmar, NpMBMeKalT 0Co-
60e BHMMaHue B KayecTBe Cbipbd NpU Npou3Boa-
CTBE CaMOOPraHU3yLUXCSA MNOMMMEpPHbIX KOMMNO3K-
umoHHbIx (COMMK) matepuanos, MMeKOLMX HECKOMb-
KO hopM: NNeHku, rmagporeny, MuLennbl U HaHo4a-
cTuubl [25-28]. lNpocToTa ynpaBreHUst apXUTEKTY-
pon COIMK maTepuanoB, a Takke UX BbicOkasl Oo-
CTYMHOCTb, HU3Kas CTOMMOCTb W 3KOMOrMYHOCTb
ObINM OCHOBHBIMW MOJTOXUTENBHBIMU MOMEHTaMM UX
MCNOoNb30BaHUA ANS PasfnuyHbIX NPUOXeHUn. Tem
He MeHee, C y4eTOM UX n3obunus B npupoae yrne-
BOAbl OCTalOTCA He3aMeYeHHbIMU MOeKynamm B
MaTepuanoBedeHn, a UX UCKITYUTENbHbIE CTPYK-
TYpHble CBOWCTBa BCE elle He WCMOMnb3ylTCs B
NONHOM Mepe.

WHynuH, kak 1 gpyrve nonvcaxapuvapl, Takke 6o-
raT rMOpoKCUIbHBIMU rpynnamu, KOTopble CMOCOOHbI
NPUHUMAaTbL y4acTue B CynpamoneKynspHbIX B3avMo-
OENCTBUSAX, B YAaCTHOCTU Yepe3 BOAOPOAHbIE CBA3M.
M3 nonyyeHHbIX Hamu pe3ynbraTtoB (onddpepeHLm-
anbHble kpuBble MMP — cM. puc. 2 1 kKoHpopMaLMOoH-
HbI rpacuK) KaXKeTCss BEpPOSiTHbIM, YTO HekoTopast
3HauMTENbHAsi CamMOOpraHn3aumsl HauMHaeTCa C HU3-
KOMOJEKYNSAPHbIX (PpaKUMA UHYMMHA, KOTOpble, Kak
npegnonaraeTcd, 6MaronpuUATCTBYIOT — LIMKIIMYECKOWN
Unu cnupansHoW KoHopMauwmm [14, 24]. lNMoaTomy Mbl
nucecrnenoBany MHYNMH M3 pasfnyHbIX MCTOYHMKOB B
KayecTBe nonummepa C NPOMEXYTOYHOW CTEeNeHbIo Mo-
nMMmepusaunm u nyyien pacTBoOpMMOCTbIO B BOAE.

ABTOpamu [24] ObINo Noka3aHo, YTO UHYIUH LIMKO-
pusi co cpegHen mMonekynspHon maccon 4,468 k[0a
MOXeT caMoOpraH1M3oBbIBaTLCS B BOOHOW cpefe, Kak
U MHorMe OmnoyHble u rpadT-cononMmepbl, AEMOH-
CTPUPYIOLLIME KPUTUYECKYHO KOHLIEHTpaLUIO arperaumm.
OH obpasyeT msarkue rnobynspHble cynpamonekynsp-
Hble cbopku B BogHOM cpege. HearpernpoBaHHble
WHYINMHOBbIE MOHOMEPLI TaKkke npeanonaratoT rnoby-
napHyto reomeTputo?! [24].

Takum o00Opa3oM, WHYNWH, Hepas3BETBIIEHHbIN
onurocaxapua ¢ MonekynsipHon maccow ot 1200 go
120 000 Oa (CM 2-60 u Bbiwe), ObIN UccriegoBaH Ha
npeamMeT ero CKMNOHHOCTU K caMoopraHusaLmmn B pas-
GaBneHHOM U KOHLLEHTPMPOBAHHOM pacTBOpax NyTem
onpepeneHua ero MMP metogamun B33XKX [20] n
TypOMAMMETPUYECKOTO TUTPOBaHUA. OTW B3anMO-
OEVCTBUSA MOTYT ObITb KaK MEXMONEKYISAPHbIMUY, TaK
MU BHYTPMMOMNEKYNSAPHbIMKY, XOTS MOLENMpOBaHMe
CTPYKTYPbl MHYIMHA HAa OCHOBE PEHTIEHOCTPYKTYPHO-
ro aHanuMsa TBepaon GopMbl npeanonaraeT, 4To
KPUCTarnM4YeCckuin MHYNMH UMEET TOJTbKO MEeXMorie-
KynspHble BOAOPOAHbIE CBA3WM Mexay uensmun. B
3TOM KOHTEKCTe reneobpasoBaHve WHYNMHa Onuchbl-
BaeTCs Kak refb-4acTuLbl, B KOTOPbIX 3-MepHble ceTn
0o0pasyloT arpermpoBaHHble KOMMOWAHbIE YacTuubl
WHynuHa [5].
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BbIBOAbI

Ha ocHoBe uWHTerpanbHbIX 1 anddepeHumnans-
HbIX KpuBbiXx MMP o6pa3suoB MHynuHa (Kkommepde-
CKOro n3 TonuHambypa (A) M ABYX 3KCNEepUMEH-
TanbHbIX — U3 TonuHambypa (B) 1 n3 unkopus (C))
obHapyXeHo, 4To y 0bpasuoB MHynuHa A n B npu-
CYTCTBYIOT 3 MakpoMonekynsipHble dpakuuu (M3o-
¢opMbl), KOTOpble B OTAENMbHOCTU MMEIT Y3Koe
MMP. lNoka3aHo, 4TO C yBEMWYEHWEM KOHLEHTpa-
UMM MHYNMHa B pacTBOpE MPOUCXOAMT camoopraHu-
3aunsi MakpoOMOSEKY, YTO NPMBOAUT K Boree myT-
HOMYy pacTBOpY B TOYKE MakCMMyMa W MOSBIEHUIO
HOBbIX M30copm. C yBenMYEeHUEM KOHLIEHTpaLmu
nonumepa B MHynuHe A HabniogaeTca pocTt arpera-
TOB Ang u3odopmbl 3 1 5, B nHynuHe B, Hao6opoT,
NPOUCXOAUT pacTBOPEHWe arperaToB W Mpespalle-
HVe n30opM 13 BbICOKON B HU3KME MOMNEKYNsSPHbIe
maccbl. B obpasue mHynuHa C Bce 4 u30dopmbl
WHYNWHa BbIAENSTCS OTYETNAMBO.

Takum obpasom, gaHHOe uccrnegoBaHue MOoA-
TBEPXKOAET MMeloLmecs B nuTepaType rmnoTtesbl O
NoBeJEHMN WHYNWHa B PacTBOpPE C YBENUYEHMEM
€ro KOHLEeHTpauun, a MMEHHO BO3MOXHOCTb ¢op-
MUpOBaTb arperaTbl Pas3fIM4HOrO MOJSEKYISAPHOIO
Beca, NpuMyem MokasaHo, YTO C POCTOM KOHLIEHTpa-
UMM MHYNWHa B pacTBOpe MOryT oOpa3oBbiBaTbCS
Mukporenu. AHanm3 NpPUBEAEHHbIX AaHHbIX MOKa3bl-

BaeT, YTO AENCTBUTENbHO CYLLECTBYET 30510Tad ce-
pedvHa B CTPYKTYPHOW OpraHv3auum onurocaxapu-
poB. ®pakunm MeHbllero pasMmepa MHynvHa obpa-
3yl0T 4YeTKO onpedeneHHble CynpamornekynspHble
cbopkun, B TO Bpems kak bonblune dpakumm cobu-
patTca B amopdHble arperaTbl — MUKporenu. Atn
AaHHble ByayT nonesHbiMu npu pa3paboTke n nony-
YyeHVn maTepuanos B 06racTM HaAHOTEXHOMOrMM ”
MaTtepuanosegeHusi. [anbHenwmne wuccnegoBaHusi
no paspaboTke KOMMO3ULUWOHHBIX MaTepuanoB U
HaHOYacCTWL, Ha OCHOBE WHYNUHA MOryT ObiTb MC-
nomnb30BaHbl B KA4Y€CTBE HOBOW CUCTEMbl OOCTaBKM
nekapcTB WM Opyrnx NpeacTaBnsloWwmnx MHTEpec
monekyn. Mbl Hageemcs, 4YTo aTa paboTa NOCIYXuT
KOHLeNTyanbHOW CTYNEeHbKOW Ha MyTu K npeBpaLle-
HUIO MOnMcaxapuaoB B BaXKHbIA KIAcC CTPYKTypu-
pPOBaHHbIX MaTepuanoB Ansi NPUMEHeHUs B GMO- 1
HaAHOTEXHOMOMMMW.

Kpome TOro, nonyyeHHble AaHHbIE MOKa3bIBAOT,
YTO MpW UccneaoBaHMN B3aMMOAENCTBUS MaKpOMO-
nekyn B KOHLUEHTPMPOBAHHOM pacTBope MeTon Typ-
OUONMETPUYECKOTO TUTPOBAHWSA BMOSTHE MOXET [0-
NOMHWTbL Takue JOPOrocTosAlme MeToabl onpegene-
Hus MMP nonumepoB, kak BOIXKX, ynbTpaueh-
TpudpyrmpoBaHue, cBeTopaccenBaHve u apyrme co-
BPEMEHHbIE METOAbI.
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CuHTE3 U nsyyeHme rmaposiuTU4eCKon U TePMOOKUCIIUTESTbHOW
ctabunobHocTu n-(N-B-D-maHHONMpPaHO3U)aMUMHOOGEH30MHOMN
KUCIOTbI

Uropb CepreeBuy YepenaHoB, Aptyp AnekceeBu4 benkos
Yomypmckuli 2ocydapcmeeHHbIl yHugepcumem,

2. Mxeesck, Pocculickas ®edepauyus

ABTOp, OTBETCTBEHHbIN 3a nepenucky: YepenaHoB Mropbs Cepreesuy, cherchem@mail.ru

AHHOmMauyus. BbirnonHeH cuHmes npodykma KoHOeHcauuu h-amMuHobeH30UHoU Kucriomb! ¢ D-maHHO30U,
senswea0csi no OaHHbIM KorebamernbHoU criekmpockonuu N-mMaHHOMUpaHo3unaMuHoM C [-KoHguzy-
pauuell aHoMepHO20 ueHmpa. V3yyeHa peakyuoHHas criocobHOCmMb CUHMEe3upo8aHHO20 NpPodyKma 8 fpo-
ueccax KUC/I0mHo20 audposiu3a u mepMOoOKUCIEHUSI 8 c80bOOHO-aspupyemol cpede. MccrnedosaHue aud-
ponumuyeckol cmabunibHOCMU r1oKa3bi8aem, 4mo ycmou4yugas 8 ycriogusix cuHmesa 8 3maHosibHbIX cpe-
Odax n-(N-B-D-maHHomnupaHo3usn)amuHobeH30lUHas Kucrioma rnocmeneHHo audposnudyemcs npu HazpesaHuu
(50 °C) & kucnbix 800HbIX pacmeopax, Ymo nodmeepx0eHo GaHHbIMU UK-Pypbe crieKmpocKonuu U moHKO-
crnouHou xpomamoepachuu. TepMOOKUC/IeHUe CUHMe3upo8aHHO20 Mpodykma rnokasbieaem G0CmamoYHyo
ycmou4dueocmb ripu HagpesaHuu do 30-50 °C, ysenudeHue memnepamypbi 0o 70 °C yckopsiem decmpyk-
yuto, YmMo rposensemcs 8 ycuneHuu uHmeHcusHocmu ronockl 1690 cut (vO=C-C=N) e criekmpax 8mopbix
rpou38o0OHbIX MepMocmamuposaHHbIx obpasuyos. Npednonazaemcs, 4mo rnpu 3mMom fpoucxodum rnpsmoe
okucrieHue N-enuKko3uslaMuHa, 8ePOsIMHO, 8 auyuku4yeckou opme eHamuHona. [ononHumensHo 6bina
usydeHa rpupoda noboyHbix Mpodykmoes N-a2auko3unuposaHusi: 0aHHblIe 3MEKMPOHHOU U KonebameribHoU
CreKmpOoCKOnuuU ykasblieatom Ha obpa3oeaHue MesnaHOUOUHO8 — OKpawleHHbIX rnpodykmoe arybokol de-
cmpykyuu, 0ns1 KomopbiX nNposHo3upyemcs pocmpeaynupyrouwast u dpyaue sudbl buoakmusHocmu. [ped-
roriazaemcsi, 4Ymo OCHOBHbIE CIMPYKMypHble ¢hpazMeHmbl MeslaHOUOUHO8 (hopMUpyomcs 8 pacmeopax
rnocpedcmeom e3aumolelicmausi eHaMUHObHbIX ¢hopM ¢ a-OuKapOOHUIMbHLIMU MPOU3BOOHbIMU. [TonydeH-
Hble HaMu paHee 3KcriepuMeHmarbHble OaHHbIe MakXe yKasblearom Ha rfposerieHue buonoauvyeckol ak-
mueHocmu MenaHouduHamMu apunamuHo-KapbOOHUIIbHbIX peakyul, 8 ces3u ¢ Yem rpedcmassissiemcs 803-
MOXHbIM 06BbEOUHEHUE MEeXHOI02UU MOSTyYeHUs OyHKUUOHabHbIX rPodyKmo8 pasHbix cmaduli caxap-
aMUuHHbIX 83aumoldelicmeull Ha base eduHo20 cuHme3sa. [NlepcriekmusHocmb rocnedHel onpedensemcs
AocmyrnHOCMbIO peazeHmos, MsieKUMU yCroeusiMu cuHmesa u pasdesneHusi npodyKmos, a makxe Ux 3KOo-
2U4YHOCMbI0.

Knro4deenie cnoea: n-amuHobeH30UHas kucnoma, D-MaHHO3a, KOHOeHcayus, 2udporsius, OKUC/IeHUE, CrekK-
mpockonusi, MenaHouOUHbI

Ans yumuposaHusi: Yepenaros W. C., benkos A. A. CUHTE3 1 U3ydeHne rmaponnTu4eckon u TepMOOKnC-
nutensHon ctabunsHocTn -(N-B-D-maHHONMpPaHO3MN)aMMHOOEH30MHOM KncnoTbl // N3BecTus By3oB. Mpu-
KnagHasa xumus n 6uotexHonorus. 2022. T. 12. N 2. C. 291-298. https://doi.org/10.21285/2227-2925-2022-
12-2-291-298.
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Original article

Synthesis and study of the hydrolytic and thermo-oxidative
stability of p-(N-B-D-mannopyranosyl)aminobenzoic acid

Ilgor S. Cherepanov, Artur A. Belkov
Udmurt State University, Izhevsk, Russian Federation
Corresponding author: Igor S. Cherepanov, cherchem@mail.ru

Abstract. The performed condensation of p-aminobenzoic acid with D-mannose produced N-manno-
pyranosylamine with 8 configuration at the anomeric centre, which was confirmed by vibrational spectrosco-
py. The reactivity of the synthesized product in the processes of acid hydrolysis and thermal oxidation in a
freely aerated medium was studied. A hydrolytic stability study showed p-(N-B-D-mannopyranosyl)-
aminobenzoic acid, which is stable in ethanolic media, to gradually hydrolyse upon heating (50 °C) in acidic
aqueous solutions, as confirmed by FTIR spectroscopy and thin-layer chromatography. Upon thermal oxida-
tion, the synthesized product shows sufficient stability when heated up to 30-50 °C. However, a further in-
crease in temperature to 70 °C accelerates destruction, which is manifested in an increase in the band inten-
sity of 1690 cm! (vO=C-C=N) in the spectra of the second derivatives of thermostated samples. This pro-
cess is assumed to involve direct oxidation of N-glycosylamine, most likely in the acyclic form of enaminol.
Additionally, the nature of N-glycosylation by-products was studied by electron and oscillatory spectroscopy.
These studies indicated the formation of melanoids — coloured products of deep destruction, which might
exhibit growth-regulating and other types of biological activity. The main structural fragments of melanoids
are assumed to be formed in solutions through the interaction of enaminol forms with a-dicarbonyl deriva-
tives. Our experimental data obtained earlier also indicate the biological activity of melanoids in arylamino-
carbonyl reactions, thereby allowing the technology of obtaining functional products of different stages of
sugar-amine interactions to be combined within a single synthesis operation. The feasibility of this approach
is determined by the availability of reagents, mild synthesis and product separation conditions, as well as by
their environmental friendliness.

Keywords: p-aminobenzoic acid, D-mannose, condensation, hydrolysis, oxidation, spectroscopy, melanoids

For citation: Cherepanov I. S., Belkov A. A. Synthesis and study of the hydrolytic and thermo-oxidative stability of
p-(N-B-D-mannopyranosyl)aminobenzoic acid. Izvestiya Vuzov. Prikladnaya Khimiya i Biotekhnologiya = Proceed-
ings of Universities. Applied Chemistry and Biotechnology. 2022;12(2):291-298. (In Russian). https://doi.
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BBEOEHUE

MoTeHumanbHble BO3MOXHOCTU peakumi N-rnu-
KO3UNMPOBaHNSA apoMaTUYecKux amMmHOB yrneBoaa-
MW B OpraHM4eckoM CuHTe3e 0byCrnoBneHbl NPOCTO-
TOW W OOCTYMNHOCTbIO METOAMK HemnocpeacTBEHHO
nony4YeHns 1 BblOENEHNS OOCTaTOYHO CTabUIbHbIX
uenesbix npoaykTos [1-3]. B 6onblunHCcTBE CnydaeB
nocnegHue o6pasyloTca npyv HEenocpeaCcTBEHHOM
B3aMMOJENCTBMM WCXOLHbIX PEareHTOB B MSTKUX
YCIOBUSIX, YTO MO3BONSAET OTHOCUTb MX K pa3psgy
«3€eneHbIX» CMHTE30B [4]: orpaHnyeHusaMKn B Nogob-
HbIX cUCTeMax MoOXeT ObiTb Mpupoda apuiaMuHOB,
MHOMMe N3 KOTOPbIX TOKCUYHBI.

OaHMM 13 noTeHUManbHO UHTEPECHbIX peareH-
TOB N-rmMko3nnupoBaHus sIBNSAETCHA M-aMUHODEH-
3omnHaga kucrnota (r-ABK) — BaxHoe Owmonoruyecku
aKTuBHoe coeauHeHue (BuTaMuH Bio), npossnsito-
Liee LWMPOKUA crnekTp GuoakTnBHOCTU [5], ydacTBy-
oee B npoueccax metabonmusama. Ocoboe mecTo
cpean npousBoHbix 1-ABK 3aHMMmaloT ee gocTaTtouHo
cTabunbHble N-rMYMKO3WUIamMuHbl: ONMucaHbl Takne 0b-
nact ux MPaKTUYECKOro MPUMEHEHMWs, Kak cnocob-
HOCTb K camocbopke CynpamONneKynsipHbIX XUOKAX
KpUCTanmnoB 3a cYeT crneunuyecknx Mexmonekynsp-
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HbIX B3aMMOAENCTBUA aKTMBHbLIX 3amecTtutenen [1],
nposiBrieHne aHTUMUKPOOHOW, aHTUBUPYCHON U UMMY-
HOCTUMYNUPYIOLLE aKTUBHOCTU [2, 6].

MHTepecHbIMU NpeacTaBndalTca MeToaukn [7]
ONsi pa3geneHs MoHocaxapuaoB Y X CENeKTUBHO-
ro OKWUCNEHUs C ucnonb3oBaHMem N-rnvkosunapu-
NaMUHOB B KayecCTBE MPOMEXYTOYHbIX MPOAYKTOB.
OCHOBHbIM OrpaHM4YeHneM MoCrneaHuUX SBMSIETCS
NPMMEHEHNE [O0CTaTOYHO TOKCUYHOTO [I-HUTPOaHu-
nuHa, BbIGOp KOTOPOro, BEPOATHO, OOYCIOBMEH €ro
OTHOCUTENIbHO HU3KOWM OCHOBHOCTbIO: N-rmmkosuna-
MUHbI Gonee HecTtaburbHbl B pacTBopax, Yem Oc-
HOBHbIE aMWHbl U aMUHOKWUCNOTLI, U Npu gobasne-
HUWM KUCMNOT NpeTepneBatoT neperpynnmpoBky Ama-
[opwu, AaBasi Ae30KCUaMUHOKETO3bI [8].

Cnenyet OTMETUTb, YTO GONbLIMHCTBO paboT
NOCBSILLEHO M3Y4YeHUIO NPOBeM CMHTE3a, CTPOEHMUS
1 BMOaKTMBHOCTM NPOAYKTOB KOHAeHcaumm r-ABK c
D-ranaktoson n D-rntokoson [1, 2], Toraa kak apy-
rme yrrneBofbl HE MEHEe WHTEPECHbl Kak B MnaHe
obpasoBaHMs OUONOrMYEecKM aKTUMBHBIX MPOM3BOA-
HbIX, Tak U B Ka4eCTBe MPOMEXYTOYHbIX MPOOYKTOB
MHOroCcTagunHbIX CUHTE30B. B 4acTHocTn, eule
OOVH Junactepeomep rNnoko3bl — D-maHHO3a — me-
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Hee pacnpoCTpaHeH, Mpu 3TOM HEe MeHee MHTepe-
CEH KaK MOTeHUManbHbIN NpeAwecTBEHHMK NpaKkTu-
YEeCKM 3HaAYMMbIX NMPOAYKTOB, 06ragarLWwmMx aHTUOK-
CYOAHTHON W aHTUMYTareHHoOW akTuMBHOCTbIO [9].
Kpome Toro, 60nblLIMHCTBO paboT OpPMEHTMPOBAHO
Ha M3y4YyeHWe CTPYKTYpHbIX OCOBEHHOCTEN NpPOAyK-
TOB rnukosunuposaHus [1, 10] nubo nx GuoakTme-
HocTu [2, 3], Torga kak MX peakuMoHHas cnocob-
HOCTb B OTHOLLUEHUW pa3nu4yHbIX BWAOB pacnaja,
KOTOpble MOFyT CYLLECTBEHHO BMMATH Ha MposiBre-
HWe pasnuyHbIX BUOOB akTMBHOCTYU [11, 12], npakTu-
Yyeckn Mmano usydeHa [9], B CBA3N C YeM UENbLO
HacTosien paboTbl SIBAANOCH U3ydYeHWe CUMHTe3a U
TEPMOOKVCIUTENBHON W TMOPONUTUYECKON CTabwnb-
HOCTU npoaykTa koHaeHcaummn r-ABK n D-maHHO3bI
(r~(N-3-D-maHHONMMpaHo3WN)aM1MHOBEH30MHOM KUCTIOT!).

OKCNEPUMEHTAJIIbHAA YACTb

MeTtoagmka cuntesa: B 20 mn 96%-ro ataHona
(Merck, "'epmanus) BHocunm no 0,002 monb n-amu-
HOBEH30MHOM KMCNOTbl U D-MaHHO3bI, nocne 4ero
pobaensnm 0,1 Mn NeAstHOM YKCYCHOW KUCNOThbl U
HarpeBanu cmecb B Konbe ¢ obpaTHbIM Xxonogusnb-
HMKOM Ha BogsAHON OaHe B TeveHue 1 4 npu Temne-
patype 70 °C. Nocne oKOHYaHUA cuHTEe3a yaansmm
n30bITOK 3TaHoNa 1 BbiCyLUMBaN TBEPAbIV NPOAYKT
B 9KCuKaTope, [ABaxAbl MNpPOMbIBANM CAMPTOBO-
acpmpHon (1:1) cMecCblo U NOBTOPHO BbICYLLMBANM.

11-(N-3-D-maHHONMpaHo3u)aMnMHOOEH30MHast  KUCTO-
Ta (MABK) npeacraesnseT cobon TBepaoe BELLECTBO Cepo-
ro LBeTa, pacTBOpVMMOE B BOAE M YMEPEHHO pacTBOPUMOE
B aTaHone, Tnn 164,6 °C, Bbixog 73%, anemMeHTHbI aHa-
w3: C,% 52,44; H,% 5,32; N,% 4,45 (HanpeHo); C,% 52,17,
H,% 5,69; N,% 4,68 (BblumcreHo). NK-dypbe cnektp, cm?
[3, 4, 9, 10]: 3500-3200 (vNH + vOH), 3050 (vCHay),
2930-2850 (vCH), 2800-2500 (vOH---O=C), 1920 (Ar-N),
1675 (vC=0), 1606, 1527, 1495 (VC=Ca + ONH +
N-rmvko3ng), 1427 (8CH), 1317, 1282 (vC-N + v ring), 1178,
1147, 1120 (6COC + 6CO + vCOH), 1100-1010 (bring +
OCOH + rmukoaung), 883 (6C1-H rmmkoang), 844 (yCHar), 650
(vCa-N rmmkosng).

VK-®ypbe cnekTpbl TBepAbIX NPOAYKTOB CHUMA-
nm Ha WK-®ypbe cnektpometpe ®CM-2201 (OO0
«MHOPACIIEK», Poccus) B Tabnetkax KBr (1:250)
B MHTepBane BONHoBbIX 4mcen 4000-400 cm? c
paspelueHneM 4 cml, nonyyYeHHble cnekTpbl obpa-
6aTbiBanM B nporpamme FSpec 4.0.3.9. CnekTpbl
BTOPbIX MPOM3BOAHBLIX MOMyYeHbl B pes3ynbraTte
yncrieHHoro auddepeHLmpoBaHMs C UCNoNb3oBa-
HUEM CIIaXMBaHWUSI NOSIMHOMOM 4-ro nopsigka B OK-
Hax 0o 15 Touyek, aHann3 U OTHECeHWe NpoBOAUNMN
Mo 3KCTpeMyMmam Bbilie Hynesow nuHum. UK-dypbe
CMEKTPbl OTPAXEHUS1 CMUPTOBO-3OUPHBIX  BbITSHKEK
CHMManu ¢ ucnonb3oBaHnem npuctaskm MHIMBO-36
(OO0 «MHDPACTIEK», Poccus) B nHTepBane BOMHO-
BbIX umcen 650—4000 cm?, ux SanNeKTPOHHbIE CNEeKTPbI
peructpupoBanu Ha cnektpodgotometpe C®-2000
(OKB «CrIEKTP», Poccus) B kBapLeBbIX KioBeTax
(1 cm) B avanasoHe anvH BorH 200—600 HM C warom
5 HM. OnemeHTHbIN aHanuM3 TBepablX NPOOYKTOB

OCYLLIeCTBNANM Ha aHanmaaTope Vario MICRO Cube
(Elemental Analyzer Gmbh., l'epmanus).

'Moponu3 cuHTE3NPOBAHHOIO NPOAYKTa MpPOBO-
annn HarpesaHnem 0,1 r npenapata B 20 mn BoAbl
B konbe ¢ obpaTHbIM xonogurnbHUKOM ¢ gobasne-
Huem 0,1 mn negaHon ykcycHonm kncnotbl npu 50 °C
B TeyeHne 1 4. [locne ypaneHuss pacTBopuUTEns
TBepayl asy wnccnegosanu CNEKTPOCKONUYECKU
(KBr, 1:250). [JononHUTENbHO KOHTPOfb 3a XO4O0M
rMaponm3a OCYLECTBAANN METOAOM TOHKOCIIOMHOW
xpomatorpadum (Silufol, Cavalier, Yexusi; antoeHTHast
cuctema OyTtaHon—sTaHon—-Boda 5:2:1) no mcyesHo-
BeHWo nateH N-rmukosuaa (R = 0,62) n nosisneHuto
nsATeH n-ammHobeH3orHom kucnoTel (Rf = 0,89).

Yctonunmsoctb MABK kK TepmookucnutensHomy
cTpeccy u3ydanu B KBr-matpuue no paHee npej-
noxeHHon Mmetoamke [9]: 1 Mr CMHTE3MPOBAHHOIO
npogykta cmewwmsanu ¢ 150 Mr npeasapuTenbHO
npokaneHHoro KBr, uamenb4yanu n npeccoBanu Ha
py4YHOM npecce B Tabnetkn auvameTtpom 10 mm.
CneKTpbl permcTpnpoBanv HeNoCpeACTBEHHO Nepes
ucneitaHuammn (25 °C) n nocne TEPMOOKUCIUTESb-
HOro CTpecca, KOTOpbI MOAENMPOoBanu HarpeBaHu-
eM TabnetnpoBaHHbIX obpasuos npu 30, 50 u 70 °C
B TeyeHne 1 4 B cBOOOAHO-aspMpyeMon aTtmocdepe
B cywurbHOM wkadpy. MNMpu3aHakom Havana okucnu-
TENbHON TEepMOAECTPYKUUW CcyMTanu nosiBNeHue
VK-nonoc nornoweHnsa B obnactn 1690-1700 cm1,

OBCYXOEHUE PE3YJIbTATOB
CuHTe3 LeneBoro npoaykra npoTekaeT B COOT-

BETCTBUU C OOLLEN CXEMOIA:

OH EOH_
343K
AcOH
HanHble UK-®ypbe cnekTpockonuu noarsepxaa-

HOH

10T CTpOeHue BblaeneHHoro npoaykra kak N-MaHHO-
NMpaHo3nNaMmHa: HECKOMNbKO OTAeNbHbIX MOnoc B
cnekTparnbHbIx obnactsax 1100—1000 n 1180—1120 cm?
YKasbIBalOT Ha LUUKNUYECKYID MUPAHO3HYI opMy
rMUKO3MZHOro Kombua. B «aHomepHol» obnactu
peructpupyetcs curHan npu 883 cm 1, OTHOCUMBIWA K
aedopmaumoHHbiM konebdaHmam Ci—H-cBs3u rmuko-
31MgHOro oparMeHTa, YTo B COBOKYMHOCTU C CUTHa-
nom 771 cm?! noareepxpaeTr B-KOHUrypauuio
aHomepHoro ueHTpa [3, 10]. JaHHble 3fieMEeHTHOro
aHanu3a ykasblBalOT Ha OOCTaTOYHYK YUCTOTY ue-
neBOro Npoaykra.

Cnepylowm aTanom KccrefoBaHUs ABMASNOCh
nsydyeHue kucnotHoro rugponusa MABK, 4To nos-
BOMUNO OLEHUTb BO3MOXHOCTb peBepcun N-rnu-
Ko3unamuHa, Hanpumep, nocne okucneHuss Ce—OH-
hparmeHTa B npoueccax CUHTe3a YPOHOBbLIX KUCMOT
[7], T. e. npumeHeHna -NH-Ar B kadecTBe 3aLLUUTHOMN
rpynnel. MccnegoBaHne npoBogunv koMOuHaumen
meTonoB UK-dypbe cnektpockonmm n TCX. Tpagu-
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LUMOHHO NpUMeHsiemasl paHee MonsApuMeTpusa He
OaeT HagexXHbIX pe3ynbTaToB, MOCKOMbKY N3MeHe-
HVMEe yOenbHOro BpaleHust MOXeT ObiTb CBA3aHO He
Tonbko ¢ rmgponusom N-rnvko3mpgos. CpaBHeHue
cnektpoB N-rnuko3unaMmvHa cO cnekTpamu rmgpo-
N30BaHHbIX CUCTEM Mocne yaaneHus pacTBopuTe-
NS NOKasbIBaeT, YTO 0OLWMIN Npodunb CMrHanoB Mma-
no nameHsieTcs (puc. 1).

Transmittance

1010

0.1-

1600 1400 1200 1000 800 600
Wavenumbers, cm-1

Puc. 1. K-®ypbe cnekTpbl
1-(N-B-D-maHHONMpaHo3mMn)aMnMHOGEH30MHOM KMcrnoThl (1)

1 NPOAYKTOB €€ KUCIOTHOro rmaponmaa B tedeHne 20 MuH (2),
40 muH (3), 60 muH (4) (50 °C)

Fig. 1. IR Fourier transform spectra of MABA (1)
and its acidic hydrolysis products during 20 min (2),
40 min (3), 60 min (50 °C)

TemM He MeHee MOXHO OTMETUTb 3aKOHOMEPHOEe
yMeHbLUeHNe WHTeHCMBHOCTM nonocbl 1010 cm?,
OTHOCMMOW K konebaHuam N-rnmvko3ugHoro cppar-
meHTa [10], a Takke nonockl 1495 1 650 cm, Bknag,
B KOTOpble BHOCAT KonebaHusi aHOMEpPHOro LieHTpa
Ci1—N, 4TO cBMAETENLCTBYET O MMOPONIUTUYECKOM
pacwenneHun N-rnukosmga. CdopmynmpoBaHHbLIN
BbIBOJ, NoATBepXAaeTcd AaHHbIMU TOHKOCMOWHON
Xxpomarorpadumn: B cucteme, rMapornnsoBaHHOW B
TedyeHne 60 muH, natHa N-rnukosmpa (Ri = 0,62)
npakTu4ecku He nposensawTca. CneayeT OOMNOMHK-
TeNnbHO OTMETUTb TOT PakT, YTo N-rMMKo3unamMuHbl
rMaponusyloTca 3HaunTenbHo nerde O-rnNUKO3WAOB,
TPagMLMOHHO NpuMeHsieMbix Ans 3awmTtsl C1—OH B
npoueccax (yHKUMOHANU3aumm yrneesodos, uTO,
BEPOSITHO, CBA3AHO C NErkoCTbio Mepedayn anek-
TPOHHOW NIIOTHOCTM OT aToMa a3oTa C NMEPEXOAoM B
auumknuyeckyto popmy ocHoBaHus Lndpdpa [13].

Pan metoouk moanduumMpoBaHus yrieBOOHbIX
hparMeHTOB npeanonaraeT NposeaeHne NpoLLEeccoB B
reTeporeHHbIX cMcTeMax TBEpAoe—Ta3, a Takke Heob-
XOOMMOCTb YBENUYEeHUsi TeMnepaTtypbl B 30HE peak-
umm [7]. Tockonbky M3BECTHbIM (PaKTOM SABNAETCHA
HEYCTOMYMBOCTb YITIEBOAOB M MX NMPOM3BOAHLIX B MO-
OOGHbIX YCMNOBUWSX, Crieaylolwumm 3TanoM uccrnegosa-
HWS cTano n3ydeHue ctabunsHoct MABK B ycrioBusix
TEPMOOKMCIMTENBHOrO cTpecca. CrnekTpbl TepMocTa-
TUPOBaHHBLIX MPU pasHbIX TemnepaTtypax B TeyeHue
1 4 cucTem npeacTaBneHbl Ha puc. 2.

B cnektpe HeTepmocTatupoBaHHo MABK (1)
nonoc MornoLeHnss NPoAYyKTOB OKUCNUTENbHON Ae-
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CTpyKUMM He HabnwogaeTtcs, Torda Kak Ans yxe
TEpPMOCTaTMPOBaHHbIX 00pa3LOB pPEerncTpupyloTcs
cnabble nonocbl okono 1690 cm?® (C=O-rpynnbl
npoaykToB gectpykuuu [9]). bonee oT4eTnMBO AaH-
Hblh BbIBog (curHan 1693 cml) nopTBepxaaetcs
aHarnm3oMm CrneKTpoB BTOPbIX MPOU3BOAHBIX (puc. 3).

Transmittance

3500 3000 2500 2000 1500 1000 500
Wavenumbers, cm-1

Puc. 2. K-®ypbe crnekTpsbl
1-(N-8-D-maHHoNnpaHo3un)ammHobeH30MHON KncnoTbl (1)
1 NPOAYKTOB €€ TEPMOOKUCIMTENBHON AECTPYKUNA

npu 30 °C (2), 50 °C (3), 70 °C (4) (1 4)

Fig. 2. IR Fourier transform spectra of MABA (1)
and its thermooxidative destruction products,
thermostatted at 30 °C (2), 50 °C (3), 70 °C (4) (1 h)

0.008 4

0.004

0.002+

Second derivative

-0.004

-0.006

T T T -
1720 1700 1680 1660
Wavenumbers, cm-1

Puc. 3. Bropbie nponssogHble NK-®ypbe cnektpos
r1-(N-8-D-maHHONMpaHo3mn)ammHobeH30MHON KncnoThbl (1)
1 NPOAYKTOB €e TEPMOOKUCIIMTENBHON AeCTPYKUNU

npu 30 °C (2), 50 °C (3), 70 °C (4)

Fig. 3. IR Fourier transform spectra second derivative
of of MABA (1) and its thermooxidative destruction products,
thermostatted at 30 °C (2), 50 °C (3), 70 °C (4)

Mpn nepexoge ot TemnepaTtypHoro pexmma 30 K
50 °C WMHTEHCUBHOCTb MOJSOCHI BO3pacTaeT HesHa-
YUTENbHO, TOrA4a Kak npu HarpeeaHumn o 70 °C poct
bonee 3HaumTenbHbIA. Kpome TOro, MakcMmym oc-
HoBHOM nonockl vC=0 kapBOKCUNbHOW rpynnbl Ans
TEpPMOCTaTMPOBAaHHLIX 00pa3LoB HECKONbKO CMe-
LLlaeTcs B HU3KOYACTOTHYHO obnacTb.

Xapaktep npoTeKkaloLwmx npyu 3TOM MPOLIECCOB,
BEPOSITHO, OTMMYEH OT OMNWCAHHOrO paHee Ans npo-
M3BOAHbIX BONee OCHOBHOrO M-amuHoaLleTaHMnMaa,
npeTepneBawLnX MpuM TepMoAecTpyKuun nepe-
rpynnuposky Amagopu [9]. He npoucxogut B AaH-

https://vuzbiochemi.elpub.ru/jour



YepenaHoe WU. C., benkoe A. A. CuHme3 u usy4eHue 2udPoSIUMUYECKOU U MepMOOKUCIUMESILHOU ...
Cherepanov I. S., Belkov A. A. Synthesis and study of the hydrolytic and thermo-oxidative ...

HOM cnydae u npsiMmoro okucrnenuss —CH>OH-cpar-
MeHTa ¢ obpasoBaHvMem N-rmuko3vga MaHHYpPOHO-
BOM KWCMOTHI, MOCKONbKy norrnoweHve C=0 «kap-
BOKCUIbHBIX FPYNn YPOHOBLIX KUCIOT perucTpupy-
eTtca B uHTepBane 1720-1740 cm? [14]. Pernctpu-
pyemasi B criektpax nomnoca okonio 1690 cm gorkHa
oTBevatb konebaHusim ¢parMeHTOB CTPYKTYPHO Mpo-
MexyTouHbIx Mexagy C=C n O=C-C=C un, BeposiTHO,
OKCOUMUHHBIM O=C—C=N conpsixeHHbIM doparMeHTam.

Ha ocHoBaHuWM npoBedeHHOro aHanu3a 6onee
BEPOSITHBIM B [AaHHbIX YCIOBUSIX MOXHO CYMTaTb
npamoe okucrieHne N-rnukosumnamuHa [15], npoTte-
Kalollee No pagvkanbHOMy mexaHuamy. B peakuwmm,
cKkopee BcCero, y4yacTByeT auuknuyeckas dopMma
[15], ana KOTOpOWM XapakTepHO paBHOBECME WMUH
(1) — eHamuHon (2) [16], okucneHmMe KOTOporo Jaet
CTabunmnsmpoBaHHbIN conpskeHvem pagukan [17] v
nanee okcommuH (3) (R—Cas-ocTaTok yrrneBogHoOWM
uenm) [17, 18]:

OH
R
S heAr
H
.
R—Cs

—N—Ar
OH OH (?H)/ T 0

H
R R—q 0, R-C R
Al_}h:NfAr 4¥N7Ar o %N*AF -
H H ) H

[e)) @ - I 3)

O
R H
&—r\‘l —Ar

H

—N—Ar
H

M3BecTHOM OCOOEHHOCTLIO peakuunn obpasoBa-
HUs N-rMMKO3NNaMyvHOB SABMASETCA Hanuume psga
NoBOYHbIX MPOLECCOB, B YaCTHOCTU HedepMeHTa-
TMBHOE OKpaluvBaHue (MenaHouguHoobpasoBaHue)
[9, 12]; oKkpalleHHble B XenTbli UBET MpOoOYKTbl
AaHHOro npouecca MW3BMeKalTCA NpyM NPOMbIBKE
TBEpAOW hbasbl CIMPTOBO-3COUPHON CMECbID. Onek-
TPOHHbIA U NK-Pypbe cnekTpbl oTpaXeHus cnvpTo-
BO-3OMPHON BLITSXKKW, cogepxkallen noboyHo o6-
pasylowmecs BellecTBa, NPeacTaBneHbl Ha puc. 4.

ONeKTPOHHbIN CMEKTP MNOoKasblBaeT HenpepbliB-
Hoe nornouweHne B obnactn 420—480 HM, cBou-
CTBEHHOE BbICOKOMOMEKYISPHLIM MefaHonanHam,
UK-Pypbe cnektp COaepKUT LLUMPOKYHO MOMOCY B Kap-
GoHMNBbHOM obnacTn ¢ makcumymom npu 1658 cm
(vO=C-C=C) u nneyamn 1645 (vC=N) u 1700
(vC=0) cm1, a Takke NWK Manom WMHTEHCMBHOCTU
npu 1605 (vC=C) cml. Takum 06pa3om, OnMCaHHbIe
CUrHamnbl TPagMUUOHHO OTHOCHAT K BaneHTHbIM KO-
nebaHuam C=X B pa3nnyHOM CTPYKTYPHOM OKpYxe-
HuM [9, 12] ¢ npeobnagaHnem conpspkeHHbIX kapbo-
HUNbHbIX dparmeHToB. MexaHn3m ux obpasoBaHus
B peakunoHHomn cucteme N-rmmMKo3nnMpoBaHUS Mo-
XeT OblTb NpeacTaBfieH aHanorMyHo OMUCaHHOMY
BblLLIE: JanbHenwee pasBuTme nNpoLeccoB CBOAUTCA
K rmaponuay okcoumuHa (3) oo a-aukapboHUbHOro
npou3BoaHoro (4) n ero B3aMMOAENCTBMIO C eHaMu-
HonbHou chopmon (2) [18, 19]:

a
R
JH:NfAr
@ j

HOH lArN H,

H H H

Ar—h OI Ar—N O Ar—N O Ar—N O
L R R
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oY (o 5 on HOH
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Puc. 4. OnektpoHHbIn (A) n NK-Oypbe cnekTpbl OTpaxXeHust
(B) no6o4HbIX npoaykToB N-rnmko3nnnpoBaHus

Fig. 4. UV-Vis (A) and IR Fourier transform reflection (B)
spectra of N-glycosylation side products

B koHe4yHOM mTOre 06pasyTca CNoXHblE NONu-
MEepHble COCTaBbl C OMUCAHHOW Bbille (OYHKUMOHA-
nusauuen [18, 20]. Asnadcb No6oOYHLIMKM NpoAYKTa-
MW CWHTE3a, NPOAYKTbl MO3OHWX CTagui ammHo-
KapboHWMbHbIX peakumn (peakunn Mamsapa) Takke
HaxodsT MpakTU4eckoe MpUMEHeHWe, B YacTHOCTU
nposiBNAIOT pocTperynupyowme ceonctea [18]. Ha
OCHOBaHWWN pe3ynbTaToB KOPPENALMOHHOIo aHanu-
3a [21] n nonyyeHHbIX paHee aKcnepuMeHTanbHbIX
AaHHbIX [18] MOXHO nporHo3mpoBaTb OMOAKTUB-
HOCTb MNOBOYHBIX NPOAYKTOB N-rMMKO3MNMPOBaHNS B
OTHOLLEHMN POCTOBBLIX MPOLECCOB CEMNbCKOXO3AN-
CTBEHHbIX KynbTyp, YTO OyAeT AeTanbHO U3Y4YeHO B
JanbHenwem. Mcxoga w3 NOSMYyYEHHbIX [AaHHbIX,
MOXHO MpeanonoXuTe MPUHLMNUANBHYIO BO3MOX-
HOCTb OOBbEAMHEHUS TEXHOMOrMU NONyYeHUs uene-
BbIX MPOAYKTOB pPa3HbIX CTagun caxap-aMMHHbIX
peakumin B paMKkax ogHOro CUHTesa.

BbIBOAbI

BbimonHeH cuHTE3 npoaykra KoHAeHcauumu ri-
aMUHOBEH30MHOM KUCNoTbl ¢ D-MaHHO30M, SBMsItO-
LLlerocs no AaHHbIM konebaTenbHOM CnekTPOCKONun
N-MaHHONMpPaHO3MNNaMmMHOM € B-KoHdurypaumen
aHOMEPHOro LeHTpa. M3ydeHa peakumoHHas cno-
COBHOCTb CMHTE3MPOBAHHOIO MPOAYKTa B MpoLec-
cax KUCMOTHOrO rmaponv3a M TEPMOOKUCIEHUSA B
cBOOOHO-a3pupyemMon cpege.

WccnegoBaHne rvaponuTUYecKon CTabubHOCTU
nokasblBaeT, YTO YCTOMYMBas B YCIOBUSX CUHTE3a
B 9TaHonbHbIX cpepax r1-(N-B-D-maHHonnpaHo3un)-
aMUHOGEH30MHasa KMUCroTa NOCTENEHHO rMaponmayerT-
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ca npu HarpeaHun (50 °C) B KUCNbIX BOAHbIX pacTBO-
pax, YTo NoATBepPXAeHO AaHHbiMM WMK-Oypbe cnek-
TPOCKOMUU N TOHKOCHIOMHOM XpoMaTorpadoum.

TepMOOKNCINeEHE CUHTE3UPOBAHHOIO MPOAYKTa
nokasblBaeT [JOCTaTOYHYH  YCTOMYMBOCTb  MpM
HarpeBaHun oo 30-50 °C; yBenunyeHue Temnepary-
pbl o 70 °C yckopseT OeCTPYKLUMIO, YTO NposiBNs-
€TCs B YCUNEHUN UHTEHCUBHOCTU nosockl 1690 cm?
(vO=C-C=N) B cnekTpax BTOpbIX MNPON3BOAHbIX
TepMocTaTMpoBaHHbIX obpasuoB. [NpegnonaraeTcs,
4YTO MpU 3TOM MPOUCXOAMT NpsiMoe okucnexHve N-
rMYKO3nnamMuHa, BEPOATHO, B auMKnnyeckon opme
eHamuHona.

HononHntensHO wn3yyeHa npupoda MNoBOYHbIX
NpoaykToB  N-rMUKO3WUMMPOBAHNSA: OaHHble  3riek-
TPOHHOW M KonebaTenbHOM CMEeKTPOCKONUKU yKasbl-
BalOT Ha obpasoBaHNe MenaHOMAMHOB — OKpalleH-
HbIX MPOAYKTOB rNyOOKON AEeCTPYKLMM, ANs KOTOPbIX

NPOrHO3MpyeTCcsi poCTperynupyoLlass u gpyrme Bu-
abl 6uoaktmeHocTu. lMpegnonaraeTcs, YTO OCHOB-
Hble CTPYKTYpPHble parMeHTbl MenaHOUANHOB
dopmMUpYOTCS B pacTBopax MOCPeACTBOM B3aMMO-
OENCTBMA €HaMMHOMbHbIX OpM C a-AvkapboHUNb-
HbIMW MPOU3BOAHbLIMU.

lMony4yeHHble HaMK paHee aKCnepuMeHTanbHble
OaHHble TaKKe YKasbIBaAlOT Ha nposiBrneHve Guorno-
r’MYeckon akTUBHOCTU MenaHoManHaMM apuaMmmnHo-
KapOOHMMbHBIX peakunn, B CBA3N C YeM NpeacTas-
nseTcst BO3MOXHbIM 06beAUHEHWe TEeXHOMOornn no-
ny4yeHns yHKLUNOHArbHbIX NPOAYKTOB pPasHbIX CTa-
AN caxap-aMUHHbIX B3aMMogencTeui Ha 6Oase
€adMHOro cuHTe3a. [lepCnekTMBHOCTb MOcCneaHemn
onpegensieTcs OOCTYMHOCTbIO peareHToB, MSrKMMU
YCIOBUSIMW CUHTE3a U pasgeneHus npoaykToB, a
TakKe X 3KONOMMYHOCTbLIO.
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BnnsiHne HU3KUX KOHUEHTpaunm KkopenHa u KonxmumHa
Ha pPOCT U buonsfieHKoobGpazoBaHUE MUKPOOPraHN3MoOB

Mroagmuna AnekceeBHa MakcumoBa, FOnua AnekcaHgpoBHa MapkoBa,
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2. pkymck, Poccutickas ®edepayusi
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AHHOmMauus. N3yyeHo delicmeue ankanoudos KogheuHa U KOSIXUyUHa 8 HU3KUX KOHUeHmpauusix Ha pocm u
buorneHkoobpa3osaHue pPu3ochePHbIX MUKpPOOpeaHu3Mos — epamionoxumenbHo2o Rhodococcus
gingshengii u epamompuuamenbHo2o Rhizobium radiobacter. Ankanoudsl pacmeruli 3ghgbekmusHoO 3auju-
warom ux om rnoedaHus XUBOMHbIMU Pa3/iuyHbIX MaKCOHO8, a makxe om epubHbix u bakmepuarsbHbIX UH-
pekyuli. Ankanoulbl A8MISH0MCS HacmbiO C/I0XKHOU, 380/IOUUOHHO CrIOXUBWEUCS cucmeMbl pacmumesibHO-
MUKPOBHbIX 83aumodelicmeud, U ux npucymecmeue 8 cpede 8 HU3KUX KOHUeHmMpauyusix ecmecmeeHHo. O0-
HUM U3 pewarowux ¢hakmopos pacrpocmpaHeHUs MUKPOOpaaHU3Mo8 sensiemcsi buonneHKkoobpasosaHue.
Ankanoudb! 0obasnsnu 8 bakmepuarbHyr CyCrEeH3U 80 8pPeMEHHbIE MPOMEXYMKU, coomeemcmeyujue
pasHbiM ¢hasam popmuposaHus buorineHokK. [ns onpedeneHus ypoeHs buorneHKkoobpa3dosaHusi bakmepu-
arnbHble KemkKu OKpawusanu Kpucmannudeckum cpuonemosbim. 1o yposHK onmu4yeckol raomH{Hocmu
bakmepuarnbHOU CycreH3uu oueHusasiu cmerneHb 8030elicmeus ankanoudos Ha ee pocm u buornieHKoob-
pasoesaHue. Briepsbie 8bisierieH ¢hakm 81uUsiHUS KOgheuHa U KONXuyuHa 8 KoHueHmpauusx 10 a/n Ha pocm
u buonneHkoobpa3osaHue MUKPOOP2aHU3MOo8. ArKasioulbl He 6Musi/iu Ha PoCcm CYCreH3uu epamriosioxXu-
mernbHoeo Rhodococcus gingshengii, HO aghgpbekmugHo nodasnsnu cycrieH3uto epamompuyameribHo2o Rhi-
zobium radiobacter. Rhodococcus gingshengii nposiensin 6onbwyro YyyecmeumernbHOCMb K ankanoudam Ha
cmaduu ¢opmuposaHusi buornneHku, a Rhizobium radiobacter — Ha cmaduu «3penbix» 6uonneHok. Heu-
cmeue ankanoudos MOo2asio 8bipaxambCs Kak 8 rnodasfeHuu, mak u 8 ycuneHuu pocma buornneHok. [1ped-
ronazaemcsi, Ymo Hauboriee 8eposimeH MexaHu3M delicmeusi pacmumesibHbIX afkarnoudo8 Ha yposHe cue-
HasbHbIX cucmeM U 4Yyscmea keopyma bakmepul, 4mo ro3gossem Oaxe npu 3HadyumesisHOM CHUXeHUU
Kosudecmea ankanoudos 8 YCr08UsIX NMEPMaHEeHMHO20 aHma20HU3Ma C MOCMOSIHHO paspylwarwumu ux
gumonamozeHamu CoxpaHsimb 3aUUMHY0 (DYHKUUIO.

Knroyeenble crioea: KonxuuuH, kogheuH, buonneHku, Rhodococcus gingshengii, Rhizobium radiobacter

BnazodapHocmu. ViccriedosaHue rposedeHo C UCrob308aHUEM KOMIeKyuu MukpoopaaHusmos LIKI «buope-
CYpCHbIU ueHmp» Cubupcko2o uHcmumyma ¢pusuonoauu u buoxumuu pacmeruti CO PAH (2. Upkymck).

QduHaHcupoeaHue. Paboma ebirnonHeHa 8 pamkax npoekma Cubupckoeo uHcmumyma ¢usuonoauu u 6uo-
xumuu pacmeHut CO PAH Ne 121031300011-7.

Ans yumupoearusi: MakcumoBa J1. A., Mapkosa HO. A., Typckas A. J1., bblounH B. A. BnusiHME HU3KNX KOH-
LeHTpauni kodbenHa 1 KonxuumHa Ha pocT u GuonneHkoobpasoBaHne MUKPOOPraHn3aMoB // I3BecTusi By30B.
MpuknagHas xumua n 6uotexHonorus. 2022, T. 12. N 2. C. 299-309. https://doi.org/10.21285/2227-2925-
2022-12-2-299-309.
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Effect of low concentrations of caffeine and colchicine
on microbial growth and biofilm formation
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Abstract. A study into the effect of low concentrations of caffeine and colchicine alkaloids on the growth and
biofilm formation of rhizospheric microorganisms — Gram-positive Rhodococcus gingshengii and Gram-
negative Rhizobium radiobacter — is presented. Alkaloids present in plants effectively protect them from be-
ing eaten by animals of various taxa, as well as from fungal and bacterial infections. Forming part of a com-
plex, evolutionary system of plant-microbial interactions, they occur naturally in the medium at low concentra-
tions. One of the decisive factors in the spread of microorganisms is the formation of biofilms. In the study,
alkaloids were added to the bacterial suspension at time intervals corresponding to distinct phases of biofilm
formation. In order to determine the level of biofilm formation, bacterial cells were stained with crystal violet.
The optical density of the suspension was used to assess the effect of alkaloids on bacterial growth and bio-
film formation. The effect of caffeine and colchicine in concentrations of 10-> g/L on the growth and biofilm
formation of microorganisms is revealed for the first time. Although alkaloids did not affect the growth of the
suspension of Gram-positive Rhodococcus gingshengii, they effectively suppressed the suspension of
Gram-negative Rhizobium radiobacter. While Rhodococcus gingshengii showed greater sensitivity to alka-
loids at the stage of biofilm formation, Rhizobium radiobacter was more sensitive at the stage of "mature”
biofilms. The effect of alkaloids could be expressed both in terms of suppression and enhancement of biofilm
growth. It can be assumed that the mechanism of action of plant alkaloids at the level of signaling systems
and bacterial quorum sensing allows the protective function to be maintained even with a significant de-
crease in the number of alkaloids under conditions of permanent antagonism in which they are constantly
being destroyed by phytopathogens.

Keywords: colchicine, caffeine, biofilms, Rhodococcus gingshengii, Rhizobium radiobacter
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BBEOEHUE

Ankanouabl pacTeHui — obLmpHas rpynna co-
eQUHEHWIN BTOPUYHOrO mMeTabonuama, OyHKUMS KO-
TOPbIX B OpraHW3Me pacTeHWW, Kak npegnonaraeT-
Cs, 3aKro4aeTcda B anfenonatud4eckom AencTBuun
NnpoTuB OpYyrMx BMAOB pacTeHwun [1], 3awmuTe oT no-
PaXXEHUS XUBOTHBIMW Pa3NNYHbIX TAKCOHOB, a Tak-
Xe OT rpubHbIx 1 BakTepmanbHbIX MHGPEKUMN [2].
AHTUMUKPOOHOE AENCTBME MPUCYLLE MHOTMM pacTu-
TeNbHbIM ankanougam, U MexaHu3M €ero akTUBHO
nsyyaetcs. ObpalleHme K coeaMHeHNsSM NpUpoaHo-
ro MPoMCXoXAEeHUs NPOAOIHKaeT OCcTaBaTbCA aKTy-
anbHbIM B CBETE peLleHns npobrnemMbl NpeoaoneHus
BbICOKOPE3UCTEHTHBLIX (DOPM NaTOreHHbIX MUKPOOP-
raHM3moB, CyLLecTBYLWMX B Buae uonneHok [3-5].
HecMmoOTpA Ha MHOroOYMUCNEHHbIE UKCCNEeaoBaHWS,
MEeXaHu3M aHTUMWKPOGHOro AencTBUS ankanouios
TeM He MeHee OCTaeTCsl He BMNOJIHE ACHbLIM.

300

KoHueHTpaumn ankanougoB [Nt 3KCMEepPUMEH-
TanbHOrO BO3AEVCTBUS Ha MUKPOOPraHM3Mbl 4acTo
Haxogates B npegenax 2—10 r/n [6, 7]. Mexay Tem
BbI3bIBAET UHTEPEC NOTEHLMAN ankanouwaos B Avana-
30HE CYOUHIMOMPYIOLLMX KOHUEHTpauun (T.e. 3Hauu-
TENbHO HWKE MWHUMArbHOM MHIMOUPYIOLLENA KOHLIEH-
Tpauun (MUK)) B nepcrnekTvBe CHUXeHUS NoboYHOro
TOKCUYECKOro AencTBud. Tak, Hanpumep, kodenH ad-
PEKTUBHO MOAABNSIET pPOCT BGUOMNNEHKOOBPa3oBaHUS
Pseudomonas aeruginosa B KoHLUeHTpauuu 40 wmr/n
(MUK 200 mr/n). BnusHue ankanounaa aBTopbl CBA3bI-
BalOT C BO3OENCTBMEM €0 Ha YyBCTBO KBOPYMa MWK-
poopraHuama [8]. BepbepuH (MUK 125 1 17,75 mr/n)
3(PheKTUBHO OEVCTBYET HA MUKPOOPraHM3Mbl B KOH-
ueHTpaummn 5-10 mr/n 1 102 r/n [9, 10]. TomaTnamH
nogaensan poct Staphylococcus aureus B KOHUEH-
Tpauum 8 mr/n [11].
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B npeagcraeneHHon paboTe aHanu3mpyloTcs pe-
3ynbTaTtbl cepuu HabnogeHun 3a OeWcTBUEM arka-
novaoB KoeuHa U KOMXULUHA B HU3KUX KOHLIEH-
Tpaumsax Ha pocT n ruonneHkoobpasoBaHne MUKPO-
opraHmamoB. Llenblo uvccnepoBaHua — siBNsnachb
OLleHKa BO3MOXHOCTU BO34eNCTBUS KOhenHa n Kon-
XUUMHA B KOHUEeHTpaumsx 103, 104, 105 r/n Ha pocT
n omnonneHkoobpasoraHne Rhodococcus gingshen-
gii n Rhizobium radiobacter.

SKCNEPUMEHTAIIbHAA YACTb

VccrnenoBaHusa npoBoaunv Ha Gakrepusx: rpam-
nonoxuteneHelin Rhodococcus gingshengii, wramm
108, BblgeneHHbIN 13 pusocdepbl Nbipes, U rpamoT-
pyuatenbHbii Rhizobium radiobacter, wtamm Bo542
13 konnekumm CrnbUpCKOro MHCTUTYTa PM3MoNormm u
Guoxummm pactennii CO PAH (CUDPUBEP CO PAH). B
KayecTBe cpedbl AN KynbTVBUPOBAHMSA WUCMOMb30-
Bann 3abydepeHHbI (PM3NONOrMiyecknin  pacTeop
(0,6%-1 pacteop NaCL B 0,01 M doccaTHOM By-
depe, pH=7,0) c rmtoko3on (5 r/n), Ha OCHOBE KOTO-
poro Takke genanvce pacteopbl ankanovgos. Mar-
pyyHas OakTepuanbHasi CycneHsus BblpallmBanacbh
B konbe B 50 mn 6ydepHoro pacteopa npu nokayn-
BaHuM (60 06/MWH), B TEMHOTE, 3-€ CYTOK Mpu TeM-
nepatype 26 °C. CycneHsnto passogunm 6ydepHbim
pactBopom go 0,1-0,2 onTtuyeckor NNOTHOCTU
(A=595 Hm), packanbiBanv B 96-nyHOYHbIE MaHLe-
Tbl U MHKYBuposanu npu 38 °C, B 3aBUCUMOCTU OT
akcnepvmMeHTa 3 unu 8 cyTok. Ankanougpl — KopeunH
M KONMXWMUUH — WCMOMb30Banu B KOHLIEHTpaLuMsax
0,00001; 0,0001; 0,001 r/n. Ankanovapel fo6aBnanu
cpasy (ab initio) B 1, 2, 3 unu 6-n geHb KynbTUBUPO-
BaHusA. OnTuyeckyto MMOTHOCTL GakTepmanbHOn
CYCMEH3MM B INyHKax W3Mepsany Ha nnaHWweTHOM
doTomeTpe iMark™ Microplate Reader (BioRad,
CWA) npu A=595 HM. [ns onpeferneHus ypoBHS
GuonneHkoobpasoBaHMsA copOMpoBaBLUMECS B FyH-
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Kax 96-nyHOYHOro nnaHweta H6akTepuarnbHble KneTt-
K/ OKpallMBanu KpuCTanin4yeckum ¢UONeToBbIM.
Yepes 45 MUH MHKYOaLMK KpacuTenb CnvBanu v B
NyHKU nnaHweTta BHocunn 96%-1 sTaHon. WHTeH-
CVIBHOCTb OKPaCKW KpUCTannmyeckoro croneTosoro B
aTaHone onpegensnu npu A, pasHon 595 nnun 490 Hm.
OKcnepuMmeHTbl BkMoYann 6—10 aHanUTU4EeCcKnx u
2—3 Buonorm4yeckmx NoBTOpHOCTU. BapnabenbHocTb
OaHHbIX OLEHVBanuM napameTpuyeckMMn CTaTUCTu-
Kamu (cpegHee 3HayeHWe WM CTaHOapTHOE OTKIOHe-
HMe) u HenapameTpudeckumn (Megmana, 25 n 75%
KBapTWUMM, MWHMMAaKCHblE 3HadeHus); [OoCTOoBep-
HOCTb OTNNYMI oueHuMBanun no kputepusm CTbio-
aeHta n MaHHa—YuTHu (p<0,05) COOTBETCTBEHHO.

OBCYXOEHUE PE3YINIbTATOB

Mpn kynbTMBMpOBaHUM BaKkTepuanbHbIX CyCreH-
31 COBMECTHO C ankanovgamu Hanmuumne kodeunHa u
KONxuumHa B cpefe B KoHueHTpauum 103, 104, 105 r/n
He OKasblBano CyLeCTBEHHOro BO3AENCTBMSA Ha
Rhodococcus gingshengii, ogHako nogaensano poct
Rhizobium radiobacter (puc. 1). ObpaiuaeT Ha cebs
BHMMaHWe TONEpaHTHOCTb MpeacTaBUTeENst rpamno-
NOXMWTENbHBbIX MWKPOOPraHM3MOB W YYyBCTBUTEIb-
HOCTb rpamoTpuuartensHoro Buga. B nocnegHem
crnyyae npvMedaTenibHO CXOACTBO rpachvkoB, ONu-
cbiBalOWMX 3deKkT pasHbiX KOHUEHTpauumn, He-
CMOTPS Ha NOPSAKOBbIE Pasnmyuns.

BnusaHne Ha BruonneHkoobpasoBaHne — ogHa 13
BaXXHEWLUNX XapaKTepucTUK aHTubakTepmanbHbIX
coeguHeHun. CornacHo COBpPEeMEHHbIM npeacTas-
nexHuam, 6GakTepmanbHas 6uonneHka sABnAseTcs
CINOXHOOPraHN30BaHHOW CTPYKTYpOW, npeTepne-
BatoLLen LMKIMYeckme N3MeHeHus coctosHun (ag-
resnst kK cybcrpaty, bopMmupoBaHue, CO3peBaHue,
ancnepcuns) [12]. OgHum n3 ycrnosuin adppekTums-
HOCTU aHTMMMKPOOHOro areHTa MOXeT OKa3aTbCs

Rhizobium radiobacter
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Puc. 1. BnusiHve kodeunHa 1 KonxmumHa Ha pocT 6akTepuanbHON CyCrneH3unu.
K — KoHTponb; 1, 2, 3 — KOHLUeHTpauumn kodenHa cooteeTcTBeHHo 1073, 104, 10 r/n;
4,5, 6 — KOHLEHTpauumM KonxuumHa cootsetcTBeHHo 102, 104, 10° r/n; no ocu opamHart: Ol — onTuyeckas NOTHOCTb.
[aHHble npeacTaBneHbl B Buae M+d. *— goctoBepHble oTnnumsa ot KoHTpons (p<0,05)

Fig. 1. Effect of caffeine and colchicine on growth of bacterial suspension.
Y-axis: optical density, nm; X-axis: time of cultivation, days. K — control; 1, 2, 3 — concentration of caffeine;
4, 5, 6 — concentration of colhicine: respectively 10, 104, 10 g/I. Alkaloids were added ab initio.
Data are presented as M+SD, *— statistical differences from control, Student test (p<0.05)
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TakTVka ero NnpMMEHeHus, HanpaBfeHHasl Ha nona-
AaHune B ys3BMMYIO a3y pa3BuTus BakrepmanbHOro
coobulectBa. [MpoBoaMmnoCk MO3TanHOe BHECEeHWe
arnkanouaoB B pasHble BpeMeHHble ToukM (ab initio,
yepe3 1 n 2 CyTOK), NPeanonoXuTensHO COOTBET-
CTBYHOLUME pa3HbIM CTaausM pasBuUTUA BGUONNeHKn
nccnegyemMbiX MUKPOOpraHMamMoB (puc. 2). BnuaHue
ankanomgoB Ha npouecc 6GuonneHkoobpasoBaHus
pasnuyanocb Yy rpamoTpuuaTenbHbIX M rpammono-
XUTENbHbIX MUKPOOPraHn3MoB. [naHKTOHHbIE KneT-
km Rhodococcus gingshengii pearmpoanu Ha no-
SIBNIEHNe B cpede KonxuuuHa ab initio 3HaumTenb-
HbIM yBENTMYEHNEM KOnMYecTBa OUOMMEHKW, Npuyem
MakCMManbHOe €ee KOonunyecTBo Habniwoganocb
UMEHHO NPV MUHMManbHOW KOHLIEHTPaLMKN ankano-
naa 10° r/n. OgHako ecnu KonxuuuH obin JobaeneH
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B cpefy Yepes CyTku, Koraa daktepun yke akTUBHO
dopmupoBann OGUOMNMNEHKY, ero NpUCyTCTBME Mpu-
BENO B JanbHeheM K YMEPEHHO BblpaXXeHHOMY
CHWKEHUI0 ee  KonudectBa. 3aMeTMMm,  4To
HanbonbluMM 3TO BO3AencTBMe ObINo Takke Ans
camblX HU3KMX KOHUeHTpauun — 104 mn 10° r/n.
[anbHenwee co3peBaHne OGMONMEHKM MNpUBENO K
BO3HUKHOBEHWUIO €€ BOCTMPUMMYMBOCTU K KOGhENHY
BO BCeX 3-X 3KCNepuMeHTanbHbIX KOHLEHTpaumsax. Y
Rhizobium radiobacter no6aBneHHbIn ab initio kon-
XUUWH OKasbiBan YMEPEHHO BblpaXeHHOe MnoaaBre-
Hue GuonneHkoobpa3oBaHUS BO MHOIOM CXOXee C
aencTBMeM Ha OakTepuarnbHyl cycneHsmio. B
AanbHenwem, MNo Mepe Cco3peBaHusa OuonneHku,
oba ankanovaa Bbi3blBanyM HE3HAYUTESbHYK CTU-
Mynsumo ee pocTa.
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Puc. 2. BrninsHue kodenHa 1 KonxmumHa Ha (hopMMpoBaHNe «Monoabix» GMoneHokK.
K — KoHTponb; 1, 2, 3 — KOHLeHTpaLuumn KodpenHa cooteeTcTBeHHo 1073, 10, 10 r/n;
4, 5, 6 — KOHLIEHTpaLMmM KonxuumHa cootsetcTeeHHo 103, 10, 10 r/n.
MamepeHune NNoTHOCTU BMONIEHOK MPOBOAMIN HA 3-U CYTKU.
Ol — onTnyeckas NnoTHOCTb; *— AOCTOBEPHbIE OTNNYUA OT KOHTpons no U-kputeputo MaHHa—YuTtHu (p<0,05)

Fig. 2. Effect of caffeine and colchicine on «immature» biofilm formation.

Y-axis: optical density, nm; X-axis: K — control; 1, 2, 3 — concentration of caffeine respectively
10%, 104, 10°® g/I; 4, 5, 6 — concentration of colhicine respectively 103, 10, 10° g/l.
Biofilms were assayed on 3 day.

Data are presented as «box and whisker» diagram (Me, 25-75 Q, max and min);

*— statistical differences from control Mann—Whitney U-test (p<0.05)
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BonbLion MHTepec npeAcTaBnsieT noTeHuumanb-
Hasi CrMocOOHOCTb aHTMMUKPOOHBLIX COeaMHEHWUA K
OECTPYKUMN  yKe  CPOPMMPOBAHHBLIX  BMOMNMEHOK.
CpaBHuBanocb Bo3gencTene KoemHa n KonxuuuHa
Ha «3penble» buonneHkn (3 n 6 cyTku) (puc. 3). buo-
nneHkn rpamnonoxutensHoro Rhodococcus qing-
shengii okasanucb 6onee ycTon4MBbl K NPUCYTCTBUIO
ankanoungos. Jaxe ecnu ankanounabl NpensTCTBOBa-
nn opMUPOBAHMIO BUOMMEHKN MMM CTUMYNMPOBAanu
ee pocT, Kak ObIno 3aduKCMpoBaHO Ha 3-M CyTKM (CM.
puc. 2), ux pewcterve Obio BPEMEHHbIM, U MMOT-
HOCTb OuonneHok Ha 8-e cyTkm npubnwkanacb K
YPOBHIO KOHTpons (cMm. puc. 3). bronneHkn Rhizobi-
um radiobacter oveBMgHO oOkasanucb 6onee 4yB-
CTBMTENbHLIMW K OENCTBUIO 00OMX arnkanonaos (CM.
puc. 3). Cnegyetr OTMETUTb CNOCOBHOCTL ankanou-
AOB BbI3blBaTb AMaMeTpanibHO MNPOTUBOMOMOXKHYIO
peakumio 6akTepuarnbHbIX KNETOK — KaK CHMXaTb, Tak
n yBenuumBaTb cTeneHb bronneHkoobpasoBaHus.

Takum 06pasom, KONXUUMH N KOPEenH B ManbIx
koHueHTpauumsix (103, 10 n 10 r/n) cnocobHbl ag-
PEKTVBHO BO34ENCTBOBAaTb KakK Ha rpamnorioxu-
TenbHble (Rhodococcus gingshengii), Tak u Ha rpa-
MoTpuuaTenbHble MukpoopraHuambl (Rhizobium ra-
diobacter). Ankanougbl MOryT MHrMOUpOBaTb POCT
KIMETOYHbIX CYCNEH3WUW, Bbi3biBaTb Kak NodaBrieHue,
Tak n ctumynsaumio bronneHkoobpasoBaHus, a Takke
WHAYLMPOBAaTb YaCTUYHYO OEeCTPYKUMio CcopMupo-
BaBLLencsa ouonneHkn. Oba mnsyyaembix BUaa ABMs-
oTCa pu3ocdepHbIMY, T.e. 0bUTalT B NoYBe B 30HE
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pocTa KOPHEN W, crnegoBaTerbHO, BKIOYEHbI B
CMOXHYI0 CETb MEXBUOOBbLIX pPacTUTENbHO-MUKPOO-
HbIX B3auMOAencTBMA. KOHTaKT C BTOPUYHLIMKU Me-
Tabonutammn pacTeHun SBNAETCA MNOCTOAHHO Aewn-
CTBYIOLLUMM (PaKTOPOM M, OYEBMOHO, OCHOBOW AN
BO3HUKHOBEHUSA MexXaHM3MOB, obecnedmBaroLLmx nx
HelTpanusaumio MUKpoopraHmamamu. N3BecTHo, YTo
Rhodococcus obnagaet MoLHON chepMeHTaTUBHOMN
cuctemomn (B YacTtHocTu kodpeuH-okcuaason [13]) m
crnoco®eH K MoNHOMY pacLuensieHnto kodenHa ¢ umc-
nonb30oBaHWEM arkanouga Kak UCTOYHMKa yriepoaa,
as3oTa 1 sHepreTmveckoro pecypca [14]. 31o Bo MHO-
rOM OOBSCHSET YCTONYMBOCTb €r0 KIETOK K KOheuHy.
Het ceegeHun o gerpagaumm pogoKOKKOM KOIXMLW-
Ha, odHako coobuiaeTca o chakte GuoTpaHcdhopma-
UMM KONMXULUUHA OUKAMW MOYBEHHBIMW LUTaMMaMu
Bacillus megaterium, rae knto4eBbiM Npeobpasyto-
LWMM (pakTOpOM SIBNAETCA MOHOOKCUreHasHasa cu-
ctema [6]. Mockonbky Rhodococcus obnagaetr mo-
HOOKCUIreHa3HOM akTUBHOCTbLIO [15], ecTb ocHOBaHWe
npegnonaraTte, YTO 3TOT MUKPOOPraHM3m Takke MO-
XET ycnewHo npeobpas3oBbiBaTb KOMNXWUMH OO0 He-
TOKCMYHbIX MPOU3BOAHbIX. HemarnoBaxHbIM dhakTo-
pOM B YCTOMYMBOCTM CycneH3um knetok Rhodococ-
CUS K AeNCTBUIO ankanongos (CM. puc. 1), BO3MOXHO,
SBUNCA MOLUHBIA CrOW NenTuaornukaHa KneTo4vyHown
CTEHKW, 3TUM TPaMmMosiIOKUTENbHbIE MUKPOOPraHn3-
Mbl MPUHUUNMANbLHO OTMMYaKTCa OT rpamoTpuua-
TENbHbIX.
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Puc. 3. BnvsaHve ankanonaoB Ha AeCTPYKLMIO «3penbix» G1onneHok.

K — koHTponb; 1, 2, 3 — ankanoug Ao6asunu cpasy B kKoHueHTpaumsx 102, 10 n 10" r/n cooTBETCTBEHHO;
4, 5, 6 — ankanoung o6aBunu Yyepes 3-e CyTOK B TEX e KOHLeHTpauusx; 7, 8, 9 — yepes 6 CyToK.
MamepeHune nnoTHOCTU GuonsieHok npoBoamnu Ha 8-e cyTku. Ol — onTnyeckas NNoTHOCTb;

*— IOCTOBEPHbIE OTNNYMA OT KOHTponsa no U-kpuTteputo MaHHa—Yuthu (p<0,05)

Fig. 3. Effect of alkaloids on destruction of «mature» biofilms.
Y-axis: optical density; X-axis: K — control; 1, 2, 3 — alkaloids were added ab initio respectively 10, 10,
10° g/l; 4, 5, 6 — alkaloids were added at the same concentration respectively at 3 day; 7, 8, 9, — alkaloids were added at the
same concentration respectively at 6 day. Biofilms were assayed on 8 day.
Data are presented as «box and whisker» diagram (Me, 25-75 Q, max and min);
*— statistical differences from control Mann—Whitney U-test (p<0.05)
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T. Robinson [16] 06bsAcHAN MOLWHbBIA dur3noro-
rM4Yecknin adpdeKkT MarnblX MOSIEKYn B ManblX KOH-
LeHTpaumax Mx CnocobHOCTbIO MonyyaTb AOCTYM K
OCHOBOMOMarawLwmM BUOXMMNYECKMM MNpoLeccaMm,
kak T10: pennukauuna OHK, tpaHcnaums PHK n cun-
Te3 6enka; NnaccuBHbIA U aKTUBHbLIN TpaHCMeMOpaH-
HblA TPaHCMOPT; perynsiumMsi akTUBHOCTU (hepMeH-
TOB; CMNOCOBHOCTb M3MEHATb KOH(OPMALMOHHYIO
CTPYKTYpPY MakpoMoriekyn; 6noknpoBka cantos CBs-
3bIBaHWS pPELENTOPOB AJ19 XMMUYECKMX TPaHCMMIT-
TepoB. [encTButenbHO, No3gHee Obifo BbISICHEHO,
YTO ankanouabl MOryT HanpsMylo BO3OEeWCTBOBaTb
Ha G6aktepuanbHyto OHK n memb6pany [6], a moryT
urpaTb poSib COeAMHEHNS-CUHEPTNCTa, KoTopoe 06-
neryaet [OoOCTyn MpsMOro areHTa-gecTpykropa
(Hanpumep, aHTUBMOTUKA) K BakTepranbHONM KneTke
[2, 4, 17-19]. UsBecTHO, 4TO KOPEnH MHrMbupyet
pPOCT psfa MUKPOOPraHUM3MOB MyTeM MNOAABMEHUS
cuHTesa OHK n PHK [20]. KonxuuuH wupoko nsse-
CTEH Kak coefuHeHue, nHrnbupyrowee cbopky MuK-
poTpyboYek, a TakKe NpenaTcTByoLLee TPaHCNOoPTY
KonnareHa BO BHEKINETOYHOE MPOCTPaHCTBO. AHTU-
GakTepmanbHOe OeNCTBME KONXMLMHA CBA3bIBAKOT C
OencTBneM Ha TyOynuHonoaoOHbIn 6enok FtsZ, He-
ob6XxoouMbIV ONs OeneHust KNeTku, a Takke c pas-
pyLIEHNEM MaTpuKca BMONMEHKN, B COCTaB KOTOPON
BXOAAT amurnougHble CTpykTypbl [21-24]. Kpome
TOro, KONMXMUMH OKa3blBaeT CYLLLECTBEHHOE BNUSAHME
Ha BHYTPUWKNETOYHbIV MeTabonnam bakrepun [7].

Habniogaemoe nogaeneHve pocTa CycrneHsuu
Rhizobium radiobacter (cm. puc. 1) moxeT npowuc-
XOOUTb BCMEACTBME €CTECTBEHHOIO CHUXEHUS Me-
Tabonuama GakTepuarnbHbIX KMNETOK KaK 3allUTHOWN
dumamonorMyeckon peakuum Ha HebnaronpusaTHoe
BO34EeWCTBUE, B TOM YNCIE B OTBET Ha NOSABIEHVE B
cpege TokcukaHTa. CriegyeT OTMETWUTb, YTO peak-
uns BaktepmanbHbix cycneHsuni Rhizobium radio-
bacter, HecMOTpsi Ha pas3nMunsl KOHUEHTpauunh an-
KarnouaoB B HUX Ha nopsgky, Gbina npakTuyecku
oavHakoBon. [logobHbiM o6pa3oM onuckiBaeTcs
B3auMOAENCTBME NUraHOOB C BbICOKOW CTENeHblo
cpoacTBa C COOTBETCTBYIOLLMMM peLentopamu, Ko-
roa Ans HacbIWeHWsT y4acTKOB CBA3bIBaHUSA AOCTa-
TOYHO MUHMManbHOW KOHLIEHTpaLMN U 00303aBUCK-
MbI (PM3MONOrMYECKUA OTBET B AanbHenLem OT-
cyTcTBYeT. MI3BecTHO, YTO ankanouabl B3ammonemn-
CTBYIOT C MEMOPAHON XMBOTHbIX KIMETOK MMEHHO MO
nuraHa-peuenTopHoMy npuHumny [25]. baktepuu, B
CBOI oYepefb, TOxe obnagalT CrOXHOW COBOKYM-
HOCTbIO CUrHambHbIX CUCTEM, OCHOBAHHOM Ha pe-
LEenToOpHbIX B3aUMOLENCTBUSAX C MOMEKYNSIPHbIMU
dhakTopamu BHelLHen cpedbl [26], B TOM 4nucne no-
KasaHa BO3MOXHOCTb MPUCYTCTBUSI COOTBETCTBYIO-
Wmx ankanongonofobHbIX peuenTtopoB Ha Gakre-
pvanbHon membpaHe. Tak, 6bil CMHTE3MpoBaH -
O6puaHbIN 6enok-peuenTop Kk KodenHy [27].

KodenH no cBoew CTpyKType CXOOeH C adeHo-
3MHOM K GnokupyeT afeHO3MHOBbIE peuenTopbl Y
XMUBOTHbIX [14, 28]. MeTabonuam ageHo3nHa TECHO
CBSI3aH C 3HepreTUYecKMMM mnpoueccamu KneTku
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(cunTes n pacnag AT®, AlP, AMD), a Takke ¢ cur-
HanbHbIMW CUCTEMaMM, CBA3AHHBIMW C aKTMBaUMEN
afeHO3NHOBbIX peuenTopoB [29], B TOM 4ucne n y
ofHokneTouHbIx aykapuot [30]. B 1O Xe Bpems
UAM® paccmaTpmBaeTCs Kak MEXKMNETOYHbIA WH-
opMaLMOHHbIA NOCPeaHUK B NONynsaumnm MUKPOOpP-
raHnamoB [31, 32]. Mbl npeanonaraem, 4Yto KodenH
MOXEeT BMelMBaTbCca B paboTy ageHunaTuuknas-
HOW CUCTEMbl MUKPOOPraHU3MoOB, BCTpauMBaTbCHA B
pasnuyHble MeTabonuyeckme NpoLecchl, HapylwaTtb
X CKOOPOWHWPOBAHHOCTb M TakMm o6pas3om ono-
CcpefoBaHHO OKasbiBaTb BAMSIHUE HA UX POCT.

G. Batoni n gp. [33], nsy4yasi gencTBme aHTUMMUK-
POGHBIX COEAMHEHWIN, 0D03HAYNN KIOYEBbIE MOMEH-
Tbl AHTUMMKPOOHOW aKTMBHOCTW: MpPOTUBOAENCTBME
NepBMYHON aares3vn; YHUUTOXEHVWE aBaHrapia MuK-
POOHBIX KIETOK-KONOHM3aTopOoB; GroKMpoBaHUE 4yB-
CcTBa kBOpyma. BbISIBNEHO, YTO MMEHHO Ha pPaHHUX
aTanax opmMmpoBaHNs OMOMNEHKN MPOUCXOOUT Bbl-
cBoboxaeHve ak30[JHK, koTopas sBnseTca ogHUM 13
KrnoveBbIX (haKTOPOB HE TOMbKO FEHHOro TpaHcdepa,
HO WM nepBuYHOM agresvm [12] n koTopas, Kak yxe
yrnomuHanocb [20], MOXET SABMATbCA MULLEHBIO AN
aencteus kodenHa. KodenH — oguH M3 MHIMOUTOPOB
GronneHkoobpa3oBaHMsA rPaMMONOXKUTENBHBLIX U rpa-
MOTpULATENbHBIX MMUKPOOPraHn3mMoB [34], oH Groku-
pyeT adbdontokc-kaHanbl Staphylococcus aureus [35] u
noAaensieT YyBCTBO kBopyma [36]. OOHapyxeHo aen-
cTBMe kodpenHa Ha GuonneHkoobpasoBaHne Pseudo-
monas aeruginosa nyteMm B3auMOLENCTBUS C MOSEKY-
namu 4yBCTBa KBOpymMa — Genkamm CBOPMUHr-nog-
BmxkHocTM LasR u Lasl [8]. Y Staphylococcus aureus
nenTuaHasi MoneKyrna 4YyBCTBa KBOpyMa CBSA3bIBAETCS
¢ peuenTopoMm AgrC, KOTOPLIA ABMAETCS TMCTULNHKN-
Hason [37], cocTaBnsowen OBYXKOMMOHEHTHON CUr-
HamnbHOM cucTembl. Takum obpasom, npouecc Guo-
nrneHkoobpas3oBaHNs MOXeT OblTb HEenocpeacTBEHHO
CBsi3aH C (PYHKUMOHMPOBaHMEM TpPaHCMEMOpPaHHbIX
CUTHamnbHbIX CUCTEM.

Ankanowg nunepuH nHrnbupyeTt GMonneHkooob-
pa3oBaHue Streptococcus mutans nytem nogas-
NeHns peuenTopoB W MOMEKYI, Y4YacTBYKLIMX B
yyBCcTBEe KBOpyma [38]. B HacToslee Bpems
yTBEpPXOeHNe 0 ToM, 4To BrnonneHkoobpasoBaHue
HaxoguTCca Nop KOHTPOMieM 4YyBCTBa KBOpyMa, He
Bbl3blBaeT COMHeHui. bonee Toro, BblABMraetcs
NpeanonoXeHne, YTO BECb CMEKTP BTOPUYHLIX Me-
TabonuTtoB (cpnaBoHouAbl, GPEHOMbI, (PEHONbHbIE
KMCNOTbI, CanOHWHbI, TAHHWUHbLI, XMHOHbI, TEPNEHO-
nabl, B TOM 4YucCne ankanougbl, U gp.), N3BECTHbIN
KaK JenCcTByKLLME BELECTBa JIEKapCTBEHHbIX pac-
TEHUN, NPeuMyLLecTBEHHO NPOTUBOAENCTBYET na-
TOr€HHbIM MUWKPOOPraHn3MamM MMEHHO Ha YpPOBHE
cuctem yyecTtea ksopyma [39]. o Bcen BMOnMocCTH,
ankanougbl obnagatoT LUMPOKUM  (DYHKLMOHAIbHBIM
CMNEKTPOM: Kak MNpsMbIM BO3OEWCTBMEM Ha KIETKM
MUWKPOOPraHW3MoB, BeayLLuM K nodaBrneHnto metabo-
nMama, Tak M MOMEKYNspHbIM «4uTepcTBoM» [37] —
uMmuTaumen KoHOPMALMOHHBLIX CTPYKTYP MOMEKyn-
TPAHCMUTTEPOB Ha YPOBHE CUrHarnbHbIX CUCTEM WU
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BMELLATENbCTBOM B MEXKIETOYHYHO KOMMYHMKaLUIO
Gakrepuin Ha ypoBHe YyBCTBa kBopyma. B nocnegHem
Cryvae MULLIEHbI0 pacTUTENbHbIX METaboNMTOB ABMS-
€TCH CMHTE3 CUrHarnbHbIX MOSIEKY, UX MOAMdmKaLms
n gerpagauus [40].

B Guomnorun LLMPOKO pacnpoCTpaHEHO SBrieHne
BbIPOXOEHHOCTU — MepeKpbiBaHWE CTPYKTYPHbIX W
yHKUMOHanNbHbIX aNeMeHToB, Griarogaps Yyemy obec-
neumBaetcad pobacTHOCTb, WM  PYHKUMOHAaNbHas
YCTOMYMBOCTb, CWUCTEMbI B CIlydae BO3HUKHOBEHWS
owmbok [41]. Ankanonabl B MUHMMAIbHBLIX KOHLEHTpa-
UMsIX MPOAOIMKAT (PYHKLMOHMPOBATL B KavecTBe 3a-
LLUMTHBIX COEOUHEHWUI B YCMOBUSX aHTaroHvM3ma C no-
CTOSIHHO paspyLualoLLMMN ux dutonatoreHamm. Oaxe
npy 3HAYNTENBHOM CHWKEHWM KONWYECTBa WX Oew-
CTBWE HEe NpeKpaLlaeTcs, a NepexoauT Ha ApYron ypo-
BEHb PaCTUTENbHO-MUKPOOHBIX B3aMMOOENCTBUA W
ocTaeTcsi He MeHee 3EKTUBHBIM.

3AKNKOYEHUE

Takue ankanougpl, Kak KOOEMH N KONXWUUWH, B
HU3KUX KoHUeHTpaumax (10310 r/n) cnocobHbl
3(p(PeKTMBHO BO3OENCTBOBATbL Ha POCT U Buonnex-
KoobGpa3oBaHMe PaMMONOXUTENbHLIX U FPaMoTpu-
LaTenbHbIX MUKpOOpraHMamMoB (Ha npumepe Rhodo-
coccus gingshengii n Rhizobium radiobacter). pa-
mMoTpuuatensHbln Rhizobium radiobacter 4yscTBu-
TenbHee K OEeNCTBMIO ankarouaoB B CPaBHEHUU C
rpamnonoxutensHelM  Rhodococcus  gingshengii,
KOTOPbIN pearnpyeT Ha UX Hanuume TONbKO Ha ca-
MbIX paHHUX cTagusix GuonneHkoobpasoBaHud. Be-
pOsiTHEE BCEro, MexaHu3M 3alUTHOro AeNCTBUSA
ankanouaoB B HU3KMX KOHLEHTpaUUsiX OCHOBaH Ha
BMeELLATENbCTBE B CUIHasbHbIE CUCTEMbI U YYBCTBO
KBOpyma b6akTepuin.
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BnnsaHue HoBOro ryMMHOBOrO nNpenapara
Ha pemeguauunio HedpTesarpsa3HeHHON NOYBbI

HaTtanba BukrtopoBHa ®omunyeBa, lOnua OmutpmeBsHa CMupHoBa,
NanuHa OpbeBHa PabnHoBUY

@UL| «lNo4yeeHHbIU uHecmumym um. B. B. [Jokydaeear,
2. Mockea, Pocculickasi ®edepauusi
ABTOp, OTBETCTBEHHbIN 3a nepenucky: Pomuyesa Hatanba BuktoposHa, nvfomi@mail.ru

AHHOmMauyus. Bo BcepocculickoM Hay4yHo-uccrie008amesisCKOM UHCMUMyme MesluopuUpOBaHHbIX 3eMerib
(¢punuane ®UL| «lNo4seHHbIl uHcmumym um. B. B. [Joky4yaesa») paspabomaH eymuHosbil ripenapam bo-
I'ym, norny4eHHbIl weno4YHoU sKkcmpakyuel eyMmuHocodepxkaujeeo chipbsi. Llens pabombl — usyyeHue enusi-
Hus 2yMuHoeoeo npernapama bolym Ha pemeduayuto Hegpbmesazps3HeHHOU 0epHOB0-M0A30/UCMOU 1048bI.
B modenbHoM akcrniepumeHme o pemeduayuu ro4ebi, UCKYCCMEEHHO 3ag2ps3HEHHOU Heghmbio 8 Konude-
cmee 5%, bolym npumersinu 8 3-x do3ax: Kak cmumynsamop abopuzeHHoOU mukpogopsl (300 n/2a), kak
y0obpeHue (3000 n/2a), kak copbeHm (30000 n/z2a). YemaHoesneHo, ymo bol ym aghchekmusHee 8 kavecmee
cmumynamopa abopuzeHHOU MUKPOoghriopbl, MakCuMyM Komopou Habnwodarsncs criycmsi Mecsiy rocse eHe-
CeHus npernapama, a cmeneHb 0ecmpykuyuu Heghmu 3a 0s8a mecsua akcriepumeHma cocmasuna 40,1%.
OnpedeneHo, 4ymo npu npumeHeHuu bol'ym e kadecmee copbeHma 2yMuHO8bIe gewecmea rpenapama Ha
POMSKeHUU 8cez0 3KcrepuMmeHma sensnucb bonee 0ocmynHbIM UCMOYHUKOM numadusi O noYeeHHou
MUKpoghriopbl, HeghmsiHbie yareeo0opodbl ecriedcmeaue copbuuu bbinu ManodocmyriHbl Ofsi MUKPOOpaa-
HU3MO8, 8 umoee decmpyKuus Hegpmu bbinia HaumeHbwel. MakcumarnbHyto cmeneHb decmpykuuu (44,9%)
obecriequrno coeMecmHoe rnpuMeHeHuUe MUkpobHozo npernapama Mukpobak (paspabomka MHcmumyma 6uoxu-
mMuu u ¢husuornoauu MukpoopaarHuamos PAH) u eymuHosozo npenapama bol'ym e dosuposke 300 r/za. Npena-
pambl Nposi8UIU CUHepeemuYeckull 3¢hghekm, 4mo ompasusiocb Ha akKmueHOM pa3sumuu Kak yaneeodopo-
OOKUCTISWUX MUKPOOp2aHu3Mos8, mak u abopuzeHHoU mMukpogiopel. [poueHmHoe codepxaHue yanego-
O0pPOJOKUCTSAIOWUX MUKDPOOp2aHU3Mo8 om obuwel 4HucrieHHocmu 2emepompogho8 80 8cex eapuaHmax
ornbima bbI/10 MakcuMarsbHbIM Yepe3 08e Hedesu, danee CHUXarnocb ¢ pasHoU UHMeHcusHocmbio. Paccyu-
maHHbIe ypasHeHUsT MHOXEeCmEeHHOU peepeccuu ro380unu ouyeHUms enusHue uccredyembix ¢huduonoau-
YecKuXx epymnn MUKpoOpeaHU3M0o8 Ha crmereHb 0ecmpyKyuU.

Knro4deenie cnoea: Heghmb, 2yMUHOBbIU ripernapam, MUKpObHbIl npenapam, cmeneHb decmpyKkyuu, yare-
8000pOdOKUCSAIOUWUE MUKPOOP2aHU3MbI, abopuzeHHas MUKpogiopa

Ans yumupoeaHus: domnyesa H. B., CmupHosa tO. [., PabuHosud . 0. BnvsHne HOBOro ryMMHOBOTO
npenapaTa Ha pemeguaumio HedTesarpasHeHHoM noyusbl // 3BecTua By3oB. [NpuknagHas xumunsa n 6uotex-
Honorus. 2022. T. 12. N 2. C. 310-320. https://doi.org/10.21285/2227-2925-2022-12-2-310-320.
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Influence of new humic preparation on remediation
of oil-contaminated soil

Natalia V. Fomicheva, Yulia D. Smirnova,
Galina Yu. Rabinovich

FRC V. V. Dokuchaev Soil Science Institute,
Moscow, Russian Federation
Corresponding author: Natalia V. Fomicheva, nvfomi@mail.ru

Abstract. A humic preparation obtained through alkaline extraction of humic-containing raw materials at the
All-Russian Research Institute of Reclaimed Lands (branch of the V. V. Dokuchaev Soil Science Institute) is
presented. The aim of the work is to study the effect of the humic preparation — named BoGum — on the re-
mediation of oil-contaminated podzols. In a model experiment for soil remediation, artificially contaminated
with oil in an amount of 5%, BoGum was used in 3 doses: as a stimulant of aboriginal microflora (300 I/ha),
as a fertiliser (3000 I/ha), and as a sorbent (30000 I/ha). BoGum was found to be more effective as a stimula-
tor of aboriginal microflora, whose maximum was observed one month following application, while the de-
gree of destruction of oil over the two months of the experiment was 40.1%. Over the course of the experi-
ment, it was determined that humic substances of the preparation were a more affordable source of nutrition
for the soil microflora when BoGum was used as a sorbent; the breakdown of oil was the lowest when petro-
leum hydrocarbons were inaccessible to microorganisms due to sorption. The maximum degree of break-
down (44.9%) occurred with the combined use of the microbial preparation MicroBak (development of the
Institute of Biochemistry and Physiology of Microorganisms of the Russian Academy of Sciences) and the
humic preparation BoGum at a dosage of 300 I/ha. The preparation demonstrated a synergistic effect, which
affected the active development of both hydrocarbon-oxidising microorganisms and aboriginal microflora.
The percentage of the hydrocarbon-oxidising microorganisms from the total number of heterotrophs in all
experimental variants was maximum in two weeks; this was reduced at different intensities. Calculated multi-
ple regression equations were used to estimate the physiological influence of the groups of microorganisms
on the degree of degradation being investigated.

Keywords: oil, humic preparation, microbial preparation, the degree of degradation, hydrocarbon-oxidising
microorganisms, aboriginal microflora

For citation: Fomicheva N. V., Smirnova Yu. D., Rabinovich G. Yu. Influence of new humic preparation on
remediation of oil-contaminated soil. 1zvestiya Vuzov. Prikladnaya Khimiya i Biotekhnologiya = Proceedings
of Universities. Applied Chemistry and Biotechnology. 2022;12(2):310-320. (In Russian). https://doi.org/
10.21285/2227-2925-2022-12-2-310-320.

BBEOEHUE

Cpeamn aHTpornoreHHbIX (pakTopoB Mo CTeneHu
BPeOHOro BIUSIHUS Ha 9KOCUCTEMbl OOHO W3 rnaBs-
HbIX MECT 3aHMMalT HedPTb W HedTENPOAYKTHI.
CyLLecTBYIOT pasnuyHble Cnocobbl NMKBMAALMU U
pekynbTMBauun HedTAHbIX 3arpasHeHun [1, 2]. MNpu
3TOM HUW OAMH M3 U3BECTHbIX METOA0B HE MO3BONSET
MOMHOCTBIO pewunTb NpobneMy o4YncTkm HedTesa-
rPSA3HEHHOW Mo4BbI. AKTyarbHbIM OCTaeTcs cosfa-
H/ME HOBbIX U COBEPLUEHCTBOBAHWNE CYLLECTBYIOLLMX
cnocoboB OYMCTKM MOYB U PEKYNbTUBALMM NOYBEH-
HOro MOKpoBa, B TOM 4YWUCNE MOWUCK NpeaHasHayeH-
HbIX A58 3TOr0 HOBbIX peareHToB U npenaparos [3].

B Poccum n 3a pybexom ana pemeguauuu
HedTe3arpsi3HEHHbIX MOYB MPUMEHSIOT TYMUHOBbIE
npenapaTtbl, pa3paboTka, OCBOEHME U LUMPOKOE MC-
Monb30BaHWE KOTOPbIX CYMTAKTCH BaXHENLWUM
3MEMEHTOM YCMELLHOro peLleHns npobnembl JeTok-
CMKauMM 1 BOCCTaAHOBIIEHUs nnogopoaus Hedresa-
rPA3HEHHbIX NoyB [4, 5].

Tak, pag ydeHbix [6] ona pemeguaummn UcKyc-

CTBEHHO 3arpsA3HEeHHOW HedTbl MNOoYBbl (KOHLUEH-
Tpauusa HedTn 15 r/kr) ncnonbsoBanu rymMmHoBbIE
KUCNOTbI, MOMyYEeHHbIE MEXaHOXUMWYECKUM CrOCO-
60M M3 Hu3MHHOrO Topcha. PacTBOpPbI FYMUHOBbLIX
KUCMOT BHOCWIM B NMOYBY Ha 3 U 5-€ CyTKU KyNbTUBK-
poBaHMS 13 pacyeTa 2 Mi1 pacTBopa NYMUHOBbLIX KUC-
NnoT B KOHUeHTpaumm 5 r/n Ha 100 r nouysbl. 3a 30 cy-
TOK MPOBEOEHUST SKCMEPUMEHTa COAEpXXaHue aKCTpa-
rmpyembix 6utymongoB cHuaurnocb go 40% macc. Uc-
crnegoBaTeny OTMEYatoT, YTO MOYBEHHAst MUKpPOdIo-
pa, CTMMyNMpOBaHHas FYMUHOBbLIMW MpenapaTtamu,
obnagana noBbILEHHON OECTPYKTMBHOWM HedTEOKUC-
NSALWeNn akTUBHOCTBIO, O YeM CBUAETENbCTBOBaNu
nokasaTenu duogerpagauum yrnesogopoaos.

B MopenbHOM onbiTe Ha 4YepHO3emMe OObIKHO-
BEHHOM CO CpegHuM cogepxxaHuem rymyca 3,6% B
KayecTBe BeLLECTBa, BKMOYAKOLEro HedTenpoayk-
Thbl, UICMOMbL30BaNN Macno MoTopHoe Mapku Mobil 1,
a B KayeCTBE MCTOYHWKOB TYMMHOBBLIX BELLECTB —
rymmHoBbIi npenapat ymat-80 (OO0 «ArpoTex
NYMAT», Poccus). Yepes mecsl nocne BHeceHus
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rymMaToB C KOHUeHTpauuen 0,7 r/n cTeneHb u3sne-
YeHns1 HePTENPOAYKTOB cocTaBuna 65% [7].

B npaktuke pemeguaumm HedTesarps3HEeHHbIX
MoYB U3BECTEH Takke rymMMHOBbIM npenapaT ['ymu-
koM (OOO «3MynbCMOHHBbIE TEXHOMNOrMU», Poccus),
BblAeneHHbIn n3 6yporo yrna [8], ryMUHOBLIN npe-
napat Mutap Mut (OO0 «Peter Peat», Poccusa) [9]
n ap. [10]. Kpome atoro, BCTpeyaloTcs OpuruHasnb-
Hble TEXHONOrMM peMeguauun, B KOTOPbIX, Hanpu-
Mep, npenapaTtbl Ha OCHOBE TYMUHOBbLIX BELLECTB
PasfMYHOro MPOUCXOXOEHUS NMPUMEHAIOTCA B Kade-
CTBE MPOMbIBOYHbLIX areHToB HedTe3arpA3HEeHHbIX
nous [11]; 4ns cTUmMynsauMmn GUOXMMMYECKOTO OKMC-
neHnst HePTSHOTO 3arpsi3HEHWs B MOYBE UCMOSb3Y-
IOTCS1 T'YMUHOBbBIE KUCNOTbI TOpdha B KOMMSIEKCE CO
CBETOKOPPEKTUPYIOLLMMN NITEHOYHBIMW MOKPLITUAMMN
[12]; Ha ocHOBe rymnHOBBIX BellecTB pa3paboTaHbl
1 ncnonb3ytoTcsa TBepable copbeHTol [13].

Bo BcepoccuinckoMm —Hay4HO-uccnegosaTtenb-
CKOM MWHCTUTYTE MENWOPUPOBAHHLIX 3emenb (u-
nuane O, «lMNo4BeHHbIA MHCTUTYT um. B. B. [Joky-
YaeBa») pa3paboTaH rymMMHOBLIN npenapaT (pabo-
yee Ha3BaHue bol'ym). Anpobauusi Bol'ym B nonesbix
YCIOBUSIX NPV BbIpalMBaHWN PasnnyHbIX CEMbCKOXO-
39MNCTBEHHBIX KynbTyp CBMOETenbcTBoBana o6 ero
3P (PEKTMBHOCTM B pe3ynbTaTe KOMMIEKCHOIO BMSHNSA
Ha MoYBY W PacTeHVs 3a CYET MPOSBIEHUS CTUMYIU-
pytoLLen (aktmsmanpyroen) dyHkumm [14, 15].

BnaronpuaTtHeii coctaB bol'ym, a Takke nony-
YEHHbIN paHee MONOXUTENbHbLIN OMbIT ero npume-
HeHUs No3BONUNK caenaTtb NpeanonoXxeHne o nep-
CMEKTUBHOCTU WCMONb30BaHMS FTYMUHOBOrO npena-
paTta Ons OYUCTKU MOYB OT HedTe3arpsa3HEHUA.

Llenb paboTbl — n3yyeHve BrMSHWUS TYMUHOBOIO
npenapata bol'ym Ha pemeguauumio HedTesarpas-
HEHHOW AepHOBO-NOA30MMCTON NOYBbI.

OKCNEPUMEHTAJIbHAA YACTb

N'ymuHoBbIM npenapaT Bolym nonydeH nytem
LLIEMNMOYHON 3KCTPaKuMmM 0TXo4a NPOU3BOACTBA XUA-
kodasHoro Guonpenaparta gns pocrta M pasBuTUSA
pacTeHun n npeacraBnsaeT cobon XUAKOCTb TEMHO-
KOPMYHEBOro LBeTa 0e3 HenpusiTHOro 3anaxa [16].
OcHoBHoW xapakrepucTtukon bol'ym, mcnonb3yemoro
B JaHHOWM paboTe, ABMSIETCS coaepXaHue ryMMHOBBLIX
kmcnoT — 13,0£0,2 r/n, cyxoro octatka — 29,5+0,3 r/n,
obwee MukpobHoe uymcro — (1,8+0,4)x107 KOE/mn,
pH 8,13+0,05, kpome 3TOro, B Nnpenapare cogepxaTtcs
MaKpO- 1 MUKPOINEMEHTbI.

[na nayvyeHns adpdPeKkTUBHOCTM UCMNOSb30BaHNSA
Bbol'ym B npouecce pemeguaunm HedresarpasHeH-
HOW MOYBbI ObIN 3an0XXeH MOAENbHbIN 3KCMEPUMEHT
B nabopaTopHbix ycrnosusx. C aTon Uenbio B nna-
CTUKOBbIE KOHTEWHEpbl MOMELLAanu BbICYLLEHHYHO,
NPOCESAHHYI0 OepHOBO-NOA30NUCTYIO  NErKOCYrnnHU-
CTYI0 MO4BY, KOTOPYK 3ateM yBnaxHsnm o 70% ot
npenensHO-NoNeBo BNaroeMKoCcTU 1 Jarnee npoBo-
OVNn UCKYCCTBEHHOE 3arpsi3HeHne nouBbl HEPTLIO U3
pacdeTta 50 r/kr nousbl (5% HedTesarpssHeHui). B
onbiTe ucnonb3oBann HedTb 3anagHo-Cubupckoro
MecTopoXaeHust nnotHocTbto 0,860 r/cms3. CnycTa 3-e
CYTOK B KOHTEWHepbl BHOCUNW YMUHOBBIN Npenapar
Bol'ym, yepes Hegento ObINO NPOBEAEHO NOBTOPHOE
€ro BHeceHue.

B uenom gosa BHOcumoro paboyero pactsopa
npenapaTta 3aBUCUT OT pasNU4YHbIX (PaKTOPOB: KO-
nuyectBa HedTENPOOYKTOB B MNO4YBE, MIIOTHOCTU
noysbl U rNyOuHbI 3aneraHnsa KOPHEBOro Crosi pac-
TEHUA unu rmyBbuHbI NaxoTHOro ropusoHTa u ap. [5].
AHanu3 Hay4yHom nuTepaTtypbl MO3BONWN onpege-
nMTb 3 pasnuyHble [03bl NMPUMEHEHUSA MNpenapaTa.
M3BecTHO [17], 4TO rymMMHOBLIE BeLLeCTBa, BHOCU-
Mble B HedTe3arpsi3HeHHble MOo4YBbl B AManasoHe
MUHUMarbHbIX KOHUeHTpaumi ot 0,1 mo 0,8 r/n,
cnocobHbl obecneunBaTb CTUMYNMpYOWMN acdekT
Anst abopureHHONn MUKpodIopbl, B Auana3oHe OT
1 80 9 r/n — cnocobHbl OKa3biBaTh yOOBPUTENbHbBIN
aheKkT B Lenom, a B AnanasoHe KOHLEeHTpauun ot
10 po 60 r/n — BbICTYNaTh B kadecTBe copbeHTOoB. B
rymmHosom npenaparte bolym copepxaHue rymu-
HoBbIX KucroT 13+0,2 r/n, 4YTo NO3BOMWMO MCMOSb-
30BaTb €ro kak copbeHT, a Mpu COOTBETCTBYOLLEM
pa3baBneHuMn 1 kak ygobpeHue, u Kak CTUMyNATop
abopureHHon Mukpodnopsbl (tabn. 1).

B kayecTBe npenapaTa CpaBHEHUS WCMOMb30-
BanuM NMOMWIbHO BbICYLIEHHbLIA MUKpOOMonornye-
ckun npenapaT Mukpobak, paspaboTaHHbii B UH-
cTUTYyTE BGUOXMMUN K PUINONOTUN MUKPOOPTraHU3-
moB uMm. I'. K. CkpsabuHa n niobesHo npegoctaBneH-
HbI JOKTOpOM Buonornyeckux Hayk A. E. dunoHo-
BbIM. [Npenapat Mukpobak npegHasHayeH ansa 6uo-
pemegmaumm novs ¢ cogepxaHmem HedTn o 15%
W npegcrtaenseTr cobon KoHcopuuym GakTepuin po-
noB Rhodococcus n Pseudomonas. o pekomeH-
paumam npoussogutenen Mwukpobak BHocunu no
doHy asodpocku (0,15 r/kr noysbl) U3 pacyeTta Ko-
HEYHOro cofepXaHusi LITaMMOB-HedTeAeCTPyK-
TopoB 105 KOE/1 r noyBbl.

Ta6nuua 1. KoHueHTpauum 1 [o3bl BHECEHNS TYMWHOBOTO npenaparta bollym

Table 1. Concentrations and doses of applied humic preparation BoHum

KoHueHTpaLus [OencTene ryMmHoBOro KoHueHTpaums rymMHOBLIX PasbasneHuve [o3a BHeceHus
ryMWHOBbIX Kucnot B paboyem pactsope
npenapara Bolym Bolym, n/ra
BeLUecTB, I/n Bolym, r/n
Ctumynsartop
0,1-0,8 abopureHHom 0,13 1:100 300
MUKPONopbl
1-9 Yno6peHne 1,3 1:10 3000
10-60 CopbeHT 13 - 30000
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B HayyHOM nutepaTtype oTtmedeHo [9, 10, 18],
YTO COBMECTHOE MCMONb30BaHUE CcneLmanuanpo-
BaHHbIX MWKPOOHbLIX MpenapaToB C TYMWHOBbLIMU
npenapatamu cnocobcTByeT Gonee adhdekTnBHON
Buogerpagaumy HedTAHOTO 3arpsA3HEHUs MOYBEH-
HOW 1 BoOHOW cpenbl. B ¢BA3M ¢ 3TUM B cxeme Mo-
OEenbHOro aKcnepumeHta OblnMM  NpeaycMOTPeEHbI
ABa BapuaHTa COBMECTHOro ucnosb3oBaHusa Muk-
pobak n ol ym.

Cxema mMogenbHOro onbiTa:

BapuaHT 1 — nousa 6e3 HedpTu (KOHTponb 1);

BapuaHT 2 — noyea + HedpTb (KOHTpOIb 2);

BapuaHT 3 — noysa + HebTb + Mukpobak + asodpocka;

BapuaHT 4 — noysa + HedpTb + Bol'ym 300 n/ra;

BapuaHT 5 — nousa + HedbTb + Bol'ym 3000 n/ra;

BapuaHT 6 — noysa + HepTb + Bollym 30000 n/ra;

BapvaHT 7 —no4ea + Hedotb + Mkpobak + Bolym 300 rfra;

BapvaHT 8 —nouea + Hedpb + Minkpobak + Bol'ym 3000 rvra.

MogenbHbIn 3akcnepuMeHT Obin 3anoxeH ABa-
XObl B 3-KpaTHOM MOBTOPHOCTW Ha 2 mecdua C Noa-
OePXaHNEM ONTUMarnbHOro BOAHO-BO3A4YLIHOMO pe-
Xnma.

Mpobbl NoyBbl OTOMpanu MeTogoM KOHBEpTa U3
Ka)K4oro KoOHTerHepa, TwaTenbHO NepemeLlnBani n
nonyyYanu ycpegHeHHyt npoly ANnsa Kaxgom no-
BTOPHOCTM COOTBETCTBYIOLLErO BapuaHta. AHanm3
ycpeaHeHHbIX Npob npoBogunu cnycTtsa 2 Hegenu ot
Hayana aJKCnepumeHTa, CNycTd Mecsl U B KOHUe
aKCnepuvMeHTa — CnycTa 2 mecsua.

Haunbonee BaxHbIM 1 MHAPOPMATUBHBLIM MOKa3a-
Tenem sIBNAETCS OCTAaTOYHOE KONMYEeCTBO HedTu B
noyse, KOTOpOEe onpeaensanu ryopMMeTpUYECKNM
mMeTogoM Ha npubope dnwopart-02-2M (000
«JTtomake», Poceus) [19].

YpoBeHb gerpagauumn HedTn (X) oueHnBanu Kak
OTHOCUTENBHOE YMEHbLUEHNE COoAEePXaHUs HedhTH B
NPUCYTCTBUMN KOHKpETHOro npenapata (C) no cpas-
HEHWUIO C NepBOHaYasribHON KOHLUEHTpaunen HedTn B
nouse A0 BHeceHus npenapaTtos (Co):

X =25 % 100%.
Co

UMCNEeHHOCTb  MOYBEHHBLIX  MWKPOOPraHM3MoB
onpeaenanu MeToaoM NpefenbHbIX pasBefeHui C
MOCEBOM CYCMEH3UM Ha TBepAble AMEKTBHbIE NUTa-
TenbHble cpeabl! Ha npumepe 4-x PU3N0NOrNMYECKnNX
rpynn MUKPOOPTraHU3MOB, Y4aCTBYOLLMX B CO34aHUN
MOYBEHHOIo MMAOAOPOAUS M B MpoLeccax OYUCTKM
NoYB OT HETAHBLIX 3arpsA3HEHNN: reTepoTPOdHbIX —
Ha MSACOMENTOHHOM arape; MCNofMb3YHLMX MUHe-
panbHbI @30T — Ha Kpaxmarno-amMMuMa4yHOM arape;
MUKPOMULIETOB — Ha Cycro-arape; YrneBofopono-
KACNAOWMX — Ha nuTatenbHon cpepe [Npuaxam—

loTTNMGa?, roe B KayecTBe €OMHCTBEHHOMO UCTOM-
HWKa yrnepoga W 3Heprum ucnonb3oBanu HedTb B
konunyectee 1%.

Cratuctnyeckyto 06paboTKy aKcnepumMeHTarb-
HbIX [AaHHbIX NPOBOAMMAN C MOMOLLBIO MakeTa npo-
rpamm Microsoft Excel 1 STATGRAPHICS Cen-
turion XVLII. Mpn obpaboTke NOMyYEeHHbIX AaHHbIX
MCNonb30Banu afemMeHTbl BapuaLMOHHOW CTaTUCTK-
Kn: cpegHeapndMeTMyeckne 3HadeHuss U OoBepu-
TenbHbIN MHTEPBAN KOHKPETHOro 3HavyeHus (06bem
BblOOpKkK N=6). CTaTUCTUYECKYHOD 3HAYMMOCTb OTNU-
YU aHanM3MpoBanu ¢ UCMNOMNb3oBaHMEM t-KpuTepus
CrtbtogeHTa (p<0,05). [Ins kaxgoro BapvaHTa Onbl-
Ta Obln BbiBEAEHbl YpPaBHEHWS MHOXECTBEHHOW
perpeccuu, rge B Ka4eCcTBE 3aBMCMMOWN NEPEMEHHON
(y) paccmaTtpuBanacb cTeneHb OeCTpyKuMn HedTw,
a B KayecTBe HEe3aBUCUMbIX (X1...Xa) — YNCNEHHOCTb
ncenegyemMbix pr3mMonormdecknx rpynn MmMKpoopra-
HU3MOB (reTepoTpOdHbIX, YrNeBOAOPOAOKUCTISIHO-
LMX, UCMOMb3YOLWNX MUHEeparbHbIA a30T U MUKPO-
muueToB), n=6. o BenudnHe koapduLMeHTOB pe-
rpeccun (bi...bs) cyounu o6 ypoBHE BNUSHUS KOH-
KPETHOW rpynnbl MUKPOOPraHNM3MOB Ha CTeneHb ae-
CTPYKUMM HedTU: 4Yem Bbie KOIPPULMEHT, TEM
CunbHee BrnsiHME.

OBCYXOEHUE PE3YIIbTATOB

lMpu nonagaHunm HedTM B NOYBY MNpPaKTUYECKM
Ccpasy HauMHaeTcsl npouecc ee gerpagauuu, npe-
UMYLLIECTBEHHO 3a cyeT abuoTuyecknx pusmko-
XUMUYECKMX MNPOLECCOB, HanpuMMep, BbIMbIBaHUS,
ucnapeHuns n gap. B mogenbHoMm akcnepumeHTe oc-
HOBHbIM abMOTUYECKUM (haKTOPOM SIBNSANOCH Mcna-
peHne nerkux dpakumm HedTH, BENNYMHY KOTOPOro
MOXHO OLEHUTb MO BapuaHTy «Mo4YBa + HeTb».

WHTeHcMBHOCTE Aerpajauum HedpTv 3aBUCUT OT Tu-
na no4Bbl, e COCTOSIHMS, B YaCTHOCTU OT YpPOBHS1 obec-
MEYEHHOCTW 3NEMEHTaMM MNUTaHWs], KONM4YecTBa MoY-
BEHHOM MUKPOOIOPkI, B TOM Y1CHE OT HanM4usi yrneeo-
gopogokvcnstowen mukpodnopsl [20, 21]. B Havane
MOZENBbHOrO  3KCMEPUMEHTA UCXOOHAst YUCIIEHHOCTb
abopureHHo MUKpodropbl Obina JOCTAaTOMHO BbICOKA:
reTepotpodoB — 5,5%10% KOE/r noyBbl, UCMOmb3yto-
LUMX MUHepanbHbIn a3oT — 2,3x108 KOE/r, Mukpo-
muuetoB — 2,0x104 KOE/r, a yrneBogopogokucns-
towmx — 1,4x10° KOE/r noyBbl, U 0 OKOHYaHUSA 3KC-
nepMMeHTa CYLIECTBEHHO He W3MeHsAnacb, 4TO
MOXHO OLEHUTb NO KOHTporto 1 (Tabn. 2).

MHorune aBTOpbl 0TMevatoT [6, 12, 22—-24], 4TO
B NepBbI€ CYTKM Nocne nonagaHus HedpTu B NOYBY
HabngaeTcsl CHWXKEHUEe YUCINEHHOCTM MOYBEH-
HbIX MMKPOOPraHM3MoB, 00yCNOBNEHHOE TOKCHYe-
CKMM BNUSHMEM MonnoTaHTa. [lanee Hactynaet

IMeToabl NoYBEHHON MUKpobUonorum n Guoxmmmn: y4ed. nocobue / nog peg. . I'. 3sarnHuesa. M.: N3a-Bo

MIY, 1991. 304 c.

2Carm . MeToabl nouBeHHoI Mukpobuonorn / nep. ¢ BeHr. W. ®. KypenHoro; noa pea. I'. C. Mypomuesa.

M.: Konoc, 1983. 296 c.
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Tabnuua 2. KonmyectBo NOYBEHHBIX MUKPOOPraHM3MOB Yepes 2 Hefenu OT Havana aKcnepMmeHTa

Table 2. Number of soil microorganisms two weeks after the start of the experiment

YncneHHoCcTb MUKPOOPraHn3moB
reTepOTpOCbeIX, OKNCTIAOLLIX VICI'IOJ'IbByIOLLl,VI'X MUWKPOMULIETOB,
BapuaHT onbiTa %108 KOE/r yrresoopoapbl, MUHepanbHbIi 10° KOE/r
A x105KOE/r | asor, X108 KOE/r AN

NOYBbI NMOYBbI
(T&?ioief 1H)eq)m 5,6+0,22 0,1+0,012 2,6+0,22 2,1£0,12
flousa + Hedpe 6,4£0,2 3,3£0,1° 15,60, 7° 2,8+0,20°
(koHTpONb 2)
Mousa + HedTb+ Mukpobak + azodocka 21,2+0,9¢ 15,60,2° 40,8+1,2¢ 3,1£0,2°
Mousa + HecbTb+ Bolym 300 ira 8,120,2% 6,040,4° 28,2417 7,940,2¢
Mousa + HedbTb+ Bolym 3000 n/ra 11,740,7¢ 9,120,5¢ 37,941,3% 7,740,2%
MouBa + HedbTb+ Bol'ym 30000 n/ra 28,2+1,4¢ 12,9+0,6° 71,142,498 15,7+0,49
S o+ HedTL & MukpoBaic+ Sofyi 33,1412 18,141,29 61,6£2,11 8,5:0,3'
o2 ¢ e Makpobaic+ Bolym 8,740,5° 2,8+0,4° 20,041,9° 2,1£0,22

lMpumeyvaHue. lNpedcmasneHbl cpedHeapughMemuyecKue 3Ha4YeHUs1 YUC/IeHHOCMU MUKDPOOpaaHU3Mo8 ¢ 00-
sepumersibHbIM UHmMepsasiom (N=6); 8 kaxxdom cmonbue pasHbiMu bykeamu 0603HaYeHbI cmamucmu4ecku

3Ha4vumble pasnudus (p<0,05).

ajanTauMOHHbIN nepunog, No3BOMSOLWMA MUKPOOP-
raHM3mam npucnocodnTbLCS K YCNOBUSIM TOKCUYHOIO
BO3OENCTBMSA KOMMOHEHTOB HedTu. B pesynbrarte
NMPOUCXOAUT NepecTporika MUKpoBoLIEHO3a NOYBhbI, U
nNpevMyLLeCTBO MNOMyYarT MUKPOOPraHu3Mbl, Cro-
CcoGHble ycBavBaTh YrneBogopoabl HedTu.

Cnycta 2 Hegenu OT Hadvarna 3KCnepumeHTa BO
BCEX BapuaHTax C BHeCeHWeM HedTU OoTMe4arocb
yBeNnuyeHne YMCNeHHOCTU uccregyemblX MUKpoopra-
HM3MOB MO CpPaBHEHWIO C KOHTporiem 1 (cm. Tabn. 2).
Mpn aHanM3e nonyyeHHbIX AaHHbIX BbISBMAEH psg
3aKOHOMEPHOCTEN:

1) BHeceHune HedTW B KonmyecTBe 5% okasbiBa-
no CcTumMynupyollee BrUsiHUE Ha abOPUrEHHYHo
MuKpocbriopy (BapuaHT 2), 4TO OTMEeuvalT Takke
apyrue nccneposatenu [20, 24, 25];

2) YyeMm Bblle 403a BHOCUMOrO r'YMUHOBOIO npe-
napata bol'ym, TemM akTuBHee OTKMWK MOYBEHHOW
MUKpodrnopbl. JTO [oKasblBaeT, YTO FYMUHOBbIE
BellecTBa npenaparta obragalT BbICOKOW (uU3no-
NOrNYECKON aKTUBHOCTbIO, CTUMYMUPYKOT POCT W
aKTMBHOCTb Mukpodriopbl noys [6, 12, 26, 27];

3) npenapat Mukpobak cnocoGcTBOBan akTuB-
HOMY pPas3BUTUIO FreTEPOTPOMHBLIX, B TOM YUCrE Yr-
NEBOAOPOAOCKUCTISIOLNX MUKPOOPraHU3MOB, a Tak-
X€ MMWKPOOPraHM3MOB, MCMOMb3YHOLINX MUHeparnb-
HbI @30T, MO CPaBHEHMWIO C BapuaHTom 2 (6e3 npu-
MEeHeHUs npenapaToB) UX YNCNEHHOCTb BO3pocna B
3,3; 4,7 n 2,6 pa3 cootrBetctBeHHO. OgHako coB-
MecTHoe ucnonb3oBaHue Mukpobak n bol'ym B fo-
ampoBke 300 n/ra crnocoGcTBOBaANoO yBENUYEHUIO
BCeX onpepensieMbiX U3NONOrMYEeCcKUX rpynn Muk-
poopraHmamoB ewe B 1,2—1,5 pasa. O4yeBmgHo, 4TO
ryMMHOBbIE BELLECTBA B UCMONb3YEMOWN KOHLEHTpa-
UMM U MUKPOOPraHn3mMbl-He(pTeAeCTPYKTOpbI Mnpe-
napata Mwukpobak nposBunu CcuHepreTuyeckni
adhpeKT — ycununu genctene Apyr gpyra, 4to oTpa-
3MNOCb Ha aKTUBHOM pPa3BUTUWN HE TONbKO YrneBo-
OOPOAOKMUCNSAIOLLMX MUKPOOPraHM3MOB, HO U abopu-
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reHHON MNKPOOIOpbI;

4) coBmecTHoe npumeHeHne Mukpobak n bol'ym
B Agose 3000 n/ra okasano NpsiMO NPOTMBOMOMNOX-
HOe BIMSHWE Ha M3yyaemble rpynnbl MUKpoopra-
HU3MOB, HeXenu MeHbLuas go3uposka Bol'ym ¢ Tem
Xe MUKpobOHbIM npenapatoM. [NpumeHeHue no oT-
OenbHOCTM TYMUMHOBOrO npenapata B KayecTBe
yoobpeHus (BapuaHT 5) n npenapata Mukpobak no
doHy asodocku (BapuaHT 3) okasblBaro CTUMYNU-
pyloLiee BNusAHWE Ha NoYBEHHYI0 Mukpodropy. MNpu
COBMECTHOM UMX WCMOSb30BaHMK, MO-BUAMMOMY,
KoHcopumym Gaktepun popoB Rhodococcus u
Pseudomonas, Bxogsawwun B coctaB Mukpobak, u
rymMUHOBbIE BelllecTBa npenapaTta bol'ym B ykasas-
HOW KOHLEHTpauun nposiBUNM aHTaroHn3M — ocna-
ounu gencteue apyr Apyra, W, Kak pesynbtar, Ync-
NEHHOCTb MOYBEHHON MUKPOIOPbI B 3TOM BapuaH-
Te OKasanacb NPakTUYECKN Ha YpOBHE KOHTPOns, B
KOTOPOM NPOMCXOAWMMM MNpoueccbl abuoTUYeCKON
yObInn HedTW.

CkopoCcTb M MnonHOTa yTunM3auum HedTenpo-
OYKTOB B NMOYBE BO MHOIOM 3aBUCUT OT YUCIIEHHO-
CTM U BMAOOBOro cocTaBa MUKPOQIopbl, a TaKkke OT
ee YrneBoOOPOAOKMCHAOLWEN akTuBHoCcTU [21].
Cnycta 2 Hegenwu OT Hadana 3KCrepyMeHTa MaKcu-
ManbHasi CTeneHb AeCTpyKuun HedbTn Habnoganace B
BapuaHTe COBMECTHOro npuMeHeHus Mukpobak wn
Boll'ym B MMHUManbHOM J03vpoBke (Tabn. 3), 4To co-
rnacyetcs C AaHHbIMW MUKPOOMONOrM4eckoro aHa-
nusa (cm. Tabn. 2). B To ke Bpemsi Npy NpUMeEHEHNN
Bol'ym B kayecTBe copbeHTa BbISIBNEH CaMblil HU3-
KA ypoBEHb AECTPYKUUU HedTM MO CPaBHEHUIO CO
BCEMM OMbITHBIMU BapuaHTamu. 3aberasi Bnepeg,
HeobxooMMO OTMETUTb, YTO MNpPU  MNPUMEHEHUMU
Hanbornbllen [O03UPOBKM TYMUHOBOrO npenapara
Bbol'yMm Ha MpOTsSXKeHUn BCero MoAeribHOro 3JKche-
pyumeHTa Habnwganacb MakcumarnbHasi YMUCIEeH-
HOCTb MMUKPOOPraHM3MOB, WCMONb3YIOLNX MUHE-
panbHble (opMbl asoTa U MUKPOMWULLETOB, 3HaAYU-
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TenbHOEe KONMUYECTBO reTepoTPOHLIX MWUKpPOOpra-
HW3MOB, @ K OKOHYaHWIO MOAENbHOMo 3KCNepMMeHTa
nonyyeHa camMasi HuU3Kaa CTeneHb OecTpyKuuu
HedpTM B nouse. Ecnu Gbl He akTMBHOE pasBuTME
abopureHHo MUKPOGopbI, HU3KYHD OGuoperpana-
LU0 HePTSAHbIX YrNeBOAOPOAOB B MPUCYTCTBUM Bbl-
COKUX [03 F'YMUHOBbIX BeLLECTB MOXHO Obino 6bl
00BbACHUTL BO3pacTaHuMeM Wux TokcuyHocTu [13].
OpHako B Hawem cnyvae 60nbLIoe KONMYeCTBO ry-
MUWHOBbIX BELLECTB, BHECEHHbLIX B NMOYBY C npenapa-
Tom bolym, no-Bugumomy, SABRASNOCbL Haubonee
OOCTYMHbIM cybcTpatoM Ans MOYBEHHOW MUKpPO-
riopbl, NOCKOMbKY M3BECTHO, YTO FYMWHOBLIE Be-
LecTBa MOMyT CNYXWUTb UCTOYHWKOM MUTaHWUA ONs
MUKPOOPraHM3MoB B NepByt0 oyepedb 3a CYeT ne-
pucpepunyecknx dpparmeHToB [28]. OQHOBPEMEHHO C
3TUM BcneacTane copbumm HedpTAHbIX YrneBogopo-
O0B r'YMUHOBbLIMM BeLLeCcTBaMun Morna Habnogartbes
MX Manasi 4OCTYMHOCTb A1 MUKpPoopraHmamos [13].
MoxHo ObINo oxugaTb, YTO BHECEHME chneuma-
NM3MpoBaHHOIro MukpobHoro npenapata Mukpobak
B HedTesarpsi3HeHHyl0 no4yBy OyaeT crnocobeTBo-
BaTb HaubONbLUEMY YPOBHIO OECTPYKUMM HedTu.
Tem He MeHee 4Yepe3 2 Hedenwn OT Hayana aKkcne-
pUMeHTa B COOTBETCTBYHOLLEM BapuaHTe AaHHbIN
nokasaTenb ObiN HE CaMblM BbICOKMM (CM. Tabn. 3).
OTO 06CTOATENBLCTBO, CKOPEE BCEro, CBA3aHO C KOH-
KypeHumnen BHeCeHHbIXx GakTepun ¢ abopureHHon
MUKpPOrIOpon 3a NuTaTeflbHble BeLlecTBa, YTO He
Mo3BONMUIIO LWTaMmaM-HedpTegecTpykTopaMm npo-
SIBUTb CBOKO aKTMBHOCTb B NosiHow mepe [20, 29].
CnycTa ewe 2 Hegenu OT Hayana MogenbHOro
3KcnepuMeHTa (Bcero oguH MecsL) BO BCeX OnbIT-
HbIX BapvaHTax ¢ BHECEHNeM ryMmMHOBOro npenapa-
Ta Habnogancsa MakCUMyM 4YWUCIIEHHOCTU reTepo-
TpodhoB, MUKPOOPraHN3MOB, UCMOMNb3YIOLWMX MUHE-
panbHbI a30T, 1 MUKpomMuLeToB. OcobeHHO Bblge-
nancsa BapuaHT ¢ npumeHeHnem bol'ym B kauecTtse
cTumynaTopa abopureHHon MWKpodropbl: codep-
XaHve BblEeNepPeyYNCIEHHbIX MUKPOOPraHN3MoB 3a
2 Hepenu yBenuunnocsk B 2,3; 1,5 n 1,3 pasa coot-
BETCTBEHHO. YcureHne pocTa MNOYBEHHOW MUKPO-
¢onopbl cnycta 30 gHen B pesynbTaTte UCKYCCTBEH-
HOro HedTesarpa3HeHUs OTMEYEHO U B Apyrux
Hay4HbIX MCCnegoBaHUsX C NPUMEHEHMEM TYMUHO-

Tabnuua 3. CteneHb AecTpykuun HedpTn

Table 3. Oil destruction degree

BbIX npenapaTtos [6, 12, 30]. HecmoTpsa Ha 3To, ge-
CTPyKUMst HedDTV NpoJosPKanack C MEHbLUEW UHTEH-
CMBHOCTbIO (CM. Tabn. 3), 4To, ckopee Bcero, o0y-
CINOBMEHO YMEHbLUEHNEM KOnmyecTBa Nnerkux Guo-
OOCTYMHbIX YrNeBOAopodoB M npeobnagaHnem B
cocTaBe 3arpsasHuTens TpygHopasnaraemblX apo-
MaTu4eckmx coegnHeHmn [22, 30].

UuncneHHOCTb  YrneBooOPOLAOKUCTISIOLLNMX  MUKPO-
OpraHM3MOB TaKkKe CHWKanacb, NpuYeM B KaXaoMm
BapuaHTe C pasHOM WHTEHCMBHOCTbIO. B Tabn. 4
npeacTaBneHbl AaHHbIE NO NMPOLEHTHOMY COoAepXa-
HWUIO  YrNEeBOAOPOAOKUCTISIOLMX MUKPOOPraHN3MOB
OT obLuen ymcneHHocTn retepoTpocos. V3 tabn. 4
BWOHO, YTO Yepes 2 HeJenu B BapuaHTax 3—5 npe-
obrnaganu yrneBogOPOAOKUCNAOLNE MUKPOOpPra-
HU3Mbl, @ B BapuvaHTe COBMECTHOrO MNPUMEHEHNS
Mukpobak n Bol'ym B posupoeke 300 n/ra gons
yKa3aHHbIX MUKPOOPraHM3mMoB Obina 4yTb 6onblue
MOMOBMUHbLI OT OBLLEN YMCNEHHOCTU reTepoTpodIOB.
MpyHUMas BO BHWMAaHWE WX KONMYECTBEHHOE CO-
aepxaHve (cm. Tabn. 2), oTMETMM, YTO [OaHHbIN
dakT nuuwb noaTBepXaaeT CUHepreTudeckun ad-
dEeKT MUKPOBHOro U ryMMHOBOroO npenapartos. Bax-
HO, YTO B CeEpeanHe U B KOHLE 3KCrepuMeHTa Jons
YrneBoAOPOOOKUCIAIOWMX  MUKPOOPraHM3mMoB B
3TOM BapuaHTe U npu npuMmeHeHnn Mukpobak no
¢oHy a30docku Obiria HambonbLIEn, YTO KOCBEHHO
MOXET CBMAETENbCTBOBaTb O Gonee achdekTnBHoON
OEeCTPYKUUN HeddTH.

AHanusmpys cteneHb OeCcTpyKumMn HedTn B noyse
B KOHL|e 9KCMEPUMEHTA, 3aMETUM, YTO MaKCUMaribHbIN
YPOBEHb pasnoxeHnst HePTAHbIX YrNeBOoAOpPOAOB OT-
MeYeH B BapvaHTe COBMECTHOIO MpuMeHeHus Muk-
pobak n Bol'ym B posuposke 300 n/ra — 44,9%
(cm. Tabn. 3). Kpome aToro, onpeaeneHo, 4to Mo
Mepe yBenuyeHust 4o3bl NPUMEHAEMOTO I'YMUHOBOTO
npenapaTa cTeneHb OeCTPyKUMM HedTn cHuxaeTcs
Ha CTaTUCTUYECKN 3HAYUMYHO BEMMNYMHY.

[ns kaxgoro BapvaHTa MOAENBHOrO 3Kcnepwu-
MeHTa OblNi0 paccyuTaHo fMHEeNHOe YypaBHeHue
MHOXECTBEHHOW perpeccuu, KoTopoe yyuTbiBaeT
BNUSAHME BCEX WCCNeayemMbiX MUKPOOPraHn3mMoB
(X1...X4, N=6) Ha cTeneHb AecTpykuun HedTU (y) U
no koadpcuumeHtam perpeccun (bi...bs) koToporo
cocTaBneHa Tabn. 5.

CreneHb gecTpyKummn Hedptn, %
BapuaHT Yepes 2 Hegenu Yepes 1 mecsy Yepes 2 mecsua

MouBa 6e3 HehTn (KOHTPOSb 1) - - -

MoyBa + HedTb (KOHTPOSb 2) 6,9+0,22 14,1+0,52 15,9+0,42
[Mousa + HedpTb + Mukpobak + asodocka 24,1+0,2¢ 35,8+0,6° 40,3+0,6°
Mouea + HedpTb + Bollym 300 n/ra 23,2+1,1¢% 35,0+0,6% 40,1£0,6%
Mousa + HedTb + Bollym 3000 n/ra 25,4+0,44 33,2+1,4¢% 37,9+1,2¢
Mousa + HedTb + Bollym 30000 n/ra 19,3+0,5° 28,6+0,6° 32,8+0,8°
Mousa + HedTb + Mukpobak + Bol'ym 300 n/ra 28,9+1,3¢ 39,9+0,9 44,9+0,8
[MoyBa + HedpTb + Mukpobak + Bol'ym 3000 n/ra 21,7+0,6° 29,1+0,6° 33,10,3°

lpumeyaHue. NpedcmasneHbl cpedHeapugmMemuyecKue 3Haq4yeHUs1 cmerneHu 0ecmpykyuu Hegpmu ¢ doge-
pumernbHbIM UHMepeanom (n=6); 8 kaxdom cmonbue pasHbiMu bOykeamu 0603Ha4YeHbl CMamucmMuYecKu

3Ha4yuMble pasnudus (p<0,05).
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Ta6nuua 4. MNpoLeHTHOe codepaHue YrneBoA0POAOKUCTIAIOWMX MUKPOOPraHN3MOB

OT obLLeln YiCneHHOCTHN reTepoTpodoB

Table 4. Percentage of hydrocarbon-oxidizing microorganisms

of the total number of heterotrophs

BapuaHTt

MouBa 6e3 HedbTU (KOHTpOnb 1)

Mousa + HedTb (KOHTPOMb 2)

MNouBa + HedpTb + Mukpobak + azodocka
MouBa + HedTb + Bol'ym 300 n/ra

Mousa + HedpTb + Bol'ym 3000 n/ra

Mousa + HedpTb + Boll'ym 30000 n/ra

MouBa + HedpTb + Mukpobak + Bol'ym 300 n/ra
[MoyBa + HedpTb + Mukpobak + Bol'ym 3000 n/ra

MpoueHT yrneBogopoaoKUCASIOWNX MUKPOOPraHN3MoB
OT reTepoTpodHbIX, %
Yepes 2 Hegenu Yepes 1 mecsu Yepes 2 mecsua

2,5 2,3 2,2
51,6 57 5,2
73,6 11,7 9,1
74,1 6,3 6,2
77,8 8,8 7,2
45,7 3,9 2,2
54,7 12,6 8,1
32,2 6,6 6,3

lMpumeuanrue. MpoyeHm yerneeo0opoAOKUCSIOWUX MUKPOOP2aHU3MO8 Om 2emepompogHbIX Nocyuman o
cpedHeapupMemu4ecKuM 3Ha4eHUsIM YUCIIeHHOCMU MUKPOOP2aHU3MO8.

Ta6nuua 5. YpOoBeHb BRMSAHUSA onpeaeneHHbIX MMKPOOPraHM3MOB Ha CTEMNEHb [ecTpykummn Hed TV B no4yse

Table 5. Influence of certain microorganisms on the degree of oil degradation in the soil

CTteneHb BNUSIHUA MUKPOOPraHNM3MOB Ha AECTPYKLMIO HEPTU
ncnonb. nx
BapuwaHT onbiTa Cronb3yoLLu
reTepoTpodHbIX | YrneBOAOPOAOKUCISIOWMNX MUWHeparnbHbIN MUKPOMMLIETOB
asor
[MouBa + HePTb +++ ++++ + ++
+ + +
MouBa + HepTb+ Mukpobak + . -+ ++++
+ asodocka
MouBa + HedTb + Bol'ym 300 n/ra + ++++ +++ ++
MouBa + HedpTb + Bol'ym 3000 n/ra + +++ ++ ++++
Mousa + HedpTb + Bol'ym 30000 n/ra +++ ++++ ++ +
+
MoyBa + HedpTb + Mukpobak + -+ St + .
+ bol'ym 300 n/ra
+ + +
MouBa + HepTb + Mukpobak + i + .
+ Bol'ym 3000 n/ra

lNpumeyaHue. ++++ — MakcumarbHoe erlusiHue, + — MUHUMAaIbHOoe 8/1UsIHUe.

Mpn paccMoOTpeHUM YPOBHA BIUSIHUSA KOHKPET-
HbIX (PM3NONOrM4ecknx rpynmn MUKPOOPraHNM3MOB
Heob6Xxo0OMMO OTMETUTb, YTO Ha CTENEHb OECTPYKL MK
HepTM B KaXOOM BapuaHTe B MEpByl o4Yepedb
BNUAOT NUB0 yrneBofopOLOKUCTIAIOWLNE MUKPOOP-
raHn3mbl, NMOO MUKPOMULETbI, HECMOTPS Ha WUX
MEHbLUYK YMCNEHHOCTb. M3BecTHO [24, 31], 4To npwu
He(pTAHOM 3arpA3HEHUU NOYBbI CHUXXAETCSH BUOOBOE
pasHoobpasune rpvboB, Ha4MHaT AOMWHUPOBATb
Hanbornee ycTon4MBble BUAObI, CNOCOOHbIE K TpaHC-
dopmauunm HedTK.

3AKNKOYEHUE

Mpn M3ydeHUn BUSHUSA HOBOrO YMWHOBOIO
npenapata bol'ym Ha pemepuaumio HedpTesarpsas-
HEHHOW MOYBbl YCTAHOBMEHO, 4YTO Hambomnee ad-
dekTnBHyto gectpykumto Hedptn (40,1%) BbI3BaANO
npumeHeHve bol'ym B kavectBe ctumynsatopa abo-
PUreHHON MMUKPOMIIOpPbI, YNCIIEHHOCTb KOTOPOWN Bbl-
na makcumarbHa 4epe3 Mecsl nocrne BHeceHus
npenapata. K OKOHYaHWIO MOAENBLHOrO 3KCnepu-
MeHTa MeTabonuyeckas aKTUBHOCTb MOYBEHHOM
Mukpocdnopbl obecnevnna buoaerpagaumo HedTu,
COMOCTaBUMYIO C BapnaHTOM NPUMEHEHUS MUKPOL-

Horo npenapaTta Mukpobak.

Mpu npumeHeHnn Bol'ym B KayecTBe copbeHTa
ryMMHOBbIE BeLLecTBa npenaparta MUCnosb30Banvcb
NOYBEHHOM MUKPOIOpoN B KayecTBe bGonee fo-
CTYMHOrO MCTOYHUKA MNUTaHUSA, HedTAHble Yrneso-
Aopoapbl BCneacTane copbumm 661nm ManogocTynHbl
ANsi MMKPOOPraHn3MoB, B pe3ynbTaTe Yero cteneHb
AeCTPyKUUN HedTM No MToraM MOAENbHOro aKcne-
pUMeHTa HanMeHbLUas.

MakcumaneHyo gerpagauuio HeddTAHbIX yrre-
BoAopoaoB (44,9%) obecneunno COBMeCTHOE Npu-
MeHeHne MUKpoOHoro npenapata Mukpobak u ry-
MUHoOBOro npenapata bol'ym B go3suposke 300 n/ra.
B aTom cnyyae npenapaTbl NPOSIBUIM CUHEpreTuye-
CKMN 3PdEKT, YTO YCUNUMO pasBUTUE KaK YrreBo-
AOPOOOKMCASAIOWMX MUKPOOPraHu3moB, Tak u abo-
pureHHon MuKpodriopbl B MOYBE W, Kak pesynbTar,
npuvBeno k Haubonee apdHeKTUBHOM [ECTPYKLMU
HedTw.

Cratuctnyeckasi obpaboTka aKCneprMeHTarnbHbIX
OaHHbIX NO3BOMWra YCTaHOBUTb AOMWHUPOBAHUE Yr-
NeBOAOPOAOKUCASIOLMX MUKPOOPraHU3MOB Y MUKPO-
MULETOB B npoleccax buogerpagaumm Hedptu.
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MccnepgoBaHMe aHTUOKCUAAHTHbLIX NOKa3aTenen sArog
KpacHOM CMOPOAVHbLI COPTOB, PAUOHUPOBAHHbIX
B CBepAanoBcKon obnacTtu

Onbra BuktopoBHa YyryHoBa*, AHTOH BnagnmupoBu4 BATKUMH®,
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2. EkamepuHbype, Poccutickass ®edepayusi

**Caepdrioeckas cesleKUUOHHast cmaHuusi cadogodcmeaa — cmpyKkmypHoe rnodpasoesieHue
Yparnbckozo cpedepanbHO20 agpapHo20 Hay4yHO-uccriedogsamerbckoeo ueHmpa YpO PAH,
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AHHOMauyus. B cmambe npedcmasneHsl pe3dynbmamsl uccriedosaHuss 9 copmoe 51200 KpacHoU CMOPOOUHbI,
patioHuposaHHbIx 8 Ceepdnosckoli obriacmu. B pe3ynibmame uccrnedogaHuli aHmuoKcUuOaHMHbIX riokazamernel
Haubosnblwue 3HavyeHuUs (MMosb/OMEaKe) MpodemoHecmpuposan copm 3ncunoH — 13,772+0,275, copm UnbuHka —
12,826+0,257, a makxe copm JlyyezapHas — 11,933+0,239. HaumeHbliee 3HaqyeHuUe uccriedyemMozo riokazame-
151 ommMmevaemcsi y copma ro30He20 cpoka co3peeaHus [zema — 6,428+0,129 mmornb/Om3aks. [pu smom
Hauborbwee codepxaHue ghrnagoHoudo8 Habmodaemcs 8 makux copmax 5200 KpacHoU cMopoOuHbl (mMe/100 2
cbedobHol wYacmu, copm), kak OncuroH — 50,3+0,9; bema — 44,2+0,9; OzHu Ypana — 45,7+0,9 u [3ema —
17,310,3, a HaumeHbuee 3HadyeHue y copma JlyyesapHas — 16,1+0,3; Haubonbuwee codepxxaHue aHmMouuaHo8
C80lICMBEHHO MaKuM copmam 51200 KpaCHOU CMOPOOUHBbI, KaK (Me yuaHuduH-3-aruxko3uda/100 2 cbedobHol
yacmu) KanumanuHa — 29,1%0,6; UnbuHka — 38,1+0,7 u JlydyesapHas — 41,2+0,8, a HaumMeHbwee 3Ha4yeHuUe xa-
pakmepHo Orisi copma cpedHezo cpoka cospesaHusi Anasi 3opbka — 11,9+0,2. Haubonbwee codepxxaHue ¢he-
HOJBbHbIX 8eujecms (Me eannosol kucriomsi/100 2 cbedobHoU Yacmu) Habrodaemcsi y makux copmos, kak Ka-
numanuHa — 212,9+4,3, UnbuHka — 235,1+4,7 u Jlyye3apHas — 168,313,3, a HauMeHbWwee 3Ha4YeHUe y copma
bema — 114,1+2,3. Kpome mozo, 6binu uccriedosaHbi cnedyroujue nompebumernbcKue xapakmepucmuku s1200.
codepxxaHue obuwux u pedyuupyrowjux caxapos, a makxe KucriomHocms. [lonydeHHble daHHble M036osisim 60-
Jlee KOpPeKmHO paccyumbi8amb MuUUesyro UeHHOCMb payloHo8 u 0boCHO8aHHO ebibupambs mom umiu UHoU
copm ripu duemu4ecKol KOpPPeKUUU payuoHa C Uerbio nosbiweHus: obuwel aHmuokcudaHmHoOU akmueHoCmu.

Knroueebie crnoea: ninodoso-s200H0e Cbipbe, aHMUOKCUOaHmMHasi akmueHOCMb, MNuuieebie cucmemsl, rne-
pepabomka u xpaHeHue

Ans yumupoeaHusi: YyryHoea O. B., BatkuH A. B., TuyHo B. M., YeboTok E. M. NccnegoBaHne aHTUOK-
CMAaHTHbIX NoKa3aTenen srog KpacHom CMOPOAUHBI COPTOB, parioHMPOBaHHbIX B CBepanosckon obnactu //
UNsBecTusa By3oB. [NpuknagHas xumus n GuotexHonorusa. 2022. T. 12. N 2. C. 321-329. https://doi.org/10.
21285/2227-2925-2022-12-2-321-329.
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Antioxidant indices
of red currant cultivars grown
in the Sverdlovsk Oblast
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Abstract. In this work, nine varieties of red currant cultivars, recognized for use in the Sverdlovsk Oblast,
were studied. According to the conducted analysis, the Epsilon cultivar demonstrated the highest antioxidant
indicators (mmol/dm3eq) of 13.772 +0.275. For comparison, the llyinka and Luchezarnaya cultivars showed
the values of 12.826 +0.257 and 11.933+0.239, respectively. The late ripening cultivar Zeta showed the low-
est antioxidant value of 6.428+0.729 mmol/dm3eq. At the same time, the highest content of flavonoids was
characteristic of such red currant cultivars (mg/100 g of edible part, variety) as Epsilon — 50.3+0.9, Beta —
44.2+0.9, Ogni Urala — 45.7+0.9 and Zeta — 17.3%0.3, while the Lychezarnaya cultivar showed the lowest
value of 16.1x0.3. In terms of anthocyanins, the highest values (mg of cyanidin-3-glycoside/100 g of edible
part) were observed in the Kapitalina, llyinka and Lychezarnaya cultivars, equalling 29.1+0.6, 38.1+0.7 and
41.2+0.8, respectively. The average ripening cultivar Alaya Zorka showed the lowest anthocyanin value of
11.9+0.2. The Kapitalina, llyinka and Luchezarnaya cultivars demonstrated the highest amounts of phenolic
substances (mg of gallic acid/100 g of edible part) of 212.9+4.3, 235.1+4.7 and 168.3+3.3, respectively. In
terms of this indicator, the Beta cultivar showed the lowest value of 114.1+2.3. The consumer characteristics
of the cultivars were studied, including their acidity, as well as the content of total and reducing sugars. The
obtained results can be used when selecting dietary supplements based on red currant berries and deter-
mining the nutritional value of diets in order to increase their overall antioxidant activity.

Keywords: fruit and berry raw materials, antioxidant activity, food systems, processing and storage

For citation: Chugunova O. V., Vyatkin A. V., Tiunov V. M., Chebotok E. M. Antioxidant indices of red cur-
rant cultivars grown in the Sverdlovsk Oblast. I1zvestiya Vuzov. Prikladnaya Khimiya i Biotekhnologiya = Pro-
ceedings of Universities. Applied Chemistry and Biotechnology. 2022;12(2):321-329. (In Russian). https://

doi.org/10.21285/2227-2925-2022-12-2-321-329.

BBEOEHUE

Habntogaembii cerogHs 0Te4eCTBEHHBIMU U 3a-
pybexHbiMn cneumanuctamm [1-3] geduunt Bax-
HelLwmnx B1oNorMyeckn akTUBHbIX BELLECTB, yCyryo-
NSAEMbIA TSHKENBIMU YCIOBUSIMU 3KOJTOMMYECKon 00-
cTtaHoBkM B CBepparioBckon obnactm, obycrnoenvea-
€T HeobXoaAMMOCTb U3MEHEHUsT KyNnbTypbl MUTaAHUA
HaceneHus, a UMEHHO YBENUYEHME B paLMOHe 0NN
notpebneHns NnogoB., sirofd, a Takke MPOAYKTOB UX
nepepaboTkn, ABNSAOLWMXCA LEHHbIM WUCTOYHMKOM
MHOIMX OMOMOrMYecKN akTMBHBIX KOMMOHEHTOB M-
LLIEBLIX CUCTEM, TaKNX KaK BUTAMUHbI, aHTUOKCUOAH-
Tbl, MaKpo- U MUKpoanemeHTbl [4, 5]. Beuay uyero
0Ccobyl0 3HAa4YMMOCTb MpUobpeTaeT CHUXEHUE Hera-
TMBHOIO BO3EWCTBUS  arpeccuBHbIX  (hakTopoB
oKpyXaloLlen cpefpbl, a Takke nogaepxaHve u co-
XpaHeHVe 3[00pPOBbsi HAacemneHusi, CBA3aHHOe C pas-
paboTkon 1 BHeApPEHMEM B MPOM3BOACTBO MULLIEBLIX
cucTeMm npodhmnakTudeckoro AencTeusi, obnagato-
LMX LUMPOKMM CMEKTPOM OUOMNOrMyeckn akTUBHbIX
BeLecTB [6, 7].

Ons obecneyeHuss MNOMHOUEHHOTO MUTaHWA
HaceneHusi, CBSA3aHHOrO C MNPOM3BOACTBOM U MC-
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Nosib30BaHNEM MPUPOOHbLIX 3CCEHLMaNbHbIX MUKPO-
HYTPWEHTOB NMOAO0BO-ATOAHOIO Chipbsi, HEOOXOANMO
pa3BuTME CadoBOACTBA — OAHOM M3 Haubornee 3Ha-
YMMbIX U MEPCMNEKTUBHbLIX OTpacrien arponpoMbiLu-
neHHoro komnnekca Poccuiickon Pegepaumm, a
TaKke pauuoHanbHOE WCMOoNb30BaHME W nepepa-
0OoTKa NNodoB U AroA C Lenbld MakcUMManbHOro Co-
XpaHEHUS COOEPXKALLMXCA B HUX PA3NIMYHbBIX Nones-
HbIXx BewecTB. Kpome TOro, Heobxogumo paumo-
HanbHOE UCMNONb30BaHNE PErnMoHanbHbIX NPUPOSHO-
CbIpbEBbLIX PECYPCOB, CMOCOOCTBYHOLLEE paclumpe-
HUIO CMeKTpa MCTOYMHWUKOB MPUPOAHLIX BGuonorunye-
CKWN aKTMBHbIX COEANHEHWIA, a TaKKe aCCOpPTMMEHTa
NPOAYKTOB MUTAHUS C MOBbILEHHON (PYHKLIMOHATb-
HOW LIEHHOCTBIO.

BaxxHO OTMEeTUTb TOT (haKT, YTO OTEYECTBEHHbI-
MU K 3apyOEeXHbIMU YYEHLIMU MOCTOSIHHO MPOBO-
OATCS UccrnenoBaHus Nno BbIBELEHUIO HOBbIX COPTOB
KpacHOM CMOPOAWUHBI, U3YYEHUIO UX MULLEBOWN LEH-
HOCTW M MPUrogHOCTU K nepepaboTke, HECMOTPSA Ha
TO, YTO ANs MpOMbIWSEHHOro cbopa n nepepadoT-
KW, a Takke peanusauum B TOProBoW CeTU UCMOSIb-
3yl0TCS COPTOCMECH, a He oTAesbHble MOMOornye-
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CKue copTa, YTO He MO3BOMSIET MOJIHOCTbIO peanu-
30BbIBaTb NOTEHUMan AaHHOW KynbTypbl 4118 Npoun3-
BOACTBa MMOAOBO-ATOAHON NPOAYKLMU, HAMUTKOB U
KOHAUTEPCKMX nsgenun. NepcnekTMBHOCTb UCMNONb-
30BaHWsl KpacCHOW CMOpOAMHbI ObycraBnvBaeTcs
Takumu paktopamu, kak obuneHasa exerogHas ypo-
XanHOCTb, HeTpeboBaTENLHOCTL B yxoA4e, a Takke
nieBas 1 uanonornyeckas LeHHOCTb, CBA3aHHas
C BbICOKMM cofepkaHuem Ornonornyeckn akTUBHbIX
BELLECTB pasfnuMyHOM NpupoAdbl, Cpeau KOTOpbIX
0Cc060 MOXHO BbIAENUTE MaKpPO- Y MUKPO3NEMEHTHI
(copepxarne mr/100 r; Na — 19,2+0,6; K — 316143;
Ca — 41,941,9; Mg — 25,440,8; Fe — 0,74+0,05; Cu —
0,07+0,01) [1], nnweBble BonokHa (coaepxanme, mr/100 T
HepacTBopumble — 2,02+0,08; pacTtBOopuMmble —
1,4710,08) [1] n ButamuHbl (BUTamMuH C, mr/100 r cbe-
pobHon yactn — 34,89+3,71; ButamuH B1, mr/100 r cbe-
nobHon yactn — 0,030+0,003; ButammH Bz, mr/100 r
cbenobHon vactn — 0,030+0,003; ButamumH E, mr T3/100 r
cbepobHon vyactm — 1,910,2) [4, 8].

Llenbto paboTbl siBNseTcs uvccnegoBaHve 06-
Len aHTUOKCWOAHTHOM aKTUMBHOCTM 9 panoHUpo-
BaHHbIX B CBepasioBcko 0bnactu cCOpTOB KpacHOM
CMOpPOOMHbI, WCCMNEeAOBaHWE COAEPXKaHWUS OTAErb-
HblX BELLECTB aHTMOKCWOAHTOB, a Takke U3ydyeHue
TaKMXx MOTPEOUTENBCKUX XapaKTepUCTUK, Kak Co-
JepXaHue caxapoB M KUCITOTHOCTb.

OKCNEPUMEHTAJIbHAA YACTb

Uccnegyemble Arofbl KpacHOW CMOPOAMHBI (nar.
Ribes rubrum) 9 copToB, panOHMPOBaAHHLIX B
Ceepganosckon obnactu, ypoxas 2021 roga npego-
CTaBMeHbl CTPYKTYPHbIM MogpasgeneHnem Ypanb-
ckoro dhefepanbHOro arpapHoro HaydHo-uccrego-
BaTenbckoro ueHtpa YpO PAH (Yp®AHUL, YpO
PAH) CsepanoBckon cenekuMoHHOW CTaHuuen ca-
posoacTtBa. OnucaHWe [JaHHbIX COPTOB KpacHOW
CMOpOOMHbLI NpefcTaBneHo B Tabnuvue, Bkoyast
Maccy nnogos, 3HayeHMs MIoAoHOLWeHWs, gerycra-

LIMOHHYIO OLEHKY 1 CPOKM CO3peBaHus.

B pabote ucnonb3oBanucb ctaHgapTHblE N 06-
LenpuHATbIE MeToAbl UCCneaoBaHus:

— o160p Npod nposoamnu no MOCT 31339-2006;

— onpefeneHue MaccoBOW JOMN CyxXMX BELLECTB —
no MOCT 28561-90;

— onpegereHve MaccoBOW AOMU pedyLmpyroLLmX
caxapos —no NOCT 8756.13-87,

— onpeaenenwue kncnotHoctn —no NOCT 6687.4-86.

lMpn BCceM MHOroobpasmn JOCTYMHbIX METOAMK
onpegeneHna CyMMapHOro 3Ha4yeHus aHTUOKCU-
OaHTHOM aKTUBHOCTU Oornbluas 4acTb M3 HUX He
cTaHgapTuM3upoBaHa, a pesynbTaTbl W3MepeHU,
NoNyyYeHHble C MOMOLLBIO pasHblX METOAMK, He B-
NATCA KoppenupylowmMmnca mexay cobown [9-12].
[Mpn aTOM MCMOMb30BaHME MOMYYEHHbIX 3HaYEeHUn
CYMMapHON aHTUOKCMOAHTHOW aKTMBHOCTM C MOMO-
b0 Kakon-nmbo ogHOW MEeTOAUKM ANS COonocTaB-
NEHNST N PaAHXUPOBAHUS OTHOCUTENBHON LEHHOCTH
OLHOTUMHBIX MPOAYKTOB SBNSAETCS OnpaBAaHHbIM,
TaK Kak B JaHHOM cfny4ae 3Ha4YeHuUs1 aHTUOKCUAaHT-
HOW aKTMBHOCTW BbICTYNAKT B pPOMM nokasartens
KayectBa npoaykumn. O6wasa aHTMoKcUAaHTHas
aKTUBHOCTb UCCreayeMblX Arof KpacHow cmopoau-
Hbl OCyLLeCcTBNAnacb MeToAOM WHBEPCWOHHOW Mo-
TEHLMOMETPUU, B OCHOBE KOTOPOMW FNEXUT XUMUye-
CKkoe B3aMMOAeNCTBME aHTUOKCMOAHTOB C Meauna-
TopHol cuctemon Ka[Fe(CNe)]/K4[Fe(CNe)], koTOpoe
NPMBOANIO K U3BMEHEHMWIO €€ OKUCMUTENbHO-BOCCTa-
HOBUTENbHOrO noteHumana. MeTon WHBEPCUMOHHOM
noTeHUnomMeTpun yaobeH B UCMONHEHUM, He Tpeby-
€T 3HaAuYUTENbHbIX BPEMEHHbIX Y (PUHAHCOBLIX 3a-
TpaT Ha Heobxoammoe obopyaoBaHue [3].

B kayecTBe cpedcTB u3MepeHus ucnonb3osarn-
CH MHOrogyHKUNOHANbHbLIA NOTEHLNOMETPUYECKUIA
aHanunsaTtop MIA-1 (HIMBIM «MBa», Poccus). Pabo-
UMM SMEKTPOOOM CMYXUI NNAaTUHOBLIA MraHapHbIn
anektpog (HMBI «MBa», Poccus), anektpoq cpas-
HEHWs — CTaHOapTHbIV XropcepebpsiHbIN.

Onucanne nccnenyemMbix COpToB KpacHOM CMOPOAWHbI pa3HbIX CPOKOB CO3peBaHUs

Description of the studied red currant varieties of different ripening periods

H Macca MnopoHoLlleHne, Kr/kyct OeryctaumoHHas
anmeHoBaHue copTa nnoa, r _ oUeHKa, Ban Cpok co3peBaHusi
min max
Bbeta 0,9-1,8 3,6 8,4 4,8 PaHHun
Nota 0,8-1,7 42 7,0 5,0 PaHHWiA
Kanutanuna 0,9-1,5 4,0 4.7 4,9 PaHHuin
3ncunox 0,8-1,3 3,7 4.4 4,9 CpepHepaHHuii
Anas 3opbka 0,6-1,0 1,8 50 4,5 CpepgHui
MnbuHka 0,8-1,6 3,4 5,0 5,0 CpepgHui
OrnHn Ypana 0,5-1,0 3,7 6,4 4,5 CpepgHuii
JlyyesapHas 0,6-1,4 35 9,0 4,8 CpenHenosgHun
[3eTa 0,7-1,1 3,3 4,5 4,8 MNo3gHun

OBCYXOEHUE PE3YJIbTATOB

Mo pesynbTatam NPOBEAEHHLIX WCCNenoBaHWUIA
(puc. 1) HambBonbluMe 3HaYeHUs aHTUOKCUAAHTHOW
aKTUBHOCTM WMENT criegylolime copTta, Mmonb/gme
3KB: paHHUX U CpefHepaHHMX CPOKOB CO3peBaHUs —
copT AncunoH (13,772+0,275); cpedHWX CPOKOB CO-

3peBaHua — copT UnbuHka (12,826+0,257); cpenHe-
No34HUX U NO3OHMX CPOKOB CO3peBaHUsi — copT Jlyde-
3apHas (11,933+0,239); HaMMeHbLLee 3Ha4YeHue uc-
crnefyemMoro nokasartensi HabniogaeTcs y copta nosa-
Hero cpoka cospeBaHus [13eTa (6,428+0,129).

https://vuzbiochemi.elpub.ru/jour

323



YyayHoea O. B., BamkuH A. B., TuyHoe B. M. u dp. ccriedoeaHue aHMuUoKcuGaHMHbIX nokasameried ...
Chugunova O. V., Vyatkin A. V., Tiunov V. M. et al. Antioxidant indices ...

13,772
12,826
11,933
11,003
7,519
6,428 I 6,473 6,445 I 7,063 l
O3eta JlyyesapHass OrHm Ypana WnbuHka Anas 3opbka 3ncurnoH  KanuTtanuHa VoTa Beta

Puc. 1. PesynbTaThl UcCrneoBaHNs aHTUOKCUAAHTHON akTUBHOCTU Y AIr04, KPaCHON CMOPOAMHbBI COPTOB, PaiOHNPOBAHHbIX
B CBepanosckoin o6nacTtu, MMons/am3aks

Fig. 1. Antioxidant activity in red currant berries of varieties released
in Sverdlovsk region, mmol/dm3eq

Mony4eHHble 3HaYeHns HarnsgHO 4EMOHCTPUPYIOT,
YTO COAEPXaHUE aHTMOKCUOAHTOB B UCCredyeMbIX
copTax KpacHOW CMOPOAWHbI SABMSETCA 3HAYUTENbHbLIM
n coctaensiet ot 20,1 go 43,0% OT pekomeHayemol
CYTOYHOW HOpMbI NOTPeOeHNs B NnepecyeTe Ha ackop-
GuHoBYLO kucnoTy (3HadeHus AOA ackopOUHOBOW Kuc-
notel — 32,024+0,350 mmonb-3ke/am®). Haubonee
NepcneKkTUBHBLIMW MOXHO HasBaTb Takume copTa, Kak
oncunoH, WnbuHka un JlyyesapHas. 3HauutenbHoe
copepXaHue aHTMOKCMOAHTOB B Arogax KpacHOM
CMOpPOAMHbLI MOATBEPXKAAETCA NPOBEOEHHbIMU WUC-
CnefoBaHUAMM Kak oTeyvecTBeHHbIX [8], Tak u 3apy-
6exHbix [13, 14] aBTOPOB.

CornacHo nonyyYeHHbIM [AdaHHbIM  (puc. 2),
Hanbonbllee coaepxaHne ¢naBoOHOMAOB Habnto-
OaeTcsa B CriefyloLmx copTax arod KpacHon cMopo-
AnHbl, Mr/100 1 cbegoBHOM YacTu: paHHUX U cpen-
HepaHHUX CPOKOB CO3peBaHUA — COPT ONCWSIOH
(50,3+0,9) n beta (44,2+0,9); cpegHuUx CpPOKOB CO-
3peBaHus — copt OrHu Ypana (45,7+0,9); cpegHe-
No3gHUX W MO3OHUX CPOKOB CO3peBaHus — CopT

50,3
45,7 442
31,2
255 - 23,1
] I I I I

Oseta (17,310,3); HaMmMeHblUee 3HAYeHWe Xapak-
TEpHO AN copTa CPedHENno3Hero cpoka cospesa-
Hus JlyyesapHas (16,110,3). MNonyyYeHHble AaHHbIE O
cogepxaHum naBoHOMOOB B Arofax KpacHoOW CMo-
POAUHBLI NOATBEPXAAOTCA MPOBEAEHHLIMU UCCNEeo-
BaHUSIMU OTEYECTBEHHbIX [4] 1 3apybexHbix [15, 16]
aBTOpOB.

Ha ocHoBaHuu nomyuveHHbIX AaHHbiX (puc. 3)
MOXHO caenaTb BblBO4 O TOM, YTO HambonbLlee co-
AepxaHve eHornbHbIX BeLeCcTB CBOWCTBEHHO COp-
Tam Arog KpacHOW CMOPOAMHBI (Mr ranfoBOW KWCIO-
Tb1/100 r cbegoBHOM YacTK) paHHNUX U CpeaHepaHHNX
CpOKOB co3peBaHus — copT KanuTtanuHa (212,9+4,3);
CpeHUX CPOKOB cO3peBaHuss — copT WrnbuHKa
(235,1+4,7); cpegHenosgHMX U MO3OHUX CPOKOB CO-
3peBaHusa — copT JlyyesapHas (168,313,3); HanmeHb-
Luee 3HaYeHue UMeeT CopT CPEeAHero cpoka co3pesa-
Hua Beta (114,1+£2,3). lNonyyeHHble cBeAeHUst O Co-
AepXXaHun eHornbHbIX BeLecTB B Arojax KpacHow
CMOPOAMHBI MOOKPENNSATCA MCCNeaoBaHMaMM OTe-
YeCcTBeHHbIX [4] 1 3apybexHbix [17, 18] yueHbIx.

O3eta JlyyesapHass OrHu Ypana  MnbuHka

Anas 3opbka

OncunoH  KanutanuHa MNota Beta

Puc. 2. PesynbTaThl nccnegoBaHust cogepkaHunsa naBoHOMAOB Y Arof KpacHOM CMOPOAVHBI COPTOB, PANOHUMPOBAHHbBIX
B CepanoBckon obnactu, mr/100 r cbego6HoM YacTu

Fig. 2. Flavonoid content in red currant varieties released
in Sverdlovsk region, mg/100 g of the edible part

https://vuzbiochemi.elpub.ru/jour



YyayHoea O. B., BamkuH A. B., TuyHoe B. M. u dp. ccriedoeaHue aHMuUoKcuGaHMHbIX nokasameried ...
Chugunova O. V., Vyatkin A. V., Tiunov V. M. et al. Antioxidant indices ...

235,1
212,9
168,3 176,4
148,8
422 131,7 12333
J I I I ]
O3eta JlyyesapHast OrHu Ypana WnbuHka Anas 3opbka 3ncunoH  KanuTtanuHa MoTa Beta

Puc. 3. PesynbTtaThl UCCriegoBaHUs coaepXaHusa OeHOroB Y Arof KpacHOM CMOPOAMHbBI COPTOB, PaiOHNPOBAHHBIX
B CBeppgioBckon obnacTtu, mMr rannosown kucnotbl/100 r cbegobHoM Yactu

Fig. 3. Phenols content in red currant varieties released
in Sverdlovsk region, mg of gallic acid/100 g of edible part

Mo pesynbTatam wuccriegoBaHun  (puc.  4)
Hanborbllee coaepxaHue aHToLMaHoB HabnoaaeTcs
B CrNegyrLmMx copTax Arog KpacHOW CMOpPOAWHbI, Mr
umaHnamH-3-rnuko3naa/100 r cbegobHoM YacTu: paH-
HMX U CpegHepaHHUX CPOKOB co3peBaHusi — copT Ka-
nuTanuHa (29,1+0,6); cpegoHMX CPOKOB CO3pEBaHUsS —
copT WnbuHka (38,1£0,7); cpeaHeno3gHMX U NO3AHNX
CpokoB co3peBaHust — copT JlyuesapHas (41,2+0,8);
HauMmeHblLee 3HaYeHne XapakTepHo AN copTa cpen-
Hero cpoka co3peBaHusa Anas 3opbka (11,910,2). lMo-
NyYeHHble AaHHbIE O COAEPXaHWN aHTOLMAHOB B Aro-
Oax KpacHOW CMOpPOAOMHbI HAXo4SAT NOATBEPXKAEHME B
paboTax oTeyecTBeHHbIX [4, 8] u 3apybexHbix [19]
uccneposaTenei.

Vcxoas v3 pesynbTaTtoB UCCNefoBaHUM copep-
XaHusa obLwmx caxapoB (puc. 5) B Arogax KpacHow
CMOpPOAVHbI, MOXHO yTBEpXAaTb, YTO Hambonbliee
KONMMYEeCTBO MpUCyLLe COpTaM paHHUX U cpeaHe-
paHHUX CPOKOB co3peBaHus — copT beta 1 Oncnnox
(15,81%); cpegHUX CpPOKOB CO3peBaHWss — COpT
UnbuHka (14,59%); cpeaHeno3gHmx 1 No3gHUX cpo-
KoB co3peBaHus — copT [3eta (11,55%); HaumeHb-
lee 3HAYeHWe nccrnegyemoro nokasatenst Habntwo-

paetcsa y copta Anas 3opbka (9,73%). Mpu atom
Hanbornbllee cogepXaHme pegyuupyoLmx caxapos
NPOAEMOHCTPMpPOBanu crnegyowme copta, %: paH-
HUX N CpefHepaHHWX CPOKOB CO3peBaHWUs — COpT
Beta (11,84); cpeOQHVX CPOKOB CO3pEBaHWUsi — COPT
WnbuHka (12,48); cpegHeno3gHMX v NO3gHUX Cpo-
KOB co3peBaHuas — copT JlyyesapHas (6,08);
HauMeHbLLee 3Ha4YeHe UccrneayemMoro nokasarensi
y copTta [3eTta (5,76).

lMony4eHHble 3HAYEHUSA HarnNggHO OEMOHCTPU-
PYIOT, 4TO COAEPXaHWe PenyLMPYIOLWNX U 0OLmnX
caxapoB B uccregyemblXx copTax SArod KpacHOM
CMOPOAUHBI pasHWTCA B 3aBWCMMOCTM OT copTa.
Haubonblwmm cogepxaHvem oOLWUX 1 peayumpyto-
LLIMX CaxapoB MOXHO OXapaKTepusoBaTb Takue cop-
Ta KpacHOM CMOpoAauHbl, kak beta, KanutanuHa wu
3NcunoH, KoTopble LienecoobpasHo UCNoNb3oBaTb
AN NpUroToBNEHUs KOHAUTEPCKMX 6niog u usge-
nun. HavmeHbLlWMM cofepXaHnem XxapakTepusyroT-
ca copTa [3eTa, JlydesapHas, n ocobeHHO Bbigens-
etcs copT Anas 3opbka, 4TO 00ycrnoBnmBaeT BO3-
MOXHOCTb WX NOTpebneHns npu OUEeTONOrMYEeCKON
KOpPEKL MU paLMoHa 300pOBbIX N BONbHLIX N0AEN.

41,2
38,1
33,7
273 29,1
21,9
15.2 17,4
11,9 I

O3eta JlyyesapHaa OrHu Ypana  UnbuHka

Anas 3opbka

OncunoH  Kanutanuha Nota beta

Puc. 4. Pe3ynbTaThl nccnegoBaHUsi CoOAepXaHUs aHTOUMaHOB Y Arof KpacHOW CMOPOAMHBI COPTOB, PafiOHMPOBAaHHbIX
B CBepanoBckon obnactu, Mr umaHuaunH-3-rnvkosunga/100 r cbegobHor YacTu

Fig. 4. Anthocyanins content in red currant varieties released
in Sverdlovsk region, mg cyanidin-3-glycoside/100 g of edible part
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14,59

11,55 11,86
10,64

[O3eta JlyyesapHass OrHm Ypana

MnbuHka

B Pegyumpytowme caxapa, %

15,81 15,50 15.20 1581

I_IJ973 l

Anas 3opbka

OncunoH  Kanutanuha Nota beta

O6wue caxapa, %

Puc. 5. Pe3synbTaThl UCCnegoBaHUs COAepXXaHUs caxapoB Y Arof KpacHON CMOPOAMHLI COPTOB,
panoHupoBaHHbIX B CBepanoBckom obnactu, %

Fig. 5. Sugar content in red currant varieties released
in Sverdlovsk region, %

Kpome Toro, 6binv npoBeAeHbl UCCneaoBaHus no-
Kasarenewn KMCMNOTHOCTU. Tak, cornacHo pesyrnbtaTam
uccnenoBanus (puc. 6), HaubonbLuas KMCNOTHOCTb MO
CpOKaM CO3peBaHWs XapaKTepHa Ans paHHUX U cpea-
HepaHHMX CPOKOB co3peBaHusa — copT beta (31,75 °T);

CpedHuX CpoKoB co3peBaHus — copT Amnas 3opbka
(29,25 °T); cpegHeno3gHMX M MO34HUX CPOKOB CO3pe-
BaHust — copT [3eta (31,25 °T); HanmeHblLUee 3Hade-
HVe nccreagyemMoro nokasartens HabnogaeTcs y copTa
WnbuHka (25,00 °T).

31,25 31,75
29,25 28 50 29,25
, 27,00 21,75
] I I 25’00 I I I i
OseTa JlyyesapHas Oruu Ypana WneuHka Anas 3opbka OncunoH  KanuTtanuHa Nota Beta
Puc. 6. Pe3synbTaThl MCCnegoBaHUs KMCNOTHOCTU Y Airof KPaCHOW CMOPOAMHbBI COPTOB,
panoHupoBaHHbIX B CBepanoBckon obnactu, °T
Fig. 6. Acidity in red currant berries of varieties released
in Sverdlovsk region, °T
3AKITIOYEHUE CKOWM KOpPPEKUUN paunoHa C Lienbio NOBbIWEHUS 06-
B xoge wvccnepoBaHus — npefocTaBrieHHbIX e aHTMOKCUOAHTHOM aKTUBHOCTH.

CTPYKTYpHbIM nogpasgeneHnem YpdAHUL, YpO
PAH CeepanoBckon CenekuMoHHOW cTaHuuen ca-
goBoactBa 9 COpPTOB SAIro[, KpacHOW CMOPOAMHbI
pa3HbIX CPOKOB CO3peBaHWsl, paiOHMPOBAHHLIX B
CeepanoBckon 0bnacTtu, NonyyYeHbl HOBbIE AaHHbIE
no obulen aHTUOKCUAAHTHOW aKTUBHOCTM sroA, Mo
cogepxaHuio pnaBoHOMOOB, PEHOMOB U aHTOUMa-
HOB, a TaKKe 3Ha4YeHU0 KUCIOTHOCTU U copepxa-
HUIO peayumpylowmx n obwmx caxapoB. [NonydeH-
Hble CBeAeHUs No3BONAT Ooree KOPPEKTHO paccyn-
TbiBaTb MULLEBYH LEHHOCTb PaUMOHOB M OBOCHO-
BaHHO BbIOMpaTb TOT UMM MHOW COPT NpU OMeTude-

326

Mo COBOKYNMHOCTM OMpeAenieHHbIX MoKasaTenemn
Cpeou nuOVpylLWMX COPTOB KpPacHOM CMOPOOWHEI
MOXHO BbIOENUTbL copTa JMNCuUnoH, VinbuHka n Jlyde-
3apHas, 4to coctaenseT ot 20,1 go 43,0% oT peko-
MEHOYEMOW CYTOYHOW HOpPMbl MOTPeGneHns B nepe-
cyeTe Ha ackopbuHOBYKO KucroTy (3HadveHuss AOA ac-
kopbuHoBon kucnotbl — 32,024+0,350 MMonb-3kB/am?)
n obecneymBaeT BO3MOXHOCTb MCMONb30BaTb Aroabl
KpacHOM CMOPOAWHbI B  KayecTBe KOMIMOHEHTa-
aHTUOKCKAAHTa B COCTaBe MULLIEBBIX CUCTEM, Harnpas-
NEHHbIX Ha CHIKEHNE HEeraTMBHOIO BO3AENCTBMS OKMC-
NUTENBHOIO CTPECcca Ha OpraHN3M YerioBeka.
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OueHKa BNUAHUA NPOAYKTa 3TepucuKaLmum XUpPHbIX KUCNOT
TannoBbIX Macesn Ha CBOUCTBA AMU3eNbHOro Tonsnmea

AnekcaHgp Cepreesud NoBopuH, Hukonam NMetposny KoHoBanos,
Hukonan OmutpueBund Ny6aHos, Onbra BnagunuHoBHa Pbibapuyk,
Hukonan AnekcaHgpoBuy Uwyk

Upkymckuli HayuoHarsnbHbIlU uccriedosameribCKUl mexHUYecKull yHugepcumem,
2. ipkymck, Pocculickasi ®edepauyus
ABTOp, OTBETCTBEHHbIN 3a nepenucky: FoBopuH AnekcaHap Cepreesud, govorin.aleksandr@yandex.ru

AHHOMauyus. [locmosiHHOe y)xecmo4veHue 3Koro2u4eckux mpebosaHull K QU3eIbHOMY MOnaugy rnpueesio K
momy, 4mo u3 e2o cocmasa MemodomMm 2udpPOOHUCMKU cmanu y0arnsmb COeOUHEHUST cepbl. OMO MOB8IEKII0
3a cobol 3Ha4YumernbHoe yxyduwieHue rnpomueoU3HOCHbIX ceolicme du3enbHo20 monuea. [isi 8ocnosHe-
Hus1 cMa3sbiearowieli crnocobHocmu 6 du3esibHoe moriugo dobaesrnsom kucropodcodepkaujue coeOUHEHUS:
KapboHo8bie KUC/I0mbl, amMudbl KapbOHO8bIX KUCII0M, CIOXHbIe 3ghupbi, rnosuaMmuHbl U Opyeue opaaHuye-
cKkue coeduHeHusi. KoHueHmpauusi npucadku 3asucum om ee rpupodbl u cocmasnsem om 0,015 do 1,0%
macc. MomMumo npomueou3HOCHbIX rpucadok, 8 du3enibHoe mornueo 0obaesrnsdom yemaHornossiwarnuwue,
dernpeccopHo-ducnepaupyrouwue u Opyeue rpucadku, Koppekmupytoujue ceolicmea monnusa. [lpednoxeH
mMemod nosny4deHuUs npodykma amepucbukayuu, Komopbil Moxem Obimb UCHOIb308aH OISl yyHUWeHUs
ceolicme du3seribHO20 mornnuea. bbino ycmaHosneHo, ymo rnpu memnepamype 110-115 °C, dnumesnbHo-
cmu npoyecca 120—240 muH, npu ucnonb3oeaHuu 3—5% macc. UOHOOBMEHHbIX CMOJT Ha XXUPHbIE KUC/10MbI
rnonyyaemcs npodykm amepughukayuu, codepxawuli 00 65% croxHbIX 3¢hupos XUpHbIX Kucriom. Uccne-
0osaHo enusiHue codepxaHusi dobasku Ha cMasblgaroujue ceolicmea OusesnibHo2o0 mornnuea. pu dobasrie-
Huu om 0,5% macc. makol rnokasamersib, KaKk CKOPPeKmMuUpPo8aHHbIl duaMemp rsimHa U3Hoca, CHUXaemcs ¢
615 00 420 mkm, a npu obasneHuu 1,5% — do 230 mkm. YcmaHoeneHo, ymo dobasneHue npodykma sme-
pugpukayuu 8 OusesibHOe Mornau8o NMPUEoOUM K y8eslu4eHU0 UemaHo8020 Hucna ucxoO0Hozo monsusea. pu
OobasneHuu 6,0% macc. paspabambigaeMoz0o rpodykma smepuchukauuu yemaHogoe Yucro moruea yse-
nuqueaemcsi 0o 51,6 om ucxo0Hbix 43,0 ed. Npu smom npodykm smepughukayuu Moxem b6bimb UCMOMb30-
8aH 8 Kayecmee KoMrioHeHma Onsi npuaomosrieHuss cmecu buodusenbHo2o monnuea B6-B20, coanacHo
rOCT 33131-2014.

Knroyeebie crioga: XXUpPHbLIe KUCIOMbI Masiogoe0 Macrna, amepugukauusi, H-6ymaHosi, UOHOOOMeHHbIe
CMOJIbl, OU3eIbHOEe MOrIu8o

Ans yumupoeanus: TosopuH A. C., KoHosanos H. I., N'y6aHos H. [., Puibapuyk O. B., Nwyk H. A. OueHka
BMUSHWUA NPOAYKTa 3TepUUKaLMn XXUPHBLIX KUCIOT TansfioBbiX Macen Ha CBOWCTBA AM3enbHOro Tonnvea //
MsBectusa By3oB. lNpuknagHaa xumusa u GuotexHonormsa. 2022. T. 12. N 2. C. 330-338. https://doi.org/10.
21285/2227-2925-2022-12-2-330-338.
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Evaluation of the effect of the fatty acid esterification product
of tall oils on the properties of diesel fuel
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Olga V. Rybarchuk, Nikolai A. Ishchuk
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Abstract. In conformity with a constant tightening of environmental requirements, sulfur compounds are re-
moved from the composition of diesel fuel using the hydrotreating method. However, this has led to a signifi-
cant deterioration in the anti-wear properties of diesel fuel. To restore the lubricity, oxygen-containing com-
pounds are added to diesel fuel, including carboxylic acids and their amide derivatives, as well as esters,
polyamines and other organic compounds. The recommended concentration of the additive, which ranges
from 0.015 to 1.0 wt %, is dependent on its specific properties. In addition to anti-wear additives, cetane-
enhancing, depressant-dispersing and other additives are added to diesel fuel to correct the properties of the
fuel. A method for producing an esterification product for improving the properties of diesel fuel is described.
It is shown that an esterification product containing up to 65% fatty acid esters can be obtained at a tempera-
ture of 110—-715 °C and a process duration of 120-240 minutes when using 3-5 wt % ion-exchange resins
for fatty acids. The effect of the additive content on the lubricating properties of diesel fuel is investigated.
When 0.5 wt % or more is added, the corrected wear spot diameter is reduced from 615 to 420 um; when 1.5 wt %
is added, it is further reduced to 230 um. The addition of esterification product to the diesel fuel is shown to
result in an increase in the cetane number of initial fuel. When adding 6.0 wt % of the esterification product
under development, the cetane number of the fuel is increased from the original 43.0 units to 51.6. In this
case, the esterification product can be used as a component for preparing a mixture of biodiesel fuel B6-B20,
according to GOST 33131-2014.

Keywords: tall oil fatty acids, esterification, n-butanol, ion-exchange resins, diesel fuel
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BBEOEHUE

B Poccuiickon Pepepaumnm gonyckaetcs BbIMycK
ausensHoro Tonnuea (OT) crangapta EBPO 3-x ako-
NOMMYECKMX KNaccoB, B 3aBUCUMOCTU OT COOEPKaHUS
cepbl: K3 — 350 mr/kr; K4 — He 6onee 50 mr/kr; K5 — He
6onee 10 mr/kr. CoegnHenus cepbl u3 AT ygansawoT
MeToaoM rmgpoounctkn [1-3]. 3TO0 nNpuBeno K no-
HWXKEHMI0 MPOTUBOM3HOCHBLIX cBOMCTB [T, Tak Kak
coeaiHeHUa cepbl B CTpykType [OT BbINONHAT
OYHKLMIO €CTeCTBEHHOro CMasbiBaloLlero afnemeH-
Ta, a UX yaaneHue CUIbHO COKpaLLaeT CPOK CryXObl
TOMMIMBHBIX HACOCOB BLICOKOrO AaBreHus. [oatomy
ans rnybokoounweHHbIx OT, gonyweHHbIX K Npouns-
BOACTBY Ha Tepputopum Poccuiickon Pepepaumm,
paspaboTaH MeToq onpederieHvs CMasbiBaloLen
crnocobHocTn AT Ha annapaTe C BbICOKOYACTOTHbIM
BO3BPATHO-NOCTYyNaTeNbHbIM [ABMXEHUEM LUApMKa
(HFRR), no koTopomy AnameTp nsTHa usHoca Aon-
XeH ObITb He Gonee 460 mkm!. PewweHnem npobne-
Mbl CHWXEHWUS MPOTMBOU3HOCHBLIX CBOWCTB CTano
nobaBneHve BELLECTB HA OCHOBE XXUPHbIX KACMOT U
MUX NPOU3BOAHLIX, KOTOPbIE MOBLILLAIOT CMa3blBalo-
wyto cnocobHocThb [4-6]. Takke B npoussoactee AT

MCMonb3ylTCA LieTaHOoMOBLIWAaKLWmne, Aenpeccop-
Ho-gucneprupyowme n gp. gobasku [7, 8]. Takum
obpasom, OT npencraensetr cobon cmecb pasnuu-
HbIX BELLEeCTB, HanMuMe U KOHLEHTpaumsa KOTOPbIX
3aBMCUT OT YCIOBUM 3KCMMyaTauun, BBUOY YEro ak-
TyanbHbIMW CTanu uUccnegoBaHust B obnactu cos-
MEeCTMMOCTM npucagok K Tonnueam [9-13]. NMomumo
3TOro, OCTPO CTOWUT BOMPOC MMMOPTO3aMELLEHUS
NPOTUBOU3HOCHBLIX M Ap. npucagok k OT. Tak, B
2016 rogy pons vMmnopta NPOTMBOWU3HOCHBLIX Npu-
cagok k AT coctasuna 60%, a kK peakTUBHLIM TOM-
nuBam — 100% [14-17]. [NoaToMy akTyanbHON SB-
nsaetcsl paspaboTka OTEeYECTBEHHbIX CMOCOOOoB Mo-
nyyeHus npucagok Kk OT, OTHOCALLMXCS K 9KOMOru-
YyeckmMm knaccam K4, K5.

B kauecTtBe Cbipbsi ObIIM UCNONBb30BaHbI XUP-
Hble KncnoTbl Tannosbix Macen (PKKTM) uenntonos-
HO-GyMaXxHOro KombuHaTa, KoTopble SBMSOTCS Mo-
BGOYHBIM MPOAYKTOM Cyrb(aTHOM Bapku Lensoso-
3bl. ABTOpamMn paHee Obinn MpoBefeHbl uccreno-
BaHWS Cbipbs M MpoaykToB aTepudukauumn (M3),
pesynbTaThl KOTOPbIX NpeacTaBneHbl B cTaTbe [18].

Llens gaHHowm paboTbl — oueHka BnusHuaA 13

1IFOCT ISO 12156-1-2012. Tonnueo ausensHoe. OnpeaeneHne cMasbiBatoLLei cnocobHocTu Ha annapate HFRR. Y. 1.

MeTopg ucnbitanuin. M.: CtangaptuHdgopm, 2013. 20 c.
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KUPHbIX KMCAOT TannoBbIX Macesn Ha csonctea OT
knaccoB K4, K5 crangapta EBPO un nepcnektuBbl
ucnonb3oBaHua 3 B KayecTBe KOMMOHEHTa AnA
npurotoBneHnss 6uoamsensHoro tonnuea B6-B20,
cornacHo NOCT 33131-2014.

OSKCNEPUMEHTAJIbHAA YACTb

CuHTe3 npoaykTta OCyLLeCTBRAnCS nytem npo-
BeaeHus peakuun atepudmkaumm KKTM 6ytuno-
BbIM cnupToM. bBbino yctaHoBneHo, 4to XKKTM
UMEIT y3kui avanasoH kuneHnus (99% BbikunaeT
npu Temnepatype ot 366 go 376 °C) npu WMPOKOM
CreKkTpe coefuHeHUn B cBoeM coctaBe. MeTtogom
rasoBON XpoMaTo-Macc-cnekTpomeTpun 6bino onpe-
aeneHo, yto B coctaBe XXKTM npeobnagaet nuHo-
neBasi KUCroTa, MO3TOMY pacYeTbl COOTHOLUEHUS
Cbipbsl M peareHTa, Maccbl kaTanusatopa ans npo-
uecca u gp. pacyeTbl BENUCb NO NMHOMEBOW KUCHO-
Te [18]. Tun kaTtanu3a — reTeponuTnyeckmin. B kave-
CTBEe KaTanm3artopa ObinM UCMONb30BaHbl MOHOOD-
MeHHble cmonbl (H*-doopmbl) mapok Amberlite 15SWET
(DuPont de Nemorurs Inc., CLUA), Lewatit K2629
(LANXESS Deutschland GmbH, T'epmanusi) n TO-
KEM-100 (OO0 INO «TOKEM», Poccus) [19, 20].

Amberlite 15SWET (dopma H*) — cunbHokucnas
CYyNbMOKNCIIOTHAA MaKpopeTUKynapHas nonumep-
Hasg CMoNia Ha OCHOBE CLUMTbIX COMOIMMEPOB CTU-
pona v gmBnHunbGeHsona, obnagaeT HenpepbiBHOMN
OTKPbITOW MOPUCTON CTPYKTYpon U pusmyeckon,
Tepmuyeckon (8o 120 °C) u xummdeckon ctaburb-
HOCTblo. Takke oTnnyaeTcs OOMbLIOKA YCTONYMBO-
CTbI0 K OKUCNUTENSAM, TaKMM KakK XJop, KACropog u
Xpomarbl.

Amberlite 1SWET (puc. 1, a) nmeet ontumarb-
Hbll GanaHc nnowagu MOBEPXHOCTWU, KUCNOTHOM
€MKOCTU, aKTUBHOCTU U AuameTpa nop, YTo genaet
Amberlite 15WET npegnoytutenbHbiM KaTanuM3arto-
poM ANnd peakuumi atepudukauMm u rugpatauuu.
[aHHasa noHoobmeHHas cmona umeeT onTUMU3UPO-
BaHHOe pacnpefeneHne nop no pasmepam, nNoaTo-
My OHa SIBMISIETCA OT/IMYHBbIM KaTanvM3aTopomMm, Korga
OXMOaeTcs 3arpsisHeHne B criyyae B3auMOLENCTBUSA
C TaKUMN TSXKENbIMU coegnHeHusaMK, kak KKTM.

Lewatit K2629 (dopma H*) npeacrtaenseTt co-
OO CUNBHOKMCIIOTHYIO MakpOMopuCTy0 CMOMy Ha
NofiMMEpPHON OCHOBE CO chepuyeckon opmon
rpaHyn, cofepxatlyto rpynny CynbgOKMUCMOThI.
MoaxoauT B Ka4ecTBe reTeporeHHoro Kkaranusaropa
B opraHuveckom cpepe. Matpuua moHoobmeHHom
CMOfbl — CLUMTBIN nonucTupon (puc. 1, b).

B uenom Lewatit K2629 n Amberlite 15SWET 006-
nagatT BHeEWHUMM nopobuem, a Takke MOXOXUMMU
XapakTepuctukamu, B TOM Yucrne TeMnepaTypHbIMU
cBoKcTBamm akcnnyataumm go 120 °C.

TOKEM-100 (dpopma H*) — BbICOKOEMKWUIA CUIb-
HOKUCITOTHBIN KaTUOHWUT YMYyYLIEHHOro rpaHyniomeT-
puyeckoro coctaBa. ObnagaeTr BbICOKOM XMMU4e-
CKOW CTabWbHOCTLIO U MEXaHUYECKON NMPOYHOCTbLIO.
MaTpuua — ctupon-gusmHunbeHsonoHas. PyHkumo-
HanbHas rpynna — cynsdorpynna (puc. 1, ).

[na cmelleHns paBHOBECKSI B CTOPOHY MPOAYK-
Ta peakumm HeobXx0AMMO COXPaHATb M3BbLITOK Cnvp-
Ta B 30HE peakuun M MOCTOSHHO OTBOAUTbL Mobou-
HbI NPOAYKT peakumm — Boay.

Mpouecc aTepuduKkaumMm NpoOBOAWNW Creayto-
Wwmm obpasom. B Tpexropnyto KpyrnogoHHyto konby
obbemom 500 mn nomewanu 3-5% macc. katanu-
3atopa no oTHoweHuo K macce XKTM, a 3atem
pobaensnm 200 mn XKTM n 75 mn 6ytunosoro
cnupta. CnmpT B MOnbHOM M36bITKe. [pouecc npo-
xogun npu Temnepatype 110-115 °C B TeyeHue
120—-240 muH. KongeHcat cobupanu B HakonuTenb-
HOW YacTun Hacagkw, BoAy yaansnu vyepes CrmnBHON
kpaH. [pouecc ocyuwecTBnsanNM A0 MOMHOro npe-
KpalleHus BblaeneHns Boabl.

Mony4eHHbIn 3 npoaHannanpoBaH C UCMOMbL30-
BaHueMm criegytowimx metoguk: FOCT 3900 «HedTb ©
HedbTenpoaykTbl. MeToapl onpegeneHns NAOTHOCTUY;
FOCT 32139-2019 «HedbTb 1 HedTenpoaykTel. Onpe-
JeneHve cofepxaHns cepbl METOOOM 3Heprogwcnep-
CVMOHHOW PEHTreHONYyOpPEeCLIEHTHON CNEKTPOMETPUNY;
FOCT 32508-2013 «Tonnuea ausenbHble. Onpeaene-
Hve ueTtaHosoro umicna» um FOCT ISO 12156-2012
«Tonnueo gmsenbHoe. OnpegeneHne CMmasbiBaloLLEn
cnocobHocTu Ha annapate HFRR».

Cc

Puc. 1. BHelwHuUii BUA, MOHOOBMEHHBIX CMOTST, UCMOSb3yeMbIX B KA4ECTBE kaTanusaTopa:
a — Amberlite 15WET; b — Lewatit K2629; ¢ — TOKEM-100

Fig. 1. Appearance of ion exchange resins described as a catalyst:
a — Amberlite 15WET; b — Lewatit K2629; ¢ — TOKEM-100
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Tarke B AaHHOW paboTte Obina ucnonb3oBaHa Oa-
3oBass ocHoBa [T (rmapooumiieHHoe Tonnmeo 6e3
npucagok), npomussBedeHHoro Ha AO «AHrapckas
HedbTexummdeckasa komnaHusy». OT 6bino npoaHanu-
3MPOBaHO C NMPUMEHEHNEM CreaylLWmX MeToauk (no-
MUMO ykasaHHbix Bbiwe): OCT ISO 20884-2016
«Hedrenpoayktbl xugkue. OnpepeneHve cogepxa-
HMS cepbl B aBTOMOBUNbHBIX Tonnueax. MeTos peHT-
reHopryopecLIeHTHON CNeKTPoOMEeTpUnN C aAucnepcuen
no anvHe BonHbl»; FTOCT P ISO 3675-2007 «HedTb
cblpasi U HedTenpoaykTbl xuakne. JlabopaTopHbIi
MeToA onpefeneHyst NIOTHOCTU C MCMONb30BaHNEM
apeomeTtpay; NOCT 33-2016 «HedTb n HedTenpo-
OykTbl. [lpo3payHble 1 HenpospadHble KUOKOCTW.
OnpegeneHne KMHeMaTUYeCKON 1 ANHAMNYECKON BA3-
koctuy»; TOCT 2177-99 «Hedtenpoaykrel. MeTtogpl
onpeneneHns pakUMOHHOIo cCocTaBan.

[Mony4eHHble pe3ynbTaTbl NPEeACTaBNEHbl HAXE.

OBCYXOEHUE PE3YJIIbTATOB

Ha puc. 2 nokasaHO CpaBHEHWE W3MEHEHWUS
KMcnoTHoro yucna M3 3a oaMH UMK peakumm npu
MCMonb30BaHMM B KayecTBe KaTanmsaTopa MOHO0O0-
MeHHbIX cmon (Amberlite 15WET, Lewatit K2629 u
TOKEM-100), cepHOM KMCNOTbI U Cynbgoyrisi.

Tak, nokasaTeNb «KUCITIOTHOE YUCIIO» MOXHO
cynTaTb KOCBEHHbIM nokasarternem adeKTMBHOCTU
MOHOOOMEHHBIX CMON Kak kaTtanusatopa npu npe-
BpaLeHUn KapboHOBLIX KUCMOT B CIOXHbIE 3¢hmpbI.
Mpn Mcnonb3o0BaHUM MOHOOBMEHHBIX CMOJT 3a OOUH
UMK peakumn mcxogHoe kucnotHoe uyucno XKKTM
cHmxaeTcsa ¢ 163,7 po 0,05 mr KOH/r B 113, a ansa
TOW Xe peakuuu, HO C MPUMEHEHMEM B KadecTBe
KaTanusatopa CEPHOW KUCMOTbl UNKU Ccyrnbdoyrns
HeobX0o4MMbl JOMOSNHUTENbHbIE PEAKUMOHHBIE LWK-
nbl. KncnotHele vncna M3, nonyyeHHOro ¢ ncnonb-
30BaHUEM B KayeCTBe KaTanusatopa CepHOM KUCIIO-

Tbl U CyNbgOYrns, B KOHTEKCTE [AaHHOro uccreno-
BaHWA MpuBedeHbl ANA OeMOHCTpauuu adpdekTmB-
HOCTW UCMOb30BaHNA NOHOOBMEHHBLIX CMOFT.

120

100

40

20

005

MosooOmessie cMons (cpegHee CepHan wcnoTa Cynsipayrons

aHavenme gna Amberlite 1SWET,
Lewalit K2629 u TOKEM-100)

Puc. 2. \ameHeHne nokasartens KUCMOTHOro Yucna
B 3aBUCMMOCTU OT MCNONb3YyEeMOro Katannsatopa

Fig. 2. Change in the acid number index depending
on the catalyst used

boin  npoBegeH MK-cnekTpanbHblii - aHanus
JKKTM  uenntonosHo-6ymaxHoro npou3BoacTBa
CMeLLaHHOro Tuna (NMUCTBEHHbIX U XBOWHbBIX MOPOS4
aepeBbeB, puc. 3, kpuasi a) n XKKTM Tonbko xBowi-
HbIX nopof aepesbeB (puc. 3, kpuBas b), a Takke
M3 >KKTM ¢ H-6yTaHonom (puc. 3, kpmeas c) [21].

HabniogaeTca cylecTBeHHOE N3MEHEHNE B CreK-
Tpax M3 B uHTepBane ot 1800 mo 1000 cm?, yto
HarnsigHO NPOAEMOHCTPUPOBAHO HUXKE (CM. puc. 3).

06 obpasoBaHHbIX CrOXHbLIX 3dupax B N3 MOXHO
cyoutb no nuky 1738 cm?, koTopbii ObiN BbI3BaH Ba-
neHTHbIM konebaHnem C=O rpynnbl CNOXHbLIX 3duU-
poB. [1Be nonocbl B gnanasoHe 1300-1050 cm?! sB-
NAKTCA cneacTBUEM acUMMETPUYHBIX U CUMMETPUY-
HbIX BaneHTHbIX konebanun admpHow rpynnel (C—O-C)
COOTBETCTBEHHO.

Aos

i

N ERE
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Elo ] 2400

2000
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4000 2600 2400
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Puc. 3. VK-cnekTp XnpHbIX KNCNOT TanmnoBblX Macen cMeLlaHHoro Tuna (a), XBorHblx nopog aepesbes (b),
NPOAYKTa 3TepUUKaLIMM XUPHBIX KUCIIOT TanmnoBbIX Macen (c)

Fig. 3. IR spectrum of fatty acids of tall oils of mixed type (a),
coniferous trees (b), fatty acid esterification product of tall oils (c)
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Ons oueHkn BnvsHua M3 Ha ceorctBa OT Obino
ncrnonb3osaHo AT EBPO - 3umHee, knacca 2, 3ko-

nornyeckoro knacca K5 no NOCT 32511-2013, npo-

n3segeHHoe B AO «AHrapckass HeTexmmmuyeckas
KOMNaHus», cBoncTBa gaHHoro OT npeacraBneHsl B

Tabn. 1.

Bbinn npurotoBneHsbl 7 obpasuoB cmecn 6aso-

Boro AT c¢ pobaeneHuem [13. PesynbTaTtbl npea-
CcTaBneHbl B Tabn. 2.

BeeneHne nobaskm B OT npoucxoamno cneny-

towmnm obpasom. B nabopaTopHbii cTakaH 06beMOM
600 mn nomewanoce AT u npegsaputenbHO Harpe-

Banocb oo 40 °C. [obaBka BBOgMnacb B HEOOXO-

OUMBbIX MaccoBbIX % no oTHowueHuto kK AT.

Tabnuua 1. MNokasaTtenu kayecTBa gusenbHoro Tonnmea AO «AHrapckasa HedpTexmmmyeckass KoMnaHnsa»

Table 1. Indicators of diesel fuel quality produced by “Angarsk Petrochemical Company”

HopmaTtueHas
Eannuua Hopma PakTnyeckoe OOKyMeHTauus
HanmeHoBaHuve nokasatens no HopMaTUBHOWM
n3mepeHns 3HayeHve Ha MeToAbl
AokymeHTaLm McnblTaHUn
CmasbiBatoLasi cnocobHoCcTb MKM He Gonee 460 615 FOCT 12156-2012
MaccoBas gons cepbl MrI/KF He 6onee 10,0 5,2 [OCT 20884-2016
MnoTtHocTb npu 15 °C Kkr/m3 800,0-840,0 825,6 FOCT 3675-2007
flpepentHas remneparypa °C He BbiLue -32 33 FOCT 22254-92
duneTpyemMocTu
KnHemaTuyeckas BsiskocTtb npu 40 °C mMm2/c 1,400-4,000 1,836 [OCT 33-2016
PpakumoHHbIM cocTas: go 180 °C % 0G. He 6onee 10 10 [OCT 2177-99
neperoHsieTcs (meTog A)
dpakumoHHbIA cocTas: go 360 °C % 06. He MeHee 95 08 [OCT 2177-99
neperoHsieTcst (metog A)
o . oo ¥
PdpakumoHHbIN cocTas: 95% 06. oc He BuiLe 360 295 [OCT 2177-99
neperoHseTcs Npu Temneparype (meTog A)

Tabnuua 2. OueHka obLiero BNUSHUS NpoaykTa aTepudurkaumm Ha CBOMCTBa AN3ENbHOro ToNnMBea

Table 2. Evaluation of the esterification product effect on the properties of diesel fuel

Ne n/n

HanmeHoBaHune
npoobI

[noTHocTb
npu 20 °C, kr/m®

CogepxaHue
cepbl, ppm/%

LletaHoBOE
yucro, ea.

CwmasbiBatolast crnocobHOCTb
(CKOPPEKTUPOBAHHbIN
avameTp nsTHa u3Hoca
npu 60 °C)

MeTtoankun
MCNbITaHWU

FOCT 3900

FOCT 32139

FOCT 32508

MOCT ISO 12156-2012

AnsernbHoe ToMnuBo
100%

OnsenbHoe ToMnMMBo
+ 0,5% macc. npo-
OYKT aTepudmkaumm
OnsenbHoe ToMnMMBo
+1,5% macc.
npoayKT
aTepudcmkauymm
OnsenbHoe ToMnMMBo
+ 3,0% macc.
npoayKT
aTepudmrkaunm
An3enbHoe ToMnnMMBo
+ 6,0% macc.
npoayKT
aTepudmkaunm
An3enbHoe ToMnnMMBo
+ 10,0% macc.
npoayKT
aTepudmrkaunm
AnsenbHoe ToMnuBo
+ 20,0% macc.
npoayKT
aTepudmkaunm
AnsenbHoe ToMnuBo
+ 50,0% macc.
npoayKT
aTepudmkaumm
npoayKT
atepudmkauum 100%

822

823

823

823

824

825

829

837

878

1/0.0001

1/0.0001

7/0.0007

8/0.0008

10/0.0010

13/0.0013

14/0.0014

45/0.0045

73/0.0073

43,1

44,2

45,5

61,4

64,1

615

420

230

178

220
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3aBMCMMOCTb NPOTUBOU3HOCHBbIX cBoncTB AT oT
copgepxaHusa O npuBegeHa Ha puc. 4. Kak BugHo
N3 npeacTaBneHHbIX AdaHHbIX, Heobxoaumas cma-
3blBalOLWas CNocobHOCTb AocTuraeTtcs npu gobae-
nenuun 0,5% macc. MN3. MNpu gobasneHnn 3% cma-
3blBaloWwas cnocobHoctb AT Hmxke MakcumanbHO
Jonyctumon npumepHo B 2,5 pasa, npu atom [130
MMeeT 3HavyeHue CcMmasbiBalolen CrnocobHOCTH,
paBHoe 220 MKM. OTO 06bACHAETCA NOrpeLlHOCTbI0
MeTona, KoTopasi cocTaBnseT 61 Mkm.

700

600 %
500
300

200 \‘__\—__0

100

CmasbiBaowan cnocobHocTs, MKM
g
/

0 035 1 15 2 25 3 35

[+ % macc.

—o—Hopia ciassisatolued cnocoboctd no FOCT 32511-2013

Puc. 4. 3aBUCUMOCTb NPOTUBOMU3HOCHBLIX CBOMCTB
OM3enbHOro TONMMBa OT coaepXKaHust 4OGaBKu
(npoaykT aTepudukaummn)

Fig. 4. Relationship between the antiwear properties
of diesel fuel and the content of the additive
(esterification product)

MoMMMO ynyyleHnss cma3sbiBalOLWMX CBOWCTB
OT, npy yBenuyeHmn koHueHTpauum M3 Habniopa-
eTCA POCT LEeTaHOBOro 4vcna, a npu OOCTUKEHUM
3Ha4yeHus1 koHueHTpauum M3 6,0% macc. ueTaHo-
Boe uucno AT crtaHoBuTCs paBHbIM 51,7 ea., 4to
COOTBETCTBYET HOpMaTMBHbIM 3HadeHusam no FOCT
32511-2013 (He meHee 51 en.).

OpHako npu koHueHTpaumm M3 Bbiwe 10% macc.
cogepxaHue cepbl B [T yBennyusaetcs, 4Tto npu-
BOAMT K CHVDKEHMIO 3KOJTOMMYECKOro Knacca Tonnmea
¢ K5 Ha K4.

O6pasubl nog Homepamu 5-7 Tabn. 2 moryr
ObITb UCMOMb30BaHbl B KayecTBe KOMMOHEHTa Ans
NpUroToBneHns cmecu Gmoav3enbHOro TonnvBa B
cooteetcTBUM ¢ TOCT 33131-2014, cornacHo koTo-
pomy ponyckaetca gobaenste B AT oT 6 go 20%
6asoBoro 6uogmsensHoro Tonnuea. B kavectee 6a-
30B0ro 6uoamsensHoro Tonnmea Beictynaet [13.

Mony4yeHHble pe3ynbTatbl 0Opa3yoB Nog HoMe-
pamn 5—7, npeactaeneHHbIX B Tabn. 2, cpaBHWUnmM ¢
TpeboBaHNsIMK, NpeabABNsSeMbIMU K cMecam 6uno-
An3enbHoro Tonnuea (tabn. 3).

Cwmecb [T ¢ maccoBoW koHUeHTpauuen M3 ot 6
80 20% npakTM4eckn MOMHOCTLI0 COOTBETCTBYET
TpeboBaHnsm FOCT 33131-2014. Jaxe npun Mak-
cnmanbHOM koHueHTpaumn M3 B AT nonyyeHHas
CMeCb MO coaepXXaHuo cepbl ByoeT OTHOCUMTBCA K
knaccy S15 6uogmsensHoro Tonnuesa B6-B20 (c
HaUMEHbLUUM NoKasaTeneM Mo COAEePXXaHMUIo Cepbl).

Ta6nuua 3. Cmecb 6a30BOro AM3ensHOro TonnMea ¢ NpoaykTom atepudukaumm ot 6 go 20% macc.
B CpaBHeHUU ¢ Tpebyembimn nokasaTtensammu FOCT 33131-2014

Table 3. Mixture of base diesel fuel with esterification product (6—12 wt.%)

in comparison with standard characteristics

Knacc 61oamsensHoro Tonnvea B6—-B20 AusenbHoe
TONNMBO +
HanmeHoBaHue nokasaTtens + MDOAVKT
S15 S500 S5000 poay!
aTepudmkalmm
KucnoTtHoe uucno, mr KOH/r, He Bbonee 0,3 0,3 0,3 0,05
BsaskocTb npu 40 °C, mm?/c 1,9-4,1 1,9-4,1 1,9-4,1 -
CogaepxaHue cepbl, He bonee:
— MKr/T 15
— % macc. 0,05 10-14
— % macc. 0,50
LletaHoBoe uncno 40 40 40 51-61
CogepxaHue 6a3zoBoro 6uoamsensHoro Tonnuea, % 6-20 6-20 6-20 6-20
CKOppe:(TVIpOBaHHbII/I OVameTp NsATHa u3Hoca 520 520 520 178-230
npu 60 °C, Mkm, He Bonee

3AKNKOYEHUE

MpeanoxeHn meton atepudpmkauumn XKKTM ¢ H-
OyTaHONOM B MNPUCYTCTBUM MOHOOOMEHHBIX CMO
(H*-cbopmbl). MNokasaHa ahPekTUBHOCTb MCMOMb30-
BaHUSI MOHOOOMEHHBLIX CMOJS AN KUCMOTHOW 3Te-
pudukaumm Ha npuMmepe 3-x TUMNOB KaTanuaaTopa:
Amberlite 15WET, Lewatit K2629 n TOKEM-100.

OnpeneneH nonoxutenbHbli 3ddekT aobas-
nenns M3 B OT mapkm OT-3-K5. Beegenve 0,5%
M3 obecneumBaeT pernameHTMpyeMyo HOpMY cMa-
3bIBalOLWEN CMocoBHOCTM ANS  TMAPOOYMLLEHHOTO
OT. MNpn pobaeneHun M3 B 3HadyeHun 6,0% macc.
uetaHoBoe ymcno AT nosbiwaetcsa oo 51,6 ot umc-

xoaHbix 43,0 eq. M3 moxeT GbITb pEKOMEHAOBaAH B
kayecTBe gobaskm B AT anga ynyyweHus cmasbiBa-
IOLLMX CBOWCTB M YBENMYEHUS LIETAHOBOrO 4ucra
Tonnuea.

Tarke Oblo NpoBeaeHo cpaBHeHne cmecu OT n
M3 c TpedoBanuammu MTOCT 33131-2014 «Cmecn 6umo-
ansencHoro Tonnuea (B6-B20)». W3 nonyqeHHbIX
CpaBHUTESbHbIX AaHHbIX MOXHO cAenaTb BbIBOA, YTO
M3 vMeeT nepcnekTVBbl UCMOSNb30BaHUSA B KayecTBe
6asoBoro 6uoausensa Onsg NPUrOTOBIIEHMS CMeECU
6uoamsensHoro Tonnmea B6—-B20. OgHako npuBeaeH-
Hble OaHHble CrnegyeT MHTEepnpeTMpoBaTb Kak crnpa-
BOYHbIE, N B HACTOSILLEN CTATbe OHM MUCMOSb30BaHbI B
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Ka4yectBe [OEeMOHCTpaun BO3MOXHOIo Yyrny4ylleHud
peuenTtypbl Npon3BoACTBa OMoTONNMB Ha OCHOBE Me-
TaHoNna npu nomoLun [00aBneHnsi KOMMOHEHTOB Ha

OCHOBE 6YTaHOJ'Ia, 4yTO Tpe6yeT AOMOJTHUTENTbHbIX UC-
crnegoBaHuii B 3TOM HanpasneHnn ond 06ocHOBaHUsI
npmBegeHHOro 3aKkro4eHus.
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AhheKTUBHOCTb OUYMUCTKM rasa oT Nbinu
B wenesom cpunbtpe
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2. ipkymck, Poccutickasi ®edepayus
ABTOp, OTBETCTBEHHbIN 3a nepenuncky: CamoxeanoB Hukonan MutpodaHoBmy, snm4186@mail.ru

AHHOmauyus. O4ucmka npoMbIWIIEHHbIX 2a308 OM MbifU A6719emcs 0OHOU U3 8aXXHeUWUX 3KO102UYEeCKUX
3aday rio 3awume okpyxaruwel cpedbl. PasHoobpa3ue mexHOno2u4eckux ycrosuli obpasoeaHus Mbinu,
PU3UKO-XUMUYECKUX c8olicme easa U yrasrugaeMbiX Yacmul, Mo8bIeHUe MexXHU4YeCKUX U 3KOHOMUYECKUX
mpebosaHuli K npoyeccam o4ucmku OuKmyem rouck Hoebix, boree cogepuweHHbIX U 3¢hgheKmuBHbIX Crio-
€cob08 04YUCMKU 3arbl/IeHHbIX 2a308 U KOHCMPYKUUU nblieynasnuearouux annapamos. [lpu oyucmke 2opsi-
YuX, XUMUYECKU agpeccusHbIX 2a308 UJMU yrasnueaHuu abpasusHoU Mbiiu MpUMEHeHUe 371eKmpoghurisb-
mpos, pyKaeHbIX, 80JIOKHUCMbIX U 36PHUCMbIX (hUMIbMPO8 Yacmo €8s3aHO ¢ mpyoOHOCMAMU 3awumsl anna-
pamoe om 8pedHbIx ghakmopos iubo ¢ HedocmamoyHol aghghekmusHoCcmMbIO o4ucmku. Lljeneasbie usib-
mphbl, 8 CU/Ty CBOUX KOHCMPYKMUBHbIX 0cobeHHocmedl, Mo2ym Obimb UCMO/Ib308aHbl MPU PeuweHUU makux
3alay4. Ha ocHoeaHuu meopemudeckux rpedcmasneHull U aKcrnepuMeHmarbHbIX uccrnedoeaHull pa3pabo-
maHa UHXeHepHass MemoOuka pacdyema wesnesbix hunbmpos, no3eonsrouwas modenuposams U npoekmu-
posamb wernegble hunbmpbi ¢ 3adaHHbIMU roKkasamensamu pabomsi u obecrneqyusame 8bICOKYHO 3¢hgheK-
muBHOCMb OYUCMKU U HU3KOEe audpaenudeckoe corpomueneHue. B ocHogy amol memoduKu rosoXeHsbl
meopemuyeckue 3aKOHOMEPHOCMU ¢huribMpPO8aHUSs C UCM01b308aHUEM OCHOBHbIX MEXaHU3MO8 OCaX0eHUsI
MbifIe8bIX Yacmuy, Ha U30/UPOBaHHbIX UUIUHOpax rnpuMeHUMmesibHO K cmayuoHapHoU cmaduu rpoyecca
¢unbmposaHus. PaspabomaHa npoepamma 0nss OBM, noseonswowas modenuposams Mpouecc o4UCMKU
3arnblneHHbIX 2a308 8 wenesbix unbmpax. OHa Oaem 803MOXHOCMbL 0 3adaHHoU aghghekmusHocmu
o4UCMKU U 2udpassiu4eckoMy COMPOMuUBIIeHUI0 orpedesiamb OnMmuMalibHble fnapamempbl pabomebi, KOH-
CMPYKMUBHbIe pa3Mepbl U yC/I08US peceHepayuu wenesbix (huibmpos ¢ y4emom ceolicme Mbiiu U ea3a
npu énumesibHoU HernpepbigHoU pabome gunbmpa.

Krnrovesnie crioea: chunbmposaHue, wenesol ¢hurbmp, nbiieysasnueaHue, 3ghgbeKmusHoCmb, cmayuoHapHOCMb

Ans yumupoeaHusi: Camoxsanos H. M., BuHorpagos B. B. OddheKkTUBHOCTb OMUCTKM ra3a OT Mbifn B LUe-
nesom cunbtpe // U3Bectusa Bys3os. MNpuknagHas xumusa n 6uotexHonorus. 2022, T. 12. N 2. C. 339-348.
https://doi.org/10.21285/2227-2925-2022-12-2-339-348.
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Efficiency of dusted gas cleaning using
a slotted filter

Nikolay M. Samokhvalov, Vladimir V. Vinogradov

Irkutsk National Research Technical University,
Irkutsk, Russian Federation
Corresponding author: Nikolay M. Samokhvalov, snm4186@mail.ru

Abstract. The cleaning of industrial gases from dust is one of the most significant current environmental pro-
tection problems. The search for new, more advanced and effective ways to clean dust gases and dust col-
lector designs is based on the diversity of technological conditions for dust formation, the physicochemical
properties of gases and trapped particles, and an increase in technical and economic requirements for clean-
ing processes. When cleaning hot or chemically aggressive gases and capturing abrasive dust, the use of
electrostatic precipitators, bag, fibrous and granular filters is often associated with difficulties in protecting the
devices from harmful factors or ensuring sufficient cleaning efficiency. The design features of slotted filters
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permit their use in solving such problems. An engineering method for calculating slotted filters developed on
the basis of theoretical ideas and experimental studies is used to model and design slotted filters with speci-
fied performance indicators to ensure high cleaning efficiency and low hydraulic resistance. This technique is
based on theoretical patterns of filtration using basic dust particle deposition mechanisms on isolated cylin-
ders in relation to the stationary stage of the filtration process. A computer program that simulates the pro-
cess of cleaning dusty gases in slotted filters has been developed. This makes it possible to determine the
optimal operating parameters, design dimensions and regeneration conditions of slotted filters based on a
specified cleaning efficiency and hydraulic resistance, taking into account the properties of dust and gas dur-
ing prolonged continuous operation of the filter.

Keywords: filtration, slotted filter, dust collection, efficiency, stationarity

For citation: Samokhvalov N. M., Vinogradov V. V. Efficiency of dusted gas cleaning using a slotted filter.
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BBEOEHUE

[na NpOMBbILLNIEHHON OYMUCTKM 3anblfiEHHbIX ra-
30B (pUNbTPOBAHMEM MCMOMb3YHTCA TKAHEBbIE, BO-
NOKHUCTbIE, 3€PHUCTbIE M BO34YLUHbIE PUNbTPLI. B
HUX MPUMEHSIOTCA pPasfnvyHbie MOPUCTbIE Mepero-
pOAOKW: TKAHEBble U HEeTKaHble BOMOKHWUCTblEe MaTte-
puanbl, 3€pPHUCTbLIE COMU, MOMYXECTKUE U XeCTKue
NnopucCTble MNeperopoakun, MeTanfmnyeckue ceTkn U
nepdgopupoBaHHble nucTbl [1].

B oTeuectBeHHOM K 3apybexHon nuTepaTtype
[2-6] umeloTcs cBegeHust 06 MCMONbL30BaHMM Lie-
neBsbIX (PMnbLTPOB, B KOTOPLIX hunbTpyloLwas nepe-
ropogka obpasoBaHa Kpyrrow MnpOBOSIOKOW UMK
nepdgopumpoBaHHon neHTon. OgHako 3T PUnbTPbI
npeaHasHadeHbl AMnsi OYUCTKA CYCMEH3UN U He npu-
cnocobneHbl And ynaesnueaHua neinu. B 2011 rogy
3anaTeHToBaH LeneBon unbTp A9 OMUCTKM rasa
oT nbinu [7], a B 2015 rogy — ero ycoBepLUEHCTBO-
BaHHasa KOHCTpykuus [8]. B aTux cunbTpax cunb-
TpyloLwaa neperopogka obpasoBaHa HECKOMbKMMU
CNosiMn rnagkon npoBOSIOKW, HABUTOW Ha Kapkac B
Buae «benunybero koneca» unu Ha nepdopupoBaH-
HblA LUMAMHAP C Mpoknagkamu Mexay CrosiMum u
BUTKaMM MpPOBONOKN. BHYTpu neperopogku pasme-
LaeTcsl pereHepupyloLlee YCTPOMCTBO C Bpallaro-
WMMUCA M OOHOBPEMEHHO NepeMeLlarLLMMUCs
connamn. OgHako MeTodbl pacyeTa KOHCTPYKTMB-
HbIX Pa3MepoB LIENEBLIX PUNBTPOB M TEXHOMOMM-
Yeckux napameTpoB, obecnedvmBaoLwmnx Tpedbyemyto
3(pPeKTUBHOCTL OYUCTKM, B nuTepaTtype OTCyT-
CTBYIOT.

Mpouecc unbTpauum MOXHO pasfenuTb Ha
OBe CcTagum — CTauMOHapHYK U HecTauWoHapHYH
[9]. CtaumoHapHasa aBnseTcs HadvanbHOW cTaguen,
B KOTOpOoW ah(PEKTUBHOCTb OYUCTKU U ruapaBnude-
CKOE COMPOTUBIIEHNE U3MEHSOTCA HE3HAUYUTENBHO,
a HaKOMIIeHUe YNOBMEHHbLIX YacTUl, MblfiM U CTPYK-
TYPHblE XapPaKTEPUCTUKN (PUMbTPYIOLLEN Mepero-
POOKM MPaKTUYECKM HE WU3MEHSHOTCS BO BPEMEHM.
OTa cTagusa nNnaBHO NEPEXOANT B HECTALMOHAPHYH,
KOTOpasi CONpoBOXAaeTCs 3HaYMTEeNbHbIM Hakomnmne-
HMEM NbiNv B OUNBbTPYIOLLLEM CIIOE U HENPEPbIBHbIM
N3MeHeHeM CTPYKTYpbl neperopoakn. B pesynbta-
T€ NPOUCXOAUT MOCTOSAHHOE CHWXeHue 3deKTMB-
HOCTU M POCT TMAPaBMYECKOrO CONPOTUBIEHUS,
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YTO OCIIOXKHSAET UX OLIEHKY.

WccnegoBaHme npouecca unbTpauumn CBs3aHo
C YCTaHOBMEHMEM 3aBUCUMMOCTU 3PPEKTUBHOCTM
ynaBnvMBaHUA NbINEBbIX YaCcTUL, U MMAPaBAMYECKOro
conpoTuBnexHnss unbTpa OT MAPOANHAMUYECKUX
YCINOBUI, CTPYKTYPbl NEPErOPOAKA U CBOWCTB MbISN.
Teopus unbTpauum paspabotaHa NPUMEHUTENBHO
K M30NMPOBAHHOMY LMNMHAPY vnu wapy. OHa onu-
cbiBaeT 9dEKTUBHOCTb YNaBNMBaHWA 4YacTuy 3a
CYeT pasfUYHbIX MEXaHM3MOB OCaXOEHWUS U Haxo-
OVUT TMNPUMEHEHVE [N OLEHKA HecTauMOoHapHOro
pexuma unbTPOBaHUSA, HO C Y4ETOM MOMPABOYHbIX
KO3(PhNLMEHTOB, NMOMYYEHHbLIX HA OCHOBE 3KCMepu-
MEHTanbHbIX AaHHbIX.

OCHOBHbIMW MeXxaHW3Mamy OCaXZeHus Liapo-
00pasHbIX 4YacTuy npu OUNbTPOBaHMU SBNSAKOTCA
rpaBuUTauMoOHHOE, WHEPUUOHHOoEe, ANddYy3MOHHOE,
anekTpuyeckoe ocaxaeHue un 3auenneHne (addekT
kacaHung) [10, 11]. OueHka BNUSHUA MeXaHW3MOB
ocaxaeHns Ha 3 EKTUBHOCTb OYUCTKN OCYLLLECTB-
nseTca C¢ NoMoLbi Ge3pa3mMepHbIX MapameTpoB
ocaxgeHuns — rpaBuTauuoHHoro G, UHEPLUOHHOIO

Stk , anddysnoHHoro D, anekTpunyeckoro Ko — u

napameTtpa kacaHua R. [Ons yvyeTta Heccepu4HOCTU
YacTuy, NbINM UCNonb3yeTca KoadhUUNEHT POopMbl,
KOTOPbIN OnpenensieTcs COOTHOLEHNEM:

5;
X =

62
roe (53 — O9KBMBANEHTHbIN anameTp yﬂaBﬂMBaeMOﬂ
yactuubl; § — pa3mep anameTpa 4acTtul nbinn.

SKCNEPUMEHTAJIIbHAA YACTb

OBGBbEKTOM HACTOSILLEro UccneaoBaHns sSiBNSACS
Lweneeson unbTp C NEPEropoakon N3 HECKOSbKUX
CInoeB CTarnbHOW NPOBOMIOKN, HAaBUTOW Ha nepdopu-
POBaHHLIN LUWNMHAPUYECKUA KapKac, KOHCTPYKLUS
KOTOpOro npeacraeneHa Ha puc. 1. B neperopogkax
ucnonb3oBanack rnagkas npoBosfioka OMaMeTpoM
0,8; 1,0; 1,2 n 1,4 MM 1 NPOBOSIOKA, NepenfieTeHHas
TOHKOW MefHOW HUTblo pasmepoMm 150 mkm. Konu-
YeCTBO CJlI0eB NPOBOJSIOKN U3MEHSNOCH OT 3 70 7.
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YnosneHHas nbinb

Puc. 1. laGopaTopHas mogens wenesoro punbTpa:

1 — kopnyc; 2 — KpbiLwKa; 3 — BXOAHOW NaTpybokK;

4 — BbIxogHOW NaTpybok; 5 — natpybok ansa 6yHkepa
YNOBNEHHOW MbINW; 6 — pereHepupyoLlee YyCTPONCTBO;

7 — MOTOp-peaykTop; 8 — rasopacnpegenuTensHas kamepa;
9 — npoayBo4Hoe conno; 10 — peakTMBHOE COMJIO;

11 — kapkac unbTpyoLLEen Neperopoaku;

12 — weneBas unbTpyloLLan Nneperopoaka;

13, 14 — oTO6OpHUKM ONA U3MEpPeHUs AaBMEHUS;

15 — npo60ooTOOpHMK; 16 — TEPMOMETP

Fig. 1. Laboratory model of slotted filter:

1 - body; 2 — cover; 3 — inlet pipe;

4 — outlet pipe; 5 — branch pipe for the trapped dust bin;
6 — regenerating device;

7 — motor-reducer; 8 — gas distribution chamber;

9 — purge nozzle; 10 — jet nozzle;

11 — frame of the filtering partition;

12 — slotted filtering partition;

13, 14 — sampling devices for measuring pressure;

15 — sampler; 16 — thermometer

WcenepoBanacb apeKTMBHOCTL OYUCTKN BO3-
ayxa OT YronbHOW, LIEeMEHTHOMW, NEeCOYHOW MNbinvu n
neinesugHoro nonueuHunxnopuaa (MBX). Ceou-
CTBa MbINM NpeacTaBneHbl B Tabn. 1. [Ina xapakTe-
PUCTUKM MbIIN UCMONb30BanNUCb MeAWaHHbIN pas-
Mep vactuy, &, , Yron ecTecTBEHHOro oTkoca «,,
ONpeaensowmn CbiNy4ecTb, UCTUHHAA (KaxyLuascs)
NMOTHOCTb p W HacbINHasA NNOTHOCTb p,, .

OKCNEepMMEHTbI  BBIMOSHANIUCL MPU  CKOPOCTSAX
duneTpaumn W, ot 0,03 go 0,15 m/c. Mpun npose-

OEHUN OMbITHBIX UCMbITAHUA M3MEPSINTUCL CReayto-
lMe napameTpbl: pacxon Bo3gyxa — poTamMeTpoMm
PC-5 (OO0 «[lpubop-M», Poccusi), Temnepatypa
BO3dyXxa — PTYTHbIM TEPMOMETPOM, MAapaBnmye-
CKOE COMPOTUBIIEHME MNEPErOpPOoKM — MUKPOMAHO-
meTpoM MMH-240 (OAO «Jly6eHckuin 3aBof cYeT-
HbIX MaLLMH», YKpanHa), a TaKkke ycTaHaBnvBanacbh

NPOAOSIKUTENBHOCTE LMKNA (UIbTPOBAHUA T C
MoMOLLbI0 cekyHaomepa. DpdeKTUBHOCTb OUMCTKM
1 onpegensinack no hopmyne:

— ZKX B Zocm
)
Z&\’
roe ng — BXOoAHaaA 3anblJIEHHOCTb TMNOTOKAa;
Z — OCTaTO4Hasa 3anblJ1IeHHOCTb NOTOKa.

ocm

Ta6nuua 1. OCHOBHbIe XapaKTePUCTUKU MbINN

Table 1. Main characteristics of dust

Mbinb 550 ’ p’ pHI’] ’ ao'
MKM kr/m3 Kr/m3 rpag.
YronbHas 21 1420 800 60
YronbHas 55 1420 843 43
LlemeHTHas 15 2900 1662 70
MecoyHas 30 1550 916 50
MbinesnAHbIA 28 1463 | 810 55
NONMBUHUNXIOPUA

BxogHas 3anblneHHOCTb onpeaensnachk M3 OTHO-
LLUEHUS HABECKW MblNn, NOAAHHOW B LLeneBov ounbtp
3a BpeMs (unbTPOBaHWA, K obbemy Bo3gyxa, Mpo-
Wweawero 3a 3to BpemMs yepes unbtp. OctatovHast
3anbIfIEHHOCTb MOTOKa 3amepsifiacb BECOBLIM CMOCO-
Oom C BHeWHen GunbTpauuer nytem otbopa npob
BO3yXa acnupaTopom vepes HakoHeuHnk HNOIASa
1 bunNbTPOBasbHbIA NaTPOH?.

OBCYXXOEHUE PE3YIIbTATOB

Wccneposanma [12—15] nokasanu, 4To npouecc
ynaBnuBaHWs MbiNX B LUENEeBOW Mneperopogke npu
NMOCTOAHHOM CKOPOCTU (OUNLTPOBAHUSA ABMSETCS
npoueccoM ¢ 3akynopusaHuem nop. OH npoTekaeT ¢
HaKoMMeHMeM Mbln BHYTPU KaHanos UMbTPyto-
e neperopoaku, 4YTo NPUBOANUT K YMEHbLLUEHWUIO
ponn cBobogHOro ob6bemMa W XKMBOTO CeYeHus
dunbTpa. B pesynbTaTe yBEnMYMBaeTCs CKOPOCTL B
KaHanax neperopofku u, criefoBaTernbHO, BO3pac-
TaeT AMHaAMWYEeCcKoe AaBrieHne Ha YrOBMNEHHbIN Mbl-
nesow crnown. M13-3a aToro NnponcxoauT HenpepbiBHOE
nepemelleHne ppoHTa nNbiny B rMyObuHy neperopoa-
Kn. HakonneHue nbinyv B KaHanax crnosi onpenens-
eTCHa ee BXOAHOW KOHUEeHTpauuen B NoToKe, CKopo-
CTbi0 PUNBTPOBAHNS, Pa3MepOM MbINeBbIX YacTuL, 1
apyrumun - daktopamun. lpn  3agaHHbLIX  YCNOBUSX
PUNbTPOBaHNS CKOPOCTb 3TOMO0 MEepeMELLEHNs Bbl-
paxaeTcs uameHeHneM rnybuHbl h MPOHMKHOBEHNWS
dpOHTa MbINN BO BPEMEHN:

dh

v =—.
dr

B TO e BpeMa CKOpoCTb (PppOHTa NbIN 3aBUCUT
OT CKOpPOCTW MbINerasoBoro nNoToka B KaHanax Lie-

1Buprep M. W., BanbaGepr A. 10., Markos B. W., Magea B. 10., PycaHoB A. A., Yp6ax . . CnpaBoYHuK No nbine- 1

3onoynaenueaHuto. M.: Qneproatomusgat, 1983. 312 c.
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nesou neperopogkn W. COOTHOLLEHNE 3TUX CKOPO-
cTen OygeT BMMATb Ha MPOCKOK Mblfuv, T.e. Ha ad-
eKTUBHOCTb 04MUCTKN. OBO3HAYMM 3TO OTHOLLEHUE
yepes BENUYNHY:

mnnn

g dh

"W dr’

(o}

roe ¢, — ponsa ceobogHoro obbema Leneson nepe-
rOpOAKM.

Pasgenvum nepemMeHHble u, cuutasa ang craumo-
HapHOro npouecca &, =const, npouHTerpupyem
nony4yeHHoOe ypaBHEHME MO BpPEMEHU unbLTpoBa-
Hua ot 0 go 7, a no rmybvHe nepemeLleHns PPOH-
Ta nbinn — ot 0 Ao TonwmMHbI UnbTpyoLen nepe-
ropogku H:

H

Kf]dT:V&; [dn
0 o

0

nnn

B HayanbHOM nepuoae UNbTPOBaAHWUA HaKonM-
neHune NbINM NPOUCXOAUT B KaHanax no6oBoro crnos
N CKOPOCTb MOTOKa B HUX (PaKTUYECKM 3aBUCUT OT
KMBOTO CeYeHusi MopucToi neperopoaku ¢, . Torga
MOXHO 3aMEHUTb £, Ha ¥, :

/l/}oH
WOT.

K, =

BenuunHa K; Ha3BaHa (pakTopom cTauuoHapHO-
CTW, TaK Kak KOMMJEeKC OOpaTHbLIN eMy SBMsSieTCs
KpUTepuemM TFOMOXPOHHOCTW,  XapaKTepusyloLlen
cTaumoHapHocTb npouecca. OTHoweHue ¥ ,H /W,
onpefensieT Bpemsl npebbiBaHns 7, 3anbifeHHOro
notoka B (bunbTPYHOLLEN Neperopoke, T.e. dakTop
CTaLMOHaApPHOCTU MOXHO Bblpa3uTb Takke Bpeme-
HeM npeOdblBaHNS K MNPOAOIPKUTENBLHOCTM LKA
puneTpoBanus K, =7, /7.

C ucnonb3oBaHWeM pe3ynbTaToOB JKCNEPUMEH-
TanbHbIX MUCCNefoBaHWiA OblMM NOCTPOEHbI rpadu-
Yyeckne 3aBucumocTn n oT K (puc. 2). Ha atom pu-
CyHKe npeacTaBneHbl pesynbTaTtbl, MNONYYEHHbIE
npyv ynaeBnMBaHWUW YrofbHOW MbINW B LUENEeBOM
duneTpe ¢ 5-10 cnosmu nposonokn. Ha Hem npo-
cnexuBaeTca norapuMUYECKUA XapakTep 3aBu-
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cumoctn i1 = p(Ks). SPPHEKTMBHOCTb OYNCTKM 3aBU-
CUT OT AvMameTpa MNpPOBOSIOKN dmp M OT KONUYECTBa
ee Ccrnoes B (hUNbTPYIOLLEN Neperopogke n.

n, %
L R e

84—

97

96

95

a8

0,00004 0,00008

T
| |
| |
| 1
[ ||
[ |§
| -
| |1
| i
| L

T T T 1
0,00012 0,00016 0,00020 Ki

Puc. 2. NameHeHne adhhekTUBHOCTM OUUCTKM OT hbakTopa
crtaumoHapHocTh: 1 —dmp = 1,4 MM; 2 — dnp = 1,2 MM;
3—dp=1,0MM; 4 —dmp=0,8 MM

Fig. 2. Cleaning efficiency versus stationarity factor:
1-dp=14mm;2-dy,=1.2mm;

3—-dpr=1.0mm; 4 —dy = 0.8 mm

BugHo, 4TOo ¢ yBenuyeHuem cpaktopa craumo-
HapHOCTN 3PEKTUBHOCTL OYMCTKN MOBBILLIAETCH U
crabunusmpyetca. pu onpeneneHHoM 3HayYeHun
dakTopa CTauMOHApPHOCTM KpmBast aPPeKTUBHOCTH
nepexoguT B NWHMWIO, aCUMMTOTUYECKM MNpubnmka-
towytoca Kk nokasatento 100% adpekTuBHOCTML.
Touky 3TOro nepexofa MOXHO NPUHATL 3a 3HaYeHne
rpaHn4yHoro dakrtopa crauuoHapHocTn K. [pa-
HUYHBIN PaKTOp CTaLMOHAPHOCTU — 3TO TaKoe Co-
OTHOLLEHME BpeMeHu npebbiBaHUS M NPOJOCIIKU-
TenbHOCTU (bMNbTPOBaHUSA, KOTOpoe obecneuvnBaeT
3aaHHy0 3PPEKTUBHOCTb OUMUCTKU.

O6nacTb MOMOror NUHUM MOXHO cyuTaTb CTa-
LMOHapHbIM nepuofoM cunbeTpoBaHms. OHa CoOoT-
BETCTBYET BbICOKOW U [OCTAaTOMHO CTabWUNbHOW BO
BpemMeHn 3(pdEeKTMBHOCTN o4YnCTKU. B aTOM nepuo-
e HakonneHwe nbinu B uUnbTpyoLLEN Neperopoa-
Ke He3HauuTenbHoe, MPOCKOK Mblfiv onpeaensitcs
CTPYKTYpPOM LLEeneBoro crnos, CBOMCTBaMU MbiNU U
napameTpamu npotecca punetpoBaHus [16, 17].

Ons oueHkn apHEKTUBHOCTN OUUCTKU 717 B LLEne-
BOM hUrbTpe 3a OCHOBY MPWHAT 3aKOH yrnaBnvBaHUS
YacTul 0gHOPOAHLIM (PUNLTPOM, KOTOPbIN onpeaens-
€T NpOCKOK Nbinu K B 3aBUMCMMOCTWM OT MokasaTtens
CTPYKTYpbl unbTpytowero cnos & koadpduumeHTa
3axBaTa 4acTuL, eavHULEn ANWHBI YraBnvBaroLLIEero
3neMeHTa Nnof OEeVCTBMEM MEXaHU3MOB OCaXKOEHMWS
7= W onuckiBaeTcs ypaBHeHuem [10]:

K =exp(=¢xmny),

raeK=1-n.

OpfHako 3TO ypaBHEHWE He YyYUTbiBaeT U3MeHe-
HWI MPOCKOKa MbININ BO BPEMEHWN M3-3a HaKOMNNeHns
ee B (hunbTpyrowem cnoe. Ha npaktuke koagdu-
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LUMEHT 3axBaTa 4acTul 7z pacCyuTbiBaeTCcs Ha OcC-
HOBE 3KCMNepUMEHTanbHbIX U3MepeHun Koadpduum-
eHTa npockoka K, TONLWUHbI Neperopoakn n NnoTHO-
CTW YMaKkoBKW NPW M3BECTHOM pa3mepe eOUHUYHOro
dvnbTpyloLWEero anemMeHTa.

Mpeanaraetcs [18, 19] s EKTUBHOCTE OYMCT-
K/ B Lenesom unbTpe paccymTbiBaTb HA OCHOBE
ypaBHEeHUS:

,'7 — 17 e*&ﬁsKn , (1)

roe n, — 3dpeKkTMBHOCTbL 3axBaTa 4actuy hunb-
Tpytowen neperopogkon; K, — nokasaTtesnb BIMSHUSA
cdakTopa CTauMOHapHOCTM Mpouecca Ha MNPOCKOK
nbIn.

lMokasaTenb CTPYKTypbl MEPEropoiku paccyu-
TbiBaeTcs No oopmyre:

¢ — 0,283H(1—¢,)
dnpgo
Honsa cBobogHoro obbema onpeaensieTcsi kak
OTHoweHne obbema nycToT K obwemy obbemy
hunbTpytoLero crnos Vee:

(Vq;c _Vnp )

="
o thc
rae Vg, — 06beM, 3aH1MMaeMblin MPOBOSIOKON.

Ecnu ana dunbTpyrowero crnos Mcnorib3yeTcs
MpoBoOJioka € nornepeyvHbiM opebpeHnem (pudneHu-
€M) Unu npoknagkaMmyv mexagy crnosMum U BUTKaMu
NpoBOOKN, TO Aonsd cBobogHoro obbema paccuu-
TbiBaeTCcsa C y4eToM obbema, 3aHumaemoro pebpa-
MW, BbIMYKOCTAMW UMK NpOKNagkamu.

TonwwnHa neperopoakn Ana WaxmaTtHON CTPYK-
TYpbl LLEMNEeBOro Crnos paccyuUThiBaeTcs Nno 3aBucCU-
mocTw [16]:

Hw =nxd,, +h x(n-1)—
-0,1316xd,, x(n -1 '

roe he — wnpmrHa wenu mexay Crosimm NpoBOSIOKMU.

Mpu wucnonb3oBaHMM cBOOOAHOW (Hanpumep,
pYy4YHOW) HaBUMBKW OUNBTPYIOLLEro CNosa Ynpyron
rmagkov npoBOMOKOW (Hanpumep, CTanbHOW) pas-
mMep wenen coctaenseT 50—-80 mkm. NMpn npumeHe-
HAN MSTKOW MPOBOSIOKM pa3Mep Lienen, ocobeHHOo
Mexay BUTKamu NpoBoJioku hy, MOXET Bo3pacTaTb
0o 150 mkm 1 6onee. [1na nonyyenuns 6onee To4Ho-
ro U paBHOMEPHOTO pasMepa Lenen npegnaraercs
MCNoNb30BaTh MPOKNAAKA MEXAy CIosiMU U BUTKa-
MU WU MNPOBOSIOKY C MOMNEpPEeYHbIM OpebpeHnem
(pndoneHmem), obecneunsaroiMMm HeobXxoaUMbI
pasmep Lenen.

OdheKTUBHOCTL 3axBaTta Yactuy 77, OUNLTPY-
loLLler Neperopokon npeanoXeHo onpenensaTtb Ha

OCHOBaHUM TMaBHbIX OENCTBYKLINX MEXaHW3MOB
ocaxaeHus npv nbineynaenuBaHun. [poBegeHHas
OLIEHKa NapamMeTpOB OCaXKOEHUS B LLeNeBOM hunbtpe
ang nbinv ¢ pasmepamm 4vactiy, ot 1 go 100 Mkm,
nnoTtHocTblo oT 1400 go 3000 kr/m3, npu ckopocTu
dunbTpoBaHusa B npegenax ot 0,05 go 0,15 wm/c
nokasarna, 4YTO OCHOBHbIMW MexaHu3mMamu ocaxge-
HUA ABNAIOTCA WHEPUMOHHOE, rpaBUTaLMOHHOE,
anddysnoHHoe ocaxaeHne n 3auenneHuve. lNapa-
MEeTp OCaXZeHUs OT CTaTUYECKOro 3reKkTpuyecTsa
He onpegensancs. Hambonbliee BNusiHMe Ha 3axeaT
YacTuL, OKasbiBaro WHEPLMOHHOE OCaXAeHwue,
HaumeHblee — AMddY3NOHHOE ocaxaeHue. [pu
yKa3aHHbIX YCITOBUSIX OCaKOeHue npoTeKkaeT B ne-
pPEXOOHOM pexunme 0OTeKaHWsi MPOBOSIOKU, B KOTO-
pom 0,2 < Re < 150 [10].

OpHako npu ynaenvBaHumM MNbinn Ha addekTmB-
HOCTb OYUCTKM BNUSOT 1 apyrne daktopbl. K HUm B
nepByl0 ovyepedb OTHOCATCS WHEPLMOHHOE U LEeH-
TpobexHoe ocaxaeHve npu BBOAE 3amnblfIEHHOMo
noToka B nbineynosutens. VX BNusHue 3aBucut ot
KOHCTPYKTMBHbIX OCODEHHOCTEW BBOAa MNOTOKa B
annapaTt M ckopocTu dunbTpoBaHua. Ha addek-
TMBHOCTb OCaXAeHUs B HEOONbLUOW CTEeneHn BNUs-
0T ANIEKTPOCTaTUKA, Koarynauusi 4actuu, nblnv u ap.

[nsa pacyeTta adhekTUBHOCTM 3axBaTa YyacTul, C
y4eTOM 3TMX (PaKTOPOB U OCHOBHbIX MEXAHW3MOB
OoCaxaeHnst MpennoXeHOo WCMNoMb30oBaTh 3aBUCU-
MOCTb:

n, = AxK,,

roe A — nNonpaBOYHbIN KOIPPULMEHT, YUNTLIBAKOLLMIA
BMNUSIHWE COMYTCTBYIOLMX (PakTOpoB Ha adpdekTus-
HOCTb YrNaBfMBaHUs MbINN B 3aBUCUMOCTU OT rMapo-
OVHaMUKN ouuLiaemoro notoka; K, — koadduumeHT
3axBaTa 4acTul eavHUYHBIM BUTKOM MPOBOJSIOKM MOg
OENCTBMEM MEXaHU3MOB OCaXOEHUS:

K,=1- - U )A— TID)(]-_ Ustk)(l— 77(3)1

roe 7r, 7o, Nsk, e — 9PPEKTUBHOCTL 3axBaTa Ya-
CTUL, COOTBETCTBEHHO MeXaHW3MaMu 3auernreHus,
ANPY3NOHHOro, MHEPLIMOHHOIO U rpaBUTaLMOHHO-
ro OCaxfeHusi, KOTopble pacCcyUTbIBAOTCA MO W3-
BeCTHbIM MeToaukam [10, 11].

OdhekTUBHOCTL MexaHu3ma 3auensneHvs Ans
nepexogHoro pexuma obTekaHWs ynasrvBatloLlero
Tena pekomeHayeTcs onpenenaTs no dpopmyne:

0,0625
y ’

ng = R? xRe
roe Rey — kputepuii PenHonbaca npu obTekaHum
npoBorokn; R — napameTp 3auenrieHns, KoTopbln
yCTaHaBnMBaeTCs OTHOLWIEHMEM pa3Mepa YacTuLbl K
AvameTpy ynasnusatowero Tena (NpoBOMokKu):

R=—.

np
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Kputepuin PenHonbaca npu obTekaHun npoBo-
NOKK onpefensieTcs 3aBUCUMOCTbIO:

. WOdﬂppI’

e

Re

roe p. — NNOTHOCTb rasa; u. — oMHaMu4eckada BA3-
KOCTb rasa.

Pacuet addekTnBHOCTU AnY3MOHHOrO oca-
XOEeHNA OCYLLeCTBNAETCA NO YpaBHEHUIO!

319
o = bt

roe Pe — anddy3noHHbin kputepun lNMekne:

_ Wodnp
 eD

[o]

Pe

roe D — koadbmuneHT gudpdysmn.
KoadhpuumneHT anddyamm paccunTtbiBaeTcs Kak
dbyHKLMA pa3mepa YacTuL:

~ 138x10%CxT
B 3mbu

D

roe C — nonpaeka KeHnHrema—MunnukeHa, yuuTbl-
BawLWas  MNoBbllEeHWe  MOABWXKHOCTU  YacTuu,;
T — abcontoTHaa Temnepatypa rasa (K); y — Bss-
KOCTb rasa.

Monpaska C npu pa3smepe Yactmuy oT 1 4o 5 MKM
coctaenset oT 1,16 go 1,009, a npu pasmepe ya-
ctuy 10 mkm 1 6onee oHa pasHa 1.

O hekTMBHOCTL 3axBaTa YacTuL, 3a CHET UHEp-
LUMOHHOrO oOcaxgeHusi ornpegensieTca Ha OCHOBe
kpuTepusa Ctokca Stk:

Stk?®
Stk® +154Stk? +176

Nstk =

M3eecTtHO [10], 4yTO B nepexogHon obnacTtu
(0,2 < Re < 150) obTekaHMsa N30NMPOBAHHOIO LW~
nuHgpa kputepuii CTokca onpegensieTcs Kputepu-
em PelHonbaca v onncbiBaeTcs ypaBHEHVEM:

(Stk/2)°® =1,253Re, > .

Mo aHanorMm ¢ 3TUM ypaBHEHMEM MNPUMEHU-
TeNnbHO K LWeneBon unbTpyloLWen neperopoake
nony4eHa 3aBUCUMOCTb:

Stk —=2,24Re,°%%.

MonpaBouHbIN kO3(hULMEHT A npepnaraeTcs
paccuntbiBaTb Kak (yHKUMIO OT KpuTepusa Stk uns
AMMNUPNYECKON 3aBUCUMOCTH:

344

A = Stk** .

BnuaHne wmexaHu3ma rpaBMTaUMOHHOIO oOca-
XOeHnst Ha 9P PEKTUBHOCTb 3axBaTa Y4YUTbiBAeTCH
yepe3 COOTHOLUEHME CKOPOCTM OCaKAEHUS Mblne-
BbIX YacTuy Mof OEWCTBUEM CUMbl TSHKECTU U CKO-
pOCTM ra3oBOro NoToKa B KaHanax (uinbTpyloLLEN
neperopoaku 1 ONNCbIBAETCS 3aBUCUMOCTBIHO:

Stk

7] R |
¢ 2Fr
roe Fr — kputepun dpyaa.
3O0ecb MCnonb3yeTcst KNacCUYecKuin Kputepuin
CTokca, KOTOpbIV BblpaXKaeTcst ypaBHEHNEM:

2
stk — _Webp ,
18u e,d,,
a kputepun dpyaa:
W 2
Fr=—>,
9de,

roe g — yckopeHne cBoBO4HOro nageHus.
Mokasatenb K, B ypaBHeHun (1) onpeaensieTcs
3aBMCMMOCTbIO:

raoe k, — koadbduumMeHT yHoca Mnbinu, KOTopbIn Npea-
naraeTtcsl paccyuTbiBaTb N0 3MMNUPUYECKON 3aBUCK-
MOCTW OT pasmMepa Mblfin J, HacbINHOM MIIOTHOCTU
Pun VI ChINMYYECTU MbIAN:

0,0056

k 1
X Pun X1gay,

y = 60,96

roe oo — Yron ecTecTBeHHOro oTkoca Mblfn, KOTO-
pbIi pekomeHayeTcs NpUHUMaTh No AaHHbIM, nNpea-
CTaBneHHbIM B Tabn. 2.

Tabnuua 2. 3HaueHus1 TaHreHca yrra eCTeCTBEHHOIo 0TKoca

Table 2. Values of the tangent of the angle of repose

S 10 | 20 | 30 | 40 |50 | 55 | >55
MKM

o 70 60 55 50 | 45 | 43 | <40
rpag.
tgao | 274 | 1,73 | 1,43 | 1,19 | 1,0 | 0,93 | 0,84

Obwyto 3 PEKTUBHOCTL OYUCTKM  LLIENEBOrO
punbTpa MOXHO paccuuTbiBaTb NO MeguaHHOMY
pasMepy nbifnM dso MM 4Yepe3 pakuMOoHHbIe 3d-
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¢ekTMBHOCTU. PacyeT Ha oOcCHOBE (OpaKLMOHHbIX
adhPeKTUBHOCTEN OCyLLeCTBSETCA No hopmyne:

1
= — -AR),
n 1002(774),, )

roe 7ngp — dpakunoHHaa addekTnBHocTb, %;
AR — cogepxaHve dpakumm nNbinu B ra3e Ha Bxoae
B Nbineynosutens, %.

®pakunoHHble 3APHEKTUBHOCTM OUYUCTKN U -
EKTUBHOCTb MO MEAMAHHOMY pa3Mepy PacCUUTbI-
BalOTCs MO OAMHaKoOBOW MeToanke. OPEKTUBHOCTb
OYMCTKKU, onpefeneHHast ¢ y4yeToM pPakLUOHHOTO
cocTaBa MbiNN, TOYHEE XapakTepu3yeT BO3MOXHO-
cTu nbineynosutens. Npu NpoeKkTMpoBaHWK Luene-
BOTO MbINEYNOBUTENSA OCHOBHbIE pa3mepbl unbTpa
W napameTpbl e€ro paboTbl yCTaHaBNUBAKTCA MO
3afaHHON 3(P(PEKTUBHOCTM OYMCTKU UCXOOsA M3 Me-
OnaHHOro amameTtpa nbinv, a 3atem 3ddekTmB-
HOCTb ero paboTbl yTOYHsETCA NyTeM pacyeta C
yyeTomMm pakLMOHHOroO cocTaBa nbinu. [pu pac-
XOXOEHUN pe3ynbTaToB NPOBOAUTCA Heobxoanmas
KOpPPEKTUPOBKa NapaMeTpoB ero paboTbl (CKOPOCTK
PUNBTPOBAHNS, MPOOOIMKUTENBHOCTU MEXpereHe-
PaLMOHHOrO LMKIIa, YCITOBUIA pereHepawmn).

ManoxeHHas meToauka pacyeTa MpoBepeHa Ha
3KCMepvMeHTaneHoOM  Lenesom  UNbTpe MNpu
04YMCTKe pas3nuyHon nbinu. B Tabn. 3 npeacraBneHsl
HEKOTOPble CpPaBHUTENbHbIE pe3yNnbTaTbl OMbITOB U
pacyeToB NPU OYUCTKE BO3Ayxa OT YrofibHOM U Le-
MEHTHOW Mbiny, Jallwme Takke npencrtaBreHne o

BO3MOXHOCTSIX Wwenesoro cdunstpa. VcnbitaHns Ha
YronibHOM MbINW NPOBOAUNMUCE MNpU Temnepartype
25-30 °C, a uemeHTa — npu Temnepatype 50 °C.

VccnepoBaHma nokasanu, 4TO C YBENMYEHUEM
AviamMeTpa MpOoBOSIOKM M YnUCna ee CroeB B Mepero-
poake 3hdEKTUBHOCTb OUUCTKN MOBbLILLAETCS, HO U
CYLLLEeCTBEHHO BO3pacTaeT ruapasnmnyeckoe conpo-
TMBreHue. Vicnonb3oBaHWe NPOKNagoK Mexay Crio-
MU U BUTKAMM MPOBOMOKM UNN opebpeHnss npmBo-
ONT K 3aMETHOMY CHWXEHUIO CONPOTUBIIEHUS, O4Ha-
KO 4Ype3amepHoe yBenuyeHue hy 3ameTHO yxyawaet
3(PPEKTUBHOCTb OYNUCTKM.

PaccmoTpeHHass meTogumka pacyeTa UCMnorb3o-
BaHa Ans pa3paboTkm MaTemaTMyeckon Moaenu
npouecca punbTPOBaHNA LLENEBON NEPErOPOAKON.
Mopgenb no3BonseT yunTbiBaTh BANAHNE Ha 3adhdek-
TMBHOCTb OYUCTKM (PPaKLMOHHOIO M AUCNEPCHOro
cocTaBa NblNKN, CTPYKTYPHbIX XapakTepUCTUK nepe-
ropodkv, MEXaHU3MOB OCaXKOAEHUS, BTOPUYHOrO
yHOCa Mbiny 1 dhaktopa CTaumMoHapHOCTU npouecca,
BbISBNATE NapameTpbl, KOTopble obecneynBatoT
CTabunbHy0 BbICOKOI((EKTMBHYIO OYMCTKY rasa oT
nbiun [20]. Ha ux ocHoBe co3gaHa nporpamma ans
OBM, nosBonsitowas Npon3BoauTb pacyeT MU ONTU-
MU3aLMI0 OCHOBHbIX pa3MepoB LLeneBoro unbTtpa,
napameTpoB (pUNbTPOBAaHUS, FMAPABINYECKOrO CO-
NPOTUBMEHUSA W YCNOBWUWA pereHepaumm dunbTpa.
OHa gaeT BO3MOXHOCTb NPOEKTUPOBAHUSA NPOMbILL-
NEHHbIX YCTAHOBOK AMsl OYUCTKM PasfnUyHbIX 3arbl-
NEHHbIX ra3oB.

Ta6nuua 3. CpaBHeHME OMbITHLIX U pacyYeTHbIX AaHHbIX LENeBoro gpunbTpa

Table 3. Comparison of experimental and calculated data of slotted filter

drp, n, Wo, T, O deKTMBHOCTb O4UCTKU, % AP,
MM wr. m/c c %o, MKM o | 10 Nebw Ma
YronbHas nbinb, hy = 80 Mkm, he = 150 MKM, neperopoaka ¢ NpoknagkaMmy Mexay Crosimm

3 0,039 110 21 83,18 85,38 88,58 73,5
5 0,039 200 21 95,83 95,37 96,52 247,0
0,8 5 0,085 150 21 89,96 90,17 92,38 546,1
4 0,048 310 21 80,27 79,89 79,11 178,2
5 0,048 300 55 99,03 98,59 98,45 304,9
5 0,050 120 21 99,62 99,40 99,51 790,3
1,2 6 0,060 120 21 99,15 98,77 98,98 1466,0
6 0,100 120 55 99,82 99,85 99,76 2485,6

YronbHasi nbinb, hy = he = 150 MkM, neperopoaka ¢ BUHTOOGPa3HON ONNeTKON BUTKOB
NPOBOMOKM MEAHOW HUTBIO TonwmHoOn 150 MKM
08 4 0,113 210 21 93,78 92,02 91,70 268,4
' 4 0,113 150 55 99,20 99,54 99,48 268,4
YronbHas nbinb, hy = 80 Mkm, he = 150 Mkm, neperopopaka 6e3 onneTku
08 4 0,113 200 21 69,43 67,12 - 357,4
' 4 0,113 150 55 92,16 91,32 - 357,4
LlemeHTHas nbinb, hy = he = 150 MkM, Nneperopogka ¢ BUHTOOOPa3HOWM OMneTKon BUTKOB
NPOBOMOKM MEAHOW HUTLIO TonwmHON 150 MKM
1,0 | 6 | 0,1 | 240 | 15 | 9974 | 9993 | 9991 785,8
LiemeHTHas nbinb, hy = 80 Mkm, he = 150 MkM, neperopoaka 6e3 onneTkn BUTKOB

1,0 | 6 | 0,1 | 300 | 15 | 9962 | 9970 | 99,61 1335,5
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3AKIKOYEHUE

BbicokoadppekTnBHaa o4MCTKa 3anblfieHHbIX ra-
30B B LUeNeBbIX unbTpax BO3MOXHA NP UCMOMb-
30BaHUM CTaUMOHaPHOro pexumma unbLTpoBaHUS.
Takon cnocob unbTpoBaHMa peanuayeTca npu
OonpeaeneHHOM COOTHOLIEHUW BpeMeHWn npebbiBa-
HWS 3anblIeHHOro rasa B (punbTpylowem croe u
NPOAOIMKUTENBHOCTU MEXPEreHepaLMoHHOro LuKna
unbTpoBaHUA ANa 3a4aHHON  3PAEKTUBHOCTYU
ouncTku. lMpu aTOM JOMKHBI CTporo cobnogartbes
ONTMMarbHble 3HAa4YEHUS CKOPOCTU (PUNbTPOBaHUS U
NPOOOIPKUTENBHOCTU MEXPEreHepaLMoHHOIo LiKa
ONa NPUHATON CTPYKTYpbl (OUnbTpyoWen nepero-
POAKMU.

LleneBble cunbTpbl NpuM ONTUManbHbIX Napa-
MeTpax paboTbl cnocobHbl obecneuvnBaTb adhdek-
TUBHOCTb O4YMCTKM cBbiwe 99% npwu ynaeBnuBaHuu
Mbln C MednaHHbiM pasmepoM 20 MKM U Bbllle,
nnoTHocTb nbinn — 1400 kr/m® n Gonee. Llenesas
dunbTpyowas neperopoaka HagexHew, 4Yem Tka-
HeBasi neperopofka B pyKaBHbIX uibTpax, ANs
OYNCTKU ropsYMX, abpasvBHBIX U arpeccuBHbLIX ra-
30B. [0 cpaBHeEHMIO C 3epHUCTbIMKU UbTPaMu
LierneBble MbleynoBuTenn 6Gonee TEXHOMOrMYHbI,

npowe M KOMMaKTHEeM MO KOHCTPYKUMM, WMEIOT
yoobHyl0 1 apEKTUBHYIO CUCTEMY pereHepauun.
OHM MOryT KOHKYpUpOBaTb C LIMKITOHHBIMU annaparta-
MK, 3a cyeT B6onee BbICOKOM 3OEKTUBHOCTI OUNCTKN
MeHbLUEe noaBepKeHbl abpasnBHOMY U3HOCY.

WccnepoBaHme 04MCTKM BO3AyXa OT YrOfbHOMW,
LIeMEHTHOW, NEeCOYHON NbINN N MNbINEBUAHOIO Nonu-
BUHWMXIIOpUAA MNO3BOMWIMO YCTaHOBUTb BNUSAHWE
pasnu4yHbIX PakTopoB Ha 3PPEKTUBHOCTbL MpoLec-
ca. lMonyyeHHble 3aBUMCUMOCTU SBUIIMCb OCHOBOM
npyv pas3paboTke nporpaMMbl pacyeTa LeneBblX
dunbTpoB (cBugetensctBo Ne 2015617631 ot
20.10.2015). OHa nos3BonseT No 3agaHHON adpdek-
TMBHOCTM OYUCTKM M MMOpPaBINYECKOMY COMpPOTUB-
NEeHnI0 onpeaensiTb OoNTUManbHble NapameTpbl pa-
60Tbl, KOHCTPYKTUBHbIE pasMepbl W YCNOBWUS pere-
Hepauun LieneBbiX ULTPOB C Y4€TOM CBOWCTB
NbiNn 1 rasa Nnpu onuTenbHOM HenpepbiBHOM paboTe
dunbTpa.

PaspabotaHHas meToguka pacyeta nossonser
MOZEenNMpoBaTb M MPOEKTUPOBaThL LieneBble unb-
Tpbl C 3afaHHbIMU MokasaTensmu paboTbl 1 obec-
neyYnBaThb BbICOKYH 3(P(EKTUBHOCTb OYMUCTKMN U HU3-
KOe rmapaBIiIM4yeckoe CONpOTUBIIEHME.
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