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CHUHTE3 1 CTPOEHUE MAKPOILIUKANYECKOI'O BUAAEPHOI'O
KOMIIAEKCA HUKEAS(II) C 5-(4-IINPUAUA)TETPAZOAATOM
B KAYECTBE COAUTAHAA

C. B. BOUTEXOBHY", b. KEPCTHHT?, 0. A. UBAIIIKEBHY"

YHayuno-uccrnedosamenvckuii uncmumym gusuxo-xumudeckux nponem BI'Y,
ya. Jlenunepaocxas, 14, 220006, e. Munck, Berapyco

2 o o
)HHcmumym Heopeanuyeckou xumuu Jletinyueckoeo yHugepcumema,
ya. Moxannucannee, 29, D-04103, 2. Jletinyue, I'epmanus

Busepubiii komruexe Hukenst(I1) [Ni,L"ClO,]", rne L™ npencrasnsier co6oii 24-ueHHbIH MAKPOLMKIMYECKHUI TeK-
caa3a-AInTHO(QEHOISTHBIN JUTaHA, Mpu peakuuu ¢ S5-(4-mupuamn)rerpaszonom (PyrCN,H) oOpasyer OusaepHbI KOM-
mwieke [Ni,L™(PyrCN,)]". HoBblii KoMIUTEKC ObLT BBIIETIEH B BUIIE COIEH MepXiopara win TeTpadeHmidopara u oxapak-
TEPHU30BaH Ha OCHOBAHMH JIAHHBIX dieMeHTHoro ananmm3a 1 MK-criekrpockormu. Crpykrypa [Ni,L"(PyrCN,)]BPh, - MeCN
olTpeesisuach ¢ TIOMOIIBI0 PEHTIEHOCTPYKTYpPHOTO aHaJIn3a Ha MOHOKPHUCTAILIE, KOTOPBIN TTOKa3al, YTO TeTpa3osar mpo-
sBisieT N2,N3-MOCTUKOBYIO KOOPAUHALIUIO, FeHepupyst AuoKrasapudeckoe sapo NoNi(U-S),(U-N,CPyr)NiN;.
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SYNTHESIS AND STRUCTURE OF MACROCYCLIC DINICKEL(II)
COMPLEX WITH 5-(4-PYRIDYL)TETRAZOLATE AS COLIGAND

S. V. VOITEKHOVICH®, B. KERSTING", O. A. IVASHKEVICH*

*Research Institute for Physical Chemical Problems, Belarusian State University,
14 Lieninhradskaja Street, Minsk 220006, Belarus
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Corresponding author: S. V. Voitekhovich (azole@tut.by)

The dinuclear nickel(IT) complex [Ni,L"CIO,]*, where L™ represents a 24-membered macrocyclic hexaaza-dithio-
phenolate ligand, reacts with 5-(4-pyridyl)tetrazole (PyrCN,H) to give the dinuclear complex [Ni,L"(PyrCN,)]". The
new complex was both isolated as perchlorate or tetraphenylborate salts and characterised by elemental analysis and IR
spectroscopy. The structure of [Ni,L"(PyrCN,)]BPh, - MeCN was determined by single crystal X-ray diffraction, showing
that tetrazolate units are in a N2,N3-bridging mode to generate dioctahedral N,Ni(u-S),(u-N,CPyr)NiN, core.

Keywords: macrocyclic ligands; nickel complexes; tetrazolates; X-ray diffraction analysis.
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Introduction

Binuclear complexes with Robson-type ligands [1; 2] have diverse coordination chemistry, since their me-
tal centers, rigidly bound in the cavity of the chelating macrocycle, are available for coordination with a wide
range of coligands. Due to the close proximity of metal cations, they represent a good model for testing the
possibility of bridging coordination of ambident ligands. Moreover, such complexes are useful objects for
studies of the mechanism of magnetic exchange interactions in binuclear systems and predicting molecular
magnetism caused by the interaction of magnetic centers through bridging ligands.

24-Membered hexaaza-dithiophenolate macrocycle H,L™ is one of representative Robson-type ligands
(fig. 1). Till now range of its binuclear complexes [Ni,L™(L%)]X were synthesised and characterised. These
include complexes with simple inorganic anions, various carboxylates and thiolates as coligands L° [2].

Wﬁk gk

SH N;

Me—N N—Me Me—N-Ni—L“—Ni-N—Me

Coa O

I

Bu Bu
H,L" [NL,L"(LYIX
Fig. 1. Structure of Robson-type ligand H,L"™

and its complexes [Ni,L"(L%)]X:
X —anion, L° — coligands

4 E?C]ﬂ' — molemr A wmefom j&y\,&;wv



OpurnHajJbHble CTATHH
Original Papers

— WWYW

Among azoles, attractive as N,N’-bridging coligands, only pyrazole derivatives were explored before our
joint research [3; 4]. Previously, we found that tetrazole and its 5-R-substituted derivatives RCN,H, where
R =H, Me, Ph, react readily with complex [Ni,L"CI]"or [Ni,L"ClO,]" to give [Ni,L"(RCN,)]" ones [5] (fig. 2).
Under same conditions bistetrazoles HN,C—X—CN,H, where X = 1,3-C,H,, 1,4-C;H,, NH, give the tetra-
nuclear complexes [(Ni,L™),(N,C—X—CN,)]** [6; 7]. X-ray crystallography of these complexes isolated as
BPh, salts, showed that tetrazolates ligands bind to the [Ni,L™]** fragment as bidendate bridges through their
two endocyclic nitrogen atoms N2 and N3. Bistetrazolates join two dinuclear [Ni,L"]*" fragments through the
same nitrogen atoms.

Me Me
[NL,L"(RCN) [Ni,L"(SCN,Me)|"

Fig. 2. Complexes of [Ni,L™]*" with tetrazole derivatives

1-Methyltetrazole-5-thiole (HSCN,Me) reacts with [Ni,L™"ClO,]" to give complex [Ni,L"™ (SCN,Me)]BPh,
with N3,N4-bridging mode of tetrazole-5-thiolate coligand [8] (see fig. 2). Here we describe the synthesis and
characterisation of novel dinickel macrocyclic hexaaza-dithiophenolate complex bearing another functionally
substituted tetrazolate coligand, 5-(4-pyridyl)tetrazolate. It should be noted that coordination chemistry of this
ligand is poorly explored. Only several Cu(l) [9], Cu(Il) [10-14], Cd(II) [15-18], Mn(II) [17], Ni(II) [19],
Zn(11) [9; 20-23], Pb(II) [24], Co(1I) [25] complexes with coordinated 5-(4-pyridyl)tetrazolate were structurally
characterised till now.

Materials and methods

All reactions were carried out under inert atmosphere. The complex [Ni,L"(ClO,)]C1O, was prepared ac-
cording to the literature procedure [26; 27]. 5-(4-Pyridyl)tetrazole have been prepared by the cycloaddition
of sodium azide to 4-cyanopyridine [28]. All other starting materials were commercially obtained and used
without further purification. IR spectra were recorded on a Bruker Vector 27 FT-IR spectrometer (USA) using
KBr pellets. Elemental analyses were performed with a Vario EL elemental analyser (Elementar, USA). ESI
mass spectra were recorded with a 7 Tesla Apex Il instrument (Bruker Daltonics, USA).

Synthesis of [Ni,L"(PyrCN,]ClO,. Triethylamine (22 mg, 0.22 mmol) was added to a solution of
5-(4-pyridyl)tetrazole (18.4 mg, 0.125 mmol) in methanol (20 mL). Complex [Ni,L"(C10,)]CIO, (110 mg,
0.113 mmol) was added and the resulting green solution stirred for 20 h. A solution of LiClO, - 3H,0 (321 mg,
2.00 mmol) in methanol (5 mL) was then added to the green solution. After further stirring for 1 h, the green
precipitate was filtered off, washed with cold ethanol, and dried in air. The yield of complex was 90 mg (77 %).
Complex was characterised by elemental analyses and IR spectroscopy.

Elemental analysis for C,,HCIN,,Ni,0,S, (1029.33): C 51.21, H 6.64, N 14.93 %; found C 51.39, H 6.74,
N 15.10 %;

IR (KBr), cm™': 3431 (strong (s)), 2961 (s), 2866 (s), 2029 (weak (w)), 1639 (medium (m)), 1610 (m),
1559 (w), 1490 (m), 1461 (s), 1426 (m), 1397 (w), 1364 (m), 1310 (w), 1265 (w), 1238 (w), 1204 (m),
1149 (m), 1090 (s, v4(ClOy,)), 1058 (s), 1040 (s), 1021 (w), 998 (w), 930 (w), 916 (m), 881 (w), 829 (m),
809 (w), 754 (w), 701 (w), 626 (m, v,(ClO,)), 566 (W), 536 (W), 489 (W), 418 (w).

Synthesis of [Ni,L"(PyrCN,)]|BPh,. A solution of NaBPh, (171 mg, 0.5 mmol) in methanol (5 mL) was
added to a solution of [Ni,L"(PyrCN,)]CIO, (52 mg, 0.05 mmol) in methanol (25 mL) and stirred for 1 h at
ambient temperature. The green solid was filtered, washed with ethanol and dried in air. The yield of complex
was 55 mg (88 %). Complex was characterised by elemental analyses and IR spectroscopy.

Elemental analysis for CgHi ;BN Ni,S, (1251.85): C 65.24, H 7.09, N 12.31 %; found C 65.89, H 7.46,
N 12.10 %;

IR (KBr), cm': 3434 (s), 3056 (m), 3034 (m), 2999 (m), 2965 (s), 2863 (s), 1938 (w), 1611 (m), 1580 (m),
1560 (w), 1480 (s), 1464 (s), 1423 (m), 1394 (w), 1362 (m), 1311 (w), 1290 (w), 1264 (m), 1235 (m), 1201 (w),
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1153 (w), 1132 (w), 1124 (w), 1108 (w), 1074 (s), 1056 (s), 1040 (s), 991 (w), 981 (w), 931 (m), 913 (W),
881 (m), 836 (W), 825 (m), 817 (m), 807 (w), 751 (m), 733 (s, v(BPh,)), 703 (s, v(BPh,)), 667 (w), 632 (m),
611 (m), 565 (w), 537 (w), 471 (w), 418 (w).

Crystal structure determination. Data collection was performed at 180(2) K on a STOE IPDS-2T image
plate diffractometer (Germany) equipped with a sealed Mo X-ray tube and a graphite monochromator crystal
(MMoK,) = 0.71073 A). Data reduction and numerical absorption correction were done with STOE X-Area
software (X-Area version 1.70). The structure was solved by direct methods using SHELXS-2104 [29] and re-
fined with SHELXL-2018 [30] and OLEX2 [31]. All non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included on idealised positions applying the riding model. One fert-butyl
group was found to be disordered over two sites. A split atom model was applied to account for this disorder to
give site occupancy factors of 0.75/0.25. Selected crystallographic data are summarised in table 1.

Table 1

Crystallographic data for [Ni,L"(PyrCN,)|BPh, - MeCN

Formula C,HgoBN,Ni,S,
M, 1290.88
Crystal system Monoclinic
Space group P2,/n
a, A 20.643(6)
b, A 14.920(3)
¢, A 22.098(7)
o, deg 90
B, deg 96.97(2)
Y, deg 90
N 6756(3)
VA 4
d_ .. g/cm’ 1.269
Crystal size, mm 0.10 x 0.10 x 0.10
wW(MoK ), mm™’ 0.71073
0 limits, deg 4.54-27.40
Measured reflections 34776
Independent reflections 14 866
Observed reflections 10 605
No. parameters 811
R1 (R1 all data) 0.0435 (0.06038)
wR2 (WR2 all data) 0.1189 (0.1131)
Max (min) peaks, e/A’ 0.691 (-0.701)

CCDC-2089298 contains the supplementary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Results and discussion

Triethylammonium 5-(4-pyridyl)tetrazolate (prepared in situ from 5-(4-pyridyl)tetrazole and triethylamine)
was found to react easily with the complex [Ni,L"(ClO,)]CIO, in methanol over 1 h. Complex [Ni,L"(PyrCN,)]
ClO, was obtained in 77 % yield. Further salt metathesis provided [Ni,L"(PyrCN,)|BPh, in 88 % yield (fig. 3).
The synthesised complexes gave satisfactory elemental analyses and were characterised by IR spectroscopy.

The structure of [Ni,L"(PyrCN,)]BPh, - MeCN was determined by single crystal X-ray diffraction. Suitable
single crystals were obtained by slow evaporation of [Ni,L"(PyrCN,)]|BPh, solution (mixture of acetonitrile
and ethanol in the ratio of 1 : 1) at ambient temperature. The ORTEP view of the molecular structure of the
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complex cation is presented in fig. 4. Selected bond lengths and angles are summarised in table 2. The metrical
data for the other 5-R-tetrazolato complexes [Ni,L"(RCN,)]BPh, [5] are included for comparison.

The nickel atoms in studied complex show distorted octahedral coordination geometries. Each metal atom is
surrounded by two bridging sulfur atoms and three nitrogen atoms of the macrocycle and one nitrogen atom
of the tetrazolate group, typical for complexes of the type [Ni,L™(L%)]". The macrocycle forms a typical bowl-
shaped conformation featuring multiatom bridging coligand L° [2]. The 5-(4-pyridyl)tetrazolate anion binds
to the [Ni,L™]** fragment as bidentate bridge via the N2 and N3 ring atoms. In [Ni,L"(PyrCN,)]* the average
Ni—N,_croeyetic a0d Ni—N,. . bond lengths are very close to those observed for [Ni,L"(RCN,)]". The Ni---Ni
distance of 3.446 A is also close to one for similar tetrazolate complexes. Thus, the nature of the substituent R
at C5 atom of 5-R-tetrazole ring has no significant influence on geometry of coordination polyhedron.

The N—N and N—C distances of the tetrazole ring differ slightly from the corresponding distances of the
free 5-(4-pyridyl)tetrazole which exists in two distinct crystalline forms [32]. In both polymorphs pyridine ni-
trogen atom is protonated giving zwitterionic molecule with negatively charged tetrazole ring. Thus, observed
complexation has little effect on the geometry of the negatively charged tetrazole ring. In 5-(4-pyridyl)tetrazole
polymorphs the tetrazole and pyridine rings are nearly coplanar, making a dihedral angle of 2.5° and 4.7°.
In [Ni,L"(PyrCN,)]" this angle is somewhat larger having value of 17°.

N N
N B B
N
| = =
=
NH,CI, NaN, A
I W‘ N SN NES NN
N \ _/ MeOH \"/HNE*
N=N N— t
PyrCN,H

PyrCN, HNE!
—_—

[NL,L"(CIO,)]CIO, MeOH [Ni,L"P(PyrCN,)]CIO,

NaBPh, | MeOH

[Ni,L"(PyrCN,)]BPh,

Fig. 3. Preparation of 5-(4-pyridyl)tetrazole and its complexes

Fig. 4. ORTEP representation of the structure of [Ni,L"(PyrCN,)]".
Ellipsoids are represented at 50 % probability. H atoms were omitted for clarity

E?@ — CmOemMmHAR wow\o]am g//w/aw 7



Kypnan Besopycckoro rocyiapcTBeHHOro yaupepcurera. Xumus. 2021;2:3-10
Journal of the Belarusian State University. Chemistry. 2021;2:3-10

YWY —
Table 2

Selected interatomic distances (A) and angles (in degrees) for complexes [Ni,L"(RCN,)|BPh,

[NL,L"(RCN,)]BPh,

Parameters R=H R=Me R = Ph¥***%* R =4-Pyr
Ni—N,peocyete™ 2.239(2) 2.233(2) 2.235(3) [2.233(3)] 2.230(2)
Ni—N,_,,. 2.079(2) 2.067(2) 2.061(3) [2.060(3)] 2.061(3)
Ni— g 2.4870(8) | 2.4855(8) 2.484(1) [2.483(1)] 2.492(1)
Nil---Ni2 3.455(1) 3.425(1) 3.443(1) [3.450(1)] 3.446(1)
N2—N3 1.367(2) 1.331(3) 1.346(4) [1.360(4)] 1.343(2)
N2—N1 1.325(2) 1.330(3) 1.333(4) [1.320(4)] 1.326(3)
N3—N4 1.317(2) 1.335(3) 1.328(4) [1.317(4)] 1.329(2)
C5—NI1 1.331(3) 1.333(4) 1.341(5) [1.347(5)] 1.345(3)
C5—N4 1.341(3) 1.333(4) 1.347(5) [1.354(5)] 1.341(3)
Ni— S Nj##ss 88.03(2) 87.12(3) 87.92(4) 87.46(3)

Note. * — average values for Nil—N5, Nil—NS§, Ni2—N6, Ni2—N7 bonds; ** — average values
for Nil—N2, Ni2—N3 bonds; *** — average values for Nil—S1, Nil—S2, Ni2—S1, Ni2—S2 bonds;
*#%% _ average values for Nil—S1-—Ni2, Nil-—S2—Ni2 angles; ***** — there are two crystallographically
independent molecules A and B in the asymmetric unit. Values in square-brackets refer to molecule B.

In previously reported complexes 5-(4-pyridyl)tetrazolate was found to show two coordination modes pre-
sented in fig. 5, monodentate mode I [11; 15; 17; 22; 24], bidentate of types II [16] and I1I [9; 12; 13; 20; 23],
tridentate of types IV [21], V [10; 11; 13; 14; 16; 19] and VI [25], tetradentate mode VII [9; 10; 13] and pen-
tadentate mode VIII [18; 25]. In all cases pyridine nitrogen atom is involved into coordination with metal ions.

In [Ni,L"(PyrCN,)]" we observed novel coordination mode of 5-(4-pyridyl)tetrazolate, namely N2, N3-bridging
mode IX.

i i i Y Y
N N N N N
B B B B B
= = = Pz Pz
N7/ )N N N—M N N M—N/\N—M N N
\O/ \O/ \\// \O/ \O/
N—N? N—N N—I\{ N—N 1/\1—1\\1
M M M
I 11 111 v A
Y i Y
N N N N
B B B B
= = = =
N/ N—M N/ N—M M—N N—M N N
\O/ \\// \O/ \O/
N—N N—N N—N N—N
\ L\ /\ [\
M M M M M M M
VI vl VIII IX

Fig. 5. Coordination modes of 5-(4-pyridyl)tetrazolate
with the atom labeling scheme
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Conclusion

Anovel dinuclear nickel(Il) 5-(4-pyridyl)tetrazolate complex supported by macrocyclic hexaaza-dithiophe-
nolate ligand have been synthesised and characterised. X-ray diffraction showed that 5-(4-pyridyl)tetrazolate
is coordinated by N2 and N3 atoms of tetrazole ring, whereas pyridine nitrogen atom is not involved into
coordination. Presence of this free donor centre causes interest to reported complex as starting material for
preparation of oligonuclear complexes by means of targeted assembly.
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CUHTE3 UHTEPKAANPOBAHHBIX BEH30TPNA30AOM
AUCITEPCHBIX OKCUAOB MOAUBAEHA, BOABOPAMA
N BAHAAUA AAI TPUBOXVUMHNYECKHUX ITPUAOXEHNN

A. C. JOTBHHOBHY", T. B. CBUPH/[OBA", B. E. ATAFEKOB®, ]I. B. CBUPHJIOB"

YBenopycckuii 2ocydapcmeennuiii ynusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Berapyce
A Unemumym xumuu nogwix mamepuanoe HAH Benapycu, yn. @. Cxopunst, 36, 220141, 2. Munck, Berapyce

HccnenoBaHo BIMSIHUE AUCIIEPCUI CIIOMCTBIX OKCHJIOB MOJHO/IeHa, BoJIb(hpaMa 1 BaHa/IMsl HA CMa3bIBAIOIUE CBOM-
CTBa MHUHEPAJIBHBIX Macell. [loka3zaHo, 4TO BBEAEHHE B MACIIO JHUCIEPCHH T€KCAaroHaJbHOTro okcuaa MoO, mo3Bomser
CHHU3UTH Kod(dumreHT TpeHus B 2 pasa (¢ 0,08 1o 0,04), mpudem rmpu MOBBIIIICHUN MEXaHUYIECKUX HATPYy30K HAOII0qaeT-
csl lanbHeIIee yMeHbIIeHHe K03 (DUIMeHTa TPEHUSI B pe3yJIbTaTe JUCTIEPIUPOBAHMUS OKCHA, ITO MIPUAALT MOCICAHEMY
CBOWCTBA aJaNTUBHOTO JIyOpuKaHTa. VHTepKamsams OeH30Tpra3zoia B TPUOKCHI MOIMOAeHa 00ecneynBaeT AOMOTHU-
TENIbHOE CHIDKCHNE MEXaHUYECKOT0 U3HOCA B Mape TPEHHS BCIEACTBUE I(PPEKTUBHOTO TOABICHHUST TPHOOKOPPO3HH.

Knrouesvie cnosa: oxcu MonndeHa; OKCU BOJIb(hpaMa; OKCHJI BaHAIUs; KOOPPHUIUEHT TPSHUS; H3HOC.

bnazooapnocme. Pabora BeinonHeHa npu nojaepkke benopycckoro pecryonikanckoro Gonaa GyHaaMeHTalbHbIX
uccienoBannii (rpant Ne X19MC-017).
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The effect of dispersed particles of lamellar molybdenum, tungsten and vanadium oxides on the lubrication properties
of mineral oil was investigated. It is shown that in the presence of particles of hexagonal molybdenum oxide the coeffi-
cient of friction falls two-fold (from 0.08 to 0.04) exhibiting further decrease under high mechanical load, i. e. molybde-

num oxide behaves as an adaptive lubricant. The intercalation of benzotriazole into molybdenum oxide ensures additional
reduction of mechanical wearing due to suppressing the tribocorrosion.

Keywords: molybdenum oxide; tungsten oxide; vanadium oxide; coefficient of friction; wearing.
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BBenenue

OKCH/IBI TTEPEXOTHBIX METAJIIOB CIIOMCTOTO CTPOSHUS (TeKCaroHAIBHBIE OKCH/IBI MOJIMO/IEHA U BOIb(pama,
KCeporeJib OKCH/Ia BaHaIusl) MPEACTABIISIOT COO0H MepcreKTUBHbIE aHTU()PUKIIMOHHBIE MaTepUabl, Coco0-
HBIE 00ECIEUNTh CYIIECTBEHHOE MOBBIIICHNE H3HOCOCTOMKOCTH TOBEPXHOCTH METAJUIOB B YCIOBHSAX CyXO-
ro tpenus [1-3]. OTmMuuTEIPHON 0COOCHHOCTHIO CMAa3bIBAIOIIMX ar€HTOB TAKOTO POJMa SIBISICTCS] BBICOKAs
XUMHYECKasi CTaOMIBHOCTB, MO3BOJIAIONIAs UM (YHKIIMOHUPOBATH B OKCTPEMAaJIbHBIX YCIOBHUAX (B TOM YHC-
Jie B OKHCIIUTEIBHBIX CPe/iax) MPU BBICOKUX MEXaHMYECKHUX Harpys3kax. Tak, Hampumep, MOKPHITHI Ha OCHO-
Be kKoMno3uta Ni-MoO,, HaHECEHHbIE Ha IOBEPXHOCTh TPYLIMXCS Iap, COXPAHSIOT CTAOMIBHOCTh M AHTHU-
¢pukunonHsie cBoictsa npu Temieparype 500 °C [4]. Ilpu 3ToM ucrons30BaHue ISl TOTYUYCHUS CIIOUCTBIX
MoIUUKAIMA OKCHIOB MoJiuOaeHa, Boib(pama U BaHAIAHUS TEPMOCTHUMYIHMPOBAHHOHN MOJMKOHACHCALUU
COOTBETCTBYIOIIMX OKCOKHCIOT [5—7] OTKpBhIBa€T BO3MOKHOCTh COBMEILIEHUS MPOILIECCOB CUHTE3a OKCHUIHO-
TO HOCUTENS W MHTEPKASIHNHA B MEXKCIOE€BOE TPOCTPAHCTBO OPTraHUYECKUX MOJIEKYJ, B YACTHOCTH a30JI0B,
CTIOCOOHBIX JOMOTHUTEIHHO KOOPAHMHUPOBATHCS BO BHYTPEHHUX TMOJOCTAX OKCHIHOW MATPHUIIBI C YIaCTHEM
aTOMOB a30Ta TPHA30JIBHOTO KoJbIIa [8; 9]. JlaHHBII TOAXO0/T ITO3BOJISET MOTy4aTh HMHTEPKAJIATHI CO 3HAYNTEIb-
HBIM KOJIMYECTBOM 3aXBa4YCHHBIX a30JI0B (70 56 Moi. % [9]), KOTOpble MOT'YT BBICTYIIATh B KAY€CTBE CIICIIH-
(uueckux HAaHOKOHTEHHEPOB, B TOM uuciie cogepkammx oenzorpuazon (BTA) — addexTuBHbI HHTHOUTOD
koppo3uH [8]. UMMoOunIn3aius KOHTEHHEPHBIX CTPYKTYP TaKOTo poja Ha METAJTMYECKOH MMOBEPXHOCTH 3a
CUET BKIIOUYEHUS B TUICHKH METAJUIOMATPUYHBIX KOMIIO3UTOB 00ECTIEYNBAET HE TOIBKO BBHICOKHH YPOBEHD aB-
TOHOMHOH KOPPO3HOHHOM 3aIuTHI, HO U 3G (dEeKTUBHOE MTomaBieHue Tpubdbokopposnn [8; 10].

B Hacrosmieii pabore paccMarpuBaeTcst BOSMOXKHOCTD UCTIOIh30BaHUS AUCIIEPCHBIX OKCHIIOB ITEPEXOIHBIX
METaJJIOB, COAepXaIuX MHTepKaaupoBanHbli BTA, B kadyecTBe TPHOOTEXHUUYECKOTO areHTa, CoCOOHOTOo
B COCTaBE CMA304YHBIX MaTepHaioB 00ECIEUNTh MOBBIIIEHUE N3HOCOCTOMKOCTH TPYIIUXCSI CTAIBHBIX TOBEPX-
HOCTEH.

MeToauka 3KCIIepUMEHTA

Hucnepcun OKCUAOB MONMOACHA, BONb(GpaMa U BaHaAusl OBIIM MOJIYUYEHBI MyTEM HOJUKOHICHCALIUU
0,2 MOJB/JT BOTHBIX PAaCTBOPOB MOJINO/IEHOBOH, BaHAANEBOH, BOIH(PPaMOBON KHCIOT (CHHTE3UPOBAHBI METO-
JIOM MOHHOTO 00MeHa), KoTopble nHKyOupoBaituch nipu 100 °C B Tedenue 4 u. [lonmyyenne aucrepcHbIx (a3
yKa3aHHBIX OKCHJI0B, THTEPKATMPOBaHHBIX bTA, OCyIIecTBIsNIOCh B @aHAJIOTHYHBIX YCIOBUSX U3 PaCTBOPOB CO-
OTBETCTBYIOIINX OKCOKHUCIIOT, 10NONHUTENNBHO coaepskainux 0,5 r/1 BTA. 3arem cuHTe3MpOBaHHBIE JUCIICPCUH
WHTEPKATUPOBAHHOTO OKCHU/IA TIIATEIHHO OTMBIBAIMCH B BOJIE [T ynajeHus copouposannoro bTA. Cpennuit
pasmep uyactunr MoO,, WO,, MoO, : BTA, WO, : BTA cocrasun 9-11 mxm, a wactun V,0s, V,0; : BTA —
2—4 MKM.

Conepxanne nHTepkanupoBanHoro BTA ompenensnocs crnekTpoOTOMETPUYECKH ITyTEM PacTBOPEHHUS
OKCHJTHOW MaTPHUIIBEI B CMECH aMMHuaka u tanona (1 : 9).

ComnocrasiieHne cMa3bIBarOIIUX CBOMCTB qucnepeuii MoO,, WO,, V, Oy, a takke MoO, : BTA, WO, : BTA,
V,0; : BTA npoBoanuiock B KEpOCUHE MO BEJIMYUHE [IATHA U3HOCA HA IOBEPXHOCTHU IIACTUHBI U3 cTanu 9X1
o nerictBueM mapuka u3 cranu 28X3CHMB®A (tBepmocTh mo mkaie Pokxsemra — 58), coBepiaro-
LIEr0 BO3BPaTHO-MOCTYIATeNbHbIE JBUKEHUS. OKCHIHbIE TUCIIEPCHH BBOAMIIUCH B KEPOCUH B KOJINYECTBE
0,01-0,20 mac. %. M3mepenus kospduimenTa TpeHUs: 1 ”HTEHCUBHOCTU H3HOCA B 3aBUCUMOCTH OT HOMHUHAJIb-
HOTO JaBJICHUS HA IUIOLIA/IKE KOHTAKTa B 30HE TPEHUS BBIIIOJHIIUCH C UCIIOIb30BAHUEM B KAU€CTBE CMA3KU
macia U-5A, comeprkamiero OKCHIHbIHN 1yOpukanT B konmgecTse 0,01 mac. %. HTeHCHBHOCTH M3HOCA OMIpe-
JIeTISUTach KaK OTHOILEHHE TTyOWHBI TPEKa M3HOCA K €ro JUTHHE.

Uccnenosanue BnusiHus nHTepKamsiuun bTA Ha criocoGHOCTh OKCHIOB MIpaTh poiib aHTH()PUKIIMOHHBIX
MarepranoB ObLIO BHIIIOJHEHO IyTEM BKJIIOYCHUS OKCHIHBIX YaCTHUL] B IEKTPOXUMHUUYECKH OCAXKIACMYIO0 HU-
KeJIeBYIO MaTpHIly-HOCUTeNb [11] 1 u3yueHust TOpCHOHHOTO B3aUMOJICHCTBHSI KaHTUIIEBEpPa aTOMHO-CHIIOBOTO
mukpockona NT-206 (benapych) ¢ TOBEpXHOCTBIO MOIYYEHHOTO METAIJIOMAaTPUYHOTO KOMITO3UTA.
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IIpencrarnennsie Ha puc. 1 1 B TaOMI. 1 pe3yabTaThl UCCIICIOBAHIS BIUSHISI COCTaBa CMa3bIBAIOMICH (pa3b
Ha (YHKIIMOHWPOBAHUE TApHl TPEHHS CBUACTEIHCTBYIOT O TOM, YTO BBEIEHHE B KEPOCHH, MCIOIH3YEMBIN
B KaueCTBE HOCUTENA M XapaKTePHU3YIOMIMIACS HU3KUMH COOCTBEHHBIMH CMAa3bIBAIONIMME CBOMCTBAMH, TaXKe
Hebompmoro xonmgectsa (0,01 mac. %) muCnepcHBIX OKCHIIOB MONHUOJECHA, Bolb(pama M BaHAAWUA TPUBO-
T K CYIIECTBEHHOMY CHIKCHHIO BEIMYMHBI M3HOCA (BBIPAYKAETCS B YMEHBIIIEHWH pa3Mepa IsSITHA H3HOCA)
1 paauKaIbHOMY M3MEHEHHIO XapaKTepa JAeTpajalui padodel MOBEPXHOCTH BCIEACTBUE MPEAYIPEkKACHUS
CXBaTBIBAHUS U MUKpoOpe3aHus — 3((HEKTOB, IPKO MPOSBIMIOMNXCS Ha MUKPOGOTOTpadusiX MOBEPXHOCTH 00-
pa3IoB, MOABEPTaBIINXCS U3HOCY B KepocuHe (cM. puc. 1). Habmomaromieecst HOBBIIIEHNE W3HOCOCTOMKOCTH
00yCITOBJIICHO CIIOMCTBHIM CTPOCHUEM HCITOJIB30BAHHBIX OKCHAOB [12], TaMenn KOTOPBIX MOTYT ITEPEHOCUTHCS
Ha TPyIIHeECs TOBEPXHOCTH, IPUIaBasi UM TaKUM 00pa30M caMOCMAa3bIBAIOIINE CBOWCTRA.

YBenudeHne KOHIEHTPAIHA OKCH/IOB, AUCIIEPTUPOBAHHBIX B KEPOCHHE, IPUBOIUT K TATbHEUIIIEMY YMEHbB-
MIEHUIO pa3Mepa MATHa u3Hoca (cM. Tabm. 1). [Ipu 3ToM MOBEIIIEHNE CMa3bIBAIOIIEH CTIOCOOHOCTH CYCTICH3UH
OKCHJIOB B KEPOCHHE 3a CUET yBEIMYEHHUS KOHIIEHTPALNU OKCHIHOW (ha3bl MMEET CBOU TPEAETBI, TOCKOIBKY
P KOHIIEHTpanuy cBbime 1 Mac. % HabmomaeTcst moTeps CyCIeH3UsIMH OKCHIIOB B KEPOCHHE arperaTuBHON
YCTOMYMBOCTH H CTIOCOOHOCTH BBITIONHATH (PYHKITHIO CMa3bIBAIOIIET0 areHTa. Vcronp30BaHue B Ka9eCTBE JHC-
TIePCHOH (ha3bl OKCUIHBIX YAaCTHII, COMEPIKAIINX HHTePKATMPOBaHHEIN bTA, o0ecrieanBaeT MOOTHATENBHOE TI0-
BBIIIIEHNE H3HOCOCTOWKOCTH 32 CHET MOAABIICHHUS TPHUOOKOPPO3UH, SIBJISIOIICHCS OTHAM U3 KITFOUEBBIX (PaKTOPOB
Jerpananun paboueil moBepXHOCTH. Pe3yiasTaTsl pa3BUTHS TPHOOKOPPO3UH MOYKHO TIPOCIETUTH Ha puc. 1, a.

Puc. 1. MuxpogoTorpaduu msiTHa n3HOCa, 00pa3yIoIerocst Ha MOBEPXHOCTH CTAJIN B Cpesie
KepocuHa 0e3 100aBOK (@), a TaKke B Cpeie KepOCHHA, COAEPIKAIIETO
gucniepcun MoO; (6, 2), WO, (e), V,0; (3), MoO, : BTA (s, 0), WO, : BTA (i), V,05 : BTA (u),
BBITOJTHSIOMINX (DYHKIUIO JTyOPHKAaHTOB:
1 — mpu3HAaKH TPUOOKOPPO3UH; 2 — MPU3HAKU CXBATHIBAHUS 1 MUKPOPE3aHUS;
3 — MQJIOTIOBPEIKICHHASI IOBEPXHOCTb.
KoHneHTpamust okcuaHoi passl: 0, 6, e —u — 0,01 mac. %; ¢, 0 — 0,1 mac. %

Fig. 1. Microimages of a wear scar formed on the steel surface in bare kerosene (a)
and in kerosene containing dispersions of MoO;, (b, d), WO; (f), V,0; (h),
MoO; : BTA (c, e), WO, : BTA (g), V,0; : BTA (i) acting as lubricants:

1 — manifestations of tribocorrosion; 2 — manifestations of grasping
and microcutting; 3 — undamaged surface.

Concentration of the oxide phase: b, ¢, f—i—0.01 wt. %; d, e — 0.1 wt. %

VYkazansbiil 3¢ dext Hanbosee BbipaxkeH i cycneHsun MoO; : BTA B kepocuHe, 4TO MOXHO 0ObsiC-
HUTb AByMs oOcroaTesbecTBaMu. C 0IHOM CTOPOHBI, B ciaydae MoO, rekcaroHajabHON Moau(uKauy co3aa-
[0TCs HanboIree OIaronpusTHBIE YCIOBUS s HHTepKaAnny bTA B pacTyIryro OKCHIHYIO MaTpHILY, IIPUIEM
monekysl BTA MoryT pacmonararscsi Kak B MEXCIO€BOM IPOCTPAHCTBE, TaK M B TEKCArOHAJIBFHBIX KaHaJax
OKCHTHOW pemieTku [8], B pe3yasrare 4ero o0ecredynBaeTcs BEICOKUN YpoBeHb HHTepKamsauu (41 moin. %).
C mpyroii CTOpOHSBI, Ipu MOJNUKOHAEeHCaunOoHHOM cuHTe3e WO, : BTA BO3MO)XXHOCTH 110 BKJIIOUEHHUIO OPTaHU-
YECKUX MOJIEKYJI OTPaHWYHMBAIOTCS TIO3UIIMOHHBIME SYeiikaMu [9], BCIIEACTBHE YEro CTETeHh MHTEPKAISIIHN
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OKa3bIBAETCS Ha TOPSIOK MEHbIe (He MpeBblIaeT 5 mMon. %). OrpaHnyeHHbIE BO3MOXKHOCTU JJISI UHTEp-
KaJSIUU HAOJIIOAAIOTCS TaKXkKe IPU IMOJMKOHICHCAMOHHOM cuHTe3e V,0,, IOCKOIbKY MEXaHH3M 3axBaTa
Mouiekysl BTA B 3TOM citydae npeanosaraet 3aMeleHue MOJIEKYI KOOPAUMHALIMOHHOM BO/IBI Y JINHEHHBIX OKCO-
OJIMTOMEPOB ellle Ha CTaJIuH, TPEIIeCTBYIONIEH (OPMUPOBAHHIO OKCHIIHBIX Jlamenei [10], BBHIy uero ypo-
BEHb MHTEPKAJISALUHU cocTaBisAeT =4 Moi. %. [Ipu aToM TpuboIornueckne uccie10BaHus, BHITOTHEHHBIE C HC-
[10J1b30BaHUEM HUKEJIbMATPUUHBIX KOMIIO3UTOB, CBUIETEILCTBYIOT O TOM, 4To uHTepkamsuus bTA B V,0;
MIPUBOAUT K HCYE3HOBEHHUIO Y TTOCIIEIHET0 JTyOPHUKAIIMOHHOW CITOCOOHOCTH BCIIE/ICTBUE CBS3BIBAHNS OKCHIHBIX
Jamelied B pesynbrare koopauHaiiui BTA u motepu Ux MOJBHYKHOCTH JPYT OTHOCHUTENBHO Jipyra (Tadi. 2).
B T0 ke Bpems BkiItoueHue B peuterky MoO, Ha opsgok 6ouibliero yucia Monekya bTA, pacnonararomuxcst
MPEUMYIIECTBEHHO B €r0 KaHAJIBHOM CTPYKType, B CyIIECTBEHHO MEHBIIIEH CTETeH! CKa3bIBaeTCsa Ha TyOpH-
KallMOHHEBIX CBOMCTBAX OKCHUA.

Tabnuma 1

Paszmep nsiTHa u3Hoca, 00pa3yOIErocsi HA MOBEPXHOCTH
CTaJI¥ NP HCIO0JIb30BAHNH B Ka4eCTBE CMa309HOI0 MaTepHa/ia KepocuHa,
cogepskamero aucnepcuu MoO,;, WO,, V,0,, MoO, : BTA, WO, : BTA, V,0, : BTA

Table 1
The size of the wear scar formed on the steel surface
in the kerosene containing dispersed MoO,, WO,
V,05, MoO, : BTA, WO, : BTA, V,0, : BTA used as the lubricants
OkcuHas tucrepcust Konuenrpanus, mac. % JlnameTp msiTHa U3HOCA, MKM
Bes nobdasox 0 756
0,1 497
MoO,
0,2 251
WO, 0,1 602
V,0, 0,1 551
MoO; : BTA 0,1 411
WO, : BTA 0,1 449
V,0, : BTA 0,1 470
Tabauma 2
3HayeHus KO3QPHUUHEHTA TPEHHUs IS YACTHIL
MoO,, WO,, V,0,, MoO, : BTA, WO, : BTA, V,0, : BTA,
HHKOPIMOPHPOBAHHBIX B MJIEHKY HUKEJbMATPUYHOI0 KOMIIO3UTA
Table 2
Coefficient of friction for MoO,, WO;, V,0,, MoO, : BTA,
WO, : BTA, V,0, : BTA particles incorporated
in the film of nickel-matrix composites
Kommosur Koopuunent Komnosur Kosppuumenr
TpeHUst TpEeHUs
Ni-MoO, 0,44 Ni-MoO; : BTA 2,17
Ni-WO, 0,61 Ni-WO, : BTA 1,89
Ni-V,0Oq 1,95 Ni-V,O; : BTA 4,76

OddexTruBHOCTH QYHKIIMOHUPOBAHUS CIOMCTHIX OKCH/IOB B KAY€CTBE aHTU()PUKIIMOHHOTO areHTa JeMOH-
CTPUPYIOT PE3y/bTaThl, IIOJy4YE€HHbIE [IPY BBEICGHUH B Macj0, CMa3blBarollee y3el TpeHus, nucnepeuud MoO,,
XapakTepu3ylolieics Hanbosee BbIPaKeHHOM JIyOpHKaIIMOHHOW CITIOCOOHOCTBIO U OJJHOBPEMEHHO HanOOIIb-
IIMMH BO3MOXHOCTsAMH 115 nHTepKamsiuuu bTA. Kak Buano u3 puc. 2, B npucyrctsun MoO, kosddurpent
Tpenus camxkaercs ¢ 0,08 1o 0,04 npu gaBnenuu B 30He Tpenus 2,5 MIla. 13 puc. 2 Taxxe cienayert, 4To npu
BBeleHNH M0Q, KapAUHAJIBHBIM 00pa30M H3MEHSETCs 3aBUCUMOCTb KOI((PUIMEHTA TPEHUSI OT BEJITHUHHBI
MEXaHMUYECKON Harpy3KH: €ciii B Cllydae MCXOAHOTO Maciia K03 UIIMEHT TpeHHs MOCTENEHHO BO3pacTaeT
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10 MEpe YBEJIMUECHUS MEXaHUUECKON Harpy3Ku, TO IIPU UCIIOJIb30BAHUU Macia, conepxatiero MoO,, Habmto-
JlaeTcsl AKCTpeMalbHasl 3aBUCHMOCTD K03(h(dUIeHTa TpeHHs ¢ MakcuMyMoM 1ipu 5 MIa, yTo MoxHO 00BsiC-
HUTH JaJIbHEHIINM TMCTIEPTHPOBAaHIEM OKCH/Ia IPU BBICOKUX 3HAYEHUSIX HOMUHAJIBHOTO aBjieHus. [Ipu stom
HanMuue nHKopropuposannoro bTA, Gnokupyroiero pa3sutue TpuOOKOPPO3HUH, HE CKa3bIBAeTCs HA TyOpH-
KallMOHHBIX CBOMCTBAX CIIOMCTOrO TPUOKCHIA MOJIMOIeHa (CM. puc. 2).

a/a 6/b
A
A
0,18 ! T Ji
0,16 T e
® , = '
g 0,14 - £
= =
5 012} 3 2 4
5 g
£ 010} 2 z 3l
=~
g 2 2
S 0,08 + E oL
0,06 + =~ 1 3
0,04 + 0
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Jlasnenune, MIla JaBnenue, MIla

Puc. 2. 3aBucuMOCTb K03 puIHeHTa TpeHHs (¢) 1 HHTEHCHBHOCTU H3HOCA
paboueii ToBepXHOCTH (6) OT BEJIMYMHBI HOMHHAJIFHOTO JIaBJICHUS Ha IUIOIIA IKe
KOHTAKTa TP UCTIOJIb30BaHUH B Ka4eCcTBE cMa3Ku Macna 0e3 1o6aBok (/) u mMacia,
cozepakaero 0,01 mac. % aucnepcaoro MoO; (2) nmu MoO, : BTA (3)

Fig. 2. Dependence of coefficient of friction (a)
and wear intensity (b) on the nominal pressure for bare oil (/) and the oil
containing 0.01 wt. % MoO, (2) or MoO, : BTA (3)

Takum o6pa3zom, qucnepcHsiil oken MoO, MOXKHO paccMaTpuUBaTh B KauecTBE ClELM(PUIECKOro ajanTus-
HOTO JTyOpUKaHTa, CIOCOOHOTO TIOJICTPANBATHLCS O] BEIMYHHY MTPUIaracMoi MEXaHUIeCKOW Harpy3KH.

3akaueHmne

[TonyueHHbBIE TTOTMKOHIEHCAIIMOHHBIM METOIOM YACTHIIBI CIIOMCTHIX OKCHJOB MOJIMOJEHa, BOIb(pama
W BaHA/Usl, JUCIIEPTUPOBAHHBIC B OPraHUYECKOl (a3e-HocuTele, B COCTOSHUM UTpaTh polib () (HEKTHBHOTO
CMa3bIBAOIIET0 areHTa, YTO OTKPBIBAET MIEPCIIEKTUBBI CO3/IaHMsI HOBOTO TUITAa aHTH(OPUKIIMOHHBIX MaTepPHAJIOB.
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KBAHTOBO-XNMHNYECKOE NCCAEAOBAHUE MEXAHU3MA
BOCCTAHOBAEHUSA NO HA KATAAN3ATOPAX Ag/AL,O,

E.T. PATOHXA", BHTAJIHH 3. MATYJIHC", O. A. HBAIIIKEBHY?

Y Benopyccruii 2ocyoapcmeennuiii ynusepcumen,
np. Hezasucumocmu, 4, 220030, e. Munck, berapyco

Y Hayuno-uccredosamensckutl uncmumym Qusuxo-xumuseckux npoonem BIY,
ya. Jlenunepaocxkas, 14, 220006, e. Munck, Berapyce

[Tokazano, uto ysenuueHue coiepkanus N,O cpenu NpoayKToOB peakiuu BoccTaHoBiaeHUs NO IpH NOBBILIEHUU
KOHIIEHTpAIMHU cepedpa B KaTajau3aTope CBSI3aHO C M3MEHEHUEM ITPUPO/bI KaTaIUTHYECKHUX IIEHTPOB M, KaK CIIE/ICTBHE,
W3MEHEHHEM MeXaHu3Ma peaknuu. [IpeanokeHbl U MccieoBaHbl METOAAMH KBAHTOBOM XMMHH JIBA MEXaHH3Ma peak-
LUK JIBYXCTAIMHHBIN MEXaHU3M, IpOTeKatomuii uepe3 odpazoanue quMepa NO Ha KaTanu3aTopax ¢ BEICOKMM (Ooiee
2 mac. %) coneprkaHneM cepeOpa, 1 MEXaHU3M, ITPEAyCMaTpHUBAIOIINH MapauiensHoe oopaszosanne N,O u N, ¢ yqacTrem
M30IIMAaHATOB Ha KaTaJIM3aTopax ¢ HU3KUM (MeHee 2 Mac. %) comeprkanueM cepedpa. YCTaHOBICHO, UTO Ha KaTaIn3aToOpax
C BBICOKOH KOHIIEHTpauuel cepeOpa peann3yeTcss MEeXaHU3M, BKIIIOYAIOIIUK MOC/IeNoBaTeIbHOe BoccTaHoBiIeHHe NO
cHaudana 710 N,O, a 3arem 10 N,. [Ipu 3ToM npoTekaHue 3aKII0UNTEIbHON CTaANU OCIIOXKHAETCS TEM, UTO IIPOMEKYTOUHO
obpasytommuecs narepmenuarsl 1 N,O CKIOHHBI 1ecOpOMpOBaTHCS ¢ TOBEPXHOCTH KaraiausaTopa. B ciydae karanusaro-
POB ¢ HHM3KOH KOHIIEHTpanuel cepedpa odpazosanue o6oux npoaykros (N,O n N,) uaer napamiensHo, u 0ojaee HU3KHE
aKTHBAIIMOHHBIE Oapbephl peakiuy, Beaylei Kk N,, a Takke TepPMOANHAMUYECKast BEITOJHOCTh €ro 00pa3oBaHUsI IPUBO-
JIT K TIpeo0iIaJaHnIo [IENIEBOT0 MPOoAyKTa. V3ydeHa KOHKYPEHIHS MPEATIOKEHHBIX MEXaHU3MOB B CIIydae KaTaJluTHUe-
CKHUX LIEHTPOB, NIPEACTaBICHHBIX AUMepamMu cepedpa. [TokazaHo, 4T0 aKTHBAIMOHHBIE OapbEePhl PEAKIINH, TPOTEKAOIIEH
yepe3 oOpazoBanue qumepa NO, HIKe, YeM COOTBETCTBYIOIINE Oapbephbl peakiMy ¢ y4aCTUEM M30IIMaHATOB, YTO MO~
TBEPIKaeT NPEUMYLIECTBEHHYIO Peall3alliio IepBoro mnpouecca u mnpeodnaganue N,O cpeiu KOHEUHBIX HIPOLYKTOB.
[Toxy4deHHbIe pe3ynbTaThl OOBSICHSIOT 3KCIIEPUMEHTAIBHBIC TAHHBIC U SIBIISIOTCS 3HAYMMBIMH JUIS TAJIbHEHIIIETO MOJISITH-
POBaHUs MEXaHU3Ma PEAKILHU KaTaIUTHIECKOI0 BOCCTAHOBIICHUS OKCUJIOB a30Ta ¢ yueToM nomioxku Al O,.

Knioueswie cnosa: Mexanusm BoccranoBieHust okeuzoB azora; DFT; mpouecc SCR; karanuzarop Ag/AlO;; knacteps

cepebpa; Oapbep aKTHUBAIIMU.
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QUANTUM CHEMICAL STUDY OF NO REDUCTION MECHANISM
ON Ag/AL,0, CATALYSTS
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It was shown that N,O content among NO reduction products increases with an increase of the silver concentration in
the catalyst because the nature of the catalytic centers changes and leads to a subsequent change in the mechanism of the
reaction. Two reaction mechanisms were proposed and studied by means of quantum chemistry: a two-stage mechanism
that proceeds via NO dimer formation on catalysts with high (above 2 wt. %) silver concentration and a parallel mecha-
nism with isocyanates involved on catalysts with low (below 2 wt. %) silver concentration. It was demonstrated that on
catalysts with high silver concentration mechanism that involves stepwise NO reduction via N,O to N, is realised. More-
over, the final stage is complicated by the fact that formed intermediates and N,O are likely to desorb from the catalyst
surface. In the case of catalysts with low silver concentration, the formation of both products (N,O and N,) proceeds in
parallel and the lower activation barriers of the reaction leading to N,, as well as the thermodynamic profitability of its for-
mation, lead to the predominance of the target product. The competition between the proposed mechanisms was studied in
the case of catalytic centers represented by silver dimers. It was shown that activation barriers of reaction proceeding via
NO dimer formation are lower than the corresponding barriers of the reaction with isocyanates involved, which confirms
the prevalent realisation of the first process and the predominance of N,O among the final products. The obtained results
explain the experimental data and are significant for further modelling of the mechanism of nitrogen oxides catalytic
reduction considering the Al,O, support.

Keywords: nitrogen oxides reduction mechanism; DFT; SCR process; Ag/AlL O, catalyst; silver clusters; activation
barriers.

BBenenue

Karanutudeckue mponeccsl COCTaBISIOT OCHOBY COBPEMEHHOTO XMMHUYECKOTO MPOM3BOACTBA. B cBsi3n
C 3THM IOUCKY HOBBIX 3()()eKTHUBHBIX KaTaJIUTHYECKUX CUCTEM, a TaKKe MOHMMAHHUIO MEXaHM3Ma KaTajau3a
1 3aKOHOMEPHOCTEH MPOTEKAIOLINX IIPU 3TOM MPOLECCOB yrensercs 0onblioe BHUMaHUE. Tak, OHUM U3
BAKHBIX KaTAIUTUYECKHUX MPOIECCOB, B TOM YHCIE C TOUYKH 3PEHHS IKOJIIOTHUH, SBISETCS BOCCTAHOBIICHUE
TOKCHYHBIX OKCHJIOB a30Ta, MOCTYMAIOUINX B aTMOc(hepy MPerMyIECTBEHHO C BBIXJIOTIAMU aBTOTPAHCIIOPTA.
B wactHOCTH, HEaBHO ObLTO MOKa3aHO [1], 9TO KaTalIM3MpoBaTh peakMl BOCCTAHOBICHHS OKCHAOB a30Ta
CIIOCOOHBI MINPOKOAOCTYNHBIE cucTeMbl Ag/Y-Al,O,. HecMoTps Ha TO UTO 32 OCI/IEIHHE OBl IPOBEAEHBI P
SKCIIEPUMEHTAJIbHBIX HcclieoBaHuil [ 1—4] sToro mpoiecca, €ro MexaHu3M IOKa HE BBISICHEH. TeM He MeHee
ObuIa BBISBIICHA 3aBUCHUMOCTb COCTaBa IIPOAYKTOB PEAKLUU OT COCTaBa U CTPYKTYPhI KaTajlu3aTopa, a TAKKe
[IOKa3aHa KJIKueBas pojib W30IMAaHATHBIX YacTHLl B MexaHu3Me npouecca [2]. Tak, N, (ueneBoit npoayKr)
SBIISIETCS TPEOOIaJA0IIUM TIPOAYKTOM PEaKIUU TOJILKO B CIydae MCIOIb30BAaHHS KaTAIU3aTOPOB C HU3KUM
(menee 2 % no macce) cogepkanuem cepedpa. [Ipu nporekannu npoiecca Ha KaTaau3aropax ¢ BHICOKUM CO-
neprkanueM cepedpa (bonee 2 % 1o mMacce) NPEeMMYILECTBEHHBIM MTPOAYKTOM peakiuu ctanoBuTcs N,O [3].
Kpome Toro, npupona KaTaJIMTHUECKUX LEHTPOB Ha MOBEPXHOCTH cepedpa M3MEHSETCS] B 3aBUCUMOCTH OT
€ro KOHLIEHTPALUU B KaTaJIU3aTope: NPH HU3KUX KOHLEHTpALUsIX cepedpa Ha MOBEPXHOCTH IPeodi1anaroT
OTJeNbHBIE aTOMBI ¥ KATHOHBI METaJlIa, a MPH BBICOKUX — HebombIne (10 4 aToMOB cepebpa) HelTpaabHbIE
WM KaTHOHHBIE KiIacTepbl cepedpa [4]. Bo3aMoKHOCTH cyliecTBOBaHMsI HEOOBINX KJIACTEPOB HA TOBEPXHOCTH
KaTalu3aropa U UX yCTOMYMBOCTH K AWCCOLMANN OBLIM MOKa3aHbl HAMHU paHee [5] ¢ MOMOIIbI0 KBAaHTOBO-
XMMUYECKHX PacyeToB.

Ha ocHoBaHUM 3THX AaHHBIX BBIABUHYTO IPEAINOIOKEHUE O TOM, YTO YBEJINYECHUE pa3Mepa aKTUBHOIO
LIEHTpa [IPY POCTE KOHLIEHTPALMK cepeOpa B KaTaJln3aTope BIeUeT 3a cO00H U3MEHEHHE MEXaHN3Ma PEaKLIUH.
B nacrosiee BpeMs KBaHTOBO-XMMHUYECKHE pacueThl CTAJIM HEOThEMJIEMON YacThIO MCCIIeI0OBAaHHA, HAPaB-
JICHHBIX Ha YCTaHOBJICHHEC MEXaHHM3Ma peaklUH. B cOOTBETCTBUU C 3TUM LENBIO JaHHOW PabOTHI SIBISUIUCH
pa3paboTKa U KBaHTOBO-XMMHUYECKOE HCCIEJOBaHIE 2JIEMEHTOB MEXaHN3Ma peakuu BocctaHoBieHust NO Ha
karanuzarope Ag/y-Al,O,, ciocoOHBIX OOBSCHUTH SKCIEPHUMEHTAIbHBIE JaHHBIE.
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MeTtoanka npoBeaeHUsT PacueToB

Bce pacueTsl npoBoaHMIKCh C IPUMEHEHHEM IPOrpaMMHOTro naketa Gaussian(9 B paMkax Teopun (GpyHKIHO-
HaJa TIOTHOCTH (density functional theory, DFT). Jlnsa uccienoBanus ucmnoiab3oBaics ¢yakmuonan TPSSh
B KOMOMHaIuK ¢ 6a3ucHeIM HabopoM SDD nyst aromMoB cepebdpa u ¢ 6-311G* ni1st ocranbHbIX aToMoB. [Tprume-
HUMOCTB JJAHHOTO METO/Ia AJIS pacyeTa YHEPreTHIECKUX U TeOMETPHUECKUX XapaKTEePUCTHK N3y4aeMbIX CHCTEM
JIoKa3aHa paHee [5] Ha OCHOBaHMH CPaBHEHUS MOYYECHHBIX PE3YIIBTaTOB C IKCIIEPUMEHTAIHHBIMHU JTaHHBIMH.

HccnenoBanne MexaHU3MOB TIPOBOMIIOCH JJISl U30JIMPOBAHHBIX KJIACTEPOB cepedpa, MOACTUPYIOMIUX CO-
OTBETCTBYIOLIHE KaTalUTU4YecKre HeHTPbl. ClleyeT OTMETUTh, YTO BBIIOJIHUTH MOJOOHBIE pacyeThl ¢ yue-
TOM TIPUCYTCTBHS MOIJIOKKH BEChMa CII0KHO. OHAKO TTOIXO0T, TIO3BOJISIFOIINN M3ydaTh MEXaHU3MbI PEeaKIIni
Ha TIOBEPXHOCTH, OBUT HEJaBHO pa3paboTaH [6], M HCCIIeOBaHNE MEXaHH3MOB, TIPEACTABICHHBIX B JaHHOH
CTaTbe, C y4eTOM BIMsSHUA NOMIOKKH Y-Al,O; mpoBoauTcs B HacTosdmiee BpeMs. TakuM 00pa3oM, pacyeTsl Ha
MOJIETBHBIX CHCTEMaX, PE3yJIBTaThl KOTOPBIX MTPUBEICHBI HIKE, SIBISIOTCS 0a30BBIMHE IS TATBHEUIIINX HCCIIe-
JIOBaHWH ¥ TMIPUTOHBIMU JIJIS TIEPBOHAYATILHON TPOBEPKH Pa3pabOTaHHBIX CXeM MEXaHU3MOB.

B xadyectBe Mojienell peakIMOHHBIX LIEHTPOB JUISI KAaTaIU3aTOPOB C HU3KUM COZIEp’KaHHEM cepedpa ObLn
BBIOpaHbI 4acTUIBI Ag M Ag', a IS KaTaan3aTopoB ¢ BHICOKUM COIEPKAHMEM cepedpa — KinacTepbl Ag, U Ag,.
[Ipupona Bcex cTanMOHAPHBIX TOYEK yCTAHABIHMBAIACHh IPH IMOMOIIM PACcYETOB KOJeOaTeIbHBIX YacTOT, MO-
CJIEIOBATENILHOCTH CTaIMH MeXaHu3Ma ToATBepkIanuch pacdyeramu IRC.

Pe3y.]'ll)TaTl)I H UX 06cy>lc)1e1me

B niensx 00bsCHEHUs 3aBUCHMOCTH COCTaBa KOHEYHOTO MPOYKTA PEAKI[H OT COCTaBa U CTPYKTYPhI KaTa-
nu3atopa ObUIN MPeIOKeHbI MEXaHU3MBbI JUIsl KaTalu3aTopoB C Pa3iIMuHbIM coliepKanueM cepedpa. Tak, s
KaTaJu3aTOPOB ¢ HEOOJBIIINM COIepKaHNEM cepedpa, Ha KOTOPBIX MPEUMYIIICCTBEHHO 00pa3yeTcs a3o0T, Oblia
MoKa3aHa KIJIIoYeBasi pojib M30IMAHATOB B MEXaHHM3ME Tporecca [2], TO3TOMY JaHHbBIC YaCTHUIIBI COCTABHIH
OCHOBY COOTBETCTBYIOIIEr0 MexaHn3Ma. Kpome TOro, y4uThIBaJIaCh CKJIOHHOCTh M30LIMAHATOB K PEaKIUsIM
IMUKIJIOMIPUCOCAUHECHUA C O6pa3OBaHI/IeM YCTBIPEXUJICHHBIX UHTCPMECINATOB. B OCHOBY CXEMbI Obl1a MMOJIOYKEHA
peaknus npucoeannerns NO k acopOMpOBaHHOMY Ha MOBEPXHOCTH KaTaau3aropa U30IHuaHaTy ¢ o0pa3oBa-
HHEM YEeThIPEXUIEHHOIO MHTepMeauara. JlanpHelas peakius MoxXeT UATH Kak 10 N,, Tak u 10 N,O B 3a-
BHCHUMOCTH OT HalpaBJIeHUS TIepepacIipe/IeieH s IeKTPOHHOM TUIOTHOCTH B MHTepMeuare. Takum oopa3om,
COIVIACHO TIPEJIOKEHHOM cxeme (puc. 1, a) oOpa3oBaHre MOOOYHOTO U IIENEBOrO MPOAYKTOB PEAKIMH HICT
rnapauiCjibHO. HpI/I pacdeTax yuuTbiBajlaCb BO3MOKHOCTH CYHICCTBOBAHUS KaK N301IMAHATHOI'O paarKalia, TakK
Y aHMOHA Ha TIOBEPXHOCTH KaTamu3aropa.

ala o0/b
o N O
N, O, O O
30 Y/ N\ 7 N\
N / = N € N—N N==—=N
AgN~C ae /% +CHCHO |
N\ Ag—Ag % Ao Ag
o) ~ CH,COOH
ALO, ALO, —
T 23 A1203
~ ‘ Q\ l N,0
:N\ . :N\éi N :
(: ==0: g / / ’y N=N o +
Ag/N§C§O Ag/NDC\\ Ag—Ag Ag—Ag
o}
K] }Oé + CH,CHO l — CH,COOH
& (5}1 N,
7 N\ N:) WV N=N +

N ¢}
Ag Ag

Puc. 1. Cxembl MEXaHU3MOB peaklUu BoccTaHOBIeHUSI NO
Ha KaTalIn3aTopax ¢ pa3iIMIHBIM COJepPKaHUEM cepedpa: ¢ — KaTannu3aTop ¢ HU3KUM COJep KaHneM cepedpa;
6 — KaTaJIn3aTop C BHICOKUM COJiep)KaHHEM cepedpa

Fig. 1. Reaction schemes of NO reduction mechanism on catalysts with different silver content:
a — catalyst with low silver concentration; b — catalyst with high silver concentration
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B ciydae karaau3aTtopoB ¢ BBICOKHM COZIEpIKaHHEM cepedpa yBeJIMUeHUEe pa3MepoB akKTHBHOTO IIEHTpa 32
CUET pOocTa YHcia aTOMOB cepedpa B €ro cOCTaBe MO3BOJIMIO MPEAOI0KUATH BO3MOXKHOCTD aJICOPOIMH JIBYX
Mmosekyl NO ¢ oOpazoBanueMm aumepa (NO),. IIpoTekanue Takoro npouecca HaOIOIAeTCsl Ha IOBEPXHOCTU
MeTaJTH4ecKkoro cepedpa [7], a oOpasyroiuiicss AuMep crocoOeH BCTYNaTh B PEeaKIMA BOCCTAHOBJICHHUS 3a
CUeT TepeJayu atoMa KHCIOpOJa MOJIEKYJe BOCCTAHOBUTENS. AKIIEITOPOM aToMa KHCIOPOJIa MOTYT OBITh
pasnuunbie BocctanoButenu. [lpu nccnenoBannn HC-SCR (cenekTUBHOTO KaTaTUTHIECKOTO BOCCTAHOBIIC-
HUS OKCHJIOB a30Ta B MPHUCYTCTBUH YIIIEBOJIOPOJIOB) B CHCTEMAaX B 3aMETHBIX KOJIMYECTBAX OOHAPYKUBACTCS
aretTanbaeru [8], KOTOPBIM U paccMaTpUBAETCSl B KAY€CTBE COOTBETCTBYIOIIETO AKIICNITOPa aTOMOB KHCIIO-
pona B Hacrosieit padote. [Ipu 3TOM nepeaya aToMOB KHCIIOPO/Ia UAET MOCIEI0BATEIbHO ¢ MOCTAANHHBIM
obpasoBanueM N,O, a 3arem N, (cm. puc. 1, 6).

Crenyer OTMETHTh, YTO MEXaHU3M C YYaCTHEM HM30I[MaHATOB TEOPETHYCCKH pealii3yeM Ha KaTajJuTh4e-
CKHX LIEHTPax JII000T0 pazMepa, a MEXaHH3M C MPOMEKYTOuHbIM oOpazoBanueM (NO), — auIIb Ha KaTayu-
THYECKHX IICHTPax, B COCTaBE KOTOPHIX JiBa U Oojee aroma cepedpa. C yueToM 3TOro MepBbIid YIOMSHYTHIH
Mexanusm (cM. puc. 1, @) uccrenosancs kak Ha Ag u Ag', Tak U Ha auMepax cepebpa Ag, u Ag,, a BTOpoi
(cm. puc. 1, 6) — nump Ha nuMepax cepedpa. HexoTopeie MOTyUeHHBIE pe3ylIbTaThl PACU€TOB MEXaHU3MOB
MIpHUBEEHBI Ha pUC. 2—4 B BUJI€ SHEPTETUYECKUX JUarpamMMm, MpeICTaBISIONNX COO0H 3aBHCUMOCTh OTHOCH-
TEJILHOW SHEPTUU CUCTEMBI OT KOOPIMHATHI peakiini. OTHOCHUTENbHAS SHEPTHS PACCUUTHIBAIACH KaK Pa3HOCTh
MOJHBIX YHEPTUM JAaHHOW CTAllMOHAPHOW TOYKHU U COCTOSIHUS C HAMMEHbIIIEH dHEpruen, COOTBETCTBYIOIIErO
MPOIYKTaM PEaKIHH.

o®
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(2 >HaHTHOMEpA) 3225
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Ag NCO +NO
[To60uHBIH /z + : & HcxonHble IToGouHBbIit
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~Ar Munnmywm 1 LleneBoii T
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.,FJ—-’ Y Y
Ag+N,+ CO,
. -
0
Koopaunara peakunun

Puc. 2. DHepreTuyeckas quarpaMMa peakiuii B cIydae KaTaln3aTopoB
C HU3KHM COJIep)KaHNeM cepedpa Ha KaTaTNTHYECKNX IIEHTpax Ag.
B ck0OKax yKa3aHbl BETMYMHBI aKTHBAIIMOHHBIX 0aphepOB aHATIOTHYHBIX PEAKIHH Ha KATATUTHYECKUX TEHTPax Ag

Fig. 2. Energy diagram of the reactions
on catalysts with low silver concentration on Ag catalytic centers.
Activation barrier values of the same reactions on Ag' catalytic centers are provided in brackets
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Kak 1 mpeanonaranocs, B cirydae KaTalu3aTopoB C HU3KUM cojiepikaHueM cepedpa o0pa3oBaHuUe [ENIEBOTO
7 TOOOYHOTO MPOAYKTOB HJET MapajuiensHo (cM. puc. 2). Takoe mpoTekaHHe peakuy 03HAYaeT, u4To Tpe-
HMMYLIECTBEHHOE 00pa30BaHUE OHOTO M3 BO3MOXHBIX IPOJAYKTOB SIBIISIETCS pE3yIbTaToM OOJbIel CKOPOCTH
COOTBETCTBYIOIIEH CTafNH. [IefiCTBUTEIHHO, paCCUMTAHHbIE aKTHBAIIMOHHBIE Oapbephl PeaKIiy, MPUBOAIICH
K oOpazoBanuto N,, MeHblIe OapbepoB peakuuu oopazoanust N,O kak [uis aToMa cepedpa, Tak U A7l KaTHOHA.
Takoke ciefyeT yuecTb TOT (akt, uTo peakuus odpasoBanusi N, ropa3io 0osee 3K30TepMHUYHA [0 CPABHEHHIO
¢ peakuueii oopazoBanus N,O. B 11e110M ke paccuuTaHHbIE aKTHBALMOHHBIE Oapbephl peakiuil JIerko Ipeoo-
JIeBaeMbl B PealTbHBIX yCIOBHUSX (TeMIleparypa mpoBeAeHus mnporecca Bappupyercs oT 150 mo 400 °C). Co-
BOKYITHOCTb MIPHUBEJICHHBIX BBIIIEC (PAKTOB JOKA3bIBAET BO3MOKHOCTh PEaNIM3allii YKa3aHHOTO MeXaHU3Ma Ha
KaTaJIn3aTopax ¢ HeOOJIBIINM COJICPKaHUEM cepedpa u 00BsICHIET 00pa30BaHUE OOJBIIINX KOJTMYCSCTB IIEJICBOIO
MIPOAYKTa B ATOM CITydae.

Kak BuaHO M3 puc. 3, Ha MEPBOM CTaJIUU MOCIICAOBATEILHON PEAKIIMOHHON CXEMbI ISl KaTallu3aTopOB
C BBICOKUM COJIep’)KaHHEeM cepedpa Mo X0y Peakinu BO3MOXKHBI 00pa3oBaHKe U3 MEPBOTO MEPEXOIHOTO CO-
ctosiaus (I1C) oTHOCHTENTPHO CTAOMIIEHOTO MUHIUMYMa 2, HE BEIYIIEr0 HA K KaKUM JPYTHM MIPOAYKTaM, TH00
JlecopOIMs MHTepMeuara ¢ IOBEPXHOCTH Kiactepa ¢ oOpa3oBanueM MuHUMYyMa 3. ClieyeT OTMETHTb, YTO
oOpa3oBaHue Ooyiee YHEPTETHUECKH BHITOJIHOTO MUHIMYMa 2 Ha MOBEPXHOCTH PeajbHOr0 Karain3aTopa He-
BO3MOYKHO, TaK KaK B 3TOM CITydae AUMep cepedpa CBsA3aH ¢ MOUIOKKOW 000MME aTOMaMH U, KaK CIEICTBHE,
HEIOCTYIICH JUIsl OJHOBPEMEHHOM aJICOPOIIMK PEareHTOB C JIBYX MPOTHBOIOJIOXKHBIX CTOPOH, TIOATOMY peak-
U1 JIOJDKHA TIPOTEKATh Yepe3 CTa U0 JICCOPOIMU 1 POJOIIKATLCS B Ta30BOH (ase. CyliecTBOBaHNE HEyCTa-
HOBJIEHHOW Ta30(ha3HO# peaky yIoOMHHAIOCh B AKCIIEPUMEHTAILHBIX HccienoBanusx mporecca SCR [9].
CornacHo pacyeTaMm NpOTEKaHWE PEaKLUUK BILIOTH 10 oOpa3oBanus N,O BO3MOXKHO IPU TeMIleparype npoBe-
JACHU PCAJIbHOT'O IMPOoLeCcCa, TaK KaK aKTUBAIITUOHHBIC 6apLepbl HeBeJIMKU. BaxkHBIM sIBIIsIETCS (1)aKT 06pa3013a-
Hus okcrpa a3ota(l) B ra3oBoit ¢aze, 9To 00YCIOBIMBAET €TO MPOCTPAHCTBEHHYIO YAAJIEHHOCTh OT KaTalTuTH-
YEeCKOIo LIEHTpa. DTO 3aTpyAHsIET IPOTEKaHUe BTOPOH cTanuu peakuuu (oOpazoBanue N,).
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Puc. 3. DHepreruyeckas quarpaMmma peakuuu oopasosanus N,O
B Cllyuae KaTalun3aTopoB C BBICOKMM COJIEPKaHUEM cepedpa Ha MPUMEpPE KaTaluTHIECKHX LIEHTPOB Ag,.
B cko0Kkax yKka3aHbl BEJIMUHHBI 0apbePOB aHAIOTHYHBIX MPOLIECCOB HA KATATUTHYECKHX IIEHTPax Ag,

Fig. 3.Energy diagram of the reaction of N,O formation
on catalysts with high silver concentration on Ag; catalytic centers.
Barrier values of analogous processes on Ag, catalytic centers are provided in brackets

E?y — CmONeIMH AR wc»wp]am ﬁf/w/ow 21



Kypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2021;2:17-24
Journal of the Belarusian State University. Chemistry. 2021;2:17-24

WYY —

Paccmotrpenue peakiuu BoccraHoBiieHust N,O 10 N, (cM. puc. 4) 103BOJISET 3aKJII0UUTh, YTO JJIS €€ Hada-
1a HeoOxoxuMma aacop6ims N,O Ha xinactepe cepebpa B M30rHYTOH koH(popMmanuu. Takoii nponecc sSBiaseTcs
KpaiiHe HEBBITOIHBIM B CITyuae Ag, M yMEPEHHO SHIOTEPMUYHBIM B CiIydae Ag,, UTO TIPEMATCTBYET MPeodia-
TAHWIO a30Ta Cpelu MPOAYKTOB. TakuM 00pa3oM, 3a CUET BBILIEYNOMSHYTHIX (PAKTOPOB CyMMapHas peakius
MPOTEKAET C MPEUMYILECTBEHHBIM 00pa3zoBanueM N,O.

[To pesynbTaram pacdeToB MOYKHO CJIENIaTh BBIBOJ O PEATU3yeMOCTH 000UX MPEIUIOKEHHBIX MEXaHU3MOB
nporiecca. B menom ciemyer oTMETHUTD, 4TO Oapbhepbl CXOMHBIX CTAU 000MX MEXaHM3MOB HMXKE Ha IOJI0-
JKUTCJIBHO 3aps’KCHHBIX YaCTHUIax cepe6pa B KaQUCCTBC KaTaJIUTUYCCKHUX LCHTPOB. KpOMe TOTO, JJIs obounx
MPEAJIOKCHHBIX MEXAHU3MOB MEXKY MMpoLecCaM Ha HeﬁTpaHLHBIX 1 KaTUOHHBIX YacTUllaX CyHI€CTBYIOT HE-
KOTOPBIC pa3Indusl.
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Koopnunara peakuuu

Puc. 4. DHeprerudeckas JuarpaMma peakium
BoccTaHoBneHust N,O 1o N, B cily4yae KaTaau3aTopoB
C BLICOKHM COJIEpIKaHUeEM cepebpa Ha IPUMEPE KATAIMTUYECKUX [IEHTPOB Ag,
B cxo0Okax yka3aHbl BeIMYHHBI 6apbepOB aHAJIIOTUYHBIX IPOLIECCOB HAa KATATNTUYECKUX LIEHTPpax Ag,

Fig. 4. Energy diagram of the reaction of N,O reduction to N, on catalysts
with high silver concentration on Ag, catalytic centers.
Barrier values of analogous processes on Ag, catalytic centers are provided in brackets

[TosmyueHHbIE TaHHBIE COMIACYIOTCA C HKCTIEPUMEHTOM [2—4] 1 MOATBEPKIAIOT BBIIBUHYTYIO HAMU THIIO-
Te3y 00 M3MEHEHNH MEXaHM3Ma PeaklUH NPH YBEIUUYCHUH KOHIIEHTpaluu cepedpa B karanuzatope. Kpome
YHOMSIHYTBIX paHee pa3linuuil ¢ TOUYKH 3PEHHs] KHHETUKU 000MX MEXaHU3MOB, JIOTIOJHUTEIHHBIM (DaKTOPOM,
OOBSCHSIOIIUM 3aKOHOMEPHOCTH M3MEHEHHS KOJIMYECTB IMOO0YHOT0 MPOAYKTa MPOLECCa, BBICTYAET B3aMO-
neiicteue N,O U yrapHoro rasa ¢ o0pa3oBaHHEM MOJIEKYISIPHOTO a30Ta. Tak, B ClIydae KaTalau3aTopoB C HU3-
KUM cofepkaHueM cepebpa npu obpazoBanuu N,O moOGOUHBIM NMPOLYKTOM peakuuu Bceraa sisisercs CO,
[IPUYEM BaXKHO, YTO B MOMEHT 00pa30BaHMsI 3T MOJIEKYJIbI IIPOCTPAHCTBEHHO COIMKEHBI (a1cOpONpOBaHbI Ha
COCEIHUX y4acTKax IMOBEPXHOCTHU KaTaln3aTopa), 4To JeslaeT BO3MOKHBIM MX B3aumozneiictue. [Iporekanue

22 EQ@/ — cmoemmAR wmefvm wa;wv



OpurnHajJbHble CTATHH
Original Papers

— YWV
JAHHOM peaKI1H TaKKe CIIOCOOCTBYET yMeHbIleHHIO KosinuecTBa N,O B KOHEUHOH Ia30BOI CMECH U, COOTBET-
CTBEHHO, IIPUBOJUT K IOBBILIEHUIO cojepxkanus N,. B ciydae jxe KaTaniu3aTopoB ¢ BBICOKOH KOHILEHTpaLuei
cepedpa moekyisl N,O 00pa3yloTcst B ra30Boii (ase, 1 MX CTONKHOBeHue ¢ MoJieKynamu CO ¢ mocnenyromei
peaxnuei ropaszio MeHee BEepOsITHO.

Kak yxe ormedanoch, NpeuIoKEHHbIH MEXaHU3M C Y4acTHEM M30L[MAHATOB MOXET PeaIn30BbIBATHCS HE
TOJIBKO HA OAMHOYHBIX aToMaxX WM KaTHOHAaX cepedpa, HO U Ha Oojiee KPYIHBIX Kiactepax. PacueTsl anepre-
TUYECKUX XapaKTEPUCTHK COOTBETCTBYIONICTO MeXaHW3Ma ObIIIM MPOBEACHBI HAa AuMepax cepebpa. B menom
pe3yiabTaThl pacyeToB Ha JUMepax KaueCTBEHHO MOXO)KHM Ha Juarpammy, IpejcTaBieHHYo Ha puc. 2. [ns
HCCIIEI0OBaHUS BOZMOXKHOM KOHKYPEHIIMH ABYX MEXaHU3MOB peakiK Ha JUMEpax cepedpa CpaBHUBAINCH aK-
THBALMOHHbIE Gapbephl cTamuii obpasosanus N,O. Tak, B ciydae Ag, pacCUMTaHHBIA Oapbep U PeaKIuu
¢ yaactuem aumepa NO cocrasmser 51,8 k/[x/Monb, a A mapaiienbHBIX Peakiuil ¢ y9acTHEM H3O0IHaHa-
ToB — 147,2 1 102,4 x/x/monb. st Ag, ananoruunsle 6apseps! paBHbl 70,0; 105,0 u 68,1 x/x/Moib co-
OTBETCTBEHHO. TakuM 00pa3oM, Kak Jisl HEHTpalbHBIX, TaK M JJIs KATHOHHBIX JMMEPOB cepedpa Npu onu-
HAKOBOHM JTOCTYITHOCTH MCXOAHBIX PEareHTOB peakuus ¢ yyactuem auMepoB NO mpoTekaeT ObIcTpee M, Kak
CIIe/ICTBHE, ee npeumylecTBeHHblld npoaykT (N,O) npeobnanaeT B KOHEUHOM ra3oBoii cMecu. Kpome Toro,
OoJiee MeUICHHBIH MPOLECC C YIaCTHEM M30IMAaHATOB BKJIIOYAET OOJIbILEEe YNCIIO CTAANN, YTO TAaKKe MPUBO-
JUT K YMEHBILICHUIO KOJIMYECTBA LIEJIEBOro npoaykTa N,.

3akaoueHmne

Briepsslie npeioxkeHbl MexaHu3Mbl BoccTaHoBIeHUs NO Ha katanusatopax Ag/AlL O, ¢ pa3IuyHbIM conep-
»aHueM cepedpa. TeopeTrnueckoe uccie10BaHue ITUX MEXaHU3MOB MOATBEPINIIO UX PEaTU3yeMOCTh, a TAKKE
MO3BOJIMIIO OOBSICHUTH SKCIIEPUMEHTAIBFHO HAOMIONAeMyI0 KOPPEJSIIMIO COCTaBa MPOAYKTOB PEakUH U CO-
CTaBa W CTpOeHUs Karanmu3aropa. [lokazaHo, 94To B 3aBUCUMOCTH OT KOHIIEHTPAIIMU cepedpa B KaTaiau3arope
1, KaK CJIEZICTBHE, CTPOCHHSI KATATUTUIECKOTO IIEHTPA N3MEHSETCS TIPEUMYIIEeCTBEHHBII MEXaHU3M PEaKIIH.
Tak, B cimydae mpeobiaiaHus OTeNbHBIX aTOMOB WJIM MOHOB cepeOpa Ha MOBEPXHOCTH KaTalau3aropa Mexa-
HHM3M pEaKLUH TaKkoB, 4TO mpouecchl oopasoBanus N,O u N, napamienbHbl U KOHKYPUPYIOT MEXTY COOOIL.
[Tpu 5TOM aKTUBAIIMOHHBINH Oapbep peakuuu 00pa3oBaHUs a30Ta HHXKE, YTO M 00yCIIOBIMBACT Mpeodiaganme
MOCJIETHEr0 CPEAM MPOAYKTOB peakuru. B ciaydae kaTanin3aTropoB ¢ BBICOKOM KOHIIEHTpaluel cepedpa, Ha 1mo-
BEPXHOCTH KOTOPBIX MPeo0IaialoT HeOONbINE KIIACTEPHI cepedpa, MPOUCXOUT MOCIEA0BaTeIbHOE BOCCTa-
Hosuenue NO cuagana 10 N,O, a 3arem 1o N,. IIpu aTrom npomexytounoe oopazosanue N,O ocyiiecTBisieTcs
B ra3oBoil (aze. IIpoctpancreennas ynaneHHOCTb N,O OT IMOBEpXHOCTH KaTajlnu3aTopa, HEBBITOJHOCTh €r0
azicopOIMu B HY>KHOHM a7 006pa3oBanust N, KoH(OpMaIny, a Takke OOJbIINE BEINYNHBI 0apbepOB PEaKLUH
BoccTaHoeHusd N,O 10 N, 00ycnoBiauBaroT 00pa3oBaHHE B 9TOM Cllydae 3HAUUTEIbHBIX KOIUYECTB 0O0U-
Horo npoxykTa N,O.

[TomyueHHbIe naHHBIC SBIAIOTCS 3HAYMMBIMA Kak JIJIsl IOHUMAHUS MEXaHH3Ma PEaKIMi BOCCTAHOBICHUS
OKCHJIOB a30Ta, TaK U JJIs JaJbHEHIIIero ONCKa ITyTel yIpaBIeHUs MPOIECCOM Ha MPAKTHUKE B LEJISIX CO3/1a-
Hus Oornee 3¢hhekTHBHBIX Karanu3zaTtopoB. Kpome Toro, pe3yasrarsl HacTosMIeH paboTsl OyIyT HCITOTB30BaATh-
Csl HaMU IS TTOCIIEAYIOIET0 U3YyUeHHUsT MeXaHU3Ma Mpoliecca, BKIIIOYAIOIIEro TEOPETUYECKOEe NCCIIEeJOBaHNE
NPEATI0KEHHBIX PEAKIIMOHHBIX CXEM C YUETOM IOJJIOKKH.

bubnuorpaduyeckue cebliiku / References

1. Ukisu Y, Miyadera T, Abe A, Yoshida K. Infrared study of catalytic reduction of lean NO, with alcohols over alumina-supported
silver catalyst. Catalysis Letters. 1996;39(3—4):265-267. DOI: 10.1007/BF00805593.

2. Son IH, Kim MC, Koh HL, Kim KL. On the promotion of Ag/y-Al,O, by Cs for the SCR of NO by C,H,. Catalysis Letters.
2001;75(3-4):191-197. DOI: 10.1023/A:1016796022644.

3. Shimizu K1, Shibata J, Yoshida H, Satsuma A, Hattori T. Silver-alumina catalysts for selective reduction of NO by higher hydro-
carbons: structure of active sites and reaction mechanism. Applied Catalysis B: Environmental. 2001;30(1-2):151-162. DOI: 10.1007/
s11705-019-1847-7.

4. Deng H, Yu Y, Liu F, Ma J, Zhang Y, He H. Nature of Ag species on Ag/y-Al,O;: a combined experimental and theoretical study.
ACS Catalysis. 2014;4(8):2776-2784. DOI: 10.1021/cs500248a.

5. Matulis VE, Ragoyja EG, Ivashkevich OA, Lyakhov DA, Michels D. DFT study of no reduction process on Ag/y-Al, O, cata-
lyst: some aspects of mechanism and catalyst structure. Journal of Physical Chemistry C. 2020;125(1):419-426. DOI: 10.1021/acs.
jpce.0c08417.

6. Ragoyja EG, Matulis VE. Effective approach to theoretical investigations of heterogeneous catalytic processes on metal oxides.
In: Vorobyova TN, Vasilevskaya EI, editors. Sviridov readings — 2021: book of abstracts of 9" International conference on chemistry
and chemical education; 2021 April 13—14; Minsk, Belarus [Internet]. Minsk: Belarusian State University; 2021 [cited 20.05.2021].
p- 55. Available from: http://surl.li/acdtz.

E?y — MONLeMH AR wc/mo]am g//w/aa/ 23



Kypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2021;2:17-24
Journal of the Belarusian State University. Chemistry. 2021;2:17-24 §° ﬂ §° ¢ §°¢

7. Glendening ED, Halpern AM. 4b initio calculations of nitrogen oxide reactions: formation of N,0,, N,O,, N,0,, N,O;, and N,0,
from NO, NO,, NO,, and N,O. The Journal of Chemical Physics. 2007;127(16):164307. DOI: 10.1063/1.2777145.

8. Burch R, Breen JP, Meunier FC. A review of the selective reduction of NO, with hydrocarbons under lean-burn conditions
with non-zeolitic oxide and platinum group metal catalysts. Applied Catalysis B: Environmental. 2002;39(4):283-303. DOI: 10.1016/
S0926-3373(02)00118-2.

9. Erdnen K, Lindfors LE, Klingstedt F, Murzin DY. Continuous reduction of NO with octane over a silver/alumina catalyst in
oxygen-rich exhaust gases: combined heterogeneous and surface-mediated homogeneous reactions. Journal of Catalysis. 2003;219(1):
25-40. DOI: 10.1016/S0021-9517(03)00195-7.

Ilonyyena 28.04.2021 / npunama 02.07.2021.
Received 28.04.2021 / accepted 02.07.2021.

24 523/ — cmolemH AL WOM"f?M jww;wv



OpurnHajibHble CTATHH
Original Papers

— WYYV

VIAK 577.117.2+577.151.63+577.112;004.942

B3AVMOAENCTBUE HUTPOBEH30KCAAVA3OABHBIX ITPOM3BOAHBIX
ITUTTEPASVNHA 1 AHUANHA C BbIYbVIM CBIBOPOTOUYHbBIM
AABBYMHWHOM IN SILICO U IN VITRO

A. B. PAJIETPOB"-?, B. C. KAPIIYILIEHKOBA®, B. A. 3ABAJIHHUY, II. C. AKOBEI[?,
A. JI. HLIKPEJJOBA®, B. M. HIKYMATOB"-?

YHayuno-uccnedosamenvckuii uncmumym gusuxo-xumuueckux npoérem BIY,
yu. Jlenunepaockas, 14, 220006, e. Munck, benapyce

Y Benopycckuil 2ocyoapcmeennvlil yHusepcumen,
np. Hezasucumocmu, 4, 220030, . Munck, berapyco

PaccmarpuBaetcs anp0yMHH Kak [100YIISPHBIN O€JIO0K I1a3Mbl KDOBU MIIEKOITMTAIOIINX, KOTOPBIN yUacTBYET B TPaHC-
nopre ruipoGoOHBIX META00INTOB M HEKOTOPBIX JIeKapCTB. OMMCHIBAIOTCS] CHHTE3 M PE3YJIbTaThl B3aUMOJICHCTBHS ObIUbe-
IO CBIBOPOTOYHOTO aJIbOyMUHA in silico (IOKWHT) U in vitro (CIEKTpOPOTOMETPUIECKOE U CIIEKTPO(IyOpUMETPUIECKOe
TUTPOBAHKE) U YETHIPEX HOBBIX 7-HUTPOOeH30Kcaana3oi-4-mi (NBD) npon3BoHbIX aHHIMHA ¥ HIIepa3HHa. DKCIepH-
MEHTaJIbHas KOKyIIascst KOHCTaHTa auccoruanny [uisi NBD-sTiHHUIaHWIMHA 4 COCTaBMIIAa MPUOIM3UTENBHO 10 MKMOJIB/II.
Ha ocHoBaHMM Hcce0BaHUHN, ITOCBAIICHHBIX CBA3bIBAHMIO PA3JINYHbIX COSIMHEHHUH ¢ albOyMHUHOM, ITPOBOISATCS OLICHKH
HOBBIX [TOTEHIUANIBHBIX JIEKAPCTB WIN (IYOPECUEHTHBIX P00 JUIs UCIIOIB30BAHUS i1l VIVO.

Knroueswie cnosa: aJ'IL6yMI/IH; (1)J'Iy0p€CL[€HL[I/I$I; HI/ITpO6GH30KcaZ[I/IaSOJ'I; JIOKHHI.

bnazooaprnocms. PaboTa BEIIOTHEHA MTPH MOACP)KKE TOCYIAPCTBEHHOMN MPOTrpaMMBbl HAyYHBIX MCCIIETOBAHUHN «XHU-
MHYECKHE TIPOLECChI, peareHThl ¥ TEXHOJIOTHHU, OHOperyisiTopsl U 6rnooprxumus» (Ne roc. peructpanuu 20210560).
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INTERACTION OF NITROBENZOXADIAZOLE DERIVATIVES
OF PIPERAZINE AND ANILINE WITH BOVINE SERUM
ALBUMINE IN SILICO AND IN VITRO
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Albumin is a globular protein of plasma of mammalian blood participating in transport of hydrophobic metabolites and
drugs. Thus, studies devoted to its binding are valuable as a part of evaluation of new potential drugs or fluorescent probes
for in vivo usage. Here we describe results concerning synthesis and bovine serum albumin binding assay both in silico
(docking) and in vitro (spectrophotometric and spectrofluorimetric titrations) for four new 7-nitrobenzoxadiazol-4-yl
(NBD) derivatives of aniline and piperazine. Experimental dissociation constant for NBD-ethynylaniline 4 was calculated
to be about 10 wmol/L.

Keywords: bovine serum albumin; fluorescence; nitrobenzoxadiazoles; docking.
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Introduction

Albumin is the most abundant water-soluble protein found in blood plasma (~60 %) of total blood plasma
proteins. It functions are related with transport of small drug molecules, bile-salt, hormones, vitamins, metal
ions as well as the maintenance of oncotic pressure between blood vessels and tissues (e. g., see [1; 2]). Thus, it
is quite important to evaluate interactions of both new drug-like molecules and potential fluorescent molecular
probes pretending to be used in vivo with the protein. For this purposes human serum albumin (HSA) and bovine
serum albumin (BSA) are commercially available. HSA is very similar with BSA (they are both about 66—68 kDa,
HSA and BSA have 585 and 583 amino acid residues, respectively, they share about 76 % homology bet-
ween their single polypeptide chains and have similar 3D structure) [1; 2]. Thus, BSA is often used initially
because it is more available. A lot of various fluorescent compounds have been tested with the albumins and
7-nitrobenzoxadiazol-4-yl (NBD) derivatives are among them. Development of fluorescent probes or labeled
bioactive compounds via functionalisation of some bioactive molecules (drugs, metabolites) using derivatisa-
tion with commercially available NBD-chloride is a good abundant decision because of NBD small size (for
NBD-NH,, C,N,0,H,, 17 atoms, two cycles, ~0.5 nm’), microenvironment sensitivity, robust synthetic pro-
tocols for amines labeling, good fluorescence properties (blue light excitation, more than 50 nm Stokes shift,
moderate quantum yields). NBD derivatives, which were tested with BSA or HSA, include NBD-C12 fatty
acid (NBD derivative of m-aminolauric acid) [3], cholic acid labeled with NBD at positions C3 and C7 [4],
NBD-butylamine [2] and homologues C2—C12 as well as benzylamino-NBD [5]. In a pioneering work [1]
determined two principle sites of compounds’ binding with HSA, Sudlow sites I and II. Sudlow site I is locali-
sed in subdomain ITA and its marker drug is warfarin (residues TYR150, LY S195, LYS199, HIS242, HIS288,
ARG257 and its single TRP214 close to it; e. g., see structure PDB 2bxd), whereas Sudlow site I is localised in
subdomain IITA and its marker drug is ibuprophen (residues TYR411, LEU430, LEU407, LEU453, ARG410,
PHE488, ARG485; ¢. g., see PDB structure 2bxg) [6]. Analogously, in the BSA case, its Sudlow site I includes
ARG194, ARG198, HIS241, TYR149, ARG256, HIS287 and its both TRP213 and TRP134 are close to the
site; BSA’s Sudlow site Il includes LEU452, PHE487, TYR410, LY S413, ARG409, LEU429 [6]. Notably that
NBD-C12 fatty acid was reported to have a new binding site to be different from Sudlow sites I and II exhibi-
ting 1 : 1 stoichiometry [3], 7-heptylamino-NBD was reported to compete with ibuprofen (Sudlow site II mar-
ker) [5] and a modern paper in «Scientific Reports» states the similar effective competition for buthylamino-
NBD [2]. But to the best of our knowledge there are no publications describing interactions of albumins
with NBD derivative of N-acylpiperazine or aniline. Being encouraged by the fact and the papers mentioned
above we have decided to test NBD derivatives of the type mentioned as potential BSA ligands.
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Experimental section

Piperazine, bromoacetyl bromide, pyridine (Py), 7-nitrobenzoxadiazol-4-yl chloride (NBD-CI), 3-ethyny-
laniline, hexanoic anhydride and metacryloyl chloride, ninhydrine, silica gel for chromatography, acetone-d,
were from Sigma-Aldrich (USA). NaHCO, (Bashkir Soda Company, Russia), acetonitrile (AcN), methanol
(MeOH) (Merck, USA) were used. Synthesis of the compounds was done as described below (fig. 1).

1|‘ R =NBD
NH

1 1 1
N N N
N N N 0\
C,H, Br \/& | | LY
0 0 0 S
2 3 4

1
O, (¢} 0)
Y Y NBD-CI
_— — > 1

CH, CH, AcN,rt MeOH, NaHCO,, rt

5 11
E o B NH
r NBD-C1 :
N —_— ———————————» )
AcN, it  MeOH, NaHCO;, rt NBD-C1
—_—
E Br MeOH, NaHCO,, rt
O, Cl

NBD-C1 | |
—_— —— > 3
AcN, rt MeOH, NaHCO,, 1t

Fig. 1. Structures and schemes of one-pot synthesis of N-acylated
NBD-piperazines (1-3) and NBD-ethynylaniline (4); rt — room temperature

Briefly, N-acylated NBD-piperazines (1-3) were prepared via dropwise addition of diluted (2—5 mg/mL,
1.05 eq) acetonitrilic solutions of corresponding anhydrides to acetonitrilic solution of piperazine (20 mg/mL,
1 eq) within 10 min at room temperature. After piperazine consummation according to thin layer chromato-
graphy (TLC) with ninhydrine and heat development, NaHCO; (3 eq) and NBD-Cl in MeOH (5 mg/mL, 1 eq)
were added. The mixtures were stirred 15-30 min until NBD-CIl consummation according to TLC. Then sol-
vents were removed from the synthetic mixtures and the products were purified using column chromatography
(Si0,, gradient of benzene and acetone) by collecting orange fractions with green fluorescence followed by
solvent removal using rotary evaporator. Yields were within 40—60 % giving the products as brown-reddish so-
lids. NBD-ethynylaniline 4 was synthesised and purified in the similar manner (see fig. 1) with yield 70 % as
a brown-reddish solid.

Mass-spectrometric analysis was carried out using LCMS-2020 (Shimadzu, Japan) system as described [7]
using MeOH both as the eluent and for sample dilution. Nuclear magnetic resonance (NMR) analysis of 4 was
performed on Bruker Avance 500 MHz instrument (Germany) as noted below.

Compound 1, 1-hexanoyl-4-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)piperazine, ESI-MS: m/z [M + H]" for
C,H,,N,0,; calculated 348.17. Compound 2, 1-bromoacetyl-4-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)piperazine,
ESI-MS: m/z 449.9 [M + Br] for C,H,,N,O,Br,; calculated 449.92. Compound 3, 1-methacryloyl-4-
(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)piperazine, ESI-MS: m/z 318.0 [M + H]" for C ,H N.,O,; calculated
318.12. Compound 4, N-(3-ethynylphenyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine, ESI-MS: m/z 279 [M —H]
for C,,H,N,O;; calculated 279.03; "H NMR (500 MHz, acetone-d,) chemical shift 8.48 (d, CH—C—NO,),
7.60 (dd, CH=C—NH—), 7.16-7.20 (m, — CH— benzene), 5.15 (s, H—C=C alkyne).

Docking was done as described [8] using AutoDock Vina [9] software. Grid centers for all calculations
were 7 x 7 x 7 nm’ with their centers at geometrical centers of correspondent proteins, exhaustiveness was set
to 20, five structures of BSA (PBD codes 3v03, 415s, 4jk4, 4010, 6gs9) were used. Values of energy of binding
(E,;,q) and the amino acids surrounding of ligands have been tabulated. Phospholipid membrane permeability
was also estimated in silico using PerMM server (https://permm.phar.umich.edu/server); if logarithmic values
calculated are more than —4.35 for a compound, it is considered as membrane permeable [10]. Lipophilicity
was also evaluated in silico as logP values computed using Hyperchem 7.0.
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Fluorescence and absorbance spectra were recorded using spectrofluorimeter Solar SM2203 (Solar, Bela-
rus) operated at default parameters excepting slits were 10 nm; emission spectra were recorded using exci-

tation at both 295 nm (BSA) and 460 nm (NBD). Titrations were performed using 10 pmol/L bicarbonate
buffer; compounds were added in ethanol.

Results and discussion

Four new (according to Pubchem database identity search) fluorescent NBD derivatives were synthesised
to be evaluated as potential molecular probes or fragments (synthetic blocks) of such compounds. As indivi-
dual probes, besides fluorescence due to NBD-N< motif, they possess groups which could promote membrane
biding (see fig. 1, 1 and 4), cytochromes P450 inactivation [11; 12] (4), reaction with biological thiols via
S\2 substitution (2) or Michaelis type addition (3). To impact on evaluation of biological properties of the
compounds we have decided to perform few in silico computations and to test in vitro their ability to bind with
BSA. In silico computed logP values and membranes permeability data are shown in table 1.

Table 1
In silico computed logP values and membranes permeability data
Compound, .Fr§e energy of Log of permiability coefficient
b f | binding (DOPC*), LogP
rutto-formula keal/mol BLM?* BBB* (Po) | CACO, (Po)
1, C,;H,N,O, -4.73 —-0.44 -3.05 -3.59 2.81
2,C,H,N,O,Br -3.88 -1.67 -3.48 -3.91 0.94
3,C H;NO, —4.05 —-1.08 -3.28 -3.76 2.03
4, C ,H,N,O, -4.57 0.27 -2.80 -3.41 3.06
NBD-Bu [2] -5.03 1.03 -2.53 -3.21 241

*For detail see [10].

Comparison of logP values and computed free energy of binding (DOPC) allow to guess that 1, 3 and 4,
but not 2 have good chances to be bound in a hydrophobic protein civility or membrane; phospholipid bilayer
permeability parameters are moderate and NBD-Bu [2] together with 4 demonstrate the best values in the
structure under discussion.

To rationalise further experimental BSA titrations we performed in silico docking computations with five
BSA structures. The results are summarised in table 2.

The data obtained demonstrated that all the compounds can likely be bound with BSA in sites different
from classical Sudlow sites I and II. According to modelling with two of fifth structures (4f5s and 4or0)
3 and 4 can be bound close to Sudlow sites I TYR149 and the nearest TRP213 allowing fluorescence reso-
nance energy transfer (FRET) from excited TRP to NBD moiety of the molecules. Also the smallest E,; , va-
lues (—10.9 to —9.1 kcal/mol) were computed for 4 and 3. It is good in comparison with the value reported for
NBD-Bu (-7.32 umol/L) [2]. It should be noted that the docking poses differ considerably for different BSA
structures highlighting multiple options of BSA to bind of the compounds; the computed binding sites for 3
and 4 (BSA structure with PDB code 4f5s) are shown below (fig. 2).

a b

N\ AR G256
{#%5 RN

Fig. 2. In silico calculated positions of 3 (a) and 4 (b) in a site of BSA
carbon, nitrogen and oxygen atoms are depicted with gray, blue and red, respectively.
Additionally, amino acids’ residues names and positions are indicated
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ching for 4 (fig. 3).

Fluorescence, a. u.

Fluorescence, a. u.
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Fig. 3. Decrease of BSA (1 umol/L) intrinsic fluorescence

(excitation at 295 nm, depicted by dashed line) during
direct titration by 4 (2.5-50.0 umol/L):

spectra overlaid (a); values for emission at 332 nm vs concentration

of 4 fitted with 1 : 1 binding equation (exponential decay) (b)

523 — moemH AL womofvm Juw;wv

YWY —
Notably, that 2 and 3 can be attached covalently to thiol of surface exposed Cys34 — the single of 35 cysteine

of BSA, which do not form intermolecular —S—S— bridge, but it might be in sulfenic acid state [13; 14].
To estimate BSA binding in vitro fluorescence titrations were done to determine intrinsic BSA fluorescence

(due to two TRP and twenty TYR residues) as well as change in NBD group fluorescence which can differ
upon binding to hydrophobic BSA sites. The data obtained indicate on effective intrinsic fluorescence quen-



OpurnHajJbHble CTATHH
Original Papers

— WWYW

Direct titration curves demonstrated saturation at 50 pimol/L of 4 at 1 umol/L of BSA with apparent disso-
ciation constant (K ) value ~10 umol/L (data not shown). Moreover, increase of fluorescence of 4 at increasing
concentration of BSA was also detected using excitation both at 460 nm (NBD group-dependent) and 295 nm
(dependent on TRP and TYR residues) as it is shown in fig. 4.

The results indicate that 4 is a good ligand for BSA which can bind close to Sudlow site I with K, va-
lue ~10 umol/L, but quite high in comparison with the reported value for NBD-Bu (~1.2 umol/L, reciprocal to
association constant binding constant, K, = 8.3 - 10° L/mol) [2].

a
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055F A
Lo BSA, umol/L
0.50 | : — 025
o —— 050
045+
L 1.0
040 | — 15
= sl : 2.0
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Q
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5 025 |
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= o020} |
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.
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Fig. 4. Increase of 4 fluorescence at 530 nm (excitation at 460 nm (@) and 295 nm (b),
depicted by dashed lines) during inverse titration by BSA (2.5-5.0 umol/L)
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and TYR residues to NBD

with aromatic aniline 4.
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Fig. 5. Fluorescence spectra obtained at BSA interaction with 1 (reverse titration):

during titration of the compound with BSA reflecting binding in a hydrophobic site of the protein (a);

increase of fluorescence of 1 (excitation at 460 nm)

negligible increase of 1 fluorescence (excitation at 295 nm)

during titration of the compound with BSA reflecting distant localisation
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of its NBD group from TRP and (or) TYR residues ()
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The same tests were done for the rest of compounds and some resulting spectra are depicted in fig. 5 and 6.
Fluorescence was increased during titration of 1 with BSA (see fig. 5, a), but without considerable satu-

ration at 5-fold excess of the protein. Also no signal at 530 nm appeared during the inverse titration using

excitation at 295 nm (see fig. 5, b) reflecting the lack of fluorescence resonance energy transfer from BSA TRP
of 1. In general, aliphatic piperazine-based 1, 2 and 3 demonstrated no increase of
their fluorescence at BSA addition and excitation at 295 nm indicating worse ability to FRET in comparison
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Fig. 6. Fluorescence spectra obtained at BSA interaction with 2:
moderate decrease of BSA fluorescence (excitation at 295 nm)
during titration of the protein with 2 (direct titration) (a);
negligible increase of 2 fluorescence (excitation at 460 nm)
during titration of the compound with BSA (inverse titration) (b)

For 2 (see fig. 5) and 3 (data not shown) small decrease of BSA fluorescence were monitored at direct titra-
tion with the ligands and negligible increase of their own florescence (excitation at 460 nm) during at inverse
titration (BSA addition) were monitored. That could be interpreted as poor binding with BSA or binding at
site of high polarity. Conversely, direct titration curves analysis demonstrates saturation with K; ~15 pmol/L
for 3, K; ~10 umol/L for 2 and K, ~ 20 pmol/L for 1 (data not shown). Thus, either fluorescence change of
both 2 and 3 reflect their binding with BSA poorly or they are truly poor ligands for the protein. Additional test
are necessary to clarify this taking into consideration potential ability of 2 and 3 to be attached to the Cys34.
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Conclusion

Studies devoted to binding of albumins, the main mammalian blood plasma protein with a drug and meta-
bolites transport function and redox-sensitive cysteine with free thiol group, are valuable as a part of evaluation
of new potential drugs or fluorescent probes pretending to be used in vivo. Four newly synthesised fluorescent
7-nitrobenzoxadiazole-4-yl derivatives, bearing N-acylpiperazine (bromoacetyl, metacryloyl and hexanoyl)
and 3-ethynylaniline groups were synthesized as possible fluorescent probes or synthetic blocks for such com-
pounds with yields 40—70 %. Using in silico computations the compounds were shown to be able to bind effi-
ciently with bovine serum albumin with energy of binding from —8.3 to —10.9 kcal/mol and NBD-ethynylani-
line 4 demonstrated affine binding close to TYR149 and TRP213. Using fluorescence titration approach 4 was
found to decrease BSA fluorescence efficiently with apparent K, ~10 umol/L according to direct and inverse
titration data. Also 1, 2 and 3 no increase of their fluorescence at BSA addition and excitation at 295 nm indi-
cating worse ability to FRET in comparison with 4. Conversely, direct titration curves analysis demonstrates
saturation with K, ~15 umol/L for 3, K; ~10 pmol/L for 2 and K, ~ 20 umol/L for 1.
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TOHKHMWE KOMITIO3UIITNOHHBIE ITAEHKU ITOANUMETUAMETAKPUAATA
C HAHOYACTUIIAMU AMNOKCUAA KPEMHWUA

JI. B. CAIICAJTEB", I b. MEJTbHHKOBA"?, B. A. IAITHI[KAA®, T. H. TOJICTAA?,
T. A. KY3HELIOBA®, ]I. A. KOTOB®, C. A. YHKHK?

YBenopycckuii 2ocyoapcmeentuiii nedazoeuyeckuii yuusepcumem um. M. Tauxa,
yn. Cogemckas, 18, 220030, 2. Munck, benapyco

DUnemumym menno- u maccoobmena um. A. B. Jlvikosa HAH Benapycu,
ya. I Bpoexu, 15, 220072, 2. Munck, Benapyco

3 )Eefzopycc;cuﬁ 20CY0apCmMEeHHbLIL YHUBEPCUMem UHMOOPMAmMuKU U paouod1eKmpOHUKU,
yn. I1. Bpoeku, 6, 220013, 2. Munck, Berapyco

OHTI/IMI/I3I/Ip0BaHI>I MCTOANKHU q)OpMPIpOBaHI/IH TOHKHX ITOJJUMCPHBIX IIJICHOK Ha OCHOBEC IMOJIUMETUIIMETAKpHIIaTa
1 KOMITIO3UIITMOHHBIX HOKpLITI/Iﬁ C HaHOYAaCTUIIaMU OTUOKCHJa KPEMHHUA Ha CTCKIIAHHBIX U KPEMHHUEBBIX IMOMJIOXKKAX, UC-
CJICAOBAHbI UX CTPYKTYPHBIC XAPAKTCPUCTUKU METOAOM aTOMHO-CHJIOBOU MUKPOCKOIIHNU. OnucaHo BIUSHHE BBCICHUA
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HaHOYACTHUI] AUOKCHU A KPEMHUA U UX COACPKAHUSA HA CTPYKT U CMaYMBACMOCTb CPOPMUPOBAHHBIX KOMITIO3UITMOHHBIX
YKTYpPY

HOKpbITHH. IIpHBEeHBI SKCIIEPUMEHTANIBHBIC JaHHbIE, 0KA3bIBAIOIIUE, YTO BCTpanBaHue HaHouacTull Si0, B CTPyKTypy
MIOJIMMEPHON MaTpULbl NOJUMETHIMETAKPUIIATA IPUBOAUT K U3MEHEHUSAM IIapaMeTPOB LIEPOXOBATOCTH MOKPBITUH.

Knruesoie cnosa: NOJIMMETUWIMETAKPpUJIAT, TOHKUC HAHOKOMITO3MITUOHHBIC IMJICHKU; CIIMH-KOYTHUHI'; aTOMHO-CHUJIOBAst
MUKPOCKOIIUA; HAHOYACTUIIbI JUOKCUAA KPDECMHUA.
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(3amanue 2.25).

THIN COMPOSITE POLYMETHYL METHACRYLATE FILMS
WITH SILICON DIOXIDE NANOPARTICLES
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Techniques for the formation of thin polymer films based on polymethyl methacrylate and composite coatings with
silicon dioxide nanoparticles on glass and silicon substrates have been optimised, and their structural characteristics have
been studied by atomic force microscopy. The effect of the introduction of silicon dioxide nanoparticles and their content
on the structure and wettability of the formed composite coatings is described. Experimental data are presented which
prove that the incorporation of SiO, nanoparticles into the structure of the polymethyl methacrylate polymer matrix leads
to changes in the roughness parameters of the coatings.

Keywords: polymethyl methacrylate; thin nanocomposite films; spin-coating; atomic force microscopy; silicon di-
oxide nanoparticles.
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BBenenue

3arpsi3HEHHE OKPYIKAIOIIeH Cpebl HEOUUIIIEHHBIMU MITH YACTHYHO OYHIIEHHBIMHU IMPOMBIIIUICHHBIMA CTOY-
HBIMH BOJIaMH, COJIEPIKAIIUMHU PA3JIMYHBIC TSKEIbIe METAILIbl, TOKCUYHBIC OPTraHUYCCKUE COCAMHEHUS, MH-
KpPOOHBIE MATOTEeHBI U T. 1., SABJIAETCs M100anbHoi npodnemoii [1]. ILupokuii criekTp BO3MOKHBIX TOKCHYIHBIX
npuMecei (IIpu COBMECTHOM MPUCYTCTBUH ), TPEOYIOMINUX KOJTMUECTBEHHOTO KOHTPOJIS UX COJEPKaHMS B BOJIE,
00yCITOBIMBACT HEOOXOAMMOCTh Pa3padOTKH YCOBEPIICHCTBOBAHHBIX CEHCOPHBIX CUCTEM, O0JIAAIONTNX HI3-
KHMH TIpe/ieJlaMi OOHAPYKEHHS W BBICOKOH CEIEKTHBHOCTHIO MO0 OTHOIICHHIO K OTpeAeTICHHBIM HoHaM. Jliis
pelIeHus 3a/1aud KOHCTPYUPOBAHUS JATYMKOB aHAJM3a KaueCTBa BOJIbI IEPCIIEKTUBHBIMU SBIISIOTCSI ONITHYE-
CKHE TIOJIMMEPHbIE MaTepuaibl [2—5], HapuMep CHUIIMKOHBI, TOJMBUHWIXJIOPU], TOJUCTHPOJI, MOJIUCAXAPH-
b1, TIOJIMAKPUIIATHI, TTOTHAKPUIAMHU/IBI, TOJIMUMUHEI, TOJTUTIIUKONIU U Ap. [6—8], cBOMCTBAMU KOTOPBIX MOXKHO
YIPAaBIATH B LIMPOKUX IIpeAeaax.

ITomamernnmmerakpunar (IIMMA) — onnH u3 HanOojee BOCTPEOOBAHHBIX MATEPHAIIOB IS ONTHYCCKUX
JATYUKOB, TPEICTABIIAIONTNI cO00¥ OecIBETHBIN aMOp(HBIN MOJUMED, OTHOCSIIUNCS K TepMoruiactaM [9].
CKOHCTpYHPOBaHHBIC Ha €r0 OCHOBE ONITUYECKHE CEHCOPHI 3aHUMAIOT 0CO00€ MECTO CPEeIi XUMHUYECKHX CCH-
copoB. OHU 0071a/1al0T 3HAYUTEIHLHOW MEXaHUYECKOW MPOYHOCTHIO U XMMHUYECKONW CTOMKOCTBIO, HMCIOT BbI-
COKHE aHaJHTHYeCKue mapaMeTphl. [IpuHuun ux paboThl OCHOBaH Ha XMMHUYECKOM B3aMMOJIEHCTBUU ONpe-
JIeTISIeMBIX BEUIECTB ¢ XPOMO(QOPHBIMH peareHTaMu. B pesynbrare HaOnroqaeTcsi “3BMEHEHHUe 1BeTa 00beKTa,
KOTOPOE OIIEHWBAETCS WHCTPYMEHTAJILHO C MPUMEHEHUEM ONTHYECKUX METOAOB AeTekTupoBanus [10]. Taxk,
Ha ocHOoBe [IMMA ¢ "MMOOMIM30BaHHBIMU pEareHTaMH CO3/IaHbl YYBCTBUTEIHHBIE SJIEMEHTHI XUMUYECKUX
CEHCOPOB, CEJIEKTUBHBIE IO OTHOIIEHHIO K HOHAM TSDKEJIBIX METaJNIOB, HarpuMep BaHaaus [11].
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BosmoxHocTs uenonb3oBanus IIMMA B kauecTBe Marepuaa JUisi U3rOTOBJIECHUS ONITHYECKUX CEHCOPHBIX
crcTeM 00yCIIOBJICHA YIaYHbIM COYETaHHEM ero (PU3NYECKHUX XapaKTePUCTHK, BAXKHEUIIICH 3 KOTOPBIX SIBIIS-
€TCs UCKITFOYMTENIFHO BBICOKAs MPO3PAYHOCTh B ITMPOKOM JIMANa30He JITHH BOJIH, BKITIOUAIOIIEM YIIbTpadHo-
JIeT, BUIMMBIN CBET W dacTh OmmkHer MK-o6mactu criektpa [9]. B unTepBanie amun BomaH A = 360—2000 uHM
CBETOMNpomyckanue coctaniser 10 92 %. Kpome toro, IMMA xapakTepusyeTcst BHICOKOW XUMUYECKOM CTOM-
KOCTBIO (MHEpPTEH 10 OTHOIIEHHIO K Pa30aBIeHHBIM PaCTBOPaM MUHEPAIbHBIX H OPTaHUYECKUX KUCIIOT, CITUP-
Tam, Macjam, Jkupam, Boze) [9; 12].

HecmoTpst Ha niepeunciieHHbIH BbIIIE Psill PU3NKO-XUMHUECKUX MapaMeTpoB, 00YCIOBINBAIOIINX TIPHMeE-
Henne [IMMA nns pemieHust pa3HooOpa3HbIX MPHKIIAJHBIX 337184, CYIIECTBYEeT HEOOXOIUMOCTh Mo (HKa-
LMY TaHHOTO TIOJIMMEPHOTO MaTepraia B HeNIX paclIupeHus o0acTeit ero mpakTHYecKuX MpUIIoKEeHnH. ITo
o0bsicHsieTcest ruipodoOHOCTRI0 [IMMA 1 OTCYTCTBHEM PEaKIMOHHOCIOCOOHBIX TPYII HA €T MOBEPXHOCTH.
OnHuM U3 TyTel pelieHns yKa3aHHbIX mpooieM sisisiercss Mmoauukanms [IMMA ¢ ncnonb3oBanueM (u3u-
YECKHX, a TAK)KE XUMUYECKUX METOJOB M UX KoMOuHaruii [13].

Cpenu Hanbosee epCleKTHBHBIX METO/IOB (DYHKIIMOHAIIM3AIUY CIIeTyeT OTMETUTh MOAU(DUKAIUIO T10-
JIUMEPHOHN CTPYKTYpHl HEOPTaHWYECKHMH HaHOYACTHULIAMH, HAlPUMEP HAHOYACTHIIAMH METAJNIOB M MX OK-
CHUJIOB, THOKcuaa kpeMuust [14—16], yrneponasiMu HaHoTpyOkamu [17], rpadenom [18], dymnepenamu [19]
u 1ip. Tako#t Tun MoaudUKaIK O3BOJISIET BAPHUPOBATH XapaKTEPUCTHKH (POPMHPYEMOTO KOMIIO3UITUOHHOTO
MaTepuaia B JOCTaTOYHO IIMPOKOM JIMala30He ¢ COXpaHEHHUEM CBOWCTB KaK HEOPTaHMYECKHX (TBEpAOCTb,
TeMIlepaTypHas 1 XUMH4YecKast CTOHKOCTD), TaK M TMOJMMEPHBIX (IUIACTUYHOCTh, YCTOMUNBOCTH K JIEWCTBHUIO
OKpY’Karolleil cpesibl) KOMIIOHEHTOB HAHOKOMITO3HUTA.

Texnonorus Jlearmiopa — briomxeTT odecneuynBaeT co3AaHne TUIEHOK Ha OCHOBE Pa3jIMYHBIX OpTraHuye-
CKHMX U IOJIMMEPHBIX COEAUHEHHUM C KOHTPOJIUPYEMOM CTPYKTYpOH M BOCIPOM3BOAMMOE IOJIyYEHHE MOHO-
U MYJIBTHCJIOWHBIX MOKPBITUH [20]. MeTo/1 CIMH-KOYTHUHTa TaKKe JaeT BO3MOKHOCTh (DOPMUPOBATh TOHKUE
TUICHKH Pa3IMYHOTO THIA C KOHTPOJIMPYeMOH TONIHHOH [21].

CranaapTHBII METOJ| OLEHKH KOMIUIeKCa (PM3NKO-MEXaHHYEeCKHX CBOMCTB HAHOKOMITO3WUIIMOHHBIX TIe-
HOK — aTOMHO-CHJI0Basi MUkpockonust (ACM). JlaHHBIN MeTO/ 1MO3BOJIIET HA HAHOYPOBHE BBISBIATH H3MEHE-
HUS Ha TIOBEPXHOCTH TTOJIMMEPHOTO MaTepraa, BhI3BaHHBIC BBEJICHUEM HaHOpa3MepHoro Moaudukaropa. I1o
pesynbratam uccienoBannii MetoqoM ACM BO3MOXKHO OIICHUTD BIUSTHHE TOTO WIIM HHOTO HaHOMo i (rKaropa
Ha CTPYKTYpy U MEXaHHYECKHE CBOMCTBA MOJIMMEPHOTo MaTepuraia [22].

Takum 00pazoM, OfHOW M3 aKTyaJbHBIX 3a/lau MaTepUAIOBEACHUS SIBISICTCS TIOUCK HOBBIX U COBEpIICH-
CTBOBaHHE CYIIECTBYIOIINX METOAMK (POPMUPOBAHHS HAHOCTPYKTYpPHPOBAHHBIX MOKPBITHH Ha ocHoBe [IMMA
C 3apaHee 3aJaHHBIMH CBOHCTBaMH, TIO3BOJISIONINX OCYIIECTBISATH KOHTPOIb 32 COCTaBOM M CTPYKTYPOH MOJy-
YaeMbIX TUICHOK B IIEJIAX UX JTATbHEHIIero MPaKTUYeCKOro MPUMEHEHHUS.

Lenb paboThl — GopMUPOBaHUE TOHKUX HAHOCTPYKTYPUPOBAHHBIX MOKPBITHIH coctaBoB [IMMA u [IMMA
¢ Ha"HoyacTuamu SiO, A7t ONTHYECKUX JATUHKOB.

MaTepI/IaJ'II)I U METOAbI HCCJICAOBAHUSA

dopMUPOBaHUE TOHKUX TOTUMEPHBIX cl0eB Ha ocHOoBe [IMMA mpoBOIMIN Ha KPEMHHUEBBIX U CTCKJISTH-
HBIX TOJIOKKAX METOIaMH TIOJIMBA U CIIMH-KOYTHHTA.

OYuCTKY M aKTHBAIHIO MOJJIOKEK OCYIECTBIBIIIN TPEMSI CIIOCO0aMK: 00€3KUPHUBAHNEM STHIIOBBIM CITHPTOM;
00pabOTKO# MOBEPXHOCTH HU3KOTEMITEPATYPHOI MIa3Moi AndieKTpuieckoro 6aprepHoro paspsna (I116P);
ruapoQuIM3anmeil B IepoKCUIHO-aMMUAAYHOHN cMecH. Pazmep KpeMHHUEBBIX Moiioxkek coctarisit 1,0 x 1,5 cm,
CTEKJIAHHBIX — 2,5 X 2,5 cMm. KpemuueBbie noanoxku (opuenrtarus 111) xapakrepusyoTcss MUHIMAIbHBIM 3Ha-
YeHHeM LIepoxoBaTocTu (cpenHeapudmernueckas (R,) mepoxosarocts paBHa 0,1 HM, cpeaHeKBaapaTHy-
Hast (R)) — 0,2 Hm). DTUM 00y CIIOBIEHO NX UCTIOTB30BAHHE NPH OLEHKE CTPYKTYPbI POPMUPYEMBIX OKPBITUH
MetonoM ACM. [IpuMeHeHre B KauecTBe MOUIOKEK MPEIMETHBIX CTEKOJ 1IeIeco00pa3Ho MPH U3YyYEHHH OIl-
THYECKUX CBOWCTB IOKPBITHI.

Iuapodunmzaniro KpeMHUEBBIX U CTEKJISTHHBIX MTOJUIOXKEK, HCIIONB3YEMbIX ISl IOTYYEHHsI KOHTPOJIBHBIX
00pasIioB, IPOBOMIN B PACTBOPE, COCTOSIIEM U3 2 MJI pacTBopa rnepokcuaa Bogoposaa (30 %), 2 Myt BOIHOTO
pactBopa ammuaka (25 %) u 10 M1 aucTuIMpoBaHHON BOAbL. [10A7I0KKH BBIIEP)KABAIN B THAPOPUIN3ATOPE
npu temmeparype 80 °C B reuenue 10 MuH.

O06paboTky nomoxkeK Huzkoremreparyproii [1/IBP BbIoNHSUIM Ha MPOTSHKEHUH | MUH, TIPH 3TOM MOIII-
HOCTB UCTOYHHKA TuT1a3Mbl cocTaisuia 10—30 BT, paccTosiHre oT ncToyHMKA 10 00pasia paBHSIOCH 20 MM.

dopMHpOBaHNE TOHKUX CIIOEB OCYIIECTBISIN U3 pacTBopoB [IIMMA (M ~10 000) (Sigma-Aldrich, CIIA)
B XJ0opodopme ¢ koHeHTpanusmu 0,5 u 1 mr/mi.

B nemnsx nomydeHus ieHoK ¢ pa3BUTON MOBEPXHOCTHIO B COCTAB MOJIMMEPHBIX MOKPBITHI BBOAUIN HEOP-
raHnyeckue HaHodacTuibl. [{ist atoro pacteop [IIMMA ¢ koHueHTpanuel 1 Mr/Mi cMeIuBaIu ¢ CyCleH3uen
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Hanouactur SiO, (d = 10-20 um) (Sigma-Aldrich) B xnopodopme ¢ KOHIEHTpanuel | Mr/mi1 B pa3iIn4HbIX
00BEMHBIX COOTHOHICHUAX, ITOCJIC YCTO (1)0pMI/IpOBaJ'II/I KOMITO3MIMOHHBIC MOJHUMEPHBIC ITJICHKW METOdaMH
CIIMH-KOYyTHHTA ¥ TIONKBa. B pesysnbrare ObUTH MOTy4YeHBI CYCIIEH3MUH MOJIMMepa ¢ HAHOYACTUIIAMH THOKCHIA
KPEMHHSI B CJIETYIONTNX MOJIBHBIX COOTHOMICHUX: 1,7 - 10% 3,3 - 10% 5,0 - 10% 6,7 - 10* Mmoib 13 pacdera Ha
1 mons [IMMA (nanee 1o TEKCTy yKa3aHO TOJIBKO copepskaHue Hanodactul Si0,).

g peanu3aniy METO/Ia CIIMH-KOYTHHTA aJIMKBOTY pacTBOpa 006eMOM 8 MKJT IMPUKAIBIBAIH Ha TTOUTOKKH,
BpaIaronuecs co cKopoctbio 2400 o6/MuH. 151 ymaaeHus pacTBOPHUTEIIS BpaIlleHUE HE TTPEKpaIaid B Teue-
HHE 2 MUH.

DopMHupOBaHNE TTOKPHITHH METOIOM TIOJIMBA 3aKIF0YaI0Ch B PABHOMEPHOM pacipeesieHnH (GUKCHPOBaH-
HOTo 06beMa pacTBopa (8 MKJI) IT0 BCeil IIIONIa M TIaHapHOi ToTokKH (1,5 cM”) M ocenyomiei CyIke Ha
BO3IyXE.

HccenemoBanust CTPYKTYPBI TOBEPXHOCTH MOHOCITIOEB TTpoBommm Ha ACM-mukpockonie Dimension FastScan
(Bruker, CILIA) B pexxume PeakForce Tapping QNM n ACM-mukpockorie NT-206 (OJ10 «MukpoTecTManm-
HEI», benapycs) ¢ ncnonp3oBanneM KpeMHUEBEIX KaHTHieBepoB NSC11A (cpenuss skecTkocTh — 3 H/M, pagmyc
KpuBHU3HEI — He Oonee 10 uam) (Mickromasch, Dctonus).

I'mapodwmibHbIe CBOMCTBA TOBEPXHOCTH OLIEHUBAIN HA OCHOBAHUH M3MEPEHHS KPAeBOT0 yIlla CMaYHBaHUS
(KYC) o aBym pabounM KUIKOCTIM — Boze U quitoqMeTany — Ha yctanoBke DSA 100E (Kriiss, I'epmanus).
B stom ciryuae KYC onpenensiin mocTpoeHHEeM KacaTelbHON B Tpexda3HON TOUKe: KUIKOCTh — ITOMJIOKKA —
BO3AyX (METOA NeKamel Karin). 3Ha4eHus yIeIbHONH TTOBEPXHOCTHON DHEPTUN PACCUUTHIBAIN TI0 MOJIEIN
Oyanca — Bennra — Pabens — Knennp0Oie.

Pe3yabTarsl 4 BX 00CyKIeHUE

Bri0op ciocoda nmpeaBapuTeIbHONH MOATOTOBKHU MOMJI0KKH M MeToAa GopMHUPOBaHHs MOKPBITHIA. Pe-
3yABTaTHI McciieoBaHui MeTooM ACM mokaszanu, 4To MperBapuTeIbHOE 00e3KUPUBAHIE TTOTOKEK ITHIIO-
BBIM CITUPTOM MIPUBOAUT K (POPMHUPOBAHHIO HEOTHOPOIHBIX HEBOCTIPOM3BOJUMBIX CTPYKTYP HA UCCIIETYEMBIX
obacTsx ckaHupoBaHus (puc. 1).

st moBepxHOCTH TUIeHOK [IMMA, chopMupOBaHHEIX Ha 0O0EIKHPEHHBIX KPEMHHEBBIX MOMIOKKAX U3
pacTBoOpa ¢ KOHIIEHTpanuel 1 MIr/mMir MeToIoM TONHBa, XapakTepHa IUIOTHAS CTPYKTypa CO BIAJAWMHAMH JTHa-
metrpom 800—1000 aM (cMm. puc. 1, a). YCTaHOBICHO HAIMYHE B COCTABE TUICHKU SAMHUYHBIX KOHTJIOMEPAaTOB
pasmepom 110 1,9 MkM. 3HadeHus WepoxoBarocT R, n R, 00pa3ios BO3pacTaror 110 CPABHEHMIO C TAKOBBIMH
TTOMJTIOKKH 110 2,96 1 4,85 HM COOTBETCTBEHHO (00JIaCTh CKAHUPOBAHKS — 5 X 5 MKM).

Tonkwne urenku [IMMA, momy4deHHBIE Ha IOBEPXHOCTH 00E3KUPEHHOTO CTEKIIA U3 pPacTBOpa C KOHIIEHTpa-
nueit 1 Mr/mMi MeToIoM TOJIMBa, UMEIOT HEOTHOPOIHYIO CTPYKTYPY. YCTAaHOBJICHO HAMYHE KOHTJIIOMEpPATOB
(cm. puc. 1, 6, 8), KOTOpPBIE TIPEIACTABIIOT CO00M TOOYEI quameTpoM oT 20 g0 500 HM, 0Opa3oBaHHEIE, TTO
BCei BUIUMOCTH, MakpoMosiekymamu [IMMA. B cocTaB MmiieHOK TakyKe BXOIAT Pa3BETBICHHBIC 3BE31000pa3-
HbI€ CTPYKTYpbI, XapaktepHbie g [IMMA, ¢ 4eTko BbIpaK€HHBIMU BOJIOKHaMU. B momnepeyHoM cedeHuu
JIIMaMeTpP BOJIOKOH B cpeaHeM cocTaisieT 20—40 HM, pa3Mep y3710B, KOTOPBIE MOTYT MPEACTABIATE CO00H SIpo
MTOJIMMEPHOM CTPYKTYPHI, JocTHTaeT 70 HM (cM. puc. 1, 8).

Crpykrypa wieaok [IMMA, chopMupoBaHHBIX Ha 00€3KUPEHHBIX KPEMHHUEBBIX TTACTHHAX U IMTPEAMETHBIX
CTEKJIaX M3 pacTBOpa C KOHIIEHTpAIie | Mr/MiI METOZOM CIIMH-KOYTHHTA, TaK K€ KaK U B CIIydae OKPBITHIA,
TTOJTYICHHBIX METOJIOM TTOJIMBA, HEOTHOPOIHA Ha MCCIICYEMBIX 00JIaCTAX CKaHUPOBaHUS (CM. puc. 1, 2, 0).

Taxum 00pa3oM, MpenBapUTEIHLHOE 00eKUPUBAHIE TIOJIOKEK STHIIOBBIM CITUPTOM HE TO3BOJISET chop-
MHPOBATh OMHOPOAHBIE TUICHKH [IMMA MeTomaMu 1ojiiBa U CHUH-KOYTHHTA. J{JIs1 TOCTHKCHIS TaHHOH eTn
HEOOXOAMMO TIPUMEHATh METONBI OoJiee TITyOOKOH OYHCTKH TMOMIOKEK B COYETAaHUH C MX JOMOJHUTEIHHOU
aKTUBAIIMEH, OJHUM M3 KOTOPBIX SIBIIETCS TUAPOPUIA3ALINS.

IToygenwne uienok [IMMA MeTooM monmuBa Ha THAPOPIITH3UPOBAHHBIX KPEMHHUEBHIX TTOTOKKAX M3 pac-
TBOpa mojuMepa B Xsopodopme ¢ koHmeHTpanueid 0,5 Mr/mMi mpuBoauT K (GOPMUPOBAHUIO HEOTHOPOTHON
CTPYKTYPBI C JPEBOBUAHBIMU 00Pa30BaHUAIMH, IPU 3TOM 3HAUCHHMS IIepoxoBaTocT R, n R Ha obnactu ckanu-
poBanus 10 X 10 MM coctapisttor 4,25 u 6,10 HM, a Ha 001aCTH CKAHUPOBAHUS S X 5 MKM paBHbI 1,21 n 1,69 aMm
cooTBeTCTBEHHO. OTMe"aeTcss 00pa3oBaHNe KOHITIOMEPATOB Pa3IMIHBIX pa3MepoB U GopMEI (puc. 2, a).

VYeenumuenne korneHTpanun [IMMA 1o 1 MT/MIT MO3BOJISET MONMYYIUTH HA THAPOOUIN3HPOBAHHBIX KPEM-
HHEBBIX MOUIOKKAX O0Jiee OJHOPOHBIE IUIOTHBIE TIOJMMEPHBIE CTPYKTYPHI IO CPABHEHHUIO C IJICHKAMU,
chopMupoBaHHEIMH Ha 00E3KUPEHHBIX TOUTOKKAX. 3HAYCHHS IIIEPOXOBATOCTH MOBEPXHOCTH IIeHOK [IMMA
Ha THAPOQUIN3UPOBAHHOM KpeMHHMHU cocTaBisiior: R, = 1,82 um, R, = 2,34 HM (001acTb CKaHUPOBAHUS —
10 = 10 mxm); R, = 0,67 um, R, = 0,84 1M (0Omacts ckaHupoBanust — 5 x 5 MkM). [Ipu oTOoM cTpyKTYpa npen-
CTaBJICHA B BUJIE YIIOPSAJOYCHHBIX CTEPIKHETIOAOOHBIX BOJIOKOH, OPHEHTHPOBAHHBIX OTIPEIEeIeHHBIM 00pa3oM
OTHOCHTEIIEHO TIOBEPXHOCTH TOUIOKKH (CM. puC. 2, 0).
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Puc. 1. Crpykrypa mieHok [IMMA, copMupoBaHHBIX Ha 00€3KUPEHHBIX
KPEMHHUEBBIX IUIACTUHAX (@, 2) ¥ MPEIMETHBIX CTeKIax (6, 8, 0)
W3 pacTBOpa ¢ KOHIIEHTpamueil 1 Mr/mim MeToamu monusa (@ — 6) ¥ CIUH-KOYTHHTA (2, 0)

Fig. 1. The structure of PMMA films formed on the degreased surface
of silicon wafers (a, d) and glass slides (b, c, ¢) from solution with a concentration 1 mg/mL
by watering (a — ¢) and spin-coating (d, e¢) methods
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Puc. 2. ACM-ctpykrypa mienok [IMMA, chopMupOBaHHEIX
Ha TUIPOQHIN3UPOBAHHBIX KPEMHHUEBBIX TUIACTHHAX (@, 0) M PEIMETHBIX CTeKIIaX (8, &)
13 PacTBOPOB ¢ KoHIeHTpanueit 0,5 Mr/mi (a, 6) u 1 Mr/mi (6, ) METOIOM TOJTHBA

Fig. 2. AFM structure of PMMA films formed on hydrophilised silicon wafers (a, b)
and glass slides (¢, d) from solutions with a concentration 0.5 mg/mL (a, ¢)
and 1 mg/mL (b, d) by watering method

Crpykrypa nokpeituii [IMMA, nmoiy4eHHBIX U3 pacTBOPOB ¢ KoHIeHTpauusiMu 0,5 u 1 Mr/mi Ha moBepx-
HOCTH THAPO(UIN3UPOBAHHOTO CTEKJIa METOIOM IONKBa, 00jee OAHOPOAHA MO CPABHEHHUIO CO CTPYKTYPOH
onucaHHbIX BbIe MmiIeHOK [IMMA Ha 00e3:KUpeHHOI MOBEPXHOCTH MOMJIOKKH. 3aUKCHUPOBAHO HEOOJIb-
I0€ KOJIMYEeCTBO KOHIIIoMeparoB pasmepoM oT 100 mo 500 M (cMm. puc. 2, 6, ). Ha obnactu ckaHupoBaHuUs
5 x5 mkm st mokpeituii [IMMA, onydeHHBIX U3 pacTBOPOB ¢ KoHUeHTpauusaMu 0,5 u 1 mr/mi, Takxe ObL10
YCTaHOBJICHO HAJMYUE TIIOTHOH IIEHKH, HAHOCTPYKTYpa KOTOPOH MMeeT I00ysapHbIi XapakTep. Ha obnactu
ckanuposanus 10 x 10 Mxm 3HadeHus mepoxoBarocTd R, u R cocrasmstor 1,94 u 2,69 HM (KOHLEHTpaLus
ucxoaHoro pacrteopa — 1 mr/mi), 2,31 u 3,59 um (0,5 mr/min), a Ha 00JIaCTH CKAaHUPOBAHUS 5 X 5 MKM paBHbI
1,40 u 2,03 am (1 mr/mi), 2,20 u 2,99 am (0,5 MI/MI1) COOTBETCTBEHHO.
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Tot ¢axr, uTo 3HaYeHUs MmEepoxoBaTocTH R, u R, st IeHOK, MOMYYCHHBIX U3 PACTBOPA C KOHLICHTPALHCH
IIMMA 0,5 Mr/mi1, OKa3bIBAIOTCS OOJBIMMHE, YeM JIJIS TTIOBEPXHOCTEH MICHOK, COPMUPOBAHHBIX U3 Ooliee
KOHIICHTPHPOBAHHOTO pacTBopa (1 Mr/mir), 0OBsICHASTCS pa3IMIUsIMU B UX TOJIIMHE. bollee TOHKHE TUICHKU
(roHmeHTparus noaumepa — 0,5 Mr/Mi) B MEHbIIICH CTENEHH HHBEIUPYIOT IIEPOXOBATOCTh CTEKIA, M, KaK
CIIEACTBHE, NE(EKTHI MIOIOKKA OKA3bIBAIOT BIUSHUE HA napaMeTpsl R, u R, mokpeITHs (CM. puc. 2, 6, 2).

st rutenku, copmupoBanHoi u3 pactBopa [IMMA ¢ koHIeHTpamueid 1 Mr/mii, Ha 001acTH CKaHUPOBa-
Hust 10 x 10 MKM HaOJTFOIaETCs HAMPABICHHOCTh CTPYKTYPBI (CM. PHUC. 2, 2), 4TO 00YCIOBICHO CJICIYOIIUMHU
(haxTopamu:

1) crrenudukoii MeToIa TTOJTMBA KaK METOAUKH (DOPMHUPOBAHUS TOHKUX TUICHOK (HAIIpaBJICHHOE pacrpee-
JICHWE PacTBOpa MOJMMEpa 10 TTOBEPXHOCTH THAPOMUIM3UPOBAHHON TOMJIOKKH, B PE3yNBTaTe 4ero MpOHC-
XOJIUT OPUEHTAIIMS TOJIMMEPHBIX MaKPOMOJICKYJ Ha TOBEPXHOCTH TOJIOKKU ¢ 00pa30BaHHEM KaK CTEpPIKHE-
00pa3HbIX, Tak ¥ c(hepooOpas3HBIX CTPYKTYP);

2) 3HAYUTENLHBIM BIMSHUEM COOCTBEHHOM IIEPOXOBATOCTH CTEKJIA Ha CTPYKTYPY HAHOCHMBIX HA €ro I1o-
BEPXHOCTb IMOKPBITUM.

B nmanpneiimem s GopMupoBaHUS IIIEHOK MPUMEHSIN METOJ CITUH-KOYTHHTA, KOTOPBIH B COYETaHUU
C TIPeBAPUTEIBHON OYMCTKOW U aKTUBAIMEH TIOIIOKEK ITO3BOJISET MOTydaTh OHOPOTHBIE HAHOTIOKPBITHS.
B kauecTBe crioco6a 00pabOTKH MOMIOKEK, TOMUMO TUAPO(UIU3AINNH, HCIIOIh30BaIl HU3KOTEMIIEpaTyp-
Hyto ITJ[BP.

[MpenBapurenbHas 06paboTKa MOATIOKEK PACTBOPOM THAPODUIN3ATOPA, TT0 CPABHEHUIO C 00C3KHUPUBAHH-
eM, obecrieuna hopMHUpoOBaHKE OOJIee OTHOPOTHOW ToBepXHOCTH IuIeHOK [IMMA Ha cTekiie m KpeMHUH.
Jus mokpeituit [IMMA, momydeHHBIX U3 PacTBOPOB ¢ KOHIIEHTpanuel momumepa 0,5 Mr/min MeTooM CIH-
KOYTHHTA, XapaKTepHO 00pa30BaHUE OJHOPOAHBIX CTPYKTYp Ha MOBEPXHOCTH THIPODUIH3UPOBAHHBIX MPEJI-
METHBIX CTEKOJI U KPEMHHEBBIX TUIACTUH (puc. 3).

a’a 6/b
10,1 mxm X 10,1 MM x 4,5 am [109 X 109] Z, HM 10,1 MM x 10,0 mxm X 48,8 M [117 % 116] z, HM

Puc. 3. ACM-ctpykrypa mieHok [IMMA, cdopmMupoBaHHBIX
Ha TUIPOQHIM3UPOBAHHBIX MMPEIMETHBIX CTEKIIAX (@) M KPEMHHUEBBIX IDTacTHHAX (0)
13 pacTBOpA ¢ KOHLEHTparmen 0,5 Mr/Mi1 METOIOM CITHH-KOYTHHTA

Fig. 3. AFM structure of PMMA films formed on hydrophilised glass slides ()
and silicon wafers (b) substrates from solution
with a concentration 0.5 mg/mL by spin-coating method

B cirygae momydeHus TUICHKH Ha CTeKie TOHKHMA cioil [IMMA mo3BosieT B 3SHAYUTEILHON CTETICHH HIBE-
JIMPOBATh IIEPOXOBATOCTH MMOBEPXHOCTH MOUIOKKH, TEM CAMBIM ()OPMUPYS TUIOTHYIO Pa3BUTYIO MTOJTUMEPHYIO
crpykrypy (R, = 0,89 um, R, = 1,14 HM Ha 00611aCTH CKAaHUPOBAHUSA 5 X 5 MKM).

I[Tpu nomyyennn menok [IMMA MeTo0M CIMH-KOYTHHTA Ha THAPOQHIM3UPOBAHHBIX MMOAJIOKKAX U3 pac-
TBOpA C KOHIEHTpael 1 Mr/Mi1 HaJM4Yre KOHITIOMEPaTOB COXPAHAETCS, KaK U B CIIydae 00e3KUPEHHBIX MO/
noxek (puc. 4, a, 6). Obpadorka nomioxek [1JIBP npuBonut x GopmMupoBaHUIO OAHOPOIHOIN CTPYKTYPBI
mieHok [IMMA (cM. puc. 4, 6— e), 9TO CKa3bIBACTCS M HAa 3HAYCHUAX ITApaMETPOB MIEPOXOBATOCTH.
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Puc. 4. ACM-ctpyktypa miieHok [IIMMA, cdopmupoBaHHBIX
Ha TUAPOQHIN3UPOBaHHBIX (@, 6) U o6padoTanHbIX [1IBP (6 — €)
MIPEIMETHBIX CTeKIaX (a, 8, 0) U KPEMHHEBBIX IDTaCTHHAX (0, 2, €)
13 PaCTBOpA C KOHLEHTPALMEeH | MI/MJI METOZIOM CIIMH-KOYTHHIA

Fig. 4. AFM structure of PMMA films formed on hydrophilised (a, b)
and DBDP-treated (c — /') glass slides (a, ¢, e)
and silicon wafers (b, d, /) from solution
with a concentration 1 mg/mL by spin-coating method

Tak, 1151 TUICHOK, MOJyYeHHBIX U3 PAacTBOpa ¢ KOHIEHTpalued 1 Mr/mi MeToIOM CIHMH-KOyTHHTa Ha TO-
BEPXHOCTH KPEMHHUEBBIX TOIUIOKEK, MPEIBAPUTEIHHO 00paOb0TaHHBIX JaHHBIM CIIOCOOOM, 3HAYCHHUs LIEPO-
xoBaroctu cocraBisitor: R, = 0,14 um, R, = 0,26 oM (00nacTh CkaHUpOBaHUs — 5 X 5 MKM). YCTaHOBIIEHO
HaJMYUe MTOJIMMEPHBIX TJI00YI, TUaMeTp KOTOPhIX He mpeBbimaeT 50 HM (cM. puc. 4).

Oo6pabotka moBepxHocteil crexna [1JIBP npuBogut x ¢opMupoBaHuio Hapsay ¢ JOMEHHOH CTPYKTYpOi
c(hepruecKkux KOHIIIOMEparoB (cM. puc. 4, 6, d). Ha kpeMHHEBBIX MOIOKKAX, Kak o0padoranHbix [1JIBP, Tak
U THAPOPUITH3NPOBAHHBIX, HAOMIOAACTCS TOMEHHAS CTPYKTypa MOKPBITUS (CM. puc. 4, 0, 2, e).

Ananu3 nanabix ACM-ctpykTypbl nokpeiTHii [IMMA Ha HOBEpXHOCTH KPEMHUEBBIX U CTEKJISIHHBIX TOJ-
JIOKEK, c(hOPMUPOBAHHBIX METOAOM CIIMH-KOYTHHT'a, IIO3BOJISIET 3aKIIOYHUTh, YTO TUIOTHBIE OTHOPOIHBIE MJICH-
ku [IMMA Obiti 00pa3oBaHbl B Cllydae UX MOJYYEHUs] METOJJOM CIIMH-KOYTHHTa Ha MPEBAPUTEIBHO THIPO-
(unmusnpoBaHHBIX WM 00padotanubiX [1JIBP mommoxkkax.
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Bonee onTuManbHBIM CIIOCOOOM TIPENBAPUTEIHHON OYMCTKH MOUIOKEK aBTOPHI CYMTAIOT THAPOdUIN3a-
LU0, TaK Kak Bo3xeicTeue [1/IBP He mo3Bossier 0OpabaThiBaTh OJJHOBPEMEHHO BCHO TUIOIIAb UCIIOIb3yEeMbIX
noanoxek (nuametp dakena — 1 cm).

CTpyKTypa M CBOHCTBA KOMIO3UIHOHHBIX HAHOCTPYKTYPHUPOBAHHBbIX INIeHOK IIMMA ¢ HaHoua-
CTHIIAMU JUOKCHIA KPEeMHUS, MOJYYeHHBIX METOA0M CHUH-KOYTHHTA. VI3BECTHO, YTO MPH MPOTEKaHUHU
mporiecca CTPyKTYpooOpa3oBaHUs B PACTBOPE MOJIEKYIIBI ITOTUMEPA B Pa3HBIX PACTBOPHUTENSX MPHOOPETAIOT
pasznuaabie GopMbI [23]. Arperartis MaKpOMOJICKYIT TIPH UCTIAPSHUH PACTBOPHUTEIS IPUBOIUT K pazHooOpa-
3710 (hOpPM HAIMOJIEKYISIPHBIX CTPYKTYP BCIEICTBUE pa3inyduii B KOH(DOPMAIUAX MaKpOMOJIEKyl. XapakTep
3THX CTPYKTYp, ONpeAesieMblid GOpMOii B pazMepaMH HaJIMOJICKYISIPHBIX 00pa3oBaHMil ¢ pa3HBIMU THITAMHU
CBsi3el BJOJb LIEMH M MEXKAY COCEIHHUMH LEMsIMH, OKa3blBaeT CYIIECTBEHHOE BIMSHHE Ha pacIpeesieHue
YaCTHUI] HU3KOMOJICKYJISIPHOTO BEIIECTBA B IOJIMMEPHON MaTpHIIe U ONpeenseT GPU3NKO-MEeXaHHYeCKUe CBOM-
CTBa KOMITO3ULIMOHHOTO MaTepHaa.

Ananuz ACM-cTpyKTypbl KOMIIO3UIMOHHBIX MIIeHOK [IMMA ¢ nanouactuuamu SiO, (puc. 5, a; puc. 6, a)
TI0KA3aJI, 4TO BBEJICHHE HAHOYACTHII JUOKCHIA KPEMHHS B COOTHOMEHMH 1,67 - 10> MO 1103BONIAET HUBEITH-
pOBaTh BOJIOKHUCTOCTH CTPYKTyphl [IMMA. 3Ha4eHHS MapaMeTpoB IMIEPOXOBATOCTH IUICHOK Ha CTEKIIC YBe-
JTIUBAIOTCS, HA KPEMHUN — YMEHBITIAIOTCS TI0 CPAaBHCHHIO ¢ TAaKOBBIMU TUIeHOK [IMMA, chopMupoBaHHBIX
B T€X )K€ YCJIOBUAX (pHUC. 7), UTO OOBACHSAETCS CYIIECTBEHHBIMH Pa3MUYUAMU B MCXOAHBIX 3HAYCHUAX IIEPO-
XOBaTOCTH IMOJIOMKEK.

BBenenne HaHOYACTHII B CTPYKTYpY MOJIMMEPHON IUIGHKM Ha CTekse odecreunBaeT (opMupoBaHHe 00-
Jiee pa3BUTON MOBEPXHOCTH M, KaK CJEJCTBUE, MOBBIIICHNE MMapaMeTpoB LepoxoBarocTH. [Ipu nepexone ot
mnenok [IMMA (1 mr/mn) k nmenkam [IMMA ¢ nanouactunamu SiO, (1,67 - 10 Monb), chopMUPOBAHHBIM
Ha rUAPOGUIN3UPOBAHHOM KPEMHUH, 3HaYeHus R, 1 R, CHIKaOTCA 32 CYET PABHOMEPHOTO Paclpe/ieNIeHus
HaHOYACTHUIl B TOJIUMEpHON Matpwuie. [Iponcxomut dhopMupoBaHUE OTHOPOMHON MOTUMEPHON TUICHKH, JIe-
(heKTBI KOTOPOH 3aMOTHAIOTCS HEOPTaHWIECKIMI HAHOYACTUIIAMH BILIOTH JIO MIX conepskanus 5,0 - 10% MO,

C yBenMUYeHHeM COfep/KaHHs HAHOYACTHI[ JHOKCHIA KpeMHHs 10 3,3 - 10° Moib BO3pacTaeT Kak 4mciIo
KOHIJIOMEPATOB B CTPYKTYpE INIEHOK, TaK M UX pa3Mepsl. S4eiku, xapakTepHbie 1 cTpykTypsl IIMMA, cra-
HOBSTCS] MEHEE BBIPRKEHHBIMH, H IPOUCXOAUT (POPMUPOBAHNUE MJIOTHOHM CTPYKTYpPHI (CM. pHC. 5, 6; puc. 6, 0),
IIPU STOM 3HAUCHUS IIEPOXOBATOCTH HA CTEKJIC CYIIECTBEHHO HE M3MEHSIIOTCS, & HA KPEMHUHU YMECHBIIAIOTCS
(cm. puc. 7).

CoxpaHeHne 3HaYE€HUH MIepOXOBATOCTH JUIS TUICHOK, ITOTyYeHHBIX Ha CTEKIIe, IPU YBEIIMYCHUH CONIEpIKa-
Hus Ha”ouactuy SiO, ot 1,6 - 10% 10 3,3 - 10° MOJIB MOXET OOBSICHITHCS 3aOTHEHHEM arJoMeparamMu coo0-
CTBEHHBIX Je(PEKTOB MOTOKKH.

KoMIIO3UITMOHHBIE HAHOCTPYKTYPUPOBAHHBIE TUIEHKU C colepskanueM Hanodactui SiO, 5,0 - 10> Mo
HMMEIOT CTPYKTYpPbI IPUHIIUIIHAIEHO HHOTO Xapakrepa (CM. puc. 5, 6; puc. 6, 8). Tak, Ha MOKPOBHBIX CTEKIax
(dopMupyeTcst CIIOUCTas «ICTIECTKOBass» CTPYKTypa (pasMep CTPYKTYpHBIX eamHui — 590-680 HM) ¢ yeTko
OYEPUYCHHBIMU KpasMU. 3HAYCHUS MISPOXOBATOCTH JJIsi TAKUX MOBEPXHOCTEH HawmOombiime (CM. puc. 7, a):
R,=2,12 um, R, = 4,18 um (0bmacTh CKaHUPOBAHUS — 5 X 5 MKM).

JUIs TOKPBITHIA TaKoTO e COCTaBa, CPOPMHUPOBAHHBIX HAa KPEMHHEBBIX TIACTHHAX, XapaKTepHO paBHO-
MEpHOE paclpeeieHre HeopraHMIecKuX JacTuIl pazMepoM oT 40 mo 200 HM, TIpeaCTaBIMIONUX coO0M Kak
OJIMHOYHBIE HAHOYACTHUIIBI, TAK ¥ KOHIJIOMEPATHI, pacIipeesIeHHbIE TI0 TOTMMEPHON MaTpHIle.

[Ipu BBeneHUN HAHOYACTHUI] TUOKCUIA KPEMHUS B COOTHOIICHUU 6,7 - 10* Monb MIPOUCXOINT paz0aBiIcHUE
pactBopa [IMMA B 5 pa3, 4To IPUBOAMUT K HEBO3MOKHOCTH (POPMHUPOBAHUS TUNIOTHON TUICHKH Ha TMOBEPXHO-
CTH TTOJJIOXKEK BCIICICTBIE BO3pACTaHHS BHYTPEHHETO HANIPSKeHNs IVIEHKU Ha OATIOKKe. B pesynbrare oOpa-
3yI0TCA IUICHKU C HEPAaBHOMEPHO pacIipeieICHHBIMU 0 pa3MepaM KOHITIOMepaTaMy MoJIMMepa U HAaHOUACTHUIL
(cMm. puc. 5, 2; puc. 6, 2).

Binsinue HaHOYACTHI AMOKCHIA KPEeMHHUS HA CMAaYHBAeMOCTh TOHKHX HAHOCTPYKTYPHPOBAHHBIX ILJIe-
HOK Ha ocHoBe [IMMA. BBeieHre HaHOYACTHII JUOKCUA KPEMHUS B COOTHOIIEHUAX 1,7 - 101 3,3 - 10* mons
B CTPYKTYpY MOJIMMEPHON MaTPHUITHI MPUBOAUT K yMeHbIIeHH 0 KY C OKpeITHiA, CHOPMUPOBAHHEBIX HA THAPODH-
JTU3UPOBAHHOM KpEeMHUU (pHC. 8, @), 32 CUCT YBETUUCHISI TOJISIPHON COCTABIISIONIEH yAeIbHOM MOBEPXHOCTHON
sHepruu (cM. puc. 8, 6), OCHOBHOM BKJIaJl B 3HAYEHUSI KOTOPOI BHOCIT HAHOYACTHUIIHI AUOKcHIa KpemHus. [Ipu
JanbHERIIEM OBBIIEHHH COAEPKaHUs HaHodacTuIl 10 5,0 - 10° Mons 3nauenus KYC ne usmensiorcs. Kom-
TNO3MIMOHHBIE TIeHKH cocTaBa [IMMA — SiO, ¢ conepskanueM HaHoyacTHil 6,7 - 10° MOJIb IEMOHCTPHPYIOT
CHIDKEHHE THIPO(MUITBHBIX CBOWCTB, YTO CBS3aHO C HATMYMEM OOJIBIINX KOHIIIOMEPATOB B COCTABE MOJMMEPHOMH
MaTpHIb (CM. puC. 6, 2), KOTOPBIE TPUBO/IAT K POCTY 3HAYSHHI MIEPOXOBATOCTH H, KaK CIIEJICTBHE, TIOBBIINICHUIO
ruApohoOHBIX CBOMCTB TOBEPXHOCTH (coryiacHo ypaBHeHNI0 Kaccu — bakcTepa).
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Puc. 5. CtpykTypa KOMIO3HIIMOHHBIX IeHOK [IMMA ¢ HaHOYacTHIIaMU
JIMOKCH/Ia KPeMHHUS, CHOPMHUPOBAHHBIX METOJJOM CIIMH-KOYTHHIa
Ha TUAPOGHIN3HPOBAHHBIX CTCKIISIHHBIX [OJIOKKAX U3 CYCIICH3UH
¢ paznuaHbeIM cootHomenueM [IMMA u SiO,, Monb:
1:1,67-10°(a); 1:3,3-10°(6); 1:5,0-10*(8); 1 : 6,7 - 10° ()
Fig. 5. Structure of composite PMMA films with silicon dioxide
nanoparticles formed by spin-coating method on hydrophilised glass
substrates from suspensions with different ratios of PMMA and SiO,, mol:
1:1.67-10°(a); 1:3.3-10°(b); 1:5.0-10° (¢); 1 : 6.7 - 10° (d)

ITnenxu cocraBa IMMA — SiO, ¢ conep:xanuem HaHo4acTHIL 1,7 - 10* Mo1b, CHOPMUPOBAHHBIE HA CTEKIIE,
HE UMEIOT 3HAUYNTENBHBIX OTIHYHi B 3HaueHMsIX KYC ot tuienok [IMMA, moy4eHHBIX U3 pacTBOpa ¢ KOH-
neHTpanueit 1 Mr/mi (cM. puc. 8, a), 9To 00BSICHIETCS COBOKYITHBIM JISHCTBHEM JIByX (haKTOPOB: pa30aBiIeHUs
HCXOHOTO pacTBOpa MoJinMepa B 2 pa3a U MOBBIILIEHHUS TOISAPHOI COCTABIISIIOIIECH yAeIbHON MOBEPXHOCTHON
SHEPrUH BBUAY BCTPAaWBaHUsI HAHOYACTHUI] B CTPYKTYPY MOJUMEPHOU IJICHKH (CM. puc. 8, 6). YMeHbIIeHHE
koHneHTpanuu [IMMA sBisieTcs pakTopoM, MOBBIMIAIKAM THAPOGoOHEIe cBolicTBa. Tak, KYC mokpsI-
tuii [IMMA, chopMupoBaHHBIX Ha THAPO(DHIN3HPOBAHHOM CTEKJIE METOJIOM CIUH-KOYTHHTA M3 PacTBOpa

E?y — CmONeIMH AR womo]om Jx/wpw 45



ZKypnaa Besopycckoro rocyiapcTBeHHOro yuusepcurera. Xumus. 2021;2:36-49
Journal of the Belarusian State University. Chemistry. 2021;2:36—49

YWY —
¢ koHtenTparmeii 0,5 mr/mi, cocrasisier 69,4°, B To Bpemst kak KYC mienok IMMA, moiy4eHHBIX aHAIOTHY-
HBIM CITOCOO0M 13 6oJiee KOHIIEHTpUPOBAaHHOTO pacTBopa (1 mMr/mi), pasen 51,4° (cMm. puc. 8, a). TToBsiieHne
MOJISIPHON COCTABIISIFOIICH YIENbHOW MOBEPXHOCTHOM SHEPTHH, B CBOIO 0Yepellb, CIIOCOOCTBYET YBEIUYCHHIO
THIPOPHUILHOCTH MOKPBITHSL.

Tnenku ¢ comepxkanueM Hanodactun SiO, 3,3 - 10° Mok Moka3pBaloT HanMeHbIHe 3Haderus KYC (armo-
MepaThl HAaHOYACTHUI[ MOTYT BBICTYIIaTh Ha TOBEPXHOCTH TUICHKH, TOCKONIBKY pacTBop [IMMA pazbasien
B 3 pa3a M0 CpaBHEHHIO ¢ MCXOnHBIM). JlanbHeilee MOBBIIEHNE COlepKaHus HaHOYacTHIl oT 3,3 - 107 110
6,7 - 10° MOMIb B COCTaBE KOMIIO3UIMOHHEIX TIJIEHOK, CHOPMHPOBAHHBIX HA CTEKIIE, IPUBOIMUT K 3HAYMTEIHHO-
My yBenuueHnto KYC, uto 00ycroBIeHO KOMIUIEKCHBIM BIUSTHHEM HECKOJIBKHX (PaKTOPOB: OOJIBIIOTO coaep-
JKaHWsl HAHOUACTHUI] B COCTaBE IJICHKH, BRICOKOH cTenenn pazdasienus [IMMA, coOCTBEHHOM 1IEpOX0OBaTO-
CTH CTEKJISTHHOHN TTO/IIJIONKKH.

a/a o/b
5,1 mxm % 5,0 mxm X 17,0 am [211 % 207] Z, HM s 5,1 mxm X 5,0 Mmkm X 26,4 um [102 X 101]  z, HM
B F 26
.16 =
15 24
E14 22
F13 =20
F12 3
=18
.11 3
10 :16
9 - 14
g 12
L6 10
5 8
4 6
3
) 4
1 2
0 0
6/c e/d
5 5,1 mxm X 5,1 MM X 2,4 1M [212 X 211] Z, HM 5,1 MxMm X 5,1 MM X 87,1 HM [54 X 54] Z, HM
: F84
=77
2
=70
F63
-56
49
42
1 35
28
21
14
0

X, MKM

Puc. 6. CtpykTypa KOMIO3UIIMOHHBIX MIeHOK [IMMA
C HAaHOYACTHI[AMU JMOKCH/Ia KPEMHUS, ChOPMUPOBAHHBIX
METOJIOM CIIMH-KOYTHHTa Ha THAPO(QUIN3UPOBAHHBIX KPEMHHUEBBIX
HOJUIOXKKAX M3 CyCIeH3HUil ¢ pasnuyHbiM cootHoeHueM [IMMA u SiO,, Moib:
1:1,67-10°(a); 1:3,3-10°(6); 1:5,0-10%(6); 1 : 6,7 - 10° (2)
Fig. 6. Structure of composite PMMA films with silicon dioxide nanoparticles
formed by spin-coating method on hydrophilised silicon substrates
from suspensions with different ratios of PMMA and SiO,, mol:
1:1.67-10% (a); 1:3.3-10*(b); 1:5.0-10°(c); 1 : 6.7 - 10> (d)
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HIEPOXOBATOCTH OT COJEPKAHUSI HAHOYACTHUI] AUOKCHIA KPEMHUS B KOMIIO3ULIMOHHBIX
mieHkax cocrasa [IMMA — SiO,, chopMupoBaHHBIX Ha TUAPOMHINZHPOBAHHBIX
MIPEAMETHBIX CTEKNIaX (a) 1 KPEMHHEBBIX IUTACTHHAX (0)

Fig. 7. Dependence of the arithmetic mean (R,) and root mean square (R ) roughness
on the content of silicon dioxide nanoparticles in composite films
of the composition PMMA — SiO, formed on hydrophilised glass slides (a) and silicon wafers (b)

ala 0/b

10 20 30 40 50 60 0 10 20 30 40 50 60
Conepxanue SiO,, x 10°Monb (na 1 mons [IMMA) Conepxanue SiO,, x 10°Mob (na 1 mons [IMMA)

—— Kpemunii  —m Crekiio

Puc. 8. 3aBucumocts 3HaueHnit KYC (a) 1 monspHON COCTaBISIONIESH yIeNbHON ITOBEPXHOCTHON
sHepruu (6) ot coaepxkanust Hanodactul SiO, B nonuMepHoit Marpurie [IMMA
JUISL KOMITO3HIIOHHBIX TIOKPBITHI Ha THAPOGHUIN3UPOBAHHBIX IIPEIMETHBIX
CTEKJIaX ¥ KPEMHHEBBIX [UIACTHHAX, CHOPMHUPOBAHHBIX METOIOM CITHH-KOYTHHTA

Fig. 8 Dependence of the CA values (@) and the polar component of the specific
surface energy (b) on the content of SiO, nanoparticles in the PMMA
polymer matrix for composite coatings on hydrophilised glass slides

and silicon wafers formed by the spin-coating method

3akaueHmne

Ha ocHOBaHWU DKCIIEPUMEHTAJBHBIX JaHHBIX, MONYYeHHBIX MeTooM ACM, Oblia U3ydeHa CTPYKTypa
IUICHOK, CHOPMUPOBAHHBIX METOJIAMH MOJTUBA U CITMH-KOYTHHIA U3 PACTBOPOB C PA3TUYHBIMU KOHI[CHTPALIUSI-
mu [IMMA u Hanouactur SiO,. [TokazaHo, 4TO METO/ CIIUH-KOYyTUHIa SBISETCS OoJee MPEANOUYTUTEIbHBIM
npy HOPMHUPOBAHUH TOHKUX HAHOCTPYKTYPHUPOBAHHBIX MOHOCIIOWHBIX TMIOKPBITUH MO CPABHEHHUIO C METOAOM
nomBa. ONTUMANTBHBIM CTIOCOOOM TIPEIBAPUTEILHON 00paOOTKH TMOMIONKEK BHUAWTCS WX THAPOQPUITH3AIAS
(coueTaet B ceOe OUMCTKY U JIOTIOTHUTENLHYIO AKTUBAIMIO TOBEPXHOCTH TOAJIOKEK, HE TpeOyeT creraibHO-
IO anmaparypHoro opopMiIeHHs, HEIPOOKUTEIIEHA BO BPEMEHH ).
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Bsenenune nanouactuil SiO, B cTpyKTypy mosumepHoit Marpuisl [IMMA no conepskanus 3,3 - 10 Moib
Ha CTEKJISTHHBIX MOAJIOKKAxX oOecrednBaeT 3HaunTenbHoe cHikenne KYC u noBbllieHre nmapameTpoB HaHO-
LIEpPOXOBATOCTH 110 CpaBHEHMIO ¢ TuieHKaMu [IMMA.

PazpaboTanHble KOMIIO3UIIMOHHBIE TIOJMMEPHBIC TTOKPBITHS C HEOPraHUYECKUMHU HAHOYACTUIIAMHU Ha CTe-
KJISSHHBIX TOJJIOKKaX MOTYT HallTW MpHUMEHEHHe MpH KOHCTPYHPOBAHUHM AKTHBHBIX AJIEMEHTOB ONTHYECKHX
XUMHMUYECKHUX CEHCOPHBIX CHUCTEM aHaJN3a KauecTBa KaK MUTHEBOM, TAK U CTOYHBIX BOJ| Ha MpEeaMET MPUCYT-
CTBHS B HUX Pa3IMYHBIX 3arpsi3HUTEINICH OpraHnuecKoi (TOKCHYHBIE OPraHMueCKUe COCAMHEHHS) U HEOpTraHH-
YeCKOM (TshKeIbIe METalIbl) TPUPOIBI.
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NN
NANAZ
1o 1000 °C. Manast moTepsi Macchl HCCIETOBaHHBIX KOMIO3UTOB (He 6omee 10 %) 1 OTCYTCTBHE 3HAYUTEIBHBIX TEPMO-

B(b(i)eKTOB CBUACTCIILCTBYIOT O IEPCIIEKTUBHOCTH UX UCIIOJIB30BaHUA B KAYECTBE TepMOCTOﬁKOﬁ MaTpUlbl JJ1d MMOJTYYCHUS
(I)YHKHI/IOHaJ'IbHLIX KOMITO3UIITUOHHBIX MAaT€pUajioB.

Kntrouegvie cnosa: TepMOCTOWKIE KOMITO3UTHI; TBEpbIe (hoChaTHBIC CBI3YIOIINE; MarHUA-(ochaTHOE CBI3YIOMICE;
KasbIui-(hochaTHOE CBs3YyIOLIEe; CMELIaHHbIE KaJlbLUH-MarHui-GocdaTHbIe CBA3YIONIME; OKCU aJIFOMUHUS; HUTPU
AJIFOMUHUA,; 1OJIOMUT.

Bnazooapuocme. Pabota BeIITONHEHA TIpH (UHAHCOBOU mopaepxkke MuHmcTepeTBa o0pazoBanus Pecnyonuku be-
napych (3amanue 2.1.07.2 rocyaapCTBEeHHOM MPOTpaMMBl HAYYHBIX MCCIEIOBAHNN « XUMHUYECKUE TIPOIIECCHI, PeareHThI
¥ TEXHOJIOTHUH, OMOPETYIATOPHI U OMOOPTXUMUS).

PREPARATION AND STUDY OF THERMOSTABLE COMPOSITES
BASED ON SOLID MAGNESIUM PHOSPHATE
AND CALCIUM PHOSPHATE BINDERS

N. S. APANASEVICH?, K. N. LAPKO"" A. N. KUDLASH®, A. A. SOKAL",
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Thermostable composite materials based on solid magnesium phosphate and calcium phosphate, as well as hybrid
calcium magnesium phosphate binders have been developed and investigated. Thermal and phase transformations of
the phosphate composites have been studied. Strength characteristics of composite materials have been determined
in the temperature range of 20—1000 °C. It is shown that the obtained phosphate composites have high strength properties
(compressive strength reaches 120—130 MPa) and are characterised by high thermal stability in the temperature range up
to 1000 °C. The low weight loss of the studied composites (no more than 10 %) and the absence of significant thermal
effects indicate that they are promising for use as a thermostable matrix for obtaining functional composite materials.

Keywords: thermostable composites; solid phosphate binders; magnesium phosphate binder; calcium phosphate bin-
der; hybrid calcium magnesium phosphate binders; aluminum oxide; aluminum nitride; dolomite.
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BBenenue

Ha coBpeMeHHOM 3Tarne pa3BUTHS HAYKHU U TEXHOJIOTHH BECbMa aKTyaJbHbI HCCIICAOBAHUS 1O pa3paboTKe
(docdarHpIx KOMIO3UIMOHHBIX MarepuanoB (KM) ¢ perynmupyembiMu cBolictBamu [1-9]. Cpean Gonbiioro
pa3zHoo0pa3us STUX KOMIIO3UTOB 0COOBIN HHTEPEC MPEACTABISIOT TEPMOCTONKIE MaTepHalibl HA OCHOBE HEOP-
ranndeckux Gocdarpix cs3yromux [10-12]. Jdanneiii Tun KM BBITOIHO OTINYAETCS OT OCTAIBHBIX JIOJITO-
BEYHOCTHIO M BO3MOXKHOCTBIO HCIIOJIB30BAHUS B MIHMPOKOM HMHTepBasie temmeparyp (ot —200 mo +2000 °C).
Kpome Toro, npon3BoacTBo NOZOOHBIX KOMIIO3UTOB ABJISIETCSI O€30TXOAHBIM U HE TPEOYET CII0KHOTO TEXHOJIO-
THYECKOTO 000PYIOBaHMS.

C npumenenueM QochaTHbIX CBA3YIOIIMX MOTYYalOT Takue TepMocToiikue KM, Kak Terion30npyomme
Y OTHE3alIUTHBIC TIOKPBITHS, KIIEEBbIE KOMITO3UIIMHU, TEKCTOIUTHI, OTHEYIIOPHBIE MaTepuaisl (pyTepoBkH, Oe-
TOHBI), 0€300)KUTOBAsI KEpaMUKa, KPACKH, KOMITayH bl U T. 1. [13—17].

J1 M3rOTOBNIEHUST TEPMOCTOWKHUX KOMIIO3UTOB B HACTOAIIEE BPEMs IMIMPOKO HCIIONB3YIOT KUAKUE (POC-
(atHble cBsa3yromme. OQHAKO PU 3TOM BO3HUKAIOT OIPEIEICHHbIC TPYAHOCTHU: JKUIKHE CBA3YIOIIHE, KaK Ipa-
BUJIO, HEYCTOMYMBBI IPH XPAHEHNH, IIOCTEIIEHHO B PACTBOPAX MPOUCXOISAT MPOLECCHl KPUCTAIUIN3ALIH, TIPH-
BOJALINE K 3HAYUTEIBHOMY YCIOKHEHHUIO TEXHOJIOTMYECKUX ONEpAliil MPH UX NPUMEHEHHUH. B cBsA3M ¢ 3TUM
B COBPEMEHHOM MaTepUaIOBEICHUH JIOCTATOUYHO aKTyaJlbHBIM CTAHOBUTCS MOUCK Ooriee 3PPEKTUBHBIX METO-
JMK M TEXHOJIOTHH N3roToBIeHUs (ochaTHBIX KOMIIO3UTOB.
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[Tepexon Ha TBepbIe hochaTHbIe CBsI3YIONIUE (10 AHATIOTUU ¢ TEXHOJIOTHEH CyXUX CTPOUTEIIBHBIX CMECECH )
3HAUUTEJIBHO YIPOLIAET U COBEPIICHCTBYET MPOLECC U3TOTOBJICHUS TEPMOCTOHKNX (hochaTHBIX MaTepHUaIoB.
[Tpu nmpousBoncree KM ykasanHast TeXHOJOTHs 00JagaeT psSaoM MPEUMYLIECTB, TaK KaK B pe3yJabTare yBe-
JMYUBAIOTCSL CPOKU XPAHEHUS! U MCIIOIB30BaHMs CMECeH, CHIKAETCSl MaTepruaioeMKOCTh paboT, B Tipolecce
MOATOTOBKHU CHIPBSI 00€CTIeYMBAIOTCS COOIIONICHHE CTPOTO ONTUMH3HPOBAHHOTO (PAaKIIMOHHOTO COCTaBa HC-
XOJIHBIX KOMIIOHEHTOB M TOYHOE WX no3uposanwue [18—20].

OO6b1uHO (ochaTHbIe CBI3YIOMINE MPEACTABIAIOT 000 pacTBOpPhI (ocdaToB METANIIOB, Yallle JUTHAPO-
¢docdaros, momyyaeMbIx HEUTpaNIU3auel KUCIOTHI C TIOMOIIBIO OKCHJIOB U TUAPOKCUIOB WJIH PACTBOPEHUEM
peakTuBHBIX pocdaros B Boze [14].

Taxk, manmpumep, Marauit-pocdaraoe cassyromee (MPC) momydaroT B pe3ybTaTe peakIiuil pacTBOPEHUS
OKCH/a, THIPOKCHA, KapOoHaTa WM OCHOBHOTO KapOoHaTa Maruus B opTroochOopHON KUCIOTE B COOTBET-
CTBHH CO CIENYIOIIUMHU ypaBHeHUsIMH [14; 21]:

MgO + 2H,PO, — Mg(H,PO,), + H,O, (1)

Mg(OH), + 2H,PO, — Mg(H,PO,), + 2H,0, )
MgCO, + 2H,PO, — Mg(H,PO,), + H,0 + CO,T,
(MgOH),CO, + 4H,PO, — 2Mg(H,PO,), + 3H,0 + CO,T.

B pesynprare cuHTe3a 00pa3yroTcs MPO3payHbIe BSI3KUE PACTBOPBI C XOPOIIEH Kiesinel CrioCOOHOCThIO
U CTaOMIBHOCTHIO JI0 5 CYT, MTOCJIE 3TOTO BPEMEHU HAUWHAIOTCSI MPOTIECChI MEUICHHON KpucTamn3anud [ 14].
Marnwuii-pochaTHoe cBsI3yOIIee MPEACTABISICT COOOH BOTHBIN PacTBOP oqHO3aMeIeHHOTo (ocdara Maraus
(Mg(H,PO,),) [14; 16].

Kambrmit-pocharnoe cpszyromee (KOC) momyvaror npu B3aUMOACHCTBUU THAPOKCHIA WIH KapOOHATa
KaJbIus ¢ OpToPochopHON KUCTOTOM:

Ca(OH), + 2H,PO, — Ca(H,PO,), + 2H,0, 3)
CaCO, + 2H,PO, — Ca(H,PO,), + H,0 + CO,T, 4)

a TaKk)Ke PaCTBOPEHUEM B BOJIEC BBIITYCKa€MOI0 MPOMBIIIJICHHOCTBIO AUTHApodocdara kanpuus [15; 22].

Kanbruit-pocharHoe cpsi3yrolee MpeacTaBiseT co00i BOMHBIA pacTBOP OJHO3aMelleHHOro (ocdara
kanbuus (Ca(H,PO,),) [23].

B paborax [18-20] Obu10 TIOKa3aHO, 9TO 3aMeHA KUIKUX (POCHATHBIX CBAZYIOMINX Ha TBEPIbIC MPHBOIUT
K YAy4IIEHHIO (PyHKIMOHAIBHBIX XapaKTepPUCTUK MaTepHajoB, TOJyUYCHHBIX ¢ UX MPUMEHEHUEM. TBepabie
CBSI3YIOIINE SIBJISIOTCS] CTAOMIIBHBIME TIPH XpaHEHWH, KOMITIO3UTHI Ha MX OCHOBE MMEIOT BBICOKME IKCILTyaTa-
[IMOHHBIC CBOMCTBA [24; 25].

Cpenun TBepabpix (hochaTHBIX CBS3YIOUIMX HAWOONBIIUI WHTEPEC MPEICTABISIOT TUTHAPOPocharsl Mar-
HUs U Kanblmda. ClienyeT OTMETHTh, YTO B KadecTBe TBepAbIX MPC MokeT ObITh MCIOIB30BaH Kak 0e3BOII-
HbIl puruapodocdar maraua (Mg(H,PO,),), Tak u ero xpucramtoruaparsl coctasa Mg(H,PO,), - 2H,0,
Mg(H,PO,), - 4H,0 [26], B xauectBe TBepubix KOC — G6e3Boanblil auruapodocdar xansuus (Ca(H,PO,),)
u ero kpuctamuoruapar cocrasa Ca(H,PO,), - H,0O [22; 26].

[Ty6nukanmu o npuMmeneHuo TBepAbix MPC u KOC nemuorouncinennsl. PaboTel, B KOTOPBIX IS TO-
ny4yenus: TepMocToikux KM ucnonbs3yroT TBep/ble CMelIaHHbIe KalblUi-MarHuii-pocdarHbie CBA3YIOIINE
(KM®C), orcyTcTytor. [I[ppumeHeHne mprupofHOTo MUHEpaia J0JIOMUTA, SBJISFOIIEr0Cs TOCTYITHBIM KaJIbIHii-
1 MarHuHcozep kaIum cobipseM B PecyOnuke benapycs, 11 npon3BocTBa CMEIIAHHBIX CBSA3YIOLIUX MIO3BOJIUT
YMEHBIIUTh CTOMMOCTb KOHEYHOTO MPOAYKTA.

Lenb paboThl — OMyYeHHE U UCCIENOBaHUE TBEPABIX (OChaTHBIX CBAZYIONINX, pa3paboTKa 1 U3yUCHUE
COCTaBOB TEPMOCTOMKHIX KOMIIO3UTOB Ha MX OCHOBE JJIsI CO3JJaHHsI MATePHAJIOB Pa3IMIHOTO (PYyHKIMOHAIHHO-
r0 Ha3HAYCHHUSI.

MarepuaJjbl 1 METOAbI UCCJIEIOBAHUS

B pabote ucnons3oBanu cieayroouye peakTusbl: kopyH (0i-Al,O,; anekrpokopysn, dpakuus — F1000,
d oerun = 2—10 MxM) (AO «PYCAJI Bokcuroropekuii rmunoszem», Pocenst), autpun amomunus (AIN) Grade A
(dery = 0,01-0,10 Mxm) (OOO «IInasma, kepamuka, TexHOnorus», Jlarsus), okcun Maraus (MgO) mapku
«4. 1. a.» (3AO «Ilate okeanoB», benapycs), ruapokena maraus (Mg(OH),) mapku «4. 1. a.» (3aBox «Kpac-
HbII xuMuk», Poccust), ruapokeun kansuus (Ca(OH),) mapku «u. 1. a.» (AO «Bekrton», Poccust), kapboHat
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kanbius (CaCO;) (3AO «ILate okeaHoB»), oprodocdophyto kucnory (H,PO,) mapkn «x. 4.» (OO0 «Xumpe-
akTUBKOMILIEKT», benapycs), nonomur (CaCO, - MgCO,; 1010MUT TOHKOAUCIEPCHBIN [l OETOHOB U CTPOU-
tensHBIX pacTBOpoB A T-1 (CTh 2060-2010)) (OAO «[lomomuty», benmapycs).

Cuntes MOC u KOC npoBoaunu nytem J00aBICHUS] PU HENPEPHIBHOM TEPEMEIINBAHUN CYCIICH3UH
MgO unu Mg(OH), (Ca(OH), nmu CaCO;) B oxnaxaennsle 10 0—-5 °C pacTBOpbl KOHIEHTPUPOBAHHOM OpTO-
(docdoproii kucnorsl (maccosas gonsa (w) H;PO, — 85 %), B3siTble B CTEXMOMETPUUECKOM COOTHOILLICHHUU. 3a-
TeM peakinoHHyto cMech Harpesasu 10 100 °C B Teuenue 1 u. [loxydenne M®PC onuceiBaeTcs: ypaBHEHUAMU
xumuueckux peaknuii (1) u (2), KOC — ypaBaenusmu (3) u (4).

B pesynerare cuaTeza M®C 06paszoBajcs BI3KUNA pacTBOP, KOTOPBINA 3aKPUCTATA30BAJICS uepe3 3—5 cyT
Npy KOMHATHOW Temreparype. BrinaBime KprcTamibl ObIIH OTAENEHBI OT PACTBOPA M MPOMBITHI alleTOHOM.
B nporiecce cunreza KOC 0O6pazoBaHusi TOMOTEHHOW CUCTEMBI HE TPOUCXOAMIIO, B UTOTE MOTYYHIIACH BEICOKO-
BSI3Kas CyCTIEH3HsI, KOTOpas 3aKPHCTAJUIN30BaIach B TeUEHHE 3—5 CyT.

CunresupoBannbie MOC u KOC nocne BricymuBanus Ha Bo3ayxe (mpu temmeparype (20 + 2) °C u ot1-
HOCHUTEILHOU BIAXHOCTU 75—85 %) U3MeIp4aiy 10 MOPOIIKOOOPA3HOTO COCTOSIHUS U HCITOIb30BAIIN B CYyXOM
BHJIE JUTS TTONTydeHust Ha ux ocHoBe KM. YcraHoBieHO, 9uTO TBepabie pochaTHbIe CBSI3YIONTHE SBISIIOTCS HE-
TUTPOCKOTTMYHBIME M UMEIOT HEOTPaHUUEHHBIH CPOK TOTHOCTH MPHU COONIOICHUH COOTBETCTBYIOLINX YCIOBUN
XpaHEHUs.

Cwmemannapie KM®C ObI1M CHHTE3HPOBAHBI C TPUMEHEHHEM KaK MCXOIHOTO JTOJIOMUTA, TaK U JIOJIOMHUTA,
npeaBaputesibHo TepMoodpadoranHoro (TO) go 1000 °C B uensix yMeHbIICHHS Ta3000pa30BaHUs B IIPOLECCE
CHHTE3a CBA3YIOILIETO, BbI3BaHHOTO BhiAeneHneM CO,. [Tonyuerne KMOC ocymiecTBisim myTeM 100aBICHUS
TP HETIPEPHIBHOM TIepEMEIINBAHUH BOAHOMN CYCTICH3UH TOJIOMUTA B KOHIIEHTPHUPOBAHHYIO 0pTOPOChOpHYIO
KHUCIHOTY (W = 85 %), B3TYIO B CTEXHOMETPUUYECKOM COOTHOLIEHUH. 3aTeM peaKIIMOHHYIO CMECh HarpeBajt J10
100 °C, cuHTe3 Benu A0 NpeKpalieHus BbAeIeHus rasa (oxoso 2 4). B pesysnsrare 00pa3oBbIBaIUCh BEICOKO-
BSI3KHE CYCTICH3HH.

HanonnauTtens st GpocdaTHbIX KOMIO3UTOB MOTy4YaIu cMeIInBaHieM nopomkos o-Al,O; u AIN B Macco-
BOM cooTHouieHuu 9 : 1 [18; 24].

O6pa3sirer Tepmoctoiiknx KM Ha ocHOBE TBepabIX (hoC(haTHRIX CBA3YIOMNUX U3TOTOBJICHBI ITyTEM TIIATETh-
HOTO TICPETUPAHUS B CTYIKE HATIOJIHUTEISI M TBEPOTO CBSI3YIOUICTO C MOCIEAYIOMNM J100aBIeHueM HE00X0-
JTUMOTO KOJTU4eCTBa BOABI. [10ydeHHY0 OTHOPOIHYIO CMECH ITPOCEUBAIIH U ITPECCOBAIH B (DOpME IIUITHH]IPOB
muamerpoM 10 MM u BeIcoTOM 9—10 MM. VaenbHOE maBieHUE IpeccoBaHus 00pasmnoB cocrarimsuio 160 MIla.
[Tocne oTBepKACHUS KOMIIO3UTOB Ha BO3JyXe B T€UeHHUE 2 CyT Obla MPOBEJCHA UX TepMOOOpadOTKa B BO3-
nyuHoi armocdepe B neunt SNOL (Umega, JIutsa) co ckopocthio Harpeanus 1 °C/mun g0 200 °C, 2 °C/mMun
B uHTepBaje 200-300 °C, 3 °C/mun B uatepnaine 300-600 °C, 5 °C/mun cBrimre 600 °C.

Dusnko-xumuueckoe ucciaenopanue KM. OOpa3ip! Al TEPMUUECKOTO aHalM3a ObIITH OTBEPKIICHBI TIPH
KOMHATHOHU TeMIleparype U pacTepThl O MOPOIIKOOOPA3HOTO COCTOsSHUS. McciaemoBanys BBITIONHSIIN C HC-
royb3oBanreM TepMmoananm3aTopa Netzsch STA 449 C (Netzsch, 'epmanus) ipu HarpeBaHUU KOMITO3UTOB
ot 20 1o 1000 °C B Bo3my1rHO#M armocdepe co ckopocthio 10 °C/mun. HaBecka o0pasiia coctapisiia ot 5 1o 10 mr.

HcnbiTanus Ha IPOYHOCTD MIPU CHKATUH (O, ) TEPMOCTOUKUX KOMIIO3UTOB IIPOBOJMIM HA YHUBEPCAIBbHON
ucnpiTarensHoit Mammuae MTS Criterion 43 (MTS Systems Corporation, CIIIA) co CKOpPOCTBIO TpaBEPCHI
5 MM/MUH.

PenTrenorpamMmbl 00pa3ioB ObLIM 3aMMCAHBI HA PEHTIEHOBCKOM juppakromerpe IPOH-3 ¢ ucnons3o-
BanueM uznydenus CoK, (A = 1,7889 A) B untepsane yros 20, paBHoM 5—80°, cO CKOPOCTBIO Pa3BePTKU
1° B MmunyTty. [IpenBapurensHo 0Opasipbl 1Isl peHTIeHO(a30BoOro aHanu3a ObUTH 00paboTaHbl PU OIpee-
JICHHBIX TeMIieparypax. MieHTnukanuio KpucTauindeckux (a3 KOMIIO3UTOB ITPOBOIAIH C UCTIOIh30BAHUEM
nporpammel PCPDFWIN.

Pe3yabTarsl U BX 00CyKIeHUE

DU3NKO-XMMHYECKOe HCCIe0BaHUe TBEPABIX (ochaTHbIX cBA3y0mmX. Kak mokasanu pe3yibTarhl He-
cieoBaHus pa3oBOro cocTaBa cCMHTe3upoBaHHOro TBepAoro MOC (puc. 1), oOpasewn xapakTepu3yeTcs Hallu-
YHEM XOPOIIIO 3aKPHCTAJUTM30BAaHHON (a3bl, KOTOpasi COOTBETCTBYET TETparupary Auruapodocdara MarHus
cocrasa Mg(H,PO,), - 4H,0.

Pesynbrarel TepMuueckoro aHanusa odpasua tBepaoro M®C, npencraBieHHbIE Ha pHC. 2, TOKa3bIBAIOT
HaJM4ue HeCKONbKHUX dHA0d(GdexToB B uHTepBase 100-500 °C u ogroro sx303¢dekra mpu 650 °C, obmas
noTepst Macchl oOpasna npu ero Harpesanuu 10 1000 °C cocrauna ~35 %.
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Fig. 1. XRD pattern of solid magnesium phosphate binder
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Puc. 2. Tepmorpamma tBepaoro MOC
Fig. 2. TG-DSC curves of solid magnesium phosphate binder

CornacHo JIMTEpaTypHBIM JaHHBIM [27-29] 1 pe3yabraraM MPOBEACHHOTO TEPMHUECKOTO U peHTreHoda-
30BOTO aHaIM3a ACTHIpaTalus TeTparuapara quruapodocdara MarHusi MPOUCXOAUT cTyleHuaro. Tak, mpu
HarpeBaauu 10 200 °C B nBe cTaguu ymaseTcs KpUCTaUTM3AIlMOHHAs Boma U oOpasyercs muruapodocdar
maruus (Mg(H,PO,),). [Ipu nanpHeiimem nossimeHny temneparypsl 10 300 °C BenencTBue MOIMKOHICHCA-
LUOHHBIX TPOLIECCOB C yYacTUEM BOJOpOIcOoAepKauX GpocdaTHbIX aHHOHOB (OPMHUPYETCS IBYyX3aMELICH-
HbIil mupodocdar marans (MgH,P,0,), a Taxke BeicokomMouneKyisipHbie (ocdarel. [Tocne monHoro ynaaeHus
KoHAeHcauoHHoH Boxel ipu 500 °C oOpasyercs meradocdar maraus (Mg(PO,),), sx303¢ddexT kpuctamim-
3anuu Kotoporo gukcupyercs npu ~650 °C.

HUccnenosanue azoBoro cocraa TBepaoro KOC (puc. 3) nmokasasno, 4To Moly4eHHbIH 00pa3sel mpeacTas-
asieT co00# KpHcTaJIn4ecKyto (a3y MoHoruapara quruapodocdara kamsuus cocraa Ca(H,PO,), - H,O.

Tepmuueckoe uccnemoBanue (puc. 4) cuaTe3upoBanHoro TBepaoro KOC u aHanm3 JUTEpaTypHBIX TaH-
HBIX [26; 28; 29] moka3au, 9To ero IpeBpalleHus Py HarpeBaHUK B OOIIEM aHAJIOTHYHBI IOBEICHUIO TBEP-
noro M®C. Onnaxo, B otinuue ot TepmorpaMmmel MOC, na tepmorpamme KOC 3x303¢¢exT, cBsi3aHHbII
¢ Kpucrauusanueit Meradocdara mociie OKOHYaHHsI MPOIECCOB JCTUpaTaiuu, GUKCUPYeTCcs mpu Oosiee
Hu3Koi Temmeparype (~440 °C). Eme ogro otmuane B moBeneHnu KOC nadmogaercs npu 950 °C u cBs3aHO
C MosiBJIeHHEM 3H103((hexTa, KOTOPbI COOTBETCTBYET MJIaBlIeHUIO MeTadocdara KalbIys.
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Fig. 3. XRD pattern of solid calcium phosphate binder
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Puc. 4. Tepmorpamma tBeproro KOC
Fig. 4. TG-DSC curves of solid calcium phosphate binder

TepmocToiikne koMmo3uThl Ha ocHOBe TBepAbIX MPC u K®C. Pa3paboTansl U BCCIeIOBaHBI COCTa-
BbI 00pa3oB TepmocToiiknx KM Ha ocHoBe TBepapix MPC n KOC. DkcnepuMeHTaNbHO YCTAaHOBICHO, YTO
ONTUMAJILHOE COZIEPKaHKUE BOABI B JTAHHBIX KOMIIO3UTaX cocTaBisieT 4—6 mMac. %. Mcronb30BaHue MEHBILETO
KOJIMYECTBA BOJIBI HE TIO3BOJISIET MOTYYaTh 00pa3Libl ¢ JOCTATOYHOM TPOYHOCTHIO, B TO BpeMs KaK IPH BBEIACHUH
BOJIbI B KONTuecTBe Oosee 6 Mac. % neperupaemas Macca CTAaHOBUTCS IUIACTHYHOM, YTO JieJIaeT HEBO3MOXKHBIM
(hopMOBaHKME KOMITO3UTOB OIMCAHHBIM B METOJIUKE CIIOCOOOM.

Tepmuueckue npespatieHust GocgarHbix koMno3uToB Ha ocHoBe TBepAbIX MPC nu KOC onmceiatoTcs
TepMOTpaMMaMHU, ITPUBEJICHHBIME Ha pUC. 5 U 6.

AHaJn3 TOJIyYEHHBIX Pe3ylbTaToB MOKa3bIBaeT, 4To mpu HarpeBaHuu a0 200 °C i o0ouX THIIOB KOM-
MO3UTOB HAOIONAIOTCS SHA0IP(EKTHI, CBI3aHHBIE C YalleHHEM aJcOpOMPOBAHHON W KPUCTATUTU3AIIMOHHOM
Bozbl. B Temneparyprnom unrepsaie 200—1000 °C ¢puxcupyercst TonbKo 3303 dext kpuctammzanun AIPO,
¢ makcumymoM Tipu ~650 °C. Ha TepMorpaBUMeTprUIecKOr KpUBOW HAOMIOHACTCS TUIABHOE YMEHBIIICHUE
Macchl 00pa31oB, 00yCIOBIEHHOE yIaJeHHeM BOAbI, 00pa30oBaBILeiics Kak B pe3yJbTare MOJMKOHACHCAUT
IIpOTOHCOAEep AKX (PocdaTHBIX IPYII, TaK U KUCIOTHO-OCHOBHOTO B3aMMOJCHCTBUS HATIOJIHUTENS U CBA-
sytomiero. O01mas morepst Macchl 000UX 00Pa3IoOB cocTaBiseT MeHee 9 %, nmpuueM Hauboliee CylIeCTBEHHAs
oTepsi MPOUCXOAUT TIpH TepMoodpadoTke 1o 200 °C. UMeHHO 3TOT (haKT MO3BONMI B JaIbHEHIIIEM OTpeie-
JUTh YKA3aHHYIO TEMIIEpaTypy B KauecTBE BAKHOTO KPUTEPHS, HEOOXOIUMOTO IS TIOJTyYSHUST TEPMOCTONKHIX
KOMIIO3UTOB ¥ M3yUeHHS UX (PYHKIHOHAIBHBIX XapaKTEPUCTHUK.
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Fig. 5. TG-DSC curves of composite material based on
solid magnesium phosphate binder (Wy;q., = 20 %, Wy, = 75 %, wy o = 5 %)
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Fig. 6. TG-DSC curves of composite material based on
solid calcium phosphate binder (W4 = 15 %, Wy, = 80 %, wyy o = 5 %)

HaIIOJHUTEJIs

Uccnenosanue dazosbix npespamennii KM na ocrose tBepaoro M®C npu repmoodbpadorke 10 1000 °C
(puc. 7) mokasajo, 4To Ipyd KOMHATHOH TEMIIEpaType OCHOBHBIMU KPUCTAINTMYECKUMH (pa3aMH KOMITO3UTA SIB-
Js1r0TCst KoMoHeHThl HanonHuTens (Al O,, AIN) u ceasyromee. I[Ipu Tepmoo6pabotke komnosura go 200 °C
pedaexcsl, coorBercTBytomue Mg(H,PO,), - 4H,0, ucuesaror, 4To CBSI3aHO C yIaJeHHEM KpUCTaJUIU3aIH-
oHHOHU Bombl. B temmeparypuom untepaie 200—600 °C xpuctamanyeckuMu (a3aMy KOMIO3UTa SBIISIOT-
sl TONIBKO KoMIOHeHTh! HanonHutens (AlLO,, AIN), a ca3yroliee U NPOTYKThl B3aUMOJIEHCTBUS HAXOAATCS
B peHTreHoamopduom cocrosauu. [locne Tepmoodpadorku Beiie 600 °C B KOMIO3UTE MOSBISIETCS. KPUCTAI-
nueckast dasza oprodocdara amomunns (AIPO,), KoTopblil 0Opasyercs B pe3ylbraTe XUMHYECKOTO B3aUMO-
neiicteug HuTprua amomMuHust 1 MOC B cOOTBETCTBUM ¢ ypaBHEHHEM

3Mg(H,P0,), + 4AIN — Mg,(PO,), + 4AIPO, + 4NH,T.
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Puc. 7. PentreHorpammsl 06pa3noB GpocaTHbIX KOMIIO3UTOB Ha 0cHOBe TBepaoro MOC
=75 %, W 0 = 5 %) IIpu pa3IuyHBIX TeMIepaTypax oOpaboTKu

Fig. 7. XRD patterns of solid magnesium phosphate composites
(Winder = 20 %0, Wiy, = 75 %0, Wy o = 5 %) at various treating temperatures

Kaxk mokazanm pe3ynsTaTsl H3y9IeHHsI TPOIHOCTHBIX CBOUCTB (puc. 8 n 9), momydeHHsle Ha ocHOBe MDC
1 KOC KoMIO3UTHI B MCCIIEIOBAHHOM HHTEPBAJIE TEMIIEpATyp 00Ia[al0T BRBICOKUMH 3HAYEHHUSIMH IPOYHOCTH
Ha c)KaTue. YCTaHOBJIICHO, YTO Hanbolee onTUMajibHoe cofepxkanue TBepaoro MOC B nzyyaeMbIx CHCTEMax
cocrasinseT 20 mac. %, KOC — 15 mac. %. Cnegyer oTMETUTh, YTO KOMIO3UTHI Ha ocHoBe KDC ycrymator
B IIPOYHOCTH Komno3utaM Ha ocHoBe M®PC. Tak, mpoyHOCTh Ha cxKaTue KoMrno3uToB Ha ocHoBe M®C noctu-
raet 120-130 MIIa, a kommo3utoB Ha ocHoBe KDOC He mpesbimaet 70—80 MIla. TepmooOpaboTka KOMITO3H-
ToB 10 1000 °C IpUBOIUT K TOCIICOBATEILHOMY YBEIIMUSHUIO WX MPodHOCTH B 1,5-2,0 pasa.
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Fig. 8. Dependence of compressive strength of the composites

on the content of solid phosphate binders (7,

=200 °C):

reating

1 — calcium phosphate binder; 2 — magnesium phosphate binder
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Puc. 9. 3aBUCUMOCTb IPOUHOCTH KOMIIO3UTOB
Ha OCHOBE TBEPABIX CBA3YIOIIUX OT TEMIIEPATyphl 00paOOTKH:
1 = KOC (Wyge = 15 %, Wypnamurmens = 80 %0, Wy o = 5 %0);
2-MoC (WMdJC =20 %’ Wianommnrens 75 %7 Who = 5 %)
Fig. 9. Dependence of compressive strength of the composites on treating temperature:
I —solid calcium phosphate binder (W4, = 15 %, Weyer = 80 %, Wy o = 5 %);
2 — solid magnesium phosphate binder (w4, = 20 %, Wy, =75 %, Wy o =5 %)

TepmocToiikue KoMNMO3UTHI Ha ocHOBe cMemaHHbIX KM®C. C ucnonp3oBanueM cMermanasix KMOC,
CHUHTE3UPOBAHHBIX W3 MPHUPOTHOTO JOJIOMHTA, MONydeHbl TepMocToiikne KM, m3ydeHbl MX MPOYHOCTHHIE
cBoiicTBa. Pe3ynbraThl, npeacrasieHHble Ha puc. 10, MokasbIBalOT, YTO KOMIIO3UTH Ha ocHOBe KM®C 006-
Jaal0T BHICOKUMH MPOYHOCTHBIMU CBOMCTBaMH (IIpeAes MPOYHOCTU Npu ckaTuu coctaisieT 80-90 Mlla
nociie 0opadoTku mpu remieparype 200 °C). Haubosiee ontuMaibHOE COEpKaHUE CMEIIAHHOTO CBA3YIOIICTO
B coctaBe komnosurta — 30 mac. %. [lokazarenn npounoctu KM Ha 0CHOBE CBSI3YIONIUX, MOTYYEHHBIX U3 HC-
XOITHOTO ¥ TepMOOOPabOTaHHOTO JOJIOMHTA, B IIEJIOM UMEIOT ONM3KHE 3HAYCHMS.
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Puc. 10. 3aBucuMocTb MpoIHOCTH (HochaTHBIX KOMITO3UTOB
ot cogepxanust KMDC (T, =200 °C):
1 — cBsA3y1O1IIEE HA OCHOBE HCXOJJHOTO JIONIOMHUTA;
2 — cBs3ylOlIee Ha OCHOBE TePMOOOPaOOTaHHOTO JIOTIOMHTA

Fig. 10. Dependence of compressive strength of composites
on the content of calcium magnesium phosphate binder (Zicaing = 200 °C):
1 — raw dolomite binder; 2 — thermally treated dolomite binder

58 B2Y — cmoremunan oot jww;wv



OpurnHajJbHble CTATHH
Original Papers

— YWV

Pesynbrare! Tepmuueckoro ananuza oopasima KM Ha ocHoBe cmemannoro KM®C (puc. 11) mokasbiBator,
YTO XapakTep TEPMUUECKUX MPEBPALICHNI U3Y4EHHOIO KOMIIO3UTa B OOIIEM aHAJIOTHYEH OIMCAaHHBIM paHee
npolreccam JJisl KOMIIO3UTOB Ha OCHOBE MHAMBUAYaJIbHbIX TBepAbIX MDC u KOC. B TeMneparypHOM UHTEP-
Basie 20-200 °C nabmrogarorcst ABa 3HA03(GEKTa, CBI3aHHBIX C yAaJeHUEM aJcopOMpOBaHHOW M KpUCTal-
nu3anuoHHoN Bogpl. [Ipu ganpreitmem HarpeBanuu 10 1000 °C mpoucxoauT MiIaBHOE YMEHBIIEHNE MAcChl,
COIVIACHO TEPMOTPaBUMETPUUIECKON KPUBOHM 00Iasl OTepst MACChl KOMITO3UTa coctanisieT 9 %. Hanumuue ne-
Oosnboro 3x303ddexra nmpu 670 °C, KOTOPBINA HE COMPOBOXKIACTCS U3MEHEHUEM MacChl 00pasiia, 00yCIIOBIIe-
HO npoueccamu kpucramiuzanuu AIPO,.
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Puc. 11. Tepmorpamma KOMITO3UTa Ha OCHOBE
cmemanHbiX KM®OC (Wi = 30 %, w =70 %)

Fig. 11. TG-DSC curves of composite material based on
hybrid calcium magnesium phosphate binder (w4, = 30 %, wg,, = 70 %)

HAIOJIHUTEJIs

TakuM 00pa3zoM, HCIOIB30BAHHE MECTHOTO MPUPOTHOTO MUHEpaia AOJIOMUTA Ul CUHTE3a CMELIaHHBIX
KM®C obecneunBaeT nonydenne TepMocToikux KM ¢ BEICOKUMH MPOYHOCTHBIMH CBOWCTBAMH M CHIKEHUE
CTOMMOCTH KOHEYHOT'O IPOLYKTA.

3akaueHmne

Cuntesuposanbl TBepabie MOC u KOC. M3ydensl nx ¢pa3oBblii COCTaB M TEPMHUUECKOE TOBEJCHUE. YCTAaHOB-
1eHo, uto TBeproe MDC npexcrasiseT coboil Terparuapar auruapodocdara marausa (Mg(H,PO,), - 4H,0),
a kpucraunydeckas paza KOC coorBercTByeT MoHOTUApary auruapodocdara kansuus (Ca(H,PO,), - H,0).

Pazpaboransl u nccnenosansl Tepmocroiikue KM Ha ocHoBe TBepabix MPC u KOC. [TokazaHo, yTo orm-
TUMasbHOE cozepkanue TBepaoro MOC B uzyuaembix cucremax cocrasiseT 20 mac. %, tBeproro KOC —
15 mac. %. Kommno3utsl Ha ocHOBE TBEPIBIX (HOCHATHBIX CBA3YIOMINX 00JaJal0T BBICOKMMH MTPOYHOCTHBIMH
cBoiicTBamMu B uHTepBasie Temmneparyp 20—1000 °C.

[Ipennoxxena Meroauka cunTe3a cMentanubix KM®C u3 npupoaHoro MuHepaia A0JIOMHUTA (OTEYECTBEH-
HOE ChIpbe). Ha ux ocHOBE mosy4eHbl TepMocToiikue hochaTHpie KOMIIO3UTHI, 00JIaJA0IIHE BBICOKUMH MIPOY-
HOCTHBIMH cBoiicTBamu (G, = 80—90 Mlla) u umeromiye BEICOKYIO CTa0MIIbHOCTh B MHTEPBAJIC TEMIICPATyp
20-1000 °C.

TakuMm 00pa3om, MokazaHa U 0OOCHOBaHA BO3MOYKHOCTh MCTIOJIb30BAHUSI KAK WHAWBUAYAIbHBIX TBEPIBIX
M®C u KOC, tak u cmenianabix KM®C, B TOM 4HClie CHHTE3UPOBAHHBIX U3 OEJI0PYCCKOTO MPUPOIHOIO
CBIPbS, AJIsI TOTYYEHUS Ha MX OCHOBE TEPMOCTOMKHX KM ¢ BHICOKHUMH ITPOYHOCTHBIMH CBOWCTBAMHU.
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ITPOBOOTBOP 1 KOHIHEHTPUPOBAHUE ITOANLITUKANYECKUX
APOMATHNYECKHUX YITAEBOAOPOAOB N3 OTXOAMAIINIUX T'A30B
YCTAHOBKU CHUHTE3A YIAEPOAHBIX HAHOMATEPUAAOB

C. M. JIEIIEB", T. H TEHAPOBA”

YBenopyccruii 2ocyoapemeennuiii ynusepcumen,
np. Hezasucumocmu, 4, 220030, 2. Munck, Berapyce

Uncmumym menno- u maccoobmena um. A. B. JToikosa HAH Benapycu,
ya. Il Bpoexu, 15, 220072, . Munck, Bbenapyco

B Hacrosiiee Bpemst B MUpe HaOIIOAAETCS POCT MPOU3BOACTBA YITIEPOTHBIX HAHOMATEPHAIIOB, YTO CBA3aHO C UX YHH-
KaJIbHBIMH (PM3MKO-MEXaHMYECKHMHU CBOHCTBAMU M NPUMEHEHHEM B Pa3JIMUHBIX OONACTSAX HAYKH, MPOMBIIUICHHOCTH
U TeXHUKH. McciienoBanne XMMUUECKOTO COCTaBa OTXOSIIMX I'a30B YCTAHOBKM IMUPOJIM3a MPONaH-OyTaHOBOW cMecH
IIPY TIOJTYYEHHUH YIJICPOIHBIX HAaHOMATEPHAIOB UMEET HAYYHYIO M IPHKIAJHYIO LIEHHOCTb, TIOCKOJIBKY MO3BOJISIET HE
TOJIBKO M3YYHTh XMMHIO TpoIiecca MHPOJIN3a YIIICBOIOPOIHBIX CMECeH, HO U OLCHUTh CTENEHb TOKCHYHOCTH OTXO[Is-
IIMX T'a30B MUPOJIM3HBIX YCTAaHOBOK. KonnuecTBeHHOE onpe/iesieHne MOIUIUKINIECKIX apOMAaTHIECKHX YITIEBOAOPOIOB
B Ta3000pa3HBIX MPOIYKTaX MUPOIN3a MPOMAaH-0yTaHOBOW CMECH MPH CHHTE3€ yIIEPOIHBIX HAHOMATEPHAJIOB TIOKa3alo,
9TO Ipu IPpo000TOOpE ¢ HEOOTBIITUM KOJTHMIECTBOM afcopoenta Supelpak-2, mmipoxo NCTIONB3yeMOro B MK /TyHAPOIHBIX
N OTCUCCTBCHHBIX MCTOAUKAX, HC obecreunBaeTcs 3¢)¢)GKTI/IBHOG YJIaBJIMBAHWE MHOTOSJICPHBIX apOMATUICCKUX YITIEBO-
nopooB. [1o 3Toit mprvKHE Ba)KHBIM BOITPOCOM SIBIISIETCS pa3padoTKa MpocToi 1 3P eKTHBHONW METOIUKH MpoOooTOopa
TIOJIMIUKIINYECKUX apOMaTHYECKHUX YIIEBOJOPOJOB C MOCIEAYIOIMM UX aHAJIN30M METOJIOM ra30BOW Xpomarorpadun
B couerannu ¢ Macc-criekrpomerpueit (I'X-MC). [IpuHnunuansHas CyTh JaHHOH METOAMKH 3aKJIIOYAETCs B TOM, YTO
YIaBIMBAaHUE OTXOJSIINX Ta30B MPOBOANUTCS C MOMOIIBIO CTEKIOBOJIOKOHHBIX (DMIBTPOB, IPOMUTAHHBIX MaJIOJICTYIHM
OpPraHMYECKUM PACTBOPUTEIEM — ANITHIICHITIMKOIEM, TETPAdTUIICHIIIMKOIEM WIN AUMeTUICYybhokcuaoM. [locnenanit
XapakTepu3yercsi HanboJiee BBHICOKOH IKCTparupyromieil CrioCOOHOCTHIO IO OTHOIIEHHIO K MOJHIMKINYECKUM apoma-
THYECKUM YIIIEBOJOPOJiaM, B TOM YHCJIE MHOTOSIEPHBIM (OT YETBIpEX KoJiell B MoJieKylne). B pesymbrare pazpaboraH-
Hasi METOAMKA MTO3BOJISICT MOBBICUTE 3()(EKTUBHOCTD YJIABIMBAHUS MHOTOSIIEPHBIX aPOMATHYECKUX YIJIEBOIOPOIOB 10
96-98 %, Torna Kak B ciiy4ae MPUMEHEHHS TBEPJOro aIcOpOeHTa ITPU OIMHAKOBBIX YCIOBHAX (PEXXUM ITUPOIN3a, BpeMs,
TeMIIepaTypa, CKOpocTh 0TOOpa Mpod, Macca KapTPUIXKa) CTETIEHb NX M3BICUEHUS cocTaBisieT 1-5 %.

Kniouegvie cnosa: npo600TOOD; NOIUIHUKINYECKIE apOMAaTHYECKHE YIIIEBOAOPOAbI; dKcTpakuust; aHanu3 [ X-MC.
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SAMPLING AND CONCENTRATION OF POLYCYCLIC AROMATIC
HYDROCARBONS FROM EXHAUST GASES FROM A PLANT
FOR SYNTHESIS OF CARBON NANOMATERIALS

S. M. LESCHEV®, T. M. HENARAVA®

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

°4. V. Luikov Heat and Mass Transfer Institute, National Academy of Sciences of Belarus,
15 P. Brouiki Street, Minsk 220072, Belarus

Corresponding author: T. M. Henarava (tatiana-susliako@mail.ru)

Currently, there is an increase in the production of carbon nanomaterials in the world, which is associated with their
unique physical and mechanical properties and their use in various fields of science, industry and technology. Investi-
gation of the chemical composition of waste gases from a propane-butane mixture pyrolysis unit during the synthesis of
carbon nanomaterials is of scientific and applied value, since it allows one to study both the chemistry of the pyrolysis
process of hydrocarbon mixtures and determine the degree of toxicity of waste gas from pyrolysis units. The quantitative
determination of polycyclic aromatic hydrocarbons in the gaseous products of pyrolysis of a propane-butane mixture
during the synthesis of carbon nanomaterials has shown that when sampling with a small amount of the Supelpak-2
adsorbent, which is widely used in international and domestic methods, efficient capture of multinuclear aromatic hydro-
carbons is not ensured. Therefore, an important research issue is the development of a simple and effective method for
sampling polycyclic aromatic hydrocarbons with their subsequent GC-MS analysis. The principal essence of the tech-
nique is the impregnation of two fiberglass filters with an organic low-volatile solvent — diethylene glycol, tetraecthylene
glycol or dimethyl sulfoxide. The latter is characterised by the highest extracting power in relation to polycyclic aromatic
hydrocarbons. The developed technique makes it possible to increase the efficiency of capturing multinuclear aroma-
tic hydrocarbons (with four or more rings in a molecule) to 96-98 % compared to a solid adsorbent under equal con-
ditions (pyrolysis conditions, weight of adsorbent equal with filters impregnated with a solvent), where the degree of their
extraction is 1-5 %. The established values of the degree of recovery of the measured components are explained by the
high extracting ability of dimethyl sulfoxide in relation to multinuclear aromatic hydrocarbons.

Keywords: sampling; polycyclic aromatic hydrocarbons; extraction; GC-MS analysis.
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BBenenue

[TepcrieKTUBHBIM METOIOM IOJIYYEHUS YITICPOAHBIX HAHOMATEPHAJIOB SIBJISICTCS HU3KOTEMIIEPATYPHBIN TTH-
ponu3 nponaH-0yTaHoBo# cMecu. [loMHMO 1eNeBOro MpoayKTa, Ipy CHHTE3e 00pa3yeTcss cMech MOOOYHBIX
ra3000pa3HbIX BEIIECTB, XUMHUECKHI COCTaB U KOJIMYECTBO KOTOPBIX CIIEAYET KOHTPOJIUPOBATH, 0COOCHHO
B YCIIOBUSIX TTOCTOSIHHOTO YBEJIIMYCHHUS ITPOMBIIIIEHHOTO TIPOM3BO/ICTBA YIIICPOIHBIX HAHOMATEPHUAJIOB.

W3BecTHO, YTO OTXOASIINE Ta3bl MUPOINU3HBIX YCTAHOBOK MMEIOT JHCIIEPCHYIO MPUPOIY U COIEpKaT IMo-
JUIMKJINYECKUE apomaruieckue yriueBogopoasl ([TAY), B 4aCTHOCTH Takue TOKCUYHBIC U KaHIEPOTCHHBIC
BEIIeCTBa, Kak arleHaTeH, aneHa]TuieH, aHTpaleH, OeH3(a)anTpareH, Oen3(g,h,i)nepunen, OeH3(a)nmupeH,
oens(b)dayopanten, 0ens(k)dyopanreH, quoens(a,h)anrpanen, uaaeno(1,2,3-c,d)nupen, HapTaivH, MHPEH,
(enanTpeH, ¢uyopanrteH, ¢iyopen, xpuseH [1-3]. bens(a)nupen — caMmplil KaHLIEPOTeHHBIH U TPYyIHOpa3Ja-
raeMeIi [TAY, mo3TOMY K €ro COAepKaHUIO B PA3IMYHBIX O0BEKTaX MPEABIBILIIOTCS HanOoJee KECTKHE Tpe-
OoBaHwusl.

JlocToBepHBIif aHATTN3 THPOIU3HBIX CMECEH 9acTO HEBBITTOTHIM 0€3 MpeIBapUTEIHHOMN MPOOOIIOITOTOBKH.
B ciyuae oTxoasiux ra3oB MpoOOIoroToBKa JI0JKHA 00€CIIeurnBaTh MOJHOTY YJIaBIMBAHUS U BO3MOYXKHOCTh
KOHIICHTPUPOBAHUS ONPEIEIIEMbIX KOMIIOHEHTOB.

W3BecTHBI MeTOIBI 1TP0O00TOOpa TTAY M3 ra3000pasHbIX MPOAYKTOB, MPEAIOIATaOINE UCIIOIb30BAHNUE
abcopOenTa Ha OCHOBE KCHJIONOB [4] miam oTpaboTaHHEIX MHAYCTPHAIbHBIX Macen . HemocTaTkaMm JaHHBIX
METOJIOB SIBJISIFOTCSI JISTY4YECTh KCUJIOJIOB M UX HU3KAs CEJICKTUBHOCTh 10 OTHOIIEHUIO K [TAY.

B Hacrosiiee Bpemst ipo6ooroop [TAY mpoBoasT 1o MEXIYyHAPOJAHOMY METOAy [5], OCHOBaHHOMY Ha
WX YJIaBIMBAaHUU C MPUMEHEHUEM TBEepA0(a3HOro ajicopOCHTa U MOCIEAYIONIEM KOJIMYSCTBCHHOM aHalln3e

'OxpaHa OKPYKAaIOIIeH CPEeJIbl ¥ IPUPOJIONOIB30BaHIe. MOHUTOPUHT OKPYKAFOLICH cpe/ibl. BEIOPOCH OT CTallHOHAPHBIX HCTOYHHU-
koB. OmpezeseHne NONUIMKINIECKUX apOMAaTHYECKUX YIIIEBOIOPOAOB B razax u Ha yactunax : CTh 17.13.05-04-2008 / ISO 11338-2:
2003. Musck, 2008.
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METOIaMU T'a30BOH Xpomarorpaduu B COYETAHUU C MacC-CHEKTpoMeTpHuer [2; 6—12], BBICOKOA(PPEKTUBHON
KUJIKOCTHOHM Xxpomarorpaduu [8; 13] unu dayopecieHTHOHN criekTpockomnuu [ 14].

OO6HapyxeHo, 4To Ipu IpoOooTOOpE MO CTAaHJAPTHON METOIUKE C UCTIOIB30BaHUEM HEOOJIBILIOTO KOJInie-
crBa ajgcopOenTta Supelpak-2 He MPOMCXOAMT MOTHOTO M3BJIeUeHUs TOKCHUHBIX [TAY. Ilenpto uccnenqoBanus
SBIISIETCS] pa3padOTKa METOIMKHU KOJIMYECTBEHHOTO onpeaesieHus [TIAY B ra3o00pa3HbIX NPOAYKTax MUPOIU3a
ponaH-OyTaHOBOW CMECH Ha CTaJuM CHUHTEe3a YIJIEPOIHBIX HAHOMAaTE€PHUAIOB, OCHOBAHHOW Ha yJIaBIUBAHUU
KOMIIOHEHTOB OTXOJISIIIEH Ta30BOM CMECH ¢ TIOMOIIBIO CTEKIIOBOJIOKOHHBIX (DUIIBTPOB, MPOIUTAHHBIX MaJlo-
JIETY4YUM TOJISIPHBIM OpraHUYecKHUM pacTBopuTeneM. Pa3paboTka Takoi METONMKM MPEACTABISET MHTEpec
KakK Ui ONTUMM3ALUK MapaMeTpoB pabOThl YCTAHOBKH MUPOJU3a, TaK W JAJISl KOHTPOJS BbIOpOCa BPEAHBIX
BEIIECTB B OKPY’KAIOILYIO CPELY.

IKCNePpUMEHTANbHAS YaCTh

MarepuaJjbl. B xone paboThI HCITOIB30BAINCH CIEAYIONINE PEaKTUBBI M MaTepUaibl: JUXJIOPMETaH C YH-
croroii 99 % (Fluka, l'epmanust), mumermicynbporena (JIMCO) mapku «X. 4.», mumerundopmamu (JIMDA)
MapKH «X. 4.», TUATWICHHKONb (I317) Mapku «u. a. a.», TeTpastuieHriukoins (TOI0) ¢ unctoroii 6onee 95 %
(Sigma Aldrich, I'epmanust), numetnindopmamug ¢ 10 % Boasl (AMDA _10), aumetundopmamun ¢ 5 % Boxbl
(AM®A 5), anerorutpun (AH), tpustunenrmukons (Tp2I), mponmnenrmukons (Ipl), stunenrmukons (O07),
cTannaptHeIid pactBop 16 ITAY c xoHnenTpanwmeit 2 mr/mi (Sigma Aldrich), cTekI0BOIOKOHHBIN QWIBTp AHMa-
meTpom 32 MM (paszmep mop — 0,2—5,0 mxm), agcopOent Supelpak-2 (comomumep cTupona 1 JUBUHUIOEH30I1a
¢ pasmepom yacTui 20—60 Menr, TIomaabo moBepXHocTH 300 M/T).

CuHre3 yrJiepoAHbIX HAHOMATEPUAJIOB. YCTaHOBKA IMPOJIM3a MPONaH-0yTaHOBOW cMecH (ajee — ycra-
HOBKAa) UMEET TPH KaHasla Ta30CHAOKEeHHMS: BO3IyX, TponaH-0yTad u a3ot [15]. [lepBblil kanan nucnosb3yercst
Ha CTaJMM OKUCJICHUS MOBEPXHOCTU peakropa B TeueHue 50 mun npu temneparype 800 °C nj1s ee OUYUCTKU
OT OCTAaTKOB yIJIEpoJa U ITOJATrOTOBKU K ouepenHoi (a3e cunTesa. [locie 3Toro peakrop npomyBaercst a30ToM
Ha MpOTsDKeHWW 2 MUH. Ha ciemyromieit crajauy aisl BOCCTAHOBIICHHS OKHCICHHOW TIOBEPXHOCTH pPeakTopa
Y CO37IaHMA 3apOjIbIIIell pocTa CTPYKTYPUPOBAHHOTO yIviepoa B peakTop B TeueHue 20 MUH MOAaeTcs Mpo-
naH-OyraHoBas cmech (pacxox — 0,2 si/muH). 1o 3aBepiieHnu 3TOH CTaAUK pean3yeTcsi OCHOBHOU paboduii
PEXUM Mpollecca — CUHTE3 YIIIEPOJHBIX HaHOMAaTepuasoB (pacxos yrieBoaopoaHoi cmecu — 0,8 n/MuH) Ha
npotskeHud 50 mun npu temneparype 750 °C. 1o ero okoHUaHUU TPOU3BOAUTCS MMOBTOPHAS IPOIYBKA peak-
TOpa a30TOM.

Ha puc. 1 npencraBnena cxema ycrpoiictsa st mpodoordopa ITAY u3 oTXomsmux razoB yCTaHOBKH HA
CTaJIUH CUHTE3a YIIIEPOIHBIX HAHOMATEPHUAIIOB C IPUHYIUTEIBHBIM OXJIaXICHHEM OTXOSIIuX ra3os 10 40 °C.
O06beM mpoleANnX Yepe3 KapTPUAXK OTXOAALIMX T'a30B BO BCEX MCHBITAHUAX cocTaBmi 50 JI, a CKOPOCTh UX
otoopa — 1 i/mun. Ji1st onpenenenus [IAY B cMecH HCTIONIB30BaIH B MTOCJIEA0BATEILHO COSTMHEHHBIX KapT-
PHIUKA, @ CTETNIEHb W3BJICYCHUS OLICHUBAJIHU C ITOMOLIBIO TPEX KapTpUIXKel, MPUHUMAsi, YTO B 9TOM BapHaHTE
JOCTUraeTcs IPAKTUYECKU [I0JHOE U3BJICUCHHE aHAINTOB, YTO BBIIOJIHACTCS Ul BCEX M3y4aeMbIX BEIIECTB,
3a NCKJIIOUeHNeM Ha(TalnHa.

Puc. 1. Cxema ycrpoiictsa uist usBieuenus [IAY u3 orxonsmux razos:
1 — muponu3Hasl yCTaHOBKA; 2 — TPHU MOCIEA0BATEIEHO
COEIMHEHHBIX KapTpuKa; 3 — pacxomomep; 4 — Hacoc

Fig. 1. Diagram of a device for extracting PAHs from waste gases:
1 — pyrolysis unit; 2 — three series-connected cartridges;
3 — flow meter; 4 — pump
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s ot6opa mpo0 nmpuMeHsiics pa3beMHbIH KapTpumak (puc. 2). B 3aBUCUMOCTH OT METOUKH ITPoO00TOOpa
[TAY 13 OTXOIAIINX Ta30B OH COOMPAJICS CIICIYIOIUM 00pa3oM.

1. B pa3beMHbIN KapTPUIK MEXKITY JBYMS CTCKIOBOJOKOHHBIMU (DMIIBTPAMHU 3achliliain aacopoeHT Supel-
pak-2 maccoii (1,000 £ 0,001) . [Tocne nporyckaHust OTXOISAIINX Ta30B Yepe3 KapTPUIK aJICOPOCHT mepe-
Hocuiu B anmapar Coxcinera u usBiekanu [1AY na npotsokennn 20 9 (Memoouxa npo6oomobopa ¢ ucnoib3o-
sanuem meepoozo adcopbenma)’.

2. JIBa cTekinoBooKOHHBIX QuibTpa nponuteiBanu JJMCO, [IM®A, JIDT wiu TOI' B MaccoBoM COOTHO-
menun pacteopurens u Gunsrpa ot 2,5 : 1,0 10 5,5 : 1,0 (oOmiast Mmacca GUIBTPOB C PACTBOPUTEIIEM COCTAB-
msa (1,000 £ 0,001) 1) 1 nomemanu B KapTPHIDK, TePMETU3UPOBAHHBINA YIUIOTHUTEILHBIMH KOJIBLIAMH, 3aTEM
KapTpuK ¢ puinbTpamMu (PUKCUPOBAIH K BBIXJIOITHON CHCTEME MUPOJIM3HOM ycTaHoBKH. [lociie mponyckanus
OTXOJISIIMX Ta30B Yepe3 KapTPHIK ¢ (PUIBTpaMH, MPOIMUTAHHBIMU YKa3aHHBIMUA PACTBOPUTEISIMHU, COPOUPO-
BaHHBIC BEIIECTBA YKCTPATHPOBAIU JTUXIOPMETAHOM OOBEMOM 5 ML, JIJIsl YIIAJICHUS OCTaTOYHBIX KOJMYECTB
pacTBOpHTENs MMONyUYeHHBINH SKCTPakT [1AY mpombplBaiy AUCTUILTUPOBAHHON BOJIOM B OOBEMHOM COOTHOIIIE-
HuM | : 3 COOTBETCTBEHHO, IIPU 3TOM JUINTEIBHOCTD CTaIUK MPOOOMOArOTOBKH COKpaThiach a0 15-20 mun
(memooduka npoboombopa ¢ UCnonb308aHUEM NPORUMAHHBIX PACMBOPUMENeM (DUTbIMPOS).

Puc. 2. YcTpoICTBO pa3beMHOI0 KapTpuaxKa: / — yII0THUTEIBHOE KOJIbLIO;
2u 10 —xopiyc KapTpumKa; 3 U 9 — MeTauinyeckas CeTka;
4, 6 1 7 — KOJBIIO VTS 3aKpeIuIeHus QUIIbTPa;
5 1 8 — CTEKIIOBOJIOKOHHBIE (DHIIBTPHI, MEXKTy KOTOPBIMH 3aCHITacTCs
TBepAbIiA agcopbeHt Supelpak-2

Fig. 2. Split cartridge device: / — sealing ring;
2 and 10 — cartridge body; 3 and 9 — metal mesh;
4, 6 and 7 — a ring for fastening the filter;

5 and & — fiberglass filters, between
which the solid adsorbent Supelpak-2 is poured

Jiist sKCTIepUMEHTaNIbHOM OLEHKH cTeneHr u3piedeHus [IAY u3 oTXoasmmx ra3oB NpOBOAWIN MOTJIONIE-
HUE IByMsI KapTPUPKaMH C UCIIOIB30BAHUEM TPETHETr0, KOHTPOJIBHOTO, KAPTPHUIKA.

[Ipu mpUMeHEHUH TMPONMUTAHHBIX (HUIBTPOB CTENCHb M3BJCUCHHUsI NpuHsITa Onmu3koi k 100 %, mockonb-
Ky HaOMI01aI0ch pe3koe najgeHue KOHIEHTPALUi OT MePBOTo KapTpuaxka K TpeTbeMy. B OosbmmHCTBE City-
4aeB B TPEThEM KapTpUIKe HAXOOUIOCh MeHee 5 % BellecTBa OT CyMMBbI BCEX €ro KoHueHTpauuil. Cnenyer
UMETh B BUJLY, YTO U3yUeHHAs ra3onas (pas3a 1o cBoeil mprupoje ABIsSeTCs TUCTIePCHON U NPEACTaBIsAeT coO00i
JBbIM, COZIEPIKAIIUi MUKPOYACTHIIBI IPAKTHUECKU HEJIETYYNX MHOTOKOJbYaThiX [IAY, KoTopble MexaHHUECKU
VAEPKUBAIOTCS COPOSHTOM, B TOM uncie 3a cueT dddekra Hammnanus [TAY Ha xunkyro ga3y u qanpHEUIIETo
uX pacTBOpeHus B Hel. OueBUIHO, YTO JIJIS KOJIMYECTBEHHOTO OMMCAHMUS 3TOT0 HEPAaBHOBECHOTO MpoIlecca He
MOTYT OBITh HCIIOJIb30BaHbI OAXO/IbI, OCHOBAHHBIE Ha OCTOSHCTBE MapaMeTPOB yACPKUBAHUS IIPH TIepexoie
OT OJTHOTO KapTpU/PKa K Apyromy. B cBs3u ¢ 3TuM npu mpobooTOope ¢ mpuMeHeHNeM (UIIBTPOB, POTHTAH-
HBIX MaJIOJIETY4YHUM TOJISIPHBIM PacTBOPUTENIEM, UCTIONB30BAJIH CleTyrolee MpUOIMKeHHOE ypaBHEHHE:

Cy

Re|1-—n 3
cf+cli+cf

- 100,

rne R — crenenp uzpnedenus [1AY, %; CIF , CZF , C3F — KoHueHTpauus [TIAY B nepBoM, BTOPOM U TPETHEM KapT-
PHJDKAaX COOTBETCTBEHHO NPU MPOOOOTOOPE € MOMOIIBHIO (PHIIBTPOB, TPONUTAHHBIX MAJIONIETYYHM MOJISIPHBIM
pacTBOpHUTEIIEM.

2Oxpana OKpysKaroleil Cpe/Ibl i IPUPOIONONE30BaHHe. MOHHTOPHHT OKPYKAIOIICH Cpetbl. BRIOGPOCH OT CTALMOHAPHBIX HCTOUHH-
koB. OmpeiesieHne MOIUIUKIMYSCKIX apOMaTHYECKUX YIIIEBOJOPOIOB B razax u Ha yactunax : CTh 17.13.05-04-2008 / ISO 11338-2:
2003. Munck, 2008.
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[Ipu nmpoGooTdope ¢ MpUMEHEHHEM TBEPAOTO a/IcOpOeHTa, OCOOCHHO MPH YIABIUBAHUHA MHOTOSIEPHBIX
[TAY, kOHIIEHTpaLuy B psilie CIy4aeB MEHSUIMCh MaJjlo, I03TOMY HCIIOIb30BaIl (POPMYITY

'+ ¢4

R~——1 "2 _
cf+¢Cy+Cy

- 100,

rae CIA, CZA — xoHueHTpanus [TAY B mepBoM U BTOPOM KapTpHKaxX COOTBETCTBEHHO MPH Po000TOOpE C IMo-
MOIIIBIO TBEPAOIO aACOpOCHTA.

Crenyer OTMETHUTB, YTO JaHHAS POPMYIIa MOAXOAHUT U IIPH XOPOLIeH COPOIIMU TBEPIBIM aICOPOSHTOM.

OmnpeneneHne KOIUUECTBEHHOTO COCTaBa AKCTPAKTOB OCYIIECTBISUIOCH C MCIOIb30BAHHEM Ta30BOTO
xpomaro-macc-ciektpomerpa Agilent Technologies 7890A/5975C (CILIA), ocHaIIEHHOTO KaMMUISIPHOW KO-
nonkoit HP-5MS (30 m x 0,25 mm x 0,25 MkM). YcI0BUS IPOBEACHUS XpOMaTOTpaduIecKoro aHannsa: TeMIe-
parypa TepMocTara ¢ MOMEeHTa BBoJa 1poOsl nossimaiack ot 50 1o 300 °C co ckopoctsio 10 °C/muH, 3aTemMm
BBIJICPKHUBAJIAcCh B TeUCHUE 23 MUH; ra3-HOCUTENb — reliuil (CKOPOCTh MOTOKA — 1 MJI/MHH); 00beM BBOIUMOMN
poObl — 1 Mk J{7st yBemueHus! 4yBCTBUTEIBHOCTH METOIa MAaCC-CEIEKTUBHBIN IETEKTOp (MOHU3AMS OCY-
LIECTBIISIIACH JIEKTPOHHBIM YAapOM TpH 3Hepruu nonuzauuu 70 5B) paboTan B pesxuMe CKaHUPOBaHUSI BbI-
OpannbIx nOoHOB (SIM); TemnepaTypa noHHOTO HcTouHMKa — 230 °C; Temnepatypa kBagpynoins — 150 °C. Jlns
KaueCTBEHHOTO aHAJIN3a YKCTPAKTOB MacC-CEeNIEKTUBHBIN IETEKTOP padoTall B peXKUME MOITHOTO CKAHUPOBAHUS
noHoB (SCAN). JlocToBepHOCTh HIICHTH(UKAIIMYA €CTh CTEIICHb COBMAJIEHUSI MACC-CIIEKTPOB ¢ OMOIMOTEKON
NIST17.

B Tabn. 1 npencrasneHsl 3Ha4eHUS Mace XapakTeprucTuueckux HoHoB [TAY, npexnenos oonapyxenus (110),
npeaenoB konuuecTBenHoro onpenenenus (IIKO) n quanazona nuHERHOCTH TpagyupoBKU. OTHOCUTEIBHOE
CPEIHEKBaIPaTHYHOE OTKJIIOHEHHUE PE3yIbTaTOB U3MEPEHHH He npeBbimano 15 %. Crtaructuueckue KpUTEpUH,
Ha OCHOBaHMHU KOTOPbIX ObutH orieHeHb! [10, I[TKO n nuana3on nuHeHHOCTH TpamxyupoBku: p = 0,95; n = 5.
3nauenus [10 u I1IKO paccuutsiBanu no gopmynam [16]

TI€ Sy, — CTAHIAPTHOC OTKIOHCHHE AHAIMTHYCCKOro curHana Qona; S — KodQ(HUIMEHT 1yBCTBUTEIBHO-

cTH (tgoc =ﬂj
Ax

Tabnuna 1
3HaYeHHsI MACC XaPAKTEPUCTHYECKHX MOJIEKYJISIPHBIX HOHOB,
11O, IIKO u nnana3ona JuHeiiHocTH rpagyuposku [IAY,
co/Iep:KalMXCcsl B CTAHAAPTHOM pacTBope
Table 1
Values of characteristic molecular ion masses, detection
limits, quantitation limits and linearity range of PAH calibration
contained in a standard solution
Xumnyeckas | MosexynsipHast Macca Maccrt [0, TIKO, HHaP a30H
CoenuHenue XapaKTEPUCTHYCCKIX JIMHEHHOCTH
hopmyma YIJICBOOPOIA MKI/JT |  MKT/T
HOHOB TPayHpPOBKH, MKI/JI
Hadramua C, Hq 128 127/128/129 5 16 14-500
Auenadruiex C,Hq 152 151/152/153 3 10 8-300
AnenapTen C,H, 154 152/154/153 4 13 12-450
dnyopeH C,H,, 166 167/166/165 4 13 11-450
®eHaHTpEeH C.H, 178 176/178/179 2 8 8-350
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OkoHuaHue Tabm. 1
Ending table 1

Cocumene | Ximicoran | Mosesypran vacea | o SIER | DO | KO, | SR
dbopmyna yIJIeBOAOpOaA HOHOB MKI/IT | MKI/JT IPAIyHpPOBKH, MKT/T

AnTpaneH C.H, 178 89/178/179 4 13 12-450
DiyopaHTeH C,H,, 202 101/202/203 2 6 5-350

Iupen C,Hy 202 101/202/203 5 16 16-500
ben3s(a)anTpalen CH,, 228 114/228/226 4 13 12-450
Xpusen CH, 228 114/228/226 4 13 11-500
bens(b)dmyopanten C,0H,, 252 126/252/253 4 13 12-500
bens(k)dmnyopanten C,H,, 252 125/252/253 6 20 19-600
bens(a)nupen C,H,, 252 126/252/253 13 42 39-900
Wnpeno(1,2,3-c,d)mupen C,H,, 276 138/276/277 8 26 24-700
Jubens(a,h)anTpanen C,H,, 278 139/278/279 7 23 21-600
ben3(g,h,i)nepunen C,H, 276 138/276/277 7 23 21-650

[ITpumeuaHue. [TomykupHbIM MPUOTOM BbIJEICHBI HOHBI VISl KOJIXYECTBEHHOTO aHAIM3a, OCTAIbHBIC JBa HOHA HEOOXOIMMBI
UL IOATBEPAKICHUS UIACHTU(UKALIMY BELIECTBA.

Pe3yabTarhl 1 NX 00CyKIeHUE

s orbopa mpod 1o cTaHAapTHON METOnnKe TpeOyeTcst OONbIIoe KOIMYECTBO JOPOTOCTOSIIETO afcop-
OeHTa, BpemeHu (B armapare Cokciera MpoIoKUTEIbHOCTD dKCTpakiun [TAY u3 TBepmoro agcopbeHTa co-
craBisgeT 20 9) U COOTBETCTBYIOIIETO pacTBOpUTENs s u3BiedeHus [[AY. B mensx moBeimieHus cTereHu
W3BJICUEHHS] MHOTOSJIEPHBIX apOMAaTHYECKHUX YITIEBOIOPOJOB B KaPTPUIKU TOMEINATIH CTEKIOBOJIOKOHHBIE
(bUIBTPBI, MPOMUTAHHBIC MAJOJIETYYUM MOJSPHBIM OPTaHHMYECKUM PACTBOPHUTEIEM, XapaKTePU3YHOIIUMCS
BBICOKOW SKCTPAKIIMOHHOM CITOCOOHOCTRIO 10 oTHOmIeHH o K [TAY. J[ns cpaBHeHuUs 3(h(DEKTUBHOCTH yIaBIH-
Banus [1AY B BapmanTax xkuaxoQasHoi 1 TBepro(a3HOi IKCTPAKIIMK MacCa HCIOIb3YEMbIX CTEKIOBOJIOKOH-
HBIX (DWIIBTPOB, IPONUTAHHBIX TOJSPHBIM OPTaHUYECKUM PACTBOPHUTEIEM, COOTBETCTBOBAIA MAaCCEe TBEPAOTO
ancop6enta ((1,000 £ 0,001) r).

Pesynbrarel HAXOKACHUSI KOHCTAHT paclpeesieHusl MOKa3bIBatoT [17], 4To pacTBOPUTENIN MOXKHO paszie-
JUTH Ha TPYIIIBI, OTIAMYAIONINECS AOHOPHO-aKIENTOPHBIMU CBOWCTBAMU: TJIMKOIN 0e3 3(MPHOH TpyMIThl —
OI' u Ipl'; tukonu ¢ s¢upHoi rpynmoit — J13I, TpOI' u TOI'; anporonnsiii pactBoputens — AH; mosip-
HBIE PACTBOPHUTEIH C SPKO BBIPAKEHHBIMHU 3JIEKTPOHOIOHOPHBIMHU M OTHOBPEMEHHO AIIEKTPOHOAKIIENTOPHBIMA
cpoiictBamu — JIM®A, [IMDA 5, IMDA 10, AMCO u cynbdoian.

HWcxonst i3 BeMUYHMH KOHCTAHT PacIipeieNIeH I sI, MOYXHO COCTaBUTh CIIAYIOIINHN PsiIl pocTa cpozcTBa 16 mpro-
putetHbix [TAY k nonspHoi daze [16]:

TIM®A > IMCO = cynsgponan > IMPA_5 > IMPA_10 > AH > TAT > TpdT > 19T > [pI > O

OueBuiHO, YTO A7 ynaBiauBaHus [IAY U3 oTXOIAIMX Ta30B MOYXHO HUCIOIb30BATh PACTBOPUTEIH, CENIEK-
TUBHO nomtomatomue [TAY. DTumu pacTBOPUTENSIMA MPONUTHIBAIOTCS LMIMPOKO HCIIOIb3yEMble B IPAKTHUKE
(uIIBTpyIOLIKE AIEMEHTHI (CTEKIIOBOIIOKOHHBIC U Pa3JInYHbIC BU/Ib TKAHBIX H HETKAHBIX MaTepHUaioB). MOXHO
YTBEP)KAATh, YTO cTerneHb u3BiedeHus: [IAY cTekiIoBOJIOKOHHBIM (MIBTPOM, IPOIUTAHHBIM CEIEKTUBHBIM
pactBopuTesieM, OyleT BBIIIE, YEM B CITydae HCIIOIb30BaHHS TBEPAOTO aJcopOCHTa, TPH YCIOBUU HU3KOM Jie-
TydecTu nossipHoro pactBopuresis. Menee neryun 31, TpOI' u ocodenno TII, HO o 3¢ HEKTUBHOCTH IKC-
tpakuuu [TAY onu ycrymator IMCO u JIM®A. Haubonpieir SKCTparupyromei crmocoOHOCTRIO o0mamaeT
HeoOBonHeHHbIN JIM®DA, Torga kak IM®DA 5 xapakTepusyeTcs JIydlield SKCTparupyromei crocooHOCThIO,
yem IM®A 10.

Konnentpaunn 16 I[TAY B orxonsammx razax (ornpejieneHHble 0 KOHIIEHTPAIMH B KCTPaKTax B peXUMe
SIM), noy4eHHbBIX Ipu MPOO00TOOPE Ha KAPTPHUDK C UCIOIB30BAHUEM OMHAKOBON MAcChl TBEPIOTO aJICOP-
6enra Supelpak-2 n crexnoBonoKoHHBIX (UIBTPOB, nponuTanHbix IMCO, JIM®A, /191" wmm TOTI, npen-
CTaBJICHBI B TA0. 2.
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Tabnuna 2

Pe3yabTarsl KoInYecTBeHHOTo onpeneaenus ITAY B orxoasmux razax (p = 0,95; n = 3),
MOJIy4YeHHBIX 0cJ1e HX IP0000TO0pa ¢ HCI0JIb30BaHHeM aicopOeHTa Supelpak-2 1 nponuTaHHBIX (GPUILTPOB,
3HAYeHHe Mpeae bHo J0MyCTHMBIX KoHIeHTpanuii ITAY B cO0TBeTCTBHH ¢ HOPMATHBHBIMH JOKYMEHTAMH’

Table 2
Results of quantitative determination of PAHs in waste gases (p = 0.95; n =3)
obtained after sampling them using a Supelpak-2 adsorbent and impregnated filters,
the value of the maximum permissible concentrations of PAHs in accordance with regulatory documents
IAK KouuenTpartust, Mr/m’

Coemmernie A Supelpak-2 JIMCO JIM®OA Jitely TOr
Hadranun 20,0 11,1 +1,0 9,0+0,8 11,2+ 1,0 7,2+0,7 7,9+0,7
AnenadpTuieH 1,5 3,103 4,21 +0,40 2,11£0,20 2,72+0,20 | 4,61 £0,40
Anenadren 0,5 29103 4,32+0,40 1,71 £0,10 2,41+£0,20 | 3,83+£0,30
DOnyopeH H. 1. 1,9+£0,2 2,91+0,20 0,60 £ 0,06 1,72+£0,10 | 3,42+£0,30
DeHaHTpeH 0,8 2,13+£0,20 5,01 £0,40 0,30£0,03 3,51+£0,30 | 4,31£0,40
AHTpaneH 0,1 2,21 +£0,20 5,12+0,50 0,70 £ 0,07 1,12£0,10 | 4,42£0,40
®nyopaHTeH H. 1. 0,060 £ 0,006 2,71 £0,20 0,20 £ 0,02 0,99+0,09 | 1,91£0,10
IMupen 0,03 0,050 + 0,004 3,71£0,30 0,40 £0,04 1,41£0,10 | 2,71£0,20
Bens(a)anTparen 0,005 0,070 £ 0,007 1,1 £0,1 0,062 £0,006 | 0,40%+0,04 | 0,80+0,08
XpuseH H. n. 0,050 £ 0,005 1,1 +£0,1 0,040 £0,004 | 0,40+0,04 | 0,80%0,08
bens(b)dnyopanten H. 1. 0,0041+0,0004 | 0,36 +0,03 | 0,011 +0,001 | 0,10£0,01 | 0,26 £0,02
bens(k)hmyopanren H. n. 0,0032 +£0,0003 | 0,20%0,02 {0,0052+0,0005| 0,10+0,01 | 0,23 £0,02
bens(a)mpen <0,00015 0,011 £0,001 0,23+£0,02 |{0,0021+£0,0002| 0,35+0,03 | 0,70+ 0,06
Wnpeno(1,2,3-c,dymupen | H. 1. 0,0042 +£0,0004 | 0,20£0,02 | 0,041 +0,004 | 0,15+0,01 | 0,20%0,02
Junbens(a,h)antparien | 0,000005 | 0,00051 £ 0,00005 | 0,040 0,004 | 0,010+ 0,001 | 0,022+0,001 |0,021 £0,002
bens(g,h,i)nepunen H. 1. 0,00091 +0,00009 | 0,030£0,002|0,0091£0,0009 | 0,010+0,001 | 0,011 £0,001

[Ipumeuanue. H. 1. — HeT JaHHBIX.

U3 Tabin. 2 BUIHO, 4TO B cioyvae ucnonb3oBanust JIM®DA npoucxomut menbiiee uzsnedeHue [1AY, Bepost-
HO, BCJICJICTBUE OTHOCUTEJILHO BBICOKOM JIETYYECTH JIAHHOTO pacTBopuTes (Temreparypa kurnenus — 153 °C).
[Mpumenenue JIDI" u TOI no3BossieT yBeIMUUTh CTeneHb u3BiieueHus: [IAY u3 oTxoasimmx razoB BBUILY (-
(DEeKTHBHOTO «3axBaray TBEPABIX MHUKPOUACTUI] apOMATHUYECKUX YIIIEBOAOPOJIOB KHUIKON TJICHKOW IJIMKOJIS,
HaXOJISIIErocs Ha BOJIOKHAX HOCUTENS, U UX PACTBOPEHUS B HEM.

CpaBHeHne n3MepeHHbIX KoHueHTpanuid [TAY npu npoboorOope ¢ ucnonbp3oBaHreM Hauboiee dhdex-
TtuBHOTO pactoputend (JJMCO) n npenenbHO TOMYCTUMBIX KOHLIEHTPALUH B BO3YyXe MOKa3bIBAET, YTO CO-
nepxkanue [TAY 3HaYMTENBbHO MPEBBIIIACT Pa3pelieHHYIO BeInunHy. TakuM 00pa3oM, ra3000pa3Hbie OTXOABI
JTAaHHOM NMUPOJIM3HON YCTAHOBKH Ha CTAJIUU CHHTE3a YIVIEPOJHBIX HAHOMATEPHAJIOB SIBJISIFOTCS BBICOKOTOKCHY-
HBIMH, B CBSI3U C YeM HEOOXOIUMO MTPUMEHSITh CieIIHaIbHbIe CPECTBA JUIsl TpeoTBpalleHust nonananus [T1AY
B OKPY’KaIOIIYIO Cpeny.

[pu ucnone3oBanuu JIMCO nocruraercs 6osee nonHoe u3niedeHue [TAY u3 ucciieayeMoro rasa, 4To HaXxo-
JIATCSI B COOTBETCTBHH C €0 SKCTparupyomie criocooHoctrio [17]. Yeenuuenne 23phekTHBHOCTH yIIaBINBaHUS

*OxpaHa OKpyXKaromeil cpejisl ¥ MPUPOIONONb30BaHIe. ATMOChepa. BRIGPOCH 3arpsA3HAIONMX BEIIECTB B aTMOCHEpPHBII BO3IYX.
[TpaBmina pacuera BEIOPOCOB CTOMKNX OPraHUYECKHX 3arpsi3HuTENeil. BeIOpocs! ot crannonapusix ucrounnkos : TKIT 17.08-132011
(02120). Muncxk, 2012.
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[TAY 1no cpaBHeHuto ¢ 3pHeKTHBHOCTBIO, 00eCTIeYuBACMOI TBEPIBIM aICOPOCHTOM, 0COOEHHO OTYETINBO
HaOroaeTCs B ciydae (uyopaHTeHa, mupeHa, OcH3(a)nmupeHa, oens(b)dayopanrena, nuaeno(1,2,3-c,d)mu-
peHa u quoeH3(a,h)anTpaieHa.

Ha puc. 3 mpuBeaeHsl XpoMaTorpaMMBbl SKCTPAKTOB apOMaTHIECKUX yrineBonopooB (pexum SCAN), 06-
HapyXEHHBIX B OTXOJSIIUX Ta3ax MHUPOJIM3HOW yCTAaHOBKU Mocie mpodooTdopa ¢ ucnonb3oBanuem JMCO
u TBeprodaszHoro ajcopdeHTa. KOMIOHEHTHI ¢ HaMOObIIeH TUIONIA/IBI0, HE MTPeJICTaBICHHbIE B Ta0M. 2, yKa-
3aHbl B Ta01. 3. CymmapHas monia s niukoB npuHsTa 3a 100 %. KoadduimeHTsr 9yBCTBUTETBHOCTH JIJISI BCEX
BEIIECTB ObLIM YCIIOBHO MPUHSTHI PABHBIMU EIUHHUIIC.

a/a 6/b
A 3 A
. 3,5¢+7 1 . 3.5e+74 3
) 5
% 2,5¢e+7 4 7 e 2,5¢+7-
5 45 fg 1P 5 2
£ 1,5¢+7+ \/6 £ 1,5¢+7
£ 2| = 1 45
N 1,0e+7- g = 1,0e+7- l \[ 7
| 6
1 9 10
0,5e+7-4_J sl Il 0.5¢+74 Wyl “Jl [
6 10 14 18 22 26 6 10 14 18 22
Bpewms, mun Bpewmsi, mun

Puc. 3. XpomarorpaMMbl 3KCTPAKTOB aPOMATHYECKUX YITICBOIOPO/IOB,
TMOJTYYEHHBIX MOCIIE U3BJICYCHNS KOMIIOHCHTOB OTXOIAIIHMX Ta30B
¢ ucnonbzoBanuem JIMCO (a) u agcopbenra Supelpak-2 (6):

1 — ctupon; 2 — unzaeH; 3 — HadTanuy; 4 — 2-MeTHIHAQTATUH; 5 — |-MeTHIHADTATNH;
6 — oudenmn; 7 — oudenmnen; § — 2,3-mumetnHadranus; 9 — 4-MeTHunOnpeHmT;
10 — 4-metundumyopen; 11 — 2-merundenantpen; /2 — 2-peHmHadTaInH;

13 — 9-3TeHnna"TpaneH
Fig. 3. Chromatograms of aromatic hydrocarbon extracts obtained after
extraction of waste gas components using DMSO (@) and Supelpak-2 adsorbent (b):
1 — styrene; 2 — indene; 3 — naphthalene;

4 — 2-methylnaphthalene; 5 — 1-methylnaphthalene;

6 — biphenyl; 7 — biphenylene; § — 2,3-dimethylnaphthalene;

9 — 4-methylbiphenyl; 70 — 4-methylfluorene; /7 — 2-methylphenanthrene;

12 — 2-phenylnaphthalene; /3 — 9-ethenylanthracene

Tabauma 3

HNnentuduuupoBannbie B pexxume SCAN coeanHeHus, colepRamuecss B OTXOAAUINX ra3ax
npu npodootdope ¢ ucnoianzoanuem JIMCO u aapcopdenrta Supelpak-2

Table 3

Identified compounds in SCAN mode contained in waste gases
during sampling using DMSO and Supelpak-2 adsorbent

OTHOCHTENBHOE COIEPKAHUE IO METOLY

BpeMﬂ yIEPIKUBAHM, HOPMHUPOBKHU 0€e3 HCII0JIL30BAHUS

MIUH Coenunenne HOPMHUPOBOYHBIX K03 duIeHTos, %

JIMCO Supelpak-2

5,9 Crupon 4 10

8,9 HUnnen 15 25

9,6 2,4-JIUMeTUICTUPOT 0,1 5

10,9 1,2-uruaponadranun 0,3 4

12,9 2-MerunHadTannH 11 6

13,2 1-Merunnadranin 10 5

14,1 budennn 9 4
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Okonuanue Tabm. 3

Ending table 3

OTHOCHTEIIFHOE CONIEPKAHUE IO METOIY
Bpems yI;fIE:(HBaHH’L Coenunenue Hog;%I;ggzglfisgﬁﬁgﬁgf[ %
JMCO Supelpak-2

14,3 2-OrunHadranuH 1 3
14,8 2-OreHunHadranuH 2 2

15,1 bugennnen 8 5

15,2 2,3-TumetnnaadyTanux 7 0,6
15,6 4-MetunoudeHmn 3 0,9
16,5 denanen 0,2 0,8
16,9 1-U3onponenmiHadpTanny 0,4 0,8
16,9 Jdudennmmeran 0,1 1,2
17,1 2-IIponennnHadraamH 0,1 H. o.
18,1 I-Metundmyopen 0,2 H. o.
18,5 4-MetundmyopeH 5 H. o.
19,8 9-DTeHunaHTpaleH 0,2 H. o.
20,2 2-MetundeHanTpeH 0,3 H. o.
20,3 1-Metundenantpen 0,1 H.o
20,4 4H-Huknonenra(d,e,f)peranTpen 0,1 H. o.
21,8 2-OennnHadranna 0,3 H. o.
22,5 9-OreHunaHTpaleH 0,9 H. o.
25,6 3,4-Nurunporukionenra(c,d)mupex 0,1 H. o.

[Ipumeuanwue. H. 0. — He 00HapykeHO.

Hpel[JIO)KGHHa}I METOJHKA C UCIIOJIb30BAHUEM IIMCO TMO3BOJIACT MHOI'OKPATHO IMOBBICUTH CTCIICHL U3BJIC-

YECHUSI MHOTOSIIEPHBIX apOMaTHYECKUX YITIEBOJOPOIOB, COIEPKAIIMX OT YEThIpEX OCH30JBHBIX KOJIel B MO-
JIeKyJie, IO CPAaBHEHUIO C TAaKOBOM B ciydae MpUMEHEHHUs1 TBepao(dazHoro ajcopOenTa (Ipu paBHBIX Maccax
KapTpuka 3QpQeKTHBHOCTD yaaBauBaHus cocTasisieT 10 96-98 u 1-5 % coorBercTBeHHO) (Tabm. 4) 1 ogHO-
BPEMEHHO YBEJIIMYHUTH KOMUECTBO AeTeKTUpyeMbIx [TAY ¢ 14 no 25 (cm. Tabm. 3).

70

Crenenb yiaapausanus 16 IIAY aacopdentom Supelpak-2 u IMCO

Degree of 16 PAHs recovery by Supelpak-2 adsorbent and DMSO

Ta6nuna 4

Table 4

Crenens ynaBnuBanus, %
CoenuHenue
JAMCO Supelpak-2
Hadrammu 815 814
AuenadruieH 93+3 855
Anenadren 93+3 83+4
diryopeH 94 +4 555
deHaHTpEH 9313 47+5

52(74 — moemH AL wmofvwﬁ, j,w,a,wv



OpurnHajJbHble CTATHH
Original Papers

— YWV
OkoHuyaHue Tabna. 4
Ending table 4

Crenens ynaBnmuBanus, %
CoenuneHue

JAMCO Supelpak-2
AHTpaleH 94 +4 46 £5
@dyopanTeH 94 £5 385
ITupen 96+ 3 5,103
bens(a)anTpaiex 96+3 52104
XpuzeH 96+3 54+04
bens(b)dnyopanren 97+2 52103
Bens(k)dmnyopanTten 97+2 5,1£0,5
bens(a)mupen 98,0+ 1,5 2,2+04
Wnneno(1,2,3-c,d)mupen 98,0+ 1,5 1,3+£03
Jubens(a,h)anTpancu 98,0+ 1,5 1,4%+0,1
Bens(g,h,i)neprnen 98,0+ 1,5 1,1+£0,2

B pesynbrare mpoBeneHHs SKCIEPUMEHTOB YCTaHOBICHO, YTO METOAMKA C MPUMEHEHHEM MPONUTaHHbIX
JAMCO cTekI0BOJIOKOHHBIX (PHIIBTPOB MO3BOJISIET MIOBBICUTH CTENCHb M3BIeueHus [IAY u3 oTXonsmux ra3os.
3TO MOXHO OOBSICHUTB, C OAHOHM CTOPOHBI, 3 (eKTUBHBIM yiaBnuBaHueM [IAY cenekTuBHOMN xuaKoi dazoit
(ubTpa O CPaBHEHMIO C TBEP/IBIM aCOPOCHTOM, a C IPyroi CTOPOHBI, TEM, YTO IIPH MCIIOIb30BAaHUN HEOOIb-
IOTr0 KOJIMYecTBa TBEpAo(]a3HOro agcopObeHTa HE MPOMCXOIUT MOJHOTO M3BJICUCHUSI OPraHUYECKUX COEIH-
HEHHH M3-32 BO3MOXKHOTO MPOCKOKA TBEPABIX MHUKPOYACTUL] MHOTOSJICPHBIX apOMAaTHUECKUX YITIEBOJOPOIOB
yepes TBEPblil a1cOPOCHT, SIBIISIOMINICS CONOIMMEPOM CTUPOJIa U AMBUHIIIOEH3011a. KpoMe Toro, BO3MOXKHO,
3arpyaHeHo u3piedeHue [1AY, conepkammx oT 4eThlpex OEH30JIbHBIX KoJel (HallpuMep, B OTIIMYHE OT Hag-
TanuHa (IBa KOJIbLA)), U3 TBepAodazHoro agcopoenTa. AnurenbHocTs ctaauu u3snedenus [1AY u3 tBepaoro
azncopOenTa B anmnapare Cokcinera gocturaet 20 4, a B pa3pab0TaHHON METOANKE COCTABISET OKOJIO 20 MUH.

3akjaroueHmne

PazpaOoranHas aHaauTHUecKass METOAMKA KOJIMUYECTBEHHOro ompenesneHus I[TAY B razoo0pasubix mpo-
OyKTax MHAPOJIM3a JIETKUX YIVIEBOJOPOIOB AAET BO3MOXKHOCTh COKPAaTUTh AJIUTEIBHOCTH MPOOONOATOTOBKU
(15-20 mun BMecTo 20 4) M MTOBBICUTH CTEIIEHb MU3BJICUCHHUS MHOTOSIIEPHBIX apOMAaTH4YE€CKUX YIIIEBOJOPOIOB
(oT ueThIpex OCH30IBbHBIX KOJICL] B MOJIEKYJIe). YCTaHOBJIEHO, YTO CTeNeHb u3BneueHus [IAY npu npodooTtOope
¢ ucrionszoBanueMm JIMCO cocraBnser 10 96-98 %, Toraa kak B ciiydae IPUMEHEHHS TBEPIOTO aJICOPOCH-
ta Supelpak-2 npyu oAMHAKOBBIX YCIOBHAX (PEXKUM HMUPOJIM3a, BPEMs, TEMIIEPATypa, CKOPOCTb 0TOOpa npoo,
Macca KapTpuka) oHa Bapbupyercs B npenenax 1-5 %. Takum obpasom, uccienosanue sxkcrpakuuu [TAY
HOJISIPHBIMHM OPraHUYECKUMU pacTBOpUTessiMHU [ 17] mo3Bonuiio nogobpare Hanbosee ceaeKTUBHbIE U 3P dek-
TUBHBIC PACTBOPHUTENH 110 oTHOLIEeHHUIO K [IAY. Pazpaborannas Mmeronnka npo60oTdopa 1 KOHLIEHTPUPOBAHUS
[TAY 13 oTXOASIIMX Ta30B Ja€T BO3MOXKHOCTb OLICHUTH CTEIICHb U3BJICUCHUSI MHOTOSICPHBIX apOMaTHYECKUX
YIJIEBOAOPOJIOB, a TAKKE MOBBICUTh TOYHOCTh M JOCTOBEPHOCTD UX OIPEACICHUS.
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