MWHUCTEPCTBO HAYKW 1 BbICLUEINO OBPA30OBAHUA
POCCUNCKON ®EQEPALINN

BECTHWK

TOMCKOI'O
F[OCYOAPCTBEHHOIO
YHUBEPCUTETA

XUMUA

Tomsk State University Journal of Chemistry

HayyHblil xypHarn

2024 Ne 34

BaperucTtpupoBaH B PefepanbHoi cnyxbe no Haa3opy B cdepe CBA3M,
MHPOPMaLMOHHBIX TEXHOMOIMMIN 1 MaCCOBbIX KOMMYHUKaLuin (PockomHaasop)
(cBnpetenbcTBo o pernctpaumm M Ne ¢C 77-69926 ot 29 mas 2017 r.)

ToMCKuli rOCYJapCTBEHHBIN YHUBEPCUTET
2024



Yupenurens — @enepanbHoe rocy1apcTBeHHOE aBTOHOMHOE 00pa3oBaTe/ibHOe
yupe:kaeHue Boiciiero oopazosanus « HanmoHanbHbIi Hcciie0BaTe bCKUT
Tomckuii rocyiapcTBeHHbIH YHUBEpCUTET»

PEJAKIIMOHHAS KOJIVIET'USI

B.H. Ilapmon — rinaBusIii penakrop (MucTutyT Katanmsa um. I'.K. bopeckosa CO PAH, HoBocubupck).
I'.A. BopoHoBa — 3amecTuTens riaBHoro peaakropa (ToMckuil rocy1apcTBeHHbINH YHUBEPCUTET, TOMCK).
Jean Kollantai — MSW, Academic Writing for Publication, Academic English.

0O.A. 3aiineBa — moMoIHKK penakTopa (ToMcKuHil rocy1apCTBEHHBIN yHUBEPCHTET, TOMCK).

B.B. An (Tomckuii nonmrexHuueckuit yaupepeuter, Tomck); A.B. Bocmepukos (ToMckuii rocy1apcTBeHHbIH
yauBepcuter, Tomck); H.II. TI'opJjienko (Tomckuili rocynapCTBEHHBIH apXHUTEKTYPHO-CTPOMTEIBHBIN
yuauBepcuter, Tomck); A.M. I'yppeB (Cubupckuil rocymapCTBEHHBIH MEIUIIMHCKUH YHHBEPCHUTET,
Tomck); E.B. lenncos (Tomckuii rocynapcreennsiii ynusepcurer, Tomck); U.C. Kopoanb (Tomckuit
¢unman MHcrutyta HedrerazoBoi reonorun u reopusuku uM. A.A. Tpopumyka CO PAH, Tomck);
H.M. Koportuenko (Tomckuii rocynapcTeHHslil yHuBepcutet, Tomck); A.B. Kopiynos (MockoBckuit
rocylapcTBeHHBIH cTpouTelbHbli yHuBepcuter, Mocksa); C.A. Ky3nenosa (ToMckuii rocy1apcTBeHHbIN
ynusepcutet, Tomck); J.E. Kyaboakun (HUU onkonoruu Tomckoro HUMII, Tomck); H.B. JIuTBsikoB
(HUU orxonorun Tomckoro HUMIJ, Tomck); I'.B. JIsimuna (ToMcKHil MONMUTEXHUYECKUH YHUBEPCHTET,
Tomck); T.JI. MamunoBckas (ToMckuil rocyrapcTBeHHBIH apXUTEKTYPHO-CTPOUTENIBHBIN YHHBEPCUTET,
Tomck); JI.LH. Mumennna (Tomckuit rocynapcrennsiit yauepeuret, Tomck); E.JI. Hukonenko (Tomckuit
nonutexHudeckuil yausepcutet, Tomck); C.U. Pemernnkos (MuctutyT karammsa uM. I'.K. Bopeckoa
CO PAH, Hoocubupck); F0.C. Capkucos (ToMckuii rocy1apcTBEHHBIH apXUTEKTYPHO-CTPOHTEINBHBIN
yuuBepcuteT, Tomck); AJO. Cranbko (Tomckuii nonurexuudeckuit yausepeuret, Tomck); P.A. CypmeHes
(Tomckwnii momurexHudeckuii yausepeuret, Tomck); O.I1. Tapan (Mucturyt xatammsa uM. K. Bopeckoa
CO PAH, HoBocubupck); T.A. ®exymax (Macturyt xumnn sedr CO PAH, Tomck); H.B. Yepasinuesa
(Tomckuii rocynapcrBeHHblld yHuBepcuter, Tomck); E.I. YUypmna (Tomckuili rocynapcTBEeHHBII
yruBepcuteT, Tomck); B.A. SIkoBaes (Mucrutyt katamusa um. I'.K. BopeckoBa CO PAH, HoBocubupck).

PEJAKIIMOHHBIN COBET

H.A. Kyp3una — npezcezarens perakiuonsoro cosera (Tomckuil rocyjapcTBeHHbIN yHHBEpCHTET, TOMCK);
Yro Bapan (Yuusepcurer @nopenunn, ®nopennus, Wramus); Ivmurpuii Myp3un (Akagemust AGo,
Typky, @unnsuans); FOaus KokpimkoBeka ([eiinensbeprekuii yuusepeutet, ['epmanis); dpaHuucko
Kaner Canto Aiipec (Hay4Ho-nccienoBaTenbCkiii HHCTHTYT KaTajiu3a H OKpyskaromed cpensl, JInoH,
Opannust); Jlorap Xaiinpux (Becrdanbckuii  yHuBepcuter wuMeHu Bunbrenema, ['epmanns);
JILK. Anrtynuna (Tomckuii rocynapctBeHHbl yHuBepcuter, Tomck); B.M. Bepemarun (Tomckuit
nonurexHudeckuil yausepcuteT, Tomek); M.K. I'apkymnn (Camapckuii rocynapCTBEHHBIIH TEXHHIECKUIT
ynusepcutet, Camapa); B.K. UBanos (MHctutyT 001meit u Heoprannueckoit xumun um. H.C. KypHakosa
PAH, Mocksa); H.II. Kaasamnukos (MU®U, Mocksa); A.C. KuszeB (ToMckuii rocyiapCTBeHHbIN
yuuBepenret, Tomck); A.W. Hukonae (MHCTUTYT XUMHH M TEXHOJIOTHH PEIKHX SIIEMEHTOB M MUHEPATBHOTO
ceipbss M. M.B. Tananaesa KHIL| PAH, Anarutsl); A.H. Iectpsaikos (ToMckuii NMoIMTEXHUYECKUH
ynuBepcuter, Tomck); B.U. CaukoB (Cubupckuii (GHU3MKO-TEXHUYECKMH MHCTUTYT Tomckoro
rocynapcTBeHHOro yHuBepcuTeTa, Tomck); FO.I'. Camxos (ToMmckuii TocyqapCTBEHHBI YHHBEPCHUTET,
Tomck); B.J1. ®uaumonos (ToMckuil MOIUTEXHUYECKUH YHUBEpCUTET, TOMCK).

Anpec uzgareis u peaakuuu: 634050, Tomckas o6, r. Tomck, yn. A. iBaHoBa, a. 49, XUMHYECKHI
¢axynsrert, JIKH, ayxn. 120

HM3nareancrBo: U3narensckuii JJom TI'Y

Penaxtop E.I'. lllymckas; pegakrop-niepeBoguuk M.B. Mouanos; opurunan-maket E.I'. lllymckoii; qu3aitn
o6moxku JI.JI. Kpusiosoii.

Moanucano B nevats 02.09.2024 r. ®opmar 70x108Y16. Meu. 1. 10,3. Yen. meu. n. 13,3. Tupax 50 ox3.
3aka3 Ne 6005.

Ilena cBoboHast. Jlata Bexoja B ceet 10.09.2024 r.

XKypnan orneyaran Ha nonurpapuueckom odopyznoanuu VzmarenbctBa ToMCKOro rocynapCTBEHHOTO
yauBepcutera. 634050, np. Jlenuna, 36, Tomck, Poccust

Ten. 8+(382-2)-52-98-49. Caiit: http://publish.tsu.ru. E-mail: rio.tsu@mail.ru

© Tomckuii rocyrapcTBeHHBIH yHHBepcutet, 2024



EDITORIAL COUNCIL

V.N. Parmon — chief editor (Boreskov Institute of Catalysis SB RAS, Novosibirsk).
G.A. Voronova — deputy chief editor (Tomsk State University, Tomsk).

Jean Kollantai — MSW, Academic Writing for Publication, Academic English.
O.A. Zaitceva — assistant editor (Tomsk State University, Tomsk).

V.V. An (Tomsk Polytechnic University, Tomsk); A.V. Vosmerikov (Tomsk State University, Tomsk);
N.P. Gorlenko (Tomsk State University of Architecture and Building, Tomsk); A.M. Guryev (Siberian
State Medical University); E.V. Denisov (Tomsk State University, Tomsk); 1.S. Korol (Trofimuk Institute
of Petroleum Geology and Geophysics SB RAS, Tomsk); N.M. Korotchenko (Tomsk State University,
Tomsk); A.V. Korshunov (Moscow State University of Civil Engineering, Moscow); S.A. Kuznetsova
(Tomsk State University, Tomsk); G.V. Lyamina (Tomsk Polytechnic University, Tomsk); T.D. Malinovskaya
(Tomsk State University of Architecture and Building, Tomsk); L.N. Mishenina (Tomsk State University,
Tomsk); E.L. Nikonenko (Tomsk Polytechnic University, Tomsk); S.I. Reshetnikov (Boreskov Institute
of Catalysis SB RAS, Novosibirsk); Yu.S. Sarkisov (Tomsk State University of Architecture and Building,
Tomsk); A.Y. Stanko (Tomsk Polytechnic University, Tomsk); R.A. Surmenev (Tomsk Polytechnic
University, Tomsk); O.P. Taran (Boreskov Institute of Catalysis SB RAS, Novosibirsk); T.A. Fedushchyak
(Inctitute of Petroleum Chemistry SB RAS); N.V. Cherdyntseva (Tomsk State University, Tomsk);
E.G. Churina (Tomsk State University, Tomsk); V.A. Yakovlev (Boreskov Institute of Catalysis SB RAS,
Novosibirsk).

EDITORIAL BOARD

I.A. Kurzina — Chairman of Scientific Editorial Board (Tomsk State University, Tomsk); Bardi Ugo
(University of Florence, Italy); Dmitry Murzin (Abo Akademi University, Turku, Finland); Julia
Kzhyshkowska (Heidelberg University, Germany); Francisco Cadete Santos Aires (Institut de
Recherches sur la Catalyse et I’Environnement de Lyon, France); Lothar Heinrich (The University of
Miinster, Germany); L.K. Altunina (Tomsk State University, Tomsk); V.I. Vereshchagin (Tomsk
Polytechnic University, Tomsk); 1.K. Garkushin (Samara State Technical University, Samara);
V.K. Ivanov (Institute of General and Inorganic Chemistry named after N.S. Kurnakov RAS, Moscow);
N.P. Kalashnikov (MEPhI, Moscow); A.S. Knyazev (Tomsk State University, Tomsk); A.l. Nokolayev
(1.V. Tananaev Institute of Chemistry and Technology of Rare Elements and Mineral Raw Materials
of the Kolsk Research Centre of RAS, Apatiti); A.N. Pestrytakov (Tomsk Polytechnic University, Tomsk);
V.1. Sachkov (Siberian Physical-Technical Institute of Tomsk State University, Tomsk); Y.G. Slizhov
(Tomsk State University, Tomsk); V.D. Filimonov (Tomsk Polytechnic University, Tomsk).

Publisher and editorial address: 634050, Tomsk Region, Tomsk, str. A. lvanova, 49, Faculty of
Chemistry, LCI, aud. 120

PUBLISHER:

Tomsk State University Press (Tomsk State University, Tomsk, Russian Federation)

Editor E.G. Shumskaya; editor-translator M.V. Mochalov; camera-ready copy E.G. Shumskaya;
cover design L.V. Krivtsova.

Passed for printing 02.09.2024. Format 70x108%/6. Printed sheets 10,3. Conventional printed sheets 13,3.
Circulation — 50 copies. Order N 6005.

634050, 36 Lenina St., Tomsk, Russian Federation.

Tel. +7 (382-2)-52-98-49. http://publish.tsu.ru. E-mail: rio.tsu@mail.ru

© Tomsk State University, 2024



BectHuxk Tomckoro rocyaapCTBEHHOTO YHUBCPCUTCTA. XUMHUA
Tomsk State University Journal of Chemistry

2024 Ne 34

COIEPKXAHHUE

JIpitkuna /I.H., KpacuukoB A.A., Canapaau A.B., [Tactyx I1.W., Kyp3una U.A.
[Monyuyenue pH-4yBCTBUTEIBHBIX CHCTEM albI'MHAT HATPHUS / TIOMUBUHHIIOBBIH CITUPT

U XUTO3aH / IOJUBUHWIOBBIHA CIIUPT IS JOCTABKH JICKAPCTBEHHBIX CPEACTB ...vvvvviverene, 6
Kyapsimosa O.B., 'aenko O.U., Tutos C.C., Coxonos C.J. beictpas
HEHTpanu3alys NapoB aleTOHa HAaHOAUCIIEPCHBIM a3P030JIEM JMOKCHAA THTAHA ............ 19

Coxouaos C./I., KapakuueBa H.U., A63aeB 10.A., Kaxunze H.U., ’Kykos U.A.,

Caukos B.1., Bopo:xxuos A.B. CTpykTypa, (a30BbIi cOCTaB U CBOIMCTBA JINTATypHI

Al3Er, mony4eHHON TMAPUIHON TEXHOJIOTHEN U MEXAHUYECKON 00PAGOTKOM ....vvvvvnrees 29
Hogouoxkos K.1O., lllenkoBHukoB B.B., Baku6aes A.A. DnexTpoxuMuiecKkue
xapakTepucTHkH 1,1’ -Oucnuponupponauaunus TeTpagTropobopara B alleTOHUTPUIIE,

JUMETUICYTBMOKCHIE HM BOJIE ...vvviiviiiisiie ittt b bbb b 44
Kopoas U.C., Yyiikuna JI.W., Myxoptuna H.A. XuMmudeckuii coctas Boj
U JOHHBIX OTJIOKEHUH MaJIBIX 03P TOMCKOTO PAMOHA ...ocvvveurieiririeiiiee e 55
Hanymnosa I'.H. M3rorosieHye BETHBIX KEPAMUUECKUX U3JEIHA METOIOM
IITHKEPHOTO JINTHS. B OTHOKPATHBIM OOMKHTOM .....vvireiereseeiesresenreessessesesnesessesnesesnesesnennas 70

Anasturyaep I'.H., Hekpacos B.H., Anbrurysep O.I'. MoHHbI 00MeH B cucTeMe:
cynbpokaTnonutr DOWEX 50, Boausiii pactBop Cu(NO3)2

U TTUPUTITH-2-KAPOOHOBOK KHCTIOTBI ....v.evevereeiiesesrereetensesessenseseaseseesessesessesssseseenennesnesesnenes 79
Frank Y.A., Ershova A.A., Vorobiev E.D., Vorobiev D.S. Comparability

of riverine microplastic sampling and processing techniques: intercalibration

experiment for the Yenisei RIVET ... 89
3y3a I.A., Hexopomes B.O., Batpakos A.B., Kyp3nna U.A. Xumndeckoe

CTPOSHNE MOKPHITHH, OCAKACHHBIX IIPH aKTHBALMH T'€KCAMETIIIANCHIIOKCaHA

B TJICIOIIEM PA3PSTE B IIOTOKE TA3A ...eovvuvverereerisresessesesseseeseseesessesessesessessesessessssesesseseesessens 106
3y3a JI.A., Hexopomes B.O., Barpakos A.B., Kypsuna U.A. Pacnpenenenue

MaccChl KpeMHUHOPraHMIECKOTO MOKPBITHS B IIIa3MOXUMHUYECKOM PEaKTope

HA OCHOBE TJICIOIIETO PA3PAIA B TIOTOKE TABA 1.vvevverrerrervessersessessensansenasensessenseessessessessessens 120
Otmaxos B.U., Capkucos 10.C., fIniok A.E. B3anMocBs3b apupMeTHIECKHX,
TreOMETPUIECKUX U TOMOJIOTHYECKUX MPEACTABICHUN pacipeesieHAs

KOHIICHTPAIINH XUMHIECKUAX DIIEMEHTOB B JKUBOM BEIIECTBE ....cvvevververeereeeensessessessensensnens 132
®epanounrona JI.JI., ®epanonTtoB 10.A., Ceprynun A.C., [locrepnak H.B.,

3axapos U.B. O BiusHUN COpOCHTA-HAMOIHHUTEIS Ha TEMIIEPATypy TEPMHUECKOM
ﬂeCprKL{I/II/l KOMITO3UITHOHHBIX COp6LlHOHHO-aKTI/IBH]>IX MaTepruaioB

Ha OCHOBE IICOJHUTA U (PTOPHPOUIBOIHBIX ITHIICHA w.vevvevinrererrenireearereeeesseseesesneseaneseesesneseas 142
Kazantseva K.I., Sidelnikov V.S., Kokova D.A., Frankevich V.E.,

Chagovets V.V., Domracheva L.V., Mayboroda O.A., Ivanyuk E.E.

Pilot Study on LC-MS Analysis of Bile Acids and Fatty Acids in Duodenal

Content of Patients with Chronic OpiSthorchiasis ..o 155




CONTENTS

Lytkina D.N., Krasnikov A.A., Saparali A.B., Pastukh P.I., Kurzina |.A.
Production of pH-Sensitive Sodium Alginate / Polyvinyl Alcohol and

Chitosan / Polyvinyl Alcohol Systems for Drug DeliVEry ..o 6
Kudryashova O.B., Gaenko O.1., Titov S.S., Sokolov S.D. Rapid neutralization
of acetone vapors with a nanodispersed aerosol of titanium dioXide .............cccecervrernnenn. 19

Sokolov S.D., Karakchieva N.I., Abzaev Y.A., Kakhidze N.l., Zhukov |.A.,

Sachkov V.1., Vorozhtsov A.B. Structure, phase composition and properties

of AlsEr master alloys obtained by hydride technology and mechanical treatment ........... 29
Novolokov K.Y., Shelkovnikov V.V., Bakibaev A.A. Electrochemical

characteristics of 1,1°-bispyropyrolidinium tetrafluoroborate in acetonitrile,

dimethyl SUIfOXide and WALET ...........oeiiiiieiiiiee e e 44
Korol I.S., Chuikina D.I., Mukhortina N.A. Chemical composition of waters

and sediments small lakes of the TOMSK region .........cccccvveeiiiiiincieieccse s 55
Papulova G.N. Production of colored ceramic products by slip casting

AN SINGIE TIFING ...ttt et 70

Altshuler H.N., Nekrasov V.N., Altshuler O.H. lon exchange in the system:

DOWEX 50 sulfocationite, aqueous solution of Cu(NOs)2 and

Pyriding-2-CarbOXYIIC ACIU .......cooviveiiiiicici s 79
Frank Y.A., Ershova A.A., Vorobiev E.D., Vorobiev D.S. Comparability

of riverine microplastic sampling and processing techniques: intercalibration

experiment for the YeniSei RIVET ..o 89
Zuza D.A., Nekhoroshev V.O., Batrakov A.V., Kurzina I.A. Chemical

constitution of coatings deposited under hexamethyldisiloxane activation

in a glow discharge in @ gas flOW ..o 106
Zuza D.A., Nekhoroshev V.O., Batrakov A.V., Kurzina I.A. Organosilicon

coating mass distribution in plasma-chemical reactor based on glow discharge

1N G8S FIOW L. 120
Otmakhov V.1., Sarkisov Y.S., Yanyuk A.E. Relationship between arithmetic,

geometric and topological representations of the distribution of chemical element
concentrations in liViNG MAtter .........cocvciiiieiiiciee e 132
Ferapontova L.L., Ferapontov Y.A., Sergunin A.S., Posternak N.V.,

Zakharov 1.V. On the influence of sorbent-filler on the temperature

of thermal destruction of composite sorbent-active materials based on zeolite

and fluorine derivatives of etNYIENE ..o 142
Kazantseva K.I., Sidelnikov V.S., Kokova D.A., Frankevich V.E.,

Chagovets V.V., Domracheva L.V., Mayboroda O.A., Ivanyuk E.E.

Pilot Study on LC-MS Analysis of Bile Acids and Fatty Acids in Duodenal

Content of Patients with Chronic OpiSthorchiasis .............coceevieiennnneineee s 155



Becmnux Tomckozo 2ocyoapcmeennozo ynusepcumema. Xumus. 2024. Ve 34. C. 6-18

Tomsk State University Journal of Chemistry, 2024, 34, 6—18

Hayunas crates
YJK 615.4, 544.773.432
doi: 10.17223/24135542/34/1

Iosyyenne pH-4yBCTBUTEJNIBHBIX CHCTEM AJIbIHHAT HATPUS /
NOJIMBHHUWJIOBBIH CIUPT M XUTO3aH / MOJTUBHHUJIOBBII CIIUPT
JJI51 JOCTABKH JIEKAPCTBEHHBIX CPEICTB

JHapws Hukonaesna JIbiTknaal, Asneceii Anapeesnu Kpacuukos?,
Apyxan Boaardexkbispl Canapanu®, Ilonnna Uropesna IMacryx®,
Hpuna Anexcanaposna Kypsuna®

1.2,3.45 Tomexuii 20cyoapemesennviii yuueepcumem, Tomck, Poccus
L darya-lytkina@yandex.ru
2 alexey.krasnickov@gmail.com
3 spacea725@gmail.com
4 polya.pastukh@yandex.ru
Skurzina99@mail.ru

AHHOTauMs1. PaccCMOTpPEHBI HOTy4YEHHE U CBOMCTBA IOJIMMEPHBIX T'eJICH TONHBHHH-
JIOBBIN CIUPT / allbTUHAT HATPHS U MOJMBUHUIOBBIN CIUPT / XUT03aH Kak pH-4yBCTBH-
TEJIBHBIX CHCTEM JIOCTABKH JIEKaPCTBEHHBIX CpesicTB. OTCYTCTBHE HOBBIX XMMHYECKUX
cBszeit onpenensiiu MeronoM MK-cnexrpockonuu. Metonom COM yCTaHOBJIECHO, UTO
MOJIUMEPBI TOMOTCHU3UPYIOTCSL HEMOIHOCThIO, HECMOTPS Ha JUIMTENIBHBIH IpoLece
cMemmBaHuA. 11 HOJy4eHHBIX MOJUMEPHBIX CHCTEM OIPEIEeNICHO, ¢ KaKOH CKOPOCTHIO
OHH CIIOCOOHBI BBICBOOOKAATh MOZIEIIBHOE JIEKAPCTBEHHOE BEILLIECTBO U3 CBOCH CTPYKTYPBL.
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Abstract. The present study considers the production and study of the properties of
polymer gels of polyvinyl alcohol - sodium alginate and polyvinyl alcohol - chitosan as pH-
sensitive systems for drug delivery. The absence of new chemical bonds was determined by
IR spectroscopy. It has been established by SEM that the polymers are not completely
homogenized, despite the long mixing process. For the obtained polymer systems, it was
determined at what rate they are able to release the sacrificial substance from their structure.
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BBeaenue

Kontponupyemoe BEICBOOOMKICHUE JICKAPCTBA 3aBUCHT OT Pa3IMYHBIX Mapa-
METPOB, TAKHUX KaK €r0o (PH3UKO-XUMHUIECKHE XapaKTePHCTHKH, CBOHCTBAa OHOXH-
MHUYECKOro MaTepualla, TKaHU-MUIIeHU W NyTu BBeneHus [1, 2]. IlonumepHsle
CUCTeMbl MMEIOT OOJBIION MOTEHIMAaN IJisi JOCTaBKU JieKkapcTB. MpeanbHas
CUCTEeMa JIOCTaBKH JICKapCTB JOJDKHA OBITh CIIOCOOHA BHICBOOOKAATH JICKAPCTBO
B OIpeJieIeHHOM 001acTh TkaHu. UyBCTBUTENLHOCTD K Ha0yxanuto pH-4yBcTBU-
TEJNbHBIX CHUCTEM JOCTaBKU JIEKApCTB CBS3aHA C HalUuuMeM (YHKLHOHAIBHBIX
TPYNIl U PEryIUpyeTcs HECKOIbKUMHU (hakTOpaMH, TAKUMHU KaK MOHHBIN 3aps,
pKa, rpynnosas nonusanus u pH okpyskatomieii cuctemy cpenbl. Katnonusie no-
JMMEpHL, TAKHe KaKk XUTO3aH, HA0YXaloT B KUCIION cpelie M3-3a MPOTOHHPOBAHHS
amuHorpymi. Ilpu Huzkom pH nmpoTOHUPOBaHHBIE AaMHUHOTPYIIIBI BHI3BIBAIOT OT-
TaJKUBaHWE U OTBETCTBEHHHI 3a HabyxaHue. HampumMep, MUKPOOKpYKEHHUE OITy-
XOJICBOW TKaHHW MeeT Hu3kuid pH u3-3a anaspoOHOTro Mertadonmu3ma [3].

T'unporenu crnocoOHbl HaOyxaThb B BOJE M 0Opa3oBBIBATh HEPACTBOPUMYIO
TPEXMEPHYIO TPOCTPAHCTBEHHYIO CTPYKTYPY, HAXOSILYIOCS B PABHOBECHH C BO-
noit [4]. CuaTeTHYECKHE THAPOTENH KaK MaTepHaIIbl, MpeJHa3HaYeHHbIE IS UC-
10JIb30BaHMs B MEJULIMHE, UMEIOT ONITUMAaJIbHbIE MEXaHUYECKHE CBOMCTBA, TOT1a
KaK HEKOTOpbIE MPUPOIHBIE THIPOTeIl 00JaAal0T PSAOM YHUKAJIbHBIX CBOMCTB!
HanpuMep, xuro3aH (XT) mposiBisieT aHTHOAKTEPHATIbHYIO aKTUBHOCTB. 113 3TOTO
CJIEJTyEeT, YTO CMEIICHUE CHHTETHYECKUX U MTPUPOTHBIX MTOJUMEPOB IS TTOJTyYe-
HUSI HOBBIX THIIPOTEJIEBBIX MAaTEPUAIIOB MOXET CIY)KUTh PELICHHUEM IPOOIIEMEI,
3aKJII0YaloIIeHCs B TOM, YTO MHOTHE THAPOreNieBble OHoMaTepuabl He 001aJatoT
KeJlaeMbIMU (PYHKIIMOHATILHBIMU CBOMCTBaMU.

Ionusunumnossrit cupt (IIBC) — BogopacTBOpUMBIA CHHTETHYECKUIT MOIH-
Mep — 00pa3yeT cTabUIIbHBIN KPUCTATUIM3YIONIUKCS THAPOTeNlb METOIOM 3aMOopa-
)kuBaHus—otTauBanus [S]. ['maporens [IBC obnamaeT BRICOKOW MeXaHUYECKON
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MPOYHOCTHI0, OMOCOBMECTUMOCTBIO, IMEET BS3KOYNPYTYIO MPUPOLY, HETOKCH-
4eH 1 Henopor. B HacTosmee Bpems runporenu [IBC ucnons3ytorcst B Onomenu-
LIMHE KaK IIepeBA30YHblE MaTepUalbl IIPU paHaX, KAk CUCTEMbI KOHTPOJIUPYEMOTO
BBICBOOOXKIECHUS JIEKapCTB [6], a TaKXKe B TKAHEBOI MH)KEHEPUHU KaK MaTepuallbl
JUIA CO3/IaHUS HICKYCCTBEHHBIX OPTaHOB, Hanpumep xpsiuei [7, 8].

Anprunat Hatpus (AJIT) mpencrapnseT coOOW IMHEHHBIN OIMcaxapui, co-
CTOSIIMIA U3 OCTaTKOB 1,4-cBsI3aHHON [3-D-MaHHYpPOHOBOW KHCIIOTHI U o-L-TyIy-
POHOBOIi KUCIIOTHI B pa3IMYHBIX COOTHOIICHHUSAX B 3aBUCUMOCTH OT €T0 BOJIOPOC-
JICBOTO MJIM OAKTEPUAIEHOTO NMPOUCXOXKICHHUS [9]. ATBrUHAT HATPUSI pACTBOPUM
B BOJTHOM pacTBOpE M 00pa3yeT YCTOHUUBEIC TeNN IPH KOMHATHOM TeMIlepaType
B TIPHCYTCTBHH HEKOTODHIX JBYXBAIEHTHBIX KaTHOHOB (Hampumep, Ba®*, Ca?"),
KOTOPBIE MOTYT 00Pa30BbIBATh KOMITJICKCHI C KApOOKCHILHBIMH TPYTIIIAMH OCTaT-
KOB 0-L-TymypoHOBOH KHCIOTHI B TETpaJCHTAaTHOH CTPYKType, a 3aTeM (OpMH-
poBatb MojeH egg-box [10]. AJbruHaT HATPHUS, CIIUTHIA HOHAMU KaJblUs, 00-
JIaJaeT MPEBOCXOAHBIMY CBOMCTBAMU M IIUPOKO HCIOIB3YeTCs B OMOMETUIIMHE
B Ka4ecTBe KapKacHOTO MaTepuaa Uil TKAaHEBOW MHKEHEPHHU OJaromapst CTpyK-
TYpPHOMY CXOJICTBY C IPUPOJHBIM BHEKJIETOYHBIM MAaTPUKCOM. AJIbrUHAT HATPUS
MOXXET KOHTPOJHMPOBATh AATE3UI0 KIETOK, POCT M 00pa3oBaHHE HOBOH TKaHH
B TPEXMEPHOI CTPYKType IpH UMIUIAHTALMU KaK KUBOTHBIM, TaK U UYEJIOBEKY
B COYETAaHMM C PA3IUYHBIMHU KieTkamu. Kpome Toro, ruaporeib ajbruHaTa
HATpUS MOJIE3EH JJIS 3aKUBJICHUS paH, IOATOMY €T0 MPUMEHSIOT B Ka4ecTBe Kpo-
BOOCTaHaBJIMBatoNIe MoBs3ku. CooOMIaeTcs, 4To ajJbrHHAT HATPUs HETOKCHYCH
u OMopasiaraeM IpH IepopaTbHOM IPUMEHEHUH, €T0 THIPOTENb CKIMACTCS TIPH
pH 1,2 (cpena xenmynxa) u Habyxaet npu pH 7,4 (cpeaa KuIIeYHHKA), YTO MOJ-
XOJIUT JJISI JOCTABKH JIEKapCTB B KUILIEYHUK [11].

XuT03aH — MO (P YHKIIHOHATEHBIN OHOTIOTIMMED, B €r0 HEMSIX IPUCYTCTBYIOT
peakimonnocnocoousie rpymmnsl —NH2, -OH, -NHCOXT3. XuT0o3aH pacTBOpUM
B BOJHBIX KHMCIBIX cpeaax. [Iporonuposanue rpynmnsl NH> B nonoxxenuu C; no-
BTOpsOLIeica equHULBl D-Tioko3aMuHa MPUBOAUT K TOMY, YTO MOJUCAaxXapui
MpeBpaIlaeTcsi B MOJUAJIEKTPOIUT B KUCION cpene. XUTO3aH — €AMHCTBEHHBIN
MCEBIONPHUPOIHBIA KaTHOHHBIM moumMep [12-14]. SIBissch MOMUKATHOHOM, OH
CTIO0CO0EH 00pa30BHIBATE MTOJMHAIEKTPOIUTHEIE KOMIUIEKCH C aHHOHHBIMH TTOJTH-
ANIEKTPOIUTAaMH (ATBIUHATOM, IEKCTpaHCyIb(haTtoM u np.) [14—16]. Kpome Toro,
U3BECTHO, YTO XUTO3aH 00pa3yeT MOIUMOJIEKYIIPHbIE KOMIUIEKCHI C OEITKOBBIMU
MaKpOMOJICKYJIaMH, B YACTHOCTH C MHCYJIMHOM, CBIBOPOTOYHBIMU Oenkamu [17]
1 ne30kcupruOoHoM [ 18]. HekoTopbie U3 HUX M3-3a OrpaHUUCHHOW paCTBOPUMOCTH,
HEYCTOMYUBOCTH BCEX BUJOB XUMHUYECKOW U MEXaHUYECKOH MOJAU(HUKAINY O3~
BOJISIFOT CO3/1aBaTh T’MOPUIHBIC MAaTEPHANIBI C HOBBIMU aHAIIOTAMHM, YTO PACIIUPSET
CIIEKTP MCIIOJIL30BAHUS XMTO3aHa, 0COOCHHO B GnoMenuimHcKoi cdepe [18-20].
Hcnonp3oBaHue XUTO3aHa U AT03aHa MEPCIEKTUBHO B 00JACTSX, 3aHUMAIOIIMXCS
KOCTHBIMH M XPSIIIEBBIMUA TKaHIMH, 75 JiedeHus: ocreoaprputa [20]. Xurozan
criocoOcTByeT nuddepeHraniy KI1eToK U MUTaHHIO €CTECTBEHHOTO BHYTPHKJIE-
TOYHBIA MaTPUKCa KOCTHOW TKaHH, TOMOTAeT pereHepaliy KOCTHON TKaHU.

[IpenMy111eCcTBO MOJIMMEPHBIX CUCTEM B TOM, YTO B UX COCTAaB BXOJAT CUHTE-
TUYECKHE U IPUPOIHBIE NTOJIUMEPBI, 00Pa3yIOT HOBbIE THAPOTEIEBbIE MaTEPUAIIbI
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Ilonyuenue pH-uygcmeumensnwvix cucmem

¢ 3¢ dexTHBHOI HHKANCYIANNEH W TPOJIOHTUPOBAHHBIM PETYIISTOPHBIM BBICBO-
6oxxneHueM sekapcTs. Llens paboTsl — momyueHrne pH-uyBCTBUTENBHBIX CHCTEM
JOCTaBKH JIEKapCTB, OMNpeaeTIeHIe HanOoee MOAXOISIINX KOHIEHTPAaIHii U Co-
OTHOIIECHUH KOMIIOHEHTOB.

MaTepHaJ’lbl U METO/JbI

1 nonmyyeHHuss KOMIO3UIIMOHHBIX MaTePHaiOB UCIOIB30BAUCH XUMHUECKU
YHCTBIC PeareHThl: MOMMBUHWIOBKIN ciiipT (Sigma AldriXT MM=120 000), anbru-
HAT HATPUsI, XUTO3aH, XJIOPHI KAJIBIHS, PACTBOP OPHUIUTHAHTOBOTO 3EJICHOTO B Kade-
CTBE MOJICTILHOTO BEIECTBA JIIsI OLICHKH CKOPOCTH BbICBOOOXAeHUs. [ ucce-
JIOBaHHUSI BBICBOOOKICHHUS JICKAPCTBEHHBIX CPEICTB HCIONB30BaIN Oy(epHbIe
pactBopsl: GocdaThbrii 6ydep ¢ pH 7,4 u 6ydepnsiit pactBop ¢ pH 1,2, KoTopsIii
TOTOBHJIM M3 PACTBOPOB COJISIHOM KHUCJIOTBL, THAPOKCHIA HATPHUSI M IUTPATa HATPHSL.

Jis vccieToBaHUs CMECH THAPOTeIeH 1 MOJIMMEPHBIX TUTACTUHOK, HHKAIICY-
JIMPOBaHHBIX MOJEJbHBIM JIEKAPCTBEHHBIM CPEJICTBOM, HCIOIb30BAIM CIEAYIO-
mee obopyznoBanue u npudopsr: UK-Oypre-ciekrpomerp Agilent Cary 630 mis
nonydenust UK-cnekrpos, Y ®-cniekrpodoromerp CP-2000 1711 OLIEHKH BBIXOJ-
HBIX KOHIEHTpaui MOJAEIBHOTO BEIMIECTBA, CKAHUPYIOIINM SJIEKTPOHHBIN MHUK-
pockon HitaXTi TM3000 my1st orieHKH MOP(OIOTHH TOBEPXHOCTH HCITOJB30BAIIH.

Komnosunuonnsie marepuaisl coctaBa [IBC/AJIT momyyanu B HECKOJBKO
CTaJINii: pacTBOPHI MOJMBUHMIIOBOTO ciiupTa 3 Mac. %. u anprunata Hatpus 3 mac. %
CMEUIMBAIH B COOTHOIICHMSX, YKa3aHHBIX B Tabxn. 1. [lanee cMmecn moasepranu
JBYM TIOCJICIOBATENILHBIM CEpUsM 3aMopakuBaHus 1o 12 4 (mpu —20°C) u orTa-
uBaHus 110 6 4 (mepuoandeckn). [Tocie 3Toro noy4eHHbIe THAPOTeITN TOMEITaTN
Ha 24 9 B pacTBOp XJiopuaa kanbuus 3 Mac. %. [lomydeHHble 00pa3mpl CyIIIH
pu Temnepatype 60°C B TeueHue 24 4 10 MOCTOSIHHOTO Beca.

Tabonuma 1

CooTHomenne kKoMnoHeHToB B Matepuajax [IBA/AaH u [IBA/XT

Maccosas nosst MaccoBas n0:st Maccosas no:st

O6pasen 3%-Horo pactBopa | 3%-noro pactBopa AnH | 3%-Horo pactopa Xur

[1BC B matepuane, | B matepuaie [IBC/AnH, | B marepuane [IBC/XT,
% % %
IIBC/AJIT (80/20) 80 20 -
TMBC/AJIT (60/40) 60 40 -
IIBC/AJIT (40/60) 40 60 -
IIBC/AJIT (20/80) 20 80 -
MBC/XT (80/20) 80 - 20
IIBC/XT (60/40) 60 - 40
IIBC/XT (40/60) 40 - 60
IMBC/XT (20/80) 20 - 80

Komnozunmonnsie Matepuansl coctaBa [IBC/XT mony4danu cMeleHueM pac-
TBOPOB TOJMBUHUIOBOro crupra 3 Mac. % u xutozaHa 3 mac. % (pacTBOpEHO
B 1%-HOM pacTBOpe yKCYCHOW KHCJIOTBI), COOTHOIIEHUSI pUBEICHbI B Ta0. 1,
3aTeM CMECh MOJABEPraiach IBYM MOCIEAOBATENLHBIM 3aMOPAXKUBAHUSAM 110 12 4
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ipu —20°C) 1 pa3sMOpaKUBaHHIO 1O 6 4 P KOMHATHOW Temrieparype. O6pasibl
cymmiu npu reMueparype 60°C B TeueHue 24 4 10 IOCTOSHHOTO Beca.

MojiennbHOE BEMIECTBO CKOPOCTH BBHICBOOOXKICHUS (3€JICHBIH OPHILTHAHT) JI0-
0aBJSUTH B MATpPHUIIBI Ha dTalle CMEIIMBAHUS PACTBOPOB HoimMepoB. Mcxonnas
KOHIICHTpaIus OPHTHAHTOBOTO 3€JICHOr0 BO BeeX oOpasiax cocrasisuia 0,5 r
(pactBop 1 Mac. %) Ha 100 r mOAMMEPHON CMECH.

Pe3yabTaThl B MX 00CyKIeHHE

Mamepuanwt na ocnose IIBA/AnH
Crextpsr IIBC/AnH (puc. 1) xapakTepu3yloTcss MAKCHMYMaMH BaJICHTHBIX
Konebanuii kKap6oHmIbHOM Tpymsl (—-C=0) ¢ BomHOBBIM unciaoM ~ 1 600 cm?,
otHOcsmeics k AnH. B criektpax Bcex 00pasiioB HaOIIOAIOTCS BaIEHTHBIE KO-
ne6anus rpymmsl (—C(=0)-O u —C—0O-) ¢ BomHOBEIMHE yriciiamu 1 456, 1 186, 1 093,
1045 cv L. Vmerotcst aehopMalonnble KodeOGanus (GyHKIHOHATBHOMR TPYIITBI
(-C—0—C-) ¢ BomHOBEIM uncaoM 870 cm L. Takke B CIEKTpe MPHCYTCTBYIOT KO-
ne0aHus, XapaKTepHbIC IS MOJIUBHHIIIOBOTO CITHPTA, XapaKTePU3YIOIIHECS ITOJI0-
CcaMH BaJleHTHBIX Kojlebauii: nostoca mpu 780 M — nedhopMaroHHble (MasTHUKO-
BbIe) KoneOanus —CHao—, 870 et — nedopMarimorHbie koreoanus rpynmn —CHo—,
nonoca pu 1 290 cM ! cooTBeTcTBYET Aed)OpPMAIMOHHBIM (KPYTHIEHBIM) KOJIe-
6anusam rpymmsl —CHp—. O6macts 3 100-3 600 cM ™ cOOTBETCTBYET BaJEHTHBIM
kostebanmsiM cBsizeit O—H. Bo Bcex criekTpax MaTepranoB CABUIOB U MOSIBICHUS
HOBEIX ITOJIOC He HabOmromaercs. O01iee CHIDKCHNE HHTEHCHBHOCTH CIIEKTPOB MO-
XKeT OBITh CBA3aHO C M3MEHEHHUEM TOJIIIMHEI CJIOSI 38 CUET YMEHBIICHUS KOJIHUe-
ctBa [IBC B matepuare.
— PVA/ANa (80/20)
—— PVA/ANa (60/40)

——— PVA/ANa (40/60)

——— PVA/ANa (20/80)
v (-C=0)

vEOH)  v(=CHy) V(€00 vC0C)

&(-0H) S(CH,-)

)
\

R

-
3o 3 =

T T
4000 3500 3000 2500 2000 1500 1000 500
Vyem 1

Puc.1. UK-crexTpsl ruaporesneii moiruBUHMUIOBOrO criupra / ansrinara Hatpus [IBC/AnH
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Ilonyuenue pH-uygcmeumensnwvix cucmem

s m3ydeHus BIUSHAS COCTaBa U IDIOTHOCTH CIITMBOK Ha HaOyXaHHE THAPO-
refieil BBICYIIICHHBIC 00pasilbl C Pa3IMYHBIM COACPIKAHUEM albIHMHATa HATPHs
MTOMEIIANY B JUCTI/UIMPOBAHHYIO BOIY BO M30exaHue BiusHUS pH u nzmepsinn
k0a(durpenT Habyxauust 3TuX 06pasios (puc. 2). Habaromaem, 9To Bce 00pasibl
HUMEIOT OIMHAKOBYIO CKJIIOHHOCTh K HabyxaHuto, ko3 uireHT HabyxaHus ObICTpO
YBEIHYUBACTCS B TIEPBBIC § U, [TOCIIC YEro 3HAYCHUE YCTAHABIMBACTCS U MTPAKTH-
geckd He u3MenseTcs. KoadduimenTs! paBHOBECHOT0 HAOYXaHUS IIPEICTABICHBI
B TabI. 2.

0,6 1

0.4 1

Ko puunent nadyxanus, oTH. e

0.2 —TIBA/AsH (80120)

TTBA/AnH (60/40)

] ——TIBA/AnH (40/60)

__ . NBA/AnH (20/80)

0,0 T T ¥ T T T T 1

0 400 800 1200 1600
Bpems nadyxanus, MHH
Puc. 2. Koapduuuent HabyxaHus rumporeieit
¢ pasnuHbIM cootHomeHneM [IBC/AH npu 37°C
TaOonuma 2
Koncranra Habyxanus
O6pas3ipt KoHcTaHTa paBHOBECHOTO HaOyXaHHs

IMMBC/AxnH (80/20) 0,688
MBC/AnH (60/40) 0,492
IMIBC/AnH (40/60) 0,489
[IBC/AnH (20/80) 0,485
IMMBC/AxnH (80/20) 0,688

ITo mepe yBenuueHus coepaxKaHus albIMHATA HATPUS B CMECH YBEJINIUBAETCS
IUIOTHOCTh CHIMBOK, 3TO O3HAYaeT, YTO MATPHUIIBI C BBICOKUM COJEpPKAHHUEM
aJIbrMHaTa HaTPUs UMEIOT MEHBIIE IIPOCTPAHCTBA IJI BKIIOYEHHS BOAbL. TakuM
obpa3oM, cTereHb HaOyXaHHs OTPHULATENIBHO CBS3aHA C IUIOTHOCTBIO CHIMBOK.
C yBenmuenneM cozepkanus [IBC xoHcTaHTa paBHOBeCHOI0 HaOyXaHHS cMecH
Oyner yBenmmumuBaThes, HockosbKy [IBC Oonee runpoduiien, yeM ajgpruHar Ha-
Tpus. IloryueHHbIE NaHHBIE CBUAETENBCTBYIOT, YTO B JUANa30HE KOHLIEHTPalUil
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ot 20 mo 60% AnH mpaxTHdeckn He MPOUCXOAUT U3MCHEHHS HaOyXaHWs, YTO
MO3BOJISCT Cy3HUTh AUAMAa30H KOHIICHTPALUH [T NANbHEHIIMX UCCIICTOBAHUIMA.

Jns momygenus npoduiei BEICBOOOKACHHSI MOJICIIFHOTO BEIIECTBA HABECKU
Maccoii 0,3 r momemanu Ha 2 9 B Oydepnsrii pacteop pH 1,2 (10 vur) mpu Temre-
patype 37°C. Ilocie 3TOro rpaHyJibl BRIHUMAIH U MIOMEANU B pacTBop (ocdart-
noro 6ydepa pH 7,4 (puc. 3).

pH=7,4

0019 pH=1,2 0,00035

y =0,0001x + 8E-07
R?=0,9954

0,0003

0,00025

0,0002
0,02 4

Konuenrpauus , r/ma

0,00015

0,0001

HHTEeHCHBHOCTD, OTH.€1.

—e—1IBC/AaH[BO/20)|

| e +—IIBC/AAN(60/40) () 00005
/7 - —a—ITBC/AAH(40/60)

d-./ +—TIBC/AA 20780 0

0,00 T T T ! 0 05 1 15 2 25 3
0 200 400 600 ' ) "
Bpemsi, mun Konuenrpauuns, r/100 ma
a 6

Puc. 3. KpuBble BHICBOOOXKICHHS MOAGIBHOTO BEIlECTBA U3 MONTMMEPHBIX MaTepuanos (a);
KannOpoBOUHBIH TpadiK OPHILTMAHTOBOTO 3€JCHOT0 (MOJCIBHOE BELIECTBO)
Y®-cniekrpockonuu (6)

3naveHue creneny Habyxanus B Oydepe ¢ pH 1,2 Hike, yem B Oydepe ¢ pH 7,4,
MOCKOJBbKY Oosbmas yacte —COO-rpynn aneruHara Hatpus B 0ydepe ¢ pH 1,2
npespaiaercs B —COOH. Boxoponas cesa3s mexay —COOH u AnH npuBoaut
K B3aumoeicTBusM AinH—AnH, koTopbie JOMUHUPYIOT HA/T B3aUMOICHCTBUSIMHE
AnH-sona. IIpu noBeiennn pH yBenmuunBaeTcs ¥ CTENICHh HA0YXaHUS T'paHyI,
rpynnsl —COOH nonusupyotces u npespaiiaiorcs B —COO—, yto obnerdaer mpo-
necc HaOyxanusi. HanbonpInyro ckopocTh BBICBOOOXKIEHHS MO/IETBHOTO BEIIECTBA
JIEMOHCTPUPYIOT IMIAPHKH, COCTOSAIINE TONbKo 3 cimroro Ca?* AnH. Ilpu no-
6aenennu [1BC HabmogaeTcst CHUKEHHE CKOPOCTH BEICBOOOXKICHUS MOACTBHOTO
BEIIECTBA, YTO CBSI3aHO C 00pPa30BaHUEM BOJOPOIHBIX CBA3EH MpH PU3HUECKOM
crumBannu [1BC. @uznueckoe cumBanue [I1BC Taxke npenoTBpaiiaet nerpajgaimio
u pactBopenne AnH 1 cmocoOCTByeT KOHTPOINPYEMOMY BEICBOOOKICHHIO JIEKap-
CTBEHHOT'O CPEJICTBA IOCPEACTBOM KOHTPOJIUPYEMOT0 HAOyXaHHs U JIerpajaliuu.

MBC/AnH (80/20) | TMBC/AnH (60/40) | IBC/AnH (40/60) | IIBC/AxH (20/80)

100 p

Puc. 4. COM-u300paxenus mosepxHoctu marepuasios [IBC/AnH
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Ilonyuenue pH-uygcmeumensnwvix cucmem

HccnenoBanne Mop(hoJOrHd MOBEPXHOCTH (pHUC. 4) MOKa3aio, YT0 OKOHYA-
TEJBHOM NOMOT€HU3alUH IIOJIMMEPOB JPYT € APYrOM B CUCTEME HE IIPOUCXOMUT.
[IpakTryecku I BceX 00pa3ioB MBI MOKEM HaOIItoaTh ABe 001acTH, KOTOPHIE,
CKOpEe BCETO0, ABJISIOTCS yYaCTKaMH Pa3HBIX MOJIMMEPOB, OJHAKO, HECMOTPS Ha
3710, [IBC OKa3bIBaeT CYIIECTBCHHOE BJIMSHHE Ha BHICBOOOXICHHE BEIICCTBA
TOJIBKO MPU MaKCUMAIbHOW €ro KOHIIEHTPALIUH.

Mamepuanwt na ocnoge IIBC/XT

Crektpsl komno3utoB [IBC/X (puc. 5) xapakTepu3yrTcs MOJI0CaMH, XapakK-
tepubiMu s [IBC, monmocamu BaeHTHBIX Koebanuit: momoca mpu 780 cm ! —
nedopmalonHbie (MasTHUKOBBIE) Konebanus —CHz—, npu 870 Mt — nepopma-
nuoHHble Konebanus rpymn —CHp—, mosoca mpu 1290 cM™ cooTBeTCTBYeT Je-
(hopMaIoHHBIM (KpYTHIBHBIM) KosieOaHusiM rpytmsl —CHo—.

5(NH,)

e A
\_ v(-OH) v-CH,) — _|v¢c=0)
\ [ ' v(C00-)
/ Al vecoc)
L peony S(CH,-)
vicad) | 7
N\
‘ |
e \J o ‘-‘4 N\ A 4
N Ut e WA & s
\ \ WYy o\
/// & Y
//

IBC/XT (80/20)
IIBC/XT 60/40)
IIBC/XT 40/60)

IBC/XT(20/80)
I I ] 1 1 1

3500 3000 2500 2000

-1
V,cm

4000

Puc. 5. UK-cniextpsl ruporesneii nonmBrHUIOBOTO ciupra / xuro3ana (IIBC/XT)

O6macTs 3 100-3 600 cM ! coOTBETCTBYET BaNeHTHBIM KoNebaHusM cBsseit O—H.
st xuTo3aHa XxapakTepHas mosioca ae(opMaIOHHBIX KOJIeOaHUH aMUHOTPYIIIIBL
Habmomaercs B paiione 1 630 cm L. Matepuansr kommosurmu IIBC/X xapaxTe-
PH3YIOTCS TIOJIOCAMH BCEX KOMITOHEHTOB, BXOJSIIUX B COCTaB MCXOIHBIX MaTe-
puanoB. HOBBIX 1OJIOC MOTJIOMIEHUSI OOHApy>KEHO HE ObLIO, MO3TOMY MOXKHO
YTBEPKIAATh, YTO HOBbIC XUMHUYECKUC CBA3U HE O6Hapy)KeHI)I.

Ipu nOMBITKE U3YIHUTH MPOQPHIIb BEICBOOOK AeHkst MaTepuaioB IIBC/X (puc. 6)
BBISICHWIOCH, YTO MaTepHall JOCTATOYHO OBICTPO PacTBOPSIETCS KaK B KHCIION cpeie,
TaK ¥ B HEUTpaJIbHOM, HECMOTPS Ha TO YTO, 110 IaHHBIM JIMTEPATYPHBIX UCTOUHU-
KOB [2], Takue MaTeprasl JODKHBI IPOIOIDKUTEIRHO HA0YXaTh TONBKO B KACIION
cpene. B To xe BpeMs ¢ yBenWyeHHEM KOHIEHTPALlMHM XHTO3aHA IPOMCXOIUT
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YCKOpeHHue pacTBopeHwms. [IpeanonaraeM, 9To TaHHBIA A((PEKT BOZHUKACT U3-32
TOTO, YTO BO3MOXHO 00pa30BaHUE BOJOPOJHBIX CBA3CH MEXITYy aMHHOTPYIION
xuto3aHa 1 OH-rpynmoit [IBC, ognako n3Mmenenuii B ciektpax metogom MK-
CIIEKTPOCKOINH He 3a(hUKCHPOBAHO.

300 o
=
160 % £
2
g 250 =
140 £
120 200
100
150
80
60 100
40
50
0 0
HBC/XT (80/20) 1IBC/XT(60/40) 1TBC/XT (40/60) [IBC/XT(20/80) HBA/XT (80/20)  LIBAXT (60/40) HBA/XT (40/60) HBA/XT (20/80)
a 6

Puc. 6. Bpemst pactBopenust [IBC/XT-marepuainos: pH 7,4 (a); pH 1,2 (6)

COM-uzobpaxenus cucrembl [IBC/XT, xak u B ciayuyae [IBC/AnH, cBune-
TENILCTBYIOT, YTO MOBEPXHOCTh MATEPUANIOB HEOJHOPOHA, HA 3TO YKa3bIBAIOT
YUYACTKH PA3IMYHbIX OJUMEPOB (puc. 7.).

IBC/XT(80/20) | IIBC/XT60/40) [IIBC/XT(40/60) |ITBC/XT(20/80)

100 um
Puc. 7. COM-u300paxenns nosepxHoctn Matepuanos [IBC/XT

ITockonbky xumuueckas npupona nonumepoB AnH u XT coBepiieHHO pa3-
JINYHA, KaK U KOJIMYECTBO CTaAN MPUTOTOBJIEHNUS MaTEpHAIOB, MOKHO TPEIOIO0-
HTh, 9TO PELIAIONIYIO POJIb B (POPMHUPOBAHHUH TAKOTO THUIIA IIOBEPXHOCTH UIPAIOT
o6mmit kommoneHT [IBC u ero KpuocTpyKTypUpOBaHHE.

BrIBOABI

ITonyuensl pH-4yBCTBUTENBHBIE CHCTEMBI HA OCHOBE THAPOTeNicH albruHara
HaTpHs / TOJIMBUHKUIIOBOTO CIIMPTA M XMTO3aHa / IOJIMBUHUIOBOIO CIIMPTa B CO-
otrnomeHusx 80/20, 60/40, 40/60, 20/80 myist aapecHO# JOCTAaBKH JIEKapCTBEHHBIX
cpenctB. Cuctema [IBC/AnH mmeeT aHaJOTHYHYIO TEHACHIMIO K HAOYXaHHUIO
pu Bcex cooTHomeHusx kommnoHeHTos; [IBC/AnH 80/20 ¢ HanbonbiuM coep-
xanuneM [IBC mMeeT BBICOKYIO PaBHOBECHYIO KOHCTaHTY HaOyxanus 0,688. Jlns
matepuaiioB [IBC/AnH ckopocTh BEICBOOOKICHHS MOJICITHHOTO BEIIECTBA CHUXKA-
eTcsl ¢ yBeImmueHrueM coepxkanus AiH 3a cueT yBennYeHus KOJIMYeCcTBa CITUBOK.
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[Ipu pH 1,2 HEe nporcX0aUT BBIAEIEHUS] MOJIEIBHOTO BEIIECTBA U3-32 OTCYTCTBUS
Habyxanus ipu ganaoM pH. Ilpu pH 7,4 HaGmogaetcs BbIIeTICHUE MOJICIBHOTO
BEIIeCTBA 3a CUET NOcTeneHHoro Habyxanus AnH. DTo yka3bIBaeT, 4To BHIOpaH-
Has cucTeMa HaxOOUTCs IMOJ KOHTPOJEM U MOXKET MCIIOIb30BaThCs B KauecTBE
CUCTEMBI LIEJIEBOM TOCTaBKH JIEKAPCTBEHHOTO KOMIIOHEHTA.

Juis marepuanos [IBC/XT nabmonaercs odpaTHas 3aBucuMocThb. C yBenuye-
HUeM KonmuecTBa X1 CKOpOCTh pacTBOPEHUS MaTepHralia yBeIUUMBaETCs KakK [IpH
pH 1,2, Tax u pu pH 7,4.

W3 BBIIECKAa3aHHOTO MOXKHO CHeiaTh BBIBOJA, uro cucteMbl I1IBC/AnH n
[BC/XT moTeHIHMAaNbHO MPEACTaBISAIOT 000l pH-4yBCTBUTENBHBIC CHCTEMBI
JIOCTaBKU JIEKapCTB, OJHAKO TPeOYIOT 0ojiee TOYHOTO MOA00pa KOHICHTPAIIHA
KOMIIOHEHTOB B jinana3one ot 60 mo 80% [1BC, mockonbKy B 3TOH 00JIACTH MPO-
HCXOJST CYLIECTBEHHbIE U3MEHEHHS B IOBEJICHUH OJIMMEPHBIX CUCTEM.
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buicTpasi HeliTpaJn3alus NAPOB aLeTOHA
HAHOAMCIIEPCHBIM a3P030J1€M JHOKCH/IA THTAHA

Oubra Bopucosna Kyapsimosa?, Oibra Miibunnuna Taenko?,
Cepreii Cepreesnu Tuton®, Cepreii JImurpuesua Coxo.ios*

L.2.3.4 Huemumym npob6iem Xumuko-sHepeemuueckux mexnono2ui
Cubupckozo omoenenua PAH, buiick, Poccus
L4 Tomcexuii 2ocydapcmeennvil ynusepcumem, Tomcek, Poccust
L olgakudr@inbox.ru
2yuu-95@mail.ru
3titov.sergey.s@gmail.com
4sokolovsd95@yandex.ru

AHHOTanms. {71 5KCTpEeHHOI OYMCTKH BO3IyXa OT OMACHBIX ra30BBIX BEIOPOCOB
MOKET OBbITh HCIIONB30BAaH CIENUAIBHO PACIBUICHHBI B BO3AYyX€ a3p030ib aICOop-
6eHTa. Bo3MOXHOCTh (DOTOKATATUTHUECKOTO OKUCIECHHS B YCIOBHSAX OKpY’Karomlei
Cpenbl DOTOIHUTENHHO MOBHIIAET 3()(GEeKTHUBHOCTh TAaKOTO CIOC00a HEWTpaIH3arun
OIIACHBIX XMMHYECKHX BEmeCTB. VI3BECTHBIM BEIIECTBOM C (DOTOKATATUTHISCKIMHI U
a/ICOPOIMOHHBIMY CBOWCTBAMH SIBIISIETCS UOKCU THTaHA. [Ipy 5TOM 4eM BhImIe Jvic-
TIEPCHOCTH YaCTHIl M UX y/eJIbHAs TIOBEPXHOCTD, TEM BBIIIE 0XKHUIaEeMbIH 3 EKT.

B paborte sKcriepuMeHTaIbHO UCCIIEA0BaHbI BO3MOXKHOCTH OBICTPOH OYHCTKH BO3-
JyXa OT MapoB MOJENHHOTO BEIECTBA, MMUTHUPYIOIIETO ONACHOE XUMHUYECKOE 3arpsi3-
HEeHHe BO3/yXa (Iaphl alleToHa) C TIOMOIIBI0 a3p030Js HAHOIIOPOIIKA OKCHa THTaHa
TiO2, a Taxe TiO2 ¢ noGaBneHreM yactuil AQ pasaraHON MOP(OIOTUH TTOX BO3ICH-
cTBHEM yibTpaduoinera. HauanpHas KOHIIEHTpAIHs TapoB aIrleTOHA B MCIBITaTEIbHOM
Kamepe co3/iaBanach Ha ypoBHe <~ 280 ppm. [Topomok pactbiisics: B 9KCIIepUMEHTaTb-
HOI KaMepe ¢ OMOIIbI0 UMITYJIbCHOTO I'eHepaTopa nox AaBieHHeM § atM. Vcrounnk
YIBTPadHONIETOBOTO CBETA — CBETOIUOIHAS JIaMMa ¢ JTHON BOTHBI 390 HM. KoHIeH-
Tpalusi MapoB aleToHa u3Mepsuiach ¢ momouiplo Dypbe-cnekrpomerpa MHbppamom
OT-801, muCIEpCHOCTh M KOHIIEHTPAIXS YaCTHI[ U3MEPSUTUCH ¢ MOMOIIBIO Tprbopa
JIN/1-2M, OCHOBaHHOTO Ha SBICHUH MaJIOyTIIOBOTO PacCesHHS JIa3ePHOTO U3ITyYSHHUS.

IlokazaHo, YTO MPUMEHEHNE PACIIBUICHHBIX TIOPOIIKOB OKCHAA THTaHA AT HefTpa-
JIM3aIiy TapoB alleTOHa UMeeT 3aMeTHBIH 3 dexT (1o 44% CHIDKEHHS KOHIEHTPALIAH)
Jaxe 6e3 mpuMeHeHHs ynbpTpaduosera. B 3ToMm ciydae 9acTHIBI a9p03071st BBICTYHAIOT
Kak agcopOeHTbl. OCOOEHHO CynecTBEHHBIN (hoToKaTaIuTHIecKui 3 deKT (mpH ocBe-
eHny yisTpaduosnerom) aan aspos3ons TiO2—-Ag-SiO:2 (cdepuueckue yactuisr). [pe-
UMYIIECTBO UMITYJIbCHOT'O PACHBUICHUS ITIOPOMIKOB 3aKJIOYACTCS B BBICOKO# CKOpPOCTHU
TeHEepaIy a3po30Jis (IO CeKYHbI) U TOBBIIIEHNH JUCIEPCHOCTH MOPOILKA 32 CUET
pa3OMeHus arIoMepaToB YacTHIl B Pe3ysbTaTe yAapHOro BoszaercTaus. [1pu sTom mosepx-
HOCTb YaCTHII, OCTYITHAS JUISl aACOPOINHI U XUMHIECKON PEaKINH, yBEeINIUBACTCS.

PesynbraTsl paboThI MOCITYXKaT pa3pabOTKe M COBEPIICHCTBOBAHMIO METO/A adpo-
30JIBHOH HEHTpann3anny OMacHBIX Ta30BBIX BHIOPOCOB.

KuioueBble cj10Ba: NMITYJIECHOE PACTIbUICHNE, ANOKCH]] THTaHA, HAHOMCIIEPCHBIH
a’3po30J1b, alleToH, agcopoiys, GorokaTanns
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Rapid neutralization of acetone vapors
with a nanodispersed aerosol of titanium dioxide

Olga B. Kudryashova?, Olga I. Gaenko?,
Sergey S. Titov?, Sergey D. Sokolov*

12,3, 4|nstitute for Problems of Chemical and Energetic Technologies
of the Siberian Branch of RAS, Biysk, Russia
L4Tomsk State University, Tomsk, Russia
L olgakudr@inbox.ru
2yuu-95@mail.ru
3titov.sergey.s@gmail.com
4 sokolovsd95@yandex.ru

Abstract. For emergency air purification from dangerous gas emissions, an adsor-
bent aerosol specially sprayed into the air can be used. The possibility of photocatalytic
oxidation under environmental conditions further increases the effectiveness of this
method of neutralizing hazardous chemicals. A well-known substance with photocata-
Iytic and adsorption properties is titanium dioxide. Moreover, the higher the particle
dispersion and their specific surface area, the higher the expected effect.

The work experimentally investigated the possibilities of quickly purifying air from
vapors of a model substance simulating dangerous chemical air pollution (acetone
vapors) using an aerosol of titanium oxide nanopowder TiOz, as well as TiO2 with the
addition of Ag particles of various morphologies under the influence of ultraviolet
radiation. The initial concentration of acetone vapor in the test chamber was created at
a level of =280 ppm. The powder was sprayed into the experimental chamber using
a pulse generator under a pressure of 8 atm.The source of ultraviolet light is an LED
lamp with a wavelength of 390 nm. The concentration of acetone vapor was measured
using an Infralum FT-801 Fourier spectrometer; the dispersion and concentration
of particles were measured using a LID-2M device, based on the phenomenon of small-
angle scattering of laser radiation. The advantage of pulsed powder spraying is the high
rate of aerosol generation (fractions of a second) and increased powder dispersion due
to the breaking up of particle agglomerates as a result of impact. In this case, the surface
of particles available for adsorption and chemical reactions increases.

It has been shown that the use of sprayed titanium oxide powders to neutralize
acetone vapors has a noticeable effect (up to 44 % reduction in concentration), even
without the use of ultraviolet radiation. In this case, aerosol particles act as adsorbents.
A particularly significant photocatalytic effect (under ultraviolet illumination) was pro-
duced by TiO2 + Ag aerosol (spherical particles).

The results of the work will serve to develop and improve the method of aerosol
neutralization of hazardous gas emissions.
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BBenenue

dotokaranm3 Ha OCHOBE ITOIYIPOBOTHUKOBBIX HAHOMATEPHAIOB IIPEICTABIISIET
c000ii IepCIIeKTUBHOE HAIPaBJICHNUE UCCIIEIOBAHUN CPEIN Pa3IMUHBIX TPUMEHE-
HUHM Takux MaTtepuanoB. OcoOBIil MHTEpEC BHI3BIBACT HAIPABIICHHE, CBSI3AHHOE
C DKOJIOTHIECKIMH aCTIeKTaMu: (POTOKATATUTHUYESCKAs OYUCTKA BO3YXa U CTOYHBIX
BOJI OT OpraHUYeCKHX 3arpsi3HeHui [1].

Ha cerogusimnamii aeHs quokcu tutana (Ti02) sBiseTcs oHUM U3 Hanbolee
U3yYCHHBIX W MEPCHEKTUBHBIX (POTOKATANH3aTOPOB. BemyTcs mcciemoBaHUs
B 00ylacTH Pa3pabOTKU HOBBIX (HOTOKATaIM3aTOPOB I Oonee 3((eKTUBHOM
OUYHCTKH BO37yXa U BoAbI [2, 3]. OnuH U3 KIIOYEBBIX [MapaMETPOB, OMpPEIEIIIO-
X 3PGEKTUBHOCTH (POTOKATAIN3a, — AUCIIEPCHOCTh YAaCTHUIL: YeM BBIIIE JIHC-
MIEPCHOCTD, TEM OOJIbILIAsl yIebHasl TOBEPXHOCTD MOPOIIKA JOCTYIHA [Tl OKUC-
JUTENBHBIX PEAKIUi U aJICOPOIIHH.

Bo03MOXHOCTB OCYIIECTBICHAS (POTOKATATIM3A B MATKHIX YCIOBUAX OKPYXKAI0-
mield cpeIsl M ImapaMeTpsl MacCOOOMEHA adpOo30IIsl MOTYT OBITh YCIICIIHO UCTIONb-
30BaHBbI IJIs1 PKCTPEHHON OYMCTKHU BO3yXa OT Pa3lIUYHBIX a3pPO30JIbHBIX 3arps3-
Henuil. [Ipu nmpaBuibHOM ynbTpaduoneToBoM (Y®P) 00iydeHHH MelbYanIime
yacTULbl POTOKaTaIM3aTOPa CIOCOOHBI 00e33apayKUBaTh BHYTPEHHUN 1 BHEIIHUI
Bo3ayx. Hampumep, uccnenoBanusi, onucanHuele B paborax [4, 5], neMOHCTpH-
PYIOT BO3MOXXHOCTh OBICTPOM OYMCTKH BO3JyXa OT IApOB alleTOHA M OMAacHOTO
XMMHUYECKOT0 BellecTBa quMeTHaMeTIpochonara (JJMMD) ¢ ucnonpzoBanuem
asposonbHoro nopoiuika TiOz moxa Bo3aeiictBuem Y @-00iyuenus. OTHAKO B 3THX
paboTax mpUMEHsUTACh MEJIJICHHAS TeHEPAIHs adpo30Jis C TIOMOIIBIO YIIbTPa3By-
KOBOT'O PacCIbUICHHUS, YTO OTPAHUIMBAIIO CKOPOCTh HEUTpaIH3aIliiK apoB.

VYaaneHue pazIuyHBIX COSAMHEHUH M3 aTMochepbl MOXKET MPOUCXOIUTH 32
CYeT MX aJICOPOIMHU U MOCIEAYIONIMX XUMHUECKUX PEAKIIMNA Ha adpO30JIbHBIX Ya-
crunax [6]. dnsa addexruBHO# ancopOuu TpeOyeTcs HAIUYHE AOCTATOYHOTO
KOJIMUECTBA LIEHTPOB aJICOPOLIMK Ha TOBEPXHOCTHU a3p030JIbHBIX YyacTHll. Hanpumep,
s iornomenus 1 ppm coemunenns u3 1 M2 TpeGyetcs mpumepHo 2-101° roctyn-
HBIX aKTHBHBIX IICHTPOB Ha IIOBEPXHOCTH a3PO30JBHBIX YACTHII, YTO COOTBET-
CTByeT IIOIIAAM MoBepXHOCTH mopsaka 20 mM%/m3. TToBepXHOCTH a3pO30IbHBIX
yactul TiO2, NOTyYEHHBIX UCIIAPEHHEM PACIIBUIAEMON CYCIIEH3UHU, COCTABISET
Bcero 0,43 m2/m° [7].

AncopOuust pa3auyuHBIX COEIMHEHHH Ha MOBEPXHOCTH (POTOKATAIM3ATOPOB
IpecTaBIsieT coO0M MepBbIi 3Tam, MPEALlIeCTBYIONMN (HOTOKATATUTHIECKOMY
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okucienuro. CleayeTr OTMETUTD, YTO, B OTIIMYKE OT alleTOHA, ISl HEKOTOPBIX CO-
enuHeHuH, Takux kak JIMM® [4], numzonpormindropdocdonar [8], 2-xmopaTu-
MTHACYAbGUI [9] U 1p., HabmogaeTcs xemocopOius Ha TiOp, 4TO MOXKET cyIiie-
CTBEHHO YCKOPHUTH MPOIIECC IKCTPEHHOH OYHMCTKH BO3yXa B CIlydac aBapUHHBIX
CUTYyaIlUH.

HWTak, BbICOKAsi TUCTIEPCHOCTH a3PO30JIbHBIX YACTHUI] U BHICOKAS CKOPOCTh HX
TCHEPAIMH SIBJISIFOTCS BRKHBIMH ITapaMeTpaMy JJIsl OpPraHd3allld SKCTPEHHOU
OYHCTKH BO3IyXa OT BPEAHBIX cyOcTaHImid. J{s1 peanu3anuu MeToa 00 beMHOM
aBapUHOM OYMCTKU BO3JyXa aBTODBI NMPEAJIaraloT B MECTe JIOKaJIU3al[u1 OIac-
HOTO BEIIECTBA MTHOBEHHO PACIBUIATH aJCOPOUPYIOIINH YIbTPaAuCICPCHBIN
a3po30JIb C TMOMOIIBIO yJApHO-BOJIHOBOTO (MMITyJIBCHOTO) renepaTtopa [10].
[Ipu TakoM crioco6e pacIblICHUS arJIoOMePaThl YaCTHIL IPOOATCS; ITO MPUBOIUT
K YMEHBIIICHAIO pa3MepPOB YaCTHII, YBEIMUCHAIO UX YACTEHON IIOBEPXHOCTH, UTO
MoBBINIAaeT 3PPEKTUBHOCTH afcopoiuu [11].

Ilens paboOTBI — SKCHEPUMEHTAIBHO HCCIIEIOBATH BO3MOXKHOCTH OBICTPOI
OYHCTKH BO3yXa OT IIapOB MOJAEIHHOTO BEIIECTBA (aI[eTOHA) C TIOMOIIBIO YIbTpa-
IICIIEPCHOTO a3p030JIsl HA OCHOBE JWOKCHAA TUTAHA, PACIIBUICHHOTO B BO3IyXe
UMITyJIbCHBIM CIIOCOOOM.

MarepuaJjibl M METObI

B kagecTBe MOJETBHBIX TIOPONIKOB HCIIOIB30BAIHCE!

— TiO2, moJyYeHHBIN C UCIOIB30BAHUEM 30JIb-T€Nlb, CO CPEAHUM Pa3zMepOM
gactun 100 mMkm. [TopomIok Xopomo OKpUCTaJUIM30BaH M MIPEACTaBiIseT coOoi
HauboJiee aKTUBHYIO MOJTU(DHUKAIMIO TMOKCH]IA THTAHA — aHATa3.

— TIOJTyYeHHBIH 30JIb-T€JIb M TEMIUTATHBIM METOAOM cHHTe3a KoMIo3uT TiO—
Ag-SiO, ¢ HaHOCTPYKTYPHBIMH ME30MOPHCTHIMH YacTHLAMH cepruueckoit HopMbl
CIIOMCTON cTPYKTYphI ¢ muamerpom 200700 mkm [12, 13]. Croucras cTpykrypa
chepryecKrx TpaHyJ MpeAcTaBiseT cobol cMech MeTaummdeckoro Ag ¢ TiO:
CTPYKTYpBI aHaTa3 BO BHYTpeHHeM ciioe U ieHKy Ti02.—Ag-SiO; Ha noBepxHoO-
ctu. brnarogaps npucytctBuio cepedpa GpU3NKO-XMMHUYECKH COCTaB KOMITO3UTA
JEMOHCTPUPYET CMEIICHHE MOTJIOMICHUS! CBETOBOTO M3JYUYEHU B BUINMYIO 00-
nacTb. OKHIACTCS, YTO 3TOT COCTaB ITOKAXKET ITOBBIICHHYIO (OTOKATATUTHYECKYIO
AKTUBHOCTbD 34 CUET ME3OIIOPUCTOM CTPYKTYPBI U BBICOKOH YJ€JIbHON IIOBEPXHO-
ctu. Ha puc. 1 npusenenst MukpogoTorpadun 9acTUI] MOIEIBHBIX TTOPOIIKOB.

B xone skcniepumenTta npu BiaxkHoctu 37 = 3% u temneparype T = 23°C
B MCTIBITATENBHYIO Kamepy o6beMoM 1 M° BBoAmMIICS 90 MK alleTOHa Ha pa3orpe-
Ty10 10 100°C nmoBepxHOCTh MArHUTHOM Memaikyu. MajJeHbKUMU MOPIHSIMH B T€-
yeHue | MHH alleTOH BBOJWJICS U MCIApPSJICS, CO3/1aBasi Ha4aJbHYIO0 KOHLIEHTpa-
LU0 apoB Ha ypoBHe ~ 280 ppm. KoHueHTpanus napos U3Mepsaaach ¢ HOMOIIBIO
®ypre-criekrpomerpa Uudpamom OT-801.

Ha 30-if MuHyTE SKCTIEpEMEHTa, TTOCIIE BEIXO/A TAPOB CyOCTpaTa Ha YCTaHOB-
JIEHHOE 3HAuCHUE, BKIIOYACTCs TeHepaTop a3po30is (puc. 2) i pacnbeuieHus 1,5 ¢
HaHOCTPYKTYpPHOTO Topoika. VMITyJlbCHBIN TeHepaTop OCHOBaH Ha 3HEPruu
BOM (nuporexaudeckuii 3apsm). [Ipu pa3pbiBe MeMOpaHbl POIYKTHI PEaKIUH
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BEITAIKHBAIOT YaCTHIIBI IIOPOIIIKA M3 COILIA B aTMOC(epy. Y TapHO-BOTHOBOE BO3-
JeWCTBHE CIOCOOCTBYET Pa3pyIICHHUIO arIOMEPATOB, B PE3yNIbTaTe Yero qUCIepC-
HOCTb a3p030JIs IOBBIILIAETCS.

Puc. 1. Mukpocdororpadun yactun TiO2 (a) u rpanyn cheprIecKUX KOMIIO3UTOB
TiO2-Ag-SiOz2 (6)

Puc. 2. CxeMa UMIYJILCHOTO paclbuIMTeNs: 1 — Kopnyc; 2 — MUPOTCXHUICCKHI 3apsin;
3 — cucTeMa MHULMUPOBAHUS C YILIOTHEHUSIMH; 4 — MeMOpaHa HIDKHSISL; 5 — BTYJIKa;
6 — moporok; 7 — BepxHsist MeMOpana; 8 — corutoBoii 610k

Puc. 3. Cxema 3KCIeprMeHTAIBHOTO CTeHAa: 1 — reHepaTop; 2 — UCTbITaTeNIbHas KaMepa;

3 — mynbT 3amycka reHeparopa; 4 — 06ako a’spo3oiist; 5 — ycHanTenb curHana; 6 — Bumeokamepa;
7 — 1po600TOOPHHKY; 8 — yCTAHOBKA ONPEAENICHNS JUCIEPCHOCTH U KOHIIEHTPAIINY JaCTHUI]
JINA-2M; 9 — 6ok ympasneHust yctaHoBKoH; 10 — Giiok ynpaBieHUst Ipo600TOOPHUKAMI;

11 — naruuk gasnenus; 12 — APM
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Bropolii sxcriepMeHT NPOBOIUIICS aHAJIOTHYHO NEPBOMY, HO C UCIIONIB30Ba-
HueM Y @-namms! (JuirHa BOIHEL 390 HM). KOHTPOIBHBIHM 3KCIIEPUMEHT IPOBECH
0e3 pacnbuIeHHs TopomkoB. Ha puc. 3 mpuBeneHa cxema 3KCIIepUMEHTAILHOM
YCTAHOBKU.

B kauecTBE CpaBHMUTEIBHOIO IIapaMeTpa HCIOJIb30BAJIOCh OTHOCUTEIBHOE
CHIDKEHHUE KOHILEHTPALUK [IapOB alleTOHA B BO3/yXe:

C=1-CilCo,
rae Cnh — abCcoNOTHAs KOHIIEHTpAIMs alleTOHA B SKCIEPHUMEHTE ¢ N-M 00pa3LoM
noportuka, Co — abCOTIOTHAs! KOHIICHTPAIUA [TapOB alleTOHA B HKCIIEPUMEHTE 0e3
pacIblIeHUs TOPOLIKA.

Pe3yabTaThl M 00CcyKaeHHe

XapakTepHble KPUBbIC U3MEHEHHUS] OTHOCHTEIIBHOW KOHIIEHTpauu (puc. 4, a)
Y CPEJIHETO MEJIMaHHOTO pa3Mepa dacTHil (puc. 4, 6) B 3aBUCUMOCTH OT BpEMEHHU
C MOMEHTA PacHBUICHHS AEMOHCTPHPYIOT SKCIIOHSCHINAIBFHOE CHIDKEHHE.
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Puc. 4. I3MeHeHHe OTHOCUTENILHOM KOHIIEHTPAI[MH YacTHIL ()
U CPEJIHEr0 MEeJUAHHOTO JHaMeTpa 4acTull (6)

CpenHuii auaMeTp 4acTul a3po3ois OoJbllyto 4acTe BpemeHu (o 300 c
¢ MOMEHTa pacmbuieHns) cocrasiser 0,6—0,7 MKM. DTO CBUAETENbCTBYET, YTO Ya-
CTHIIBI C Pa3MepaMu MOPSIKA COTEH MUKPOMETPOB S(P(PEKTUBHO pa3OMIIMCh B TIPO-
ecce MITYIBCHOTO pactbiieHus . [Ipn 5TOM MaccoBasi KOHIIEHTpANUs MagaeT OT
MakcuManbHol Bemmuuusl (1,5 /M) Ha ~ 70% K Momenty 300 ¢ u Ha ~ 90%
K MoMeHTY 600 c. DTO MPOUCXOAUT U3-32 OCAKICHUS OTHOCUTEIIBHO 0oJiee KpyTi-
HBIX YaCTHI[ HA JTHE U CTeHKax KaMepbl. OmHaKo 6Jaroaaps BEICOKOM AUCTIEPCHO-
CTH a3pO30JIbHBIE YaCTULBI OCTAIOTCS B BO3YXE IOCTaTOYHO JOJTOE BpeMs, 4TO
MO3BOJISIET UM B3aUMOJICHCTBOBATH C MTapaMH alleTOHA.

Ha puc. 5, @ moka3aHo OTHOCUTEIBHOE CHIDKEHNE KOHIICHTPAIMH apoB are-
TOHA B 3aBUCUMOCTH OT BPEMEHH B 3KcriepuMeHTax 6e3 Y D-o0nyuenus (agcopO-
uus) u ¢ Y®-obmyuenuem. [Iporecc akTHBHOTO B3aUMOJICHCTBUS IOBEPXHOCTH
YacTHI] ¢ TapaMH alleTOHA MMPOUCXOIUT B TEUCHHUE TIEPBBIX ~ 75 ¢ TOCIe pacibl-
JIeHUs a3po30J1s1. 3aTeM CHH)KEHHE KOHIEHTpalMK MapoB MPAaKTUYECKH MpeKpa-
maercs. C Y®-o0myduenneM HabmomaeTcss HeOoubInoe yBenuueHue 3¢¢exTa
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CHIDKCHUS KOHIICHTpanuu napoB. Beero 3a cdyer ancopOunu Ha 9acTHnax ObLIO
ynaneHo okoino 40%, 3a cueT (OTOKATATUTHYECKOT'O OKHCICHUS — OKOJIO
45% mapoB areToHa.

1
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Puc. 5. JluHaMuKa OTHOCHTENILHOTO CHIDKEHHsI KOHIIEHTPALMHU [1ApOB alleTOHA
6e3 YO-06yyenus (a), ¢ YD-o0nyueHuem (6)

Kommozurmonnsiii moporok TiO2~Ag-SiO; (cdepsr) mokasan agacopOinoH-
Hy0 crtocoOHOCTh Ha 20—30% BbiIiiie, ueM mopoiok Ti02, 0COOEHHO pHu yIIbTpa-
(roneToBOM 00MyYeHHH. DTO OOBICHSAETCS OoJiee BHICOKOH yIEIbHOMN MOBEpX-
HOCTBIO YACTHII, & TAKKE MOAU(PHUKANKCH MOBEPXHOCTU MOJICKYJIaMu cepebpa.

OTMeTHM, YTO B TEUEHHE BCEro mporiecca agcopouuu / okucienus (~ 75 c)
KOHIICHTPAIXS YaCTHII OCTAeTCsI OTHOCUTEIHHO BBICOKOH. Kak BiIHO rpaduka Ha
puc. 4, a, 3a 310 BpeMs ocaxaaeTcs Toinbko 20—-25% gactuir, a 75-80% 1o macce
YaCTHIl OCTACTCS B BO3AyXe. B cOUeTaHUH C BBICOKOI TUCTIEPCHOCTRIO (CpeIHUiA
MEeIMaHHBIA auaMeTp coctapisieT okoso 0,6—0,7 MKM) 3TO TIO3BOJISIET a3pP0O30JTI0
HEHTpaar30BaTh Maphl alleTOHA.

OTHOCUTENBHOE CHUKEHHE KOHLIEHTPAIINH alleTOHa 3a cYeT aacoponuu u ¢o-
TOKATATUTHICCKOTO OKHCIEHHUS XOPOIIO OITUCHIBACTCS Cieylommei GpyHKumeit:

C(t) = 1 — Ce(1 — exp(—Kadt)),
rie Ce — OTHOCUTENBHOE KOJTMYECTBO a/ICOPOMPOBAHHBIX MAPOB, OTBEYAOIICE a1
COPOIMOHHOMY PaBHOBECHIO TIPH JaHHBIX YCIOBHUSX, Kag — KOHCTaHTa CKOPOCTH
agcopOiuu (Tabiuma).

KoHcTaHTBI ANMPOKCUMAIMH IKCIIEPUMEHTAJBbHBIX TaHHbBIX

ITapamerp - - bes Y@ - - CYo - -
TiO2-Ag-SiO2 TiO2 TiO2 TiO2-Ag-SiO2
Kad, C 0,030 0,036 0,029 0,063
Ce 0,44 0,31 0,41 0,55

B pabote [4] onrcaH OJO0HBIN SKCIIEPUMEHT ¢ HEUTpaTu3aIuei mapos are-
TOHA YaCTUI[AMHU TUOKCHUIA THTaHA, PACTIBIICHHBIMH B BO3/IyXE C TIOMOIIBIO YiIb-
Tpa3ByKa. XapakTepHOe BpeMsl aacopOIMu B SKCHEpHUMEHTax [4] cocTaBHIIO
OKOJI0 2,3 MHH, YTO JIOJIbIIIE, YeM B HAIIMX dKcriepuMeHTax (~ 1,5 MuH). 910 005b-
SICHSIETCS TIPEUMYILIECTBOM OBICTPOW TeHEpaIUK a3PO30Jisi HMITYJILCHBIM METOIOM.
C npyroii cTopoHbl, aBTOpaM padoThl [4] yaanocs JoCTHYBL O0siee BEIPAKEHHOTO
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(dorokaranmuTHyeckoro 3¢ QeKra Mo CpaBHEHUIO ¢ TEMHOBOM aicopOuuei, oco-
OCHHO ITPU HEBBICOKOH BIIAYKHOCTH BO3yxa. B Hammx skcriepuMenTax 60jiee BbI-
pakeHHBIH QoTokaTtaauTHIeckuii 3G ekt ObuT 0OHAPYKEH JTUIIB IS KOMIIO3H-
muonHoro mopoinka TiO2—Ag-SiO2, obaanaroero Hanboee BHICOKOM IIIOIIA-
JIbIO YIIENBbHOM TOBEPXHOCTH. [IpH 3TOM HCCIIeIOBaHHBIC TTOPOIIKKA UMEITU TPH-
MEpPHO OJMHAKOBBIA XapaKTePHbIH TUaMETp 4acTHll (FPaHyJi, arjoMepaToB —
okouto 0,6 MkM). TakuM 00pa3oM, He TOJIBKO T€OMETPUIECKUI XapaKTePHBI pas-
Mep YaCTHII MOPOIIIKA, HO B MIEPBYIO OYepe/b YACIbHAs TOBEPXHOCTh, 00YCIIOB-
JICHHAS] CHCTEMOH MOp, SIBIICTCS BAXKHBIM ITapaMeTpoM Ui (pOoTOKaTaIuTHYC-
CKOTO B3aMMOJIEHCTBHUS MIOBEPXHOCTH YACTHIL C TAPAMH BEIIECTBA.

BuiBoabl

B paboTe npoBeieHO HcceJOBaHNE BO3MOKHOCTH OYUCTKHU BO3/IyXa OT apoB
alleTOHa C TIOMOIIBIO CIIEUATIBHO PACIBUICHHBIX UMITYJIbCHBIM CIIOCOOOM a3po-
30JIFHBIX YACTHUI] MOPOIIKOB HA OCHOBE JMOKCHIA THTaHA. PaccMOTpeHo aBa Tua
MOPOIIKOB, OTJIMYAIOUIMXCS XUMHYECKHM COCTaBOM W MOpP(HOJIOTHEH YacTHIL.
[IpoBoaMIKCH PKCIIEPUMEHTHI KaK 0e3 HCIOJb30BaHHS YIbTPa(UOIETOBOTO 00-
JTy4eHust (TeMHOBas ancopOIHs), Tak U ¢ 00JlydeHrneM yibTpaduoreToM. B mpo-
Hecce SKCHEepHMEHTa aHAIU3HPOBAIUCH JUCIEPCHOCTh, KOHIEHTPALU acTHIL
1 KOHIICHTpAIHS TApOB alleTOHA B 3aBUCHMOCTH OT BPEMEHH.

[NokazaHo, 9YTO MPUMEHEHHE PACTIFIICHHBIX TOPOIIKOB OKCUIA THTAHA JII HeH-
TpaM3alliy TIAPOB alleTOHa UMeeT 3aMeTHBIN AP deKT (10 44% CHIKEHUST KOHIICH-
TpaIyy) Jaxe 0e3 mpuMeHeHus yIbTpaduoneTa. B 3ToM ciiydae 9acTHIIB 30301
BBICTYIIAIOT KaK afcopOeHTbl. OCOOEHHO CyIECTBEHHBIH (poToKaTanuTHUECKUM
s¢ ekt (CHIKEHHE KOHIIEHTpAuK 10 55%) man a3po3oas TiO2—Ag-SiOs..

B pesynpraTte UMITy TECHOM TeHEpALIIH 00JIAKO a3p030JIsI CO3AAETCS B TCUCHUE
J0JIeH CeKyH/Bl. DTO YCKOpSIET MPOLECC OYMCTKH BO3/yXa OT NapOB BPEIHBIX
BEILIECTB PHOIU3UTENILHO B MOJTOpa-IBa pa3a [0 CPAaBHEHHUIO ¢ DoJiee MeJIeH-
HBIMH cIIoco0aMy paclblIeHHs MOpOMIKa. XapakTepHoe BpeMs aJICOpOLH Cco-
CTaBJIsIeT OKOJIO 1,5 MUH.

PesynmpTaTel SKCHEpHMEHTa IMOCTYXaT pa3padOTKE M COBEPIICHCTBOBAHUIO
METOo/Ia a3pO30JIbHOI HEeWTpaIM3aIK OIIACHBIX I'a30BBIX BEIOPOCOB.
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AHHoOTanms. Brusxue penko3eMeTbHBIX METAIOB HA MUKPOCTPYKTYPY, MEXaHHU-
YecKHe CBOMCTBA M IKCILTyaTallMOHHBIE XapaKTEPUCTUKH CIUIAaBOB Ha OCHOBE aJIFOMH-
HUS XOpOLLIO U3BECTHO. B 1aHHOM MCCIeN0BaHUM JIMraTypa AlzEr MOJIy4Y€Ha I10 THJI-
PHIHON TEXHOJIOTUH — C MPEABAPUTENHHBIM THAPHPOBAHUEM dPOUST U MEXaHHIECKON
00pabOTKOH UCXOIHBIX KOMIIOHEHTOB. [10ka3aHO BIUsHKE TpeJBapUTENbHON MEXaHU-
geckoit 00paboTku mopomkoBoi cMecu Al-Er Ha cTpyKTypy W CBOMCTBa JUTaTypbI
AlzEr. Jluratypa AlsEr, nonydenHas ¢ mpeaBapuTeIbHON MeXaHUIECKOH 06paboTKOi
HCXOIHBIX KOMIIOHEHTOB, IMEET OJHOPOJHYIO CTPYKTYPY, COCTOSIIYIO U3 aJlFOMUHHUE-
BOM MaTpHIBI C PABHOMEPHO pacrpe/ieneHHbIMu BKIroueHnsiMH AlEr. TTo rpannnam
TBEp/OTO pacTBopa Al HaOIIOAAIOTCS TOHKHE POCIONKH JUCIIEPCHOI SBTEKTHKH, 000-
raiieHHsle 9pouemM Ha ypoBHe 20-25 mac. %. Ananu3 nuratypsl AlsEr Metonom peHt-
TeHOBCKOH MU(PAKIMH MTOKA3aJl HAUTHYHE IBYX METaJUTMUECKUX (ha3: TBEPIBIX PacTBO-
poB amomunus (~ 95,14%) u uHTepMeTautdeckoro coenunenus AlEr (~ 4,86%).
C mpuMeHeHHeM MeXaHH4IecKol 0OpaboTKM CpemHssl MUKPOTBEPAOCTh 1Mo Bukkepcy
B 001acTsX, COCTOAMIMX NpenmyniecTBeHHo u3 AlsEr, cocraBuna (92,4 + 8) HV ¢ mak-
cuMabHEIM 3HaueHueM (105 + 8) HV. CpenHsist MUKpOTBEpAOCTD JIUTaTyPhl, OTY4EH-
HOU 0e3 MeXaHU4eCKoW 00paboTKH, B 3THX 001acTsIX coctaBuia (68,4 + 8) HV.
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Abstract. The influence of rare earth metals on the microstructure, mechanical
properties and performance of aluminum-based alloys is well known. In this study,
AlsEr master alloy is produced using metallic erbium powder obtained by "hydride
technology" with preliminary mechanical processing of the raw components. The in-
fluence of the preliminary mechanical processing of the Al-Er powder mixture on the
structure and properties of the AlsEr master alloy is shown. The AlsEr master alloy
obtained by mechanical processing of the starting components has a homogeneous
structure consisting of an aluminum matrix with uniformly distributed AlsEr inclusions.
Thin interlayers of dispersed eutectic enriched with erbium at the level of 20-25 wt.%
are observed along the boundaries of the Al solid solution. X-ray diffraction analysis
of the AlsEr master alloy revealed the presence of two metallic phases: solid solutions
of aluminum (~95.14%) and intermetallic compound AlsEr (~4.86%). During mechanical
treatment, the average Vickers microhardness in the areas predominantly composed
of AlsEr was 92.4 + 8 HV, with a maximum value of 105 + 8 HV. The average micro-
hardness of the master alloy obtained without mechanical treatment in these areas was
68.4+ 8 HV.

Keywords: AlsEr master alloy, intermetallide, hydride technology, mechanical
treatment, microhardness
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BBenenue

B nmocneaaue TobI pa3BUTHE HAYYHO-TEXHUYECKOTO MPOTrpecca MpeIbsIBIseT
JKEeCTKHE TPeOOBaHIS K CBOHCTBAM CILIABOB, CIIOIB3YEMBIX B a9POKOCMIUECCKOH,
MaIIMHOCTPOUTENILHON, CYTOCTPOUTENFHON U APYTUX OTPACIAX MPOMBIIIIEHHO-
ctu [1-3]. OTr TpeOGoBaHUS BBI3BIBAIOT HEOOXOAMMOCTb COBEPIICHCTBOBAHUS H
pa3paboTKu MaTepralioB C XOpoIlel KOPPO3MOHHON CTOMKOCTHIO U BRICOKOH TeX-
HOJIOTHYHOCTBIO ISl TTOTYYEHHST KOHCTPYKIUHA C BRICOKUMHE (PH3HKO-MEXaHUUe-
CKUMU CBOHCTBaMHU. [IepCIeKTUBHBIMH U OTBEUYAIOUIMMH HEOOXOJIUMBIM Tpebo-
BaHUAM SIBJSIIOTCA CIUIaBBI HA OCHOBE JIIOMUHUS, JIETHPOBAHHBIE PA3JIMUHBIMU
peakozeMenbHbIME MeTauiamu (P3M). M3BectHo, uro P3M nake B HEOOIBIIMX
KOJIMYECTBAX BIUSIOT HA MEXaHUYECKHE CBOMCTBA U MUKPOCTPYKTYPY aJIFOMUHU-
eBbIX criaBoB. Ckanamii (Sc) [4], apouii (Er) [5], urrepouii (Yb) [6], camapwuii
(Sm) [7], repmanmii (Ge) [4], uepuii (Ce) [8] u Apyrue UCHOIB3YIOTCA B KAUECTBE
JIETUPYIOUINX 100aBOK AJIS YIYUIIEHUS MUKPOCTPYKTYPBI, MEXaHUYECKHX U IKC-
MJTyaTallMOHHBIX CBOWCTB ANIOMHUHHEBBIX CIU1aBoB [9]. OrpaHuueHHOE YHUCIIO
P3M mMeeT XUMUYECKYIO CBA3b C aJJFOMUHHAEBON MaTpHIICH U MOXET 00pa30BbI-
BaTh TPUATIOMHUHHUJBI B TBEPJOM COCTOSIHUM C YIOPSAJOYEHHOH CTPYKTYpOi
L12-AlzMe (Me = Er, Sc, Yb, Tm) [10, 11].

DpOuii ABJISIETCA OJHUM W3 NIMPOKO WU3yUEHHBIX, IEPCIICKTUBHBIX U 3P PeK-
TUBHBIX 3aMEHUTENEeH JOPOrOCTOALIETO CKaHMs B aFOMUHHUEBBIX cIutaBax [12].
Hensr Ha gucteiii SC (4 000-20 000 $/xr) u Er (650-1 000 $/kr) cymiecTBeHHO
ornmuarores. Marepec k cucreme Al-Er cesizan ¢ 00pa3zoBaHneM KyOu4eckoii pe-
nretku AlEr mpoctpancTBeHHO# rpymiisl PM3m, KoTopast AEMOHCTPHPYET Kore-
PEHTHYIO CBSI3b C AJIFOMUHMEBOM MaTpulieil. HeOobloe BBeEHHE 3TOTO lIeMEHTa
MOJKET CYIIECTBEHHO BJIMATH Ha CBOMCTBA U MUKPOCTPYKTYPY CIJIaBOB Ha OCHOBE
AIOMUHHMS 32 cyeT 00pasoBanus korepenTHoi ¢as3bl AlEr. Cormacho [13] mak-
CHMasbHasi pacTBOpuMocTh Er B amomunnu cocrasiser 0,28 mac. %. Cnenosa-
TEJIBHO, BBEJICHHE OO0JIbIIEro KomyecTBa Er MojkeT nprBeCcTH K BOSHUKHOBEHHIO
9BTEKTHKH, KOTOPasi B OCHOBHOM paclpe/eisieTcsl o TpaHuiam 3epeH [ 14].

AlzEr nmeer BeICOKyI0 Temmeparypy miaBnenust 1 068°C 1 XopoIyro TepMu-
YeCKyI0 CTaOMIBHOCTE. Jlerupytromue no6aBky Er B crutaBax Ha OCHOBE aITIOMHHIS
OCKAAIOTCS HA TUCIOKAINX, (ha30BBIX TPAaHHIIAX, B YACTHOCTH 3epHAxX U cy03ep-
Hax [15, 16]. B cmaBax paBHOMEpHOE pacipeieieHle 3epeH COXPaHIeTCs BIUIOTh
JI0 BBICOKHX TEMIIEpaTyp, a J0OaBKA MOTYT TOBBIIIATH MPOYHOCTh HA Pa3phiB
¥ TBEPAOCTH ATFOMUHHUEBBIX CIUIABOB, a TAKKE YCTAIOCTHYIO MMPOYHOCTH [17].

OxHoit u3 HanboJee akTyalbHBIX IPOOJIEM IPH JIESTUPOBAHUHN aTFOMUHUEBBIX
crmaBoB P3M sBnsiercst mpoOrnema UX BBEJCHUS B METAJUIMYECKHUIl pacIias.
JlerupoBaHue peaKo3eMeIbHBIMI METAJUIAMHU OCYILIECTBIISETCS TyTEM BBEICHHS
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MOIXOISIIINX JIUTATypP, TEXHOJOTHS MPOU3BOACTBA KOTOPHIX — BAKHEHUIINH (hak-
TOp, ONpPEICNIAIOMUN HavaJbHYI0 CTOMMOCTH CIIaBOB. OCHOBHBIM METOJIOM
noydenwust nuratyp ¢ P3M siBnsieTcst mpsiMoe IerupoBaHue, KOTOPOE XapaKTepH-
3yeTcsl BHICOKMMHU DHEPro- U MaTepuano3arparaMu. JTO CYIIECTBEHHO OTpaHU-
4yBaeT NPUMEHEHNE ATIOMUHUEBBIX clIaBoB ¢ P3M. HenocraTku nerupoBaHus
METAJUTMYECKOT0 3pOus 1 amroMuHus u / WK J00aBJICHUs pacIuIaBICHHOI nra-
TYpBI 3aKIIIOYAIOTCS B CIEAYIOLIEM:

— HE00XOIUMOCTb MPEABAPUTENBHOIO MOIYyUYCHHUS YUCTOI0 METaUINYECKOTO
9pOUS IO CIIOKHOW TEXHOJIOTHYECKOUN CXeMe;

— TPYAHOCTH TIPU CIUIABICHUH dPOWsS C AFOMHHUEM, CBSI3aHHBIE ¢ OOJBIION
pasHuLeil B TeMIepaTypax IUaBieHUs KOMIIOHEHTOB (6onee 800°C);

— BO3MO>KHOCTD 3aTrPsI3HEHUS TOTOBBIX CIUIABOB IPUMECSIMH METaJIa-BOCCTa-
HOBUTENS (HAIIPUMED, KabITus);

— HEeI0CTaTOYHO MOJHOE YCBOCHUE 3pOUS IPU JIETUPOBAHUU.

FI/I):[pI/IJIHaH TEXHOJIOTHA — OAWH U3 HanboIee MEPCIEKTUBHBIX METOAOB MOJTY-
YeHHs METAJUIMYECKUX CIUIABOB JIFOOOTO COCTaBa ¢ KPUTHUYECKU PAa3HBIMH TEMITE-
parypamu 1uiaBieHus. [IpeumyiiecTBaMu TaHHOTO METOAA SBJISAIOTCS €M0 OTHOCH-
TEJILHO HU3Kasi CTOUMOCTb U O0Jiee BBICOKas S3HEPro3(h(HEeKTUBHOCT 110 CPABHEHHIO
C TIPSAMBIM JIeTUpOBaHKEM. ABTOpaMu paboTh [ 18] ruapumIHOM TeXHOIOTHEH TI0-
Jy4YeHbI ¥ UCCIIEI0BaHbI CIIOMCThIE KOMIIO3UIIMH Ha OCHOBE MHTEPMETANTUUECKUX
(a3 u nerupoBanus BBeneHueM Sc, Y, Dy, Ta.

Mexanndeckas 00paboTka — SKOHOMUYECKH 3()(HEKTHBHBIA U IMIMPOKO NPH-
3HAHHBIA METOJ NOJY4YEHHUS BBICOKOPEAKIIMOHHBIX METAUINYECKUX ITOPOLIKOB.
OTOT mpolecc BKIIOYAET B ceOsl BHICOKOIHEPTETHUECKHUE yAapbl, UCTHPAHUE,
IpoOJIeHNE U CIBHT TEJl H3MENIBYECHHUS O CTCHKH KOHTeHHepa MapoBOi METbHHIIBI
U MaTepHal, YTO 3HAYMTENLHO IMOBHIMIACT PEAKIMOHHYIO CIHOCOOHOCTH YaCTHIL
nopomka. CTOIKHOBEHUs] MOTYT NPHUBECTH K Pa3pyllIEHHUIO, HAPYIIECHUIO ILIa-
CTUYHOCTH, CMCUHICHHUIO aTOMOB H JaCTUYHOMH peakKun MEXIAy KOMIIOHECHTaMH
MaTepuaa u3-3a BBICOKHX cKopocTelt nedopmarmu [19].

Lenb paboThl — n3yueHUe MOBEPXHOCTHOM CTPYKTYpHl, (ha30BOro cocraBa U
CBOMCTB Juratyps! AlzEr, mosydeHHON MO IHAPUAHON TEXHOIOTUH C IIpeaBapH-
TEJIBHOM MEXaHWIEeCKOH 00paOO0TKOM NCXOMHBIX TTOPOIIKOBBIX MaTEPHAIIOB.

MaTepI/IaJ'lI)I U METO/bI

Hcnonme3yercst ceprdeckuii MOPOIIOK KOMMEPUIECKU JOCTYITHOTO aTFOMHUHHS
(TY 1791-99-019-98, 99,7 mac. % Al, 0,12 mac. % Fe, 0,1 mac. % Si u apyrue npu-
MecH) 1 MeTayummaeckoro 3pous (TY 48-4-212-72, ocaora — Er, 0,004 mac. % Fe,
0,001 mac. % Si u gpyrHe TPHUMECH).

I'panynomMerpudeckuii cocTaB MOPOIIKA OMPEAENSIA METOAOM JIa3epHOH
mudpaxmun Ha npudope ANALYSETTE 22 MicroTec Plus (Fritsch GmbH,
Hpesnen, I'epmanust). Pentrenoctpykrypusiii ananmus (PCA) muratyper AlsEr
npoBoamics Ha audpakromerpe Shimadzu 6000 (Shimadzu Corporation, Kuoto,
Anonus) ¢ ucnonszoBannem CuKo-uznydenus. M3o00paxeHnus NOIy4YeHbI ¢ TO-
Motnbeto MeaHoro m3nydeHus (Ko) mo cxeme bparra—bpenrtano ¢ marom 0,01,
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BpeMEHEM 3KcIo3uliy 1sitHa 0,5 ¢ 1 yritoBeIM quama3onoM 10-80°. Hampsioke-
HHE Ha PEHTI'CHOBCKOM TpyOke cocTaBisuio 40 kB, Tok myuka — 30 MA. CTpyk-
TYpPHOE COCTOSHIE M KOINWIESCTBCHHOE Co/iepKaHue (a3 onpenessum mo pediex-
cam [20]. MUKpOCTPYKTYpY UCXOIHBIX IIOPOIIKOB U 00PA3I0B JITATYP H3ydaln
Ha ckaHupyomeM 31ekTpoHHoM Mukpockorie TESCAN MIRA 3 LMU (Tescan,
BpHo, Uexus), OCHAIIEGHHOM CUCTEMOM PEHTI€HOBCKOTO PHEPTOAUCIIEPCHOHHOTO
MHUKpoaHanu3a ¢ 6e3a30THbM aeTekropoM Ultim MAX 40. [TonydeHHbIe TaHHEIE
AQHAJIN3UPOBAIM C TOMOLIBIO JIMIIEH3MOHHOTO IporpaMmHoro obecrieuennss HKL
Channel 5 Oxford Instruments. MuUKpOTBEpAOCTh 0OpA3IIOB OMPEACIISLIIN Ha CTa-
IMOHAPHOM MHKpOTBepaoMepe Micro-Vickers Metolab 502 (Metonab, Mockga,
Poccus).

PaboTa BbIIONHEHA C HCIIOIB30BAaHHEM OOOpyAOBaHUS TOMCKOTO permo-
HAJIBHO EHTPa KOJUIEKTUBHOTO NOJIb30BaHus T1'Y.

Honyuenue nuzamypot AEr

Jluratypa AlzEr monydena npu MaccoBOM COOTHOIICHUH ATFOMUHUS U POuUs
95:5, ucxozst u3 ¢azoBoii guarpammbl cuctembl Al-Er [21]. Tunpun spoust 6611
noayden B Tpybuaroii meun Nabertherm RSH 120/750/13 (Nabertherm GmbH,
Jlunuenrans, ['epmanus). OOpasen MeTauIndecKoro 3pous oMeIaiy B KBaple-
BYIO JIOMOYKY U OTXKHTAJH B IIOCTOSTHHOM MOTOKE Bomopoxa (unuctoTra 99,9%).
CKopoCTh HOTOKA BOAOpPo/a cocTaBisia 150 cM®/Mun. B peskume mporpaMMupo-
BaHMS TeMIlepaTypbl oOpaser rmocreneHHo Harpesaics 10 450°C ¢ BeLaepkKOit
30 muH. 3ateM oOpasel] HarpeBajcs JI0 TeMIepaTypbl 00pa3oBaHus THAPUIA P-
oust (550°C) mpu ckopoctr HarpeBa 1°C/MUH ¥ BBIICPKUBAJICS B TeUeHHE 2 4.
IMocne sToro obpaser oxnaxaanu co ckopoctbio 10°C/mMuH.

[TopouikoBy0 cMech JUisl omy4deHus turatypbl AlEr cvemmmBanu qyms pas-
JMYIHBIMHI METOJaMH. B IepBOM cirydae mopoIIKy CMEITHBAIN BPYYHYIO B CTYTIKE.
Bo BTOpOM cityyae MeXaHUYECKYI0 00pabOTKy IPOBOIMIIH B ITTAHETAPHO apo-
Boii MenmbHUIIE «AKTHBATOP-4M» (OO0 «3aB0oa XMMIYECKOTO MATHHOCTPOCHUSD,
HoBocubupck, Poccust). B kauecTBe METIOIMIMX TEJ HCIOIb30BAIH APkl U3 Kap-
6una Bonb(dpama. COOTHOIIIEHHE METIONMX Ted W Mmopomika coctaBisuio 10:1.
[IponomxurensHOCTH 00pabOTKH — 5 MUH, OapabaHbl BpalaluCh CO CKOPOCTHIO
840 06/muH. [IpuHIKT pabOTHI TUTAHETAPHOW MEILHUIIBI OMKCaH B padore [22].
[Nomy4eHHy10 MOPOLIKOBYIO CMECH TPECCOBAJIM B KPYTJIOi (popMme nuameTpoM 12 Mm
¢ moMo1Ib0 JTabopatopHoro ruapasindeckoro npecca (LabTools PLG-20, Jle-
HuHTpan, Poccus). Ycunue npeccoBanus (Harpyska) coctasisiio 4 Mlla.

[Noxy4eHHBIE 00pa3mbl IOMENIAIH B BAKYYMHYIO YCTaHOBKY M HArPEBAIH JI0
Temmepatypsl 650°C co ckopocTbio Harpesa 2°C/mun. Bakyym coctapsn 5-107° atm.
O6pa3eu BBIACPIKUBAIN B OTUX YCJIIOBUAX B TCUCHUE TPEX HYACOB U OXJIaAXKIAIN
co ckopocThio 5°C/MuH. B pesynbrate oTKUTa MPOUCXOIUT MOCTEIICHHBIN TIepe-
xon ErHz — ErH, — Er. Ha Beienenue Boiopojia u3 ruapuia Spovsi B OCHOBHOM
BIIMSICT aCCOIMATHBHAS JecopOIus Bojopoaa ¢ moBepxHocTu yactull [23]. Tlpu
HarpeBaHUM YIUIOTHEHHOW CMECH THUIPHIA SPOUS U aIFOMUHHS B BAaKyyMHOH MeUn
MIPOUCXOJUT CHJIbHAS aKTHBAIlMs METAJUIOB 3a CUET pas3pylieHus ceszedl Me—H.
CB00OIHBIE CBSI3H CIOCOOCTBYIOT AU(D(PY3UH U B3aUMHOMY PACTBOPEHHUIO METATI-
JMYECKUX KOMIOHEHTOB. CeqyeT OTMETHUTD, UTO TIPH NPECCOBAHUH THIPUIHON
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CMECHU MOJ JaBIEHHEM (M3-32 BBICOKOM XPYINKOCTU HUCXOIHBIX TMAPUIHBIX IO-
POIIKOB) 00ECTIeUnBACTCSl TECHBIM MEXaHWYECKUH KOHTaKT MEJIKOIUCIIEPCHBIX
YacTHI TIOPOIIKA.

(o]
gt Ba”frﬂ

BakyymHoe INuratypa
cnekaxme AlsEr

ErHs

Puc. 1. Cxema nionyvenus muratypst AlsEr

Cxema mporiecca mosrydeHus auratypst AlsEr mpencraeiena Ha puc. 1.
Pe3yabTaTthl u 00Cy:KIeHNE

OOmmii BUA UCXOMHBIX MOPOIIKOB M MOPOIIKOBBIX cMeceil cuctembr Al-Er
MMOKa3aH Ha puc. 2. ATIOMHHHUEBEII MOPOIIOK, HCIIOIb30BAHHBIHA JJIS IOy YSHHUS
nuratypsl AlsEr, umeer otaensHble cpepruueckre YaCTULBI CO CPEAHUM pa3Me-
poM ~ 90 MkMm (cM. puc. 2, a). s TOoXy4eHus: TUAPUAA SpOHs UCTIOIB30BAIICS
MeTaJTMYeCKuil 3pOuii. T1ocKoNBKY IMociie mporecca THIPUPOBAHUS MaTepUal
coziepKai 9acTuilpl pasmMepoM 10 500 MkM (cM. puc. 2, 6), IPOBE/ICHA JTOTOTHH-
TEJNbHAs CTaJHsi MEXaHU4YeCKO 00pabOTKH B CTYNKE Ul MPUOIMKEHUS pa3Me-
poB moponikoB. Ilocie MexaHWUYecKOW OOpaOOTKH CPEeIHUM pa3Mep YacTHIl
cocraBua ~ 44 mxMm. Ha puc. 2, ¢ mokazaHa MHKpPOCTpyKTypa cuctembr Al-Er
0e3 MexaHWuyeckoil oOpaboTKH, Ha pUC. 2, & — C MEXaHHYECKOW 0OpabOTKOM.
Ha puc. 2 0, e ipecTaBiieHsI pe3yJbTaThl KAPTHPOBaHMs cMecH Hoporka Al-Er 1o
U TI0CTIe MEXaHUYeCKOH 00pabOTKU. Y CTaHOBIEHO, YTO JOMOJHUTENbHAs CTaqHs
MEXaHWYEeCKOH 00pabOTKH CIOCOOCTBYET M3MENBUYEHHUIO dpOHs U Oosee paBHO-
MEpPHOMY pacrpeIeNICHHIO YaCTHUI] B TOPOIIKOBOH CMECH, UTO SIBISAETCS KPUTHYE-
CKUM IapaMeTPOM, BIHMAIOLIUM Ha CTPYKTYPY U CBOMCTBA KOHEUHOT'O MaTepHara.

H300paxeHuss MUKPOCTPYKTYpHsl auratypsl AlzEr, momyuenHoi mo rugpua-
HOU TEXHOJIOTHH 0e3 MEeXaHW4IEeCKOH 00paboTKM HCXOAHBIX KOMIIOHEHTOB IIPUBE-
ICHBI HA pUCYHKE 3, a, 6. [IoBEepXHOCTh MONyYSHHOTO CIUIaBa HEOTHOPOIHA H
COCTOMT U3 aTFOMUHUEBOI MaTPHIIBI C KPYIMHBIMH €IUHUYHBIMU BKIIFOYEHUSIMH Er.
BeposTtHo, 3T0 CBSI3aHO € TEM, YTO pa3Mep YaCTHII UCTIOIb3yEMBIX ITOPOIIKOB ObLT
JOCTaTOYHO BENUK JUTS TIOTyUSHHS] PABHOMEPHOTO pacCIIpeieNIeHHs KOMIIOHEHTOB
B nuratype. CoriacHO pe3yjbTaTraM CIEKTPAJIBHOrO aHalIM3a, XUMUYECKHH co-
cTaB MaTpuibl Juratypsl AlzEr mpenmymiecTBeHHO amOMUHHMEBHIN, KPYIHBIE
CBETJIBIE 3epHA 00OTaIIEeHBI ATIOMHHUEM U SpOHEM.

N3ob6paxkenuss MUKpOCTpYKTYphl nuratypsl AlzEr ¢ Mexanuyeckoit 00pabot-
KO HCXOJHBIX KOMIIOHEHTOB MPUBE/ICHBI HA PHC. 3, 8, 2. [IOBEpXHOCTH JIUTaTyphl
Al3Er ogHOpOIHA W COCTOHUT M3 ATFOMHUHHUEBON MATPHIIBI C PABHOMEPHO pacipe-
JIeJIEHHBIMHU BKJIIOUEHUSAMH Er. AoMUHUIE paBHOMEPHO pacIipeliesieH Mo BceMy
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o0pasity, dpOuii MPEUMYIIECTBEHHO paclpeeNieH Ha TpaHumax ¢a3. Yactuirsl
AlEr neficTByIOT Kak yrIpOYHUTEINb, OJIOKUDPYS ABIDKCHHE THUCIOKAINHA B TEIe
3epHa U IpeIoTBpaIias pa3pylieHue mo rpanuie pasaena [17].

500 pm —{
0 e

Puc. 2. O6uuii BUJL TOPOIIKOB: alOMUHUIM (@), 3p0ouii (6), Al-Er 1o Mexanuueckoit
o6pabotki (6), Al-Er nociie mexannueckoit 00paboTKH (2), pacrpeaeneHue spoust
B TIOPOILIKOBBIX CMECSX JI0 U TI0CIIE MEXAaHUYECKOM 00paboTku (0, €)

Ha puc. 3, 0 noka3zansl nuzobpaxxenue nmurarypsl AlzsEr npu Gonbmiom yBenu-
YCHUH U YYaCTKH, TIOTyYSeHHBIE METOIOM SHEPTOANCIICPCHOHHON PEHTT€HOBCKOM
cnekTpockonuu (D/1C). CBoaHble naHHBIE Pe3yJIbTaTOB YHEPTOANUCIEPCUOHHOM
PEHTT€HOBCKOH CIIEKTPOCKOIHH MpHUBeACHHI B Ta0. 1. I1o rpanuiiam 3epeH TBep-
noro pactopa Al HaOIIOmAIOTCS TOHKHE MPOCIONKH AWCHEPCHON IBTEKTHKH,
ewle 6osiee oboraieHHoH 3poueM Ha ypoBHe 2025 mac. %.
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e

Puc. 3. Mukpousobpaskenus aurarypst AlsEr: ¢ (@, 6) u 6e3 MexaHH4YecKkoi 006paboTky (8, 2);
npu OOJBIIOM YBEJIMYCHHH ¢ MEXaHH4YECKOH 00paboTKoi (0) U KapTUpoBaHHe ()

Pesynprarel kaptupoBanust guratypel AlsEr ¢ mMexanudeckoil oOpaboTkoit
HCXOJHBIX MaTepUaOB TMOKa3aHbl Ha puc. 3, e. BuaHo, uro nmuratypa AlEr
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MPE/ICTaBIICHA ATIOMUHIEBON MaTPHIEH (YEPHBIH [[BET) C XOPOIIO BBIPAKEHHOM
¢azoit AIEr (po3oBblii iBeT).

Takum 00pazom, IpH MEXaHUIECKOW 00pabOTKE MOPOIIKOBOM CMECH CHCTEMBI
Al-Er Ha0J1r0/1aIMCh CIIEYIOINE MUKPOCTPYKTYPHbBIC H3MEHCHHS:

— OoJiee YeTKUE KOHTYPHI 3ePEH ATFOMUHHS;

— YMEHBIIICHUE TOJIIMHBI 3BTEKTUYECKHX CIIOEB, 00Jiee paBHOMEPHOE «00BO-
JTaKWBAHUE» 3€PEH AMIOMHHUS U yBEIUYEHUE cojiep:kanust Er B 9BTEKTHKE.

Tabnuma 1

CBojaHasi Ta0/ 1ML Pe3yJIbTATOB YHEPTrOAUCIIEPCHOHHOI PEHTI€HOBCKOI CIEKTPOCKONMUM

Criextp Amromunmii, mac. % Op0uii, mac. %
1 75,32 24,68
2 79,08 20,92
3 74,68 25,32
4 79,48 20,52
5 85,95 24,05
6 99,9 0,1
7 99,88 0,12
8 99,85 0,15
9 99,9 0,1
10 99,75 0,25

CrenoBatenbHO, TOIYYEHNE JIUTATYP C TAKOH CTPYKTYpoil criocoOHO obecrie-
9HUTH O0J1ee OBICTPOE PAaCTBOPEHHE OCHOBHOTO CIIIAaBa IIPH JIETHPOBAHMH U Hanbo-
Jiee CHIIBHBIN 2 eKT u3mMenbpueHus 3epHa [24].

PentrenoBckas qudpaknuoHHas KapTHHA JUTATyphl U dTanoHa AlzEr mpuse-
neHa Ha puc. 4. @a3pl ObUTH yTOYHEHH! 10 MeTony PutBenbaa. Mcmons3oBaHHbIe
sranonbl AlzEr moctynust B Uarteprere [25]. PeHTreHOCTpYKTYpHBIH aHaIN3 K-
ratypsl AlsEr mokasan Hannune AByX METaJUTMYecKuX (ha3: TBEPIBIX pacTBOPOB
amomunus (~ 95,14%) u narepmerauinueckoro coequnenust AIEr (~ 4,86%).
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Puc. 4. XRD-kaptuna nomy4eHnoi nuratypsl AlsEr B cpaBaernu ¢ stanonom AlsEr
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Kax BuHO 13 puc. 4, ¢paza Al BHOCHT OCHOBHOH BKJIaJI B MUHTETPAITBHYO HHTCH-
CUBHOCTb. Ha peHTreHorpaMme Takxke XopoIro BUIHbI peduiekcsl AlsEr. B Tadm. 2
MPUBE/ICHBI MACCOBBIE 10N OT/ENBHBIX (Da3, HaliICHHBIE Ha OCHOBE ITOJHOM CTPYK-
TypHOH HH(OPMAIMH pemeTok. [IpuBeaeHsl CTpyKTypHBIE TApaMeTPhl PEIIETOK
UCXOJHBIX 3TaJIOHOB, 00BEM M NPOCTPAHCTBCHHAS IPyIIa MOC]Ie MPUMEHEHUS
metona PutBenpaa. PemeTkn MCXOAHOTO U YTOYHEHHOTO COCTOSIHUNA Pa3NIHBI.
3D-n300paskeHne PEIeTOK HCXOAHBIX 3TAIOHOB MPEACTAaBIEHO Ha pHC. 5.

Tabnuna 2
CTpyKTypHbIE HAaPpaAaMEeTPhl KPUCTAIHYECKHX PEIIeTOK
" ¢azoBble (paKnuu B OCHOBHOM ciuiaBe ALEr
daza CocrosiHue a, A o V, A3 I'pynna Becosas moins, %
UcxonHoe 4,233 90,00 75,86 .
AlE S oumenmoc | 4226 | 90,00 | 7515 | mom. Cubic 4.86
HUcxonHoe 4,038 90,00 65,88 .
Al [ Vrouncrmoe | 4049 | 90,00 | 6638 | | m3m. Cubic .14

Puc. 5. 3D-u306paxkenust pactpeaeneHus aromoB Al u Er
B OTAJIOHHBIX pemreTkax AlsEr (a) u Al (6)

Migerpnama Al

a

Puc. 6. Cxema MpoKaIbIBaHNS HHACHTOPOM I OTIPEAENICH s TBEPIOCTH 00pa3LoB (a);
taza AlsEr n marpuma Al (b)
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Tab6nunma 3

CTpyKTypHbIE MapaMeTPbl KPUCTAJINYECKAX PELIETOK
" (pa3oBble (PpaKkuuu B OCHOBHOM criaBe AlEr

II10THOCTS,
r/em®

Kpyr 1, Kpyr 2, daza
HV HV AlEr, HV

28+0,.2 382+4 304+4 | 271+4 | 924+8

O6paszen Hentp, HV

Jluratypa AlsEr ¢ mexa-
HUYECKOU 00paboTKOM
Jluratypa AlsEr 6e3 me-
XaHUYECKOU 00paboTKU
Kommepueckuii anromu-
Huit crtaB Mapku AQ

28+0,2 314+4 29,4+ 4 28,3+4 68,4+ 8

2,7+£0,2 27,1+4 253+4 | 261+4 -

MuKpoTBEpIOCTh 00pa3IOB HU3MEPsUIach MyTeM MpoBeaeHus 50 u3MepeHuit
JUTS KaXJI0T0 oOpasiia pu Harpy3ke 50 T 1 BpeMeHU Bbiepkku 10 ¢ mo cxeme,
MpHUBEACHHOH Ha puc. 6.

Io pe3ynbTataM U3MEpEHHIA CpeIHsST MUKPOTBEPAOCTh 110 Bukkepcy B 001a-
cTsX, coorBeTcTBYrommX AlsEr, cocraBiser (92,4 + 8) HV mociie MmexaHnueckoi
00paboTKH C 3aperuCTPHUPOBAHHBIM MAaKCHMAIBHBIM 3HAUYCHHEM TBEPHAOCTH
(105 + 8) HV u (68,4 + 8) HV no mexanuueckoit 06padboTku (tadin. 3). Cpeansis
MHKPOTBEPIOCTh M0 BHKKepcy B 001acTsIX, COOTBETCTBYIOIUX Al, cocTaBisier
(27,1 £4) HV. TI10THOCTB 3TaNoHHEIX crutaBoB Al-Er cocrapmser (2,8 +0,2) r/em®,
YTO COOTBETCTBYET 3HAUCHUIO MUKPOTBEPIOCTH KOMMEPUYECKH JIOCTYITHOTO aJTF0-
muHus (2,7 +0,2) r/em®.

BriBoabI

B nannom wmcciemoBanuu Jmratypy AlzEr mosdydamu MeTomoM THIPHIHOW
TEXHOJIOTUH U TpeABApUTENbHON MEXaHU4YECKOH 00padOTKH MCXOAHBIX MaTepH-
anoB. ccrenoBanue mokasaio, 4To mpeBapuTesibHas MexaHndeckast 00padoTka
mopommkoBoi cMecu Al-Er oka3sIBaeT CyIiecTBeHHOE BIMSHHE Ha CTPYKTYPY H
cBoiictea nurarypst Al3Er.

Y CTaHOBJIECHO, YTO BBEICHHUE JOMOIHUTEIBHOM CTaANN MEXaHU4YECKOH o0pa-
0OTKH MNPUBOAUT K 3HAYUTCIBHOMY YMCHBIICHUIO CPEAHETO pasMeEpa 4YaCTHI]
cMmecH (~ 44 MKM) 1 OoJiee paBHOMEPHOMY paclpeIe/ICHHIO YAaCTHII B ITOPOIIKO-
BOM cMecH. ITO HEOOXOUMO ISl MOTYUYESHUS! KAUeCTBEHHO OJHOPOAHOM CTPYK-
Typbl U CBOMCTB KOHEYHOT'0 MaTepuana.

CTpyKTypa OCHOBHOTO CIlJIaBa 0e3 MeXaHM4IeCKOH 00pabOTKH HEOJTHOPOIHA U
COCTOUT U3 aJIFIOMUHHUEBOI MaTpHIIbI C KPYIHBIMHU BKJItOueHUsIMU Er. B xumnye-
CKOM cocTaBe 3TajoHHOTo cruiaBa AlsEr mpeoGmamaer amomuHUWi, KpymIHBIE
3epHa 00OTalICHBI ATFOMUHHEM U 3pOneM.

Crpyxkrypa suratypsl AIEr ¢ mpeaBapuTensHON MEXaHUIECKOW 00paboTKOi
HUCXOJHBIX KOMIIOHCHTOB OJHOPOAHA U COCTOUT U3 AJIIOMUHUEBOM MaTpHUIbI
C PaBHOMEPHO PACIPEIeNIEHHbIMU BKIIOYEHUAMU. AJIIOMUHUI paBHOMEPHO pac-
MpeesieH 0 BceMy o0pasiyy, dpOuii — Ha rpaHHIax ¢as.

B 1BepioM pacTBOpe aTIOMHHHS [0 FPaHHUIAM 3epeH HaOJII0al0TCs TOHKKE TIPOo-
CIJIOWKH JAWCTIEPCHOI 9BTEKTHKH, 00OTaIeHHOH 3poreM Ha yposHe 20-25 mac. %.
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HaGmromaercs Hanu4ue ABYX METALIHMYCCKHUX (a3: TBEPABIX PACTBOPOB alTio-
munust (~ 95,14%) u uaTepMeTaAIIIHYECKOro coenuneHus AlzEr (~ 4,86%).

CpenHee 3HaUeHNE MUKPOTBEPIOCTH 110 BUKkepcy B 001acTsIX, COOTBETCTBY-
roux AlzEr, coctaBnser (92,4 + 8) HV nocne o6pabdotku u (68,4 + 8) HV no
00paboTku. MakcuMallbHOE 3HaUYE€HHEe MUKPOTBEpAOCTH Juratypsl AlsEr, momy-
YEHHOE B pe3yJibTaTe MpPeBapUTENIbHON MeXaHHUeCKOW 00pabOTKH MCXOIHBIX
KOMIOHEHTOB, cocTaBiisieT (105 + 8) HV. Cpennee 3HaueHne MUKPOTBEPAOCTH
o Bukkepcy B 005acTsax, cooTBeTcTByIONMX Al, coctarnser (27,1 +4) HV.
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DJIeKTPOXUMHYECKUE XAPAKTEPUCTUKHU
1,1’-0ucnuponuppoauauuus rerpagropodopara
B alleTOHUTPWJIE, IMMETHJICYJIb(OKCHIAEe U BOAE
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AHHoOTanms. VccnenoBansl HEKOTOpBIE 3JIEKTPOXUMHUUECKHe cBoiicTBa 1,1°-0mc-
nuponupponuanHus TeTpadgropodoparta (SBP-BF4) B pacTBOpax aneroHuTpHmIIa, BOIBI
u IMCO (mumeTnncynbQOKCHI) B OTKPBITOH cUCTEME. Y CTAHOBIICHO, YTO HIIEKTPOXH-
MHUYECKHE XapaKTepUCTUKH pacTBopoB SBP—BF4 B anieToHUTpHIIE M BOAE OTIMIAIOTCS
He3HauuTenbHO. B nuanasone ot 294 no 353 K ¢ yBenuueHueM TeMiepaTypbl IOBBI-
IIaeTcst 3HaUCHUE HIIEKTPOIIPOBOIHOCTH pacTBopoB SBP—BF4 B paznnuHbIX pacTBopu-
tenmsix. OHaKo 3HauYeHHe yIeldbHOH anekTponpoBonHoctd SBP-BFs B Boxe 3naum-
TEJIBHO TIOBBILIAETCS C POCTOM TEMIIEPaTyphl 3a CYET OOJIBIIOr0 TEMIIEPaTypHOTO
kodbduimenta. DnekrpoxuMudeckas aktuBHocth SBP-BF4 B IMCO 3nauutensHO
HIDKE, YeM B PACTBOpAx AallCTOHUTPHIA M BOJbI, HECMOTPSI Ha BBICOKOE 3HA4YCHHUE
JIMAJIEKTPHYECKON MPOHHUIIAEMOCTH M COIIOCTABUMOE 3HAYCHHE TEMIIepaTypHOro koaddu-
LHEHTA 3JIEKTPONPOBOIHOCTH C BOAHBIME pacTBopamu. Ho npu yBennueHHH Temmnepa-
TYpBI ITOKa3aTellb 3JIEKTPOIPOBOJHOCTH yBEINYNBAETCS HE3HAUNTEIILHO, TaK KaK pac-
tBOpEl SBP-BF4 B IMCO 001anatoT NOBBIIEHHOH BsI3KOCTEIO. PacTBOopel SBP-BF4
B aLIETOHUTPHIIC XapaKTEPU3YIOTCs HanboIiee HU3KUM TeMITepaTypHbIM KoddduiieHToM
371eKTponpoBogHOCTH (MeHee 0,1%), YTO MO3BOJISET MCIIOJIb30BaTh JAHHBIC PACTBOPHI
B KQUeCTBE HJICKTPOJMTA B IIMPOKOM TEMIIEPATypPHOM JHana3oHe 0e3 3HAYUTEIbHOTO
U3MEHEHHUS JJICKTPOXUMHUUYECKUX XapaKTEPUCTHK. DKCIHEPUMEHTAIBHO IOJTy4YCHHBIE
JTAaHHBIE TIO3BOJIMITN PacCYUTaTh NOABMXHOCTE SBP—BF4 mpu Geckoneunom pa3basite-
HHU M 9HEPTUM aKTUBALMHU 3JIEKTPOIPOBOAHOCTH B YKa3aHHBIX PACTBOPUTEISIX NPU
pa3IMYHBIX KOHIEHTpanusaxX. C IMOHKEeHNEM BA3KOCTH PaCTBOPHUTEINICH MOABHKHOCTD
MOHOB, o0Opasytormxcs npu aucconmanun SBP—BF4, yBenndnBaercs, 3a HCKITIOYEHHEM
BOJHBIX PAacTBOPOB COJIH, YTO CBSI3aHO C MPUPOAOH B3aMMOJCHCTBUS PAaCTBOPHUTEIIS
C COJIbI0. 3HAUCHUE YHEPIHHU AKTUBALIMY U3MEHSIETCS IMHEHHO C POCTOM KOHIIEHTPALMH
B IPE/JIOKEHHBIX pacTBOpUTEIsiX. Hanbosplee 3HaYeHHE SHEPIUH aKTHBALUU dJICK-
TPOMPOBOIHOCTH OBLTO MONTYYESHO B BOAHBIX pacTBopax SBP—BF4 npu makcumansHoi
uccnenyemoit koHueHrparmu (0,15 Mosb/), a HaMMEHblIee 3HaUYeHHEe — B PacTBOpax
AllETOHUTPHJIA, YTO COOTBETCTBYET OoJiee JIErKOMY IIEPEHOCY 3apsa H sSBISeTCs Iep-
CIIEKTHBHBIM JUIS HCIIOJIL30BaHNS AlleTOHUTPHIIA B KaUeCTBE PACTBOPUTEIS IIPH CO3/a-
HHU CYTIepKOH/ICHCATOPOB.

KioueBsbie cioBa: 1,1’-6ucnuponupponuaunus terpadTopodopar, mpeaesbHas
SKBUBAJICHTHAs JIEKTPONPOBOIHOCTD, JHEPrHsi aKTHBAIMH 3JICKTPOIPOBOIHOCTH,
KOHJIyKTOMETpHsl, OPraHUYECKHe PACTBOPUTEIN
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Electrochemical characteristics of 1,1’-bispyropyrolidinium
tetrafluoroborate in acetonitrile, dimethyl sulfoxide and water
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Abstract. Were studied some electrochemical properties of 1,1'-bispyropyroli-
dinium tetrafluoroborate (SBP-BF4) in solutions of acetonitrile, water and DMSO
(dimethyl sulfoxide) in open system. It was found that the electrochemical characteristics
of SBP-BF4 solutions in acetonitrile and water differ slightly. In the range from 294 K
to 353 K, the electrical conductivity of SBP-BF4 solutions in various solvents increases
with increasing temperature. However, the conductivity value of SBP-BF4 in water in-
creases significantly with increasing temperature due the large temperature coefficient.
The electrochemical activity of SBP-BF4 in DMSO is significantly lower than in solu-
tions of acetonitrile and water, despite the high dielectric constant and comparable value
of the temperature coefficient of electrical conductivity with aqueous solutions. But
with increasing temperature, the electrical conductivity increases slightly, because so-
lutions of SBP-BF4 in DMSO have increased viscosity. Solutions of SBP-BF4 in ace-
tonitrile are characterized by the lowest temperature coefficient of electrical conductivity
(less than 0.1%), which allows these solutions to be used as an electrolyte over a wide
temperature range without significant changes in electrochemical characteristics. The
experimentally obtained data made it possible to calculate the mobility of SBP-BF4
at infinite dilution and the activation energy of electrical conductivity in the indicated
solvents at various concentrations. With a decrease in the viscosity of solvents, the mo-
bility of ions formed during the dissociation of SBP-BF increases, with the exception
of aqueous salt solutions, which is associated with the nature of the interaction of the
solvent with the salt. The activation energy value changes linearly with increasing con-
centration in the proposed solvents. It was found that the highest value of activation
energy for electrical conductivity was obtained in aqueous solutions of SBP-BF4 at
the maximum concentration studied (0.15 mol/l), and the lowest value in solutions
of acetonitrile, which corresponds to easier charge transfer and is promising for the use
of acetonitrile as solvent when creating supercapacitors.

Keywords: 1,1'-bispyropyrolidinium tetrafluoroborate, limiting equivalent electri-
cal conductivity, activation energy of electrical conductivity, conductometry, organic
solvents

For citation: Novolokov, K.Y., Shelkovnikov, V.V., Bakibaev, A.A. Electroche-
mical characteristics of 1,1’-bispyropyrolidinium tetrafluoroborate in acetonitrile,
dimethyl sulfoxide and water. Vestnik Tomskogo gosudarstvennogo universiteta.
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BBenenne

st paboThI COBPEMEHHBIX JIEKTPOHHBIX MTPUOOPOB HEOOXO MBI HAIS)KHBIE
uctoyHukH nutanus. [lupokoe pacnpocTpaHeHUe B MOCIEAHNE TOAbI MOy I
TUTAH-HOHHBIE 0aTapey, OJHAKO OHM MMEIOT sl CYIIECTBCHHBIX HEJOCTATKOB:
HaIpsDKeHNE eUHUYHOTO AneMenTa 2,5—4,2 B, ynenbHast sHeproeMkocTh 110—
270 BT-4/Kr, 4MCIIO MUKJIOB 3apsi—paspsi 10 CHUKEHUs: eMKocTH a0 80% — He
6onee 600, qranazon padbounx Temmepatyp ot —20 mo +60°C [1] JIyumiune xapax-
TEPUCTUKU HUMEIOT CYNEPKOHJEHCATOPHI, 00ajatoiie OONblIe MOIIHOCTHIO
U BBICOKOM 9HEProeMKOCThI0. [IpHHIIHIT pabOThI TAKMX KOHICHCATOPOB OCHOBAaH
Ha 00pa3oBaHUH JBOWHOTO AeKTprdeckoro cinos (J12C), KoTopelid co3aeTcs Ha
MIPOTHBOIIOJIOKHBIX TOBEPXHOCTSIX IEKTPOIOB. B mporiecce 3aps ki HOHBI dIICK-
TPOJIMTA MEPEMEIIAIOTCS B CTOPOHY MOBEPXHOCTH AJIEKTPO/Ia, UMEFOIIETO MPOTH-
BOTIOJIOKHYIO TIOJIIPHOCTE. [laHHBIH MpOoIiece MOHOCTHIO 0OPATHM U, B OTIIHYHE
OT JINTHU-HOHHBIX aKKyMYJIATOPOB, HMEET (PU3MUECKYIO, a HE XUMUUECKYIO TIPH-
pony. bnarogaps 3ToMy CynepKOHIEHCATOPbI OTJAI0T UMITYJILCHO OOJIBIIIOE KOJIH-
YEeCTBO SHEPrUH, CIIOCOOHBI paboTaTh MOCIe MHOTOUUCIICHHBIX IIUKIIOB 3aPSIKH 1
paspsaku (MuaEMyM 100 000 IUKIIOB) ¥ IIPH 9TOM HE TEPSIIOT CBOKO €MKOCTS [2].
Kpome Toro, cynepkoHAeHCATOPbl UMEIOT MIUPOKHUNA paboduid TemrepaTypHbIit
JuanasoH: oT —60 70 +65°C, — o cpaBHEHHUIO C OOBIYHBIMHU OaTapeHKaMu U 3JIEKTPO-
XUMHYECKUMH HCTOYHIKAMH TOKa (aKKyMYJISITOpHEIE OaTaper B aBTOMOOWIIAX).

s paboThl cynepKoHAEHCaTOpa HEOOXO0IUMO HaJIMUNE YacTHll, CIOCOOHBIX
MEPEHOCHTH ICKTPUIECCKHIA 3apsi]l, U paCTBOPHUTEIsI, O0ecIieurBaroIero oecmpe-
MSTCTBEHHOE IBH)KEHHE HOHOB. B KadecTBe 3JEKTPOINTOB MIPUMEHSIIOT HEopra-
HUYECKHE WM OpraHuYecKue coiu. BolHbIe pacTBOPHI HEOPraHMUYECKUX COJIEeH
MMEIOT BBICOKYIO 3JICKTPOINPOBOJHOCTD, OJTHAKO WX MPUMEHEHHE TPU HHU3KUX
TEMIIepaTypax MPaKTUIECKH HEBO3MOXKHO, UTO SBISIETCS CYIIECTBEHHBIM OTpa-
HUYEHHEM JIaHHBIX BEUIECTB B CYNEPKOHEHCATOpaX.

Jns obecniedyeHus: MKUPOKOTO TEMIIEPATypHOTO Uarna3oHa HEOOXOIUMO HC-
MOJIb30BaTh OPraHMYECKHE PACTBOPUTENH, B KauyecTBE KOTOPHIX Hanbolee moj-
XOISIIAMH SIBIISTIOTCS AlIETOHUTPHII, IPOMMICHKAPOOHAT U TUMETHIICYIE(OKCU
(IMCO) [3]. Onnako npuMeHEHHE BYX MOCIEIHAX OTPAHUYCHO B CBSI3H C YBE-
JIMYCHUEM WX BSI3KOCTH ITPU MOHIKSHUH TemIeparypsl. B paborax [3, 4] uzyua-
€TCsI 3aBUCHMOCTB AIIEKTPOIIPOBOJHOCTH H BI3KOCTH PACTBOPOB IIPH OTPHIIATEI -
HBIX TeMmIepaTypax. B kauecTBe copacTBOpUTENS K alleTOHUTPHIY T00aBISIOT
OpraHnveckue KapOooHaThl u 3(UPHI, HO TIPU 3TOM YBEIHYUBACTCS BSI3KOCTh, YTO
HE MO3BOJISIET HCIOIB30BaTh ATH BEIECTBA.

B oprannyeckux 3JeKTpoJITax B KaUeCTBE KATHOHA UCIIONIb3YIOT YeTBEPTUY-
HBIE AaMMOHHEBBIE COJIH WIIH (ochOp MPON3BOIHBIC COEANHEHNUS [5], a B KauecTBe
AHMOHOB — TajioreHua- U terpadropua-nonsl [6]. Hanbosee yacto mpuMeHs-
I0TCA TeTpa3TUIaMMOHUs, 1,1’ -OHMCIUPONUPPOIUANHUSA, JTUMETHITUPPOIHIU-
HUS U T.00. [7].
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TerpasTHIaMMOHUA HMEET COIIOCTABUMYIO AIIEKTPOIPOBOIHOCTh U IaxKe
BBIIIC 110 CPABHEHHIO ¢ 1,1’ -OUCTIMPONUPPOTUINHUEM, OTHAKO TETPA3THIIAMMO-
HUH XapaKTepHU3yeTcsl OTPaHNIEHHON PaCTBOPHMOCTBIO B allCTOHUTPHIIC.

B kauecTBe NMEPCHEKTUBHBIX MATEPHATIOB ISl UCIIOJIB30BAHUS B CYHNEPKOH-
JeHcaropax B paborax [5] mpeiararoT MCroyib30BaTh HOHHBIC KUAKOCTH. JlaH-
HBIC BEIIECTBA MOTYT BBICTYIIATh B KAYECTBE PACTBOPUTEIS U AIIEKTPOIIHTA, OJ-
HAKO TaKHE COCAMHEHUS UMEIOT IUPOKUN pabouuii MHTepBall TOJIBKO B 001aCTH
BBICOKHX TemIlepaTyp. Yarie Bcero HOHHbIC KUAKOCTH MPU CTAHAAPTHBIX YCIIO-
BUAX — 3TO TBEpAbIE BellecTBa ¢ TemunepaTypoil ruiaBienus Boime 100°C. Ilo-
9TOMY HOHHBIE )KUAKOCTH PACTBOPSIOT B OPIaHUUECKUX PACTBOPUTEIISX.

BrrmeonricaHHbIe COEAMHEHNST MOTYT UCIIONB30BAaTHCA B KA4ECTBE DIICKTPO-
JMTOB JUIS CYIEPKOHICHCATOPOB, OJHAKO JICKTPOXUMHUECKIE CBOWCTBA HEKOTO-
PBIX U3 HUX U3y4YCHBI HE 10 KOHIA. [IepCrneKTUBHBIM, HA HAI B3I, SBISETCS
1,1’-6ucnuponupponuauaus tTerpapropodbopar (SBP—BF4). B pabore [8] nccie-
JIOBaHBl €0 OTHENBHBIC JJICKTPOXUMHUYCCKHE XapaKTEPUCTHKH B YCIOBHIX
HWHEPTHOM 3aKPBITON CHCTEMBI B 00JIACTH BBICOKHX KOHIIEHTPALUi CONU B Cpese
aneToHUTpHIIa. B Hamieid paboTe OyayT pacCMOTPEHBI AJIEKTPOXUMUIESCKHIE CBOM-
crBa pactBopoB SBP—-BF4 B aneronntpuie, JIMCO u Boze B OTKPBITOi cHCTeMe
B 00JIACTH HU3KHMX KOHIIEHTPAINH COJH.

MatepuaJjibl 1 METOAbI HCCJIETOBAHUSA

g paboThl HCIIOTIB30BANIM pacTBOpHUTENH aueToHUTpuI U JJIMCO mapku xu;
OYMIIICHHAs JEMOHM30BaHHAas BojJa ObUIa MoJydeHa Ha Sartorius Mapku Arium
Pro. Cons SBP-BF, 6buta momydena mo meroauke [9]. M3yuenue 31eKTpompo-
BOJHOCTH MPOBOAMIN Ha U3MEPUTENIe KUCIOTHOCTH U YJIENbHON MPOBOJUMOCTH
T-72 (KHP). BonpramnepHsie KpUBBIE PETUCTPUPOBAIN HA BOJIBTAMIICPOMETPH-
yeckoM aHanuzatope TA-LAB (HIIO Tomb-AHanuT) B HOCTOSHHOTOKOBOM pe-
XKHMMeE B JIBYX3JIEKTPOIHOH siueiike. B kauecTBe pabodero ncmons30Bamy rpagpu-
TOCOAEPIKAIINI TEKTPOI, HIEKTPOI CpaBHEHHUs — Xitopuacepeopsusiii (3M KCI).
Temmneparypy KOHTPOJIMPOBAIM C IIOMOLIBIO 3JIEKTPOHHOT0 TepMoMeTpa Termex
LTA-H® ¢ norpemnoctsio uzmepenus +£0,001°C, tepmocTatupoBanue npoBo-
JIATH B KUAKOCTHOM TepmocTaTte Termex BT-14-2 +0,1°C.

Memoouka npoeedenun IKcnepumenma

['oToBuM cepuro pacTBopoB B Ananazone kornentpamnuii ot 0,001 xo 0,15 M.
PacTBOpBI TepMOCTATHPOBAIM W OLIEHUBAIH BEIMYUHY YICIBHON AIEKTPOIPO-
BOAHOCTHU ¢ mwarom B 5° ot +25 10 +60°C. Ha ocHOBaHWU MOJTYYEHHBIX Pe3yJib-
TaTOB OICHUBAIIN MPEIEIIbHYI0 3KBUBAIICHTHYIO 3JIEKTPOIIPOBOJIHOCTD, CPEITHUM
TEMITEPaTyPHBIA KO PHUIHUCHT JIEKTPOIPOBOIHOCTH, YHEPTHIO aKTHBALIHH.

OnpeneneHne BEJIWYUHBI IPEACTbHON SKBUBAJICHTHOUN 3JIEKTPONPOBOJHOCTH

OJICKTPOJIMTA IMPOBOAWIN IMIYTEM IOKCTPAIIOJIAINU 3aBUCUMOCTHU 7\,—\/C , IOCJIC

JTHHeapU3aliy U 3KcTpanoysanuy Ha 3aadenne C — 0.
TemneparypHblii  KO3()(QUIHUEHT 3IEKTPOIPOBOJAHOCTH PACCUUTHIBATIH 1O

hopmye:
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M(tz)_1
A,
o= (t1) ,
ty—ty
rae #(t2) u »(t1) — 3HaAYECHUs! YAETBbHOM IEKTPONPOBOAHOCTH TP OMPEICICHHBIX

TeMIIepaTypax.
O1eHKy BEMYMHBI SHEPTUM aKTHBAIIAH 3JIEKTPOIPOBOIHOCTH MPOBOIMITH TI0
ypaBHEHHUIO AppeHnyca I10 JHHeapu30BaHHo# 3aBucumoctu In(x) — 1/RT.

Pe3yabTaTthl u 00cy:KIeHUS

Ha puc. 1 npeacTaBineHbl MUKINYECKUE BOJIbTaMIICpHbIE KpuBbIe 1,1’ -0ncmu-
POLMKIIONAPPOIUANHUS TeTpadTOpoOOpaTa, MOJTyIeHHbIC Ha (DOHE pa3HBIX pac-
TBOpHUTeNie. HezaBucumo ot tuma pactsoputenss SBP—BF4 ycToituns B mmpokoit
00J1acTH MOTEHIMAJIOB, YTO MO3BOJIAET CO3/1aBaTh BHICOKHE HANPSIKEHHS B CH-
CTEME JaKe IIpU TOKE Ha YPOBHE MKA.
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Puc. 1. lluknudeckue BonbTaMIiepHble KpuBbIe 1,1’ -0MCIMpOLUKIONUPPOTUINHUS

terpadpropobopara (C = 0,05 mons/n): 1 — Boza, 2 — aeTOHUTPHUI, 3 — AUMETHICYIb()OKCH
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Ha pwuc. 2 npencraBieHbl 3aBUCHMOCTH YAENBHOH 3JIEKTPOIIPOBOTHOCTH OT
koHIeHTpanuu SBP—-BF4 B arieToHUTpHIIC TPH pa3IMYHBIX TEMIIEpaTypax.
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Puc. 2. 3aBiucuMOCTb yIeIBHOMN EKTPOIPOBOIHOCTH pacTBopa 1,1’ -0ucnuponuKiIonuppo-
IUAMHAS TeTpadTopodopaTa MpH Pa3iUIHbIX TEMIEpaTypax: B aleToHUTpuie (a); B Boxe (6);
B uMeTHICYIb(pokcue (6)
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C pocTOM KOHIEHTPAIlUM YBEIMYUBACTCS yAENbHAsI JIIEKTPONPOBOJTHOCTH
IIpU IOCTOSTHHOM TemIieparype. B npenenax AByX MOPsSAKOB 3aBUCUMOCTH MOKHO
OXapaKTepHu30BaTh Kak JTuHEHbIe. [Ipy MOBHIIIEHNH KOHIIEHTPAINH COJIH B pac-
TBOPE TAHTEHC yTriia HAKJIOHA MEHSETCS, YTO HE MO3BOJISET OJTHO3HAYHO HCIIONb-
30BaTh JIAaHHBIC 3aBUCHUMOCTH JJIsl OlIEHKU KoHIeHTpanuu. M3sectHo [10], uro
B 00J1aCTH BBICOKMX KOHIICHTpanui (~ 2—2,5 M) 3aBUCHMOCTH y/ICIbHOH 3JICK-
TPOMPOBOTHOCTH MPOXOIHUT YEPe3 MAKCUMYM, MO3TOMY sl 00001IeH s 3HaYe-
HUH yAETHHON 3JEKTPONPOBOAHOCTH HCIOJB3YIOT MPUBEACHHYIO MIIEKTPOIPO-
BOJTHOCTPH ¥ TIPUBEJICHHYIO KOHIIGHTPAIIHIO, T.€. OTHOIIICHNE HAOII0AaeMbIX 3Ha-
YEHHH JIEKTPOIIPOBOJIHOCTH U KOHIIEHTPAIIMK K MAKCUMyMaM, HaOJIt0JaeMbIM Ha
KOHIICHTPAIIMOHHBIX 3aBHCHMOCTSIX.

Ha puc. 3 mpencrapiieHa 3aBHCHMOCTB 3JIEKTPOIPOBOJHOCTH PacTBOPOB
SBP-BF4 B anieronuTpmite ot TemiiepaTypbl. BHE 3aBUCHMOCTH OT KOHIIGHTPAIMU
HaO0II0JaeTCs JIMHSWHBIA POCT 3JIEKTPOIPOBOJHOCTH. Ha OCHOBaHHMH 3TOTO MpPO-
BEJICH pacuyeT CPEeHEro TeMIepaTypHOro Ko3(hGHUIIHEHTa 3JICKTPOIPOBOTHOCTH

(tabm. 1). AHanoruuHO 06padaTHIBAIM KCIICPUMEHTAIBHBIC TAHHBIC IS PACTBO-
pos SBP-BFsB IMCO u BoE.
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Puc. 3. 3aBUCHMOCTB yAETBHON 3JIEKTPOIIPOBOAHOCTH 1,1’ -OHCIMPOIIMKIONUPPOTUANHIS
TeTpadTopobopara OT TEMIIEPaTyphl B AallETOHUTPHIIE

Tabnuma 1

3HaueHHus NpeaebHOIl IKBUBAJIEHTHOI 3J1IEKTPONPOBOIHOCTH (MPU OeCKOHEYHOM
pa30aBJeHUN) U TEMIEePATYPHBIi KO3 PUIMEHT 3J1eKTPONPOBOAHOCTH
MPH CTAHIAPTHBIX YCJIOBUSAX B PA3HBIX PACTBOPHTEIAX

XapakTepucTuka AUETOHUTPUI Jumernncynbhoken Bopa
A0 174,85 67,43 139,69
o 0,006 0,013 0,018
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Hpe,I[GHI)HYIO OKBHUBAJICHTHYIO 3JICKTPOIIPOBOJHOCTL OICHUBAJIU ITYTEM JIMHEC-

apu3alny 3aBUCUMOCTH A — Jc npu C — 0. Ha puc. 4 npencrasneHo onpenene-
HUE TIPENeNbHON DKBHBAJCHTHOH HJIEKTPOMPOBOAHOCTH IIPH HCIIOIH30BAHHUU
B KauecTBE pPacTBOpHTeNs aneroHUTpuna. IIpu cranmapTHbIX ycnoBusix (298 K)
TpeAeNbHasT SKBUBAJICHTHAS AJIEKTPONPOBOAHOCTE cocTaBmia 174,85. Tlpu stom
n3 Tabi. 1 BUAHO, YTO MaKCHMaJIbHas IOIBMKHOCTL HOoHOB SBP-BF4 Habmona-
eTcs B alleTOHUTPHIIC U BoJe, Toraa kak B JIMCO moABMXKHOCTb HOHOB B pasbl
MEHbIIE. YBEJINYEHHE TEMIEepPaTypHOro Ko3(p(HUIHUeHTa B PAAY AlleTOHUTPHI—
JAMCO-Boza cBUIETENECTBYET 00 YBEIMUESHUH YAETbHOH JIEKTPOIPOBOJHOCTH
SBP-BF; B pa3HbIx pactBoputensix. OcoOEHHO 3TO 3aMETHO B BOJIHBIX PaCTBOPAX

(cM. puc. 2, 6).
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Puc. 4. Ouenka npenenbHOI SKBUBAICHTHON 3JIEKTPONPOBOIHOCTH
1,1’-OuctupoMKIONUPPONUANHIA TeTpadTopodopaTa B pacTBope aneToHuTpuia mpu 294 K

Taonuma 2

3Heprml AKTUBAIlUH 3JICKTPONPOBOAHOCTHU IPHU PA3HBIX KOHICHTPAIIUAX

OHeprus aKTUBAIUH 3JIEKTPONPOBOAHOCTH
Konuentpanus 1,1’-6ucnuponuKIONUppOIHANHIS TeTpadTopodopaTa, k/k/MOIh

AneTOHUTPUT JAMCO Boga

0,0025 1,92 2,99 2,78
0,005 1,95 3,57 3,74
0,0075 1,97 3,95 3,84
0,01 2,1 3 4,39
0,025 2,72 4,39 4,82
0,05 3,22 3,54 5,69
0,075 3,48 4,05 6,24
0,1 3,97 4,84 7,99
0,125 3,98 51 9,81
0,15 4,01 5,18 11,67
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O1eHKY BEMYUHBI SHEPTHH aKTUBAIIMH AJIEKTPOIIPOBOTHOCTH IIPOBOIUIIH IO
ypaBHEHUIO AppeHHuyca M0 JHHeapu30BaHHOW 3aBUCHUMOCTH. Ha puc. 5 mpen-
cTaBjeHa 3aBUCHMOCTEH In(x) orT 1/RT mpu MOCTOSHHON KOHIIEHTPAIUH COJH
B aunamazone temnepatyp ot 303 mo 358 K B aneronutpune. C yBenTu4eHHEM TEM-
nepaTypbl BHEPTHS AKTUBALMHU JIEKTPOIPOBOTHOCTH YMEHBIIIAETCA 32 CUET YBEIH-
YEeHUS MOJIBUKHOCTH MOHOB B PACTBOPE U YMEHBIIICHHS BS3KOCTH PACTBOPHTEIS.
310 cormacyercs ¢ pe3yinbTaTaMH paOoTHl [8] mpH HU3KUX 3HAUYCHHSIX KOHIICH-
Tpauuu. B Tabn. 2 mpencraBiieHbl TaHHBIE [0 PHEPTUU aKTHUBALIUH AIJIEKTPOIPO-
BOJHOCTH B Auamna3zoHe KoHueHTpaiuii SBP—BF4 0,0025-0,15 mMonb/1 B pa3HbIX
pactBoputerix. C yBenndeHHEM KOHIIEHTPALIUH BHE 3aBHCUMOCTH OT PaCTBOPH-
TEJISI SHEPTUS AKTUBALMH JIEKTPOIPOBOAHOCTH YBEIMYMBAETCS, YTO MOXKET OBITH
00yCIIOBIIEHO TIOBHIINIEHUEM BSA3KOCTH PacTBOpA.
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X234 .
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0,0003550,00036 0,000365 0,00037 0,000375 0,00038 0,0003850,00039 0,000395 0,0004

1/RT

Puc. 5. OueHka sHepruM akTUBALUH JIEKTPOIPOBOTHOCTH
1,1’-OuctmponuKIONUppONTuANHIA TeTpadTopodopaTa

HecmoTtpst Ha TO, 4TO Ha ANEKTPONPOBOJHOCTH PACTBOPOB TAKKE BIIHSIET 3HA-
YeHHE AUAJICKTPUIECKON MPOHUIIAEMOCTH, 3TOT MTOKa3aTelb HE ABJISIETCS KITF0Ue-
BBIM ()aKTOPOM B PACCMOTPEHHBIX CITy4asX.

3akJ/oueHue

B pesynbraTe npoBeneHHBIX HCCIeI0BaHUN ONpeeNieHbl KOHCTAHThI, Xapak-
TEPU3YIOIIIE 3HAYCHHUS AJISKTPOIPOBOTHOCTH B AllETOHUTPHIIE, TUMETHIICYITb(OK-
cujie u Bojie. [1oka3aHo, 4To SHEPTUs aKTHBALIMH JIEKTpoIpoBoaHocTH SBP-BF,4
YBEJIMYMBAETCS C POCTOM KOHIEHTpauuu conu. [lonydeHHas 3aBUCUMOCTE 00Y-
CJIOBJICHA YBCIIMYCHUEM WOHHOM CHUJIBI U MOBBIIICHUEM BSI3KOCTH pacTBOpa, 1mo-
3TOMY TIpoIlecC MepeHoca 3apsia Mex Iy HoHaMu Mojekyiasl SBP—BF4 B aneto-
HUTPUJIE MIPOUCXOAUT JIeTUe, Ha YTO YKa3bIBAaeT BBICOKAs 3JEKTPONPOBOJHOCTh
COJIM B pacCMaTpHUBaeMoOM pacTBopuUTene. Takxke 3HaUeHUs NpeaeTbHON IKBUBA-
JICHTHOM SJICKTPOIPOBOJIHOCTHU BBIIIEC ITPU MCIIOJIb30BAHNU alICTOHUTPWIIA B Ka4de-
cTBe pactBopuTelssi. Onupasch Ha MOTy4YeHHbIE Pe3yJIbTaThl, Mbl MPeAIoaraem,
YTO 3TO CBSI3aHO C IpolleccaMM B3auMoJeHcTBUsl pacTBoputens ¢ SBP-BF4.
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Paccunrannple 3HaYCHHST TEMIIEPATYPHBIX KOA((QHUIMEHTOB MOKA3hIBAIOT, HYTO
C POCTOM TEMIICpPaTyphl AICKTPOIPOBOJHOCTH MOBBIIACTCS] HE3HAUUTENBHO B alle-
TOHUTPUIIE U 3aMETHO YBEJIMYMBAETCS B BOJIE, OJJHAKO BOJAHBIE PACTBOPBI UMEIOT
OrpaHUYEeHHE B TEMIIEPATYPHOM JHMala30He U BBICOKHE 3HAYESHUS [T JHEPTUH aK-
THBAIUHU 3JIEKTPONPOBOAHOCTH MO CPABHEHHUIO C ALIETOHUTPHUIIOM, TOATOMY IS CO-
3[aHUSI CYTIEPKOHAECATOPOB JIyHIIe OAXOAAT PACTBOPHI HA OCHOBE AllETOHUTPHUIIA.
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X¥VMMH4YEeCKHH COCTAB BOJ M JOHHBIX OTJIOKEeHUI
MaJjbIx 03ep Tomckoro paiiona

Hpuna Crenanosua Kopoan!, lapes Usanosna Uyiikuna?,
Hartaabsi Aupeesna MyxopTuna®

L.2.3 Puemumym negpmeeazosoii 2eonoauu u 2eogusuxu um. A.A. Tpogumyra
Cubupckozo omoenenus PAH, Tomck, Poccus
Lirinakorol@yandex.ru
2dichuikina@mail.ru
3 mukhortinana@ipgg.sbras.ru

AHHOTanMs. V3ydeHrne cOCTOSHUS MPECHOBOMHBIX 3KOCHCTEM BEICTCSA yXKE He-
CKOJIBKO JICCATHIICTHI U OCBEIACTCS B HAy4HOM JinTepatype. PazpaboTka mporpamm,
HaTIpaBJICHHBIX HA OXpaHy ¥ KOHTPOJb Ka4eCTBa BO, JODKHA BKIIFOYATh T€OXUMUYE-
CKUI1 MOHUTOPHUHT 3arpsA3HSIONINX BEIICCTB, OIICHKY (DM3MKO-XUMHICCKAX  OMOXHMHU-
YECKHX IMPOIIECCOB B MPUPOIHBIX BOJHBIX IKOCHCTEMaX (Kak MOBEPXHOCTHBIX BOJAX,
TaK ¥ JOHHBIX OTJIOXKEeHUAX). L{enb TaHHO# paboThl — M3yUYEeHHE XUMHUECKOTO COCTaBa
MOBEPXHOCTHBIX BOA M JOHHBIX ominoxkeHud (JJO) ozep Kpyrimoe m MambieBo s
OILICHKH BJIMSHUS Ha HUX aHTPOIIOTCHHON HArpy3Kd 3a 2-neTHuil nepuoj. Komrurekc-
HBIU ITOJTXO]T K PEIICHHUIO 3TOU 3a1a4y BKJIIOYAT B ceOsl TAKHUE METOJIBI, KaK SKCTPAKIIUS,
OTpeIe/ICHUE OPTaHMUSCKUX U HEOPTaHHUECKHX COCANHCHUHN C IPUMEHECHHEM BBICOKO-
3¢ deKTHBHON KUIKOCTHOU XpomaTorpaduu, KamWULIPHOTO 3NIeKTpodopesa, deK-
TPOHHOH CHEKTPOCKOITIH, PSHTTEHO(MITyOpECIEHTHOTO aHamn3a. [lokazaHo, 4To JOHHBIE
OTJIOXKEHUSI THX 03€pP MOTYT OBITh OTHECEHBI K YMEPEHHO 3arps3HEHHBIM, CYMMapHOe
coJiepyKaHKe YIIeBOI0POI0B u3MeHsieTcs oT 58,14 no 82,2 mkr/kr. ComepkaHue MOJH-
apoMaTHUYCCKUX COG}IHHGHI/II‘/’I B M3YYCHHBIX npo6ax IMOBEPXHOCTHBIX BOJ U3MECHACTCA
ot 0,01 1o 0,13 Hr/n 11t pa3IMYHBIX COSAMHEHUH, & B JOHHBIX OTIIOKeHusX ot 0,11 1o
14,44 ur/r. B cMecH monmapoMaTHIECKUX YTIIEBOAOPOIOB B BOIHBIX 00pa3ax oTMe-
YaeTCs OBBIIICHHOE COJIEPIKAaHNE TAKUX COCIMHEHUH, Kak HadTanuH, (IyopeH U eHaH-
TpeH, a Tarke OeHs[alaHTpaleH. B 1enoM B Bojie 10 CpaBHEHHIO C JOHHBIMH OTJIOXKE-
HUSIMH TIpeobagaroT 6osee Jerkue 2—3-saepHble MOJHapEeHbI, 00 IaJaroNie Iy dInei
pactBopuMOcThI0. CoiepkaHne HEOPTaHMIECKUX KOMITOHEHTOB, TIPE/ICTABIICHHBIX Ka-
THOHAMH, aHHOHAMH, a TAK)KE TSHKETBIMUA METAJUIAMH HE TIPEBBIIIACT MPEENbHO I0MY-
CTUMBbIe KOHLEHTpauuu. [Ipupoausie murmeHTsl, onpexaeneHHble B JIO, MO3BOJAIOT
OXapakTepH30BaTh TMAPOOHOIIOTHUECKOE COCTOSIHUE 03ep KaK YIOBICTBOPUTEIHHOE
1 yKa3bIBAIOT Ha HOpMalbHOE (PyHKIIMOHUPOBAaHUE BOJIOPOCIEBBIX coodmecTB. Mcce-
JIOBaHUsI ITOKA3allf, YTO TPEIUIOKEHHBIH KOMIDIEKCHBIH Toaxod 3h(eKTHBEH st
OIIEHKH HKOJOTUIECKOTO COCTOSIHUS MAJTBIX 03€P M MOYKET UCTIOJIb30BATHCS KaK OCHOBA
I JJIATEJIbHBIX MOHUTOPUHIOBBIX I/ICCHe}lOBaHHﬁ C 60.]'[66 l'lOllpO6HbIM H3YUYCHUEM
JOHHBIX OTJIOXKEHUM.

Ki1roueBble €J10Ba: TOBEPXHOCTHEIE BOJIBL, IOHHBIE OTIIOKEHHS, TIOJIHAPOMATHICCKUE
YTIICBOIOPO/IbI, TSHKENBIC METAILIBI, IPUPOIHBIC MUTMEHTHI, aHTPOIIOT€HHASL Harpy3Ka
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Chemical composition of waters and sediments
small lakes of the Tomsk region
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Abstract. The study of the state of freshwater ecosystems has been going on for
several decades and has been sanctified in the scientific literature. The development of
programs aimed at the protection and control of water quality should include geochemical
monitoring of pollutants, assessment of physico-chemical and biochemical processes in
natural aquatic ecosystems (both surface waters and bottom sediments). The purpose of
this work was to study the chemical composition of surface waters and bottom sediments
(UP to) lakes Krugloye and Maltsevo to assess the impact of anthropogenic load on
them over a 2-year period. An integrated approach to solving this problem included
such methods as extraction, determination of organic and inorganic compounds using
high-efficiency liquid chromatography, capillary electrophoresis, electron spectroscopy,
and X-ray fluorescence analysis. It is shown that the bottom sediments of these lakes
can be classified as moderately polluted. The total hydrocarbon content varies from
58.14 to 82.2 micrograms/kg. The content of polyaromatic compounds in the studied
surface water samples varies from 0.01 to 0.13 ng/l for various compounds, and in
bottom sediments from 0.11 to 14.44 ng/g. In a mixture of polyaromatic hydrocarbons
(PAHS) in aqueous samples, there is an increased content of compounds such as
naphthalene, fluorene and phenanthrene, as well as benz[a]anthracene. In general,
lighter 2-3 nuclear polyarenes with better solubility predominate in water compared to
bottom sediments. The content of inorganic components represented by cations, anions,
and heavy metals does not exceed the maximum permissible concentrations. The
natural pigments identified in the DO allow us to characterize the hydrobiological
condition of the lakes as satisfactory and indicate the normal functioning of algal
communities. Studies have shown that the proposed integrated approach is effective for
assessing the ecological status of small lakes and can be used as a basis for long-term
monitoring studies with a more detailed study of bottom sediments.

Keywords: surface waters, bottom sediments, polyaromatic hydrocarbons, heavy
metals, natural pigments, anthropogenic load

Acknowledgments: The research was conducted as part of the fundamental scien-
tific research project of the Russian Academy of Sciences No. 0266-2022-0016 “Digital



Xumuueckuit cocmae 600 u 00HHbIX Oomaocenuil manvix ozep Tomckozo paitona

hydrogeological and hydrogeochemical models of oil and gas-bearing basins in the cen-
tral and southern regions of Western Siberia.” The results of the X-ray fluorescence
studies were obtained using equipment at the Tomsk Regional Center for Collective
Use of the TNTS SB RAS.

For citation: Korol, 1.S., Chuikina, D.l., Mukhortina, N.A. Chemical composition
of waters and sediments small lakes of the Tomsk region. Vestnik Tomskogo gosudar-
stvennogo universiteta. Chimia — Tomsk State University Journal of Chemistry, 2024, 34,
55-69. doi: 10.17223/24135542/34/5

BBenenue

N3y4eHnIo SKOJIOTHYECKOTO COCTOSIHUS IPUPOIHBIX 0OBEKTOB 0CO00€ BHIMA-
HUE Hadad YACJATH emle Bo BTopoi mosoBuHe XX B. OOIIerocynapcTBeHHas
ciyx0a HaOMIOEHN U KOHTPOJs cocTosiHU okpyxaromei cpeabl (OI'CHK)
Obuta opranu3oBana B 1972 r. Ha 6a3e cTaHLU# ruApoMeTeoctyk0bl. Jlo cux mop
K OCHOBHBIM 3a]1auaM CIICIHaTbHBIX HAOIOACHIH U UCCIIeI0BAHIIHA, IPOBOIUMBIX
B pamkax pabotel OI'CHK, otHOCSTCA:

— YCTaHOBJICHUE OCHOBHBIX 3aKOHOMEPHOCTEN MPOLECCOB CAMOOUHIICHUS;

— OIpeAeIeHUE BIHMSHUS HAKOIUICHHBIX B JIOHHBIX OTJIOXKCHUSX 3arpsi3HSIO-
LIMX BEIIECTB Ha KAYECTBO BOJBI;

— cocTaBlIeHHE 0alaHCOB XUMUYECKUX BEIIECTB BOJOEMOB MIIH Y4aCTKOB BO-
JIOTOKOB;

— OLIEHKAa BBIHOCA XUMHUYECKUX BEILECTB Ye€pe3 3aMbIKAIOIUI CTBOP peK, BbI-
HOCA XUMHYECKUX BEIECTB C KOMIEKTOPHO-APEHAXXHBIMH BoaMHu U Jip. [1].

Or1ieHKa YKOJIOTHIECKOTO COCTOSHIS BOAHBIX OOBEKTOB IOAPa3yMeBaeT KOM-
IJIEKCHBII MOAXO0J, OJHAKO B HAyYHBIX paboTax, MOCBSIIEHHBIX U3YYEHHIO CO-
CTOSIHUSI IPUPOJHBIX 00BEKTOB, KaK IPaBUJIO, IIPEICTaBICHBI OT/CNIBHbIE HCCIIe-
JIOBaHMS, HAIIPABJICHHBIEC Ha ONpeJIe/ICHUE COEPKAHUS B TOBEPXHOCTHBIX BOJIAX
U IOHHBIX OTJIOKEHUSIX METAILJIOB, [IOJIMAPOMATHYECKUX YIIIEBOJOPOIOB, IPUPOI-
HBIX IUTMEHTOB [2, 3]. KpoMe TOro, MOHUTOPUHIOBBIE HCCIIE0BAHUS YaIlle BCETO
KacaroTcsl KpYIHBIX 03ep, UMEIOIINX BaKHOE 3Ha4YeHue (Hampumep, 03. baiikan,
03. Jlanoxxckoe u ap. [3—5], B TO BpeMs Kak MaJIbIM 03€paM He yAEJsIeTCs TaKoro
MPUCTATBHOTO BHUMaHUsL. {7151 TOrO 4TOOB! HOHATH NPUYUHBI U3MEHEHUS 3KOJIO-
THYECKOTO U TPO(UUECKOT0 COCTOSIHUS 03€P, a TAKXKE OLIEHUTh MEXaHNU3MBI 3TUX
HN3MEHEHUH, He00X0IUM ITOCTOSHHBI MOHHUTOPHHT C YIETOM Pa3IMIHBIX OHOIIO-
THYECKHX, KITMMATHUECKIX ¥ aHTPOIIOTEHHBIX ()aKTOPOB BO3IEHCTBUS Ha BOJHBIC
cucrteMbl. MHOrojeTHue HaOMIOACHUSI THUAPOIOTHYECKOIO PEXUMa BOJOEMOB
CBSI3aHBI C KOJIeOAaHUSMHU YPOBHS BOJBI, UTO, BEPOSITHO, CBA3aHO C 4acTo HeOa-
TONPUSTHBIM MCIIOJB30BAaHUEM O3€p M NpUJIeraloux Teppuropuil. JlocroBepHo
U3BECTHO, YTO KOJIeOaHHs YPOBHsI BOJIbI IPUBOAAT K U3MEHEHUSM XUMUUECKUX U
OMOJIOTMYECKUX XapaKTEPUCTHK BOAHBIX SKOCUCTEM [6].

Ha Tepputopun ToMckoit 00acTi B OKpeCTHOCTSX Tocenka CaMych, pacmo-
J0KEHHOT0 Ha ImpaBoM Oepery mpotoku Tomu, HampoTuB KuKupoBCKOro ocT-
poBa, B 21 kM k ceBepy oT Tomcka, HaXonuUTCA 0c000 OXpaHsAeMas MPUPOIHAs
tepputopus «O3epHblii kommeke nocenka Camycs 3ATO Cesepck». Llenbto
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CO3/1aHUSl TEPPUTOPHM CTaJO0 COXPaHEHHE YHHUKAJbHOW BOJHON 3KOCHUCTEMBI,
UMEIOLICH MPUPOAOOXPAHHOE, HAYYHOE, ICTETUIECKOE, PEKPEAlMOHHOE U 03]10-
poButenbHOe 3HaueHue ais Hacenenus 3ATO Cesepck u r. Tomcka. OHa BKITIO-
yaeT B ce0sl yHUKaJIbHBINA PUPOIHBIA KOMITJIEKC MaJbIX JIECHBIX 03€p MaJblieBo,
Kpyrnoe u SkoBo. O61mast miomaas 03epHOTro KoMILIeKca cocTasisteT 3 732 ra.

Bce o3epa nMeroT necyanoe AHO, BOAA B HUX HACBHIIIEHHOTO KOPHYHEBOTO OT-
TEHKa, MUTaHUE 03€p — pYy4bH, Oepyliue cBoe Hayalo B TOP(AHBIX OONOTax.
Osepa ManbiieBo u Kpyriaoe BXOAST B €JUHYIO 03€PHYIO CUCTEMY, COCIUHEHHYIO
MEXIy co00il MPOTOKOH, IPHUYpOUEHB! K IOBEPXHOCTH BTOPOH HaANOWMEHHON
Teppacsl p. Tomu, B penbede pacmonararorcsi KackaaoM.

CrnenyeT OTMETUTb, UTO MPUPOJTOOXPAHHBI cTaTyc 03ep Mamnbueso u Kpyr-
JI0€ He 3alIMIIAeT UX OT aHTPOIOTeHHO Harpy3Kku. O3epa U TeppUTOPHH, IpHIIe-
rafole K HAM, SBISIOTCS OJHOM M3 JTIOOMMBIX 30H OTIBIXa MECTHBIX KHUTEIEH,
TaM 00yCTPOEHBI 30HBI IIJIsHKa U OapOeKro.

Lenp nanHON pabOTHI — U3yYeHNE XUMHUIECKOTO COCTAaBa MOBEPXHOCTHBIX BOJ
u nouubix otioxkerni (J10) ozep Kpyriioe n ManbiieBo 17151 OLIEHKH BIASHAS Ha
HUX aHTPOIIOI'€HHOW HArpy3KH 3a 2-JIETHUN HEepUO/I.

MarepuaJibl U METO/bI UCCJIETOBAHMS
Inomas BoAHOM moBepxHOCTH 03. Kpyrioe — okomno 0,23 km?, 03. Manbleso —

0,28 KM, 03epa UMEIOT TIOJIOT Ui TaHAmAadT THA, MAKCHMAJIbHAS TTyOHHA COCTaB-
JseT oT 4 10 5 M.

»Z

Lake Krugloye Lake Maltsevo

3 4

River Tom'

0200 m

Puc. 1. Touku or6opa npo6 03. Manbueso u Kpyrmoe (1 — N 56°45'00,8" E 84°44'33,8";
2 -N 56°45'02,1" E 84°44'14,1"; 3—N 56°45'08,6" E 84°42'22,1";
4 —N 56°45'13,6" E 84°42'44,9")

OT160p po6 Bo eI ipoBoaMIH B aBrycte 2021 u 2023 rr. ¢ riry6ounst 0,4-0,6 M
OT MOBEPXHOCTH B CTEKIISIHHBIC €MKOCTH C MOCIEAYIOIIEH KOHCepBalueil H-TeK-
caaoM (puc. 1). IIpoGsr morHBIX oTHOXeHUH (JIO) ObITH 0TOOPAHBI C TITYOHHBI
0-10 cM ¢ ucnonb3oBanueM npodooroopuuka [1710-500, 0Opa3ibl npencTaBiIeHbI
MEJIKO3EPHHUCTHIM MIECKOM C CIMHUYHBIMU BKPAIUICHUSIMU PACTHTEIBHBIX OCTAT-
KOB. B mpo6ax Boj 1 TOHHBIX OTJIOKEHUH onpenessiiy odliee coaepKaHue yrie-
Bos10po10B (YB) 1 ux maccoByto nomo o meroaukam [THJ @ 14.1:2.116-97 u
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PJI 52.18.647-2003. Brigenenne OpraHUYeCKUX YTJIEBOJOPOIOB W3 BOABI U
MOYBBI TPOBOJMIN 3-X KpaTHOW SKCTpaKIHen XJIOpopOpMOM € MOCIEAYIOLIeH
OYHCTKOM PKCTPAKTa METOIOM KOJIOHOYHOH XpoMaTorpaduu Ha OKCHAE ATIOMH-
Hus II cT. akTHBHOCTH.

Omnpenenenne coaepX aHuid MOJHApOMaTHUECKUX yriaeBogopoaoB (ITAY)
B BOJTHOM 00pasiie MPOBOJAMIIN B COOTBETCTBUH C JICHCTBYIOIIEH METOAMKOM rocy-
JapCTBEHHOT 0 3Kosoruyeckoro kouTpoist [THI @ 14.1:2:4.70-96. ITAY skctpa-
TUpOBalid H-TeKcaHoM. [lomy4eHHBIH SKCTPAKT yMapuBald A0 CIEAOBBIX KOJU-
YeCTB reKcaHa, IOBOJMIN 00beM MPOOBI 10 1 MIT alleTOHUTPUIIOM. DKCTPAKIIHIO
[TAY u3 MOHHBIX OTJIOXKEHHWH MpoBOAMIHM 1O Metomuke P/ 52.24.537-2019.
Hasecky npo6st (10 T) TprkKIbl SKCTparupoBajil CMEChIO reKCaHa U alleTOHUT-
puiia, B3SITHIX B cooTHOmEHNH 10:1. DKCTpakThl (GHIBTPOBANN Yepe3 OyMaKHBIH
GUIBTP B POOUPKY IS ITOCTIETYIOMIETO KOHIIEHTPHPOBAHMS HA BAKYyMHOM KOH-
uentparope 10 obvema 0,5 cm®. IloyueHHBIH HKCTPAKT OYHMINAIM METOOM
TOHKOCJIOHHOH XpoMaTorpaduu Ha OKCHJIe aTFOMUHHS 1 JIOBOIWIIN 00BEM UCCIie-
Iyemoro obpasna 10 1 MiI alleTOHUTPIIIOM /ISl oceayromero ananmsa. Comep-
xanue [TAY B Bone u IO ompeaessuii ¢ MCIOIb30BaHHEM METOa BBEICOKOA()-
(hexTuBHOI KUIKOCTHOH Xpomartorpaduu (BIXKX) Ha xpomatorpade Shimadzu
LC-20 (Shimadzu, SImoHwust) ¢ OTHOBPEMEHHBIM THOTHOMATPUYIHBIM U (IiIyopec-
LICHTHBIM JICTEKTUPOBAHKEM, Ha 0OpamieHHO-(a30Boi Komonke 150-4,6 mm SupelcoSil
LC-PAH, daza C18, pazmep yacTur] 5 MkM. B kauecTBe a10€HTa UCTIOIb30BATH
cMech areToHuTpuna (1-it copT) u OMANCTUITUPOBAHHOM BOIBL. XpoMaTorpadu-
pOBaHHE MPOBOAMIM B IPaJWCHTHOM pekume: areToHuTpui / Boma = (50:50)—
(100:0) mepssie 20 muH, 100% anetonutpuna ¢ 20-i no 40-10 MUHYTYy aHaIM3a.
CKOpOCTh MOTOKA PacTBOpUTENS cocTaBisia 1 mi/MuH, 06beM mpoOsr 20 MK,
pabouas Temrneparypa kojonku 40°C. Bpems aHaim3a B BHIOPAHHBIX YCIOBHSAX
32 mun. Crnexrpsl pukcupoBaiu B uarepsaie 190-500 um c perucrpauueii cur-
HaJia Ha JJTHHE BOJIHBI 254 HM JUIsS KOJTUYECTBEHHOTO ONPECICHHUS U3y4aeMbIX
KOMITOHEHTOB.

DOTOCHHTETUYECKHE MUTMEHTHI B JOHHBIX OTJIOKEHHUAX U UX KOHLEHTPALHIO
OTpeNeysIi 10 METOIMKE, MPEJIOKEHHON B paboTe [7] Ha crnekTpodoToMeTpe
Cary 50 (Varian, CIIIA). Dxcrpakuuio murMmentoB u3 JIO nposoaumu 90%-HeiM
BOJHBIM PacTBOPOM alleTOHA. DKCTPAKThl OCTABIISLTA Ha HECKOJIBKO YacOB B TEM-
HOM MecTe JIJIsl IPEAOTBPAIlleHUs pa3pyllIeH!s] TUTMEHTOB, 3aTeM LeHTpUyTH-
poBanu. M3mepeHne onTHYECKON IMIJIOTHOCTH MPOBOAMIN B nuamazoHe 350—
800 HM.

OnpeneneHne TSHKEIBIX METAIIIOB IPOBOIUIIN C UCTIOJIB30BAHUEM BOJTHOBOTO
pentrenoduryopecuentHoro crnekrpomerpa ARL PERFORM’X 4200 (Thermo
Fisher Scietific, IlIseiimapus) mociie10BaTeIbHOTO aHATN3a B TBEPIBIX U KHIKUX
mpobax ¢ nerekropom FRC, SC, HanpsixeHneM Ha peHTreHOBCKO# TpyOke 30 kB,
80 MA, xpucrammamu LiF200, Gel11, AX09. JlonHbie 006pa3isl ObUTH ITOMOJIOTHI
Ha TutaHeTapHod MmenbHUIe Pulverisette 6 (Fritsch, 'epmanus) mo cocrosiHus
200 mem, npocesHsl, BeicymieHsl npu 105°C B TeueHue 0AHOro yaca, CIpecco-
BaHbl B TabieTkn quamerpoM 29 mm Ha mpecce Fluxana Vaneox 40t automatic
(FLUXANA GmbH & Co. KG, I'epmanus) Ha nomioxke ¢ HsBOs. Pentreno-
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(bayopectienTHbid aHanmu3 (PDA) mpoBeneH B Bakyyme. OOCUET pe3ysIbTaToOB
nposoquin mporpammoit Thermo OXSAS 2.1.54 UniQuant (Thermo Fisher
Scietific, Isetinapust). Microns3oBanu cranmaptabie oopasiper 10O 03. Baiikan
(BWJI-2, per. Homep Trmia CO No7176-95) miis mocTpoeHHs KaTHOPOBOYHON KPHBOH.

B coorBerctBun ¢ merogukamu [THJ] @ 16.1:2:2.2:2.3.74-2012, TTH]] ®
14.1:2:4.167-2000, TIHI & 14.1:2:3:4.282-18, [THJ] ® 16.1:2:2.3:2.2.69-10
OIIpEJICIICHBI MACCOBBIC KOHIIEHTPALUK HOHHOTO COCTaBa BOJABI M BOJHBIX BBITSI-
KEK U3 JJOHHBIX OTJIOKEHUH. [ KanuiapHoro asekTpodopesa o0pasiibl BOIBI
OBUIH TIOJITOTOBJICHBI COTJIACHO TpeOoBaHUAM paboThl Ha pudope «Kamnemb-205
7 oTHWILTPOBaHBI HA MEMOPAHHOM alleTaTHO-IICJUIFOJIO3HOM (PHUIIBTPE MOPUCTO-
ctbio 0,40 mxMm (Bnagunop, Poccust). MicnipiTanns IpoBOJUIN € UCIIOJIB30BAHHUEM
CUCTEMBI KarejabHOTo 3MekTpodopesa «Kamenb-205» (Jlromake, Poccust). Huk-
HUH opor odHapysxkeHus coctasmi 0,004 mr/i.

Bce npo06rI ObLTH TpOaHaNH3UPOBAHEI HE MEHEe TpeX pa3. B cratbe ykazaHbI
cpeaHue 3HadeHUs. Bce MmosyueHHbBIE 3HAYCHUs JUTS JIOHHBIX OTJIOKEHWH yKa-
3aHBI B IIepecUeTe Ha CyXol Bec.

PesynbTaTtnl

IIpoBeneHHbIe Uccea0BaHMsI BOAHBIX 00pa3ioB U J10 o3ep Kpyrioe u Majib-
LIEBO TIO3BOJIMJIM OLCHUTH COCTOSIHHUE NAHHBIX 03€pP M YYECTh AHTPOIOTCHHBIN
BKJIAJl B 9KOJIOTHYECKY0 00CTaHOBKY. Tak, B HCCIICIOBAHHBIX BOJHBIX 00pa3iax
cyMMapHoe cojiepkanne YB Haxoautcs B unrepBaie 1,3-1,5 mxr/im s 2021 r.
u 1,1-1,4 mxr/n ana 2023 r., MaKCUMaJbHBIM COJEPXKAHUEM XapaKTepU3yeTcs
Touka oTOopa 2 Ha 03. Manbueso — 20,8 mkr/nm B 2021 1. Cornacuo CanlluH
1.2.3685-21 cymmapHoe coaepxanne HehTEHPOIyKTOB HE JOJDKHO MPEBHINIATH
0,1 mMr/n. B IOHHBIX OTJIOXKEHUSX COJIEPKaHKE YIIICBOAOPOIOB H3MeHsieTcst oT 58,14
1o 82,2 Mxr/kr B 2021 . B 03. Manbeueso u Kpyrioe coorBeTcTBeHHO, a B 2023 T.
3a()MKCHPOBAHO MX HE3HAYUTEIbHOE YBeNHYeHHE oT 64,93 1o 87,7 MKI/KT.

Hnsa ITAY xapakTepHO cOUeTaHHE TOKCUYHBIX M KAaHIIEPOTE€HHBIX CBOMCTB,
OHH IIMPOKO PACIPOCTPAHECHBI M UMEIOT KaK MPHUPOIHOE, TaK U aHTPOIIOTCHHOE
MPOUCXOXKIeHHe. B uTepaType cojepkurcs nHpopMaIys, Kak MpaBHiIO, OTHO-
camas 5—6-1UKINYeCKHe apOMaTHYECKHEe COSTUHEHUS K TEXHOIC€HHOMY MPOUC-
XOXJICHUIO, B TO BpeMs Kak OoJiee JIeTKHue MOIHapeHbl CBA3BIBAIOT C TYMYCOBOM
W Ha3eMHOW BbICHIEH pacTuTenbHOCThIO [8, 9]. CormacHo pekoMeHIaIusIM
CanlluH 1.2.3685-21 conmepkanue HadTalMHA B BOJIC HE JIOJDKHO TPEBBINIATH
10 mkr/7, a 6en3(a)mupena — 0,01 mxr/n. B mousax ITJIK ans nHadranuna He HOp-
Mupyercs, a 11 6en3(a)nupena cocranmsgeT 0,02 Mr/kr.

B npo6ax BoJbI M TIOHHBIX OTIOXKEHHH 03. MaiblieBo 1 Kpyriioe ObLiIH KOJIH-
YECTBEHHO OIPE/ICIICHBI B OPSAKE BBIXO1a HAa XpOMAaTOrpaMMax CJIeayroIInue nH-
muBuayansHeie [1AY: HadTamuna (Naph), 2-matunaadranmun (2-Naph), hayopen
(F1), denantpen (Phe), diryopanten (Flu), mupen (Py), 6ens[a]antpanen (B[a]A),
xpusen (Chry), Oens[b]dmyopanren (B[b]F), 6ens[k]pmyopanren (B[K]F),
oens[a]nupen (B[a]P), nubens[a,h]antpanen (D[a,h]A). PesynpTarsl npeacras-
JICHBI Ha pHC. 2.
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Conepxanue [IAY B m3ydeHHBIX TPOOAaX MOBEPXHOCTHBIX BOJ U3MECHSCTCS OT
0,01 mo 0,13 Hr/nm aus pa3nUYHBIX COSAUHEHHH Ipu ompeaencHuu B 2021 r., mpu
MPOBEJICHUN JTab0paTOpHBIX McchenoBanmii B 2023 T. UX cojaepkaHue 3auKCH-
poBano B mHTepBajie BenmyuH oT 0,01 mo 0,11 ar/n. CymMMapHoOe cojiepkaHue
[TAY B moBepXHOCTHBIX BoAax B 03. Mainsueso u Kpyrioe B 2021 r. coctaBuiio
0,38 u 0,45 ur/n cootBercTBeHHO. B cMecu [TAY B BoAHBIX 00pasiiax OTMedaeTcst
MIOBBIIIICHHOE COJICpyKaHME TAKUX COCAMHECHUM, Kak HadTanuH, (ryopeH u heHaH-
TpeH, Oen3[alanTparieH. B 1ienoM B Bojie O CpaBHEHUIO C IOHHBIMH OTJIOKEHUAMHU
npeobnanatoT Oojee jerkue 2—3-s/epHBIE MMOMHAPEHBI, 00JIaaloMue TydIeH
pactBopuMocThio. B 2023 r. mpon301110 HE3HAYUTENHFHOE TTOBBIIIIEHUE COEepPIKa-
Hus [TAY B 03. Manbueso u Kpyrinoe g0 0,51 u 0,47 ur/coorBercrBenHo. Cpas-
HUBasi Pe3yIbTaThl MOHUTOPUHTOBBIX MCCICIOBAHUMA, CTOUT OTMETUTh, YTO Xa-
paKTep COCOVHEHHWH M WX pacHpeAeieHHe MPaKTUUECKH HE M3MEHIUINCH, IIPH
9TOM yCTaHOBJICHBI HE3HAUUTEIbHBIC M3MEHEHHS B conepykanus [IAY B uccre-
JyeMBIX po0ax (cM. puc. 2).

03. Manbueso-2021 03. Manbueso-2021
- s 03, KpY e~

03. Kpyrnoe-2021 16.00 03. Kpyrnoe-2021
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Puc. 2. ComeprkaHue nonruapoMaTHIECKUX YIJIEBOJOPOIOB B BOJIE U TOHHBIX OTIOXKEHHIX
o3ep Maunsneso u Kpyrioe Tomckoro paiiona

1 OLIEHKM CTENeHM 3arpsA3HEHUs MOJIy4YEeHHbIE pe3yJbTaTbl CPaBHUBAIUCH
C pe3yJibTaTaMM MCCIIEAOBaHUSIMU conepxanust IIAY B npyrux osepax, B TOM
yucne o3. baiikan. Pesynprartel, momydennsie Juist o3ep ManbsieBo u Kpyrioe, co-
IIOCTaBUMBI C YpOBHEM KoHLEeHTpauuii [IAY B moOBEpXHOCTHBIX BOAAX U JOHHBIX
oTnoxeHuax o3. baiikan. CymmapHoe conepxanue [IAY B Bogax 03. balikan uz-
mensiercs ot 0,03 o 0,13 mxr/n [10], a B JOHHBIX OTJIOXKEHUSIX OT 24 10 245 Hr/t [9].
O3epa, pacroyioXeHHbIE B 30HaX IOBBILIEHHON aHTPOIIOr€HHON HAarpy3KH, Xapak-
TepU3yloTcs OoJiee BEICOKUMH 3HauUeHUsAMHU conepkanus [IAY B Boje U JOHHBIX
otnoxenuax. B uccnenoranuu [11] mokaszano, uro cymma [TAY B TOHHBIX OTJIO-
KEHHSIX MOXET nocturath 3HaueHuid 1 207—4 754 ur/r (03. Taiixy B BocTounom
Kurae), 101,3-322,8 ur/r (03. baitsunsaue B CeBepHom Kurae) [12].

B nouHBIX oTnoxkeHUsX 03ep ManbieBo u Kpyrioe cymmapHoe cosiep>kanue
Bcex ITAY B 2021 r coctaBuno 49,05 u 48,47 Hr/r, 4TO BBIIIE, YEM B BOIHBIX
oOpa3nax. ITo CBA3aHO ¢ UX aKKyMYJIAIUEH B ocagouHoM marepuaie. B 2023 r.
TeHAeHIMs K HakomieHuto [TAY B JIO coxpaHunack, U3 coJepKaHue COCTAaBUIIO
50,95 ur/r B 03. Manbueso u 51,85 Hr/t B 03. Kpyrioe. Hanbonb1iee conepxanue
BBISIBJICHO JUIs TyopeHa, eHaHTpeHa, (hIyopaHTeHa, Xpu3eHa u auoen3[a,h]an-
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TpaueHa. Ha MCTOUHHKM TMPOreHHOTO XapaKTepa yKa3bIBaloT BEICOKUE COeprKa-
HUSl TaKUX COCJMHEHUH, KaKk OcH3(a)mupeH, MUpeH, OeH3(a)aHTpaleH, KOTOphIe
CBSI3aHBI C AHTPOIIOTCHHBIM 3arps3HEHHEM OCeperoBOil JHWHUH, TAE B JETHHN
MEPUOJ OTIBIXAIOT JIIOJH, Pa3KUratoT KOCTphl. [TomyueHHbIe pe3ynbTaThl CBUIE-
TENbCTBYIOT, YTO YpOBEHb cofiepxkanus [TAY B o3epax ManbueBo u Kpyrioe ve
npesbliaeT [TJIK 110 KOHTponupyeMbIM COEJMHEHUAM U HAXOAUTCS IPUMEPHO Ha
TOM € YpOBHE, 4YTO U AJis 03. baiikai.

J1J1s OLIEHKH 9KOJIOTHYECKOT'O COCTOSHUS UCCIIETyEeMbIX 0ObEKTOB, B TOM YHC-
JIe 1711 BO3MOYKHOCTH OTIPENICIICHUsI aHTPOIIOTEHHOT0 3arpsisHeHus [13], Heo0xo-
JUMO U3y4eHHe KaTHOHHO-aHUOHHOT'O COCTaBa IPUPOAHBIX BOJ U IOHHBIX OTJIO-
xKeHuid. MeToJoM KamuJUIIpHOTO 3yeKTpodope3a ompesesieH MOHHBIA COCTaB
Boztbl u J1O o3ep Kpyrioe 1 ManblieBo, BKITIOUAIONIHIA OCHOBHBIE KaTHOHBI Ca?”,
Mg?*, Na*, K*, NH* u armonsr CI-, SO42, NO*, PO, F~.

[NoBrImIeHHOE COoEpXKaHUE COSAMHEHUH a3oTa U (ochopa B BOTHBIX O0BEK-
TaX yKa3bIBaeT HA 3arpsA3HEHUS MMPOMBIIUICHHBIMU U OBITOBEIMH CTOYHBIMH BO-
namu [14]. Ha Tepputopusix, moaBep>KEHHBIX BEICOKON XO3SIICTBEHHON JESTENb-
HOCTH 4YeJIOBEKa, COAEPKaHUE NH* u PO4* wacrto npeBbimaet 3HadeHus [1J1K.
B pa6ore [15] 6b110 MOKa3aHO, YTO XUMUYECKHI COCTaB BOJI MaJIbIX 03€p, Pacio-
JIOKEHHBIX Ha TEPPUTOPHAX HE(PTEHOOBBAIONINX PAHOHOB, OTJIMYAETCS TOBBIIICH-
HBIM COJIEpXKaHHEM NH* 1o 1,432 mr/om® u coJiep)KaHueM POs* 1m0 0,417 mr/mM°.
U3 tabn. 1 cnenyert, uto konnentpanun NH* u PO4>~ B o3epax Kpyrioe u Manb-
[IEBO HE MPEBBIIIACT HOPMBI MPEACIBHO JOMYCTUMBIX KOHIICHTPAIU, YTO TOBO-
PHUT 00 OTCYTCTBHH Pa3NUIHBIX 3arPsA3HAIONINX cTOKOB. CoepKaHue BceX ompe-
JIENIEHHBIX KaTHMOHOB W aHWOHOB He mpesbimaer IIJK cormacno CanlluH
1.2.3685-21. Pe3ynbraThl UCCIEIOBAHMs YKa3bIBAIOT HA YJIOBJICTBOPUTEIHLHOE
KauyeCcTBO NPUPOAHBIX BOJI, BCE NTOKAa3aTeIN HaXOIATCA B Ipeesiax HOPMBIL.

Tabnuna 1

KaTHOHHO-aHHOHHBIA COCTAB MIOBEPXHOCTHBIX BOX H JOHHBIX OTJIOKEHUI
03ep Manabueso u Kpyrioe

Boxa JIOHHBIE OTIIOKEHUSI 1K
OO0BeKT N
03. Manbueso 03. Kpyrnoe 03. ManbueBo 03. Kpyrnoe MI/1
Totwka | o1 | 2023 | 2021 | 2023 | 2021 | 2023 | 2021 | 2023
oTOopa
Hownbr Karuons! (C + A), Mr/n Karuounsl (C = A), mMr/nr
NH2* 005+ | 0,06+ | 0,15+ | 0,17+ | 241+ | 244+ | 0,47+ | 046+ 20
0,02 0,02 0,04 0,04 0,39 0,16 0,08 0,08 '
K+ 223+ | 227+ | 181+ | 186+ | 415+ | 4,15+ | 3,00+ | 3,05+
0,31 0,32 0,36 0,38 0,66 0,66 0,48 0,48 200.0
Na* 0,99+ | 1,04+ | 247+ | 249+ | 496+ | 507+ | 1507+ | 16,83+ '
0,20 0,22 0,35 0,36 0,79 0,80 2,4 2,89
Mg?* 096+ | 094+ | 102+ | 094+ | 1,35+ | 1,38+ | 514+ | 552+ 50
0,19 0,19 0,14 0,13 0,22 0,22 0,82 0,84
Ca? 266+ | 299+ | 343+ | 351+ | 702+ | 752+ | 1286+ | 13,35+ 180
0,37 0,42 0,48 0,49 1,12 1,32 2,06 2,79

62



Xumuueckuit cocmae 600 u 00HHbIX Oomaocenuil manvix ozep Tomckozo paitona

Okonuyanue tabm. 1

O6pext Bona JloHHBIE OTI0KEHHS HI[K*
03. Masb1ieBo ‘ 03. Kpyrinoe 03. Masb1eBo ’ 03. Kpyrioe ™I/
Anvonsl (C + A), Mr/n Amnvonsl (C + A), Mr/n
cr 0,74+ | 0,76+ | 267+ | 269+ | 13+ | 146+ | 163+ | 1,78+ 3500
0,18 0,18 0,64 0,65 0,31 0,38 0,4 0,5 '

0,30+ | 0,36+ | 0,37+ | 042+

NOz |<0,004| 0,008 | <02 | <022 | ‘gt e REEE RN E 80
sop | L6% | 167+ 267+ 294 | 249+ | 285+ | 235% 241+ | oo
046 | 046 | 065 | 068 | 060 | 067 | 060 | 062 '
NOs |<0,004|<0004| <02 | <02 | <0004 <0004 024% | 049% | 04
’ ' ' ' ’ ' 008 | 007 ’

F <01 | <012 | <01 | <01 <01 <01 <0,1 <0,1 15
POs | <0,2 <0,2 <0,2 <0,2 0,12 0,17 0,16 0,13 3,5

IIpumeuanus. C £ A — nOBepUTENbHBIA UHTEPBAJI MPU AOBEpUTENbHON BepositHocTH 0,95
* — spavyenus [1JIK mis BoJ eHTpaIM30BaHHOTO BOIOCHAOKEHUS.

JloHHBIC OTJIOXEHUs SBIAIOTCS HanboJee KOHCEPBATHBHBIM KOMITOHEHTOM
MIPUPOAHBIX BOIHBIX 00BEKTOB M COAEPKaT MH(POPMAIMIO O 3arpsI3HEHHOCTH U
0COOCHHOCTSX BOAOCOOPHOTO OacceiiHa, MO3TOMY OHU MOTYT BBICTYIIATh B Kaue-
CTBE UHJMKATOPA JJIsI BEISIBIICHHS COCTaBa, MHTEHCHMBHOCTH U MAacCIITaba TeXHO-
TEHHOI'O 3arps3HCHUs.

JLu1st OLIEHKH TeXHOT€HHOW TpaHC(HOPMAIIUK TOTOKOB TSHKEIIBIX METAIIIOB MPO-
BeJIeH PeHTTeHO(IyOPECEHTHBIH aHaNN3 TOHHBIX OTIOXKEeHHH. B Tabi. 2 mpes-
CTaBJICHBI JAHHBIC IO COJCPIKAHHIO TSDKENBIX METAJUIOB B U3y4aeMBbIX 00pa3iax.

Tabnuua 2

Conep:xanue TsiKeJIbIX MeTAWLI0B (C + A, MI/KT) B IOHHBIX OTJI0KEHHSX
o3ep Maabueso u Kpyriioe

TM |03. Manb1eBo 03. Kpyrnoe MK, mr/kr BasoBoe
2021 2023 2021 2023
V 1102,1£10,2 | 100,4+9,95 | 923+9,2 95,3+9,17 150
Ni 31,6 £4,7 32,7+4,9 79,1 £11,9 | 82,8+12,2 80
Cr | 376,6 £ 18,8 | 372,6+18,8 | 139,2+6,9 | 136,8+6,01 HE yCT.
Mn |1270,4 + 63,5|1279,3 + 63,85| 715,2+ 35,8 | 714,9£35,2 1500
Cu| 315+1,6 322+1,7 11,7+ 0,6 11,3+ 0,59 132
Zn | 826+12,4 86,5+ 14,7 |169,9+254|171,2+2596 220
Cd 0,4+0,1 0,6 +0,1 0,5+0,1 0,6 +0,1 2
Pb | 262+26 26,9 +3,1 17,7+ 1,8 17,2+ 1,8 32
>TM 19214 19359 11956 12301

Ipumeuanue. C = A — OBepUTENBHBIA HHTEPBAJ NIPU TOBEPUTENBHOHN BeposTHOCTH 0,95.

BonpmMHCTBO HCcnenoBarenen, 3aHUMarIuXxcs u3yueHueM TM B npupoa-
HBIX 00BeKTax [16], B mepByIo ouepelb akKEHTUPYIOT CBO€ BHUMAaHHUE Ha U3yye-
HUU TakuX d1eMeHToB, kKak V, Ni, Cr, Mn, Cu, Zn, Cd, Sn, Pb. Takoe BuuManue
K OTHM MeTaJlllaM CBS3aHO C TE€M, YTO OHM MOTYT HaKaIllIMBAThCSA B MIPUPOTHBIX
00BEKTaX U IMPOSIBILITH TOKCHUECKHe cBoMcTBa [17]. Takke B aTON paboTe mokazaHa
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B3aMMOCBSI3b MEKAY M3MEeHeHHEM pH 1 BO3MOKXHOCTBIO TIEpeXo/ia TSHKEIBIX Me-
TaJUIOB U3 paCTBOPEHHOM (OPMEI B aficopOupoBaHHyt0. 3HaucHHue pH B uccneno-
BaHHBIX 00pa3Iax IMOBEPXHOCTHHIX BoJ o3ep ManbueBo n Kpyrioe Haxomures
B quamnasone 6,8-7,2.

U3 Tabmn. 2 BUAHO, YTO BaJOBOE COJIEPKAHUE OMPEICTICHHBIX TSDKEIBIX META-
JIOB B 00pa3iiax MOHHBIX OTIOXKEHHU# o3ep MaibiieBo u Kpyriioe He mpeBbimaet
snHauenuit I1JIK, ycranosnennbix Canllun 1.2.3685-21. 3a ucrekmue asa roja
ux conepxanue B JIO U3MEHHIOCH HE3HAYUTEIBHO C TCHICHITUEH K YBEINYCHUIO,
TaKUM 00pa3oM, HOATBEpIKAas Te3uc, uTo J{O SIBISIOTCS HAACKHBIM HCTOYHUKOM
HHOPMAITIH O TIPOIIECCaX, IPOUCXOIIIINX B IIPHPOIHBIX CHCTEMAaX.

Jl7ist OIICHKU CTETICHU 3arps3HEHHs pacCMaTpUBAIUCH o3epa Poccun u mMupa
¢ pasnuuHbIM coxaepxkanneM TM. K d4ucThIM 03epaM OTHOCHTCS HETITyOoKoe
03. PagyxHoe (mpupoanslii napk «Eprakn») B koTopoM coaepkanue TM cocras-
astet: Ni — 20,8 mr/kr, Zn — 104,4 mr/kr, Mn — 160 mr/xr [18]. B o3epax, pacrio-
JIOXKCHHBIX B HEMIOCPEACTBECHHOM OJIN30CTH OT MPOMBIIIJICHHBIX TPOU3BOICTB, CO-
nepykaarie TM MOKeT HOCTUTaTh BhICOKMX 3Hauenuit: Cd — 4,2 mr/kr (03. SIkoBo,
Tomckas 06:1.), Pb — 3 345 mr/kr (03. Bonbinue PakuTel, Anraiickuii kpait) [16].
B pa6orte [19] npusenero coaepxkanue TM B 03epax, pacloIOKEHHBIX HAa TEPPH-
topusix Kamepyna, Typuuu, Tanzanun, Kuras. 3T 00pa3ibl XapakTepu3yrOTCs
IIUPOKUM cojaepxkanneM TM: Pb — 5,83-91,3 mr/kr, Zn — 53,24-123,0 mr/xkr,
Cd - 0,08-3,53 Mmr/kr, — KOTOpO€E 3aBHUCUT OT YCIIOBHUi ocajkoHakorieHus (pH,
KOJIMYECTBO B3BEIICHHBIX BEIIECTB, AaHTPOIIOICHHAs HATPY3Ka M T.1).

[Toxy4eHHBIC HAMH PE3yIBTATHI MOKHO COIIOCTABUTDH CO 3HAYCHUSMH COJIEp-
JKaHUs JaHHBIX METAIOB B 03. balikan u apyrux pasnuuabix skocucremax [20].
OnHu CBUACTENLCTBYIOT, uTO cofepkanue Cu, Zn, Cd, Pb maxoautcst Ha ypoBHE
(hOHOBOTO M YMEPEHHOTO 3arpsi3HeHus [ 18] v He OKa3bIBaeT 3HAYMTEITHHOTO BIU-
sIHUSL Ha OWOTy. BrIsBieHO moBbIIeHHOE copepkanue Cr, MPUYHHBI 3TOTO Ha
JTAHHOM 3TaIle UCCIICIOBAHUS HE YCTAHOBIICHBI.

[TpuponHBIe BOZOEMBI TIPEACTABISIOT COOO0M CIIOKHYIO SKOCHCTEMY, TIOITOMY
OLICHKA UX COCTOSIHUS BKIIFOUAET HE TOJNBKO ONPEICIICHUE XMMUYECKUX IMOKa3a-
Tenel (comepkanue noHOB, TM, TTAY u T.1.), HO U y4eT OHMOIOrHYeCKHX XapaK-
TepucTuK. KOHTpONs 32 Ka4ecTBOM HMOBEPXHOCTHBIX BOJ IO THAPOOHOIIOTHYE-
CKHUM IOKAa3aTelsIM MPeIyCMaTpUBaeT u3ydeHue GOToCuHTE3a (PUTOILIAHKTOHA U
JECTPYKIMU OPraHMYECKOrO BEIIECTBA, ONMPEICICHUE OTHOIICHNS HHTCHCUBHOCTH
(oToCHHTE3a K JECTPYKIMH OPraHUYEeCKOTO BEIIECTBA, COJEPKAHHUS XJIOPO-
¢wna [2]. B pabote [21] moka3aHo, 4TO pachpelieieHie MUTMEHTOB HEOJIHO-
POJIHO ¥ 3aBUCHT HE TOJBKO OT KauecTBa BOJ, HO M OT CBOWCTB JOHHBIX OTIOXE-
Huit. [ MOPCKHUX MPUOPEIKHBIX 30H C BBICOKHM COJEPIKAaHHEM ITECKa CyMMap-
HOE COAepKaHWe IMHTMEHTOB HE3HAUHUTEIHFHO M MOXET JOXOIHUTH 10 4,9 MKI/T,
B TO BpeMs Kak Ui WIOB coaepkanne Xia + @ cocrasuser 9,1-19,5 mxr/t (O —
910 peodurun, Ph). s mecuaHbIX TOHHBIX OTIOKEHHH MPECHBIX BOTOXPAHH-
T CyMMapHoe conepkanue Xia + @ moxer coctapiarh 0,1-5,5 Mxr/t [2].

B pamkax nHamredl paboThl B JOHHBIX OTJIOXKEHHUSIX OBLIO OMPENEICHO CONep-
JKaHHe MPUPOJIHBIX MMTMEHTORB: XJI0pohuuIa «a», «b», «c», KapoTuHOUI0B. Pe-
3yJIBTaTHl IPEACTABICHEI HA pHC. 3.
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Puc. 3. Coneprkanue GUTONMIMEHTOB B JOHHBIX OTJIOXKEHHAX 03ep ToMcKoro paifona

CymMapHoe coniepxkanue XJaopodumioB koaebanock ot 0,5 mo 1,14 Mkr/T, co-
JiepKaHue KapOTHHOMIOB He mpeBbimano 0,9 Mkr/r. Takue HU3KHME KOHIIEHTpa-
MW MATMEHTOB MOTYT OBITh CBS3aHBI C TPaHYJIOMETpHUECKUM cocTaBoMm JO,
MPEeICTaBICHHBIX TIECYaHUKOM ¢ pazMepoM ¢pakmwii 0,5-0,25 MM, a Takxke oco-
OCHHOCTAMHU TMAPOJTUHAMUKH B MPpUOpexHoi 30He. CoaepxaHne XI0pohuioB
B JIOHHBIX 0CaJIKaX HEOJJHOPOIHO, TPOYUIECKOE COCTOSTHIE U3yUSHHBIX 03P MO-
JKET OIICHUBAThCS Kak Me3oTpodHoe [22].

Copepxanue xJIOpopHUIIa «a» MOXKET OTpa)kaTb COCTOSHHUE aBTOXTOHHOTO
OpPraHWYECKOTO BEIIECTBA. DTOT MUTMEHT B MIEPBYIO OYEePEb MIOIBEPTacTCs MHK-
POOHOTIOTHYECKON ¥ (PU3UKO-XUMHUYECCKON JIeTpalalliy, YTO MPUBOIMUT K HAKOII-
JICHUIO 00JIee YCTOMIHMBBIX KAPOTHHOUAOB. JIist OlleHKH YpOBHS (DyHKITHOHATBEHOM
AKTUBHOCTH (PUTOIICHO3a UCIIONB3YIOT UrMeHTHoe oTHommenue (I10), kotopoe
MPENCTABIIACT COOOM OTHOMIECHUE CYMMBI KOHIICHTPAITUI OOIIMX KapOTHHOUIOB
K KOHIICHTpaluu XJ10poduiuia «ay [23]. IIpu onTHMaibHOM COCTOSTHUH BOJOPOC-
neBoii cuctembl 3HaueHue [10 oOpraHO He mpeBbimaet 2—5 [24]. Heobxoaumo
YYHTHIBAaTh, YTO CE30HHOCTH BIUsAeT Ha BenmuuHy [10. Jlns Me30TpodHBIX BOJO-
€MOB XapaKTepHO MpeodialaHie KApOTHHOUIOB HAJ 3€JICHBIMH MUTMCHTAMH.
J71st M3y4eHHBIX HAMU 03ep JaHHOE YCIOBUE BBIMONHICTCS . 3HAUCHUE HE TPEBHI-
CWJIO 2, 94TO yKa3bIBaeT Ha HOpMaJbHOE ()YHKIIMOHUPOBAHHUE BOJOPOCIEBEIX CO-
00ILEeCTB.

BuiBoabl

[IpoBenenHoOe McceOBaHUE MOKA3a10, YTO TIOBEPXHOCTHBIE BOJBI 03€p CO-
JiepxKar He3HauuTelbHbIe KonmudecTBa [IAY, Gosbpias 4acTh KOTOPBIX MPHUXO-
JUTCs Ha 2- 1 3-unieHHble uKIbL. [loBepxHocTHBIN cioi [1O, cocTosmuii n3 men-
KOTrO TeCYaHHKa, XapaKTepu3yeTcs HU3KUM CyMMapHbIM cojaepkanuem [TAY
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10 49,05 vr/r B 2021 1. u 51,85 Hr/r B 2023 1., IpeACTaBICHHBIME 5- U 6-4JIeH-
HBIMHU CTPYKTYpaMHU, MOCTYIICHHE KOTOPBIX CBSA3aHO C aHTPOIIOTCHHOM esATeNb-
HOCTBIO YEJIOBEKa M HOCUT MUPOTEHHBINA XapaKTep.

JlaHHBIE TTO KATHOHHO-aHHOHHOMY COCTaBY U cojiepkanuio TM B m3ydaeMbIxX
00BEKTaxX HAXOJATCS B MpeJiesiax HOpMbI U He mpebitiator [1JIK.

IIpuponusie TMrMeHTSl, onpeneieHHble B J1O, M03BONIAIOT OXapaKTepU30BaTh
TUAPOOHOIOTMYECKOE COCTOSIHHE 03€p KaK yIOBJIETBOPUTENFHOE U YKA3bIBAIOT
Ha HOPMaJibHOE ()YHKIIMOHUPOBAHUE BOJOPOCIIEBBIX COOOIIECTB.

ITo mpuHATHIM B HAacTOsIIEE BpeMsI TPaJaIlisiM 03epa OTHOCSTCS K YMEPEHHO
3arpsi3sHeHHbIM. [IpoBe/ieHHbIE HCCIIEeIOBaHUS IOKAa3ald, YTO aHTPOIOTeHHAs
Harpy3ka He oKa3aja 3HAUMTEIHLHOTO BIIMSIHES Ha TEKYIee YKOJIOTHYECKOE CO-
crostare o3ep MamnsrieBo u Kpyrmnoe, B mepuoz ¢ 2021 mo 2023 r. mporieccsl ca-
MOPETYJISIIAN TaHHBIX BOJ0EMOB ObLIH 3(h(hEKTHBHBIMHU.

[TosryueHHbIe pe3yabTaThl HOCAT MPOMEKYTOUHBIN XapaKTep AT OLIEHKH KO-
JIOTHYECKOTO COCTOSIHUSI MaJIbIX 03ep. JlJist manbHeiel pa3padoTKu MEpOTIPUSTHIA
M0 KOMITJICKCHOMY MOHUTOPHHTY MaJIbIX BOJIOEMOB TpeOyeTcs OoJiee eTalnbHOe
W3YYCHHE JOHHBIX OTJIOKCHUH, SIBIIOMMXCA WHPOPMATUBHBIM HCTOYHUKOM
0 3arpsA3HEHUSAX.
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H3roroBjieHHe IBETHBIX KEPAMHYECKUX H3/1eJIUH MeTOI0M
IUTHKEPHOT0 JIUThsI U OJHOKPATHBIM 00KHTOM

I'annna HukosnaeBna Ilamynosa

Mockoeckuii eocyoapemeennuiit mexnonocuveckuti ynusepcumem « CTAHKUH»,
Mockea, Poccus, papulova_galina@mail.ru

AnHoTanus. Pa3paboTaHbl cOCTaBbl BETHBIX KEPAMUYECKUX IUIMKEPOB HA OC-
HOBe GaphopoBoii U hassHCOBOM MacC U TEXHOJIOTHS UX MpUMeHeHus. Mcrnonp30Banue
B COCTaBaXx IIIMKEPOB TAKUX KPACAIINX MHUHEPATBHBIX J00aBOK, KaK OKCHJIBI IIBETHBIX
METaJJIOB, KEPAMUYECKHE MTUTMEHTHI, BOIHBIC OKPAIICHHbBIE PACTBOPHI CEPHOKUCIBIX U
A30THOKHCIIBIX COJIE METAJLIOB, 1 HAITOJIHUTEINEH TUIIa TITHHO3EM MITH THATOMHT B OOJIb-
IIIOM KOJIMYECTBE HE U3MEHSIET IBET IMMOKPBITH, HO YIIydIIaeT OJIECK U Pa3lInB IIa3ypu
mocje OOXKHra W3JIeNUil, YTO YKOHOMHYECKH BBHITONHO. [IOBBINICHNE arperaTHBHOMN
YCTOHYMBOCTH IIIUKEPOB 00CCIICUNBACTCS TIPEIBAPUTEIFHEIM COBMECTHBIM 00KHTOM
C TIIMHO3EMOM U KAOJIMHOM TaKHX IMUTMEHTOB, KaK ITMHKOBBIH, PO30BBINA U CHPEHEBBIH,
MIPU BBICOKOM TeMITEpaType U MOCICAYIOINM 100aBICHUEM B KEPAMHUCSCKHUN IIITAKEP.

KiroueBrble ciioBa: riiMHa, KepaMUYECKUE MACChl, IUTMKEPHOE JINThE, aHTOOHPO-
BaHHe, a[re3usi, TeKy4ecTh, OTHOKPATHBII 00XKHUT
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Production of colored ceramic products by slip casting
and single firing
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Abstract. There is tendency to use aluminosilicate materials of various color
scheme. There are clay, faience and porcelain masses for preparing of the different
goods by forming or slip casting. There is also the method of engobing. The physico-
chemical characteristics of ceramic masses are plasticity, sinterability, fire resistance,
humidity and fluidity. The slip casting has increased fluidity but it needs in defloccu-
lants. It could be assumed that the application of colored angobes improves adhesion
and coating décor.
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BBenenue

Kepamuka — pacripocTpaHeHHBIH B CTPOUTENBHBIX U IEKOPATUBHEIX MaTe-
puanoB (KUpHW4, depenwuia, OONUIOBOYHBIC IUIMTKU, H3Pa3lbl, IUIUTKH IS
MIOJIOB, apPXUTEKTypHBIE AeTanu). [ 1asypoBaHue — MOKPHITUE KEPAMUUYECKUX H3-
JETHi TTIa3yphIo [UIS YITYYIIEHHUs SCTETHYSCKUX CBOMCTB U MOBLIMICHHUS IeKOpa-
TUBHBIX KadecTB. [71a3yph Ui KepaMUKHU MPHIACT €l MPOYHOCTH M TOJITOBEY-
HocTh. IIpoBeneHbI HCCIIeIOBAHUS U MOIYYEHB! I[BETHBIE IMUTMEHTHPOBAHHBIC
He(PUTTOBaHHBIC OECCBHHIIOBEIE OOpocoAep)KaIue TIIa3ypHbIe KOMIIO3UIHH
(UTMKEphI) HA OCHOBE PA3IUYHBIX MHHEPAIBHBIX JO0ABOK W HEKOTOPBIX OPraHH-
yeckux Berects [1, 2].

W3BecTHO 0 mprMeHeHNH (BassHCOBOH U GaphopoBoii KEpaMHIECKUX MacC Ha
OCHOBE TJIHMHBI, KA0JIMHA, KBAapILEBOTO IIeCKa IS U3TOTOBJICHHUS M3ACTHH METO-
naMu pOpMOBaHUS WM NUTMKEpHOTO TUThs. Llnukep — 3T0 *)umkas mMacca s
JUTHS KEPAMUYECKHX U3JIeNNH ¢ 100aBlIeHIEeM JIeIIOKYISTHTOB, 00Iaiatonias Te-
KydecTbio. [loka3aHbl CBONCTBA MUTHKEPOB, MPUTOTOBICHHBIX M3 MOPOIIKOBBIX
Macc, Ipou3BomuMbIX npeanpusitaeM «Kepamuueckne maccer oubaccay [3].
[IpuMeHeHNEe TPaJUIMOHHBIX pPa3kKIDKUTENEH LUTHKepa J00aBKaMu (DUPMBI
Zschimmer & Schwarz 1o3BosisieT ynpoCTHTh KOPPEKTUPOBKY CBOMCTB IIUTHKEPa
0e3 yBenuueHHss ce0ECTOMMOCTH MPOAYKIHH; HM3BECTHO TaKKe HPUMCHCHHE
B OO0 «U13pazuossie neun» (Kumpsl) U pupMax 1mo BBITYCKY U3ENUil Xy10xKe-
CTBEHHOH KepaMuku (MOCKBa) I[BETHBIX IIIMKEPOB C MCHOIb30BaHUEM METO/a
JIUTHA.

ITokxazaHo, 4TO PEOJIOrNYECKUE CBOMCTBA U arperaTuBHasl yCTOMYHUBOCTb Ke-
paMHYECKUX NUINKEPOB C yYETOM CTaOWIM3ALMH CYCIIEH3UH IOX JACHCTBHEM
asekTponuToB, Takux kKak NasP3O19, NaxCOs, NazO ¢ 2,8Si0,, VIIIP [4], onpe-
JEISII0T KaK UX TEXHOJIOTMYECKHEe CBOUCTBA (IIOBMKHOCTD, CKOPOCTh HA00PA OT-
JIIBKH, 3aITOJTHSIEMOCTh THIICOBBIX (POPM), TaK U (PU3UKO-MEXaHUIECKUE CBOICTBA
TOTOBOTO M3JeNusl (IOPHUCTOCTh, NMPOYHOCTH, BIATOHENPOHUIIAEMOCTh U IIp.).
B TexHHUKe 1eKOPUPOBAHUS KEPAMUUECKUX U3AENUI NPUMEHSIOT TaKXKe aHroOu-
pOBaHHE C HCHOJIb30BAaHUEM MEHEE TeKYIHX Macc. MOXXHO ObLIO Mojaratk, 4To
HaHEeCCHHE IBETHBIX aHT00OB Ha IOBEPXHOCTH CHIPOTO OTIIMTOTO M3/IENHUs OJ1aro-
HOPUATHO C TOUKU 3PEHUsI HE TOIBKO aJre3Uu, HO U yIYydIIEHUS JEeKOPATUBHBIX
XapaKTEPUCTUK MOKPBITHIA. OO 3JIEKTPONOBEPXHOCTHBIX CBOWCTBAX TJIUHSHBIX
CYCHCH3MH M KepaMHUECKHUX IUTUKEPOB U3BECTHO M3 paboTHI [5].

OKoHOMMYECKas 11e7eCO00Pa3HOCTh U Ooiee BBICOKHE ACTETHYECKUE Tpebo-
BaHUsI IPUBEM K HACTOSIINM HCCIEOBaHUAM. B manHON paboTe pacCMOTPEHBI
TEXHOJIOTHUH IIPUTOTOBJICHHSI CHHUX M TOMYOBIX IIUTHKEPOB HA OCHOBE (hastHCOBOM
u ¢daphopoBoil Macc, TEXHOIOTHS M3TOTOBJICHUS HM3MIENUIl Ha OCHOBE IIIHKEP-
HOTO JINTHS C TOCTIEYIOIIUM aHTOOUPOBAHUEM, TEXHOJIOTHUSI IPUTOTOBIEHUS CH-
HUX, TOTyOBIX, 3€JICHBIX ¥ KOPHYHEBHIX IUTHKEPOB HA OCHOBE (passHCOBOH MacCHI.
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O0BbeKTBI 1 METOAbI HCCIeI0BAHUA

s pa3paboTku cocTaBa IIBETHBIX KEPAMHUYCCKHUX IIITHKEPOB OBLIN HCIONb-
30BaHbl (GapPopoBble U (PasHCOBHIE HUTUKEPHI C OMPEICIICHHOW BIAKHOCTHIO
KepaMUYECKUX MAcC, a TAaKXKe Pa3lUyYHbIC Kpacsiue MUHEpPAIbHBIC TOOABKH U
MUHEpaJIbHBIC HATOTHUTECIIH:

1) nnst ¢astHCOBOTO NIIHMKEpa, cocTaB, mac. %: (asHcoBas macca — 93,4
(c BmaxHocThIO 37,8 Mac. %); kBapueBas cycrneH3us — 6,0; SJIeKTPOIHUTHI: )KUIKOE
ctexno — 0,4 (ya. Bec — 1,0); cona xanpunaupoBanaas — 0,2;

2) st moimyhapdopoBoOro muIMKepa — BIAKHOCTH 1Moy (hap(hopoBoii Macchl
ot 32,7 no 33,0 mac. %,;

3) mwi1st papdopoBoro nuIHKEpa — BIaXHOCTH haphopoBoit Maccel ot 42,0 10
48,0 mac. %;

4) cunnii kepamuueckuil murMeHT (cruiaB okcunos CoO, AlbOs wiu anromu-
nat kobansTa(ll) CoAl,04);

5) romy6oii kepamuyeckuii murmeHT (crmraB okcuaoB CoO, Al,O3, ZnO, Cr,03
¢ 40 mac. % ¢asHCOBOI rI1a3zypH);

6) senenbiit kepamuueckuii murment (crutaB okcumoB CoO, ZnO, Cr0s
C 25 mac. % ¢asHCOBOII TI1a3ypH);

7) KOpUYHEBBIM KepaMUUECKHii TUrMeHT (cruiaB okcuaoB Fe20s, Ni2Os, ZnO,
Cr203 ¢ 25 mac. % dasiHCOBOI T1a3ypH);

8) GiienHo-roy6oit murment (0,3 mac. % kobansroBbIi urMeHt + 0,8 mMac. %
riauHo3ema ¢ 20 mit 45%-Horo BOAHOTO pacTBopa cepHokucioro Mapraniia MnSOs);

9) MeTanmnueckuii murMent (4epHbIii) (2,5 mac. % CuO + 0,8 mac. % riuHo-
3ema ¢ 20 mi1 45%-HOro BOJHOTO pacTBOpa CepHOKUCIoro Mapranina MnSQOy);

10) renecHbiit kpacuBblii (5 Mac. % pO30BbIH KepaMHUUYeCKUil MUIMEHT +
0,8 mac. % rauuO03eMa ¢ 20 Mt 45%-HOTro BOJHOT'O PAacCTBOPA CEPHOKUCIIOTO Map-
raniia MnSOa);

11) renecusiii (7 mac. % cupeHeBblii kepamudeckuii murment + 0,8 mac. %
rmuHo3eMa ¢ 20 ma 45%-HOTO BOJHOTO PAacTBOpPa CEPHOKUCIOrO MapraHIia
MnSOyu);

12) 6rnenHo-3emeHblit kKepamuyeckuit murment (0,6 mac. % 3eJeHblil kepamu-
yeckuil murmMenT + 3,0 mac. % riauHo3ema);

13) senensiit murment (0,6 Mac. % 3elEeHBIH KepaMUUYECKUN MUTMEHT +
3,0 mac. % IuaToMHTa);

14) ceerno-kopuuneBbiit murMeHt (1,17 Mac. % TeMHO-KOPUYHEBBIN MUTMEHT +
7,02 mac. % rimHo3eMa);

15) xopuuneBbiii murment (1,17 mac. % TEeMHO-KOPHUYHEBBIA MHUTMEHT +
7,02 mac. % guatoMuTa).

Cyxoe BeIecTBO BO BJIaKHON KepaMUUECKOM Macce onpeenseTcss TMKHOMET-
pudeckuM metoznoM [8, 9]. Ilpu onpeneneHun kadyecTBa Ii1a3ypHOro MOKPBITUS
000XOKEHHBIX JIUTHIX H3IENUH OBUT HCIIONB30BaH OPTaHOJENITHIECKIH METO/I.

KauecTBo rotoBoii rnazypu nposepsiin no nokazareiasim ['OCT 4.69-81 u
I'OCT 28390-89. Onpenernsinu 0jieCK, YUCTOTY OBEPXHOCTH U MPOBOAUIN OTHE-
BYIO ITpo0y.
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Lenu uccneoosanus:

1. Mouduxarus IoBEpXHOCTH HEOOO¥OKEHHOTO H3/1eJIUSI aHT00aMu ¢ 100aB-
kam# B HuUX onuromepoB tuma cMoisl KO-XK wnu [IBC mis ymydmenus ee mo-
BEPXHOCTHOW CTPYKTYPHI H MEXaHUIECKUX CBOHCTB.

2. Uicnions3oBanue rimHo3eMa Al;O3 B kauecTBe cTabunn3aropa MUTHKEPHON
CYCIICH3HH.

3. [IpuroroBneHne 3eNCHBIX M KOPUIHEBBIX (DASHCOBBIX KEPAMUYECKHX IILTH-
KEepOB C MPUCYTCTBUEM AMATOMHUTA (KU3eNbrypa, BeicokogucnepcHoro Si0Oz) u
TJIMHO3€EMaA.

4. ITpurorosneHne (GasHCOBHIX IBETHHIX IUTHKEPOB HA OCHOBE CMECH Pa3Iny-
HBIX TUTMEHTOB.

Jnst TOCTHXKEHUS! TTOCTABJICHHOW 1IeM HEO0OX0AUMO OBUIO PEIIUTh CIEIYo-
Iue 3a0ayu.

— pa3paboTaTh TEXHOJOTHIO IPUTOTOBICHHS PA3IHYHBIX [0 COCTABY IIBETHBIX
KEpaMHNYICCKUX IITUKECPOB C MOMOIIBIO KpaciAIIUuX MUHCPAIIbHBIX }1063BOK: OKCHaa
KoOanbTa, OKCHAA MEIH, PO30BOTO ¥ CHPEHEBOTO KEPAMUIECKUX IIUTMEHTOB, KO-
0aJbTOCOIEPKAMIETO MUTMEHTA, 3eJICHOTO0 U KOPUYHEBOTO KEPaMHUYCCKHUX ITHT-
MeHTOB, cMecu 45%-Horo BOJJHOTO pacTBOpa CEPHOKHMCIIOTO MapraHiia U TiIMHO-
3eMa, OKpAIICHHBIX BOAHBIX PACTBOPOB MUHEPAIIEHBIX COJEH.

111 IpUrOTOBICHUS CHHHUX U TOTYOBIX IUTMKEPOB BBOAWIN IIOPOIIOK OKCHIA
KobasibTa M TOJIIa3ypHbIe KPAaCHTEIH-PAacTBOPHI B (hasHCOBBIE, Moiydapdopo-
BbIC B papOopoBBIE KEPaMHUECKHIE MACCHI OIIPEICTICHHON BIa’KHOCTH ¢ To0aBie-
HHUEM JJIEKTPOJIUTOB; OTIMBAIN B THIICOBBIX (YOPMAaxX M3MENHs, O0KUTAIN MOCIe
MOJICYIIMBAHMUS, TJIA3yPOBAIU C MOCIEIYIOMIAM O0XKHUTOM.

BnaxxHOCTh KEpaMHUECKUX MacC:

a) pasmcosas macca (Bnaxuocth (asacoBoir maccsl 37,8 mac. %). Cocras
¢asHCOBOTO HITHKEPa, Mac. %: dasHcoBas Macca — 93,4; KkBapieBas CyCICH3HS —
6,0; astekTponuThL: KuaKoe crekio — 0,4 (ya. Bec — 1,0); cona KaIbIIMHAPOBAH-
Hasg — 0,2.

0) noaygapghoposas macca (Bnaxuocts nonydapdoposoit maccs ot 32,7 10
33,0 mac. %).

B) pappoposas macca (Bnaxuocts (apdopoBoii Maccer ot 42,0 m0
48,0 mac. %).

J1J1s IpUTOTOBJICHHUS LIBETHBIX IUTUKEPOB Ha OCHOBE (happopoBbIX Macc (C mo-
CJICAYIOIIUM OJHOKPATHBIM O0KHTOM) MOTyYaIH: Tody00i IIIHKEp MyTeM BBe-
JICHHS TOJTyOOr0 KepaMHUECKOTo MATMEHTa B Oy (happopoByr0 Maccy BIIaXKHO-
cteio 33,0 mac. % (B komuyectse ot 0,01 10 0,5 Mac. % (Ha cyxoe BEmecTBo)) u
CUHMH IIJIMKEP IIyTeM BBeleHUs 3%-HOro BOJHOI'O pacTBOPa a30THOKUCIIOTO KO-
6anbTa Co(NO3)2 B hapdopoByro Maccy ¢ BraxxHOCTbIO 48 mMac. % (B KoJMueCTBe
Ha 500 r BaakHoi Maccel — 50 mir 3%-noro BoxHoro pacrsopa Co(NOs),) 6e3
KEpaMHUYICCKOro MUrMeHTa,; roTOBUJIN CHHHUI HIJIMKEP IMYTEM BBCJACHUA CUHETO KC-
paMHYECKOro MurMenTa B pappopoByro macey.

s mpUrOoTOBIICHHST CHHETO NUIMKepa TakkKe NOOaBISUTM CHHUHM Kepamude-
CKHUI MMI'MEHT B (hasiHCOBYIO Maccy B kosmdecTse oT 0,5 1o 1,0 mac. %. (Ha cyxoe
BEIIIECTBO).
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TexHo10rusi U3roTOBJIEHUS U3IEJIUI HA OCHOBE NIIMKEPHOI'0 JINTbhA
C nmocJie Ay omum aHl"Oﬁl/IpOBaHl/leM

U3 xaxg0r0 MpUTOTOBIEHHOTO [IBETHOTO IIUTHKEPa H3TOTOBIIIH H3IEIUE TOP-
YUYHUIBI METOJIOM JUThA. Ha MOBEpXHOCTh KaXI0H W3 HUX KUCTHIO HAaHOCHIIH
BIIQKHBIE (hassHCOBYIO Maccy, happopoByro Maccy, (hasHCOBYIO MacCy CO CMOJIOH
K®-X, dapdoporyro maccy co cmomoit KD-)K. IloacymmBanu B CymMiIbHOM
mkady mpu 100°C. BriocneacTBuu HAHOCWIIN Ha U3feIMe BOAHBIN pacTBOp (a-
STHCOBOW TJIa3ypH METOAOM OKyHaHHs. IlpowsBenn OmHOKpaTHBINA OOXHUT Hpu
1 250°C. KadecTBO MOKPHITHS XOpOIIIee.

ITpuzomosnenue po3osvix winukepos (C MOCIEIYIOUMM aHTOOUPOBAHUEM )
u3 (assHCcOBOH U (hapPopoBoit Macc

Ilepeviii cnoco6. Po30BbIi TUrMEHT T00aBWIH B (hasHCOBBINA MUTHKED (BJIAXK-
HocTh 42 mac. %) B konuuectse 0,5 mac. %. Hanecnn Ha mOBEpXHOCTh KUCTbHIO
BnaxHyio ¢apdopoByro wmaccy. Ilocie moacymmBaHHS OTJIMTBHIX H3ACTUH
B mkady npu 100°C HaHECM Ha TOBEPXHOCTh BOJHBIA PacTBOp (asHCOBOM Tiia-
3ypu 1 000N u3enue oonokpamuo npu 1 250°C.

Bmopoii cnoco6. JlobaBunu B ToToBbIH (aphopoBblii nUIMKEp (BIaXKHOCTb
48 mac. %) BOIHBII paCTBOP CEPHOKHCIIOTO MapTaHIa M U3TOTOBIUIH U3/IEIINE Me-
TOJIOM JIUTHI (KOATYJISIIUS CHCTEMBI). Pe3ynbTaT: 0JHOPOIHOE II1a3ypHOE TOKPHI-
THE C XOpPOILIMM pa3lIMBOM TJa3ypu, IBET c1abopo3oBblil. B cBsa3u ¢ motepeit
YCTOHYMBOCTH CHCTEMOW MOXHO TIOJaraTh, YTO MPH JOOABJICHUW B JTUTHEBOH
IUTHKEP BOAHBIX PACTBOPOB IIOATIIA3yPHEIX KPAaCHTENEH-PacTBOPOB HE0OX0oanMa
KOPPEKTUPOBKA BIAXKHOCTH IIUTHKEPA U JOOABKA aHTUKOATYJISHTOB.

Texnonozua npuzomosnenusn pasniuiHslX YEemMHbIX WIUKEPOE HA OCHOGE
gaancosoii maccoi

[IpuroroBneHne CUHUX, rONyOBIX, 3€J€HBIX U KOPUYHEBBIX LIMKEPOB: B (a-
STHCOBBIE MacChl BIAXHOCTHIO 37,8 Mac. % m00aBIsTH KepaMUIeCKUE TUTMEHTHI
COOTBETCTBEHHO MX PA3NUYHBIX XUMHUECKHX CHCTEM H O0KUTAIN OTIIUTHIC H3]Ie-
nust. PesynbraTsl ipeacTaBieHsl B a0, 1.

Taonuma 1

HBeTa H COCTaBbI (l)aﬂHCOBbIX HIJINKEPOB HA OCHOBE Ke€PaAaMHUYECCKUX NUTMEHTOB
Pa3INYHBIX XUMHYECKHUX CUCTEM

Iiser pastco- KonnuecTBo nurmeHra
Ne XUMHYECKUI COCTaB B IIUTHKepe, Mac. %
BOTO IIJTHKEPa
/i KepaMH4YeCKOro MUrMeHTa (B TOM 4mCIIE IOMYCTH-
mocye o0xura .
MBI HHTEpBaJI)
N Crutas okeunos CoO, Al203 wn 0
1 Crnuii amomunar kobansTa (II) CoAl204 10-50(2.5%)
2 Tony6oit Cmnas okcugos CoO, A|20v3, Zn0O, Cr203 0,01-0,5 (0,3%)
€ 40 mac. % ¢asHCOBOH TIa3ypH
. Cmutas okcuosCo0O, Zn0O, Cr203 0
3 3enenpiii € 25 mac % (asHcoBo# r1asypu 0.3-3,0 (1.8%)
4 | Kopmamessiit Cmnas okengoB Fe203, lega, Zn0O, Cr203 3,0-10,0 (7,0%)
€ 25 mac % QasHCOBOM Tazypu
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2. Ucnonb3oBanue ramHo3ema Al,O3 B KayecTBe CTA0MIN3AaTOPA BOAHOM
IJIMKEPHO# CyCNeH3UH B TEXHOJIOTUH MPUTOTOBJIEHHS IBETHOTO
(assHcoBoro muIMKepa BiaaxkHOCTHIO 37,8 Mac. % ¢ nurMeHTAMMU

(p030BHlii, KO0OATHTOBBII, CHPEHEBBII UM OKCH/I MeIH)

Bpaiu murmMeHT B KonmmuecTBe 5 Mac. % (K CyXOMy BEIIECTBY HUIHKEpa),
0,8 mac. % usmenpueHHoro riauHoszema u 20 mi 45%-HOT0O BOJIHOTO pacTBOpa
cepHoKucioro mapranna MnSO4 u3 pacdera 7 Mac. % K CyXOMy BEIlECTBY LI~
kepa. Lllnukep He HOTEepsUT YCTOHYMBOCTH B IPUCYTCTBUH CTAOMIN3aTOPA TIIMHO-
3eMa (mpu KoOaBICHIH OTHOHM CONM MapraHia Iuinkep Koaryimposain). [Tocie
pa30aBiIeHUs BOJOIM ObUTH OTJIMTHI U3/AENHUS C OBICTPHIM HAOOPOM U NMPOU3BEACH
O0>XHUT; TIPY COBMECTHOM CIICKaHUU MMUTMEHTOB C TIIMHO3EMOM U KaOJIMHOM H TI0-
cIreyromeM 100aBIeHIH B (hassHCOBEIH IUTMKEP ¢ BOAHBIM PACTBOPOM COJIH Map-
raHIa KoaryJisiuy He IPOU30ILI0. Pe3ynbTaThl peacTaBieHs B TadI. 2.

Tabnuma 2

IIBeTa u cocTaBbl GasgHCOBLIX IJIMKEPOB ¢ KEPAMHYECKHMH NMUITMeHTaMHU
Pa3IHYHBIX IIBETOB, ITHHO3eMOM U PACTBOPOM CEPHOKHCJIOI0 MapraHua

Ne KauecTBo mokpbI-
IBer nuukepa CocraB nuiikepa
THSI TIOCJIC 00XKKra

0,3 mac. % xobanbToBBIH rurmMeHT + 0,8 Mac. %
1 | Brexgno-romy6o#t | rmmHO3eMa 1 20 M1 45%-HOTO BOAHOTO pac-
TBOpa cepHOKUCIOro Maprania MnSO4

Xopommii 61eck
U Pa3JIUB INa3ypH

2,5 mac. % CuO + 0,8 mac. % riauHozema

Mertannmuueckuit
2 9 u 20 M1 45%-HOTO BOAHOTO PacTBOPA CEPHO- -
(aepHbIif)
kucnoro Maprania MnSO4
. 5 mac. % pososwiii nuemenm + 0,8 mac. % Xopomuii pa3iaus
TenecHslit o
3 N riuHo3ema u 20 mit 45%-Horo BOAHOTO u OJIecK TrIasypH,
KpaCHUBBIH

pacTtBopa cepHokucioro mapranua MnSOas Pa3HOTOHHOCTh

7 mac. % cupenesuiii nuemenm + 0,8mac. % Henocratounsrii
4 TenecHslit rarHo3eMa 1 20 mit 45%-HOro BOJHOTO OJecK U pas3imB Iria-
pactBopa cepHokucioro mapraina MnSO4 | 3ypH, pa3HOTOHHOCTb

W3 Tabn. 2 BUIHO, YTO XOPOIINE TEXHOJIOTMYECKHe CBOHCTBA M IBETHOCTH
MPUCYIIN COCTaBaM 1 U 3, 4TO COOTBETCTBYET ICTETHUECKUM TPEOOBAHUSIM.

IIpurorosiienue 3e1eHbIX 1 KOPHYHEBBIX (PATHCOBBIX KEPAMHYECKUX
IUIMKEPOB ¢ COBMECTHBIM MPUCYTCTBHEM THATOMHUTA (KU3eabrypa) SiOo,
rJIMHO3eMa U JIBYKPATHBIM 00:KHTOM

OCHOBBIBaSICh Ha MPOBEJICHHBIX MCCICIOBAHUIX U YUUTHIBAS BBHICOKYIO JIUC-
MEePCHOCTh UATOMHTA, M3yYaIH BIHMSHHE TaKUX MHUHEPATbHBIX J00aBOK, Kak
TJIMHO3EM U JUATOMUT, Ha TEXHOJIOTHYECKUE CBOMCTBA NUIMKEPA, a TAK)KE Ha T0-
JIydeHHe Pa3InIHbIX TOHOB H OTTEHKOB IMOCJIC 00XKHUTa OTIUTHIX U3JICINH.

Bbutn B3STHI 3€JI€HBI M TEMHO-KOPUYHEBBIH NMUrMeHTHl. COrJIacHO MOCTaB-
JIEHHOM T[eN¥M YMEHBIIWIIN KOJIMYeCTBO 3elieHoro nurmenTa ¢ 1,8 go 0,6 mac. %
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B KE€paMHUYECKOM HUIMKepe (K CyXOoMy OcTaTKy) (cM. Tabi. 1) mpu BIaKHOCTH
37,8 mac. % u mobasuinu rMHO3eM B KonunuecTse 3,0 mac. %. Takoe e cOOTHO-
mieHre ObUTO B CHCTEME MPH UCIOJIb30BAaHUU TUATOMUTA. [[1s1 TEeMHO-KOpUYHEe-
BOTO IIMTMEHTA COJIEP)KaHHE €r0 B KEPAMHUYECKOM IUIMKEpEe OBUIO YMEHBIIIEHO
B 6 pa3 (cm. Tabi. 1) — mo 1,17 mac. %, u n100aBIeH AMATOMHUT B KOJUYECTBE
7,02 mac. % (unu TIMHO3EM IPHU TAKOM K€ COOTHOILECHHN).

[IpuroToBMIN YETHIpE COCTaBa IIBETHHIX (PasHCOBBIX MUIMKEPOB, KOTOPEIE 3a-
TuBaNU B (YOPMBI C IOCIEIYIOIIUM XOPOIIMM Ha0OPOM, CIMBAlK Yepes3 2 4, U3-
BIIEKAJIM M3JICJIHe, MTOICYIUBAIN Ha TUTIICOBOH JOCKE MPH KOMHATHOW TeMIlepa-
Type, a 3aTeM B CyIIWIbHOM 1Kady mpu temneparype ot 80 1o 90°C, obxuranu
mpu 1 250°C, HaHOCWIM MeTOIOM OKyHaHHs (asHcoBYIO rnasypp 0e3 [1BC
U ¢ nobariienueM BoaHoro pactBopa [IBC. O6xwuramm npu 1 140-1 160°C. Ana-
JU3UPOBAIM OKpalllvBaHue (HasHCOBOTO MU3JIENHUA TOCIE TIEPBOTrO0 U BTOPOro 00-
KHUTOB. Pe3ynbTaTsl nmpeacTaBicHs! B Ta0mI. 3.

Tabnuma 3

IIBeTa n cocTaBbl GassHCOBBIX HIITNKEPOB ¢ KEPAMUYECKHMH MUTMEHTaMHU
3e/1eHO0r0 M1 KOPM4HEBOI'0 LIBETOB, IJINHO3eMOM, TUATOMHUTOM
M AIBYKPATHBIM 00:KMIOM

Ne | [IBeT muukepa mocie

i BTOpOro OBKHra CocraB KadecTBO MOKpHITHS
. Bonsimoe paccBerieHue

. 0,6 mac. % 3eNeHbI MUTMEHT + P .

1 Breano-3enensbrii o MUTMEHTA. XO0POIInii GJieck
3,0 mac. % rinuHO3eMa
Y pa3JuB TIa3ypu

. Heboabioe paccBerieHue

. 0,6 mac. % 3eJaeHbIN MIUTMEHT + P Ny
2 3emneHbli MMUTMEHTA. XO0pOoIuii Oyieck

3,0 mac. % nuatoMmuTa
U pa3iuB Ii1a3ypu

3 | CBeTI0-KOpHIHEBHIH

1,17 mac. % TeMHO-KOpUYHEBBIN
murment + 7,02 mac. % ritiHo-
3emMa

Xopommii pa3nuB U 6ieck
riasypH, 00JblIoe pac-
CBETJICHHE

4 KopuuneBsrit

1,17 mac. % TeMHO-KOPHYHEBBIN
nurment + 7,02 mac. % auato-

Xopommii pa3nuB U OJecK
ria3ypH, HeOOIbIIOe

MHUTaA

paccBeTIICHHE

W3 ananu3za Tabn. 3 cnenyer:

— nobaBjeHHe B KepaMHUeCKHe MUIMKEePhl HATIOJHHUTENeH THHa TIIHMHO3eMa
WY TUaTOMUTA B OOJBIIOM KOJIMYECTBE HE M3MEHSET LIBET MOKPBITHA, OJIEeCK U
pa3nuB TIa3ypu (0OCOOCHHO B CIIydae COCTaBa ¢ JHATOMHUTOM), HO YIIyUIIaeT STH
MOKA3aTeNU B ClIyyae HAHECEHUsI Ha OPUCTOE OTIUTOE U3/ENNe BOAHOU CyCIIeH-
3un (asHCOBOI rMasypu (¢ 5 mac. %-HeIM BoxHBIM pacTBopoM [IBC B kommue-
ctBe 0,03 mac. % k cyxomy BemectBy [IBC).

— IPUCYTCTBHUE INIHHO3EMA OCIA0SET [[BETOBOI TOH.

Hcnonb3oBanne MUHEpPATBHBIX J00ABOK SIBIISIETCS TAK)KE SKOHOMIYECKH BBI-
TO/IHBIM.
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IIpurorosienne GpasgsHCOBBIX HBETHHIX HIJIMKEPOB
HAa OCHOBE CMeCH Pa3JIMYHbIX MUTMEHTOB

Heo0xoaumMo OBLIO TPUTOTOBUTH CMECH MMUTMEHTOB U Ha X OCHOBE I[BETHBIC
KepaMHUUYeCKUe NUTUKEPHI IO OMUCAHHOM BBIIIE TEXHOJIOTHU, U3TOTOBUTD U3/ICIHS
W3 HUX, HAHECTH METOJIOM OKYHAaHHS BOJHYIO CYCHEH3HUIO (hasHCOBOH Tiasypu
(c no6asnenueM B Hee 5 Mac. %-Horo BogHoro pactsopa [IBC). O0xur 1ByKpaTHBIH.

Bpanu po30BbIil, KOpUUHEBBIH, KOOATETOBBIN, OMPIO30BBIN, 3€IEHBIN, KENTHINA
U CUPEHEBBIN MUrMeHThl. Biaxxnocts nuukepa 32,7 Mac. %. bbliio IpuroToBieHo
IIBa [[BETHHIX [UTHKEPA!

1) B nuThEBOU HUIHKEP MOOABHIIM CMECh TPEX MUTMEHTOB — KOOAIBTOBOTO,
Oupro30Boro, 3emeHoro — B cootHomennu 0,3:5,0:1,0 B xonmuectBe 5 mac. %
(10 cyXoMy OCTaTKy).

2) B INTHbEBOM HIIMKEP T00ABUIM CMECH JBYX MUTMEHTOB — KOPUYHEBOTO U
JKEJITOTO — B cCOOTHOIEHHH! 5:1 B KomudecTBe 5 Mac. % (10 CyXOoMy OCTaTKy).

Texnonozus npueomognenust. 3aIUBAIHA B (POPMEI € TIOCTIETYIONIIM XOPOIITIM
HabopoM (cruBam yepe3 2 4), U3BJICKaIH U3JeIHe, TOACYIIHBAIN Ha THIICOBOH
JIOCKE, a 3aTeM B CylImiIbHOM mkady npu remnepatype ot 80 1o 90°C, obxuranu
mpu 1 250°C, HaHOCWIIM METOJIOM OKYHAaHHS (astHCOBYIO T1a3yph ¢ 0OaBICHUEM
Tyma 5 mac. % BomHoro pactBopa [IBC u obxuranu npu temmneparype ot 1 140
1o 1 160°C.

BuiBoabl

1. [IpuMeHeHne B cocTaBax Uil aHTOOWPOBAHMS OTIIUTHIX U3ICTHI Ha OCHOBE
Pa3IMYHBIX KEPAMHUYECKUX MAacC aMUHO(DOPMAaJIbAECTHIHBIX CMOJI JaeT XOpollee
KaueCTBO MOKPHITUS U SBJISIETCS YKOHOMHUYECKH BHITOJHBIM B CBS3U C OJTHOKpAT-
HBIM BBICOKOTEMITEPATYPHBIM 00KHTOM KEPaMHUYECKUX M3ICITHIA.

2. CornacHo MpOBEICHHBIM PaHEe UCCICIOBAHISM U IMOTYYCHHBIM Pe3yIbTa-
Tam [2] ycTaHOBIIEHO, YTO 0OABISATH BOJHBIE PACTBOPHI CoJieii B (passHCOBBIE Ke-
paMHUYECcKre IUIMKEPBl BO3MOKHO TOJILKO JUIS TIOJTYYCHHUS PO30BBIX M CHPEHEBBIX
[IUTMKEPOB B MPUCYTCTBUU TIIMHO3eMa (CM. Tadu. 2, coctasl | u 3).

3. HobapneHne B kepamuveckue (hasHCOBbIE NUIMKEPHI HATIOJHUTEICH THUIIa
TJIMHO3EeMa MJTH JIMaTOMHUTA B OOJIBIIIOM KOJIMYECTBE HE M3MEHSET IIBET TIOKPBITHS,
yirydiiasi OJIECK W pasjvB Ta3ypH Mmociie 00xura u3nenuid (0CoOCHHO B ciyvae
coCTaBa C JMaTOMHUTOM), YTO SKOHOMHUYECKH BBITOTHO.

4. J1y11 IOBBINIICHUS arperaTUBHOW YCTOWYUBOCTH IUTUKEPOB PEKOMEH Ty €ETCS
MIPeIBapUTENHEHO TIPOU3BOIUTE COBMECTHBIN OOKUT C TIIMHO3EMOM M KaOJIHHOM
TaKUX MUTMEHTOB, KaK MMHKOBBIN, PO30BBIN U CUPEHEBBIH, IIPH BHICOKOH TeMIIe-
patype, a 3aTeM J00aBIIATh B KEPAMUYECKUN IIJTHKED.
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BoaHbIii pacTBop Cu(NQO3), 1 MHPHIHH-2-KAPOOHOBOI
KHCJIOTBI

Tenpux Haymosnu Asnbrinysep’, Bnagumup Huxonaesny Hexpacos?,
Oubra I'enpuxoBHa AsbTryep®
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AHHoTanms. KoopAnHaIIMOHHbBIE COSANHEHHS HEOPraHUIECKHX KaTHOHOB ¢ OHO-
JIOTUYECKY AaKTHBHBIMU BEI[ECTBAMH BEI3BIBAIOT 3HAUNTEIBHBIA HHTEPEC B CBSA3H C TEM,
4YTO0 OHH OOyajzaroT Oojee BEIPAKEHHBIMH (hapMaKOJIOTHYECKHMH CBOMCTBAMH, YeM
cBoOoHbIe HUraHasl. ViMMoOmM3anus KOOpANHAIIMOHHBIX COSIMHEHHI B MOHHUTAaX
obyierdaer 3ajmady peajln3alidl 3agaHHOW (AapMaKOKMHETHKH, IaeT 3HAYUTeNIbHBIC
MEPCIICKTUBBI B BOIPOCAX KOHCEPBALMK U XPaHEHHs OMOAKTHBHBIX CYOCTaHIIMH, 1103-
BOJISIET OCYIIIECTBUTH HAIPABJICHHYIO 110/]ady aKTHBHOTO KOMIIOHEHTA K o4ary 3aboJe-
BaHUA. PaHee n3yyeHa JUraHgHas copOLMs MUPHIMH-3-KapOOHOBOIT KUCIOTH U3 ee
BOJIHOTO pacTBopa Ha katHoHUT Dowex-50 B Cu(ll)-dopme. Llens nanHoi paboTsr —
MOKa3aTh BO3MOYKHOCTh UMMOOMITU3AIMN THPUINH-2-KapOOHOBO# KHCcIO0TH ¥ Meau(1])
B CyNb(OKAaTHOHNTE HA CTHPOJAUBHHIIIOCH30IbHON ocHOBe THna Dowex-50; uccie-
JIOBaTh PAaBHOBECHOE paclpe]eleHHe KOMIIOHEHTOB MEXAy CyiIb()OKaTHOHUTOM
Dowex-50 1 BOmZHBIM pPacTBOPOM, COJIEpIKAaIM IUPHUIHH-2-KapOOHOBYIO KHUCIIOTY H
katuoHbl Meau(1l); mokazaTh BO3MOXKHOCTB PEIBAPUTEIHLHOIO PacueTa PaBHOBECHOTO
COCTaBa BOJHOTO PacTBOPA CMECH TTHPHIHH-2-KapOOHOBOW KHUCIOTHI M COTH MEIU IS
MOJTy4YeHUs. TPOTHBOMOHHOTO cocTaBa cynbgokarnoHuta Dowex-50, mpencrapisio-
IIETO MHTEPEC I ONTHMH3AIMN TEXHOJIOTUYECKHX MPOLECCOB MOTyYESHHUS] HHKAICY-
JMPOBAHHBIX IIPETapaToB Ha OCHOBE MHPUANHKAPOOHOBBIX KHCIOT ¥ HEOPTaHHIECKIX
KaTHOHOB. PaBHOBECHOE pacrpeseneHre KOMIIOHEHTOB MEX/Ly BOJHBIMHU PacTBOpPaMH
MHUPHUINH-2-KapOOHOBOW KHCIIOTHI, HUTpaTa Meau U cyinbpokaTnoHutoM Dowex-50
u3yvany AUHAMUYECKUM MeToJoM npu Temneparype 298 K. 3nauenus pH paBHoBec-
HBIX PaCTBOPOB OBUTH BEIOpaHEI B HHTepBaie 2,0-2,5, HCX0/s U3 collep)KaHus! KOMITO-
HEHTOB B PacTBOPE, X CIIOCOOHOCTH y4acTBOBATh B PEAKIUH KaTHOHHOTO OOMEHa.
[To uTOram MccieoBaHus ClieliaH BBIBOJ, YTO B MHOTOKOMITOHEHTHBIX reTepodha3HbIX
CHCTEMaX, COCTOSMMNX U3 cynb(okarnornTa Dowex-50 1 BOIHBIX pacTBOPOB IMTHPH-
JIMH-2-KapOOHOBOIT KMCIIOTHI X HUTPATa ME/IM, TPOTEKAIOT PABHOBECHBIE PEAKIIMU KOM-
IIeKCO00pa3oBaHus U HOHHOTO oOMeHa. [lokazaHo, 4TO MO KO3 HIIIEHTaM CeleK-
THUBHOCTH OWHAPHBIX MOHHBIX OOMEHOB M KOHCTaHTaM OOpa30BaHMS KOMILIEKCOB
[HzL]*, [CuL]* moxHO mpoBecTH mpeipacyeT PaBHOBECHBIX MOHHBIX COCTABOB Pac-
TBOpa U cyinbdokarnonnta Dowex-50. BepositHo, cynbdokarrnornt Dowex-50 Moxker
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Abstract. Coordination compounds of inorganic cations with biologically active
substances are of considerable interest due to the fact that they have more pronounced
pharmacological properties than free ligands. Immobilization of coordination com-
pounds in ion exchangers facilitates the implementation of specified pharmacokinetics,
provides significant prospects in matters of conservation and storage of bioactive
substances, and allows for targeted delivery of the active component to the site of the
disease. Previously, the ligand sorption of pyridine-3-carboxylic acid from its aqueous
solution onto the Dowex-50 cation exchanger in Cu(ll) form was studied. The goal
of this work is to show the possibility of immobilizing pyridine-2-carboxylic acid and
copper(ll) in the Dowex-50 sulfonic cation exchanger on a styrene-divinylbenzene
matrix, to study the equilibrium distribution of components between Dowex-50 sulfonic
cation exchange resin and an aqueous solution containing pyridine-2-carboxylic acid
and copper(Il) cations. Show the possibility of preliminary calculation of the equilib-
rium composition of an aqueous solution of a mixture of pyridine-2-carboxylic acid and
salt of copper to obtain the counterionic composition of the Dowex-50 sulfonic cation
exchanger, which is of interest for optimizing technological processes of encapsulated
preparations based on pyridinecarboxylic acids and inorganic cations production.
The equilibrium distribution of components between aqueous solutions of pyridine-2-
carboxylic acid, copper nitrate and Dowex-50 sulfonic cation exchanger was studied
by the dynamic method at a temperature of 298 K. The working pH range of equilibrium
solutions was selected in the range 2.0 — 2.5, based on the content of components in the
solution and their ability participate in the cation exchange reaction. Based on the
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results of the study, we came to the conclusion that in multicomponent heterophase
systems consisting of Dowex-50 sulfonic cation exchanger and aqueous solutions of
pyridine-2-carboxylic acid and copper nitrate, equilibrium reactions of complexation
and ion exchange occur. It has been shown that using the selectivity coefficients of
binary ion exchanges and the formation constants of [H2L]*, [CuL]* complexes, it is
possible to pre-calculate the equilibrium ionic compositions of the solution and the
Dowex-50 sulfonic cation exchanger. Probably, Dowex-50 sulfonic cation exchanger
can be proposed as a container of the drugs based on pyridine-2-carboxylic acid and
copper(ll) cations.

Keywords: Dowex-50 sulfonic cation exchanger, pyridine-2-carboxylic acid, cop-
per(ll), ion exchange
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BBenenue

KOOp}:[I/IHaHI/IOHHI)IE COCIMHCHU HCOPTaHUYCCKNX KaTUOHOB C OMOJIOTHYECKHU
aKTHBHBIMHU BELIECTBaMH BBI3bIBAIOT 3HAUYNTENBHBIA HHTEPEC B CBSI3H C TE€M, 4TO
OHM 3a4acTyio 001anaroT Oosee BBIPAKCHHBIMU (HapMaKOJIOTHUYECKUMH CBOH-
CTBaMH, 4eM cBoOomHble juranipl. Ocoboe BHUMaHUE HccienoBaTeneid odpa-
IIEHO Ha OMOJIOTHYECKH aKTHBHBIEC COSIMHEHMS, B KOTOPHIX B KQUECTBE JINTAHIOB
BBICTYTIAOT HI/IpI/I}lI/IHKap6OHOBI)IC KHUCJIOTBI B KOMINJIEKCaX ¢ HCOPraHUYCCKUMHU
karuoHamu cepedpa(l), aukemnsi(1), xeneza(11l) u meau(1). Ummobunmzaius koop-
JIMHAIMOHHBIX COCTUHEHUI B MOHUTAX O0JIeryaeT 3a/1auy peaan3alni 3aJaHHON
(hapMaKOKWHETHUKH, JaeT 3HAYUTEIFHBIC IEPCIEKTUBEI B BONPOCaX KOHCEPBAIIHN
Y XpaHEHUs] OMOAKTUBHBIX CYOCTaHIIHIA, TO3BOJISICT OCYIICCTBUTH HAPABJICHHYIO
Mojauy akTUBHOTO KOMIIOHEHTA K ouary 3a0osesanus [1]. Panee Hamu n3yuena
JMTaHHAas copOIMs MUPHIUH-3-KapOOHOBOM KHCIIOTHI U3 €€ BOJHOTO PacTBoOpa
Ha katronut Dowex-50 B Cu(ll)-dopme [2]. TTokazano, uTo obliee coep:KaHue
Cu®* u [CuHL]?* B base KaTHOHHMTA, IPUBEICHHOIO B PABHOBECHOE COCTOSHHE
C BOJHBIM PacTBOPOM HNHUPHIUH-3-KapOOHOBOH KHCIOTH B MHTepBane pH 3,5-3,8,
He u3Mensiercs [2]. Menp He MOKHUIAET MOJUMEPHYO (Pa3y NpH KOHTAKTe C BOJI-
HBIM PacTBOPOM, BEPOSITHO, B CBSI3H C BBICOKOH 3JIEKTPOCEIIEKTHBHOCTBIO CYJIb-
(hOKaTHOHUTOB K ABYX3apsaHbIM KaTHoHaM [3]. Bonbime ko3dduimeHTs pac-
MPEIeTICHNs] TTO3BOJISIIOT KOHIIEHTPHPOBATh MUPUANH-3-KapOOHOBYIO KHCIIOTY
u xatuonsl Cu(ll) B cynsdokatnonnte Dowex-50.

Henp nannoOM pabOTHI — MOKA3aTh BOZMOXHOCTH HMMOOMIH3ALUH TTHPHIUH-
2-kapOoHoBoit kucnoTel ¥ Meau(Il) B cynbokaTHOHUTE HA CTHPOJTMBUHUIOCH-
30mpHON ocHOBe THma Dowex-50; mcciiemoBaTh paBHOBECHOE pacIpeesicHIe
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KOMITOHEHTOB MEXNIy Cyib(okatnoHuToM Dowex-50 W BOJHBEIM PacTBOPOM,
COJIepKAIIUM MTHPHIUH-2-KapOOHOBYIO KUCIOTY U KaTroHbl Menu(Il); mokaszars
BO3MOKHOCTB IIPEABAPUTEIFHOTO PacieTa paBHOBECHOTO COCTaBa BOJHOTO pac-
TBOpa CMECHU MUPHUINH-2-KapOOHOBON KHUCIOTHI U COJMM MEIH JUIS MOTyYeHUS
MIPOTUBOMOHHOTO cOCcTaBa cylbhokaTrnonnuTa Dowex-50, mpeacTaBisionero nH-
Tepec U ONTHMHU3AINN TEXHOJIOTHIESCKUX MPOLIECCOB MOMYICHUS WHKAIICYIIHU-
POBaHHEIX IIpENapaToB HA OCHOBE MHPHINHKAPOOHOBHIX KHCIOT M HEOpraHMUe-
CKHX KaTHOHOB.

MeToanl

Marepuaisbl. Cynbsdokarnonut Dowex 50W-X8 (44473 Supelco) — cymnsdupo-
BaHHBIIA cornomMep ctupodia ¢ 8% AUBUHHUIOCH30JIa — UIMEET T'eJIeBYIO CTPYKTYPY,
COJCPIKUT B BHJE MOHOTCHHBIX Tpymn ToiIbko SO3H-rpymmel. [lonnas muraMu-
YyecKasi HOHOOOMEHHAs eMKOCTh HOHMTa cocTaBisuia 5,0 MakB Ha 1 r H-popmer
Cyxoro nosumepa, i 2,0 MoJIb 0JTHO3aPSTHBIX KATHOHOB Ha 1 J1 COOCTBEHHOTO
obbeMa (hasel HaOyxIero nonuta. [lupuaun-2-kapoonosas kuciora ([TAO «Ku-
eBckuii 3aBonx PUATII», Ykpanna) coneprxana He meHee 98,0% ocHoBHOTO Bele-
crBa. PactBopsr anektposutoB rotoBuan u3 Cu(NOs), (AO «VYpanbckuit 3aBoj
XUMHYECKUX peakTBoBy», Poccust), HNO3z, NaNO3 (OO0 «MuxaidoBcKuid 3aB0OJ
XHMHYECKUX PEaKTHBOBY, Poccus) KBanudukamu X. 4.

Metoauxu. PaBHOBecHOE pacmpeseieHne KOMIOHEHTOB MEXIy BOJHBIMU
pacTBOpaMH MUPHUIAHH-2-KapOOHOBOKM KHCIIOTBI, HUTPATa MEIH U CYJIb(OKaTHO-
HuTOM Dowex-50 m3ydanu muHaMHUYEeCKUM METOJIOM Tpu Temrieparype 298 K.
Benmunasr pH paBHOBECHBIX pacTBOpOB HaMH OBUTH BBEIOpaHHI B MHTEpBane 2,0—
2,5, HCXOMIsl U3 COMICPIKAHUSI KOMIIOHEHTOB B PACTBOpE, UX CIIOCOOHOCTH Y4acT-
BOBaTh B peaKkilui KaTHOHHOTO oOMeHa. Uepe3 HOHOOOMEHHYIO KOJIOHKY, 3aroJi-
nennyto Cu?*-dopmoii momuMepa, MPOIyCKaTH MHOTOKOMIIOHEHTHEIE BOIHBIE
PacTBOPHI 10 YCTAaHOBJICHHUS paBHOBecHs (10 COBMaAeHUs cocTaBoB U pH ucxon-
HOTO pacTBopa U (uibTpara). KoHneHTpauuu nupuanH-2-KapOOHOBOH KUCIOTHI
W HUTpaTa MeM B pacTBopax noanepxusany Bomu3u 0,005 moins/n. Iocne qoctu-
KEHHS COCTOSHUSI PABHOBECHSI TIPOBOIMIIN JIECOPOIINIO MTUPUANH-2-KapOOHOBOM
kucnotel 1 Menu 0,1 M pactBopom NaNOz. KoHneHTpauio mupuuH-2-kapoo-
HOBOI KHCIIOTBI B PaCTBOPAX M3MEPSIIH C IOMOIIBIO criekTpodoTomerpa CD-46
npu A = 262,7 um u pH 6,86.

CyMMapHy KOHIIEHTPAIIMIO MEI B MHOTOKOMIOHEHTHBIX pacTBopax (3 .Ccy)
OMpeNeIsIA METOJAOM KOMILJIEKCOMETPUYECKOTO THUTpOBaHUs. KoHIEHTparuu
WHINBUIYaJTbHBIX KOMIIOHEHTOB B pacTBOpax Cj pacCUMUTHIBAIHN C TIOMOIIEIO ITPO-
rpammMbl HySS 2009 (Hyperquad Simulaton and Speciation) [4]. KonuenTpanuto

KOoMITOHeHTOB B niosuMepe ( Ci) paccuuThIBaNM B MOJISIX HA JIUTP COOCTBEHHOTO
o0beMa (pazbl HaOyXIIero HOHUTA.

ITorpenIHoCTh SKCIIEPUMEHTAIBHO H3MEPEHHBIX KOHLICHTPALNil OLleHHBaIach
C JIOBEPUTENBHOI BeposiTHOCTRIO 0,95.
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Pe3yabTaThl U UX 00Cy:KIEHHE

[TonmyuyeHHBIE SKCIIEPUMEHTANILHBIC JaHHBIC O PAaBHOBECHOM DPacCIpElIeICHUN
KOMIIOHEHTOB MEXy cyib(okaTnoHuTOM DOowex-50 1 BOJAHBIM pacTBOPOM, CO-
JepIKaIluM MTHPUIUH-2-KapOoHOBYI0 Kucioty U katuonsl Menu(Il), mpemcras-
JIeHsl B Ta0m. 1.

Taonuma 1

PaBHoBecHbIe cocTaBbl KaTHOHHTA Dowex-50  BOAHBIX PaCTBOPOB,
cogepaxamux Cu(NOs)2 u nupuaun-2-kap6oHoBoii kucjory, npu 298 K

PacTBODp CynbhoKaTHOHUT
pH ZCCU ‘ ZCHL ZCCu ‘ ZCHL
MOJB/TI
2,00 0,005 0,0053 1,04 0,144
2,13 0,005 0,0052 1,04 0,104
2,20 0,005 0,0053 1,06 0,144
2,28 0,005 0,0053 1,05 0,097
2,39 0,005 0,0054 1,05 0,145

Kak BugHO U3 Tabxa. 1, KOHIEHTpAIUs TUPUINH-2-KapOOHOBOW KHCIOTH U
Cu(Il) B momumepHoii (haze BO MHOTO pa3 NPEBHIIACT KOHIICHTPAIHIO STHX KOM-

HIOHEHTOB B BOJHOM pacTBope, kodbduunentsl pacupenenenus ( Ci / C, ) umeror

MaKCHMaJIbHble 3HaueHust 27 u 212 i nupuanH-2-kapooHoBoi kucinotsl 1 Cu(Il)
COOTBETCTBEHHO.

PaccmoTpuM IpUYHHBI BOSHUKHOBEHHS BEICOKMX K03 (HIMEHTOB pacnpeie-
JeHus. B paBHOBECHOM BOAHOM pacTBOpPE MUPHUIUHKAPOOHOBBIX KHCIOT COJACP-
sarcs ipotonsl H', katmorsr Cu?*, MosieKy el upuIMHKap6oHOBOI KucnoTsl HL,
KaTHOHBI IPOTOHUPOBAHHON MUPHANHKApOOHOBOM Kuciotel [HoL]¥, anuons! e-
TIPOTOHMPOBAHHO MUPUANHKAPOOHOBO# KuCI0TH L, kKommuiekcst Cu?t ¢ anmo-
HOM JIeIPOTOHMPOBAHHOM MUpHAMHKAapOOHOBOM kuciotel [CulL]®. B Tabn. 2
MIPE/ICTaBIEHbl KOHCTaHTHl KOMIUIEKCOOOpa30BaHMs MHPHIUH-2-KapOOHOBOI
kucnotsl ¢ karnonamu Cu(1l) u mpoToHOM, a TakXke MupuAnH-3-KapOOHOBOH KHC-
notsl ¢ katuonamu Cu(Il) u mpoTOHOM B BOJTHOM pacTBOpE.

Tabnuma 2

KoHcTaHThl paBHOBeCHS peaKknuii KOMILIEKCO00pPa30BaHUsI B BOJHOM pacTBope

Hon [upuanH-2-kapOOHOBAs KUCIOTA [Mupuann-3-kapOHOHOBAsI KMCIIOTA
Cu? IgK1 = 7,9 [5] IgK1 = 3,23 [5]
H* IgK1 = 6,066 [5] IgK1=1,99 [5]

W13 tab. 2 BUAHO, YTO 3HAUECHUS KOHCTAHT JJISl HUPHINH-2-KapOOHOBOW M MH-
pUInH-3-KapOOHOBOH KHCIOT OTIMYAIOTCS HA HECKOJIBKO ITOPSAKOB, 3TO HAIPsI-
MYIO CKa3bIBaeTCs Ha KOMIIOHEHTHOM COCTaBE UX BOJHBIX pacTBOpoB (puc. 1, 2).
B wactHOCTH, 00pa3oBaHue MPOTOHUPOBAHHON (HOpMBI TUpUIH-3-KapOOHOBOI
KHCJIOTHI HaunHaeTcs ipu pH < 4 [6], o0pa3oBaHue MPOTOHUPOBAHHBIX KOMITIIEKCOB
MUPHIUH-2-KapOOHOBOI KHUCIOTHI CABUHYTO B Gosiee kuciyto obmacts (pH 1).
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Bbicoka KOHIEHTpALUs MPOTOHOB (CM. pHC. 2). B 1en0oM KOHIEHTpAaIu KOM-
IJDICKCHBIX KaTUOHOB HPIpH,Z[I/IH-Z-KElp6OHOBOI71 KHCJIOTBI 3HAYHUTCJIBHO HNXKE, YEM
JUTS TUPUIH-3-KapOOHOBO# KHCIOTHI (CM. puc. 1, 2).

X
08 1
0,6 ——2
—_ -3
04
0.2
O L . 1 S L
0 2 4 6 8 10 pH

Puc. 1. 3aBucuMOCTH MOJSIPHOH IO HOHHBIX ()OPM MUPUINH-3-KapOOHOBOI KUCIOTHI
X (D), X (2), %y, (3) ot pH pactsopa [6]

C;, Monb/n
0,010
—_—5
0,008 | 4
3
0,006 | —2
—
0,004 |
0002 | \
\
0,000 : -
1 15 2 2,5 3 pH

Puc. 2. 3aBUCHMOCTH KOHLICHTPALIMH HHANBUAYAIbHBIX KoMIoHeHTOB (Ci) oT pH BogHBIX
pactBopoB, cogepxamux 0,005 mons/nm Cu(NOs)2 u 0,005 Moab/1 IUPHANH-2-KapOOHOBOI
kucyotsr: [Hz2L]* (1), [Culz] (2), Cu?* (3), [CuL]* (4), H*-1072 (5)

B rereporenHoii cucreme, coaepxaiiei cynbdoxkatnonuT Dowex-50, BOIHBIN
pacTBOp MUPUINH-2-KapOOHOBOM KHCIOTHI, HUTPAT MEIH M IPOTOHBI, U3-32 BBI-
COKHX 3HAa4YeHHH KOHCTaHT KOMIUIEKCOOOpa30BaHWS B PaBHOBECHOM DPacTBOpPE
BCeT/ja IPUCYTCTBYIOT KATHOHBI MeIN (KATHOHBI MU IeCOPOUPYIOTCS BHE 3aBH-
cumocTH oT pH 1 ucxonnoii GpopMbl KATHOHUTA).

B uccnemyemom pactBope, coaepkalieM NHpUIUH-2-KapOOHOBYIO KUCIOTY U
conb Meau(Il), mpoTeKkaroT ciaenyromue peakiuy 00pa3oBaHus KOMIUIEKCHBIX Ka-
THOHOB!

L+ H* = HL, (1)
HL + H* = [HoL]", 2
Cu?" + L™ =[CuL]". (3)
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PaBHOBECHOE COOTHOIIIEHUE KOMIIOHEHTOB B PACTBOPE, PACCYMTAHHOE T10 MPO-
rpamme HySS 2009, npuseneno Ha puc. 2. I1pu 3sHauenusx pH ot 0 no 0,5 B pac-
TBOpE KOHIeHTpanus katrnoros H*, Cu?*, [H,L]" cymecTBeHHO NpeBbIIaeT KOH-
LEHTPALMIO APYTHX KOMIOHEHTOB, npu pH Gonbie 1 B pacTBOpe 3HAYUTENHHO
yBEIMYMBAETCA Cozlepkanne kKarnoHoB [CuL]’, nelirpanbabix komruiekcos [Culz]
Y PAKTUYECKH MCUue3aroT Katnonbl [HaoL]™.

B rereporenHoii cucteme, conepxarieit cyiabdokarnonut Dowex-50, BogHbIH
PacTBOp MUPUAHH-2-KapOOHOBOU KUCIIOTHI, HUTPAT MEJIU U MIPOTOHBI, MPOTEKAIOT
peaKIiy HOHHOTO OOMeHa:

2H" +Cu? =Cu? +2H", (4)
H* +[H,L]" =[H,L]" +H", (5)
H* +[CuL]" =[CuL]" +H". (6)

31ech U Jalnblile YepTa 03HadaeT MPHHAAICKHOCTD K IOIMMEpHOI dase.

PaccMoTprM BO3MOXKHOCTE pacyera cocTaBa (a3sl noHuTa. Vcxoms u3 comep-
JKaHUs KOMIIOHCHTOB B PaCTBOPE, X COPOLUOHHON CIIOCOOHOCTH, TIPE/IIoaraem,
YTO B HOHHOM OOMEHE Ha CYJIb(DOKATHOHUTE YUaCTBYET YETHIPE KOHKYPHPYIOIINX
katnona: Cu?*, [HoL]*, H*, [CuL]*. Ins pacuera paBHOBecHOTO cocTaBa asbl
Cynb(OKATHOHUTA MBI BOCIIONIB30BAIUCH CIEAYIONIeH cucTeMoil ypaBHeHHi (7):

(:'Cuz‘r _ k . Ccu2+
— 2 = "“CuH 2
() " (c.)
Ciru _ Sy
C MM C ™
Crewr _ K C[CuL]*
—= " Pown T~
Cu C,
2Ccu + C[HZL]* + C[cm_]+ +Cy = E,

rae Koy K Koy — KOHCTAHTBI paBHOBecUS (KO (UIUECHTHI CeNEKTHBHO-

H,LH ?
CTH OMHAPHBIX HOHHBIX 00MEHOB) mpoiieccoB (4), (5) u (6) Ha cynbpoKaTHOHUTE
Dowex-50 mo manubeM [3, 7]; pa3MepHOCTh KOHIEHTPAIIMH KOMIIOHEHTOB U €M-
koctu (E) B cucteme ypaBHeHHH (7) — MOJB/TI.

[TyteM pemieHusi TaHHOW CHUCTEMbI YPaBHEHHUH OBUIH IOJyYEHBI pacyeTHBIC
3aBHCHMOCTH KOHIeHTpauuy katnoros Cu®’, [HoL]*, H', [CuL]" B mommmepe ot
pH paBHOBECHOTo pacTBOpa, COAEPXKALIETO 2-MUPUANHKAPOOHOBYIO KHCIOTY,

MPH TIOCTOSIHHOM 3HaueHun K , paBHOM 3,2.

H,L/H

B usyuenHom uHTepBase 3HaueHU pH pacTBOpOB KOHIEHTpaLus NUPUIUH-
2-kapOoHOBO#1 KucIOTHl B mosimMepe ( Cpyr ) paBHA CyMMe KOHIIGHTpAIMid KOM-
mekcHbix kKatnonos [CulL]® u [HoL]", a konuentpanms meau(Il) B monmmepe

(Ccu ) paBHa cymMe KOHIEHTparmii kationos Cu?* u [CuL]*.
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Ha puc. 3 mpuBemeHs! cyMMapHBIe KOHICHTPALUH IMAPHUINH-2-KapOOHOBOU
kucioThl ¥ Meau(1l) B noHuTe mpu pazauuHbIX pH paBHOBECHOTO pacTBOpa, Ompe-
JCTICHHBIC HKCIIEPUMEHTANBGHO W IMOJTYYEeHHBIE CYMMHPOBAHNEM KOHIICHTpAITHNA
COOTBETCTBYIOIINX KAaTHOHOB, BEIYMCICHHBIX TI0 cUcTeMe ypaBHeHHH (7). B ka-
THOHHUTE B M3y4eHHOM uHTepBaie pH 2-2,4 cymma KOHIEHTpauuil KaTHOHOB
Cu?" u [CuL]" paBHa mpuMepHO 1 MOJIB/TI, 2 CyMMa KOHIIGHTpAIHil KOMILIEKCHBIX
kartronoB [CuL]* u [HoL]" npumepro pasua 0,1 Mosb/i1. DKCIIEpUMEHTAIBHBIE
JJAHHBIE O KOHLIEHTPALUAX BCEX KATHOHOB B KATHOHUTE B MpeEesiaX OMHOO0K U3-
MEpEeHHH TT0Maal0T B HHTEPBAJIBI PACUETHBIX COCTABOB (CM. pHC. 3).

Ci
1,00 t

0,80
0,60
0,40

0,20

T o%* e ¢

15 2 2,5 pH

0,00

Puc. 3. 3aBucuMOCTH CyMMapHBIX KOHLIEHTPalUil KAaTHOHOB OT pH paBHOBECHOTO pacTBOpaA.
Jluaum — pacyer no cucteme ypaBHeHui (7), MapKepbl — 9KCIICPHIMEHT:

zai =Caur +6[CUL]’ 2); ZE. = E[CuL]* +C,u (2)

OKCIEepUMEHTATIHFHO YCTAaHOBICHHBIE KOHIICHTPAIINY TUPUANH-2-KapOOHOBOI
KHCIIOTHI M MEJIM B MTOJIMMeEpe B peJeax OMHUOOK U3MEPeHNH ToNaialoT B MH-

TepBaJ pacyeTHBIX cocTaBoB. CpenHee abcomoTHOe oTKiIoHeHue ( AC ) mo mac-
CHBY JIaHHBIX PACCUUTAIH IO hopMyIie
(prr o oxe — Ciyr, paca ) ‘

AE=Zs:(ccwm —sccukpm) . Z S |
k=1 k=1

I/ie S — YUCJIO SKCIIEPUMEHTAIBHBIX TOUYEK ISl KAKAO0ro KoMioHeHTa. CpenHee
a0COTFOTHOE OTKJIIOHEHHE 110 BCEMY MaCCHBY JIAHHBIX JIJIsl HOHHOT'O OOMeHa ¢ yJa-
CTHEM TTUPHUIMH-2-KapOOHOBOUM KHCIOTHI M Meau coctanisier 0,04 MoJIb/aM° U He
npesbimaet Benuuuay 0,05 1 0,04 Mosb/iM° a6COMOTHO TOTPENTHOCTH HPH dKC-
MEPUMEHTAILHOM OIPENEICHUN MOJIIPHOCTH MUPHIUH-2-KapOOHOBOW KUCIIOTHI
U MEIH B TIOJIUMEpE.

3akiouenue

Taxum 06pa30M, B MHOI'OKOMITOHCHTHBIX FeTepO(baSHBIX CHUCTEMaXx, COCTOAIHNX
u3 cynbpokatnoHuTa Dowex-50 ¥ BOJHBIX PaCTBOPOB MUPUINH-2-KapOOHOBOM
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KHUCIIOTBI M HUTPATa MEH, NeHCTBUTEILHO IPOTEKAIOT paBHOBECHBIE peakimu (1)—
(6). CnemoBatenbHO, 10 KOG GUITMEHTAM CEIIEKTUBHOCTH OMHAPHBIX HOHHBIX 00-
MEHOB ¥ KOHCTaHTaM 00pa3osanus komiuekcos [HaoL]*, [CuL]* moxuo nposectn
npenpacuET paBHOBECHBIX HOHHBIX COCTaBOB pacTBOpa U Cylb(hOKaTHOHUTA
Dowex-50. BeposrtHo, cynbdokatnoHuT Dowex-50 MOXeT OBITh IpemiokeH
B KauecTBE KOHTEHHEpa JJIS TONMyUSHHS JICKapCTBEHHBIX MPENapaToB Ha OCHOBE
MUPHIUH-2-KapOOHOBOI KNUCIOTHI U KaTHOHOB Meu(1l).
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Abstract. Current methodologies for microplastic detection in the environment,
including surface freshwaters, are imperfect; no standardized methods for sampling
and sample preparation are available. The paper discusses the issues of comparability
of microplastic surveys conducted by different methods. An intercalibration experiment
carried out on the Yenisei River by two research labs — Research Center ‘Microplastic
Siberia’, Tomsk State University, and PlasticLab, Russian State Hydrometeorological
University — is described in detail, including the laboratory protocols and QA/QC issues.
Two different sampling techniques — Manta trawl and filtration pump — showed that the
total microplastic content in trawl samples was significantly lower (p < 0.01) than that
in pump samples (on average 30-fold lower): 2.04-4.85 and 93.0-107 items/m?, corre-
spondingly. The problem of incomparability of the quantitative estimates obtained by
different sampling methods was confirmed, suggesting their complementarity. At the
same time, differences in the morphology of the detected particles sampled by different
instruments suggest that river surface and subsurface layers transport different micro-
plastics. The study showed that sampling methods but not different laboratory protocols
for sample processing are primarily important for the consistency of the results of quan-
titative analysis of riverine microplastics, which suggests relevance of harmonization
of sampling methods.
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AnHoTtammsi. CoBpeMeHHBIE METO/IbI 0OHAPY)KEHUSI MHUKPOIUIACTHKA B OKPYXKalo-
el cpene, BKIOYasi IOBEPXHOCTHBIE NIPECHBIC BOJIbI, HECOBEPIIECHHBI, OTCYTCTBYIOT
CTaHIapTH3UPOBAHHBIC METOIBI 0TOOPA M MOATOTOBKH Ipod. B cratee paccmarpusa-
I0TCSl BOTIPOCHI CONOCTABUMOCTH PE3Y/IbTaTOB KOJMYECTBEHHBIX OLEHOK MMKPOILIa-
CTHKA, IPOBEJCHHBIX Pa3IMYHBIMH MeTonaMmu. [10poOHO ommcaH 3KCHEpPUMEHT IO
B3aUMHOI KannOpoBKe, IPOBEICHHBIH Ha peke EHucell nByMs ucciienoBaTenbCKUMU
nabopatopusamMu — LIeHTpOM HccinemoBaHMsS MHKPOIDIACTHKA B OKpYKaromel cpene
Tomckoro rocyaapcTBeHHOTO YHUBepcHuTeTa 1 Taboparopueii PlasticLab Poccuiickoro
TOCY/IapCTBEHHOTO THAPOMETEOPOIOTHYECKOTO YHHBEPCUTETA, BKIIOYas 1aboparop-
HBIC ITPOTOKOJIBI X BOIIPOCHI KOHTPOJIA Ka4€CTBaA. Hcnons3oBanue JABYX Pa3JIMYHBIX ME-
TOZOB 0TOOpa Mpod — Tpana cucteMsl «MaHTa» U QHIBTPALIMOHHON HACOCHOW ycTa-
HOBKH — ITOKA3aJIH, 9T0 o0Iee coepkaHue MUKPOIUIACTHKA B PO0AaX, B3ATHIX TPAJIOM,
obuto 3HaunMo Hmke (p < 0,01), yem B mpoOax, B3ATHIX (QHIBTPYIOIMIMM HACOCOM
(B cpemnem B 30 pa3): 2,04-4,85 u 93,0-107 en./m® cooTBeTcTBEHHO. Bbina MoATBEp-
JKJIeHa Ipo0JieMa HECOITOCTABUMOCTH KOJIMYECTBEHHBIX OIICHOK, MTOTyYSHHBIX pa3iIind-
HBIMH MeToziaMH 0TOopa 1po6. B 1o ke Bpemst paznuarst B MOp(HOIOrHH 00HAPyKEHHBIX
YaCTHI], OTOOPAHHBIX PA3HBIMU MPHOOPAaMH, TIO3BOJISAIOT MPEATIONOKHUTE, YTO TIOBEPX-
HOCTHBIE U NOANOBEPXHOCTHBIC CJIOM PEKU NMEPEHOCAT pa31-n>1171 MHUKPOIUIACTHK, YTO
CBHJETEIBCTBYET O B3aHMO/IOIIOIHAEMOCTH JIBYX METOZIOB IIPOO0OTOOPA.

KnioueBble ci10Ba: peyHON MUKPOIUIACTHK, 0TOOp MPo0 BOJIBI, HHTEPKATHOPOBKA,
Tpan Manra, QuIbTpallMOHHAs YCTaHOBKA, peka Exnceit
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1. Introduction

Pollution of the world’s oceans with microplastics is a complex and cross-
cutting global issue with implications for ecosystems and human health we have
yet to face [1-4]. A significant portion of marine microplastics is assumed to come
from rivers [5-6]. Microplastics enter continental waters from various sources [7—
8], including diffuse (for example, plastic waste from catchment area water-
courses, microparticles from groundwater) and point sources (agricultural, atmos-
pheric, domestic and industrial wastewaters). Accurate quantification of stream
fluxes of terrestrial plastics litter and microplastics is crucial for effective
management of aquatic plastic pollution [9]. However, the study of riverine
microplastics is still in its infancy, and one of the causes is numerous and unhar-
monized sampling methods, which hinders accumulation of survey data for more
accurate assessment of global riverine microplastic fluxes [10].

Numerous authors report imperfection of the methodology to study microplas-
tics in the environment, including surface freshwaters [11-15]. Currently, no stan-
dardized methods for sampling and sample preparation are available. The authors
use a variety of methods for microplastic sampling, sample preparation, and quali-
tative analysis of particles from river water; the variety of methods and units used
to express microplastic concentrations affect data interpretation and impede their
comparative analysis [13, 16-18].

The choice of the method and instruments to sample surface waters for quan-
titative assessment of microplastics largely depends on study objectives. Fine
mesh nets and pump filtration systems are among the instruments most frequently
used for sampling freshwater [18]. Neuston nets and Manta trawls are often used
to collect microparticles from the surface and from the upper layers. It is assumed
that many polymers are found in the surface layer due to their small size and den-
sity lower than that of freshwater (<1.00 g/cm®) [14]. However, some types of
microplastics such as polyamide (PA), polyethylene terephthalate (PET) and poly-
vinyl chloride (PVC) particles can sink due to their higher density and, therefore,
can be partially ignored [19]. Manta nets are used to collect particles >300 um,
which are typically ingested by birds and larger marine animals; particles <300 um
are underrepresented [20]. Yet, net sampling is the most common type of river
water sampling despite its drawbacks. A recent review by Bai et al. [10] showed
that neuston nets were used in 50 of 63 surveys conducted on rivers worldwide,
which is almost 80%. In surveys of reservoirs and watercourses in Russia, the
proportion of neuston net sampling was only 50%; in 44% of cases, pump filtra-
tion systems were used [15].

Pump filtration systems capture particles less than 100 um (down to nanoplas-
tics <1 um) that are more likely to be transferred through the animal and human
cell membranes. Various modifications of such instruments are used by different
research groups [21-22], always including the pump (autonomous or built in a ves-
sel flow-through system), the flowmeter, and the filtration unit with a single or
cascade stainless steel filters with a mesh size of 100 pm and smaller. The main
advantage of such systems is the isolation of the sample in the filtration unit
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in order to avoid the airborne contamination. However, pump filtration systems
are typically submerged up to several meters below the surface and therefore
study microplastics in the subsurface compared to surface netting. Pump filtration
systems can also be used to collect large volumes of water, which is advantageous
in areas where microplastic concentrations are considered to be low [23], in par-
ticular, the Arctic [22, 24-26] or Antarctic waters [27].

The aim of the study was to conduct an experiment on intercalibration of river
water sampling by two methods (pump filtration system and Manta trawl) and
subsequent cross-independent analysis of samples in two research laboratories.
The main hypothesis was that the methodology used for sampling and particle
extraction during laboratory processing affects microplastic quantification results.
The model object was one of the most waterbearing rivers in the world, extremely
poorly studied for microplastic pollution — the Yenisei River, Siberia, Russia.

2. Material and methods
2.1. Sampling

On August 8, 2022, water sampling from the Yenisei River was performed
simultaneously by two methods at one point near the city of Minusinsk
(53°39'12"N 91°33'26"E). Samples were taken during the summer low water pe-
riod.

Fig. 1. Instruments used for sampling river water:
A — PP-3 Manta trawl and B — HydroPuMP filter

The surface water layer (0-15 cm) was sampled by the PP-3 Manta trawl
(Fig. 1A). The model was designed and manufactured at Tomsk State University
(TSU) to sample river water, and then it was tested on the rivers of Eurasia [28—
29]. For sampling, the trawl is placed in downstream direction at a depth of 1 m
and is fixed to collect plastic particles from the upper water layer for 15 min.
Three water samples are taken in parallel. Particles are captured by the net with
amesh diameter of 333 pm. The volume of the filtered river water is measured with
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a flowmeter attached to the sampler (Hydro-Bios, Altenholz, Germany); the area
of the intake part of the device immersed in water is also taken into account. The
PP-3 Manta trawl was used to take 2 series of samples in 3 replicates (Table 1);
the sample volume ranged from 3.42 m? (samples of the M_PL series) to 3.44 m®
(samples of the M_TSU series).

Table 1
Designation and characteristics of water samples
Sam_ple Processing laboratory Instrument sample 3 Number
series volume, m of samples

PlasticLab, Flow filter _

F_RSHU RSHU* HydroPuMP 0.10 n=3
PlasticLab, Manta trawl _

M_RSHU RSHU Pp_3 0.10 n=3
Research centre ‘“Microplastic Flow filter _

F_TSU Siberia’, TSU** HydroPuMP 3.42 n=3
Research centre ‘Microplastic Manta trawl _

M_TSU Siberia’, TSU PP-3 3.44 n=3

Note. *RSHU lab, **TSU lab

The next sampling was performed at a depth of 30—40 cm using an autonomous
filtration system HydroPuMP (HydroPump for MicroPlastics) developed at
RSHU lab (PlasticLab). It consists of a battery, flowmeter and an isolated filtra-
tion unit with stainless steel replaceable filters with mesh size of 100 um (Fig.1B).
An operator immerses the filtration unit under the water surface so that it does not
touch the bottom (at a depth of at least 1 m). This filtration system can be used for
both oceans and rivers; however, due to high turbidity of river water, the filtered
sample volume is 0.1 m®(while seawater sampling requires at least 1 m® of pumped
water). This procedure was used to take 2 series of samples in 3 replicates with
a volume of 0.1 m® each (F_RSHU and F_TSU, Table 1).

2.2. Laboratory Sample Processing

Laboratory sample processing to extract particles was performed in parallel
in two laboratories — TSU lab and Russian State Hydrometeorological University
(RSHU) lab (Table 1). The TSU lab procedure for microplastics extraction from
water samples was adapted from the method by Masura et al. [2015]. The proce-
dure includes the following steps: (1) sequential wet sieving of a water sample
through a 5.0 mm stainless steel sieve and 0.33 mm net; (2) collecting sieved par-
ticles and their drying in a glass container at 85 °C; (3) thermochemical treatment
with hydrogen peroxide (30%) with the addition of 0.05 M Fe (II) aqueous solu-
tion at 60 °C; (4) density separation in a saturated NaCl solution with density of
1.2 g/cm® within 24 h; (5) vacuum filtration of the upper phase through a 1.0 um
glass fiber filter (Pall Corporation, Ann Arbor, M1, USA), followed by quantitative
and qualitative particle analysis. This procedure was previously tested on water
samples taken from the Yenisei tributary, the Lower Tunguska River [30].

The RSHU lab procedure is a modification of the protocol that implies peroxide
oxidation of organic matter and particle density separation [31]. It includes the
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following steps: (1) wet sieving onto an 82 um nylon filter; (2) density separation
of particles with a ZnCl, solution with density of 1.7-1.8 g/cm?® within a day;
(3) thermochemical treatment to dissolve organic matter in a water bath with
hydrogen peroxide (30%), with a ferrous sulfate catalyst at 60 °C; (4) cooling at
room temperature with the addition of 10 ml hydrochloric acid (1:1) until com-
plete dissolution of the organic material (up to 12 h); (5) rinsing with distilled
water onto the filter, drying at room temperature, and further quantitative and quali-
tative analysis of the filter with suspension. This procedure was tested for extraction
of microplastics from water samples taken from the Russian Arctic seas [26, 32].

In both laboratories, after visual analysis, the particles were examined using
the hot needle method, which enables highly accurate identification of synthetic
polymer particles based on the plastic—non plastic principle [33]. A heated needle
was brought to the detected particle under microscopic control; plastic particles
melted, while organic particles darkened or burned. The method is one of the easiest
and cheapest for microplastic identification unless it is used to determine the poly-
mer composition [33-34]. Identified polymer particles were photographed, and
their size, shape, and color were recorded as described in section 2.3.

2.3. Data Processing and Analysis

Detection of microplastics from three independent samples of the Yenisei sur-
face water was carried out in parallel. Based on the data obtained, the arithmetic
mean and standard deviation were calculated for each sampling site. A non-para-
metric Mann-Whitney U test [35] was used to compare differences in total micro-
plastic counts and morphology between results from different series (in items/m?),
with results considered statistically significant at p < 0.01.

The microplastic particles were classified into four groups by shape as described
by Frias and Nash [36]: (1) fibers, (2) fragments of irregular shape, (3) films, and
(4) spheres. During analysis in TSU lab, the particles were classified by the largest
size using ToupView 3.7.6273 software (ToupTek, Hang-zhou, China) and cate-
gorized by groups: (1) 150-300 pm, (2) 300-1,000 pum, (3) 1,000-2,000 pm,
(4) 2,000-3,000 um, (5) 3,000—4,000 um, and (6) 4,000-5,000 um. In RSHU lab,
the particles were measured and categorized by similar size groups using a Leven-
huk stereo microscope, a built-in camera, and software. Percentage of the different
shapes, sizes, and color of the particles was determined. To identify differences
between the methods for sampling and laboratory preparation of samples, the par-
ticles counted in two different laboratories were grouped as follows: (1) 100-300 pm,
(2) 300-1,000 um, and (3) 1,000-5,000 pm.

2.4. Quality Assurance and Control
Materials and equipment used for in-situ and laboratory processing were made
of stainless steel, glass, and aluminum whenever possible to prevent sample con-
tamination by external microplastics; cotton clothing was used during sampling and
laboratory testing. Laboratory processing of samples was performed in a laminar
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flow unit to prevent air contamination with prefiltration of the reagent/solution
using glass membrane filters with a pore size of 1.0 um. Filters with collected
microplastic particles were stored in closed, clean Petri dishes until microscopic
analysis.

External contamination of samples during collection, preparation, and storage
was monitored using blank negative controls (n = 3 for each set of three samples)
as recommended by Koelmans et al. [37]. Filter examination revealed 0 to 2 mi-
crofibers per empty filter. For laboratory-contaminated samples, the results were
adjusted by excluding fibers of similar morphology from further analysis.

3. Results

In total, we detected and analyzed 131 microplastic particles (total for all water
samples taken from the Yenisei River). Table 2 summarizes the data on quantita-
tive assessment of microplastic particles in different sample series. The table
shows the number of particles in samples obtained from each individual water
sample, and the amount of microplastics of different shapes and sizes. The data
obtained were used to assess differences in the total particle content per cubic
meter of water taken from the Yenisei River and differences in the extraction and
counting of microplastics of different shapes and sizes performed by different
methods of sampling and laboratory processing.

3.1. Microplastic Count Differences

In pump samples, from 5 to 18 particles were detected in RSHU lab, and from
8t011in TSU lab (Table 2). Conversion to cubic meter of river water and averaging
in each sample series revealed that both laboratories found approximately equal
total number of microplastic particles, 107 = 66.6 and 93.0 + 15.3 items/m?, respec-
tively. Statistical analysis did not show significant differences in values (Table 3).
Manta trawl sampling performed by RSHU and TSU labs in complience with dif-
ferent protocols revealed no significant differences in the number of microplastics
either —4.85 £ 2.50 versus 2.04 =+ 0.88 items/m® were found, respectively (Table 2).

Table 2

Data of quantitative assessment of microplastic particles
in the series of water samples taken from the Yenisei River obtained
by different methods of sampling and laboratory processing

MP | Abundance of each particle

Sample | Sample | number shape, items/m?® Particle size | MPs, ] itel\r/r|1|:7r’n3
Series No. sg]n:?)(lee Fiber ';:22,; Sphere |Film range, pm _ items/m (mean + SE)
1 9 70.0 | 20.0 | 0.00 |0.00| 235-2,150 | 90.0
F_RSHU 2 5 50.0 | 0.00 | 0.00 |0.00|1,254-3336| 50.0 |107+66.6
3 18 80.0 | 100 | 0.00 |0.00| 158-2,112 180
1 27 1087 6.98 | 0.00 |0.00] 131-2,337 | 7.85
M_RSHU 2 13 | 0.00 | 3.78 | 0.00 |0.00| 186-2,813 | 3.78 |4.85+2.50
3 10 ]0.00 | 2.91 | 0.00 [0.00| 335-2,409 | 2.91
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The end of table 2

MP | Abundance of each particle MPs
Sample | Sample | number shape, items/m? Particle size | MPs, ] items/r’n3
series No. slz?rrfgfe Fiber ';:Zg{ Sphere |Film range, pm_fitems/m (mean + SE),
1 11 0.00 | 40.0 | 0.00 |[70.0| 150-1,000 110
F_TSU 2 8 50.0 | 20.0 | 0.00 |10.0| 150-1,000 | 80.0 [93.0+15.3
3 9 10.0 | 50.0 | 0.00 |[30.0] 150-4,000 | 90.0
1 4 0.00 | 0.87 | 0.00 |0.29| 150-2,000 | 1.16
M_TSU 2 7 058 | 1.17 | 0.29 |0.00| 150-2,000 | 2.04 [2.04=+0.88
3 10 0.88 | 1.75 | 0.00 |0.29| 300-3,000 | 2.92

Significant differences were found between
samples taken by two different sampling techniques. Significantly greater number
(p < 0.01) of microplastics was detected via the filtration pump compared to that
obtained by the Manta trawl (Tables 2, 3).

In pump samples, RSHU and TSU labs detected 107 £ 66.6 and 93.0 +
+ 15.3 items/m?, which is several fold higher compared to the data of quantitative
assessment of particles in net samples (only 4.85 +2.50 and 2.04 + 0.88 items/m?®
in RSHU lab and TSU lab, respectively).

the microplastic content in

Table 3

Differences in the total amount of microplastics found (items/m?) in the series of samples

Sample series F RHSU F TSU M_RHSU M_TSU
F_RSHU
F TSU No
M_RSHU 0.01 0.01
M _TSU 0.01 0.01 No

Note. No — no statistically significant differences, 0.01 — statistically significant differences
(p<0.01).

Thus, significant differences (p < 0.01) were found for microplastics detected
in samples taken using the filtration pump versus the Manta trawl. The laboratory
processing protocol used did not affect the analysis results (p > 0.01).

3.2. Microplastic Morphology Differences

The shape distribution of microplastics found in water samples from the Yenisei
River (n = 131) was as follows: fragments of irregular shape (56.3%) > fibers
(30.5%) > films (12.0%) > spheres (1.2%). The abundance of different shaped
MPs (items/m°) is shown in Table 2.

Differences were observed in the proportions of fibers and fragments in the
F_RSHU/F_TSU series compared to the M_RSHU/M_TSU series. Significantly
more fibers were detected (p < 0.01) in the F_RSHU sample series compared
to the two Manta trawl series (Table 4). Moreover, more fragments were detected
in trawl samples compared to pump samples (p < 0.01). As seen from Table 4, the
M_RSHU series revealed a significantly higher number of fragments compared
to the M_TSU series.
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In contrast to samples processed in RSHU lab, water samples processed in
TSU lab exhibited a diverse morphology of particles — fibers, fragments, micro-
films, and spheres (in one mesh sample) (Fig. 2). The number of the detected films
was higher in both series processed in TSU lab (p < 0.01) and significantly higher
in the F_TSU series compared to the M_TSU series (Table 4). The differences
between the absolute content of spheres on filters with concentrated microplastics
were not significant for different sample preparation protocols.

W Fibers ®Fragments [Spheres [Films

1 T 22
F_RSHU | 2
3 R se
1 e
M_RSHU | 2 |5 a0y
2
10 s 525
F_TSU | 2 S 3560 s
R I S s
I T R T
M_TSU | 2
3 I s s

"N

Fig. 2. Shape distribution of microplastics in the series of samples

Table 4
Differences in the amount of particles of different shapes in the series of samples
. F_RSHU | F TSU | MRSHU | M_TSU
Sample series -
Fibers
F_RSHU
F TSU No
M_RSHU 0.01 No
M_TSU 0.01 No No
Fragments
F_RSHU
F TSU No
M_RSHU No 0.01
M_TSU No 0.01 0.01
Spheres
F_RSHU
F TSU No
M_RSHU No No
M_TSU No No No
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The end of table 4

. F_RSHU | F TSU | MRSHU | M_TSU
Sample series :
Fibers
Films
F_RSHU
F TSU 0.01
M_RSHU No 0.01
M_TSU No 0.01 No

Note. No.— no statistically significant differences, 0.01 — statistically significant differences
(p <0.01).

Fig. 3 presents the samples that contained microplastics of different size (100-
300, 300-1,000 and 1,000-5,000 um), except for one sample in the F RSHU se-
ries (only particles > 1,000 pm) and four samples in the TSU series (only particles
< 1,000 um). The size distribution of microplastics found in the Yenisei River
(n = 131) was as follows: 300—1,000 pm (54.0%) > 1,000-5,000 (24.1%) > 150-
300 pm (21.9%).

The proportion of particles larger than 1,000 um was significantly higher in one
sample of the F_RSHU series, compared to the remaining three series (Table 5).
More microplastics 300—1,000 pm in size were found in both series processed in
TSU lab compared to RSHU lab (p < 0.01). Of the two sample series processed
in RSHU, the proportion of particles 300-1,000 um in size was significantly
higher in trawl samples (Table 5). No differences in the absolute content of the
smallest particles (100-300 um) were found either in samples obtained by different
sampling methods or different laboratory processing protocols used to extract
microplastic particles.

®100-300 ®300-1,000 @ 1,000-5,000um

] e @ 13 |

F_RSHU | 2 100 |
3 ST ws | 22

1 S sz 1 w0
M_RSHU| 2
30 ee 400 |

| IS 000 es

F_TSU | 2 SO
s s ma

1 IS 0

M_TSU | 2 S S5 8
3 EENmSENN 000 0 01 |

%
Fig. 3. Size distribution of microplastics in different sample series
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Table 5

Differences in the content of particles of different sizes in the series of samples

Sample series F RSHU | F TSU [ MRSHU | M TSU

100-300 pm

F_RSHU

F TSU No

M_RSHU No No

M_TSU No No No
300-1,000 um

F_RSHU

F TSU 0.01

M_RSHU No 0.01

M_TSU No 0.01 No
1,000-5,000 pm

F_RSHU

F TSU 0.01

M_RSHU 0.01 No

M_TSU 0.01 No No

Note. No — no statistically significant differences, 0.01 — statistically significant differences

(p < 0.01).
1 |l
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i 1
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Fig. 4. Color distribution of microplastic particles in the F_RSHU and M_RSHU series

The color of microplastic particles was determined in samples analyzed in
RSHU lab. The color range of particles detected in pump samples was different
from that in trawl samples (Fig. 4). In both series, transparent, black and brown
particles were identified. Yellow and red microplastics were found only in the
F_RSHU series, and gray, blue and cyan were detected only in the M_RSHU se-
ries (Fig. 4).

4. Discussion
Adequate quantification of microplastics in natural waters requires large sam-
pling volumes [38-39]. In-situ filtration and sieving enable such sampling volumes
while reducing the volume in the final sample (sample concentration). These
methods are more suitable for natural water samples since they provide a small
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sample volume with no need to transport it to the laboratory [18]. The methods
also include techniques that employ the HydroPuMP filter and the PP-3 Manta
trawl. It should be noted that we collected much (p < 0.01) more microplastics
during water sampling at a depth of 30—40 cm using the filter with a mesh diameter
of 100 um compared to the Manta trawl equipped with a 333 um net collecting
particles from the upper layer of 0-15 cm. In pump samples, microplastics were
detected in both laboratories in the amount of 93.0 + 15.3 to 107 + 66.6 items/m°.
In trawl samples, the amount of microplastics attained 4.85 +2.50 to 2.04 + 0.88
items/m?®, which is on average 30-fold less than that in pump samples.

Numerous publications report that mesh size or pore diameter and the amount
of microplastics found in surface waters are interrelated. In the previous study, the
amount of microplastics <2.00 mm collected by the Neuston net with a 333 pm
mesh size significantly exceeded that collected by the net with a 1,000 um mesh
size [40]. In the Marne and the Seine rivers, the amount of microplastics collected
using the net with a 80 um mesh size 250-fold exceeded that collected by a con-
ventional net with a 330 um mesh size [41]. Water sampling from the Danube
River showed an inverse logarithmic dependence of the number of the recorded
microplastics and the pore diameter of the filtration system [42]. Thus, when using
nets with 105, 95 and 20 um meshes, a total of 46, 95 and 2,677 items of micro-
plastics per liter of river water were recorded, respectively. The same conclusions
were drawn for marine water net tows when using a 100 um mesh that resulted in
the collection of 2.5-fold and 10-fold greater microplastics compared to that when
using 333 and 500 um meshes [43].

Interestingly, we did not find significant differences in the number of micro-
plastics of the smallest size range (100-300 um) in river water samples taken by
different sampling methods. A number of studies into marine ecosystems show
that finer nets result in the collection of smaller particles (thinner, shorter fibers)
[43]. We also expected to collect a greater amount of small microplastics in river
water using the filtration system with a finer mesh of 100 um compared to that
collected by the Manta net with a 333-um mesh, but we failed. Significant diffe-
rences in the absolute content of the smallest particles (up to 300 um) were not
found either in the Yenisei River water samples obtained by different sampling
methods, or in different laboratory processing protocols used to extract micro-
plastic particles.

Some researchers consider mini-microplastics (<330 um) to be the most com-
mon fraction of microplastics in freshwaters which pose the greatest threat to biota
[44-46]. Thus, in the water of Lake Baikal, microplastics <330 pm accounted for
88% of all detected plastic particles in the size range of 205,000 um [46].
The data obtained using the above methods show that particles in the size range
of 100-300 um were not dominant in water samples taken from the Yenisei River.
In general, microplastics with sizes of 300-1,000 um along the largest axis pre-
dominated in water samples (54% of the collected and analyzed particles).

The size, density, and shape of microplastics, as well as the river hydrody-
namics, determine whether the particle will be transported through the surface layer
or in suspension [47—48]. Obviously, the considered instruments enable collection
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of microplastics transported in different layers of the river flow. This can be at-
tributed to the fact that the Manta trawl and the filtration pump take samples from
different depths; therefore, they collect microplastics of different morphology and
their quantitative assessment cannot be interchanged. This is evidenced by differences
in the morphology of particles found in different series. Our study identified much
more fibers (p < 0.01) in the F_RSHU sample series obtained using the filtration
pump compared to the two series obtained via the Manta trawl. In this case, more
fragments were captured when using the Manta sampler compared to the filtration
system (p < 0.01). The observed differences in the color range of particles in
samples obtained by two different sampling methods and analyzed in RSHU lab
provide additional evidence that different microplastics are captured by these
sampling methods. Similar results were previously obtained in the study into the
coastal waters of the Norwegian fjords and open ocean waters in the Central
Atlantic [49]. The authors of this study concluded that different sampling tech-
nigues (neuston nets to collect particles from the upper layer of 0-20 cm and the
filtration system to collect microplastics from deeper horizons of 3-5 m) compli-
cate the comparison of the data obtained. In this study, different morphology of
microplastic particles found in the Yenisei River, including shape and color, were
apparent already at depths of 0—15 cm (M_RSHU and M_TSU series) and 3040 cm
(F_RSHU and F_TSU series).

Different laboratory protocols for sample processing used independently in
two laboratories, which were based on wet peroxide oxidation and particle density
separation, but differed in the details and reagents used for particle extraction, did
not affect the result of microplastics quantification. However, the analysis of the
morphology of particles recorded in different series of samples showed that the
protocol used can affect the result quality. It is assumed that despite the availability
of NaCl and recommendations for its use [31], it does not allow the detection of
all plastic particles and should be replaced in protocols with salts that produce
denser solutions [16]. Yet, the results of this study obtained for river water are not
in compliance with the above data. Despite the use of NaCl with a lower density
(1.20 g/cm®) compared to ZnCl, (1.7-1.8 g/cm?®), the samples processed in TSU
lab exhibited a more diverse particle morphology compared to those processed in
RSHU lab. This can be due to the features of microplastics taken from the Yenisei
River and due to the fact that other stages of laboratory sample preparation can
also significantly affect quantitative assessment of microplastic particle.

5. Conclusion

The study results showed that the consistency of quantitative analysis of
riverine microplastics depends primarily on sampling techniques but not on dif-
ferent laboratory protocols for sample processing. It was shown that the use
of different methods for sampling and analyzing microplastics lead to incompara-
bility of the obtained quantitative estimates. On average, from 93.0 to 107 items
of microplastics per cubic meter were found in the Yenisei River using the filtra-
tion pump, while the amount of microplastics detected using the Manta trawl was
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significantly lower (p < 0.01) and amounted to 2.04-4.85 items/m?3. Differences
in the morphology of the detected particles suggest that different microplastics are
transported through the surface and subsurface layers of river water, which enter
the samples taken with the appropriate instrument.

Standardization of sampling techniques and laboratory analysis will be rele-
vant for further development of a more reliable riverine microplastics monitoring
strategy. This study shows that direct filtration of subsurface particles and net
sampling, which captures particles floating on the surface, cannot be considered
interchangeable methods for quantitative assessment of riverine microplastics.
We argue that these methods are not alternative, and they must be used comple-
mentary for microplastic surveys. This will contribute to better acquisition of data
on distribution and characteristics of riverine microplastics.
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Aunnorauus. I{ens HacTosiel paboThI — BBISBICHHE 0COOCHHOCTEH 1 3aKOHOMEP-
HOCTeH (POPMUPOBAHKST XUMHIECKOTO CTPOCHUS TIOIMMEP-TI0JOOHOTO TOKPBITHS, OCaXK-
JIAEMOTro IMpH UIA3MOXHMHUYECKOW aKTHBAIMH T'eKCAMETHIIAUCUIOKCAHA B KaTOAHBIX
CIIOSIX U UIa3Me TOJIOKUTEIBHOr0 CTo0a Tierolero paspsiaa. Thnewommuit pa3ps noa-
JIEPKUBAJICS B TOTOKE CMECH aproH / TeKCaMeTHIIMCHIIOKCAH. Pacxo/1 aprosa cocTaBisit
230 mr/muH. TTOKPBITHS OCaXIATKCh B MIECTH PA3UYHbIX PEKUMaX paboThl IIa3MO-
XUMHYECKOU CUCTEMBI. PexXnMBbI paboThl ONpeesUTICh CKOPOCTBIO Pacxo/ja reKcame-
THJIIMCHIIOKCAaHa, KOTopas cocTaBiisia oT 1 10 10 Mr/MuH, ¥ CPEIHAM TOKOM pa3psiia,
yCTaHaBIMBAaeMbIM B quamna3oHe oT 5 10 50 MA. XuMHYeCKOe CTPOSHUE TTOTyUYSHHBIX
HOKPBITHH OBIIO MACHTU(HIIMPOBAHO C HCIIOJIB30BAaHUEM PEHTICHOBCKOH (hOTOIIIEK-
TPOHHOH CHEKTPOCKONMMH ¥ HWH(PAKPACHOH CHEKTPOCKONHH C INpeoOpa3oBaHUEM
Oypre. [TokazaHo, 4TO IIpH BapbHPOBAHUH TOKA Pa3psia U pacxoja reKCaMeTHIIANCH-
JIOKCaHa B U3y4aeMOi CHcTeMe 00pa3yeTcst IMUPOKHUiA CIIEKTP PA3INYHbBIX 10 XHMHYe-
CKOMY CTPOEHHIO OKPBITHH. BBIIO HAEHTH(HHUIIMPOBAHO YETHIPE PA3IHMIHBIX BU/IA 110~
JIyYEHHBIX TOKPBITHI: MOJIMMETHICHIOKCAH-TI0OI00HAsT CTPYKTypa, cuiuTas anudaru-
YECKHMH YTJICBOJOPOAHBIMY 3BeHbsIME C BoICOKUM (C/Si = 9,4) u nuskum (C/Si = 2,9)
COZIEp)KaHHEM YIIIEBOJOPOIHBIX 3BEHBEB, MOIMIIPAIBHBIC OTUTOMEPHBIE CHIICECKBH-
OKCaHbI, CIIUTBIE KapOOCUIAHOBBIMH, CHJIOKCAHOBBIMH U alTU(paTHIECKUMHU 3BEHBSIMU
¢ BeicokuM (C/Si = 5,1) u uuskum (C/Si = 1,5) conepxaHneM yrieBoIOPOIHBIX 3Be-
HbEB. BbLT0 00HAPYKEHO 3HAYNTENBEHOE BIHSIHIE PACX0/Ia FeKCAaMETIIIIMCHIIOKCaHa Ha
XUMHYECKYIO CTPYKTYpy. Hanbosee nntepecHoit 0COOEHHOCTBIO HEKOTOPBIX MOTYUCH-
HBIX KPEMHHUHOPraHMYECKUX MOKPBITHIA SBISETCS BBICOKOE OTHOCHTEIIBHOE COMepxKa-
HHE yriepoja. Y CTaHOBJIEHO, YTO KOJIMYECTBO YIIIEBOJIOPOIHBIX 3BEHBEB B IIOKPHITHI
MOBBIIIAETCSI C TOKOM pa3psiga. BEIIBHHYTO NMpeamnonoxkenne 06 00pa3oBaHUH YIIIEBO-
JOPOJIHBIX TJIEHKOOOPA3yIOIIMX YaCTHI[ B KATOJHBIX CIOSMX pa3psjia BCIESICTBHE HOH-
HMHY[IMPOBAHHBIX MPOIIECCOB.

KuiroueBble cJI0Ba: TIICIONINIA pa3psijl, ITa3MEHHAsI TOMMEPH3aIUsl, KpeMHHHOpra-
HHYECKUE TOKPHITHS, MITA3MOXUMHUYECKOE OCAK/ICHUE 13 Ta30BOi (ha3bl, pEHTTEHOBCKAst
(OTOPNEKTPOHHASI CIIEKTPOCKOMHS, HH(PpaKpaCHast CIIEKTPOCKOMHS
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Abstract. The aim of the present work is to reveal peculiarities and regularities of
formation of chemical constitution of polymer-like coatings deposited under plasma-
chemical activation of hexamethyldisiloxane in cathode layers and positive column
plasma of glow discharge. The glow discharge was maintained in an argon/hexamethyl-
disiloxane mixture flow. The argon flow rate was 230 mg/min. The coatings were
deposited in six different modes of the plasma-chemical system. The modes were de-
termined by the flow rate of hexamethyldisiloxane, which ranged from 1 to 10 mg/min,
and the average discharge current, which was set between 5 and 50 mA. The chemical
constitution of the obtained coatings was identified using X-ray photoelectron spectro-
scopy and Fourier transform infrared spectroscopy. It is shown that varying the dis-
charge current and hexamethyldisiloxane flow rate in this system produces a wide range
of coatings of different chemical constitution. Four different types of coatings obtained
were identified: polymethylsiloxane-like structure cross-linked with aliphatic hydrocar-
bon links with high (C/Si = 9.4) and low (C/Si = 2.9) hydrocarbon linkages, polyhedral
oligomeric silsesquioxanes cross-linked with carbosilane, siloxane and aliphatic links
with high (C/Si = 5.1) and low (C/Si = 1.5) hydrocarbon linkages. A significant effect
of hexamethyldisiloxane flow rate on the chemical structure was found. The most
interesting feature of some of the obtained organosilicon coatings is the high relative car-
bon content. The amount of hydrocarbon links in the coating was found to increase with
discharge current. The assumption of formation of hydrocarbon film-forming particles
in the cathode layers of the discharge due to ion-induced processes is put forward.

Keywords: glow discharge, plasma polymerization, organosilicon coatings,
plasma-enhanced chemical vapour deposition, infrared spectroscopy, x-ray photoelectron
spectroscopy
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BBenenue

MeTo/1 IIa3MOXUMHYECKOTO OCAXKJICHHS MO3BOJISET 32 MUHYTHI CUHTE3UPO-
BaTh MOJIUMEP-TI0100HBIE TOKPHITHS C UCTIOIB30BaHNEM HEPABHOBECHOH TIA3MBI
ra30BbIX Pa3psIOB B OJIHY CTAMIO O3 UCTIONB30BaHus pacTBoputenei [ 1—4]. Takue
MTOKPBITHS HHTEPECHBI CBOUMH YHUKAJIbHBIMU (PU3UKO-XUMHUYECKUMHU CBOMCTBA-
mu [2, 3]. B wacTHOCTH, MII1a3MOXUMHUYECKAM METOJIOM TOIY4aloT KpeMHHUopra-
HUYECKHE MTOJIMMEP-TI0J00HbIE TOKPHITHS, 00JIajatolye crelu(puyecKuMu CBOM-
cTBamu [3].

Bo MHOTOM (pH3UKO-XMMHUYECKHE CBOWCTBA TIOKPHITHS, TAKUE KaK INIOTHOCTD,
CMauMBaHUe, ra30MPOHULIIAEMOCTb U T.J., ONIPEIENAIOTCA €r0 XUMUYECKHM CTPO-
enneM [4—6]. B cBoro ouepenp, XUMUs MMOJTUMEPU3OBAHHBIX C HCIIOJIB30BAHHUEM
J1a3Mbl OKPBITUI B 3HAYUTEIBHON CTEIIEHU ONPEAEIACTCS YCIOBUSIMH IU1a3MO-
XUMHYECKOTo CUHTEe3a. VI3BeCTHO, 4TO BaphbHpOBaHHUE BHEIIHE3aJaBaeMbIX Hapa-
METpPOB, TAKMX KaK TOK U MOIIHOCTb pa3psla, pacXol U COCTaB PEaKLIHOHHOU
CMECH, 3HAUNTENILHO BIIMACT Ha MPOTEKaHUE MPOIECCOB aKTHBALIMYU U TIa3MeH-
HOl moymMepu3anuu [7]. Takum oOpa3oM, OgHUM W3 MyTEW Pa3BUTH METOJ]a
SIBJIICTCS U3YYCHUE BIUSHUS YCIOBUHN MOAJEPKAHUS Ta30BOr0 pa3psa Ha XUMHU-
YeCcKOe CTPOEHHE U BEISIBICHHE CIIEIM(UIECKUX IPOIIECCOB, ONMPEACIIIONINX CO-
CTaB U CTPYKTYPY HOKPBITHUS.

ABTOpamMu HacTosIel cTaTby Obla pa3paboTaHa U UCCIIEOBaHA TUIa3MOXHU-
MHYECKasi CUCTEMa IMCTAHIIMOHHOTO JIOKAIBHOTO OCAKACHUS, OCHOBAaHHAs Ha
TJICIOLEM pa3psizie IOCTOSHHOIO TOKa, MOAAEPKUBAEMOI0 B IOTOKE ras3a IpH
HU3KOM JaBiieHHH [8]. XapaKkTepHOH 0COOEHHOCTBHIO TJICIOLIEro paspsiaa sBis-
€TCsl HATM4YMe Pa3InYHbIX 00acTel, Illeé HHTEHCUBHOCTh CBEYECHHUS, TNIOTHOCTD
3JIEKTPOHHOT'O U HOHHOI'O TOKOB, a TAK)K€ HAIPSKEHHOCTb MPOJ0ILHOI0 HOJS U
00BEMHBIH 3apsn pazauyaroTcs. Paznmums GU3N4ecKux mapaMeTpoB pa3HbIX 00-
nacTeil paspsiia HO3BOJSIOT MPEANOI0KUTh, YTO MIA3MOXUMUYIECKUE MPOLIECCHI
AKTUBAIMH HCXOJTHOTO COCIMHEHUS TaKXkKe Oy Iy T CYIIECTBEHHO Pa3IM4aThCs, 4TO
B KOHEYHOM MTOTe TIOBJIHIET HA XUMHUUECKOE CTpOeHHe MOKpbITHiA. B padore [9]
HaMH ObLIO MOIPOOHO M3yYEHO XUMUYECKOE CTPOCHHE MOIUMEP-IOAO00HBIX KpeM-
HUHOPTraHWIECKHUX IMMOKPBITHI IPH aKTUBAINHK rekcameTmauciiokcana (IMCO)
B IJTa3Me MOJIOKUTEIHHOTO CTOJIOA TICIOMIETO pa3psaa, OAIep)KUBAEMOTO B TI0-
TOKE aproHa, U BBIABJIEHA B3aHMOCBSI3b MEXIY YCIOBHSAMHU IJIAa3MOXUMHUUECKOM
AKTUBAIVH U CTETIEHBbIO (PparMeHTalny UCXOIHOW MoseKybl. Llenb HacTosmei
paboTHI — BEISIBIICHUE OCOOCHHOCTEH U 3aKOHOMEPHOCTEH (hOPMUPOBAHUS XHUMHU-
YEeCKOTr'0 CTPOEHHSI TTOJIMMEP-T10100HOT0 OKPBITHS 0CAXKIaEMOT0 MPH TJIa3MOXH-

108



Xumuueckoe cmpoenue noKpbtmuﬁ, 0CaANHCOEHHBIX npu akmueayuu 2eKCAMEeMUNOUCUIOKCana

muueckor akruBarmu I MJICO B KaTOAHBIX CIIOSX paspsia W IIa3Me IOJIOKH-
TENBHOTO CTOJIOA.

IKcnepruMeHTAIBHAS YaCTh

Mamepuansi. B kauecTBe miazMoo0pa3yroliero Marepuana B HACTOSIICH
pabote ucnonb3oBaiucs aprox (99,998%, IITK-Kpuoren). Beibop aprona o0y-
CJIOBJICH XMMHUYECKOW MHEPTHOCTHIO Ta3a. B kauecTBe UCXOIHOTO BEIECTBA IS
OCaXJICHUS MOJUMEP-TIOJJOOHOTO MOKPBITHS HCIIONB30BAICS TeKCAMETHIIINCH-
nokcad (99,5%, DKOC-1) — (CH3)3Si—O-Si(CH3)3, 4T0 00yCIIOBIEHO €ro OTHO-
CUTENFHO BBICOKMM JaBIIEHHMEM HACBIIICHHBIX MAPOB U HU3KOH TOKCHYHOCTBIO.
B xadecTBe 1mo110KeK UCTI0IB30BAINCh METHBIC TUCKU U KPEMHUEBbIC TNIACTHHBI
[UIOIIAABIO 3 CM2.

Oxcnepumenm. IlpuHIMIUATBHAS CXeMa HCIOIB3YEMOTO IDIa3MOXUMHYE-
CKOTO peaKkTopa IpeJICTaBIeHa Ha puc. 1.

MOTOK MapoB

=
™ }ICO cTeKJIsTHHas TpyOka
L*i | ] o
%
MOTOK KaTO/IHbIC % MOTOK
. S— cml)lu ﬂOﬂOc)l’;ﬁ;l'I%ﬂBHbll/l g %
p ; YacTHIL S
LMJIMHAPUYECKHU LMJIMHAPUYECKUI
TIOJIBII KaToJ MOJTBII aHOM

Puc.1. [IpunnunuansHas cxema mIa3MOXUMHUECKOTO peakTopa

IIporeccr! mrazmoxumudeckoit akruBaiuy [ MJICO npoTexanu B miia3MOXH-
MHYECKOM PEaKTOpe, COCTOSIIEM U3 JBYX KOAKCHAJIbHO PACIOJIOKEHHBIX MOJIBIX
3JIEKTPOJIOB M3 HEPIKABEIOIIECH CTall M COCNUHSIONICH WX CTEKISTHHON TpyOKH
¢ BHyTpeHHuM auamerpoM 3,5 mm. TTotok cmecu apron / TMJICO mogaBascs B ra-
30pa3psIHYIO CUCTEMY Yepe3 IHIUHAPHYECKUi Nojbli kaTof (cM. puc.l). B pe-
akrope MoJekybl [ M/ICO akTHBHPOBAIKCH KaK B 00J1aCTH KaTOTHBIX CJIOEB, TAK
U B 00JTACTH TONOKUTEIHHOTO CTOJI0A TICIOMIETo paspsiia B MOTOKe rasza. Jlei-
CTBHE MIOTOKA JIa3MO00Pa3yIoIIero raza CrocoOCTBOBANIO BEIHOCY aKTHBUPOBaH-
HBIX B TUTa3M€ YacTHUI] U3 O0JIACTH pa3psijia Yepe3 MWINHAPUICCKUNA TTOTBIA aHO T
(cm. puc. 1). TToanmoxkK pacronaraiuch MEPHeHANKYJISPHO MOTOKY aKTHBHUPO-
BaHHBIX YaCTHUI] HA PAacCTOSHHUMU 15 MM 0T TopIia aHona. B pesyibrare razodasHbIx
Y TETEPOTreHHBIX PEeaKInii peKOMOWHAIINY aKTHBHPOBAHHBIX YacTHUII (TPEUMYyIIe-
CTBEHHO CBOOOIHBIX PaIUKalIOB) HA MOBEPXHOCTH IOUIOKKH (HOPMHPOBAIOCH
MOJIMMEP-TI0JJ00HOE TOKPBITHE.

[Ina3moxumudeckuil peakTop OBLT YCTAHOBICH B BaKyyMHOH Kamepe, cHa0-
eHHOH natunkom aaeneHus Pfeiffer PKR 261 u nByxcTyneHuaTod cucTeMoit
oTkauku. C HCIOJIB30BAaHUEM MCTOYHHMKA MUTAHUS, TOAPOOHO OMHCAHHOTO B pa-
6ote [10], 3axkurancs u nmoaaep >KUBaCs TICIOUINIA pa3psia B IOTOKe ra3a. Pacxon
aproHa ycTtaHapiuBancs Ha yposHe 230 mr/mus (130 cv®/mun, c.y.). CkopocTh
pacxozna aproHa oIlpelessia JaBjIeHHE B BaKyyMHOW Kamepe, KOTOpoe MpH
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3agaHHOM pacxoze coctaBisiio 1 [la. [Tocnme ycTaHOBIICHHS TICIOMIETO pa3psiaa
napsl ' MJICO noamemmBanuch B NOTOK aprona. CKopocTh pacxojia mapoB cO-
craBisuia ot 1 1o 10 mr/muH (o1 0,13 10 1,3 cM®/mun, c.y.). Pacxo/sl rasa u napos
peryaupoBanuchk ¢ moMmoiisio pacxogomepos PPI'-10 (Dnrourpubop). Jdnurens-
HOCTb OCaX/IeHUs cocTaBisuIa 10 MuH.

Jmarsoctuka paspsiia OCYIIECTBIISIACH C MCIOIB30BaHUEM IM(POBOrO OC-
mmntorpada Tektronix TDS2014B. Hanpsokenue ropeHust paspsiia u3Mepsioch
IIPY IOMOIIY BBICOKOBOJIBTHOTO AenuTesst. Tok pa3psiia U3Mepsuics ¢ TTOMOIIBIO
LIYHTUPYIOILEr0 pe3ucTopa conpoTusicHueM 1 Om.

B pabore paccmarpuBaeTcs mecTb 00pa3IoB, IMONYYSHHBIX MPH Pa3THIHBIX
YCIIOBUSIX TOpEHUs paspsiaa. Pa3muuns B yCIOBUSX TOPEHHUS pa3psaia 00yCIOBIU-
BaJICh BaphbUPOBAHUEM CPEIHET0 TOKa paspsaa Ip B nuanazone ot 5 10 50 MA u
BapwsupoBanueM pacxonxa [MJICO F B auanazone ot 1 g0 10 mr/mMuH.

Memoowt ananuza. XUMAYECKOE CTPOSHHE MOIYICHHBIX TOKPHITHH HIICHTH-
(HLIIPOBATIOCH C UCIIOIB30BAHIEM PEHTICHOBCKOH (POTORIEKTPOHHOH CHEKTPOCKO-
muu (POOC) u mHppakpacHOU cIeKTpOCKoIUH ¢ mpeodpazoBanueM Oypbe (MKC).

WudpakpacHble CIIEKTPHl pEerUCTPHPOBAIUCH ¢ momoInbsio UK-Dypre-crek-
tpometpa Agilent Cary 630 ¢ HapyIIEHHBIM MTOJHBIM BHYTPEHHUM OTpPakKEHHEM
Ha KpHCTaJUIe aliMasa B JuanazoHe BOMHOBBIX uncen oT 4 000 mxo 350 ceM L Hns
perucTpanuy HHPPAKPaCHBIX CHEKTPOB MOIUMEPHI HAHOCHINCH Ha KPEMHHUCBEIC
o UT0KKH. [1010CHI MOTITONIeHNs OBUTH HICHTU(PHUIUPOBAHBI C UCTIOTH30BAHUEM
JIUTEPATYPHBIX HCTOYHUKOB [9, 11-18].

DOTOINIEKTPOHHBIE CIEKTPHl PETUCTPHUPOBATH C ITOMOIIBIO (POTOIIEKTPOH-
Horo crnexktpomerpa PHIS000 VersaProbe II (Physical Electronics, CILA), uc-
MoJIL3Ys IMy4oKk MoHoxpomaTuueckoro Al(Ka)-uznyuenus auametpom 100 MKM
(1 486,6 3B). DHeprus nmpoxoskaeHust cocrasisuia 46,95 3B. CriekTpsl ObUIH 3a-
MUCAHBI B TPEX pasHbIX TOYKAX KaXIoro odpasma. [yis aHaim3a CHEKTPOB UC-
nosib3oBasica nporpammubiil naker CasaXPS. Ananusz PDD-cnekTpoB 3akito-
Yajics B ONPEAEICHHH OTHOCUTEIbHBIX aTOMHBIX KoHIeHTparwmii C, Siu O, a Takke
HCCIICIOBAHUN XUMHUYECKOTO OKPYXKCHHSI aTOMOB YIiepoJa M KPeMHHS ITyTeM
PAa3JI0KEHUS CIIEKTPOB BBHICOKOT'O Pa3peIICHUs Ha IEMEHTapHBIC KOMIIOHEHTHI.
O6uacte C 1s POD-criekTpa pasnarajiach Ha TP dJIEMEHTAPHBIX KOMITOHEHTA, OJIMH
U3 KOTOPBIX COOTBETCTBOBAJ YIJIEPOAY B METHIBHOM M METHUIICHOBOW TpYIIIE,
CBSI3aHHOM C aTOMaMU KPEMHUS WK YIIEPOAA, 1BA OCTAIBHBIX COOTBETCTBOBANIN
OKHCJIEHHBIM COCTOSIHUSIM YTJIepoJa — aTOMBI YTIIepo/ia, UMEIOIINE B CBOEM OKPY-
JKEHWW OJVH WK IBa aToMma kuciaopoaa. Obmacts Si 2p POD-crnektpa pasnara-
J1ach Ha MATh 3JIEMEHTAPHBIX KOMIIOHEHTOB B 3aBUCUMOCTH OT KOJIMYECTBA aTo-
MOB KHCJIOpoJa B OKpyxeHuu: (R—)4Si — Heokucnenusiii kpemuuit, (R—)3Si(—0) —
moHodyHkmoHanbHbH, (R—)2Si(—-0); — mudyrkumonansusii, (R—)Si(-0); —
TpUGyHKIHOHATBHBIH, Si(—0)4 — YeThIpexPyHKINOHATBHBIA KpeMHul, Tae R —
aTOM KpEMHUS, YTIEPOAa WK BoAOpoaa. MeToanka IMOATOHKH CIIEKTPOB, BKITIO-
qaromias BEIOOp (popMBI THHUH, (POHA H IOy ITHPHHEI 3JIECMEHTAPHBIX KOMITOHEH-
TOB, & TAKXKE OIPEJCICHUE MOJOKEHUSI UX MaKCUMYMOB, OIIHCAaHHUE METO/a Ka-
JTUOPOBKY IIKANbl HEPTUH, CMEIIEHHOM BCIIEICTBHE MOA3APSAKU, HOAPOOHBIM
o0Opa3oM pacrnicana U 000cHOBaHa B paboTe [9].
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Pe3yabTaThl M 00CyKAeHHE

Ha puc. 2 npencrasinenst UK-criekTpbl 00pa3oB MOKPHITHH.
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Puc. 2. UndpakpacHsie CIIEKTPbI 00pa3IOB MOKPHITHIL, TOMY4YeHHBIX TpH ID = 6 MA,
F =10 mr/mus (a), Ip = 20 MA, F = 10 mr/muH (6), lo = 30 MA, F = 10 Mr/muH (),
Io =10 MA, F = 1 mr/musH (2); Io = 34 MA, F = 1 Mr/muH (0); o = 50 MA, F = 1 mr/muH (e)

Kak BHIHO, CTIEKTpPHI 3HAYUTEIFHO PA3IHMYAIOTCS B 3aBUCHMOCTH OT Pacxona
I'MJICO. B criektpax, moiy4eHHbIx np pacxoie 10 mr/muu (cMm. puc. 2, a, 6, 8),
HaOJFOIAI0TCA MOJIOCHI MOTJIONIEHHS, COOTBETCTBYOIIME METHIIBLHOM (2 958, 2 895,
1406 u 1 250-1 270 cm ) u Metnnerosoii (1 140 u 1 355 cmY) rpynmam, csa3am
Si—H (2 120 1 905 cm™Y) u, BeposaTHO, cunanonbEBM rpynmam Si—-O-H (905 cm™Y).
B o6macti 890650 cM ! HabmofaeTcs YeThpe MaKCUMyMa TIOTJIONIEHHUS, TPH U3
KOTOpHIX GBI cOOTHeceHsI co cTpykTypamu O-Si—(CHs)s (833 u 750 M) m
02-Si—(CHs)2 (790 cm™Y), a o1HA — ¢ CHMMETPHYHBIMU BaJIHTHBIMU KOJIEOaHUAMH
Si—O-Si (685 cmt). B o6mactu 1 200-950 cm~! HabmogaeTcs MaKCUMyM TOTTIO-
menns npu 1 015-1 010 CM L, 9TO COBMECTHO C IIUPUHOH TMOJIOCHI TOTIOMIECHUS
yKa3bIBaeT Ha 00pa30BaHUE HEPETyJSPHOH pa3BETBICHHOW MOJIMCHIOKCAHOBOM
CTPYKTYPBI, BEpOATHO, BKimouaroiei 1ukibl —[Si—0]7 (n > 4). Kpome Toro,
B o6mactu 1 200-900 cm MIK-criekTpa 06pasiia, MoTydeHHOTO TIPH BHICOKOM TOKE
paspsiga u BeicokoM pacxoge TMJICO (cM. puc. 2, ), IBHO HaOIIOAAETCS TUIEUO0
¢ MakCUMyMOoM okoJio 1 080 cM %, KOTOpoe MOKET COOTBETCTBOBATH ACCHMETPHY-
HBIM BaJieHTHBIM Kosiebanusm Si—C—Si. Tlockonbky mormnorierue Si—-O-Si umeer
0oJiee BBICOKYIO HHTEHCHBHOCTD M 4acTO Mackupyet moriomenue Si—C—Si, pe-
30HHO MPEIIMOIOKHUTh, YTO CONCpPKAHUE ATU(PATUICCKUX YTICBOTOPOIHBIX
CTPYKTYpP B 3TOM 00pa3iie 3HAYMTEIBHO BBIIIC, YEM B APYTHX.

BcenencrBue CpaBHUTENBHO MAjON TOJIIUHBI MOKPBITHH, MOJYYCHHBIX MPH
pacxoge I'MJICO 1 mr/mMuH, B CIeKTpax 3THX 00pasioB (CM. puc. 2, 2, 0, €)
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HaOJIFOaeTCs TMOTIIOICHHE HHMPAKPACHOTO M3IYyYCHUST KPEMHHEBOW MOMIIOXK-
KOM, YTO, OJJHAKO, HE MEIIACT BBINOJHHUTH KAYCCTBCHHBIA aHAIU3 CIICKTPOB.
Mo3KHO 3aMeTHUTh, 9To B 06macty crekrpa 1 200-950 cM * MakcHManbHOE HOTIIO-
mienne Haomomaetcs npu 1 102-1 110 CM %, 4TO 3HAUHTEIHHO OTIIHYACTCS OT pa-
HEe pacCMOTPEHHBIX citydyaeB. [TockonbKy MakcumyM moriiorierus Si—O—Si 3Ha-
YUTELHO 3aBUCHUT OT BaJCHTHOro yria cBs3u Si—O-Si [18], ciemyer oxumarh
3HAYUTEIHHOI0 U3MEHEHUsI XUMUUecKoil cTpykTyphl. CornacHo [14], HaGmronae-
MO€ TIOJIOXKEHHE MaKCHMYyMa YKa3bIBaeT Ha 00pa30BaHKe KapKACHBIX U JICCTHHY-
HBIX CHJICECKBHOKCAHOBBIX CTPYKTyp. Ha oOpa3zoBaHme cHICEKBHOKCAH-IIO00-
HEBIX CTPYKTYP TAK:KE YKA3BIBAET IIOJIOXKEHME MakcuMyMa ostocsl 8° C—Hs 1 263—
1264 cmt. B o6mactu 880-700 cM ! Takke HaGIIOAIOTCS 3HAUMTEILHBIE H3Me-
HEHHUS, 3/I6Ch BOZHUKAET [T0JI0CA MOTJIOIICHHS BHICOKOW HHTCHCUBHOCTH C MAKCH-
mymoMm mipr 739 em L. Ckopee Bcero, 9Ta momoca COOTBETCTBYET CHMMETPHUHBIM
BaleHTHBIM Kosiebanusm Si—O—Si, 1 ee cBUT B CTOPOHY OOJBIINX BOITHOBBIX YH-
Cell SIBIISICTCS PE3yJIbTaTOM M3MEHEHHUS BaJieHTHOro yria Si—O-Si.

Ha puc. 3 u 4 pe3ynbTaTsl aHamu3a peHTTEHOBCKAX (DOTOIIEKTPOHHBIX CIICK-
TPOB 00pa3loB MPEICTAaBICHEI B BUIC 3aBHCUMOCTEH OT CPETHETO TOKA pa3psa.
PaccMoTpuM nonyueHHbIe aTOMHBIE COOTHOIIEHUs (puc 3.).
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Puc. 3. Aromusie cootHoueHus C/Si n Si/O Ha MOBEPXHOCTH MOKPHITHIA B 3aBUCHMOCTH
ot Toka paspsa rpu pacxoge TMICO 10 mr/mun (a), 1 mr/muH (6)

Kak BugHO 13 puc. 3, a, ans o0pa3ioB, NONy4eHHBIX pu pacxoae [MJICO
10 mr/muH, cootHotierue C/Si ¢ yBenuyeHreM ToKa pas3psijia MOBBIIIAETCS CHA-
yaia ¢ 2,9 mo 6, a 3arem 10 9,4. CoorHomenne O/Si Takxke yBennuuBaeTCs U
cocranisiet ot 1,6 o 3,3. [lony4eHHbIe aTOMHBIE COOTHOIICHHUS KpaifHe HEOObIY-
HBI JUISl TIOKPBITHS, OCAXKICHHOTO MPH Ta3Moxumudeckor aktuBanuun [ MICO
B MHEPTHOM cpejie. 3adacTylo, Kak ObLJIO MOKa3aHO U B Haiei pabote [9], rae
Mosekyisl 'MJICO akTHBHPOBANKCEH B IJIa3Me ITOJIOKHUTENBHOTO cToI0a, ¥ B pa-
00Te IPyTUX aBTOPOB [5], Tie IpOoIeCcChl aKTUBAINHN ITPOTEKAIOT B BELICOKOYACTOT-
HOM paspsize, cootnomuienue C/Si He nmpessimaer 2. Kpome TOro, CTOUT OTMETUTH,
uto mst ucxoauoi Monekynsl TMJICO cootHomenus C/Si u O/Si cocraBmsror
3u0,5, coorBercTBenHo. [Tpu pacxome 'MJICO 1 mr/muH HabIrOIaeTCS TOJOOHOE
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MOBE/ICHNE 3aBHCUMOCTH U BBICOKHE aToMHbIe cooTHoteHus: C/Si (ot 1,5 mo 5,1)
u O/Si (ot 1,7 mo 2,3). [onydeHHBIE COOTHOIICHHUS 3JIEMEHTOB SIBHO YKA3BIBAIOT
Ha CYIIECTBOBAHHUE CHEIM(HUICCKIX IPOIECCOB, MPOTEKAIOMINX PU paccMaTpH-
BaeMOM ITOJIXOJIE K ITa3MOXUMHYECCKON aKTHBALUHI HCXOJHOTO COCIHMHCHHUS.

AHanu3 aTOMHBIX COOTHOILICHUH TTOATBEPIKIAET BBIJICIIEHHYIO paHee IPUPOLY
mieda, Habmomaemoro B obmactu 1 200-900 cm ™ mH}ppakpacHOro crekTpa 06-
pasima (cM. puc. 2, g). Takum 006pa3oM, IpH pacCMOTPEHHH XUMUYECKOTO CTpOe-
HUS TIOJTYYEHHBIX MOKPBITHIA CIIelyeT UMETh B BUJLY, YTO KapOOCHIAHOBLIE CBS3H
3JIeCh MOTYT UTPaTh BaXXHYIO POJIb B CTPYKTYpPE BHICOKOMOJIEKYIISIPHOTO COCIH-
HEHHS ¥ €r0 KOH(PHUTYPaLnH.

Ipu anamusze ob6nactu C 1S peHTreHOBCKUX CHEKTPOB (pHUC. 4) YCTaHOBJIEHO,
YTO KKJIbIH 00pa3el] CoJePKUT OTHOCUTEIHLHO BBICOKYIO JIOJII0 OKHCIICHHOTO YT~
nepoga — ot 25 1o 48% oT o01ero KoaudecTBa aToMOB yriepoaa. [1pu atom mpo-
[eCChl OKHCIICHHUS YIIepoJa MPOTEKAlOT BCEra, BHE 3aBHCUMOCTH OT YCIOBHI
TOpPEHHS pa3psiia, 4TO TAKXKe SBISETCS 0COOCHHOCTHIO pACCMATPUBAEMOTO MO/~
xo/1a K aktuBauy. OKUCICHUE YIIIepoa CBUICTENBCTBYET O BEICOKOI BEpOSTHO-
ctu auccormaiuu csizu C—H B paspsne. Kak 6pU10 moka3aHo B Hariel padore [9],
TaKue MPOLECCH MPOTEKAIOT B TOBOJIBHO «OKECTKUX» YCIOBHUSX, KOT/Ia CPEAHSS
SHEPTHsl, pacceuBacMasi Ha aKTUBAIIMIO OJHON MOJIEKYIHL, peBbimiaeT 80 3B Ha
MOJIEKYITy, TOTJIa KaK IIPU 3HAYUTEIBHO O0Jee HU3KHUX dHeprisix, 30 5B Ha moure-
KyJIy ¥ HHXe, 00pa30BaHUsl OKUCICHHOTO yriepojia He HabmogaeTcs.
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Puc. 4. ConeprkaHre HEOKHCICHHBIX aTOMOB YIJIepoa OTHOCUTEIBHO 00IIEro KOJIMYecTBa
aTOMOB YTJIepo/ia; CyMMapHoe cojiepxkanue MoHO(yHKIoHATEHOTO (R—)3Si(—0) u audyHk-
1roHabHOro (R—)2Si(—0)2 KpeMHHUsI OTHOCHTENBHO O0IIEro COepKaHUs aTOMOB KPEMHHS;

cymMMapHoe coneprxkanue TpudyHkironaapHoro (R—)Si(—03) u terpadyHkdroHaBHOTO
kpeMHHs Si(—O4) OTHOCHTETBHO OOIIEro CoAepKaHHsl aTOMOB KPEMHHS B 3aBUCHMOCTH
oT ToKa paspsja npu pacxoae IMICO 10 mr/muH (a), 1 Mr/mun (6)

JIr060MBITHBIE Pe3yJIbTAThI IOKA3aJl AHAIN3 XUMHIECKOTO OKPYKEHHUS aTOMOB
kpemuust. OXHUIATO0Ch, YTO C YBEIHYCHHEM TOKA U, COOTBETCTBEHHO, MOILIIHOCTH
paspsna npu pukcupoanHoM pacxone I'M/ICO OyneT yBenmnunBaeTcs: KOImde-
ctBo TpudyHKinoHaIbHbIX (R—)Si(—03) n terpadyukumonansusix Si(—O4) aTo-
MOB KPEMHHS B CBSI3U C YBEIMYCHHEM BEPOSITHOCTH Iuccouuanuu ceszu Si—C.
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OnHako, BONPEKH 0>KHIaHHUIM, BUTHO, YTO C YBEJIMYCHUEM TOKA paspsiia, Harpo-
THB, YBEJINYMBACTCSI KOIHYIECTBO MOHOGMYHKIMOHAIBHOTO (R—)3Si(—0) 1 mudyHK-
uoHasHOro (R—)2Si(—0)2 kpemHusL.

IMpu anann3e POI-cnekTpoB ObLIa TaKkKe 0OHAPY)KEHAa HHTEPECHAs! TCHICH-
LS. BHE 3aBHCHMOCTH OT PAacxXojia MapoB HCXOJHOTO BEIIECTBA C yBEINYECHHEM
coorHomenust C/Si konnuectBo Si—O cBs3eil B MOKPHITUM yMEHbIIAETCsA. JTa
TEHJCHIMS IpadMUeCcKy NpeICTaBICHa Ha PHC. 5 B BHIC 3aBUCUMOCTH CyMMap-
HOTO COZEpXKaHUs TPHU- U TeTpadyHKIHOHAIFHOTO KPEMHHUS U CYMMapHOTO CO-
JepyKaHust MOHO- M AU()YHKIMOHAILHOTO KpeMHUs 0T cooTHomeHust C/Si.
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Puc. 5. CymmapHoe conepkanne MOHO(DYHKIIMOHATBHOTO M JU()YHKIIMOHAILHOTO KPEMHHS,
a TaKke CyMMapHOe coJiepyKaHue TPU(YHKIIMOHATIBHOTO U YeTHIPeX ()yHKIIMOHATBHOTO
KPEMHHUs B 3aBUCUMOCTH OT cooTHOIeHust C/Si

Ha6monaembie (aktel — Beicokoe cooTHomeHue C/Si, BBICOKOE cofiepiKkaHue
OKHCJICHHOTO yriepona u HabiromaeMas TEHICHIMS yMEHbIIeHus cBsizeil Si—O
¢ yBenmyenreM C/Si — MOTYT OOBSCHATBCS TEM, YTO B 0OBEME IIa3MOXHUMHYE-
CKOT'0 peakTopa MPOUCXOIUT 00pa30BaHKUE YIIIEBOJAOPOJHBIX BHICOKOPEAKTUBHBIX
AKTUBUPOBAHHBIX YaCTHUL, IPUYICM UX KOHICHTPALIU YBEININBACTCA C YBCIINYC-
HUeM Toka paszpsiza. Ilo Mepe yBenuueHus yuciia yrieBoA0pOAHbIX aKTHBUPOBaH-
HBIX YaCTHUI] BO3PACTAET BEPOSITHOCTb UX PEKOMOMHALIMY C AKTUBHBIMHU LIEHTPaAMHU
Ha aToMax KPeMHHUs, YTO MPeNOTBpaIlaeT NOCTINIa3MEHHOE OKHUCIICHHE aTOMOB
KpEMHUA (BSaHMOﬂeﬁCTBHC KHCJIOpOaa BO3ayxa € paJuKaJIbHbIMU HEHTPaMHU 110~
Cclle pasrepMeTH3alil KaMepsl), U, Kak CIICACTBHE, P aHaau3e obmactu Si 2p
HaOJII0MaeTCs MEHBIIIEE KOIMYECTBO cBsizeii Si—O.

H}O6OHBITHBIM TaKKE SABJIACTCA NPOUCXOKIACHUE TAKUX YACTHII. HOCKOHLKy
nipu aktuBai [’ MJICO TonbKO B TUIa3Me MOJIOKUTEIBHOTO CTOJI0a TAKHX SIBJIC-
HUH HE HabJII0JAJI0Ch, TIOMTPOOYEM PacCMOTPETh OTIMYHS B YCIOBUAX aKTUBALIUH
B ciyuae aktuBanuu [ M/ICO B ma3Me NoN0KUTENBHOTO cTo0a [9] 1 B ciyyae
aktuBanuu [ MJICO cHadaja B KaTOOHBIX CIIOSX, a 3aTEM B TUTa3Me TTOJIOKUTEIThb-
Horo cronba. Y onuH 1 qpyroi SKCHepUMEHTHI IPOBOIMIINCH Ha OJHOW U TOH XKe
MJ1a3MOXHUMHYECKOW CHCTeMe, MpU OJuHaKoBbIX pacxoaax 'MJICO wu aproHa,
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OTJINYAJIOCH JMIIb MECTO MHXEKIMH IapOB B IJIA3MOXUMHUYECKUH peakTop. B Ha-
CTOSIIIIEM 3KCIICPUMEHTE Maphbl BBOMIIH B INIA3MOXUMHUUECKHH PEaKkTOp yepes Mo-
JBIA KaToJl, W3-3a Yero M JUIMHA aKTHBHOTO CETMEHTA MOJIOXKHUTEIBFHOTO CTOI0a
OblTa TIPUMEpHO B ABa pa3a Ooipimie. CiemoBaTeNbHO, SHEPTHS, paccenBacMast
Ha aKTUBAIMIO, TAKXKE JOJDKHA YBEIMYUTHCA MPUMEPHO B J1BA Pa3a, YTO CBA3AHO
C YBEIWYCHHEM BpPEMEHH NPEOBIBAHMS MOJIEKYJT B OOJACTH IOJIOKHUTEIHHOTO
cronba. OmHAKO YyBENWYCHHE YIENBPHOH JSHEPTHMH B NIBAa pa3a HE OOBSCHIET
Ha0I0JaeMoe, TIOCKOJIBKY B dKCIIepuMeHTe [9] yBelndyeHue yAenbHONH SHEPrun
Jake Ha TOPSAIO0K HE MPUBOIWIO HU K 4eMy mogo0HoMy. CletoBaTeNbHO, IpH-
YHHA KPOETCS B KATOIHBIX CJIOSX.

IIpu umxexunu T'MJICO yepes momblii KaToA MJIEHKAa OCaXKAaeTCsl Ha BHYT-
pEeHHEelN OBEpXHOCTH KaTo/a, YTO BIMSIET U HA CaM PEKUM TopeHust paspsiaa [8].
[TockonbKy Ha KaToJ MPOTEKAET MOHHBIM TOK, BO BpeMs OCaKICHHs Ha KaToZe
JOJDKHBI IPOUCXOAUTD ITPOLIECCHI B3aUMOIEHCTBHSI MEXKAY HOHAMH, Y CKOPSIOLIH-
MHCS B 00/1aCTH KaTOAHOTO MaICHUS, ¥ TOHKHM CJI0eM (hOPMHUPYIOIIETOCS TOKPHI-
THS B afcOpOMPOBAaHHBIX YacTUIl. TakuM o0pa3oM, HEOOXOIMMO PacCMOTPETh,
Kakoe BJIMSHUE Ha PacTyIIUd CIIOW MOTYT OKa3blBaTb MOHHO-WHIYLUPOBaHHbBIE
nporeccsl. McenenoBaTeny, U3ydaromye B3auMOCHCTBUE MO IUMETHUICHIIOK-
CaHa C MOHAMHM aproHa, HaOIII0 Ay SIIMMUHAPOBAHNE METHIIBHBIX Tpymi [19, 20].
ABTOpBI paboThl [21] coobmunm o HaneceHnn SiOz-110100HBIX MOKPBITHI C HC-
nosp30BaHneM TeTpastokcuciiana, (CoHsO)sSi, 1 MeToma XUMHUYECKOro oca-
JKJICHUS U3 ra30BoH (as3pl ¢ MOHHOM akTHBanued. OHH HCIIONB30BAIN HOHBI Ar*
co cpemHeit sHepruerd 100 3B 1 HaGI0 AT STMMHHAPOBAHUE YTIIEPOJICOIepIKa-
X QparMeHToB. B HaIIMX YCIOBUSAX B INTA3MOXUMHYECKON CUCTEME SHEPTUH
HOHOB MOTYT ObITh 3HaunTenpHO BhIme 100 3B. Takum 00pazoM, BepOSTHBIM
mporeccoM 00pa3oBaHUS YTIIEBOJOPOAHBIX IUICHKOOOPA3YIONINX YAaCTHII SIBIIS-
I0TCS pa3pylleHrne KpeMHUMOPraHMYeCKo! MIIEHKU Ha KaTo/1e 10/ BO3AEHCTBUEM
BTOPUYHBIX HOHHO-UHIYIIMPOBAHHBIX MPOIECCOB W JajbHEUIIECe BBIJCIICHUC
(parmMeHTOB B ra3oByio ¢a3y. [loTok aprona TpaHCIIOPTHPYET ITH YACTHUIIHI K T10-
JIOXKUTETBHOMY CTOJIOY, TJI€ OHM MOTYT MOJBEPTHYTbCS BTOPUYHON aKTHBALIUH,
B3anMojiecTBOBaTh ¢ ApyruMu ¢parmentamu I'MIACO nnu 6e3 kakux-au0o
peoOpa3oBaHMid TOCTHYh TOBEPXHOCTH MOJIOKKH. boliee BRICOKHMIT TOK paspsiaa
YBEIHMYUBACT HHTCHCUBHOCTh HOHHOM OOMOApAMPOBKY H, CICOBATEIHHO, KOJH-
YEeCTBO aKTMBHUPOBAHHBIX YIJIEBOJOPOIHBIX YaCTHUI] B Ta30BOH (ase.

PesynbraThl aHamM3a XUMHYECKOW CTPYKTYPHI MOJTyYeHHBIX MAaTEPHAIIOB CBU-
JETEeILCTBYIOT, uTO TipH pacxoae 'MJICO 10 Mr/MuH B TOKPBITHH TPEOOIaatoT
MOHO- W JTU(YHKIHMOHAIBHBIE aTOMBI KPEMHHSA, YTO B LIEJIOM COOTBETCTBYET
CTPYKTYpE CII0KHOTO MOJIMMETIIICHIOKCAaH-TI0JJOOHOTO BEIIECTBA C OOJIBIITNM KO-
JTMYECTBOM Pa3BETBICHUN U IIUKIIOB, 00YCIOBICHHBIX IPUCYTCTBUEM TPH- U TET-
padyHKIMOHANBHBIX aTOMOB KpeMHHUs. OCHOBHONH 0COOEHHOCTBIO MOITY4YEHHBIX
MIOKPBITHIT SBISETCS] BEICOKOE COZIEpyKaHNE YTIIEBOAOPOIHBIX 3BEHBEB, COCTOSIITNX
13 am(aTHIEeCKUX YIIIEBOAOPOIHBIX COCTaBHBIX 3BEHBEB. [IpH aTOM copepkaHe
YIJIEBOJIOPOJHBIX 3BEHbEB MOXHO PETYJIMPOBATh ITyTEM U3MEHEHUS TOKa pa3psaa.
ITpu pacxone 1 mr/mMun MK-criekTpsl yka3bIBaloT Ha 00pa30BaHUE BEIIECTBA, CO-
JepXKaILero CUJICECKBUOKCAHOBBIE CTPYKTYpBl, YTO HE COBCEM COOTBETCTBYET
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JaHHBIM aHalN3a XMMUYECKOI'O OKPYXKEHHUsI KPEMHHUS, IIOCKOJIBKY CHUICECKBHOK-
CaHBI COCTOST U3 TETpa- U TPU(PYHKIIHOHATBHOTO KpeMHHUS. BeposiTHO, 1em10 B TOM,
YTO XUMHUYECKOE CTPOCHHUE NIOyYEHHBIX B TAKOM PEKUME MOKPBITUH IPEACTaBIIsET
co00i1 CBsI3aHHBIC B MHYIO CETh KapOOCHIAHOBBHIMH, CHIIOKCAHOBBIMH U anu(a-
TUYECKHMHU 3BEHBAMU IOIUAPAIbHBIE OJUIOMEPHBIE CHIICECKBUOKCAHBI. Ilpu
9TOM JUIMHA U INIOTHOCTB CIUIMBOK YBEJIUYMBAIOTCS C YBEIMUEHUEM TOKa pa3psza.

BriBoabI

IIpoBeneH aHanM3 XMMHUYECKOIO CTPOEHUS MOKPBITUH, OCAXKACHHBIX IIPH aK-
THBAIMX TE€KCAMETIIIIMCUIIOKCAHA B TIICIOIIEM Pa3psiie HU3KOTO JaBJICHHUS, TTOJI-
JIEP’)KUBAEMOT0 B TIOTOKE raza. AHAIIM3 XUMHUYECKOTO CTPOCHUS IOJpa3yMeBall
COBMECTHYIO HHTEPIIPETALINIO TAaHHBIX PEHTTEHOBCKOH (POTOIEKTPOHHOH CIIEK-
TpOCKOHI/II/I, B YaCTHOCTH 3JICMCHTHOTI'O COCTaBa U XUMHUYCCKOI'O Opr)KeHI/IH aTo-
MOB yrjiepojia U KPeMHUs, U HHPPAKPACHON CIIEKTPOCKOITUH I Ka4eCTBEHHOM
uaeHTU(UKauN GYHKIMOHATBHBIX TPYIIT U XUMHUYECKuX cBsi3eil. [lokazaHo, 4To
IIpY BapbUPOBAaHUH ToKa paszpsaa u pacxomga [MICO B uzyuaemoii cucreme 00-
pasyercst MIMPOKUH CHEKTP PA3TUIHBIX [T0 XUMUYECKOMY CTPOSHUIO MOKPBITHH.

Konnenrpanus napos I'MJICO B ra3oBoii cMecH OKa3bIBaeT BIUSHHUE B 00JIb-
el CTeleHn Ha XUMUYECKYIO CTPYKTYPY, HEXeIM Ha SJIEMEHTHBIM COCTaB OcaX/a-
eMBIX MTOJIMMEPHBIX MOKPITHH. [Ipn pacxosne rekcamMeTnnancuiaokcana 10 Mr/MuH
o0Opa3yeTcsl MOJMMETHIICHIIOKCAH-TIOIO0HAasT CTPYKTypa, CIIATas amvgaTiye-
CKHMH YTJICBOJIOPOTHBIMU 3BeHbsIMHU. [1pu pacxoae 1 Mr/MuH 00pa3yroTCs MMOJIH-
37paibHbIe OJMTOMEPHBIE CHUIICECKBUOKCAHBI, CIIMTHIE KapOOCHUIAHOBBIMH, CH-
JIOKCAHOBBIMHU U aJ'H/I(baTI/I‘ICCKI/IMI/I 3BCHbBSIMU.

B ykazannom nuamnazone pacxogos I MJICO u3menenue Toka paspsiaa oT 5 A0
50 MA CyIIeCTBEHHO BJIMSET Ha 3JIEMEHTHBIN cocTaB. TakuM oOpa3om, ocoOeH-
HOCTBIO PacCMaTPUBAEMOTO PEaKTOPa SABISETCS BOZMOKHOCTh MOTy4YaTh MOKPHI-
THSI, B KOTOPBIX 3JIeMEHTHOE cooTHOIeHrue C/Si u3MeHsIeTCs B IMUPOKKX Tpeie-
max — ot 1,5 o 9,4. CTOUT OTMETUTH, YTO BEPXHSS TPAHMIIA STOTO JHUAINAa30HA
CYIIIECTBEHHO BBIIIE, UM JJIsSI U3BECTHBIX IIA3MOXHUMHYECKHUX CUCTeM. Bricokoe
OTHOCHTENIBHOE COAEp)KaHue Yriiepoaa oOyCIIOBIEHO 00pa3oBaHUEM YIJIEBOJO-
POIHBIX INICHKOOOPA3yIONIMX YacTUI] B pa3psae. BEIABHHYTO MpPEANONoXKeHNUE,
YTO OJIHY W3 KITFOYEBBIX POJICH B UX 00pa30BaHUU UTPAIOT HOHHO-HHIYIIUPOBaH-
HBIE MPOIIECCHl B KATOIHBIX CIOSX pa3psla.
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AHHOTAIMsA. MeTox MIa3MOXHMHYECKOT0 OCAXICHUS U3 MapoBOi (ha3bl MO3BO-
JISIeT CUHTE3UPOBATh IUPOKUI CIEKTP Pa3IMYHbIX MaTEpHAIOB, B YACTHOCTU KPEMHUM-
OpraHuyecKue MOoJIMMep-TI0J00HbIe TOKPHITHA. B HacTtosimel paboTe i OcaXKaAeHUs
HOJIUMEP-TI000HOT0 MOKPBITHSI HCIIONIb3YETCs IIIa3MOXUMHYECKHUH PEaKTOp ¢ KOAKCH-
aJIHO PACHOJIOAKEHHBIMH MOJIBIMHU 3NIEKTPOAAMHU, B KOTOPOM TJICIOLIHUI pa3psij MOCTO-
SHHOTO TOKa MOAIEPKUBAETCS B MOTOKE IIa3MO00Pa3yIOIero rasa npyu HU3KOM JIaB-
neHnd. B kagecTBe m1a3Moo0pasyomero ra3a HCIoIb30BajIcs aproH, pacxo KOTOPOro
cocrtansut 230 Mr/mMuH. B KauecTBe HCXOTHOTO COSMUHEHHMS AT OCAXKIECHHS UCTIONb-
30BaJICS T€KCAMETHIIIUCHIIOKCAH, BBICTYNAOIIUI MOJIEKYISIPHON IPUMECHIO B IIOTOKE
MHEPTHOTO ra3a, ero pacxox coctapisut 10 mr/muH. Llens HacTosmelt paboThl — SKCIIepH-
MEHTaJIbHOE MCCIIEJIOBAHUE PACIpeleeHHs MacChl OCaXIEHHOIO KpeMHHUMopraHuye-
CKOTO MOJIUMEP-MOI00HOT0 MOKPBITHS HA PA3IMYHBIX COCTABIISIONIMX YaCTAX MIa3MOXH-
MHYECKOIl CHCTEMBI Ha OCHOBE TJIEIOIIETO pa3psga — Ha BHYTPEHHHUX MOBEPXHOCTSIX
peakTopa M Ha IIOUI0XKKE, PACHIOIIOKEHHOH Ha PACCTOSHUY 15 MM OT comia peakropa.
DKCIIEpUMEHT MOKa3all, YTO MpH MOIHOCTU paspsga 30 Bt cymmapHas m3mepeHHast
Macca MOKphITUs cocTaBuiaa 33 mr. TakuM 06pa3oM, MaccoBoe MpeoOpa3oBaHUE HC-
XOJIHOTO BemecTBa coctaBuito 6oiee 33%. [okazano, uto okono 90% Bceil m3MepeHHO
MAacchl IOKPBITUS OCEI0 BHYTPHU INIAa3MOXUMUUECKOr0 PEaKTOpa — Ha BHYTpEHHEH Io-
BEPXHOCTH MOJIOT0 KaTo/1a ¥ BHYTPEHHEH OBEPXHOCTH CTEKJITHHON TpyOkH, 1 10% Ha
noanoxke. TakuMm oOpa3oM, HACTOAIIYI0 CUCTEMY MOXKHO HMCIOJIB30BaTh HE TOJBKO
Ul yAIEHHOTO JIOKAJIbHOTO OCaKAEHUS, HO M JUIA NMOKPhIBAaHHUS BHYTPEHHUX CTEHOK
TpyOOK MONMUMEpP-TI0J0OHBIM MOKPBITHEM. Takke OBIIO BBISIBICHO, UTO B CBSA3HU C pa3-
JUYHEeM YCIOBHH NMPOTEKaHUS MPOIECCOB B KATOAHBIX CIOSIX U IUIa3Me MOIOXKHUTEb-
HOTO cT0J0a TIEIOIEro pa3ps/a BO3HUKAIOT HEKOTOPBIE 0COOCHHOCTH OCAX/ICHUS Ha
pa3IUYHBIE TIOBEPXHOCTH B cucTeMe. Hampumep, ¢ IMOMOIIBIO ONTHIECKOTO MHKPO-
cKoma OblIa UcClleIoBaHa MUKPOCTPYKTYpa IOKPBITHH, NOJyYeHHBIX Ha KaTo/Ie, CTEK-
JISTHHO TpyOKe ¥ O/UIOKKe. BBISBIEHO, YTO MOKPHITUSI COCTOST U3 OKPYTJIBIX MHKPO-
YaCTHIl U MMEIOT CYLIECTBEHHOE Pa3jHuue. CPeJHUN pa3Mep MHUKpPOYACTHIl Ha CTEK-
JSIHHO# TpyOKe M MOJUIOKKE COCTaBIISIET 2—5 MKM, YTO Ha MOPSAOK HUKE CPEAHEro
pa3Mepa JacTHIl, OCAXICHHBIX Ha KaTOJe.
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Abstract. Using the Plasma-Enhanced Chemical Vapour Deposition (PECVD)
method, it is possible to synthesize a wide range of different materials, in particular,
organosilicon polymer-like coatings. In the present work, a plasma-chemical reactor
with coaxial hollow electrodes based on a DC glow discharge maintained in a plasma-
forming gas flow at low pressure is used for deposition of a polymer-like coating. Argon
was used as a plasma gas with a flow rate of 230 mg/min. Hexamethyldisiloxane was
used as a precursor for deposition. Hexamethyldisiloxane was a molecular impurity in
the inert gas flow and its flow rate was 10 mg/min. The purpose of the present work is
an experimental study of the mass distribution of deposited organosilicon polymer-like
coating on various constituent parts of the plasma chemical system based on glow dis-
charge - on the internal surfaces of the reactor and on the substrate located at a distance
of 15 mm from the reactor outlet. The experiment showed that at a discharge power of
30 W the total measured mass of the coating amounted to 33 mg. Thus, the mass con-
version of the initial substance was over 33%. It is shown that about 90% of the total
measured mass of the coating was deposited inside the plasma chemical reactor - on the
inner surface of the hollow cathode and the inner surface of the glass tube, and 10% on
the substrate. Thus, the present system can be used not only for remote local deposition
but also for coating the inner walls of the tubes with a polymer-like coating. It was also
revealed that due to the different conditions of processes in the cathode layers and the
plasma of the positive column of the glow discharge, some peculiarities of deposition on
different surfaces in the system appear. For example, the microstructure of the coatings
obtained on the cathode, on the glass tube and on the substrate was investigated using
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an optical microscope. In this way it was revealed that the coatings consist of rounded
microparticles and have a significant difference - the average size of microparticles on
the glass tube and substrate cathode is 2-5 microns, which is an order of magnitude
lower than the average size of particles deposited on the cathode.

Keywords: glow discharge, plasma polymerization, organosilicon coatings,
plasma-enhanced chemical vapour deposition, polymer-like coatings
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BBeaenue

Cerognsi cpely IUIa3MEHHBIX TEXHOJOTHM TOJIY4YEeHHUS HOBBIX MaTEepHAIOB
0cOoOyI0 HHIYy 3aHUMAeT METOJ IIa3MOXMUMHUYECKOTO OCa)XICHUS M3 MapoBOH
¢assr (Plasma-Enhanced Chemical Vapour Deposition; PECVD). Merox PECVD
MO3BOJISIET C MOMOIIbI0 HEPABHOBECHOH IJIa3Mbl CHHTE3UPOBATh OUEHB IITUPOKUI
CHEKTP PAa3INYHBIX MaTepPHAJIOB — YIJIEPOJAHbIE, TAKUE KaK aIMa30TO00HbIE T10-
KPBITHS WITH TpadeH, HeopraHnIecKue, HanpuMep OKCHIBI U HUTPHUIBI METAIUIOB,
OpTaHMYECKHE U SIIEMEHTOOPTaHNYECKUE TOIUMep-110100HbIe TOKPBITHS [1]. Oco-
00oe BHUMaHHE YJENSCTCS CHHTE3y KPEeMHUHOPTaHUYECKUX MOTUMEP-TIOJ00HBIX
MaTEPHAaIOB, IIOCKOIBKY OHH UMEIOT MMOTEHIMANFHOE MPUMEHEHHE B KauecTBe
3aIIUTHBIX AMIIEKTPUICCKUX H KOPPOZUOHHOCTONKHX IMOKPBITHIH, IKCILTYaTUpPY-
€MBIX B arpPECCUBHBIX YCIIOBHSX, YACTHYHO MPOHUIIAEMBIX MeMOpaH Miii OHOCOB-
MECTHUMBIX TTOKPBITHH [2].

MeTto/ ma3MOXUMHUYECKOr0 CHHTE3a MOJIMMEP-NOJ00HBIX MMOKPBITHIA MOIpa-
3yMeBaeT HEOOXOIUMOCTh HECKOJIBKHX MOCTEeN0BATEIbHBIX MPOIECCOB, OJHUM
13 KOTOPBIX SIBISIETCS TUIa3MOXUMIUECKas aKTUBAIHS UCXOTHOTO BemecTsa [3].
AKTHBaIUs MPOTEKaeT B IJIa3MOXMMHUYECKOM PEaKTOpe B pe3ylibTare oOMeHa
SHEpruel Mexay MIa3MOl Ta30BOrO pa3psaa U MOJEKyJaMH HCXOIHOTO Bellle-
cTBa. Korma MonekyIibl HCXOJHOTO BelecTBa MOJMYyYaroT JOCTATOYHO SHEPTHH,
MIPOMCXOAAT IPOLIECCHI TUCCONUAIINN XUMHUYECKUX CBS3el, HOHU3AIUH W BO3-
OyXKIeHUs, B pe3ysbTaTe 4ero o0pa3yloTcsi YaCTHUIIbl C BBHICOKOW pEaKIMOHHOM
CIIOCOOHOCTHIO — aKTHBHPOBAHHBIC YacTUIIBL. [Ipu B3anMoJIeiiCTBHN aKTUBUPO-
BaHHBIX YaCTHII B Ta30BOM (pa3e M Ha rpaHHIIe pa3ziena (a3 MpoTeKaroT MPOIECCh
o0Opa3oBaHus HOBBIX BellecTB. Eciin B pe3ynbraTe B3aUMOJIEHCTBHS 00pa3yeTcs
BBICOKOMOJICKYJISIPHOE COSMHEHHE, TAKOH MpoIlecCc Ha3hIBAIOT TUIA3MEHHOM I10-
JTUMepH3aIlieil, a aKTHBUPOBAHHbBIE YACTHIIBI — IMIICHKOOOpa3yromumu [4]. 1nas-
MEHHas NoJMMEepHU3alysl NpoTeKaeT B J1I000M 00beMe, I'lie COAEPIKATCs aKTUBU-
POBaHHBIE MOTEHIIUAILHO TNIEHKOOOPA3YIOLIHE YaCTHIIBL.

CymecTByeT MHOXKECTBO Pa3NHYHBIX IUIA3MOXMMHUYECKUX CHCTEM, CO3IaH-
HBIX JUI OCAXKACHUS MMOJIMMEP-TIOJOOHBIX MOKPBITHH, KOTOPBIE OTIMYAIOTCS KaK
THIIOM HCIONB3yEeMOr0 pa3psiia, Tak M Juamna3oHamu pabounx ycmouid [1-5].
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OpHako naxe B OJHON IJIa3MOXUMHUYECKOW CHCTEME MOJIy4aloTCsl pa3Hble Mpo-
IOYKTBl B 3aBUCHMOCTH OT YCJIOBHH CHHTE3a, KOTOPBIC ONPENENISIOTCS TOKOM,
MOIIHOCTBIO Pa3psiia, JaBJIeHUueM u T.1. [4—6]. Takum oOpazom, GpyHIaMEeHTAb-
HBIC OCHOBBI U MPAaKTHYECKUE acHeKTHl mpuMeneHus Meroga PECVD u3ydeHsr
HezocTaTouHO. TpeOyroTest Kak JeTanbHble UCCIE0BaHUS KOHKPETHBIX IIIa3MO-
XMMUYECKUX CHCTEM, TaK M HaydHble pabOThl MO 0OOOIIEHUIO MOTYYEeHHBIX
JAaHHBIX.

B Hacrosimeit pabote uccnenyercst mIa3MOXUMHUECKas CUCTEMa HAa OCHOBE
TICIOIIETO pa3psAa MOCTOSHHOTO TOKAa B MOTOKE Ta3a IIPU HHU3KOM JABJICHUH.
Tneromuid pa3psa NOAIEPKUBACTCS B INIA3SMOXUMUYECKOM PEAKTOPE, KOTOPBIN
IpescTaBiseT co00i TpyOKy KpPYIJIOro cedeHHs C MOJIBIMU 3JIEKTPOJaMHU ¢ TOp-
110B. OCOOCHHOCTBIO CHCTEMBI SIBIISICTCSI TO, YTO Ojaromapst IefCTBHIO NMOTOKa
ITa3MO00Pa3yIomIero ra3a OCHOBHBIM MEXaHHM3MOM MacCoIlepeHOca SBIIIETCS
MPUHYAUTENbHAsA KOHBeKLusA. Ha BbIxose U3 peakropa o6pasyeTcs CTpys, B KO-
TOPOH IPOUCXOIUT TPAHCHIOPT AKTUBHPOBAHHBIX YACTHUIl B 00hEM BaKyyMHOM Ka-
Mepsl. Takum 06pa3oM, cucteMa Io3BOJISIET MPOBOIUTE YAAJICHHOE U JIOKAJIBHOE
OCaX/ICHUE MOJIMMEP-TIOJOOHOT0 OKPBITUS Ha MOJIOXKKY.

BaxxHbIMHU acTieKTaMy MPaKTHYECKOTO IPUMEHEHUS SIBJIIIOTCS HE TOJIBKO XH-
MUYECKHH COCTaB M IKCILTyaTallHOHHbBIE CBOIMCTBA MOJyYaeMbIX OKPHITUH, HO U
KOJIMYECTBEHHBI BBIXOJ MpoAykKTa. Llens HacTosmieil paboThl — 3KCIIEpUMEH-
TaJIbHOE HCCNE0BaHUEe KOIMYECTBEHHOIO BBIXOJA MPOAYKTA U paclpejielieHUs
Macchl OCAXKJCHHOI'O ITOJUMEP-IIOJOOHOTO0 MHOKPHITHS B IIa3MOXHMMUYECKON
CHCTEME Ha OCHOBE TJICIOLLETO pa3psla B IOTOKE rasa IpHu aKTUBALIUU MOJIEKYJI
reKCaMeTUITUCUIOKCaHa. MeToIUKa UCCIIeOBAHNUS Opa3yMeBacT U3MEepeHue
MAcCChI MOKPBITUA, OCAKICHHOI'O Ha MOBEPXHOCTAX IJIEMEHTOB IIa3MOXUMUYC-
CKOT'0 peaKTopa U MOAJIOKKH.

BKCHepI/IMeHTaJ'[bHaﬂ 4acTb

Mamepuaner. B xauecTBe Mmina3Moo0pasyroLIero ra3a B Hacrosuel pabore
ucnomnb3oBancs aprod (99,998%, IITK-Kpuoren). Beibop aprona oOycnoBieH
XMMHMYECKOW HHEPTHOCTHIO ra3a. B kauecTBe HCXOAHOrO BEILECTBa AJIS Ocaxe-
HUS TIOJIMMEP-TIOJOOHOrO TOKPBITUS HCHOJB30BAJCH TIeKCaMETHUIIIMCHIIOKCAH
('MJCO, 99,8%, 9KOC-1), uro 00ycI0BIEHO €r0 OTHOCUTEIFHO BEICOKUM JIaB-
JICHWEM HACHIIIEHHBIX TAPOB X OTHOCHTENIFHO HU3KOH TOKCHIHOCTBIO.

Oxcnepumenm. Cxema dKCIiepuMenTa H (oTorpadus mporecca 0CaKICHUS
mpezcTaBieHs! Ha puc. 1.

[Tpoueccr mnaszmoxumuaeckot aktuannu [ MJICO npoTekanu B raa3Moxu-
MHUYECKOM peaKkTope, NPeCTaBIAIONIEM COO0M ra30pa3psaaHylo CUCTEMY U3 ABYX
KOAKCHaJIbHO PACITIOIOXKEHHBIX MOJIBIX 3JIEKTPOAOB U3 HEPHKABEIOLIEH CTaIH U CO-
SMHSIONIEH NX CTEKISIHHON TpyOKM ¢ BHYTpEHHUM auameTpoMm 3.5 MMm. B xoxe
9KCcrepuMeHTa motok cmecu aprod / I'MJICO mogaBaics B IIa3MOXHMHYECKHIA
peakTop uepe3 HUITHHAPHIECKU Mokl KaTox (cM. puc. 1).

Uro0B! ONpefenuTh MacCy MOKPBITUS, OCEAIOIIEr0 Ha BHYTPCHHEH MOBepX-
HOCTH KaTOZa, NMPEUIOKEHO HCIIONB30BATh BCTAaBKY B BHIE TPYOKH, IUIOTHO
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IprIIeTaronieif K MoJxocTH Karoga. MemHas TpyOKa H3roTaBIMBaNach U3 (Goibru
tonmuHoi 0,2 mMM. IIpennaraeMas KOHCTPYKLUSA [103BOJIsIIA U3BJIEYb BCTABKY U
MIPOM3BECTH €€ B3BEIIMBAaHKE J0 M MOCNIE 3KCIepuMeHTa. Takum oOpazoM ompe-
JeTAIach Macca MOJIMMep-Mogo0HOTO BeIIecTBa, 0Opa3yromerocs B KaTOAHBIX
CJIOAX TJIEIOUIETO pa3psa.

(a)
NOTOK NapoB i1
FMHC(?) o—l _T_Q,\_’{)i_ﬁ_i_ cTekJIsiHHas TpyOka
— ¢ ezl []
—_— =

TNOTOK it [IOTOK
MOJIOKHUTEJIbHBIN AKTHB.

aprona cTo0
P " JaCTHI

NOATOXKKa

T | [l

UMJIMHAPUYECKHT LMJTHHAPHYeCKHTT
nobIi KaToa noJblii aHoA

Puc. 1. [IpuHuMnuansHas cxema sKcrepuMenTa (@) u ¢poTorpadus mporecca ocaxaeHus ()

B peaktope monekysbl [M/ICO akTHBHPOBAIUCH KaK B OOJIACTH KAaTOIHBIX
CJIOEB, TaK U B 00JACTH MOJOXKUTEIBHOTO CTON0A TIIEIOILEro pas3psiia B HOTOKE
ra3a. B paccmarpuBaemoii cucteMe AJIMHA MOJIOXKUTEIBHOTO CTOJI0A COCTABIISIET
MPUOIM3UATEIBHO 5 CM M OTIPEACIACTCS JUTMHOM CTEKISIHHOM TpyOKH. B rpaHndHOM
CJI0€ MEXJY MOBEPXHOCTBIO CTEKJISHHON TPYOKH M MIa3MOil MOJNOXKUTEIBHOTO
CTOJI0A TIEIOIIETO Pa3psiia YCIOBHSI OKA3bIBAIOTCS MOAXOAAIIMME AJISI IPOTEeKa-
HUS NPOLECCOB IUIa3MEHHOW nojuMepusaluu. B pesynbraTe Ha NMOBEPXHOCTU
TPyOKH Tarke ocemaeT MOKphITHe. Macca MOKpBITHSA, OCEJalolIero Ha Tpyoke,
U3MEpsIach Iy TeM B3BELINBAHUS CTEKISIHHON TPYOKH 0 U IIOCIIE SKCIIEPUMEHTA.

oz meficTBHEM MOTOKA IIA3MOOOPA3YIONIETO ra3a aKTUBHPOBAHHBIC B IIJIa3Me
YacTHIBI U3 O0JIACTH pa3psiia BEIHOCHIINCEH M3 PEaKTopa uepe3 IHIHHIPHISCKIN
MOJIBI aHO (CM. puc. 1), 00pa3ys MOTOK aKTUBUPOBAaHHBIX YacTHIL. B pesynbrate
TOMOTEHHBIX M T€TEPOTEHHBIX PEAKINi peKOMOMHAIINY aKTUBHPOBAHHBIX YaCTHII
(IpenMyTIecCTBEHHO CBOOOTHBIX PaIiKalIOB) HA TIOBEPXHOCTH OII0KKH (popMu-
poBanoch MONUMEP-NoJ00HOe MOKpbITHE. KonndyecTBeHHBIN BBIXOA MPOAYKTa
OIpEETSIICS B3BEIIMBAaHUEM MOAJIOKKHU JI0 U NOCIIE IKCIIEpUMEHTA. B kauecTBe
MOJJIOKEK HCIIOJIb30BAIMCh MEIHbBIE AUCKU JUAMETPOM 2 CM, PaCIOJIOKEHHbIE
MEPNEeHAUKYISIPHO MOTOKY aKTUBHUPOBAHHBIX YAaCTUI] HA PAacCTOSHUM 15 MM OT
TOopLa aHoja. B3BeluBaHNs NPOBOJWINCH C MCIOJIB30BaHUEM BecoB l'ocMerp
BJI-120M c pa3peuienuem B3pemuBanus 0,01 mr.
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lazopaspsimHas cucreMa ycTaHaBIUBalach B BaKyyMHOH KaMmepe, CHAOXKeH-
HOMW 1aTYMKOM JaBJICHUS U IByXITallHOM cucTeMol oTkaduku. C MCIO/Ib30BaHUEM
WCTOYHHKA IUTAHYS, TOJIPOOHO OIMMUCAHHOTO B paboTe [7], 3aKUTaliCsl U IMOIICPKH-
BaJICSl TICIOLIMI pa3ps B MOTOKe rasa. [Ipu ropeHun paspsiia B CMECH aproH /
I'MZICO HanpspkeHHe FOPEHHsl YBEJIMUUBAJIOCh C TEUCHHEM BpeMeHu oT 550 1o
800 B, B TO Bpems Kak TOK pa3psana ymenbiaics ¢ 50 g0 40 MA. Takum oOpazom,
MOITHOCTH pa3psaa B X0A€ OCKACHHSI OblIa MPUOIM3UTENFHO IIOCTOSTHHON U CO-
craBmsuia okono 30 Br. /luarHocTuka paspsaia ocyleCTBIsUIACh C UCIONb30Ba-
Huem mudposoro ocumiorpada Tektronix TDS2014B. Hanpsokenre ropeHwst
paspsiaa H3MEpSIIOCh IPU OMOIIH BEICOKOBOJIBTHOTO IenuTels. ToK paspsina u3-
MepsiICs C IOMOIIBIO ITYHTUPYIOILET0 Pe3UCTOpa conpoTuBieHneM 1 Om.

Pacxoy aprona ycranapiuBajics Ha yposae 230 mr/mvun (130 cm®/mum, c.y.)
¢ momoripio pacxomgomepa PPI-10 (Darounpubop). CKOpocTs pacxoma aprona
oIpe/ieNIsiia JaBJICHUE B BAKyYMHOM KaMepe, KOTOpoe MPH 3aJaHHOM PacXoJIe Co-
ctrasisiio 1 [1a. [Tocne mpo6os razopaspsaHoro npomexytka napsl [ MIACO non-
MEIIMBAIIUCH B MOTOK aprona. CKopocTh pacxojia mapoB cocrasisiia 10 Mr/MuH
(1,3 cM®/mum, c.y.) u perynmposanach ¢ IoMomIbio pacxogomepa PPI-10. Cko-
POCTh MOTOKA aproHa MpH 3TOM ObUIa JOCTATOYHO AJS MperoTBpalleHus Aud-
¢y3un monekyn [MJICO B oOpaTHOM HampaBicHHU (OT aHOJA K KaToxy). Jlimu-
TENBFHOCTh OCAXKICHUS cocTaBisiIa 10 MUH.

doTtorpaduu MUKPOCTPYKTYpPbI HOBEPXHOCTH HOKPHITHIT ObUIN CAETAHBI C UC-
[10JIb30BaHUEM ONTHYECKOro Mukpockona AnbraMu MET-1M co BcTpoeHHOH
r(poBoit KamepoHu.

Pe3yabTaThl M 00CykKaeHHe
Ha puc. 2 npencraBieHbl THCTOTPAMMBI PACIIPECICHUS] MacChl MTOJTUMED -

MoI00HOTO TIOKPBITHS, OCAKACHHOTO Ha MOBEPXHOCTSAX KaTOJHON BCTABKH, CTCK-
JISTHHOH TPYOKH M TIOTTOMKKH.

20
T
154
= T
s 10+
Q
<
=
54
=
0 T T /I
mc mr ms

Puc. 2. 3MepeHHast Macca OJIMMEP-TI0JOOHOTO MOKPHITHS, OCAXKICHHOTO
Ha KaTOJIHYIO BCTaBKY Mc, CTEKISIHHYIO TPYOKY MT M TIOJUTOKKY Ms
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3HaYUTEIbHOE KOJIMYECTBO MPOAYKTa ObUIO OCAXIEHO Ha MOBEPXHOCTh Ka-
TOJIa, Macca MOKPHITUs Ha KaToJie coctaBuia 11,5 + 0,8 mr, T.e. mpubIm3nuTensHO
TpPETh BCEH M3MEpPEHHON Macchl MOKphITHs. CiemoBareiabHO, MpoJieTast BIIOJb
KaTOJHBIX CJIOEB TIICIOLIETO pa3psna, yactb Mosekys I MICO He ycneBaet nmoj-
BEPTHYTHCA IIA3MOXUMHUUECKON aKTUBAIMK M TOMAaAaeT B 00J1aCTh IJIa3Mbl 110-
JIOKUTEILHOTO CTOJI0A B OCHOBHOM COCTOSIHUM. HamGosbliee KOJIMYecTBO Mpo-
JIYKTa OBLTO OCaKJIEHO Ha MOBEPXHOCTh CTEKJISHHOW TpyOku — 17,8 + 1,2 wmr.
Ha noBepxHOCTh 1m0103KKH ObLT0 ocaxaeHo 3,8 £ 0,6 mr. [Ipu ocaxxaenun mo-
KPBITHS HA BHYTPEHHIOIO MIOBEPXHOCTh CTEKIISTHHON TPYOKH M MOBEPXHOCTD MO/~
JIO)KKH IUIa3MOXHUMHUYECKHE TPOLIECChl aKTUBAIIMM UCXOIHOTO BELIECTBA IPOTE-
KalT B HEPaBHOBECHOW IIa3Me TMOJIOKUTENIBHOTO CTOI0A TICIOIIEro paspsja.
OxHaKo, MOCKOJIBKY MOTOK Ta3a HApaBJIeH OT KaToja K aHOJY, YaCTh IUIEHKOO00-
Pa3yIoMMX YaCTHIl ITOCTYTIAeT M3 KaTOAHOH oOmactu ra3zoBoro paspsupa. Ecim
HOPMHUPOBATh MMOJy4YE€HHbIE 3HAYCHHS MacC Ha €MHULY IJIOLIaId IOBEPXHOCTH,
COOTBETCTBEHHO, TMOJUIOKKH, Ss, M CTEKISTHHOH TpYyOKH, ST, TIOTYYHM CIIEIyO-
mee: mMs/Ss = 0,01 mr/mm2, m7/St = 0,03 mr/mm2, [TosydeHHbIe BEINYHUHBI MPO-
MOPIIMOHANBHBI YCPEAHEHHOHW TUIOTHOCTH MOTOKA IUIEHKOOOPA3yIOIIMX YaCTHII
Ha noBepxHocTh. Kak BunHo, npu aktuBauud [ MJICO B mia3Me MOI0KUTENb-
HOTO CTOJI0Aa BEPOATHOCTH OCAXKICHHS IUIEHKOOOpa3yIommieH 4acTHIBI HA BHYT-
PEHHIOIO IOBEPXHOCTh CTEKISIHHOW TPYOKHU B TPH pa3a BHIIIE IIPH paccMaTpUBa-
MO KOH(HUTYpaIHH Ta30pa3paIHON CHCTEMBI.

CyMMapHO U3MEpeHHasi Macca OCaKJIEHHOTO TMOKPHITHS cocTasiseT 33,1 mr.
[Nonmy4yenHoe 3HaueHNE HE BKIIOYAET B CE0sI MACCy IMOKPBITHS, OCAXKIESHHOTO Ha
MMOBEPXHOCTh aHOJIA, U MMOKPBITHA, OCAXIEHHOT'0 HA CTEHKH BaKyyMHOW KaMephbl.
N3-3a cxokecT (QU3MUECKUX YCIOBHI Ha TPaHUIE TBEPAOTO Tela U TUIa3MBI
MOXXHO CUMTaTh, YTO CKOPOCTb OC&KJIEHMS NMOKPBHITUS Ha MOBEPXHOCTb aHOIA
MpUOIM3UTEIBHO PaBHA CKOPOCTH OCAXKIECHHS HA CTEKIIHHYIO TPYOKY, OJHAKO
IJIONIA (b BHYTPCHHEH TIOBEPXHOCTH aHOJAA MPHUOIHM3UTEIBHO B 25 pa3 MEHbIIE
IUTOIAIN BHYTPEHHEH MOBEPXHOCTH CTEKISIHHON TPpyOKH; clIeoBaTeIbHO, Macca
MOKPBITHS, OCAKAECHHOTO Ha aHOJI, MOYKET COCTABIIATH OKOJIO0 4% OT 0CaXKAEHHOTO
Ha TpyOKy. Taxxke CyliecTByeT J0J MOTEHIUAIBLHO TNIEHKOOOPa3yrOIUX YacTHII,
KOTOpasi BRIHOCUTCS CTpyel M3 00NacTH IUTa3MBl, HO HE TMOMANaeT Ha MOBEpX-
HOCTb MOAJIOKKH, OCAXAAACh Ha CTEHKM BaKyyMHOH kamepsl. [loaToMy n3mepeH-
Has CyMMapHas Macca sIBJIIeTCS OLEHKOW CHU3Y MacChl BCEX IUIEHKOOOpasyto-
[IMX YaCTHII, TOJTYYSHHBIX TIPH HACTOSIIIUX YCIOBHAX TOPEHHUS pa3psia.

Kak yxa3piBajioch BbIlIE, CyMMapHasi U3MEpPEHHas Macca MOKPBITHS COcTa-
Buna 33,1 mr. YuursiBas, uro macca I'MJICO, nogaHHast B peakTop 3a BpeMs
HaHeceHus, cocTaBisieT 100 mr, 6onee 33% Macchl MOIaHHOTO B PEaKTOp UCXO/I-
HOTO BEI[ECTBA CTAJI0 B KOHEYHOM HTOTE MOKPHITHEM. O0IIast CKOPOCTh OCaXKIe-
HUS cocTaBmiIa He MeHee S0 MKr/c.

CTOHUT OTMETHTH, YTO, HATIPUMEP, TPH TOMOJIUTUIESCKON TUCCOITUAIIMN XUMH-
yeckoit csa3u B Moiekyite TMJICO, (CH3)3Si—O-Si(CHa)s, 06pasyrorcs nBa Mo-
Hopaaukana, Hanpumep (CH3)3Si—O-Si(CH3).e u *CHs. TTockonbKy MoJekyia
I'MZICO HacslleHa, peakud pocTa LEMH C PaCKPBITHEM JABOMHON CBSI3U HEBO3-
MOXKHBL. ClienoBaTeNbHO, NPU HAJMYMM B IUIa3ME€ TOJIBKO MOHOPAAMKAOB
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BO3MOXKHO 00pa30BaHHE TONHEKO HU3KOMOJEKYIBIPHBIX JICTKOJIETYIHUX COCIHHE-
Hui, Hanpumep CoHe. st dopMupoBaHus BEICOKOMOIEKYIISIPHOTO COSIMHCHHUS
TpeOyeTcs, 9TOOBI TUICHKOOOPA3YIONIHe YaCTUIBI OBLIIH TPEHMYIIECTBEHHO XOTS
051 Or(pyHKIIOHATBEHBIMY, T.€. UMENN KaKk MUHAMYM JIBA aKTUBHBIX IIeHTpa. Takimm
00pa3oM, /Uil OCaXICHUS MOKPBITH HEOOXOAUMA TOBOJIHO CHJIbHAS ()parMeH-
TaIMs UCXOJHOU MoJleKyssl. B HacTosmee Bpems HanOomnee BEPOSITHBIM IyTeM
(bparMeHTaIK MOJIEKYJIbI CYUTAIOTCS Aucconranus cBsizu Si—C ¢ o6pazoBaHueM
cBoboHOTO paaukana nearamerwinucuiokcana (CH3)3Si—O-Si(CHz)2e u nans-
Heifmee packpsitue cBsi3u Si—O ¢ GpopMupoBaHHEeM CBOOOTHOIO paauKaia TPH-
metwicuciana, (CH3)sSie, u BeicokpeaktuBHOro 6upamukana *(CHz).Sie ¢ mac-
coit 74 a.e.M., YTO IOATBEP>KJACTCS aHATM30M Kak ra3oBoi (a3bl, Tak U XUMHUE-
CKOro coctaBa HOKpHITHA [8]. [Ipy HEKOTOPHIX YCIOBHSAX TaKOH OMpaIuKal SBis-
eTCs OCHOBHOM IIIeHKOOOpa3yrorieii uactuiei, mpu 3toM gactura (CHs)sSie
YyYacTBYET B IDICHKOOOpPA30BaHUH B MEHBIIICH CTENCHH, TOCKOJBKY JIETKO 00pa-
3yeT JIeTy4Ynd TPEMUTWICUIIAH WU TeTpaMmetrwicwiad [6]. B mpenmonoxenun,
9TO TOKPHITHE (POPMHUPYETCS MCKIIOUUTEIHHO M3 TaKOTO BHIAa OMpaanKaloB,
OIICHKA MACCOBOTO MPeoOpa3oBaHMs UCXOAHOTO COSAUHEHHUS B IIOKPHITHE COCTA-
BUT 46%. KoHeuHO, B JICHCTBUTENBHOCTH B HEPAaBHOBECHOM IIa3Me OIHOBpE-
MEHHO MPOTEKAaeT MHOXKECTBO IUIA3MOXMMHYECKHX peakunil. Hampumep, kak
OBLIO TTOKA3aHOo B Hatel padore [9], BHE 3aBUCUMOCTH OT yYCIIOBUH TOPEHUS pa3-
psiia BCera CyLeCTBYeT BEpOsSTHOCTD pa3pbiBa Tpex cesizeit Si—C y ogHoro aroma
kpemHus B Mosiekysie I'MJICO, uTo npuBOAUT K 2JIMMUHUPOBAHUIO METHIIBHBIX
paIuKaloB U, KaK CIEACTBUE, YMEHBIICHUIO MACCOBOTO IIPEOOpa3OBaHMUS.

Taxum ob6pasom, nomydeHHble 33% MaccOBOTro IpeoOpa3OBaHUs SBISIOTCS
MOATBEP)KACHUEM TOTO, YTO BPEMEHH NPEOBIBAaHNUS MOJIEKYJ B IIa3MOXHMHIUE-
CKOW CHCTEME JOCTAaTOYHO, YTOOBI AaKTUBHPOBATH UX 3HAUHUTEIBHYIO IOJIO.
Kpome Toro, pe3ynbTaTbl U3MEpEHHs] MACChl MOKPBITUSL HA PAa3JIMUHBIX MOBEPX-
HOCTSIX TIOKAa3aJli, YTO 3HAUNTEIbHAS JOJS NMPOAYKTa OCelNa BHYTPH IIa3MOXH-
Mudeckoro peakropa. Oxosno 90% u3mMepeHHONH Macchl COCPEIOTOUEHO BHYTPHU
peaxropa. Cie10BaTeNbHO, HACTOSILAs KOH(Urypanus ImIa3MOXUMHUUECKOro pe-
aKTOpa MOXKXET HCIIOJIB30BAThCS AJSl MOKPBIBAHMUS TPYOOK M3HyTpu. [Ipu stom
BO3MOYKHO TIOKPBHIBATh TPYOKH, M3TOTOBJICHHBIC KaK W3 MPOBOISIINX MaTepua-
J0B, TaK U U3 HENPOBOAAIIMX. B ciaydae nmpoBOsIIUX MaTepUaIoB TPYOKH HUC-
MOJIB3YIOTCSI B KA4eCTBE IIOJIOTO KaToJa, TOTAA KaK B ClIydae AUDICKTPHKOB
TpyOKN HCIONB3YIOTCS KaK CTEHKH aKTHBHOTO 00BbEeMa ra3opas3psiiHOTO IpoMe-
XKyTKa. B cBSI3W ¢ 3TUM MHTEpECHO MoApoOHee PacCMOTPETh OCOOEHHOCTH Oca-
MKJIEHHS TOKPBITHS B PA3IUYHBIX YaCTAX Ia30pa3psIHOI CUCTEMBIL.

OnHolt 13 00HApY)KEHHBIX OCOOCHHOCTEH OCa)XICHUS Ha KaToJ1 ObLIO TO, YTO
MIPY Pa3BOpaYMBaHIH MEIHOH TPYOKH HEBOOPY>KEHHOM TJIa30M HAOJIIOANICS Tpa-
JUEHT TOJILIMHBI MOKPBITUSA: 10 HANIPABIEHUIO K aHOAY TOJILIMHA MOKPBITUS CY-
IIECTBCHHO YBEJIMYMBAIACh. ECin MpUHATE BO BHUMaHWE (akT MOCTEHNEHHOTO
MIOBBIIICHNST HANIPSDKCHUS, ONMMCAHHBIN B MPEABIYIIEM paselie CTaThH, HepaB-
HOMEPHOMY CJIOI0 MOKPBITUSI HA KaTOAE MOXKHO JaTh CIelxyrollee 00bsCHEHUE.
IIpu ropenun paspsiza B MOTOKE IIa3MO0OOPA3YIOIIEro ra3a TOK 3aMbIKaeTCs Ha
9acTh MIOBEPXHOCTH KaTo/a, Hanboee O1mM3KyIo K anoxay. [locie Hammycka mapoB
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I'MCO B pa3psn B pe3yibTaTe CTOJIKHOBEHHH C MOHAMH M YCKOPSIOLIUMHUCS
3JIEKTPOHAMH MOJICKYJIBI aKTUBUPYIOTCS 1 00pa3yloTCs INIEHKO0Opas3yIomue ya-
CTHILIbI, KOTOPBIE BCIEACTBUE OCAXKACHUS HA MOBEPXHOCTh KaTOAA MOCTENEHHO
(OPMUPYIOT THANIEKTPHUIECKYIO TUICHKY. [Ipy 3TOM MecTo MpuBSA3KH pa3psiia Ha
KaToJie IepeMeIaeTcss B 00paTHyI0 OT aHOJa CTOPOHY. B pesynbTare yBemuuu-
BaeTcs JJIMHA IOJIOKHUTENIFHOTO CTOI0A, YMEHBIIAETCS IUIONIAIb MPOBOISIICH
MOBEPXHOCTH KaTO/A U, KaK CIEICTBUE, YBEIUUNBAETCS HANPSDKEHUE TOPEHNUS.

Jpyroit oOHapyxeHHONH OCOOEHHOCTBIO SIBIISICTCS OTIMYHE MUKPOCTPYKTYpP
nokpeITHid. Ha puc. 3 npencrasiiens! poTorpadun NoBepXHOCTH OKPBITHH, TTO-
JIy4EHHBIE C IOMOIIBIO ONTUYECKOI0 MUKPOCKOIIA.

(a) (6)

Puc. 3. ®otorpadun moBepXHOCTH MOKPHITHH, OCAXKICHHBIX Ha PACIIOI0KEHHYIO B KATOTHOM
MOJIOCTH MEIHYIO TPYOKY (@), Ha CTEKIISTHHYIO TPYOKY IUIa3MOXUMHYECKOro peakTopa (6)
1 Ha HOBEPXHOCTh MOJUIOXKKH (8)

Ipexae Bcero, HEOOXOAUMO OTMETHUTb, UTO MOTYYCHHBIC TOKPBITUSI COCTOST
U3 MEJKHX YaCTHI[ OKPYTIIOH (OPMBI, KOTOpBIE, CIUMAsCH, 00Pa3yIOT EANHYIO
wieHKy. Ha mouioxkke u cTeKIITHHO#M TPyOKe MUKPOCTPYKTYPhI TIOKPBITUI OYCHb
CXO0XH (cM. puc. 3, 6, 8). 371ech B CpellHEM pa3Mepbl YACTHII COCTABISIOT OKOJIO
2-5 MKM, TIpY 3TOM MaKCUMAIBHBIA pa3Mep YacTHIl PEIKO MpeBbImaet 10 MKM.
MHUKpPOCTPYKTYpa MOBEPXHOCTH MOKPBITHS, OCAXKICHHOTO HA KAaTOJ, 3HAYH-
TeJbHO oTHyaercs (cM. puc. 3, a). Ha moBepXHOCTH MeIHON TpyOKH cpeaHui
pa3Mep 4acTHUI[ MPAKTHYECKU Ha MOPSJOK BBIIIE U COCTABISIET HPHOIU3UTEIBHO
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20-40 mxMm. [Ipu 5TOM HEKOTOPBIE YaCTHIIBI JOCTUTAIOT pazMepa 60 Mmxm. Pa3mu-
Y. MUKPOCTPYKTYP OOBSCHSIOTCS, TIPEXKE BCETo, PA3IHUMSIMU yCIOBUH, MpU
KOTOPBIX MPOTEKAIOT IPOLECCHl aKTHBALlMM U IUIa3MEHHOW IOJIMMEpPU3ALIUU.
B HepaBHOBECHOH ITa3Me TOIOKUTEIHHOTO CTONI0A TICIOMIETO pa3psiaa aKTHBa-
LU MPOTEKAeT 3a CYET DIIEKTPOH-MOJIEKYJIPHBIX B3aMMOJAEUCTBUM. B ciryuae
OCaXK/ICHUS Ha KaToJ 3HAYUTEIbHOE BIMSAHUE Ha IPOLIECCHl MOTYT TaKXXe OKa3bl-
BaTh B3aMMOJIEHCTBUS YCKOPEHHBIX B KAaTOAHOM MaJ€HUM MOTEHIMaja HOHOB
C MOJIEKYJIaMU.

BriBoabI

[IpeanoxeHa METOIUKA HKCIICPUMEHTAIFHOTO OIpECTICHUS! KOJINYECTBEH-
HOTO BBIXO/Ia MAaCCHI IIOKPBITHS B INTA3MOXUMHUYIECKON CHCTEME Ha OCHOBE TIICIO-
HIEro paspsijia MOCTOSHHOTO TOKA, MOIAECPKUBACMOI0 B MIOTOKE CMECH aproH /
reKCaMEeTWITUCHIOKCAH P HU3KOM JaBlieHHH. [Ipu pacxozpe mapoB rexcame-
twucwiiokcana 10 mMr/muH, aprona 230 Mr/MuH B MoIIHOCTH paspsna 30 Bt
CyMMapHas H3MEpeHHAasI Macca IMOKPBITUS COCTaBMIIA 33 MT, YTO COOTBETCTBYET
33% npeoOpazoBaHUs MAcChl HCXOJHOTO BEIECTBA B MOKpbITHE. [Ipu 3TOM 00-
mIasi CKOPOCTh HaHECeHWs JocTuraer He MeHee 50 MKr/c. M3 aHamm3a JaHHBIX,
MOJMYYEHHBIX B XOIIE SKCIEPUMEHTa, OIPEAETICHO PaclpeieieHUue KOINIeCTBa
IPOAYKTa BHYTpH cucTeMsbl. [TokazaHo, uto okoso 90% Bceit u3MepeHHOit Macchl
TOKPBITHS OCEJI0 BHYTPHU IJIA3MOXMMHUYECKOTO PEaKkTopa — Ha BHYTPEHHEH Io-
BEPXHOCTH TIOJIOTO KaTOAa M BHYTpPEHHEW MOBEPXHOCTH CTEKITHHOM TpyOKH, U
10% Ha moI0XKKY, HAXO/SIIIYIOCS Ha PACCTOSIHUM 15 MM OT BBIXOJHOTO OTBEp-
cTusl peakropa. TakuM 00pazoM, paccMaTpUBAEMbIN PEXKUM paOOTHI TIA3MOXH-
MHUYECKON CHCTEMBI MOJKET UCIIONB30BATHCS HE TONBKO IS YAATEHHOTO OCaXKIe-
HUS Ha TTOJUIOXKKY, HO W JUIA MOKPBITHS TpyOOK M3HYTpH. B pesynbrare ananmmsa
MUKPOCTPYKTYPBI BBISIBIIEHO, UTO OCAKIEHHOE KPEMHUHOPTraHNUECKO€E IIOKPBITHE
COCTOUT M3 OKPYTIBIX MUKpodacTull. CpenHuid pa3Mep MUKPOIACTHII Ha KaTo/e
cocraBysier 20-40 MKM, 9TO Ha MOPSAAOK BBINIE CPETHEro pasMepa 4acTHI[ Ha
CTEKJITHHOM TpyOKe IIa3MOXHUMUYECKOT0 PeakTopa U noioxkke. OOHapyxeHHas
0COOCHHOCTh OCaXKIICHHS Ha KAaTOJl CBS3aHA C PA3IHMINeM (PH3MIECKUX YCIOBHU
B KaTOAHBIX CJOSIX U IJ1a3Me MOJIOKUTENBHOTO CTOI0a TACIOLIEro pa3psaja.

CnucoK HCTOYHUKOB

1. Snyders R., Hegemann D., Thiry D., Zabeida O., Klemberg-Sapieha J., Martinu L. Founda-
tions of plasma enhanced chemical vapor deposition of functional coatings // Plasma
Sources Science and Technology. 2023. Vol. 32. Art. 074001.

2. de Freitas A.S.M., Maciel C.C., Rodrigues J.S., Ribeiro R.P., Delgado-Silva A.O., Rangel E.C.
Organosilicon films deposited in low-pressure plasma from hexamethyldisiloxane — a re-
view // Vacuum. 2021. Vol. 194. Art. 110556.

3. Hegemann D., Nisol B., Watson S., Wertheimer M.R. Energy Conversion Efficiency in Low-
and Atmospheric-Pressure Plasma Polymerization Processes, Part Il: HMDSO // Plasma
Chemistry and Plasma Processing. 2017. Vol. 37. P. 257-271.

4. Hegemann D. Plasma activation mechanisms governed by specific energy input: Potential
and perspectives // Plasma Processes and Polymers. 2023. Vol. 20. Art. e2300010.

129



.A. 3y3a, B.O. Hexopowes, A.B. bampaxos, H.A. Kyp3una

5. Dufour T. From Basics to Frontiers: A Comprehensive Review of Plasma-Modified and
Plasma-Synthesized Polymer Films // Polymers. 2023. Vol. 15 (17). Art. 3607.

6. Zuza D.A., Nekhoroshev V.O., Batrakov A.V., Markov A.B., Kurzina I.A. Characterization of
hexamethyldisiloxane plasma polymerization in a DC glow discharge in an argon flow //
Vacuum. 2023. Vol. 207. Art. 111690.

7. Korolev Y.D., Nekhoroshev V.O., Frants O.B., Bolotov A.V. Landl N.V. Power Supply for
Generation of Low-Temperature Plasma Jets // Russian Physics Journal. 2020. VVol. 62 (11).
P. 2052-2058.

8. Hegemann D., Biilbiil E., Hanselmann B., Schiitz U., Amberg M., Gaiser S. Plasma polymeri-
zation of hexamethyldisiloxane: Revisited // Plasma Processes and Polymers. 2021. Vol. 18.
Art. e2000176.

9. Zuza D.A., Nekhoroshev V.O., Batrakov A.V., Markov A.B., Chernyavskii A.V., Kurzina |.A.
Chemical constitution of coatings deposited remotely by activation of hexamethyldisiloxane
in positive column plasma of glow discharge in argon flow // Vacuum. 2024. Vol. 221.
Art. 112858.

References

1. Snyders, R., Hegemann, D., Thiry, D., Zabeida, O., Klemberg-Sapieha, J., Martinu L. Foun-
dations of plasma enhanced chemical vapor deposition of functional coatings. Plasma
Sources Science and Technology. 2023, 32, 074001.

2. de Freitas, A.S.M., Maciel, C.C., Rodrigues, J.S., Ribeiro, R.P., Delgado-Silva, A.O.,
Rangel, E.C. Organosilicon films deposited in low-pressure plasma from hexamethyl-
disiloxane — A review. Vacuum. 2021, 194, 110556.

3. Hegemann, D., Nisol, B., Watson, S., Wertheimer, M.R. Energy Conversion Efficiency in
Low- and Atmospheric-Pressure Plasma Polymerization Processes, Part Il: HMDSO.
Plasma Chemistry and Plasma Processing. 2017, 37, 257-271.

4. Hegemann, D. Plasma activation mechanisms governed by specific energy input: Potential
and perspectives. Plasma Processes and Polymers. 2023, 20, e2300010.

5. Dufour, T. From Basics to Frontiers: A Comprehensive Review of Plasma-Modified and
Plasma-Synthesized Polymer Films. Polymers. 2023, 15(17), 3607.

6. Zuza, D.A., Nekhoroshev, V.O., Batrakov, A.V., Markov, A.B., Kurzina, |.A., Characteri-
zation of hexamethyldisiloxane plasma polymerization in a DC glow discharge in an argon
flow. Vacuum. 2023, 207, 111690.

7. Korolev, Y.D., Nekhoroshev, V.O., Frants, O.B., Bolotov, A.V., Landl, N.V. Power Supply
for Generation of Low-Temperature Plasma Jets. Russian Physics Journal. 2020, 62(11),
2052-2058.

8. Hegemann, D., Biilbiil, E., Hanselmann, B., Schiitz, U., Amberg, M., Gaiser, S. Plasma
polymerization of hexamethyldisiloxane: Revisited. Plasma Processes and Polymers.
2021, 18, e2000176.

9. Zuza, D.A., Nekhoroshev, V.O., Batrakov, A.V., Markov, A.B., Chernyavskii, A.V., Kur-
zina, I.A., Chemical constitution of coatings deposited remotely by activation of hexame-
thyldisiloxane in positive column plasma of glow discharge in argon flow. Vacuum. 2024,
221, 112858.

Cseoenusn 06 asmopax:

3y3a JlaHuua AlleKcaHAPOBHY — MJIAIINH HAyIHBIH COTPYIHUK VIHCTHTYTa CHIBHOTOYHOM
anexktponuku Cubupckoro otnenenus PAH (Tomck, Poceust). E-mail: zzdnl@yandex.ru
Hexopomes Burtaumii OJyieroBuy — Miaauil Hay4Hslil cOTpyIHUK MHCTUTYyTa CUIBHOTOY-
Hoit anektpoHuk Cubupckoro otaenenus PAH (Tomck, Poccust). E-mail: nvo@Inp.hcei.tsc.ru
BarpakoB Anexcanap BiragnmupoBud — kaHauaaT GU3MKO-MaTEMaTHIECKHUX HAYK, JIOIIEHT,
3aMeCTHTENb AUPEKTOpa MO Hay4HOil padoTe VIHCTUTYTa CHIIBHOTOYHOM 31eKkTpoHukn Cubup-
ckoro otaenenus PAH (Tomck, Poccust). E-mail: batrakov@Ive.hcei.tsc.ru

130



Pacnpedaﬂeﬂue Mmaccol erMHuﬁopzauuuecxozo ROKpbimMUs 6 NJ1A3MOXUMUYUECKOM peaKkmope

Kyp3unna Upuna AnexkcaHIpoBHA — TOKTOp (pU3HKO-MaTEeMaTHIECKUX HAYK, IOLCHT, 3aBEy-
foirast kaheapoil MPUPOTHBIX COCAUHCHUH, papManeBTUIeCKOW U METUIIMHCKON Xxumun Tom-
CKOro rocynapcrsenHoro yuusepcurera (Tomck, Poccust). E-mail: kurzina99@mail.ru

Bknao aemopos: éce agmopul coenanu IK6UEANEHMHbLIL 6KIIA0 6 HOOZOMOGKY NyOIUKAUUUL.
Aemopul 3as6na10m 06 omcymcmeuu KOHGIUKma unmepecoa.

Information about the authors:

Zuza Daniil A. — Junior Researcher, Institute of High Current Electronics of the Siberian
Branch of RAS (Tomsk, Russia). E-mail: zzdnl@yandex.ru

Nekhoroshev Vitaly O. — Junior Researcher, Institute of High Current Electronics of the Sibe-
rian Branch of RAS (Tomsk, Russia). E-mail: nvo@Inp.hcei.tsc.ru

Batrakov Alexander V. — Candidate of Physico-Mathematical Sciences, Deputy Director for
Research, Institute of High Current Electronics of the Siberian Branch of RAS (Tomsk, Russia).
E-mail: batrakov@Ive.hcei.tsc.ru

Kurzina Irina A. — Doctor of Physical and Mathematical Sciences, Associate Professor, Head
of the Department of Natural Compounds, Pharmaceutical and Medicinal Chemistry, Tomsk
State University (Tomsk, Russia). E-mail: kurzina99@mail.ru

Contribution of the authors: the authors contributed equally to this article.
The authors declare no conflicts of interests.

Cmamws nocmynuna 6 pedakyuro 12.02.2024; npunsama x nyoauxayuu 16.08.2024
The article was submitted 12.02.2024; accepted for publication 16.08.2024

131



Becmnux Tomckozo 2ocyoapcmeennozo ynusepcumema. Xumus. 2024. Ne 34. C. 132-141

Tomsk State University Journal of Chemistry, 2024, 34, 132-141

Hayunas craTbs
YJIK 543.423
doi: 10.17223/24135542/34/11

B3aunmocBsa3b apudMeTHYIECKHX, F€OMETPUYECKUX
U TOMOJIOTMYECKHX MPeACTABJICHUI pacnpeae/eHnst
KOHLEHTPALMHA XMMUYECKHUX 3JICMEHTOB B ’KMBOM BellleCTBe

Baagumup Winbuu Otmaxos?, FOpuii CepreeBua Capkucos?,
Aaéna EsrenneBna SInox’

L3 Tomexuii 2ocyoapcmeennvii ynusepcumem, Tomck, Poccust
2 Tomcxuil 20cyOapcmeenubvlii apxumexmypHo-cmpoumenvulil ynueepcumem, Tomck, Poccus
1 otmahov2004@mail.ru
2sarkisov@tsuab.ru
3ploom201328@mail.ru

Annotanus. B sTom rogy ucnonnunocs 155 netr co aus otkpeitus [lepuoaunye-
ckoro 3akoHa U 190 ner co nus poxaenus J.M. MenzneneeBa. OTKpBITbIC UM 3aKOHO-
MEPHOCTH PACIpE/IeNIeHNs] 3JIEMEHTOB JIO CUX IIOp NPUBIECKAIOT BHUMAHUE HE TOJIBKO
XHMHKOB U ()M3HKOB, HO ¥ T€0JIOTOB, OHOJIOTOB U JIPYTUX CHENUAIHCTOB Pa3INIHBIX
obnacteii 3HaHUSA. OCOOBIN HHTEPEC MPEACTABISIOT MOCACTHNAC TOCTHKEHHS MeTaMaTe-
MaTHYECKOH XMMHUH 1 (PU3MKH B CBSI3H C Pa3BUTHEM YUCHUS TaK Ha3bIBAEMBIX (DUTyPHBIX
YHCEJ M UX B3aUMOCBS3H ¢ yrcinamMu OudoHayuy, 3010THIM CEYSHUEM ¥ YHCIIAMH rap-
MoHMH. B 310i1 cBa3u Teopus H.C. Kypuakosa, nononnenHas akagemukom 1.B. Tana-
HaeBbIM, ChOpMUPOBaBILIAsCS B U3BECTHYIO METOAOJOIUIO: COCTaB—CTPYKTYpa—CBOIi-
CTBa, HallUTa IPUMEHEHHE B CaMbIX Pa3HBIX 00ACTIX XUMUH, (PU3HKH, OMOIOTHH, B TOM
YUCIIe B CTPOUTENIFHOM MaTepHaIOBeIeHUHU. 113 Hee BBITEKAeT, YTo, ONIPEEINB COCTAB
U CTPYKTYpY BeLIeCTBa, MOXHO NpeJcKa3aTh CBOMCTBa MaTtepuana. OQHaKO 10 HACTO-
AIIEr0 BpEMEHU NPAKTHYECKH HUKTO B MHUpe He oOpalliayl BHUMaHHE Ha BO3MOXKHOCTb
IPUMEHEHHsT 00paTHOI METOMOJIOTHH: 3Hasi CBOWCTBAa WIIM COBOKYITHOCTh CBOWCTB
JTAHHOTO O0OBEKTa, MOXKHO IIPOTHO3UPOBATh €r0 BEPOSTHYIO CTPYKTYPY OpraHU3allUy,
a 3aTeM W COCTaB BEIECTBA, W3 KOTOPOTO COCTOWT AaHHBIH 00beKT. IMEHHO 3THUM
KauecTBOM 00J1aaloT QUrypHBIE YHCIA: OHHU MO KOMIUICKCY CBOMCTB 00BEKTa MOTYT
XapaKTepH30BaTh caM 00BeKT. besycnoBHo, Teopust KypHakoBa—TananaeBa u Teopus
(UTYpHBIX YHCEN TPUMEHUMBI ¥ K CHCTEMATH3aIHN KHBBIX 00BEKTOB.

Hacrosimast paboTta nocBsieHa MpeACTaBIeHUI0 KOHIEHTPAINi XUMHIECKHUX 3J1e-
MEHTOB 00BEKTOB XHMBOTO BEIIECTBA B BUJE (PUT'YPHBIX YHCEI.

KunaroueBble c10Ba: coCTaB, CTPYKTYpa, CBOMCTBA, JIEMEHT, (GUTYPHOE YHCIIO, TO-
MOJIOTHYECKOe MHOXECTBO, reoMeTpruieckas hopmMa, apupMeTHIECKOe JUCII0, FapMo-
HHSA, 30JI0TO€ ceuenue, grcna GuboHaqun

Jns mutuposanus: OtmaxoB B.U., Capkucos 10.C., fAniok A.E. Bzanmocss3b
apudMeTHUECKNX, TEOMETPHYECKHX M TOIMOJOTHYECKHX MpEICTaBICHUH pacmpene-
JICHUS KOHIEHTPAILMH XUMHUYECKUX JJIEMEHTOB B KMBOM BemiecTBe // BectHuk Tom-
CKOTO TIOCy/apCTBEHHOTro yHuBepcutera. Xumus. 2024. Ne 34. C. 132-141. doi:
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Abstract. This year marks 155 years since the discovery of the periodic law and
190 years since the birth of Dmitri Mendeleev. The regularities of element distribution
discovered by him still attract the attention not only of chemists and physicists but also
of geologists, biologists, and other specialists in various fields of knowledge. Of special
interest are the latest achievements in metamathematical chemistry and physics, be-
cause the theory of the so-called figurate number and their relationship with Fibonacci
numbers, the golden section, and harmonic numbers develop. In this regard, the theory
of Nikolay Kurnakov supplemented by academician Ivan Tananaev, formed into a well-
known methodology called «composition-structure-properties», has found application
in various fields of chemistry, physics, and biology, including building materials science.
It follows that by determining the composition and structure of matter, one can predict
the properties of a material. However, to date, almost no one in the world has paid
attention to the possibility of applying the reverse methodology: knowing the properties
or set of properties of a given object, one can predict its probable structure of organiza-
tion, and then the composition of the substance of which this object is composed. It is
this trait that figurate numbers possess. These numbers can characterize the object itself
according to the set of properties of the object. The Kurnakov—-Tananaev theory and the
theory of figurate numbers can also be applied to the systematization of living objects.

This work is devoted to the representation of chemical element concentrations of
living matter objects in the form of figurate numbers.

Keywords: composition, structure, properties, element, figurate number, topological
set, geometric form, arithmetic number, harmony, golden section, Fibonacci numbers

For citation: Otmakhov, V.1, Sarkisov, Y.S., Yanyuk, A.E. Relationship between
arithmetic, geometric and topological representations of the distribution of chemical
element concentrations in living matter. Vestnik Tomskogo gosudarstvennogo universi-
teta. Chimia — Tomsk State University Journal of Chemistry, 2024, 34, 132-141. doi:
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BBenenne

IIpencrasnenue o GUrypHBIX YUCIAX C APEBHUX BPEMEH BbI3bIBAECT OTPOMHBIN
HHTEPEC y CHEIHAIICTOB B CAMBIX Pa3HBIX 00JACTAX HAayKd M TeXHHKH [1-5].
ApumernuecKoe 9uciIo — 3T0 He IPOCTO KOHCTATAIMS CUeTa, HOPSIAKOBOrO HOMepa
3NIEMEHTa, TOYKH WITH JIF000TO APYroro 00bEeKTa, a OMHOBPEMEHHO NPECTABICHNE
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0 €ro TreOMETPHYECKOM 00pa3e W paHTe TOMOJOTHYECKOTO MHOXKECTBa. B aToM
cyTh purypHsix uncen. Kaxmpoe purypHoe 4ucio oTpaxkaeT B KOMIUIEKCE CBOI-
cTBa (pu3nvecKue, XAMUUYECKUE, OMOJIOTHICCKHE U JIp.) TOTO HIIH HHOTO 00BhEKTa
WM X COBOKYITHOCTHU. B pe3yibTare OTKPHIBAIOTCS HOBBIE BO3MOYKHOCTH B TIOHH-
MaHUH YCTPONCTBA TOTO WM HHOT'O 00BEKTA B CBETE B3aUMOJICHCTBUS €r0 OT/ICITb-
HBIX YacTeu Ipru COXpaHECHUU IICJIO0IO. OTCIOJIa BO3HUKACT IIpsiMast B3aUMOCBSI3b
¢GurypHbIX grcen ¢ gucinamMu OruOOHATIH, 30J0THIM CEUCHUEM U YUCIIAMHU rapMo-
HuH. Pa3HbIe aCeKThI MPeCTaBICHHUS (PUTYPHBIX YHCEIT CBA3AHBI C TEM MJIN UHBIM
CBOWCTBOM MaTE€pHAJIBHOTO TeJa U €T0 B3aMMOCBS3H CO CTPYKTYPOM U COCTABOM.

B reomeTpuueckoii anredpe 0OBIYHO MPUMEHSIOT CKAJISAPHI, T.€. apuMeTnde-
CKHE YHCJIa, KOTOPBIC UMCIOT BEITUYUHY, HO HE CBS3aHBI C OpPHUCHTAIMEH B TPO-
CTPAHCTBE, U BEKTOPBI — HAIIPaBJICHHbIE OTPE3KU KaK C KOHKPETHON BEJIMYUHOM,
TakK ¥ ¢ OpueHTaIuel (HarpapieHneM) [6]. BHelTHe mpon3BeIeHus MEXITY ABYMS
BEKTOpaMH a ¥ b 3anmceIBaroTes Kak a A b ¥ npencTaBisior co0oi HOBYIO BEJIH-
4YKHY, Ha3bIBaeMy OuBekTopoM [7]. busextop a A b — 3T0 HampaBieHHas 00-
J1acTh, OXBaThIBacMas IByMs BEKTOpaMu a u b, kotopas siBisieTcst HOBOM Marema-
THUYECKON CYIIHOCTBIO, KOAUPYIOIIEH MMOHATHE OPUCHTHUPOBAHHON ILIOCKOCTH,
CIIpaBEUINBOU JIJIsI TBYMEPHOTO MMPOCTPAHCTBA.

B n-mepHOM mpOCTpaHCTBE N-BEKTOPHI SBITIOTCS IMPOCTO OPHEHTHPOBAH-
HBIMHU N-00bEMaMU M TaKXKe MOTYT XapaKTepru30BaThcs OnBekTopoM. Takum 00-
pa3oM, Jiro0ast TOUKa Ha TNIOCKOCTH MOXKET OBITh 0XapaKTePHU30BaHa Pa3TUUHBIMU
JINHEUHBIMUA KOM6I/IHaHI/IHMI/I JABYX BEKTOPOB C pa3JINdYHBIMHA HAIIPABJICHUAMU, 110~
3TOMY HX TEOMETPHUYECKOE MIPOM3BEICHHE SIBIISICTCS YACTHIM OUBEKTOPOM.

B reomerpudeckoii asreOpe MMPOKO UCTIONB3yeTcs (hopMysia st BparieHus [ 8],
U3 CBOICTB OMBEKTOPA OYCHB JIETKO ITOKa3aTh, 4TO IIOBOPOT BEKTOpa & Ha yroi 0
K BEKTOpy @' mocturaercs ypaBHeHuem a' = RaP, rae R — poTtop Bpamenus, ko-
TOPBII MEPEBOUT OCh BPAIICHHS U3 OJHOTO MOJOXKEHUS B APYroe. DKBUBAICHT-
HOCTh MHOTOYPOBHEBOMY B3aWMOJICHCTBUIO YACTHIL JIFOOOTO CJI0KHOTO OOBEKTA
MIOJTHOCTBIO OTPaKaeT CBA3b apU(PMETHUECKUX UHCEIN, paHTa TOHNOJIOTHIECKOTO
MHOECTBA U T€OMETPHUECKOro 00pasa.

Hawm npencrasmnsiercss, uTo OyIeT CIpaBeIMBBIM CUUTATh, UTO JTII00ast TEOMET-
pudeckas purypa Ha IIOCKOCTH JTHOO B 00beMe MOXKET OBITh CBeJIcHA KaK K apu(-
METHYECKOMY, TaK U K TOMOJIOTHYECKOMY MHOXKecTBY. OcoObIll HHTEpEC Cpean
N-MEPHBIX T€OMETPUUECKUX (PUTYP B 3TOH CBSA3U MPUHAIICKUT MATHYTOJIbHUKAM,
KOTOPBIE, B CBOIO O4€PE/Ib, OTPAIKAIOT HE TOJIHKO B3aUMOICHCTBHE BHEITHHUX TIPH-
3HAKOB, HO M BHYTPEHHHE CBS3H (OpPUCHTUPOBAHHBIC TPEYTOJIBHUKH), COBOKYII-
HOCTh KOTOPBIX CBHJICTEILCTBYET O CTEIICHH CITIOCOOHOCTH JIFOOBIX YaCTHI[ COXpa-
HATH B3aMMOJICHCTBUE PaJy COXPAHEHHs 11E70r0. DT0 PyHIaMEHTAIbHBIC CBOI-
CTBa MpUpoAbl. PacmpeneneHre KOHIEHTPAUU 3JIEMEHTOB B XHUBBIX 00BEKTaX
JOJDKHO TaKXKe, Ha Halll B3TJISA], MOJYUHSTHCS STHM 3aKOHOMEPHOCTSIM.

MeToabI Mccae10BaAHUS

DJeMEeHTHBIN aHaIKU3 POBOAMIICA C MOMOIIBIO criekTpomeTpa «[ paHm ¢ MHO-
TOKaHATBHBIM aHAJIN3aTOPOM AMHUCCHOHHBIX criekTpoB (MADC) B Komruiekce
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¢ nonuxpomaropom «PoyieHa» u reHepatopoM «BesyBuii-3» [9-15]. Pabouwnii
CHeKTpaibHbIi nuana3on ot 160 1o 1 100 HM ¢ mpeaenamMu CrieKTPaaIbHOTO pas-
pemrenus ot 0,005 no 0,3 HM, ¢ AMaTa30HOM OTIPEAEIIEHUST MACCOBOM KOHIIEHTpa-
LM 3JIEMEHTOB COCTaBa BEIIECTB U MAaTEPUAJIOB OT 107 o 100%, npenemnom mo-
MMyCKaeMoro 3HAYeHUSl CPEAHEr0 KBaIpaTUYECKOTO OTKIOHEHUS pPEe3yJbTaTOB
OTIpeICTICHUSI MAaCCOBOW KOHIIEHTPAITUH JJIEMEHTOB COCTaBa BEUIECTB U MaTepua-
70B He Oonee 10% ¥ mpenesroM I0ITyCKaeMOro 3HAUYeHHsT CHCTEMAaTHIEeCKOH I10-
TPEIIHOCTH OIPEeJIENIeHUs] MAaCCOBOM KOHIIEHTPAIIMY SJIEMEHTOB COCTaBa BEILIECTB
u MaTepuaioB He 6oisee 20%. [Ipu BEITOIHEHNN H3MEPEHUHN HCTIONIB30BAIIH CTAH-
JapTHBIE 00pa3Ibl cOCTaBa TPapUTOBOrO KOJUIEKTOpPA MHKpoONpuMeced (KoM-
wiekt COT'-37; T'CO 8487-2003) co cpokom petictaust 60 et [16].

Pe3y.]1bTaTbI HCCJIeJ0BaHUsA

Juis mokazaTenbHOU 0a3bl M MPEJCTAaBICHHUS I€OMETPUYECKOro oOpasa aiie-
MEHTOB Ieproamdeckoi Tadmumsl [1.M1. MenneneeBa OblIM BBIOpaHBI OOBEKTHI
JKHBOTO BelecTBa. JKUBOE BEMIECTBO — 3TO 0co0as popMa MaTepuu, OCYIIEeCTB-
JIAOIIasi HEMPEPHIBHBIA MacCOOOMEH XMMHUYECKHUX 3JIEMEHTOB C OKpYXarolen
Cpenou.

B OuoreoxuMun 04eHb BaXKHYIO POJIb UTPAIOT KOJMYECTBEHHBIC OLICHKHU CO-
JepXKaHUA XMMHUYECKHX DIIEMEHTOB B )KMBOM BEILIECTBE, 3TO CBS3aHO C €ro HUC-
KIFOYUTETHHON POJIbI0 B (DOPMUPOBAHUH YCIOBUH MHUTPAIMU XUMHUYECKUX die-
MEHTOB U TOAAep)KaHMKM romeocrtasa 6mocdepst [17-25]. Ilpu paccMoTpenum
[JIaBHBIX XMMHUYECKHX DIIEMEHTOB, BXOAAIINX B COCTaB OOBEKTOB JKUBOTO Bellle-
CTBa, HAMH OBUIN YCTAHOBJIEHHI CIIEIyIONHEe 3aKOHOMepHOCTH. Eciu paccMaTpu-
BaTh TpayUIecKUe 3aBUCUMOCTH KOHIICHTPALIUN XUMHUIECCKHAX JIEMEHTOB OT T10-
JIO’KeHUs uX B nepuoandeckoi cucreme [[.1. Menneneesa, To oHU GOPMUPYIOT
HEKOTOPBIN KapKac, HEMPEMEHHO OBTOPSIOUINIACS IS BCEX MCCIIEyeMbIX 00b-
ekToB. Ecim mpencTaBuTh pacnpeneieHiHe XUMUYeCKUX JJIEMEHTOB B BHIC Jie-
MECTKOBBIX AUATPAMM, TO U3 MHOTOYHCIICHHBIX BAPHAHTOB (PUTYP, OTPAKAIOIINX
MJIOCKKE TpaduuecKre 3aBUCUMOCTH, MOKHO BBIICTUTD MATHYTOJIBLHUKH, TOBTO-
PSIOIIUCS TSI Pa3IMIHBIX TOMYJIALINH, pa3HHUIA MEKITY KOTOPBIMH BBIPaXKaeTCs
opueHTauueil octporo yria. OcTanbHble TeoMeTpruecKkue (Urypbl OOJbLIEro
WJIM MEHBIIIETO COACPIKAaHUS XUMHUECKUX DIIEMEHTOB B MHOTOYTOJIbHUKAX HE OT-
BEYAIOT KPUTEPHIO MMOJI00US reOMeTpUIecKoro crpoeHus. [lo-Buaumomy, naTu-
YTOJIBHUKA MOTYT COZICPKaTh HEKYIO 3an(poBaHHYI0 HH(POPMAIIHIO O IPHPOLE
MOMYJIALUN O0bEKTOB JKUBOTO BELIECTBA.

Ha puc. 1 npencraBiieHbI JISNECTKOBBIE JUATPAMMBbI [T pa3IUIHOTO POJIa 110-
mysinnii. KoHIeHTpamust mpencTaBieHa B BUAC psiia JJorapu(pMIUECKUX YHCET,
XUMHYECKHUE 3JIEMEHTHI PU IOCTPOSHUU JUarpaMM BBICTPOEHBI B TIOPSIIKE yBe-
nuveHus 3apsina sapa tabnunsl .M. MenaeneeBa u He MEHSUIUCH TIPU ITOCTPOEC-
HUU nuarpamm. O000IIeHHAs KapTHHA TPeCTaBICHa Ha puC. 2.

Kak Buano u3 puc. 2, porop R Oyzner BpamaTbcst Ha yroy B INIOCKOCTH, 00Y-
CJIOBJICHHBIN OMBEKTOPOM U paBHBIN 72°. KaxIbIit TOBOPOT Ha 3TOT yTOJl CTPOTO
COOTBETCTBYET CBOEMY IITHYTOJIBHHUKY, KOTOPHIH XapaKTepU3yeT TOT WIIH HHOU
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CIIOXKHBIN 0OBEKT )KUBOI HPUPOJIBI HIIH €r0 OTACIbHbBIC YacT. [Ipu 3TOM BeKTOp,
HepHeHI[HKyHﬂpHLIﬁ OCHOBAHUIO MATUYTOJIbHUKA, ABJISICTCA BbIACJICHHBIM BEKTO-
pPOM ¥ XapakTepu3yeT (pyHIaMEeHTaIbHYI0 OCOOSHHOCTh KOHKPETHOTO OOBEKTa
B 11es1oM. MOXXHO MPEATONI0KHTh, YTO KOHIICHTPALHS SJIEMEHTA B TAHHOM JKHBOM
00BEKTEe — 3TO ero CBOe0Opa3HbIN MacmopT.

Na

50
40
Y
o}
Ca Mg Ca Mg
10
00
K P
1
Ha
50
4,0
20
ca b iz ca Mg
K P K P
3 4
Ma Ma
30 35
25 30
20 25
2,0
Ca 10 Mg Ca 10 Mg
[+ 05
0,0 0,0
K P 3 F
5 6

Puc. 1. Jlorapudm KoHIEHTpanuii (MKI/T) TTIAaBHBIX XUMUYECKUX JIEMEHTOB, BXOISIIIX
B COCTaB HCCIIEAyEeMbIX 00BEKTOB: 1 — MbIllIeuHast TKAHb )KUBOTHBIX, 2 — MO3TOBast TKAHb
MOJIOTIBITHBIX KPBIC, 3 — TPABSIHUCTBIC PACTEHHUs, 4 — BOJIOCHI MYKCKHE, 5 — IIepCTh TUKHUX
JKHUBOTHBIX, 6 — OBOIIN, (QPYKTHI
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Puc. 2. Jluarpamma coCTOSTHUSI HCCIIETyEeMBbIX TIOMYJISIIUI OOBbEKTOB )KUBOT'O BELIIECTBA:
1 — MbIIeYHAs ¥ MO3TOBas TKaHb KMUBOTHBIX, 2 — TPABIHUCTBIC PACTCHHUS, 3 — BOJIOCHI
MYXKCKHE, 4 — IEepCTh AUKUX KUBOTHBIX, 5 — 0BOIIHU, (PPYKTHI

Pa36uB IATUYTOJIBHUKKA Ha 3JIEMCHTAPHBIC TPEYTOJIbHUKH, MOXHO YCTAaHO-
BUTH B3aNMMOCBA3b OTACIIBHBIX 3JICMCHTOB (KOHHCHTpaHI/II/I) " UX BJIMAHHUEC HA DBO-
JIFOLIUIO 00BEKTa B CJI0M.

3akiouenne

KoneuHo, npoBeieHHBIN aHAIU3 HOCUT IPEJBAPUTEIIBHBIA TOBEPXHOCTHBIN
XapakTep 1 TpeOyeT Ul peleH s HOAHATHIX MPoOIeM YCTaHOBJICHNS HOBBIX 3a-
KOHOMEPHOCTEH pa3BUTHUSA KUBOU MaTEpUU, IIPUBJICYECHHS CIIELUAINCTOB CMEX-
HBIX IIpOoQeccHii, B MEPBYIO OUepeab MAaTEMaTUKOB U OUOJIOTOB.
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AnHoTanus. Pabota sBiseTcs MpoJoKeHHEM HCCISI0BAHNH 110 U3YYCHUIO (PU3UKO-
XUMUYECKUX CBOWCTB KOMIO3UIIMOHHBIX COPOIIMOHHO aKTUBHBIX MaTepuaioB (KCAM)
Ha OCHOBE TTOJIMMEPOB (PTOPIIPOM3BOIAHBIX STHIICHA (PTOPOILIACTOB) U PA3ITHYHBIX aJl-
cOopOEHTOB-HATIOJIHUTENIEH W HAlpaBJcHA Ha BBISBICHHE 3aKOHOMEPHOCTEH BIIHSHUS
KoJInuecTBa aficopoenra-Hanonuutens B KCAM Ha TemmepaTypy UX TepMHUYECKOI Jie-
CTPYKIIMH C LIEJIbIO HAXOXKICHHS ONITHMAIILHBIX TAPaMETPOB TEPMUUECKOI pereHeparny.
Ha ocHOBaHMH HCCIIEIOBaHHH METOIAMU TEPMOTPABUMETPUYECKOro U AnddepeHnn-
IPHOTO TEPMHUYECKOTO aHAJIM3a YCTAaHOBJCHA B3aMMOCBS3b MEXAY TEMIIEpaTypoil
TepMquCKOﬁ )ICCprKLII/II/I KOMITO3HITUOHHBIX COp6LIl/IOHHO AKTHUBHBIX MaTEPUAJIOB Ha
OCHOBE TIOJIMMEPOB (PTOPIPOU3BOJHBIX 3THIICHA U coZlepKaHueM B HuX neointa NaX.
B xone npoBeeHNs SKCIIEPUMEHTOB yCTaHOBIIEHO, UTO MpH Temreparype 112,7 + 1,5°C
Ha4MHAeTcs mporecce aecopouun BoasHoro napa u3 KCAM, npoxoasmuii 4epe3 Mak-
cumyM mpu 172,8 + 1,2°C n 3akanumBaronuiics npu 305,8 £ 1,9°C. Ymensrenne
Macchl m3yvaembix 00pasnoB KCAM coctasuiio 26,0 + 0,2%, 4To MOATBEPIKIAET MpaK-
THYECKH TIOJIHYIO JIeCOPOIMIO BOIBI M3 UCCIEAYEMBIX 00pa3IioB B YCIOBHSAX KCIIEPH-
MeHTa. JIJ1st MOATBEePIKACHHUS JAHHOTO BBIBOIa METOIOM ra30BOM Xpomarorpaduu ObuT
IPOBEJICH aHAJIN3 BBIJCISIONMXCS B TeMneparypHoM uHTepBaie 90 + 310°C Berects.
B npobe 3adukcupoBaHbl TOIBKO MOJEKYJBI BOJB U B HE3HAYUTEIHHOM KOJIHYECTBE
JTUMETHIKETOH, MCIIOJb30BaBIINICS KaK pacTBOPUTENh Ha CTaauu cuHTe3a. Hammane
JIMIIB OJTHOTO SHAOTepMITdecKkoro dddexra Ha kpuBbiX I TA B TeMIiepaTypHOM HHTEpBaIIS
ot 105 mo 320°C cBHIETENBCTBYET, YTO B MpOIEcce AeCOPOLUK YHEPTHs 3aTpavynBa-
€TCsl TOJNIBKO Ha OJHY CTaJIMI0 — OTPBIB MOJIEKYJ cop0aTa OT MOBEPXHOCTU COpOEHTA.
CripaBeNTMBOCTD JTAHHOW TMUIOTE3bI MOATBEpKAacTCs TeM, uto kpusbie AT necop6-
mmu Boasl u3 KCAM u kpuctammura NaX, BeICTynaromero B KauectTBe ajcopOeHTa-
HanoJHUTEIIA, MPAKTUYCCKU TOXKICCTBCHHBI. 3TO MOATBEPKAAET OTCyTCTBI/le BIIMAHUSA
Matpuusl 1 quddysun copdata Bo BropuyHoii mopucroii ctpykrype KCAM Ha Benu-
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YHHY PHEPTUH aKTHBAIUU IIpolecca JecopOnny. DKCIEepUMEHTAIBFHO MT0Ka3aHo, YTO
TepMHUYECKas AeCTPYKLUS TOJMMEPHOH MaTPHUIbl HAUMHACTCSI B TEMIIEPaTypPHOM HH-
tepaie 390 + 450°C B 3aBUCHMOCTH OT COCTaBa 0Opasifa. Y CTAaHOBIICH (aKT MOBBIIIC-
HHS TEPMOCTOMKOCTH MOJIIMMEPHON MaTpHLbl 13 proporuiacta Mapku ®-42B na 45 + 90°
IIpH BBEJICHUH B Hee Oomblie 6 Bec. % neonuta NaX. ITokazaHo, 4To mpoBeaeHHE Tep-
MUYecKoi pecopOmu npu Temreparypax 10 390°C mpouncxoauT 6e3 pa3pymeHns Ma-
Tepuana. [y HOATBEpKACHNS 3TOTO BHIBOAA OBLIH MPOBEAEHHI 25 MUKIOB COpOIMsI—
JiecopOLHs BOISHOTO Tapa M3yJaeMbIMH MaTepralaMy ¥ CPaBHEHHE JAaHHEIX TapaMeTpoB
C aHAJOTMYHBIMH II0OKa3aTeNISIMUA CEPHIHO BEIITYCKAaeMOT'0 TPaHyJINPOBAHHOTO [[E0JTHTa
NaX-B-1T', 3aperucTprpoBaHHBIMH B TOXKAECTBCHHBIX yciIoBHsX. OOpasiibl copOeHTOB
MMeJTH OIMHAKOBYIO T€OMETPUYECKYI0 KOHHTyparuio. COpOLHIO OCYIIECTBISUIN B CTa-
THYECKUX YCIIOBHSX ITPU OTHOCUTENBHOM BIIaXKHOCTH © = 44 u Temmnieparype (20 + 2)°C
B TeueHue 120 muH. JlecopOiuo 06pa3iioB OCyIeCTBISUIH pu Temiepatype 340,8 + 1,5°C
B TeueHue 4 4. [locie kaxmoi ctanuu copouus—IecopOLus perucTpHpOBaIOCh U3Me-
HEeHHe Macchl ob6pasna. M3ydeHne mpoueccoB MacconepeHoca BOISHOTo mapa B 25 mo-
CJICIOBATENBHO TIPOBEICHHBIX LUKJIAX COPOIHA—AecOpOLHs MOATBEPAMIO BO3MOXK-
HOCTP TIOJTHOH TepMHYecKOi pereHepanun norydeHHpIXx KCAM. Pesynbprats! uccnemno-
BaHMSI IO3BOJIMIIN PEKOMEHI0BATh ONTHMAIIBHBIE TEXHOJIOTHUECKUE TTapaMeTpHl pere-
Hepauu KCAM npu MUHUMAJBHBIX 3aTpaTax pecypcoB.

KuroueBble cjioBa: KOMIIO3HIMOHHBIE COPOIIIOHHO-aKTHBHBIE MaTePHAIIBI, aJICOP-
OCHT-HAIOJHUTEIb, [ICOJIUTHI, TOJIMMEpHasi MaTpHLia, (TOPOILIACTHI, TEPMOTPABUMET-
pUYeCKHi aHaNU3, TepMHUYecKas yCTOHUYHNBOCT, JECTPYKIIHS, IIUKIIbI COPOIUSI—AecopO-
1M1, TEMIIEpaTypa TEPMUIECKOI pereHepariu
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Abstract. The work is a continuation of research on the study of the physico-chemical
properties of composite sorption—active materials (CSAM) based on polymers of fluori-
nated ethylene derivatives (fluoroplastics) and various adsorbent fillers and is aimed at
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identifying patterns of influence of the amount of adsorbent filler in CSAM on the tem-
perature of their thermal destruction in order to find optimal parameters of thermal re-
generation. Based on studies using thermogravimetric and differential thermal analysis,
the relationship has been established between the temperature of thermal degradation
of composite sorption-active materials based on ethylene fluorinated polymers and the
content of zeolite NaX in them. During the experiments, it was found that at a temperature
of 112,7 + 1,5 0C, the process of desorption of water vapor from the CSAM begins,
passing through a maximum at 172,8 + 1.2 0C and ending at 305,8+ 1,9 O0C. The
decrease in the mass of the studied CSAM samples was 26,0+ 0.2%, which confirms
the almost complete desorption of water from the studied samples under experimental
conditions. To confirm this conclusion, the analysis of substances released in the tem-
perature range of 90 + 310 0C was carried out by gas chromatography. Only water
molecules and a small amount of dimethyl ketone, which was used as a solvent at the
synthesis stage, were recorded in the sample. The presence of only one endothermic
effect on the DTA curves in the temperature range from 105 OC to 320 OC indicates
that in the desorption process, energy is spent on only one stage - the separation of
sorbate molecules from the sorbent surface. The validity of this hypothesis is confirmed
by the fact that the curves of DTG desorption of water from CSAM and NaX crystallite
(acting as an adsorbent filler) are practically identical. This confirms the absence of the
influence of the matrix and the diffusion of sorbate in the secondary porous structure of
the CSAM on the value of the activation energy of the desorption process. It has been
experimentally shown that the thermal degradation of the polymer matrix begins in the
temperature range 390 +~ 450 0C, depending on the composition of the sample. The fact
of increasing the heat resistance of the polymer matrix made of fluoroplast of the F -
42B brand by 45 + 90 0C with the introduction of more than 6% by weight of NaX
zeolite into it has been established. It is shown that thermal desorption at temperatures
up to 390 0C occurs without destruction of the material. To confirm this conclusion,
25 cycles of water vapor sorption — desorption of the studied materials were carried out
and these parameters were compared with similar indicators of commercially available
granular zeolite NaX-B-1G registered under identical conditions. The sorbent samples
had the same geometric configuration. Sorption was carried out under static conditions
at relative humidity o = 44 and temperature (20+2)°C for 120 minutes. Desorption of
the samples was carried out at a temperature of 340,8 + 1,5 0C for 4 hours. After each
sorption—desorption stage, a change in the mass of the sample was recorded. The study
of the processes of mass transfer of water vapor in 25 consecutive sorption — desorption
cycles confirmed the possibility of complete thermal regeneration of the obtained
CSAM. The results obtained made it possible to recommend optimal technological
parameters of CSAM regeneration with minimal resource consumption.

Keywords: composite sorption- active materials, adsorbent filler, zeolites, polymer
matrix, fluoroplastics, thermogravimetric analysis, thermal stability, destruction, sorp-
tion-desorption cycles, thermal regeneration temperature

For citation: Ferapontova L.L., Ferapontov Y.A., Sergunin A.S., Posternak N.V.,
Zakharov 1.V. On the influence of sorbent-filler on the temperature of thermal destruc-
tion of composite sorbent-active materials based on zeolite and fluorine derivatives of
ethylene. Vestnik Tomskogo gosudarstvennogo universiteta. Chimia — Tomsk State Univer-
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BBenenue

,Z[.Hﬂ FJIy6OK01>i OYUCTKH U OCYHIKH TEXHOJOTMYECKUX MOTOKOB BO MHOTHUX OT-
pacisix COBpCMeHHOﬁ MPOMBINUIEHHOCTH IMUPOKO NPUMEHAIOTCA a)ICOp6IlI/IOHHbIe
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METOJBI C HMCIOJh30BAaHUEM aJCOpPOCHTOB, HMEIOIINX PA3BUTYIO BHYTPEHHIOIO
MIOBEPXHOCTh, — CUITUKAreJieH, IIC0IUTOB, IFOMOTeNIeH U JIp., TIO3BOJISIOIINX TpaK-
THUYECKH MOJTHOCTHIO M3BJICKATh MPUMECH M3 ra30BOM JIHO0 UKol cpenst [1-4].
Hcnonp3oBanne ancopOeHTOB TpeOyeT UX MpeIBapUTEIFHOTO (POPMOBAHHS B ar-
JIOMepaThl Pa3TUIHON (OPMBI C UCTIOIH30BAHUEM KaK HEOPTaHMYECKUX, TaK U Op-
TaHMYECKUX CBS3YIONMX. [Ipu 3TOM nomy4daeMblii pOpMOBaHHBIN a1cOpOSHT 101~
KCH YAOBIETBOPATE CIEAYIOIIUM TPEOOBAHUSIM: BBICOKAsl COPOLIMOHHAS €eMKOCTb
Ha eIMHUILY MacChl, BRICOKasi KHHETHKA MacCOIepeHoca B IUKJIaxX COpOIMH U Jie-
copOuu, J0CTaTo4Hass BHOPO- W yAapOIPOYHOCTh, YCTOWYMBOCTh K BO3JICH-
CTBHIO TIeperiazia TEMIIEpaTyp U arpecCUBHEBIX Cpel U 1Ip. AICOPOEHT OIKEH OBITH
JOCTaTOYHO TEPMOCTOEK Il MPOBENCHUS €ro MOJHOM pereHepaluu C LeNblo
MHOTOKPATHOT'O UCTIOJIb30BaHUS B IIPOU3BOJICTBEHHOM ITHKJIE.

Ha mpotspxennn nocneqaux 50 J1eT B TEXHOJIOTHH COPOSHTOB B KAUECTBE CBSI-
3YIOIIEr0 aKTUBHO HCIOJb30BAINCH HEOPTAaHWIECKUE MATCPHAIbl — Pa3IHIHbIC
TJIMHBI, COEIMHEHUS AJTIOMUHUSA, KOJUIOUIHBIA TUOKCUI KpeMHUs U 1p. [2—4]. Ox-
HaKo (opMOBaHHBIE HA OCHOBE HEOPTAHNUECKUX COCIMHEHHUH aICOPOCHTHI UMEIOT
o0IIMiT OCHOBHOW HENOCTATOK: MPH UIUTEIBHOW JKCIUTyaTallMd IOJ BO3JCH-
CTBHEM THIPABIMYECKUX HArpy30K, Mepenajia TeMrneparyp, Bo3AeHCTBUSI cOpOu-
PYEMBIX U ECOpPOMPYEMBIX B IUKJIAX BEMIECTB U JPYTUX SBICHUH MPOUCXOISAT
paspylIeHne rpaHy’l aacopOeHTa U 00pa3oBaHHE MENKOAMCIEPCHOH (paKIum
(mpuTK). DTO HE TOMBKO MPUBOAUT K OJIOKMPOBKE TPAHCIIOPTHHIX MO ajicopOeHTa
Y, KaK CIICJICTBUEC, YMEHBIIEHUIO €T0 COPOIIMOHHON €eMKOCTH U 3HAYUTEILHOMY
CHIDKCHHUIO KHHETHIECKUX IapaMeTPOB MaccolepeHoca B Iporeccax copOonnu—
JecopOIum, HO ¥ OTPULIATENIFHO BIIUSET Ha OYHUIAaEeMbIe Ta3bl, TPyOOIPOBOIbI,
KJIAIIaHbl M JIPYTUE Y3JIbI aICOPOIIMOHHBIX YCTaHOBOK.

CyIecTBeHHO YMEHBIINTH TBUIE00pa30BaHNe B X0€ IKCILTyaTalllii MaTepu-
ajia BO3MOXKHO TPU HCIOJIb30BAHUU B KAUECTBE CBA3YIOLIET0 OPraHMYECKUX Mo-
JTUMEPOB, CIIOCOOHBIX HUBEIMPOBATH JehopMaIlMOHHbIC HATIPSYKCHNS, BEI3BAHHBIC
MIepEYNCIICHHBIMU BBIIE (akropamMu. B MHpPOBOH TexXHONOTHH COPOSHTOB 3Ta
TEHJICHIINS OTYETIINBO HAOIIOIAETCS HA MPOTsHKEHUH mocieanux 15 xer [5-10],
KOT'Jla B Ka4ecTBE aJICOPOCHTA UCTIOB3YIOT IIEOIUThI PA3TUYHBIX MapPOK, CHITUKA-
TeIIH, OKCH]I TIOMUHHUS U JIp., B KAUECTBE CBS3YIOIIETO — ITOJIHONC(UHEI, TTOTH-
Cyb(OHBI, MoaHaMUAbI, HoNuAITWIeHTepedranaT u ap. OmHaKo TeMmeparypa
TEPMHUUECKOH ECTPYKIH NEPEUUCIICHHBIX BbIIIe nmoauMepoB Huxe 280°C. Dto
JIeNIaeT BeChMa 3aTPYJHUTEIBHBIM MTPOBEICHUE UX TTOJTHON TEPMUYECKON pereHe-
pannu (0cOOEHHO €CIIM B KaUeCTBE MCXOIHOTO aICcOpOCHTa UCIIONB3YIOTCS pas-
JIUYHBIE [IEOJUTHI, TOCTATOYHO MOJHAs IeCOpPOLUs MOJEKYN BOIBI U3 KOTOPBIX
IIPOUCXOAUT IIPU pereHepanuu B remmneparypHom unrepsaie 280 + 450°C B 3a-
BHCHMOCTH OT MPUPOBI IleonuTa [ 1]). D10, B CBOIO 0Uepeib, MPUBOAUT K CHUKE-
HUIO COPOLIMOHHON €MKOCTH cOpOeHTa, KUHETUKHU IMpoliecca MOrJIOMIEHUs Cop-
0ara W CTENECHHU ero yIaleHus U3 ra3oBoi (ha3bl B MHOTOKPATHBIX IHKIIAX cOpO-
USA—IeCOPOINs 3a CUET MOCTENIEHHOT0 HAKOIIJICHHs copdara B copOeHTe.

[pencrasnennas pabota SBISETCSA MPOIAOKCHUEM HCCICIOBAHHUN IO CUH-
T€3y M U3YYCHUIO (PU3NKO-XUMHUUECKUX CBOMCTB KOMIO3HIIMOHHBIX COPOLIMOHHO
akTuBHBIX MaTepruasioB (KCAM) [11-18] Ha ocHOBE TOJIMMEPOB (hTOPIPOU3BOIHBIX
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sTrieHa (PTOPOILIACTOB) U PA3IMYHBIX aICOPOCHTOB-HAMMOIHUTEINCH U HAIIpaBIIe-
Ha Ha BBISBJIICHUE 3aKOHOMEPHOCTEH BIMSHUS KOJTHUYECTBA aICOPOCHTA-HATIOJIHH-
tenst B KCAM Ha Temmnieparypy ux TepMAYECKON AECTPYKIMH C IIETBI0 HAXOXKICHHS
ONITIMAJBHBIX ITAPaMETPOB TEPMUIECKON pereHepaIny.

3Kc1’[epHMeHTaJ’[LHaH 4acTb

B xauecTBe 00beKTa UCCIIEOBAHUI UCIOIb30BAINCH CUHTE3UPOBAHHBIE Pa3-
nuaHBIME MeTojamu o6pasisl KCAM [11, 12, 16, 17]. B kauecTBe nojauMepHOH
MAaTpHIIBI UCTIONIB30BajIcs (roporniact mapku @-42B [19], a B kauecTBe anucop-
OeHra-HamomHuTeNs: — kpuctamuut NaX, mucnepcHOCTh KOTOPOro BapbUpoOBaia
ot 4 o 6 mxm. [Ipu cuaTese KCAM roroBunack cycrneHsust agcopOeHTa-Hamnod-
HUTETS B pacTBOpE HOJIHMMeEpa, Jalee IMPOUCXOMMIN (OPMOBAHUE HONTYICHHOM
CYCICH3UH (IUCHEPTUPOBAHUE, JINTHE, ICKTPOGOPMOBAHNE H IpP.) U yIAICHHE
pacTBOpHUTENA, B KadyecTBE KOTOPOTO HCIONB30BAICS TUMETHIKETOH. BrIOop
(TOpOIIIACTOB B Ka4yecTBE ITOJIMMEPHON MaTpPHUIBI OOYCIOBICH TEM, YTO OHH
HMEIOT TeMIIEpaTypy TepMUUECKOl necTpykuuu B uHTepBase oT 330 mo 360°C
B 3aBUCHMOCTH OT CTPOEHHMS U pa3Mepa MaKpoMoJIeKys noaumepa [20], 4to mos-
BOJISIET HE TOJBKO OCYMIECTBIATH dKcmuTyaranuio momyueHasix KCAM B mocra-
TOYHO IMUPOKOM TEMIIEpaTypHOM HHTEpBaJle, HO W MPOBOAUTH HX TIIYOOKYIO
pereHepanuio nocie CTafuu COpOIHH.

Conepxanue agcopOeHTa-HAOTHUTENS pu cuHTe3e oopasioB KCAM Baps-
upoBajo B npexenax 3 + 50 Bec. %. {151 HUBENUPOBAaHUS BIUSAHUS Pa3IMYHbIX
(hakTOpoB (IPUPOAA PACTBOPUTENS M CKOPOCTh €r0 yAaJCHUs Ha CTAJANU CYIIKH
u ap. [21]) Bce ocranbHBIE TeXHOJMOrHYeckue napameTpsl nonydeHus KCAM
OCTaBaJIMCh HEU3MEHHBIMH.

TepmorpaBuMeTprdeckuid M TUQPEepeHITNATBHBI TEPMHUICCKUN aHAIN3 00-
Pas3IoB NPOBOIWICS B HEM30TCPMHUCCKUX YCIOBHSIX Ha HMCCIEIOBATEIHCKOM
komrutekce TAG-24 dupmer Setaram. /i onpeneneHns TePMUIECKOH yCTOHYIH-
BocTH nostyueHHbIXx KCAM nocine craauu copOuuu BOASHOTO Mapa NpoBOJUIOCH
MIATH MOCIIEI0BATENbHBIX KCIIEPUMEHTOB Ha o0pasuax maccoit 20 + 80 mr. Jto
o0ecrieurBacT paBHOMEPHOCTH MIPOTPeBa 00pa3a B X0Je SKCICPUMEHTA U UCKITIO-
yaeT HaJIMuue Ha TepMorpamMmax 3¢ (eKToB, OTBEHAIOLIUX EPEXOLy U3 HEPABHO-
BECHOTO COCTOSTHHS B PAaBHOBECHOE M CIIOCOOHBIX HOBIHATH Ha KOPPEKTHOCTH
[I0JIyY€HHBIX pe3ysbTaToB [22]. MccaenoBanus NpoBOAUINCH Ha BO3LyXe IIPU aT-
MOC(epHOM JIaBJICHUU B TemreparypHoMm uHTepBayie oT 20 mo 500°C. Bwibop
yCIIOBUIl IPOBEICHUS TEPMUIECKOTO aHAIHN3a O0YCIIOBIICH TEM, UTO UMEHHO IIPU
JIAHHBIX YCIIOBUSAX MTPOUCXOUT MOJHAS TEPMHUUECKas pereHepalus aicopOoeHTOB
Ha OCHOBE 1IE0JINTA, CONIPOBOKAAIOMIASCS MAKCUMAJIbHBIM BO3JEHCTBUEM Ha afl-
copbupyromnmii Mmarepuai [1, 9]. TemnepaTypy perucTpupoBaii ¢ TOYHOCTBIO J10
0,01°C, uzmeHenus mMacchl 00pa3ioB (PUKCHPOBATUCH C TOYHOCTHIO 710 0,01 M.
Nzyuaembie 00pasiibl MOMENIATUCh B KOPYHIOBBIN TUTENb. TeMieparypy u3Mme-
PAIM MJIaTUHO-TUIATUHOPOJUEBOM TepMOIapoi, MOMeLeHHOH B 00beM H3ydae-
MOro 00pasia ¥ MpOrpagyHpOBaHHON MO OOLICTIPHHATHIM PENEPHBIM TOUKAM.
CKopocCTh HarpeBa o0pasiia B yCIOBHX SKCIIEPUMEHTA cocTaBisiIa 6 + 11 rpai/MuH,
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9T0 00ECIIEUNBACT TOKIECTBO TEMIIEPATYP 110 BCEMY 00BeMy H3yJaeMbIX 00BEK-
TOB TIPU TPOBEIECHUH dKCTepuMeHTa. [Ipu ckopocTu HarpeBa oOpa3IOB BHIIIE
12 rpag/MHH M MEHBIIIE 5 Tpaj/MHH HAOIIOIACTCS CYIIECTBEHHOES OTKIOHCHHE
KPHBOH M3MEHEHHUS TeMIlepaTyphl 1’ OT MPSIMOU JIMHUH, CIIOCOOHOE MOBJIHATE HA
JIOCTOBEPHOCTH MOJTY4YEHHBIX pe3yabTaToB [22, 23]. JlaHHBII KCIIepUMEHTAIBHBIN
(bakT 0OBACHSICTCA HAPYIICHUEM PAaBEHCTBA TEMIIEPATyp BHEIIHUX 1 BHYTPEHHUX
CIIOEB HABECKH H3y4YaeMBIX OOpa3loB, BHI3BAHHBIM HEIOCTATOYHOH TEILIONPO-
BOJHOCTBIO MaTepUaoB.

[Ipu aHamu3e pe3ynbTaToOB MPOBEJICHHBIX KCIIEPUMEHTOB YCTAaHOBIICHO, YTO
xapakrtep kpuBbiX ITA u TI'A ananormuen ans Bcex oopasio KCAM He3aBu-
CUMO 0T criocoba noyuenus. Ha ocHoBaHuu 3TOr0 Ha puc. | B kauecTBe mpuMepa
MPENICTABIICHBI PE3YJIbTATHI UCCICOBAHUI METOJIOM TEPMOTPABUMETPHYECKOTO
ananm3a obpasia KCAM (cooTHoIeHwe aacopOeHT-HAIOTHATENb / TIOTMMepHast
MaTpulla paBHO 86/14), MOJyYEHHOrO NUCIEPTHPOBAHUEM CYCIICH3WU aJlcop-
OCHTa-HAIMOIHUTENS B pacTBope (propormacta B MOTOK BO3/yXa, HATPETOTO IO
temrieparypst 75 + 120°C [16].
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Puc. 1. TepmorpaBumerpuueckuii anannz KCAM

B xojae skcreprMeHTOB yCTaHOBJIEHO, YTO Ipu Temmeparype 112,7 + 1,5°C
Ha4YMHaeTCs mpoluecc aecopbuuu BonsHoro napa uz KCAM, npoxoasumii uepes
MakcumyM ripu 172,8 + 1,2°C u 3akanuuBatromuiics npu 305,8 £ 1,9°C (na kpu-
BbIX JITA u JITI nepBbIit sHmOTEpMIUECKUi 3 (DeKT). YMEHbIICHHE MacChl U3y-
yaembix 00pa3ioB KCAM coctasuiio 26,0 £ 0,2%, (coOpOLMOHHAS EMKOCTb H3Y-
JaeMBIX 00pas3IoB cocTaBmsieT ~ 26,1 Bec. %), UTO MOATBEP)KIAACT NPAKTHUECKH
TIOJTHYIO 1€COPOIIIIO BOIBI N3 HCCIIEAYEMBIX 00pa3IloB B YCIOBHUX SKCIIEPUMEHTA.
s monTBEpkKASHUS JaHHOTO BBIBOJIA METOAOM ra3oBoi xpomarorpaduu Obu1
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TIPOBEJICH aHAJN3 BRIACIIOMUNXCS B TemmeparypaoM natepsaie 90 + 310°C Be-
niects. B mpobe ObUH 3aUKCHPOBAHBI TOJIBKO MOJIEKYJIBI BOABI M B HE3HAYH-
TEIIFHOM KOJIMYECTBE TUMETIIIKETOH, HCIOIb30BaBIIUIICS KaK PacCTBOPUTEIh Ha
CTaJM{ CHHTE3a.

Hanuaune Tonbko ogHOro 3HA0TEpMUIEcKoro s dexra Ha kpusbIX JITA B TeM-
neparypHoM uHTepBane oT 105 no 320°C cBUAETENBCTBYET, UYTO B IIPOLIECCE
JIeCOpOLIUH PHEPTHUsl 3aTPAUYUBACTCS TOJIBKO HA OJHY CTaIUI0O — OTPHIB MOJECKYI
copbaTa OT MOBEpXHOCTU copbeHTa. CrpaBeIMBOCTh JAHHON THIOTE3bI MOJ-
TBepKIaeTcs TeM, uto kpussle JJTT" necopbunu Boasr n3 KCAM u kpuctamiura
NaX, BeICTymaromero B kKa4ecTBe aJcopOCHTa-HAIOJHUATEIS, IPAKTHICCKH TOX-
nectBeHHBI (puc. 2 [11]). DTo moaTBepKaaeT OTCYTCTBUE BIMSAHUSA MATPUIBI U
muddysun copbara Bo BropuuHOit nmopuctoit crpykrype KCAM Ha BennuuHy
SHEPTUH aKTUBALINH IIpoIiecca JecOpOIrHL.

Am, Mr/MHH T T,°C

300

200
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0,10 Bl o i

0,15
0,20 \ 100

0,25

500 1000 1500 2000 2500 3000 3500 ceK

Puc. 2. TepMuuecknii aHann3 u3ydaeMbIX aJcOPOUPYIOIINX MaTEPHAIOB:
1 — xpusas ITT" o6pasua KCAM; 2 — kpusast ITI" ncxomuoro ancopbenra-HanomauTens NaX

JlaHHBII BEIBOJ MOATBEPIKIACT ¥ OTCYTCTBUC BIHMSHHS HA OCHOBHBIC KHHETHYC-
CKHe mapaMeTphl mporiecca aecopoimu aucrepcHocty kpuctaumara NaX [11, 13].

Kak ciefyer U3 pe3ysbTaToB TEPMHUUYECKOTO aHAIIN3a, IPOLECC TePMUIESCKON
necrpykmu KCAM, compoBoxknaromuiics: yobutsio Macch (1o Bec. 10 %) u 3Ha-
YUTENIBHBIM 3K30TepMUUecKUM 3¢ exToMm Ha KpuBoii JITA, HaunHaeTcs B TeMIe-
parypHoM nuamnazone 410 +430°C (B 3aBHCHMOCTH OT COCTaBa 00pasma) 1 uMeeT
XapaKTepHbIH MakcUMyM B auarnaszoHe 450 + 475°C. Drot a¢ ekt Hab 0 1aeTCS
y BCEX HCCIIEI0BaHHBIX 00pa3IOB HE3aBUCUMO OT criocoba momyueHuss KCAM.

Crnenyer OTMETUTB, UTO, 110 JINTEPAaTYpPHBIM JAHHBIM, TEPMUUYECKas NECTPYK-
s proporntacta Mapku O-42B mporcxoanuT npu TeMneparypax, COHOCTaBUMBIX
¢ 360°C [19, 20]. Ongnako mpu MPOBEAECHUH TEPMOTPABUMETPUUECKOTO aHATH3A

148



O enuanuu copbeHma-nanoaHumens Ha MeMnepamypy mepmMuiecKoil 0ecmpyKyuu

o6pasrnoB KCAM He ObII0 3aMKCHPOBAHO HUKAKUX A(PPEKTOB B 00JaCTH JaH-
HOU TemnepaTypbl. CienoBaTeabHO, JOMYCTUMO CAeNaTh MPEANONI0KEHUE O T0-
BhIINICHUH TepMideckoit yeroiunBoctd KCAM (dropornacta) 3a cuer ancopOeHTa-
HanoauTens NaX (B mureparype onmmcaHbl (akThl YBEIUYCHUS TEMICPaTyphl
TEPMUYECKON IECTPYKIIMH NOTMMEPHON MaTPHILIbI TP BBEJICHUU B €€ COCTaB He-
OpPraHUYECKUX KOMITOHEHTOB [24]).

C 1enpio MOATBEP KICHUS TAaHHOM THITOTE3BI OBLT MIPOBEICH TEPMOTPABUMET-
pudeckuit ananus o6pa3unoB KCAM, B KOTOPBIX copepikaHue aacopOeHTa-Hamoi-
HUTENs BapbupoBaiio oT 3 10 50 Bec. %. PucyHok 3 niumocTpupyer BhISIBICHHYIO
3aBHCHMOCTH CMEIICHUS TEMIIEpaTyphl Havyana Tepmudeckoit ectpykimn KCAM
OT COJIEpKaHHS B HUX aJICOpPOSHTa-HAIOJIHUTEIS.
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Puc. 3. 3aBucumMocTs Temnepatypsl Tepmuueckoi necrpykuun KCAM
OT COZiepXKaHus acopOeHTa-HAIOIHUTEIS

WuTtepriperanyst TpUBEICHHBIX rpaUUeCKUX JaHHBIX ITO3BOJISIET KOHCTATH-
poBaTh (hakT pe3xoro pocra Temrepartypsl (¢ 390 o 449°C) Havana geCTpyKIUU
MoJIMMepHO MaTpulpl U3 (roporuiacta -42B npu yBenmmuenuu B coctaBe KCAM
coepKaHus aJcopOeHTa-HAMOIHUTENS (B JaHHOM ciiydae Kpucramwimra NaX)
¢ 6 o 26 Bec. %. JlanmpHeiimee yBearueHHE COICPIKaHUs aJcOpOCHTA-HAIIOJIHH-
tesst B KCAM Ha TemniepaTypy Haualla JECTPYKLHOHHBIX IIPOLIECCOB IIOJIMMEPHOI
MaTPHIBI OKa3bIBACT HE3HAUUTEIIFHOE BIMSTHHUE.

Takum 00pazoM, HA OCHOBAHUH IIONyYCHHBIX PE3yJIHTATOB MOXHO YTBEp-
XAaTh, YTO TEPMHUUECKYIO pereHepauuio uzyyaembix KCAM BO3MOXHO MPOBO-
JITH TIpH TemrepaTypax 1o 440°C 6e3 pa3pylicHUs MaTepHaa.

s monTBep KICHUS 3TOTO BEIBOAA OBLIH MPOBEICHHI 25 IUKIOB COPOIHS—
JecopOIusl BOISHOTO Mapa M3y4aeMbIMH MaTepualaMd U CpaBHEHHE JaHHBIX
apaMeTPOB C AHATOTUYHBIMH ITOKA3aTeIIMU CEPHIHO BBIITyCKAEMOI0 TpaHy -
poBannoro 1eonuta NaX-B-1I' (TY 6-16-20-90), 3aperucTpupoBaHHBIX B TOX-
JECTBEHHBIX YCIOBHUSX.
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O6pasiel eomuta NaX-B-1I' u KCAM (cooTHomeHHE aJIcOpOCHT-HAIOIHU-
Tenb / moNMMMepHast MaTpuUIla BAppUPOBaJo B HHTepBaiax ot 90/10 1o 75/25 Bec. %)
OJIMTHAKOBOH I€OMETPUIECKON KOH(PHUTYpaINy MOMEIIAINCH B SKCHKATOP IIPH OT-
HOCHUTEBHOM BIIaKHOCTH ® = 44 1 temneparype (20 + 2)°C, u uepe3 onpeieeH-
HBIe MHTEepBaIbl BpeMeHHU (120 MHMH) perucTpHUpOBaIOCh H3MEHEHHE MacChl 00-
pasua. Jlecopbuuio oOpa3LoB ocyllecTBIsIIM npu Temneparype 340,8 + 1,5°C
B TeueHue 4 4. Tabiuia uuiocTpupyeT NoIy4eHHbIe PEe3yIbTaThL.

Pe3ynabTaThl HCC1e10BAHNSI KHHETHKH COPOIIMH BOJISTHOTO Mapa
aACcopONPYIOIIMMH MATePHATIAMH B CTATHYECKHX YCI0BHAX

KonmaectBo
. KommaecTso KonuuecTBo KoamgecTBo
CooTHollIeHHEe | TIOTJIONEHHOMN . N .
necopOMPOBaHHOM| TOTIIOIEHHON BOJIBI [1eCOPOUPOBaHHOM
ajzicopOeHT- | BOABI mocie 1-ro
BOJIBI TIOCITE nociie 25-ro nuKiIa BOJIBI TIOCJIE
HAIOJIHUTENL / | UKIIA COPOLUH
1-ro umkna copbrum 3a 120 MuH|  25-ro 1uKIa
MaTpuIa, 3a 120 MuH npu
o pereHepaIum, MIPU BIAYKHOCTH pereHepanu,
% BECOBBIX BIIAYKHOCTH
_ Mr/T o = 44, mr/r MI/T
o =44, mr/r
90/10 220,5 219,8 209,2 208,4
87/13 236,1 235,7 236,4 235,9
85/15 227,4 227,0 226,9 226,6
83/17 219,5 218,8 219,7 219,2
80/20 215,6 215,2 215,5 215,0
75/25 210,8 210,4 2111 210,5
NaX-B-1T" 197,4 196,6 199,3 198,7
Ymenpmienne copounonHoH emkocTu obpasma KCAM coctaBa 90/10 mocme 25 mmkioB
copOmusi—aecopOIust 00BSICHICTCS YACTHYHBIM Pa3pyIlICHHEM MaTepraia o1 BO3ACHCTBHEM
TUIPABIMYCCKUX HArpy30K W Teperaja TeMIeparyp, NPHBOASAIICTO K OOpa30BaHHIO
MEJIKOIUCTIEPCHON (pakiiu (TBUTH) U OJOKUPOBKH 3a CUET ITOTO MOPUCTOH CTPYKTYPHI
Marepuaia

[TonmyueHHbIE pe3yabTaThI MO3BOJISIOT YTBEPKAATh, YTO MOJTHASI TEPMUYECKast
perenepanust ot Mosiekyn Boabl KCAM, momydeHHBIX Ha OCHOBE MOJMMEPHOU
MaTpuubl u3 proporiacta mapkun ®-42B u kpucrammura NaX, Bo3moxHa 0e3
paspylueHus marepuana mnpu temneparypax g0 430°C. IIpu sToM HE OTMEUYEHO
BIIMSIHUS MaTPHIIBI HA TEMIIepaTypHbIi nHTepBan perenepauu KCAM.

BruiBoabl

1. Ananu3 npoBeeHHBIX HCCIeI0BaHuNi TepMuuecKoi ycroitunBoctd KCAM
Ha OCHOBe MaTpullsl u3 (roporacta Mapku ©-42B u neonura NaX mo3sosnser
YTBEPKAATh, YTO TEPMHUUECKAs JECTPYKIHMS MATPHUIIGI HAYMHACTCS B TEMITEPATYP-
HOM mHTepBaie 390 + 450°C B 3aBUCMMOCTH OT COCTaBa 00pasia.

2. YcraHoBieH (haKT NOBBIIICHUS] TEPMOCTONKOCTH OJIMMEPHOI MaTPHUIIBI U3
¢Topomacra mapku @-42B nHa 45 + 90°C npu BBeneHnH B Hee Oombiie 6 Bec. %
neosmra NaX.

3. DKCIIepIMEeHTaTbHO MOATBEP)KIEHa BO3MOXHOCTH IMOJHON TEPMHYECKON
perenepanuu nonydeHHblx KCAM oT BonsfHOro mapa mIpu TemIieparypax A0
390°C 6e3 pa3pylieHHs: MaTepHaa.
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Introduction

The chemical and metabolic homeostasis of duodenal juice is crucial for the
health of an organism, a fact recognized since the early days of human physiology
[1]. This subtle balance plays an important role in the digestive process,
influencing the overall functioning of the gastrointestinal system. Maintaining this
homeostasis ensures the efficient breakdown and absorption of nutrients, vital for
sustaining metabolic functions and systemic energy balance.

Bile acids and fatty acids are fundamental components of duodenal juice. Bile
acids, synthesized in the liver from cholesterol and secreted into the duodenum,
are essential for the emulsification of dietary fats [2]. This emulsification process
increases the surface area of fat droplets, facilitating the action of pancreatic
lipases. In turn, these enzymes are breaking down triglycerides into free fatty
acids and monoglycerides. The formation of micelles by bile acids is another
crucial step in the digestive process. Micelles are microscopic aggregates that
encapsulate fatty acids and monoglycerides, making them soluble in the aqueous
environment of the intestinal lumen. This solubilization is vital for the transport
of fatty acids to the intestinal mucosa, where they can be absorbed by enterocytes.
The formation of micelles ensures that the hydrophobic fatty acids are efficiently
delivered to the absorptive surfaces of the intestine, a process essential for the
assimilation of dietary fats [3].

Therefore, the interplay between bile acids and fatty acids is fundamental for
three key processes: emulsification, micelle formation, and the subsequent
absorption of fatty acids. This relationship underscores the importance of
maintaining a delicate balance between these components to ensure optimal
digestive function [4]. Disruption of this homeostasis can lead to serious health
issues. For instance, a shift in the balance between bile acids and fatty acids can
result in fat malabsorption, leading to deficiencies in essential fatty acids and fat-
soluble vitamins. Furthermore, an imbalance can contribute to the formation of
gallstones, which can obstruct bile flow and further complicate fat digestion and
absorption. Despite the clear physiological and clinical implications, the interplay
between bile acids and fatty acids remains an understudied area in human physiology.
Although the basic mechanisms are known, more detailed research is needed to
clarify the nuances of this relationship in context of the specific diseases.

To this end, we present a pilot study utilizing Liquid Chromatography-Mass
Spectrometry (LC-MS) to analyze bile acids (BA) and fatty acids (FA) in the
duodenal content of patients diagnosed with chronic Opisthorchiasis.
Opisthorchiasis is a parasitic disease caused by the trematode species
Opisthorchis felineus [5]. Chronic opisthorchiasis is known to trigger the
formation of periportal fibrosis and ulcerative erosions in the gastroduodenal area.
Additionally, this condition frequently results in recurrent pancreatitis, obstructive
cholangitis, cholecystitis, cholelithiasis, and cholangiocarcinoma. By using LC-
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MS analysis, our study aims to shed light on the alterations in bile acids and fatty
acids in the duodenal content, providing insights into the metabolic disruptions
caused by chronic opisthorchiasis.

Material and Methods

Study design and sample collection

The study was approved by the Ethical Committee of the Siberian State
Medical University (SSMU, Ne 4815, 27.06.2016). All patients gave written
informed consent, which included sample storage and use for future studies.
Twenty patients with a clinically confirmed opisthorchiasis infection and twenty
uninfected patients were included in the study. Duodenal content and stool
samples were obtained from each patient; all samples were weighed and encrypted
before being stored at -80 °C.

Reagents, instruments and software for HPLC analysis

The solvents of the HPLC grade and chemicals of the ultra-pure grade were
used for LC-MS analysis. Two internal standards were added to samples for bile
acids analysis: B-muricholic acid (>98 %) and oleoyl(d7)-sn-glycero-3-phospho-
choline (18:1-d7, >99 %); both were purchased from Sigma-Aldrich (US). A bile
acids model solution consisted of the following compounds: glycochenodeoxy-
cholic acid — GCDCA,; glycocholic acid — GCA, taurolithocholic acid — TLCA,;
taurocholic acid — TCA,; deoxycholic acid — DCA,; glycodeoxycholic acid — GDCA,;
taurodeoxycholic acid — TDCA; chenodeoxycholic acid — CDCA,; ursodeoxy-
cholic acid — UDCA; cholic acid — CA) all purchased from Sigma-Aldrich (US).
A model solution for fatty acids analysis consists of the following structures:
myristic acid — FA 14:0; palmitic acid — FA 16:0; margaric acid — FA 17:0; stearic
acid — FA 18:0; oleic acid — FA 18:1; linoleic acid — FA 18:2; linolenic acid —
FA 18:3; arachidic acid — FA 20:0, all from Sigma-Aldrich.

Sample preparation of Duodenal Content Samples

Bile acids. 50 pl of internal standard, and 100 pL of the homogenized duodenal
content, 200 pl of formate-acetate buffer (pH 5), and 25 pL of methanol were
added to a 1.5 mL eppendorf tube. Next, the mixture was vortexed and centrifuged
for 5 min at 15000 rpm. Afterwards, we performed solid phase extraction of the
samples in order to remove the more hydrophobic components from the sample.
SPE C18 cartridge was activated with 3 mL of methanol and conditioned with
3 mL of water. The sample was transferred to the cartridge and eluted with 100%
methanol. To concentrate and bring the extract to a constant volume, the sample
was dried in a nitrogen stream and redissolved in 500 pl of 100% methanol.

Fatty Acids. Fatty acids were extracted with tert-butyl methyl ether. 1000 pL
of sample and 20 pL of the internal standard were placed in a 2 mL eppendorf
tube Nel, then 1000 pL of tert-butyl methyl ether was added, and the mix was
vortexed. 900 pul of the extract was transferred into a 5 ml Eppendorf tube Ne2.
Extraction was repeated three times. The combined extract was dried in a flow of
nitrogen at 50 °C and redissolved in 100 pL of methanol. The sample was
transferred to a glass vial insert.
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HPLC-MS Analysis

Bile acids. Bile acids were analyzed by HPLC-HRMS (high-resolution mass
spectrometry) using Luna® Phenyl-Hexyl column (100 A 4.6 X 150 mm (3 pm),
Phenomenex). We used pH 4.5 buffer (10 mM ammonium acetate, formic acid) as
mobile phase A, and methanol with 0.024% formic acid as mobile phase B. We used
gradient chromatography mode. The gradient started with 70% mobile phase B,
the phase ratio was maintained for 4 minutes, after which the B content increased
to 100% in 5 minutes, the column was washed for 3 minutes, after which the B content
decreased to 70% for reequilibration.

The analysis was performed on Agilent 6550 Q-TOF mass spectrometer in the
MS mode of negative electrospray ionization with a scanning range of 300-900 m/z.
Capillary and nozzle voltages were 3000 and 1000 V, respectively; drying gas and
sheath gas temperature was 250 °C; drying gas flow was 15 L/min and sheath gas
flow was 12 L/min. The conditions were optimized using a model solution of bile
acid standards. The injection volume was 100 pL for fecal samples and 20 pL for
duodenal samples.

Fatty acids. Fatty acids were analyzed by HPLC-MS mode with Zorbax using
SB-C18 column (2.1 X50 mm (3.5 um), Agilent). We used water: acetonitrile
(55/45, v/v), 0.02% acetic acid as mobile phase A, and methanol/isopropyl alcohol
(50/50, v/v) as mobile phase B. The column temperature was set to 30 °C with
a flow rate of 0.8 mL/min. Gradient chromatography mode was also used.

The gradient was started with 10% mobile phase B, after which the B content
increased to 98% in 3 min, the column was washed with 100% mobile phase B
for 2 min, after which the B content decreased to 10% and remained unchanged
for 2.5 min. Analysis was performed on an Agilent Triple Quad 6460 mass
spectrometer in MS2 negative electrospray ionization mode with a scan range of
100-1000 m/z at a fragmenter voltage of 135 V.

Data analysis and visualization

All data analysis was conducted in the R (4.4.1) environment. For comparison
between groups, the Mann-Whitney (MW) test was utilized due to its non-
parametric nature. To quantify the effect sizes, Cliff's delta was employed,
providing a measure of the difference between groups that is independent
of sample size. Additionally, the R package "circlize" was used for visualizing
the correlations between the datasets, allowing for an intuitive representation
of the correlational relationships [6].

Results

Descriptive Analysis of Bile Acids and Fatty Acids in Duodenal Content

After data pre-processing, filtering and annotation, we obtained two datasets
for the same patient selection: one dataset with the 17 most abundant fatty acids
and another with 27 bile acid structures, each with varying degrees of confidence
in structural assignment. For some bile acid structures, e.g. taurocholic acid
(TCA) or deoxycholic acid (DCA), the annotations were confirmed using
analytical standards. Other structures were matched to database entries based
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on m/z values and retention times. However, a few structures exhibited clear,
compound-like chromatographic behavior but could not be unequivocally matched
to known database entries with the current data. Considering the exploratory
nature of this report, we decided to report these structures as m/z values. To explore
the differences between patients with chronic opisthorchiasis and controls within
each dataset, we used a nonparametric test. Figure 1 shows the forest plots for bile
acids (A) and fatty acids (B); the x-axis represents the effect sizes and confidence
intervals, while the color bar indicates the -log10 of the p-values. The data do not
show striking or strong differences. For fatty acids, only adrenic acid, a long-chain
fatty acid, is significantly higher in the controls. In the case of bile acids, two
structures are more abundant in the opisthorchiasis (OPI) group, and a single
structure is more abundant in the control group.

UCHA . Palmitoleic acid
TuDCA | e Oleic acid | |t
Oxocholatriencic acid . n2-O¢ ic acid
mz 426313 | ——8—i Myristic acid | | ——t—o———
i | ! H | !
E Hoglo(P)
mz 399.249 ——— Erucic acid : . 15
1.0
:
mz 397.2 ! v Docosadienoic acid T 05
i ! . 0.0
GUDCA | ——io—rt Arachidonic acid :
GCA | ———— Arachidic acid | -
Cholesterol sulfate } aLinoleic acid
CDGCA i H Adrenic acid | | i | ——
-0.4 0.0 0.4 -0.50 -0.25 0.00 0.25 0.50
effect sizes and Cl effect sizes and Cl
a b

Fig. 1. The forest plots for bile acids (a) and fatty acids (b). The x-axis represents the effect
sizes and confidence intervals, while the color bar indicates the -log10 of the p-values. We used
Cliff's delta, a non-parametric effect size measure, to quantify the amount of overlap between
two distributions. It ranges from -1 to 1, where values close to -1 or 1 indicate less overlap
and a stronger effect, while values near 0 suggest greater overlap and a weaker effect. The
abbreviations used in the figure are: UCHA —ursocholic acid, TUDCA — tauroursodeoxycholic
acid, GUDCA - glycoursodeoxycholic acid, GCA - glycocholic acid, CDGCA -
chenodeoxyglycocholic acid, and aLinoleic_acid — alpha linoleic acid

Exploring Correlations Between the Datasets Within Patient Subgroups

Thus, with the exception of adrenic acid, a standard statistical inference approach
reveals no strong changes between patients with chronic opisthorchiasis and controls.
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i

Fig. 2, 3. The circular correlation plots for the control group (Fig. 2) and the group of patients

with chronic opisthorchiasis (Fig. 3). The thickness of the lines indicates the strength of the

correlations, the color shows the direction of the correlations (blue for negative and red for

positive), and the opacity emphasizes the statistical significance of the correlations (more
transparent connections correspond to less significant p-values)
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In the fatty acid’s dataset, adrenic acid was the only structure above the
significance threshold, while in the bile acid dataset, three structures in total were
just barely above the significance cut-off. Given these findings, we decided to
apply a different strategy. Instead of using statistical inference based on the
comparison of central tendencies, we explored the correlation relationships
between the individual elements of the datasets within patients and controls.
While this approach lacks an easily interpreted statistical measure like a p-value,
it is compensated by the clear visual presentation of the data, which complements
the exploratory nature of this report. Figures 2 and 3 display the circular
correlation plots for the control group (Figure 2) and the group of patients with
chronic opisthorchiasis (Figure 3). In these plots, the thickness of the lines
indicates the strength of the correlations, color shows a direction of the correlations
(blue — negative, red -positive), while the opacity emphasizes the statistical
significance of the correlations (with more transparent connections corresponding
to less significant p-values). Even a superficial comparison of the figures shows
that the main difference between the conditions is the degree of significance of
the visualized correlations. In the control group, the majority of the correlations
are statistically significant, whereas this is less so in the group of patients with
chronic opisthorchiasis. Thus, this method of visualization highlights the complex
interplay between bile acids and fatty acids in the duodenal content and underscores
the potential differences in metabolic homeostasis between the two groups.

Conclusions

In this pilot study, we explored the metabolic homeostasis of bile acids and
fatty acids in the duodenal content of patients with chronic opisthorchiasis. While
standard methods of analysis based on statistical inference did not reveal striking
or strong differences, our correlation analysis demonstrated a clear re-wiring of
the BA-FA balance. Specifically, we observed a shift from a situation with strong,
statistically significant correlational interdependencies in the normal samples to
much weaker and less significant ones in the samples from patients with chronic
opisthorchiasis. Notably, the key “hubs” in the fatty acid data, such as nervonic,
arachidic, stearic, and linoleic acids, are present in both groups. However, their
bile acid counterparts exhibit notably different strengths and directions of correlations.
We fully acknowledge the potential weaknesses of this study, including the limited
sample size and technical constraints of the analytical workflow, particularly in
the structural annotation of bile acids. Consequently, we refrain from making
mechanistic interpretations or far-reaching biological statements. Yet, despite
these limitations, we believe that our study clearly demonstrates an effect of the
homeostatic shift. The current data, with all its limitations, offer a fresh perspective
on the problem and provide a solid basis for follow-up experiments.

To summarize, our findings highlight the importance of exploring the correlation
relationships between metabolic compounds to understand the underlying
disruptions in metabolic homeostasis in chronic opisthorchiasis. Further research
with larger sample sizes and improved analytical techniques is warranted to build
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on these initial observations and deepen our understanding of this complex
interplay.
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