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MEXIAYHAPOJHASA KOH®EPEHIIUA MOJIOABIX YUEHBIX,
PABOTAIOIIUX B OBJIACTHU YIVIEPOJAHBIX MATEPUAJIOB

B nepuon ¢ 30 mas o 1 utons 2017 r B . MockBa, 1. Tpourk @eaepanbHbIM rocy1apcTBEHHBIM OFOJI-
JKETHBIM HaYYHBIM yupexkaeHHueM « TeXHOIOTHYeCKUl HHCTUTYT CBEPXTBEPIBIX M HOBBIX YIJIEPOIHBIX MaTePH-
anoB» (PI'bHY TUCHYM) coemectHO ¢ 3A0 «Yruxumrek», AO «HUUrpadhuty, OAO BHUNAJIMA3 u O6-
HIEPOCCHICKOM OOIIECTBEHHOH OpraHu3anyeil CrenuanucToB B 00JacTH yriiepo/ia U YIIepOJHBIX MaTepHaioB
«¥YriepoaHoe o6mecTBo» (YrO) Obuta npoBeneHa MexiyHapoaHas KOH(EPEHIIUS MOJIOABIX YUCHBIX, pa0doTa-
IOLIUX B 00JIaCTH yTJIEPOAHBIX MAaTEPHAJIOB.

B pabote xoHbepeniuu npuasIIo yuactre 114 yenoBek, B TOM YHCIIE PEACTABUTENN 3apYOEKHBIX TOC-
ynapcetB. Poccust Oblia mpecTaBieHa y4acTHUKaMU U3 IICHTPaIbHBIX PErHoOHOB cTpanbl u Cubupu. K pabdorte B
KOH(EepeHIIMHN ObUIO MpHBIEUYEHO 94 MONIOBIX CHEIUANCTA, B TOM YHCiIe 58 CTyJeHTOB U 19 acmupaHTOB.

Ha ob6cyxnenne kordepenun 010 npeactaBiero 49 mieHapHbix u 30 cTeHIOBBIX AoKianoB. Ha
IUICHAPHBIX 3aCelaHusIX C JOKJIAJAaMU BBICTYIIWIM BEAYIIHE CIICHUAINCTH B 001aCTH YIIIEpOAHbIX MaTepua-
noB. B ux coobmenusx ocoboe BHUMaHUe ObLIO 0OpallleHO Ha COBPEMEHHBIE TOCTHKECHHUS U MEPCIEKTUBBI
BEJYIIMXCSl UCCIIEIOBAHUN, Pa3BUTUE METOJOJIOTHUECKOTO aIlfapara UCCIeJOBaHUH U TIIyOHHY MpopadoTKu
pelaeMbIX BOIIPOCOB.

Ha nmpomeamux Kpyrieix cTojax M AMCKYCCHM 3HAYMTEJIBHOE BHHMAaHHE YACISJIOCH BOIPOCaM
MPAKTUYECKOTO MPUMEHEHUS MOJIy4aeMbIX Pe3yIbTaToB, Mpeaaragoch 0oblle BHUIMaHUs YAEISATh BOMPO-
caM KadecTBa, CEpTUPUKALNN U JTUIECH3UPOBAHUS HOBBIX YIIIEPOJHBIX U HAHO-MATEPUATIOB U TEXHOJIOTHIA
UX MPOU3BOJCTBA.

Ha ocHoBe 3acirymaHHbIX JOKJIa10B aBTOPaMH ObUIM IMOATOTOBJICHBI HAYYHBIE CTaTbU, KOTOPBIE Ipea-
ratoTcsi BameMy BHUMaHUIO Ha CTpaHMIAX JAHHOTO JKypHaia.

[Ipesunment OOIEpOCCUIICKON OOIIECTBEHHOM Opra-
HU3aluel CIeuaiucToB B 00J1aCTH yIiaepoia U yr-
JIEPOJTHBIX MaTEePHAIIOB «YTJIEPOIHOE OOIIECTBOY,
.¢d-M.H., podeccop B.J. brank

4 W3B. By30B. Xumus u xum. texrosnorus. 2017. T. 60. Beim. 9
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MOJYYEHUE BBICOKOTEMIEPATYPHBIX IEKOB C HCIIOJIb30BAHUEM PEAKITAIA
IHEPEHOCA BOJOPOJA OT KAMEHHOYI'OJIBHOI'O ITEKA K PEAKIJMOHHOCITIOCOBHBIM
OPTAHUYECKHUM COEIMHEHUSAM

A.C. Kabak, E.N. Anapeiikos, JI.®. Cadapos

Anexcannp Cepreesuu Kabax*, Esrenuit Mocudosua Aunpeiikos, Jleonun @apunosud Cadapor

HuctutyT opranndeckoro cuare3a uM. M.5. [TocroBckoro YpO PAH, yn. C. KoBaneBcko#, 22 / Akagemude-
ckas, 20, ExkarepunOypr, Poccuiickas ®enepanms, 620137
E-mail: kas@ios.uran.ru*, cc@ios.uran.ru, safarov@ios.uran.ru

H3yuen npouecc coemecmHoll mepmuieckoil 00padomKu KaAmMeHHOY20/1bHO20 NeKa U ma-
KUX noaumepos, KaK INOKCUOHASA U HOBOJIAYHAA CMONA U HOAUKAPOOHAM, NPU MEMNEPAmypax
380-420 °C. OcrosHbiMu RPOOYKMAMU RPOUECCA ABIAIOMCA LIOCTAIOUWUECA U3 PEAKMOPA HCUO-
Kue (penonbHble NPOOYKMbL, 00PA3YIOUUEcs HPU 0eCHPYKYUU UCC1e0YeMbIX NOITUMEPO8, U OCHA-
MoK 6 peaxkmope, MoOUpUUUPOBAHHBLII KAMEHHOY201b bl nek. Moouguyuposannslii Kamenno-
Y20bHbLI neK ucciedosanu ¢ ucnoavizosanuem UK-@ypve cnekmpockonuu u 'OCTa 10200-83
«llex kamennoyzonvnwiil 31exkmpoonsiil. Texnuuueckue ycnosus». Ha UK cnekmpax moougpuyu-
POBAHHO20 NeKa, NOYYEHHOZ0 COBMECHHOI MEPMUUECKOU 00paAdOmMKOL KAMEHHOY201bHO20 HeKd
U NOIUMEPO8, OMCYMCHIEYIOM XAPAKMEPHbIE 0N HOTIUMEPOE COONEEMCIEYIouiUe NOI0CHL 0210~
wienusa. Imo noomeeprcoaem, Ymo MOOUPGUUUPOBARHDLIL NEK He COOEPHCUM UCXOOHBIX nOIUMe-
pos. Moouguyuposannslii KAMEHHOY20IbHBLIL NEK, NOLYUEHHDLI 8 YC108UAX, NPU KOMOPIX 00-
cmuzaemcsa cmeneny oecmpykuyuu noaumepa, onuskaa k 100%, npeocmaesnen coedounenuamu
UCXOOHO020 KAMEHHOY20/1bHO20 NeKa, npemepnesuiumu xumuueckue npespauwjenusn. Ha ceoii-
CMea MoOuPuUUUPOBAHHHIX KAMEHHOY201bHBIX NEK08 GJIUAIOM HECKOIbKO (hakmopos: cooepiica-
HUe noaumepa 8 UCXOOHOI CMeCU NEeK:NOIuUMep, 6PeMA U memnepamypa u3omepmMudecKoil avl-
oepoicku. H3menenue ceoiicme KAMeHHOY2016HO20 NEKA RPOUCXOOUNL 8C/1e0CMEUE NePeHoca 60-
00pooa om NOAUUUKIUYUECKUX APOMAMUUECKUX COCOUHENHUI KAMEHHOYZ0/IbHOZ0 NeKa K paou-
KabHbIM BPOOYKMAM 0eCmpPYKyuu noaumepos. OOnoepemeno npomeKaiom peaxyuu 0ecuopo-
2eHU3AUUOHHOI NOJIUKOHOEHCAUUU 8 KAMEHHOY201bHOM neKe, 6 pe3yibmame KOmopvlx noeol-
wiaemcsa memnepamypa pamazueHus neKd, yeeauiueaemca co0epiHcanue 6 Hem GblCoKoMOoJle-
KYIAPHBIX (hpaKkyuil, Hepacmeopumslx 6 XuHoauHe U mosyose, @ maKice CHUNCACMCA 6bIX00
nemyuux eeujecms. llonyuennvie mepmooodpadbomkoil ¢ noaumepamu moouguyupoeannsle Ka-
MEHHOY20/1bHble NEKU MOZYm Oblb UCHOIb306AHbL NO AHAIOUU C RPOMbBIULIEHHBIMU 8bICOKO-
memnepamypHviMu NeKamu, ROAYYAEMbIMU C RPUMEHEHUEM HMEXHOI02UU OKUCTICHUA KAMEHHO-
Y2071bHBIX NEK08 KUCTIOPOOOM 8030yXa.

KiroueBble ciioBa: KaMCHHOYI‘OJ'H:HBIﬁ IEK, IEPEHOC BOAOPOaA, MO,Z[I/Iq)I/IKaLII/Iﬂ, MMOJIMMCPBI
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OBTAINING OF HIGH-TEMPERATURE COAL-TAR PITCH BY HYDROGEN TRANSFER
REACTIONS FROM MEDIUM-TEMPERATURE COAL-TAR PITCH TO REACTIVE ORGANIC
COMPOUNDS

A.S. Kabak, E.I. Andreikov, L.F. Safarov

Aleksandr S. Kabak*, Evgeny I. Andreikov, Leonid F. Safarov
Postovsky Institute of Organic Synthesis, Ural Branch of the RAS, S. Kovalevskoy st., 22 / Akademicheskaya

st., 20, Ekaterinburg, 620137, Russia

E-mail: kas@ios.uran.ru*, cc@ios.uran.ru, safarov@ios.uran.ru

Thermal co-treatment of coal-tar pitch and such polymers as novolac and epoxy resins and
polycarbonate was studied at 380-420 °C. The main products of thermal co-treatment are con-
densed phenol compounds and residue, modified coal-tar pitch. Modified coal-tar pitch was ana-
lyzed by FT-IR spectroscopy and GOST 10200-83 «Electrode coal-tar pitch. Specifications». Spe-
cific spectral peaks of polymers were absent in IR-spectra of modified coal-tar pitch obtained by
thermal co-treatment coal-tar pitch and polymers. Therefore, modified coal-tar pitch didn’t contain
initial polymers. Because polymers conversion were almost 100 wt % in this process then modified
coal-tar pitch consisted of initial coal-tar pitch compounds after chemical transformation. The
characteristics of modified coal-tar pitch are affected by several factors: polymer content in the
pitch:polymer blend, time and temperature of isothermal exposure. Coal-tar pitch modification is
due to hydrogen transfer from coal-tar pitch polycyclic aromatic compounds to polymer destruction
radicals. Simultaneously, dehydrogenative polycondensation reactions take place in coal-tar pitch.
These reactions lead to increasing in coal-tar pitch softening point, to increasing in toluene- and
quinoline-insoluble high-molecular fractions content in coal-tar pitch and to decreasing in volatile
product yield. Obtaining of modified high-temperature coal-tar pitch by thermal co-treatment coal-
tar pitch and polymers can be used as alternative method of the commercial high-temperature coal-
tar pitch producing by air thermo oxidation.

Key words: coal-tar pitch, hydrogen transfer, modification, polymers

st uuTupoBanus:

Kab6ax A.C., Aagpetikos E.U., Cadapos JI.®. [ToryueHre BEICOKOTEMIIEPATYPHBIX TIEKOB C HCIIOJIh30BAHUEM PEAKITHA
HepeHoca BOAOPOoJa OT KAMEHHOYTOJIBHOTO MeKa K PEaKIMOHHOCIOCOOHBIM OPTraHUYECKHM COEIMHEHUAM. H36. 6y306. Xu-
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For citation:
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BBEJIEHUE

BricokoTemneparypHbelii  KaMEHHOYTOJIbHBIN
MIEK MCIIOJIB3YETCS B MTPOU3BOACTBE MIEKOBOTO KOKCA B
Ka4yeCTBE CBS3YIOIIETO MPH BBIITYCKE aHOJAHOM Macchl,
KOHCTPYKIIMOHHBIX W yTJIETPa(pHUTOBBIX M3IENUH, J0-
MEHHBIX OTHEYNopHbIX Mace [1]. TpaguunoHHbIN Me-
TOJ TIOTYYEHHA BBICOKOTEMIIEPATYPHOTO KaMEHHO-
YTOJIBHOTO TI€Ka B MPOMBIIIJIEHHOCTH 3aKTI0YaeTCs B
TEPMOOKHUCIUTENLHOH 00paboTKe Hpu TeMiepaType
340-380 °C cpenHereMnepaTypHOro KaMEHHOYTOJIb-
HOI'O IIeKa, II0Jdy4aeMoro (hpakLHOHHPOBAaHUEM
cMoutnl [2]. Kucmopon Bo3myxa HHUITUUPYET peaKITuu
MOJIMMEPU3ALMN U TOJUKOHJEHCAlUH COEAWHEHUH,
BXOJSIINX B COCTaB CPEIHETEMIIEPAaTypHOTo Iexa. B

pe3yJibTaTe BO3pACTAIOT CPENHSS  MOJEKYJsIpHas
Macca KaMEHHOYTOJIBHOT O TIeKa, €ro TeMIiepaTypa pas-
MSATYEHUS U KOKCOBBII OCTAaTOK.

W3BecTHO HCIONB30BAHUE COBMECTHOW Tep-
MUYECKOW OOpabOTKU TOJIMMEPOB C KaMEHHOYTOJb-
HBIM TIEKOM ITPH BEICOKUX TEMIIEpaTypax C MOCIeayo-
mel kapOoHM3amMeW Ui IOyYeHHUS YTIIEPOJIHBIX
copOeHTOB [3], aHOIOB IJIsl TUTHEBBIX OaTapeit [4], me-
30(ha3HbIX TIeKOB [5]. Panee Hamu ObLTa IOKa3aHa BO3-
MOKHOCTh A(P(PEKTHBHOTO WCIOJIB30BaHHUS KaMEHHO-
YTOJIBHOTO TIeKa ISl YTHIM3aluW TOJUKapOOHaTa U
(heHOJLHBIX CMOJI C BBICOKUM BBIXOJIOM (DEHOIBHBIX
MPOJYKTOB TIPU MPOBEACHUN MHPOJIN3a MOIUMEPOB B
cpelie KaMeHHOYTOJIBHOTO TIeKa B MHTEepBajle TeMIiepa-
Typ 380-420 °C [6, 7]. OMHOBpEMEHHO TPOUCXOIUT
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MOIU(HKALNS KaMEHHOYTOJIBHOTO IeKa C H3MEHe-
HHMEM ero XapaKTepucTuK. B HacTosei pabote ncce-
JTIOBAJICST TIPOIIECC COBMECTHOM TEepMHUYECKOH o0Opa-
0OTKM CpeJHETeMIEepPaTypHOTrO0 KaMEHHOYTOJIBHOTO
TMIeKa U TaKuX MOJIMMEPOB, KaK MOKCHIHAsA U HOBOJay-
Hasi CMOJIa ¥ TIONTUKapOOHAT, JIS OTIPE IEIIEHISI CBOHCTB
MOIU(UIIMPOBAHHOTO KaMEHHOYTOJIFHOTO TieKa |
HaIpaBJIeHUH €ro UCTI0Ib30BAHMUS.

METOJIMKA SKCIIEPUMEHTA

B pabore mcmonp30BaHbl 00pa3mbl MPOMBIIII-
JIEHHOTO CpeIHETEeMIIEPaTypHOI0 KaMEHHOYTOJIbHOTO
neka (manee KII), ¢eHONBHON HOBONAYHOW CMOJIBI
C®-010 (manmee nHoBomaunast cmoia, HC) mpousBo-
ctBa OAO «YpanxumIuiacTy», 3MOKCUIHON THAaHOBOM
cmoubl D/1-20 (manee smokcuanas cmona, 9C) ¢ AMOoK-
cuaabeiM yuciaoM 19,2 mo F'OCT 10587-84, monukap-
oonart (nanee [1K) mapku Lexan mpou3BoicTBa UPMEL
Sabic B Buze rpanyn 3x2x2 MM. XapaKTepUCTHKA TIPO-
MBIIUJICHHOTO ~ CPEIHETEMIIEpaTypHOTO  KaMEHHO-
YTOJIEHOTO TIeKa MpuBeieHa B Ta0ur. 1.

Tabnuua 1
XapaKTepl/ICTl/IKa CpEeaAHETEMIIEPATYPHOI'O KAMEHHO-
YroJibHOr0 nmexKa
Table 1. Characteristic of medium-temperature coal-

tar pitch
TToxazarenu o I'OCT 10200-83
O6pazer; | Ty, o, o1, Vr, A,
°C | % macc | % macc | % macc | % macc
KII 68 27,3 52 60,8 0,2

IIpumeuanus: Tp — Temmeparypa pa3MsAruyeHust IO METOILy
«KombIo U cTepKeHb»; 0. — MaccoBasi JI0JIsl BEUIECTB, HEpac-
TBOPUMBEIX B TOJYOJIE; 01 — MacCOBasi OIS BEIECTB, HEPACTBO-
PHUMBIX B XUHOJIMHE; V- BBIXOJ JeTy4ux BeuiecTs mpu 850 °C,
A-3051bHOCTD

Notes: Tp—softening point by «Ring and rod» method; a.—toluene-
insoluble content; a1 — quinoline-insoluble content; V: — yield of
volatile at 850 °C; A — ash content

CoBMECTHYIO TEPMUYECKYIO 00pabOTKY MOJIH-
Mepa U KaAMEHHOYTOJILHOTO TIeKa MTPOBOIMITH B U30TEP-
MHYECKHX YCJIOBHSIX B HMHTepBaje Temmeparyp 340-
420 °C B METAIUTMYECKOM PEAKTOPE MTPH ATMOCHEPHOM
JnaBieHuu B TeueHne 60 mMuH. B peakrop 3arpyxanu
50-90 r neka wim MeXaHUYECKOH CMECH TIeKa U TTOJIH-
Mepa. CMecH ¢ pa3iryHBIM COJEep)KaHHuEM MoJIuMepa
U YCIOBUSL TepM0ooOpabOTKM 3aimn(poBaHbl Kak
KII-HC(DC, TIK)-X-Y, rne X — couepkaHUE IOJIH-
Mepa B HCXOJHOU cMmecH, % macc., Y — Temmeparypa
nzoTepmuieckoi Beiaepxkku, °C. Ilocne pacrutaBme-
HUSI CMECH U JOCTHKCHHUSI TEMIIEPaTyphl B PEaKTope
130-160 °C nauuHamM MepeMElIMBaHUE MPOTEIUIEp-
HOM Melalikoi. BeiienuBminecs u3 peakropa »KujaKue
NPOAYKTHI TIOCJIE KOHACHCAH U OCTAaTOK B PEaKTOpe

B3BemMBail. KoanuecTBo ra3000pa3HbIX MPOAYKTOB
BMECTE C BO3MO>KHBIMH TIOTEPSIMH OIPEEIISAIIH IO pas3-
HOCTH MEKIy MAaccoil 3arpy3Kud U CyMMOW Macc JU-
CTHJUISTHBIX IPOAYKTOB U OCTAaTKa B PEAKTOPE.

Hcxonupiii 1 MoauduIUpOBaHHBIE KaMEHHO-
YTOJIbHBIE NIEKH, IOJTY4YEHHBIE B PE3yJIbTaTe COBMECT-
HOM TepMOOOPabOTKH KaMEHHOYTOJIFHOTO TIEKa W TIO-
numepoB, aHanuzuposanu mo 'OCT 10200-83 «Ilex
KaMEHHOYTOJIbHBIM 3JEKTPOAHbII. TexHu4eckue yc-
JIOBUS», a Taroke noiydanu ux MK crnekTpbl Ha cnek-
TpoMeTpe ¢ peodpazoBatenieM Dypre «Perkin+Elmer
Spectrum BX+II» metonom MK-Dypbe cnexTpocko-
mu 1 Ppy3HOTO OTpaKESHHUS.

PE3VIJIBTATBI U UX OBCYXIEHUE

CoBMecTHas TepMHuUecKast 00paboTKa KaMeH-
HOYTOJILHOTO [IEeKa U UCCIIeyeMBIX TIOJIMMEPOB XapaK-
TEpPHU3YeTCs] BEICOKOI CTENEHBIO JECTPYKIUH TOCIE -
HUX, COMPOBOXKIAIOIIEHCS 00pa3oBaHHEM OOJIBIIOTO
KOJIMYECTBA KHUIKUX (DEHOJBHBIX MPOAYKTOB, (heHoJIa
Y KPE30JI0B ISl HOBOJIAYHOM CMOJIBL, peHOIa U 1-130-
oI EeHOA [T ATTOKCHAHON CMOJITBI F TIOJTHKAp0Oo-
Hata [8]. B Tabn. 2 nmpuBeneH MaTepUalbHbBIN OajlaHC
COBMECTHOH TepMOOOpPabOTKH KaMEHHOYTOJbHOTO
MeKa U MOJIMMEPOB B Pa3INUHbBIX YCIOBUSIX.

Tabnuya 2

MaTtepuaabHBIii 0ajaHC TepMUYecKoii 00padoTKH cMe-
ceii KAMEHHOYT0JILHOTO NEeKA U MOJHUMEPOB

Table 2. Material balance of thermal treatment of coal-

tar pitch and polymers blends
Macca Macca
O6pasen 3arpy3Ku, r MPOJTYKTOB, T
KUIKUE
HCK/HOJ'II/IMep OCTaTOK ra3bl
[IPOYKThI
KII-HC25-400 45,1/15,1 47,2 11,5 1,5
KII-HC17-400 50,0/10,0 50,4 8,6 1,0
KII-HC17-420 50,1/10,0 50,1 8,7 1,3
KII-DC25-340 45,2/14,4 51,6 7,2 0,8
KII-D5C25-380 45,2/14,8 475 11,4 1,1
KI-5C25-380 | 55146 | 470 | 108 | 1.8
(120 mun)
KI-5C30-380 | 03393 | 373 | 250 | 30
(90 mun)
KII-T1K23-380 60,4/18,0 58,0 17,6 2,8
KII-T1K28-380 60,0/24,0 60,6 21,8 1,6
KII-T1K33-380 60,0/30,0 58,2 26,6 51

N3 Tabm. 2 BugHO, 9TO TipH Temrepatypax 380-
420 °C pmocturaercs cTereHb JECTPYKIHUH IOJUMeEpa,
omuskas k 100%. Takum oOpa3oM, OCTaTOK B peak-
TOpe, MOAUGHUITMPOBAHHBI KaMCHHOYTOJIBHBIA TIEK,
MIPEICTaBJICH MPEHMYIIECTBEHHO COCIWHEHHSIMH HC-
XOJJHOTO KaMEHHOYTOJIBHOIO MeKa, MPETepHeBIINMHU
XUMHUYECKUE TIPEBpaILCHHS.
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B Tabn. 3 npuBeneHb! XapakTEPUCTHKA MOIH-
(UIMpOBaHHBIX TIEKOB, MOMYYCHHBIX TPH COBMECTHON
TepMHUYECKON 00paboTKe CcpemHeTeMIIepaTypHOTO
NeKa U MOJIMMEPOB, M BBICOKOTEMIIEPATYPHOTO KaMEH-
HoyronbHOTO 1ieka 1o TY 1104-345352-164-98.

Kax BugHO 13 Tabm. 3, mis MogudunupoBaH-
HBIX TIEKOB, 110 CPaBHEHHIO C HMCXOJHBIM KaMEHHO-
YTOJIBHBIM TIEKOM, 3HAYMTENBHO BO3PACTAIOT 3HAYCHHUS
TEMIIEPaTypPHl Pa3MSITYCHHS, KOJMIECTB HEPACTBOPH-
MBIX B TOJIyOJIe 1 XHHOJIMHE BEIIECTB U CHIKAETCS BBI-
XOJ] JIETYYUX BEIIECTB. XapaKTEPUCTUKHA MOIAUDUIIH-
POBaHHBIX MIEKOB OJIM3KKA K HOPMaM IoKa3aTenel Bbl-
COKOTEMIIEPATYPHOI0 KAMEHHOYTOJIBHOIO Iieka o TY
1104-345352-164-98.

Tabnuua 3
XapaKTepI/ICTI/IKI/I BBICOKOTEMIIEPATYPHOI'0O KaMEHHO-
YIroJIbHOI0 NeKa U MOAN(PUIHUPOBAHHBIX KAMEHHOYI 0J1b-
HBbIX I1€KOB, NI0JIy4YeHHBIX IPU TEPMHUYeCKoil 00padoTke
cMecell cpeHeTeMIIEPATYPHOIO NeKa U M0JIMMepPoB
Table 3. Characteristics of high-temperature coal-tar
pitch and modified coal-tar pitches obtained by thermal
co-treatment of coal-tar pitch and polymers

Oopaserg Tp, °C |0, % macc. o, % Vi %
Mmacc. Mmacc.
BricokoTemiie-
paTypHBIN MEK
10 TY 1104- 135-145| 46-54 20-30 40-46
345352-164-98
KIT-HC25-400| 162 59 39 43
KIT-HC17-400| 120 47 32 48
KIT-HC17-420| 134 50 34 44
KII-DC25-340| 116 44 29 51,5
KIT-2C25-380| 153 55 32 44
KIT-2C25-380
(120 sum) 158 57 35 42
KIT-2C50-380
(90 nimk) >175 70 67 36
KII-ITK23-380| 161 55 31 42
KII-ITK28-380| 190 54 32 42
KII-ITK33-380| 260 62 34 37

Ha croiicTBa MOAUGDHUIIMPOBAHHOTO KAMEHHO-
YroJBHOTO TIeKa BIIMSIOT HECKOJbKO (hakTopoB. Bo-
IEPBBIX, C YBEJIMUCHHUEM COACPKAHUSA ITOJIMMEPA B UC-
XOJIHOM CMECH pacTyT 3HAUYCHHS TEMIIEPaTyphl pa3-
MSTUYCHHUS, COJICPIKAHUSI HEPACTBOPUMBIX B TOJIyOJIC U
XUHOJIMHE BCIIECTB, CHMKACTCA BBIXOH JICTYYHUX BEC-
1IeCTB. BO-BTOPBIX, MOBBIIICHUE TEMITEPATYPHI H30-
TEPMHUYECKOM BBIIEPKKHU TAKKE MOBBIIIACT TEMIIepa-
Typy Pa3sMATrYEHHUs], CONEPKAHUE HEPACTBOPUMBIX B
TOJIyOJIC U XMHOJIMHE BEHIECTB M YMEHBINACT BBIXOJI
neTyuux BemiecTB. [ToBbINICHHE TeMIEpaTyphbl BBIIIC
420 °C HexeNnaTeNbHO, TOCKOJIBKY IPUBOIUT K YBEIIH-
YEHUIO YHOCA KOMITOHEHTOB KAMEHHOYTOJILHOTO TIeKa.

YBenuuenue BpemeHU Bbiaepxkku ¢ 60 mo 120 mun
MPUBOJUT K HE3HAYUTEILHOMY H3MCHCHUIO CBOWCTB
MOoan(UIIPOBAHHOTO KAMEHHOYTOJIBHOTO TIEKa.

W3MeHeHue CBOMCTB KAMEHHOYTOJILHOTO TeKa
MOXKET OBITh OOBSCHEHO MEPESHOCOM BOJIOPOJIa OT TO-
JTUTIKIAYECKAX apOMAaTHIECKUX COeIMHEHNH CpeHe-
TEMIEPaTypHOTO0 KaMEHHOYTOIBFHOTO TeKa K pajau-
KaJIbHBIM MIPOAYKTaM JCCTPYKIIUH ITOJIMMEPOB C 00pa-
30BaHNEM (PeHONBHBIX IpoayKToB [8]. IIpu aToM B Ka-
MEHHOYTOJIbHOM TIeKE MPOTEKAIOT PEaKIu! JETHIPO-
reHu3aluoHHON nmonukonaeHcauuu [9]. Ha puc. 1 Ha
MPUMEPE MOJIEIBHBIX CTPYKTYD MOJHAPOMATHYCCKUX
COEMHEHHI TPUBEACHBI BO3MOXKHBIE ITyTH MPOTEKa-
HUS peaKkuil AeTUAPOreHU3alOHHOU BHYTPU- U MEXK-
MOJIEKYJIAPHON MOJTMKOH/ICHCALINH.

O s (X OO
: .

Rt

Puc. 1. Peakuuu BHyTPUMOJIEKYISPHOH (a) M MEKMOJIEKYIISIPHON
ITIOJIMKOHACHCAIIlUHU (6), MMPOTEKAONINE B KAMCHHOYTOJIbHOM II€KE
IIPH COBMECTHOH TEPMUYECKON 00paboTKe C MOIMMEpaMH
Fig. 1. Intramolecular (a) and intermolecular (6) polycondensation re-
actions during the thermal co-treatment of coal-tar pitch and polymers

B UK crnekrpax MOIU(PHUIMPOBAHHOTO MEKa,
MTOJTy4€HHOTO COBMECTHOM TEPMUYECKON 00pabOTKOM
KaMEHHOYTOJIFHOTO TIeKa W HOBOJAYHOW CMOJIBI, OT-
CYTCTBYIOT XapaKTepHBbIE JJIsl HOBOJIAYHOW CMOJIBI T10-
JI0CHI ToryiomeHus B oomactu 3400-3550 cm?, cBsi3an-
HEIE C BaJIGHTHRIMH KoJieOarmsmu cBsizu O-H (puc. 2).

AnanornyHas curyanus HabOmomaercs As
MOJIU(HUIMPOBAHHOTO T€Ka, MOJYYEHHOTO COBMECT-
HOW TepMHUUYECKOW 00pabOTKOH KaMEHHOYTOJBHOTO
TIeKa W AMOKCUIHOU cMoJibL. [Ipu TepMooOpaboTKe 1mo-
nuKapOoOHaTa B KAMEHHOYTOJIBHOM TIEKE HCcYe3aeT Mo-
Jl0ca TIOTJIONIEH s KapOOHaTHOM Tpymmsl mpu 1768 cm?

(puc. 3).
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Puc. 2. ®parments UK-Oypre criekTpoB HOBoMauHOH cModbI (1)
n MO}:[I/I(l)I/IHI/IpOBaHHOFO TI€Ka, MOJIYYCHHOI'O COBMECTHOM TEPMO-
00pabOTKON KAMEHHOYTOJIEHOTO TIeKa M HOBOJIAYHOW CMOJIBI TIPH
380 °C (2)
Fig. 2. FT-IR spectra fragments of novolac resin (1) and modified
coal-tar pitch obtained by thermal co-treatment of coal-tar pitch
and novolac resin at 380 °C (2)

2500

OT0 MOATBEPKIAET, 9TO MOAUMDUIINPOBAHHBIN
TNEK, TIOJyYEHHBIH B pe3yJbTaTe COBMECTHOM TEPMOO0-
paboTKi KaMEHHOYTOJILHOTO TeKa U MOJUMEPOB, HE
COJEPKUT UCXOAHBIX MOJIUMEPOB.

Taxum 006pa3om, Ipy COBMECTHOM TepMOOOpa-
00TKE KAaMEHHOYTOJILHOTO TTeKa U UCCIIEAYEMBIX MOJTHU-
MEPOB MOT'YT OBITh IIOJTy4€HBI BHICOKOTEMIIEpATYPHBIE
KaMeHHOYTOJIbHEIE 1eku. Kpome Toro, B padote [10]
MIPOBEZICHO CpPaBHEHHE MHUKPOCTPYKTYpPHl KOKCOB W3
BBICOKOTEMIIEPATYPHBIX OKHCIIEHHBIX KAMEHHOYTOJIb-
HBIX TIEKOB U MOIM(HUUIMPOBAHHBIX MEKOB, MOJy4YEH-
HBIX TEPMOOOPAOOTKON KAMEHHOYTOJIBHOTO TIeKa C I10-
JUKapOOHATOM, ¥ OBLIO MOKa3aHO, YTO MOAU(UIIMPO-
BaHHbIE NIEKH MOT'YT OBITh HCXOAHBIM CHIPbEM JJIS T10-
Jy4eHHsl YTJIEPOJHBIX MaTE€pUasIOB Pa3INYHON CTPYyK-
TYpBI, B TOM YHUCJIE JJIS1 U30TPOMHBIX KOKCOB, KOTOPBIE
HE MOTYT OBITh IOJTyYEHBI U3 TEPMOOKUCIICHHBIX TTEKOB.
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BBIBO/JbI

B ocnoBe mpomecca MoauduIMpOBaHUS Ka-
MEHHOYTOJIBHOI'O II€KA ITPYU COBMECTHOM TEPMUYECKOMN
00palboTKe C MOJUMEpaMu JIeKAT PEaKIMU MepeHoca
BOJIOPO/Ia OT MOJHMIUKINYECKHX apOMaTHYECKHX CO-
eIMHEeHNI KAMEHHOYTOJIHOTO NeKa K HeCTaOMIbHBIM
MPOAYKTaM JECTPYKIIUU HCCIIEAYEMBIX IOJIUMEPOB.
V3mMeHeHne CBOWCTB MOAM(HUIMPOBAHHBIX KaMEHHO-
YTOJIBHBIX TIEKOB CBSA3aHO C IPOTEKAHUEM B ITEKE Peax-
LUK JeTUAPOTCHN3aMOHHON MOTMKOHeH . Mo-
TQHUIMPOBAHHBIE KAMEHHOYTOJIbHBIC ITEKU OJTU3KH IO
XapaKTepUCTUKaM K BBICOKOTEMIIEPaTypHOMY KaMeEH-
HOYTOJIEHOMY TIEKY, ITOJy4aeMOMY TEPMOOKHCIICHUEM
CpeHEeTeMIIEPaTyPHOTO KAMEHHOYTOJIBHOTO TIeKa.
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nepzuposanus OpooaeHoil zpagumosoii ¢oaveu, NPORUMAHHOU 60OHBIMU PACHIBOPAMU NOGEPX-
HOCMHO-AKMUBHO20 dewiecmea u ocghopnoi kucnomol. Dochopuas Kucioma ucnonb306a1ach
C Yeblo NOGbIULEHUS MEPMOCIADUILHOCIU NOJIYUEHHOZ0 MAMEPUAld, 6 MO 8pemMst KaK UCHOb-
306aHUE NOBEPXHOCHIHO-AKIMUBHO20 EU4ECINEA YEETUUUBANO CIHENEeHb OUCREPIUPOBaANHUA Zpahu-
moeoit mampuust. I'pagpumossvie ghonveu paznuunoi moawunbl U RAOMHOCHU U32OMACTUGATU
npeccosanuem HUKONAOMHOZ0 Y2NePOOHO20 MAMEPUALA 6e3 CeA3YIOULe20 ¢ NOCeOYIouell X0100-
HOUl npoxamKou Ha nabopamopnoi aunuu. Hccnedosanvt mexanuueckue c0UCMea NOJIy4eHHbIX
Mamepuanos (RPOYHOCHb HA PA3PBLE, CHCUMAEMOCHIb, 60CCHIAHABIUBAEMOCHb, YRPY2OCHL). Om-
MeueHo, Ymo nPOLHOCHb HA PA3PLLE UCCIEOYEMBIX (Db TUHEIIHO PACHIEen C YeeTudeHuem niom-
HOCMU, U DU ONPEOeeHHON NIOMHOCIU USMEHAEMCs Y20 HAKN0HA. Bnepevie ycmanoesneno,
umo zpagumoewle honveu o6naA0AIOM AHUIOMPORUEI NPOUHOCIU HA PA3PLIE 01 00PA3U0E 00U-
HAKO0BOIl HIOMHOCMU, 835IMBIX 80016 U nONepeK ocu npokamku. Ilokazano, umo cocumaemocmn
2pagumosoii honveu uHEiHO yMEHbIMACMC, A 80CCHIAHABIUBACMOCHD YEETULUBACMCS C Y6e-
auyenuem ee naomnocmu. HMccneoosanvl memnepamyphvle 3a6UCUMOCHU MENI0EMKOCHU U
mennionpoeooHocmu 6 unmepeane memnepamyp om 300 K oo 700 K. Ixcnepumenmansvnas mem-
nepamypHas 3a8UCUMOCHb MENI0EMKOCIU ONUCAHA ¢ nomowiblo ypasnenus Maiiepa-Kennu.
Ycemanoeneno, umo memnepamypa nauana okucnenus zpagumogoii ghonvzu, noOAYUEeHHOI ¢ uc-
N0J1b308AHUEM NOBEPXHOCHIHO-AKMUBHO20 8eUeCEad U (hochopHoil Kucromel, cneujaemces Ha 80
K 6 cmopony 6onee svicokux memnepamyp. Ilokazano, umo npoyecc okucienus Qonvzu, noiuy-
YEeHHOU C UCHONB306AHUEM NOBEPXHOCMHO-AKMUBHOZ0 8eUieCmea U (pocdhopHoii Kuciomsl, 3a0a-
emcs Mooenvlo 08yX NApANIeNbHbIX PeaKyuil, Komopule onucslgaiomces ypasnenusmu Ilpayma-
Tomnkunca peakyuu n-020 nopaoka ¢ agmoxamanuzom. Onpeodenenvl KunemuiecKue xXapaxme-
PUCHUKU NOIYYEHHBIX YPAGHECHUII.

KiroueBble ciioBa: Fpa(i)I/ITOBaH (bom:ra, MOPOYHOCTH Ha pa3pbiB, YIPYTroCTh, C:KUMACMOCTb, BOCCTaHAB-
JINBAEMOCTD, TCIIJIOEMKOCTD, TCINIOIIPOBOJAHOCTDL
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MECHANICAL AND THERMOPHYSICAL PROPERTIES OF GRAPHITE FOILS BASED
ON LOW-DENSITY CARBON MATERIALS

N.A. Kalashnik, S.G. lonov

Natalia A. Kalashnik*, Sergey G. lonov

Division of Chemical Technology and New Materials, Chemistry Department, Moscow State University,
Leninskie Gory, 1/11, Moscow, 119991, Russia
E-mail: natali.koshina@gmail.com*, ionov@highp.chem.msu.ru

The method of producing low-density carbon material by thermal decomposition of
graphite foil was developed. Grinded graphite foil was impregnated with distilled water, agueous
solutions of phosphoric or boric acids or surface-active substance. Low-carbon material was ob-
tained by thermal shock at 900 °C. Flexible graphite foils with a different density and a thickness
were prepared by pressing low-density carbon material without binder with subsequent rolling
with a set of laboratory devices. Using phosphoric and boric acids the aim to introduce fire re-
tardant additives as well as using surfactant the aim to decrease surface tension thereby increas-
ing expansion ratio were pursued. The mechanical properties of produced materials (tensile
strength, compressibility, reducibility and elasticity) were studied. It is shown that the tensile
strength of investigated foils increases linearly with increasing in density, and a change of slope
of the line a(p) is observed at a certain density. The anisotropy of properties expressed in the
difference of values of tensile strength for samples of the same density taken along and across
the axis of the rolling of foils should be noted. The temperature dependences of the heat capacity
and the thermal conductivity in the temperature range from 300 to 700 K were investigated. An
oxidation of samples modified with phosphoric acid together with surface-active substance was
described by a model of two parallel reactions (by the equations of Prout-Tompkins reaction with
autocatalysis). Arrhenius parameters and reaction orders for reactions of thermal oxidation of
the obtained carbon materials were determined. It is shown with thermogravimetric analysis that
the introduction of phosphoric acid together with surface-active substance resulted in a shift of
the temperature of the oxidation start by 80 K.

Key words: graphite foil, tensile strength, elasticity, compressibility, recoverability, heat capacity, heat
conductivity
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BBEJIEHUE

B nHacrosmee BpeMs HECOMHEHHBI HMHTEPEC
BBI3BIBACT pa3pabOTKa METOJIOB TOIyYEHHST HAHOCIIO-
UCTBIX YTJIEPOJHBIX MAaTEpHANIOB, B T.Y. 32 CUET JHC-
neprupoBanust rudkoii rpaduroBoit Gonsru (I'P) [1].
B psine MeToauk npenyioxkeH croco0 MmorydeHus] Hu3-
KOIIOTHBIX YTJIepoaHbx MatepuanoB (HYM) Ha oc-
HOBe JpoOieHoi rpagputoBoit domeru (AI'P): mpo-
MUATKON TMOCIeTHEW B Pa3MYHBIX peareHTax, TaKux
KaK KpHOTCHHBIC JKUIKOCTH [2], BOJ1a MJIN BOTHBIE pac-
TBOPBI MMOBEPXHOCTHO-aKTUBHBIX BemecTB (IIAB) [3],
C Moclenymuel TepMoAecTpyKIue. 3HaueHusl Ha-

12

CHIMTHOW TUIOTHOCTH MOJIYYEHHOI'O MaTepuajia J0cCTa-
TOYHO BBICOKH, YTO HEraTUBHO CKAa3bIBA€TCS HAa €T0
(hm3uKO-XUMUYEeCKNX cBoicTBax. Llenmpro paGoThI
Obu10 TonmydyeHne HYM ¢ MUHMMAaNbHOW HACHITHOMN
IJIOTHOCTBIO M MAaKCUMAaJIbHO BO3MOKHOW TEPMOCTOM-
KOCTBIO 1 HCCJIEJIOBAHNE MEXaHNYIECKUX U TETI0(U3H-
yeckux cBoiicTB I'D, noixy4eHHOM Ha X OCHOBE.

METOJUKA 5KCIIEPUMEHTA
HuzkomnoTHele yriepogHble MaTepHaisl IMo-

JIydajay 1o ciemyromnieit meroauke (0osee moapoOHO
onmcana B [4]): npobiieHyto rpaduTOBYIO (OJIBTY BBI-
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JICPKUBAJIM B IUCTUIUIMPOBAHHOM BOJIE, BOIHBIX pac-
tBopax [IAB (Cynbdonon-IT) unmu docdoproii xuc-
notel ¢ mobasienueM [1AB B coorrHomennn m(I'®) :
m(pactBopa) = 1:5. 3aTeM OTHHUIBTPOBHIBAIM OCHOB-
HYIO 4aCTh KUAKOCTH U MOABEPrain TepMooOpadoTKe
pu 900 °C B my(enpHOI nedn.

®docdopHas u 60pHAST KUCIOTHI HUCIIOIB30Ba-
JIMCH C LEITBIO TOBBIICHHS TEPMOCTAOMIBHOCTH MOy~
YyeHHOro Marepuana, [ITAB — nyist yBenuueHus cTeneHu
IUCTIepTHpOBaHUs rpaduToBOM MaTpHilsl. Ha puc. 1
NIOKa3aHbl 3HAUYCHMsI HACBIITHOW IIOTHOCTH IOJYYCH-
HBIX HU3KOIUIOTHBIX YTJIEPOIHBIX MaTCPHAIIOB.

30 9d (MT),v/a
25 1
20

15 4

10 1

N

H:0 TLOATIAD ILOHLBOS

H:0+H3POy H2O+HAPOS+IIAB

Puc. 1. 3nauenus HachIMHON MIIOTHOCTH NonyyeHHBIX HYM
Fig. 1. The values of the bulk density of low-density carbon mate-
rials

O6pasup! rpaduToBOi (HOIBIU MOIYyYAIHd XO-
JIOJTHOM TpoKaTKoi 0e3 csa3yroiero HYM Ha nabopa-
TOPHOM JTMHHUHU, TIOJPOOHO onucanHol B [5]. s map-
KHPOBKU 00pa31oB OyZeM HMCIOJIb30BaTh CIEAYIOIINE
0003Ha4YeHNsI B 3aBUCHMOCTH OT >KHUAKOCTH, KOTOPOH
nponutbiBaiu JAI'®: ['D; — nponuTka BOAHBIM pacTBO-
pom IIAB (1,6%) B Teuenue 2 4; I'®, — BogHBIM pac-
TBOpoM (hocopHoi kucnoTel (4%) ¢ mobaBieHHEM
ITAB (1,6%) B Teuenue 2 u; ['®3 — qucTUnIupoBaHHON
BOJI0H B TeueHue 3 4; ['M4 — BogHBIM pacTBOpOM OOp-
HoM KucnoTsl (4,5%) B Teuerne 30 MuH.

MexaHnuecKre UCTIBITaHusI 00pa3IoB IMPOBO-
JIUJIM HAa YHUBEPCAJbHOW HCIBITATEIbHOW MaIlluHE
Hounsfield H5K-S, ynpasnsiemoii ¢ moMoIipko nakera
nporpamm Qmat 3.95s. OOpasubl [Uisi UCHBITAHUH
uMenu (GopMy TPSMOYTOJIBHOTO MapasieleTuIiea
pasmepamu 150%25%0,3 mm®. U3MepeHuns IpoBO I
pyu KOMHATHOM TeMIlepaType, CKOPOCTh IepeMelie-
HUS 3aKKMa 7 MM/MHH, pabodas ajuHa oOpasia (pac-
CTOSIHHE MEXAy 3akuMamMi) — 100 MM, mpesBapuTens-
Has Harpy3ka Ha oOpasen — 0,5 H. JlanHble uamepenuit
nepeaBaiich Ha KOMITBIOTED M (PUKCHPOBAIUCH B
BHJIC 3aBHUCUMOCTH BenmunHbl Harpy3kwm (F, H) ot
yumHenus obpasua (I, mm). 3ateM paccuuThIBAIIN
Tpees MPOYHOCTH Ha Pa3phiB, 0 = Fma/(b°0), Fmax —
MaKCHMallbHasi Harpyska, b — mmpuHa, ¢ — TOJNIIMHA
obpasra.
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Onpenenenre yOpyrux CBOWCTB 00pa3ioB
(c’KuMaeMoCTh, BOCCTaHABIMBAaEMOCTb, YIIPYTOCTBH)
MIPOBOJIMIIM TIO METOJUKE, pa3pabOoTaHHOW B COOTBET-
ctBum co cranmaprom ASTM F- 36-99 (2003). Pas-
Mepbl 06pa3LoB 25%25 MM2, BEICOTa He MeHee 1,6 MM.
Uzmepenus ynpyrux xapakTepuCTUK 00pa3loB MpOBO-
JIWUTA ¢ TIOMOIIIBI0 MHIEeHTOpa AuaMeTpoM D = 6,3 Mm.
Uzmepenust mpoBOAWIM HAa YHHUBEpPCATbLHOM HCIIBITA-
tenpuoi Mammmae Hounsfield H5K-S nipu koMuatHOIM
TeMIeparype 1 CKOpOCTH TIepeMEeIeHHUs] BEpXHETO 3a-
xuma 0,8 MM/MUH. MexaHUYecKue XapaKTepUCTHUKU
Marepuaga pacCUUTHIBAIM MO clexyromuM (opmy-
mam: Rec = (Lo-L1)/(Lo-L1)-7100% (BoccTanaBmmBae-
MOCTb), B = (Lo-L1)/Lo'100% (cxumaemocts), Res =
=(L2-L1)/L1-100% (ynpyrocts), rae Lo — Tommuna 06-
pasua Imoja TMpeABapUTeNbHOW HArpy3kou, Li — Toi-
muHa oOpasla MmoJ OCHOBHOW Harpyskoi, L, — Ton-
MHa 00pas3Iia MOocie CHATHUS Harpy3KH.

N3mepeHne ynenbHOM TEIUIOEMKOCTH IPOBO-
My Ha g GepeHInaTbHOM CKaHUPYIOIEM KallopHr-
metpe NETSCH DSC 204 Phoenix B nuHaMuueckoi
atMoc(epe aprona (70 MiI/MHH) TIpH CKOPOCTH Harpe-
Banus 10 K/muH.

Onpenenenre ko3dduimeHTa TeMeparypo-
MPOBOJHOCTH @ OCYIIECTBISUIM C IOMOIIBIO METOJa
Ja3epHoro mMmysbca Ha mpudope Netzsch LFA 457,
OO0pas3IIbl NpeNCTaBISLIN COO00H HMIIMHIPHI THaAMETPOM
12,7 MM 1 BbicoTO# 0,3 MM. 3HaueHus ko3 duimenTa
TEMIIEPaTypONPOBOTHOCTH TEPECUYUTHIBAIN B KO3(-
(UIMEHT TEMIONPOBOAHOCTH A C HCIIOJIb30BAaHHEM
3HAYEHUN yAeIbHOU TemToeMKocTH C, U TUIOTHOCTH P
o popmyne: 4 = a-Cyp.

TepmorpaBumerpuueckuii ananus (TI'A)
NPOBOJMJIM HAa CHHXPOHHOM TEPMOAaHAIU3aTOpe
NETZSCH STA 449C Jupiter npu HarpeBe ob6pasiia B
notoke Bo3ayxa (50 mu/muH) o 1400 K co ckopo-
ctamu: 5 K/mun, 10 K/mus u 15 K/mum.

PE3VIJIBTATBI U UX OBCYXJEHUE

3aBHCUMOCTH MPOYHOCTH HA Pa3phIB OT ILIOT-
"Hoctu unentuuda gad ['d; u ', u umeer aBe oco-
OCHHOCTH: M3MEHEHHE YIila HAKJIOHA MPH TUIOTHOCTH
~1,3 r/cM®, a TakKe SBIEHUE AaHU30TPOIUHU TIPOYHOCTH
Ha pa3pbiB 00Pa3IOB, MONyYeHHBIX BIOJb () 1 mone-
pex (1) ocu mpoxatxu (puc. 2).

3aBHCUMOCTH XOpOIIO OIHCHIBAIOTCS JIHHEH-
HbIMH QyHKIUsMH Buaa o(p) = Ki-p+bi 10 ToukH re-
peruba u o(p) = Kz p+b, mocie Touku mepernda, rue ki
u k, — yriosbie koo puuuents [MIla-cm¥r], by u by
— cBoOoaHbIe WwieHbl [MIla]. 3Hadenus koaduiueH-
ToB k [MIIa-cm®/r] u b [MIla] npusenens! B Tab. 1.
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Puc. 2. 3aBucUMOCTb TPOYHOCTH Ha pa3phIB (G) rpaduTOBOK
¢donpru (I'®1) ot rurotHOCTH (p) BAOME (1) 1 monepek (2) ocu
TIPOKATKHU
Fig. 2. The density dependence of tensile strength of graphite foil
samples (GF1) along (1) and across (2) the rolling axis

Tabnuua 1
YriaoBsle k03 PUIMEHTbI 3aBUCUMOCTH 6(p) U3yUeH-
HBIX 00pa3uoB
Table 1. Angular coefficients of the o(p) dependence of
graphite foil samples

O6paszen k1 b1 ko )

'y (1) 4,08 -2,33 7,67 -6,68
ro; (b 3,34 -1,89 7,57 7,31
', (1) 2,62 -1,28 8,03 -7,66
o, (L) 2,33 -1,01 6,67 -6,54

CkaukooOpa3HOoe W3MEHEHHE IPOU3BOTHON
do/dp MBI cBsI3BIBaEM C pe3KUM U3MEHEHHEM CyMMap-
HOM TUIoaad KOHTAakTOB dactul, HYM B I'® npu
IJIOTHOCTH p ~ 1,3 T/cM3, KOTOpOE TEOPETHUECKH TIPE]I-
CKa3aHo B pabote [6].

Cnenyer OTMETHUTh AaHM3OTPOIHUIO TIpererna
MPOYHOCTH HAa pa3pblB I 0OpasloB OIMHAKOBOM
IUIOTHOCTH, B3SITHIX BAOJb U MOIMEPEK OCHU MPOKATKHU
(doubr (puc. 2). C Halllel TOYKH 3pSHHS 3TO CBSI3aHO C
W3MEHEHHEM Tomojioruu nop. [1o qaHHBEIM MajoyTiio-
BOI'0 paccesiHUg HEUTPOHOB B CTaThe [ 7] MOKa3aHo, UTO
MIpH TIEPBUYHOM TPECCOBAHUM HU3KOIUIOTHOTO yTJIe-
POJHOTO MaTepuala o0pa3yrTcs chepuIecKre OphI,
KOTOpPBIC TPU MOBBIICHUN JTaBICHHS TPaHCHOPMUPY-
I0TCSI B AJUIMIICOUAANIbHBIE, IPUYEM HaUMEHbINAs I0-
JyOCh AIITUIICOMAA PACIOIaraeTcs MePIeHIUKYIIIPHO
OCH MTPOKATKH.

Hapsiny ¢ npyrumu TpexmepHbIMEH jedek-
TaMH, MUKPOTIOPHI SIBIISTIOTCS KOHIIGHTpaTOpaMH TIpHU-
JIO’)KCHHBIX HAIPSDKCHUM, CHMXKasi pealbHYH MpoY-
HOCTh MAaTE€PHUAJIOB 32 CYET BHICOKUX JIOKAIBHBIX Tepe-
HaIpsHKEHUH, co31aBaeMbIX MEX Ty rpymnmnoi nop. Co-
IJ1aCHO TEOPETUUECKUM pacueTaM MEXaHUKHU TBEPIOTO
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TeJa, MaKCUMaJIbHBIE HATPY3KU B 00Pa3LE Gmax JOCTH-
raroTCs Ha TPaHUIAX MMOP M PaCCUUTHIBAIOTCS O Gop-
MyllaM Omax = 30 — Ui C(HEPHUECKOTO U Omax =
o (1+2b/a) — ans a;mMIICOMIANBHOTO CeYeHuUs Top [8].
B cBsi31 ¢ TeM, 4TO ANMHA OTyocH b AIIHIIcona npe-
BOCXOJTUT JIJTMHY TIOJYOCH &, MAaKCUMATBHOE HaIIpshKe-
HUE Omax B 00pasiie OyAeT pa3BUBATHCS B TNIOCKOCTH C
AIJTUIICOUIATBHBIM CEUEHHEM T0p, T.€. B INIOCKOCTH
pa3pbiBa MEePHCHIUKYIIPHOTO 00pasia, 4YTo U NpuBe-
JIET K MEHBIIIeMY IIpeIey IPOYHOCTH Ha pa3psiB a(p).

CKUMaeMOCTh OTpa)kaeT CyMMapHylo (ympy-
Y0 M IUIACTHYECKYI0) Aedopmanuio obpasma mnpu
Harpy3ke B MPOIEHTaX MO OTHOIICHUIO K HMCXOIHOU
BBICOTE, & BOCCTAHABIMBAEMOCTh — BKJIA]l YIIPYTOM CO-
CTaBJIAOIIEH B 0011y10 nehopmartuio. [TopuctocTts 00-
pasioB paccunThiBaan 1o Gopmyne P = 1-pro/pr [9],
rae P — mopuctocts 00pasma, pr — pPEHTT€HOBCKas
IUIOTHOCTB MIPUPOAHOTO rpaduTa; pro — INIOTHOCTH 00-
pasua rpapuToBoi Gonbru.

[HomyuenHsbIe 3aBUCHMOCTH 17151 00pa3ioB ['Dy
npu npuiaraemoil Harpyske 35 MIla npencraBieHbl
Ha puc. 3. C:xuMaeMOCTh MaTepHaia majaet ¢ yBelu-
YEHUEM IJIOTHOCTH, YTO CBA3aHO C YMCHBIIICHUEM I10-
pUCTOCTH, T.e. CBOOONHOTO O0BEMa, KyAa MOTYT
yuloTHATbeA 4yactuusl HYM. Bospacranue Boccra-
HABJIMBAEMOCTH TaKXe OOBSICHACTCS CONMKCHUEM Ya-
CTHIl M YMEHBIICHHEM CBOOOJHOIO MPOCTPAHCTBA
MCXKIYy HUMH. Ecmm ITPU HU3KUX INIOTHOCTAX ITPOUCXO-
T CHauYalla yIUIOTHEHUE MaTepuala, a 3aTeM yKe OH
HaYMHAeT paboTaTh KaK yIPYTrUil SJIEMEHT, TO TIPHU BbI-
COKHX — YIINIOTHCHHUE MMOYTHU HC IMPOUCXOIUT, U MaTC-
puan paboraeT B cBOei ympyroi obmactu. O0 3ToM
CBUJICTEILCTBYIOT BHICOKHE 3HAYCHHUS BOCCTAHABIIHBA-
emoctu ~ 40%. IIpu narpyske B 10 n 15 Mlla noiy-
YCHbI aHAJIOTUYHBIC 3aBUCUMOCTH.

B, Ree, d, %
80 1

20

10 A

0 A—— T T T
0 08 | 12 14
Puc. 3. 3aBucumocTs BoccTaHaBnuBaeMocTH (1), mopucroctu (2)
n cxnmaemocti (3) obpasznos I'd1 ot mIoTHOCTH IPH HATPY3KE
35 MIla
Fig. 3. The density dependence of reducibility (1), porosity (2)
and compressibility (3) of GF1 samples (35 MPa load)

1.6 p e’

W3B. By30B. Xumus u xuM. texHojorust. 2017. T. 60. Beim. 9



W3B. By30B. Xumus u xuM. texHosorus. 2017. T. 60. Beim. 9

ABTOpBI CTaThu [7] C MOMOILIBIO MaJOYIJIO-
BOTO paccessHus] HEWTPOHOB HaOJIONaNM HM3MEHEHHE
pasmepoB U (GopMbel TOp B obOpasmax TpadUTOBOM
¢osbru wioTHOCTHIO 0,9 r/cM® NpK IPUITOKEHKH K HEH
Harpy3ku a0 108 Ila u skcmepumeHTansHO OOHapy-
JKWAJIH, 9YTO BHAYAJIC MPOUCXOTUT AehopManus OOJb-
IIMX TIOP, a 3aTeM pacIlelUIeHHe X Ha 0oJiee MeIKue.

3aBHCUMOCTb YHPYTOCTH OT IJIOTHOCTH IpPH
Harpy3ke B 15 MIla MmoxxHO pa30ouTh Ha ABa ydacTKa.
Ha nepsom (10 1,3 r/cm®) oHa npakTHYECKH HE 3aBU-
CHUT OT IUIOTHOCTH U cocTaBisieT ~ 10%. Bropoi yua-
CTOK XapaKTepU3yeTcs MaJleHUEM YIpyroctu Ao 6%
npu mwiotHoctd 1,8 r/cm®. C Hamell TOYKH 3peHHs
ynpyrocth ¢oneru o0ycnosineHa HaanaueMm B ['D 3a-
KPBITBIX TIOP Pa3IMIHOTO pa3Mepa, HO PH OIpeeIIeH-
HOM JaBJIEHUH IIPH TPECCOBAHUH (KaK CIIEJCTBUE, IPH
OTIpeIeICHHON TUIOTHOCTH), KaK YK€ OTMEYayoch,
NPOUCXOANT PE3KOe U3MEHEHUE PacHpeieiCHUs Top
1o pa3Mepam, KOTOpPOE MBI CBA3BIBAEM CO CKauK000-
pasHBIM POCTOM YHCIIa KOHTAKTOB MEXIy TpadeHo-
BbIMM naukamu HYM.

Jis oOpasioB ['®; ObLIM MOSTyYeHBI TEMITEpa-
TypHBIE 3aBUCUMOCTH YAEITHHON TETTIOEMKOCTH U TETI-
JIOTIPOBOAHOCTH (pHC. 4).

Cp, Jx/r-K », Bt/m'K
1,6 1 1r 6.5
F 6
1,4 4
F S5
1,2 4 | -
1 . B 4,5
| — —; 4
0,8 4
- 3.5
0 4+ T T T r 3
0 350 450 550 650 TK

Puc. 4. TemneparypHble 3aBUCUMOCTH YAEIbHON TEINIOEMKOCTH
(1) u remmonpoBoxHOCTH (2) Must ['D1
Fig. 4. The temperature dependences of heat capacity (1) and heat
conductivity (2) of GF1 samples

OKcrepuMeHTaNbHas TeMIIepaTypHasi 3aBUCH-
MOCTh TEIUIOEMKOCTH B IIHPOKOM WHTEPBAaJe TEMIIC-
paTyp XOpOIIO ONMHUCHIBAaeTCs ypaBHeHHWEM Maiiepa-
Kenmu [10]: Cp(T) = A+BT+CT2, rae mis uccie-
ayeMmbeix obpasuo A = (0,345+0,006) Jx-Tl-K7,
B= (0,00199+ 0,00001) x-r1- K2, C = (-14900 + 300)
Jox-K-rl. Ormerum, uro uncnennsie 3Hauenus Cp(T)
s 'y Xopolio coBMagaloT ¢ IUTEPATYPHBIMU JIaH-
HBIMH JIJIsT HCKYCCTBEHHBIX Tpadutos [11].

B rpaduroBoii ¢onere peanusyrTcs aBa Me-
XaHM3Ma TeIJIONEPEeHoca: MEPEHOC TEIJIOBOI SHEPTHU
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CBOOOJHBIMH HOCUTEISIMH 3apsia (3JIEKTpOHHAs CO-
CTaBJISIOIIAS) U TIEPEHOC TEIUIOBOM SHEPrHH Koeba-
HHUSMH aTOMOB KPHCTaJUTMUECKOW pemeTKd ((pOoHOH-
Hasl cocTaBisiomas). Beumy Toro, 4To KOHLIEHTpaUus
Hocurelen 3apsaga B '@ Ha NOpsAIKU HUKE, YEM B Me-
tayurax [12], 2JIeKTPOHHOM COCTABIIIONICH TETUIONPO-
BOJTHOCTH MOYHO TTpeHEOpEUb.

Ha xaduecTBeHHOM ypOBHE TEMIIEPATYPHYIO
3apucuMocTh A(T) TpaduTOBEIX (OIBT MOXKHO
omnucaTh MOIU(PUINPOBAHHEIM ypaBHeHHEeM Jlebas
1151 GOHOHHOU TerutonpoBoaHocTH rpaduTa [11]:
A= Yaprevecos(p)lyvg, TIE p — TUNIOTHOCTD; Cy — yIEb-
Hasl TEIJIOEMKOCTh STUHUIIBI 00beMa; COS(p) — ycpen-
HEHHOE 3HaueHHE KOCHHYCa yIila HaKJIOHA KPUCTaJIIH-
TOB K HalpaBJICHUIO TEIJIOBOTO MOTOKa; |y — cpenusis
JUTMHA CcBOOOMHOTO Tpobera (HOHOHOB B Oa3MCHOM
IUIOCKOCTH, paBHAasi CPEIHEMY PACCTOSHHUIO, KOTOPOE
OHU MPOXOAAT MEXIY IBYMsl IOCIEIOBATEIbHBIMU
CTOJIKHOBCHHSIMH; D¢ — CPEIHSS CKOPOCTH mpoodera ¢o-
HOHOB B 0A3UCHOM IIOCKOCTH. Benudautsl vg, COS(p),
p IPaKTUYECKH HE 3aBUCST OT TEMIEPaTyphl, TOATOMY
TeMIIepaTypHast 3aBHCUMOCTb A OIIPEENseTCs COOTHO-
[ICHUEM BEJIUYHH Cv U |y 1 UX U3MEHEHHEM C TeMIie-
patypoii. Habmomaemas TemmnepaTypHasi 3aBUCUMOCTb
MT) rpadutoBsix (oI CBsI3aHA ¢ JTOMHHUPYIOLTUM
BIIMSIHUEM YMEHBIICHUs [UIMHBI CBOOOAHOrO mpobera
(hOHOHOB HaJ| yBETMUEHHEM TEIUIOEMKOCTH C POCTOM
TEMIIePaTypHl.

Metonom TT'A ycranoBieHO, uTO Temrepa-
Typa Hadajia okucieHus cmemtaercs Ha ~ 80 K B ciry-
yae ['®, u Ha ~ 100 K B ciyuae ['D4.

B otnmume ot obpasuos ['d3 u ['Ds (m1oT-
HocTh 1,0 r/cM®), 151 KOTOPBIX HaUITydIIEe TPUOITIKE-
HUE Jaja MOJENb ABYX MOCIIENOBATEIbHBIX PEaKIHid,
KOTOpBIE OINHCHIBAIOTCS ypaBHeHueM IIpayra-Tomi-
KHMHCa PEaKLUUH N-0ro MOopsiAKa C aBTOKATATU30M H
ypaBHEHHEM DPEaKIHUU N-0ro mopsiaka [4], oOpasisl
I'®; onuckiBatOTCS MOJENBIO JIBYX MapajuieNIbHBIX pe-
akiuii. [Iponecc okucnenus rpaduroBoit ponsru I'd;
OTMCBIBACTCS CIENYIOIMMHA KUHETHUYECKUMH ypaBHe-
HUSIMH:

da E 3,0:04 0,0149.10°3

- =A.e -—2 .(1- -a” (Bnal)'
dt Xp( RT) ( a) “
da E 0574004 _0,69+0,09

92 Aexol -2 | (1- . ®0%00¢ (Bnay),
i xp( RTJ 1-a) a

rZie o — CTeNeHb MpeBpalieHus oopasua; (1-a) — cre-
NeHb He3aBePIIEHHOCTH Tporiecca; F, — SHePTUs aKTH-
BallUM PEaKI[MK OKUCIICHU, A — KOHCTAaHTa, XapaKTe-
pu3ylolias pa3MepHOCTb peakiuu. Bna — ypaBHeHHE
IIpayra-ToMIIKHMHCA peaKkIuy n-0ro MopsjKa ¢ aBToKa-
Tanu3oM. KuHeTndeckne XapakTEepUCTHKH ITOTydeH-
HBIX YpaBHEHUH MpeCTaBlIeHbI B Ta0. 2.
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Tabnuua 2
Kunernuyeckue napaMerpsl peakuuu oxkuciaeHus I'd;
Table 2. Kinetic parameters of GF2 oxidation reaction

Kunernueckoe E.. KlIx/montb logA Homnst
ypaBHEHUE peakuuu

Bna; 216x16 7,3%0,7 0,54

Bna, 12943 3,540,2 0,46

MonenbHble H30TEPMUUECKHUE KPUBBIE, TIOTYUYCH-
HBIE C TIoMoIIkio TiporpamMMbl Netzsch «Thermokineticsy»
qutst Temriepatypsl 650 °C mokasainu, 9To cTeneHsb mpe-
BpamieHus o = 1% st D, nocturaercs yepes 65 MuH
OT Hauasa HarpeBaHus, 1 ' @3 - uepes 5,5 MuH, a 11
I'®D, - uepes 124 muH.
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AHU30TpOTIHS CBsI3aHA C M3MEHEHHEM TOIIOJIOTHH TIOP
pu npeccosannu HYM.

IlokazaHo, YTO CXMMaeMOCThb T'padUTOBON
¢domeru m3 HYM, momyuenHoro tepmoynapom [A1'0,
MPONMUTAHHOW BOJHBIM pacTBopoM IIAB, nuneiHo
YMEHBIIIAeTCsl, & BOCCTAHABIMBAEMOCTh YBEIUYUBA-
€TCS C YBEIMUYCHHUEM TUIOTHOCTH [ "D, 4TO 00BACHACTCS
YMEHBIIIEHUEM TIOPUCTOCTH.

DKCepuMeHTaIbHas TeMIIepaTypHas 3aBUCH-
MOCTbH TEIJIOEMKOCTH OIKCaHa C TIOMOIIIbIO YPaBHEHHUS
Maiiepa-Kemnmu. M3yueHa temmnepaTypHasi 3aBUCH-
MOCTb TETIJIONPOBOJHOCTH. Y CTAHOBJIEHO, YTO TeMIIe-
paTypa Hauaia OKHCICHHS rpadUTOBOM QOJIBIH, OJTY-
YeHHOH ¢ ucmosib3oBanueM [TAB u docdopHoii kuc-
notsl, cmemaercs Ha ~80 K. Ilokaszano, 4ro npouecc
OKHCIICHUS 3TOU (DOJIBTH OTHCHIBASTCS IBYMSI Mapal-
JICJIbHBIMU PCAKIIUAMMU.
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YI'JIEPOJHBIE HAHOTPYBKHU, CUHTE3UPOBAHHBIE U3 OJJHOATOMHBIX CIIMPTOB,
JJIs1 APMUPOBAHUA ITIOJIMMEPOB

A.P. Kapaesa, E.C. JlazapeBa, E.A. KykoBa, C.B. YpBanos, B.3. MopakoBu4

Awnna PasumoBna Kapaesa *, Exarepuna CepreesHa Jlazapesa, Exateprna AnexcanaposHa XKykosa,
Cepreit AnekceeBud YpBaHoB, Bnagumup 3ansmanosud MopakoBuy

OTI{GJ'I HOBBIX XUMUYECKUX TEXHOJIOTUN U HaHOMAaTepuajioB, TexHnomxoruueckuit HWHCTUTYT CBCPXTBEPALIX U HO-
BBIX YIJIEPOJIHBIX MaTepualoB, yi. LlentpansHas, 7a, Mocksa, Tpouuk, Poccuiickas @enepauus, 142190
E-mail: karaevaar@tisnum.ru *, katerline@rambler.ru, katyazhu@tisnum.ru, urvanov@tisnum.ru, mordko-
vich@tisnum.ru

H3 paznuunvix 00HOAMOMHBIX CRUPHIO0E MEMOOOM KAMATUMUYECKO20 XUMUYECKO20 0Ca-
JHcoeHusa u3 2azoeoil hazvl 6 nomoke 6000pooa npu memnepamype 1050-1150 °C cunmesuposansi
yaiepoonvle HAHOMPYOKU U NPOMECMUPOBAHA 603MONCHOCHY APMUPOSAHUs UM noaumepa. B
Kauecmee npexkypcopa y2nepooa Uchonb306aiu ciedyoujue 00HOAmoMHble CRUPHIbL: MEMAHOIL,
IMAHON, NPORAHOI, OYMAHON, U3ORPORAHON U U30AMUN06bLI chupm. Beibop paznuunsix 00Ho-
AMOMHBIX CHUPHOB C8A3AH C 603MOICHOCHIbIO 8apbuposams omuouwetuem C/H/ O, umo enusem
Ha (hopmuposanue u XapaKmepucmuKu y2nepoonslx Hanompyoox. CmpykmypHoie u puzuko — xu-
MuYecKue XapaKmepucmuKku y2iepooHblX HAHOMPYOOK U3YUeHbl MemOOAMU CKAHUpylouwieil u
npoceevusalowiell I1eKMPOHHOI MUKPOCKORUU, PAMAHOBCKOU CHEKMPOCKORUU U MEPMOZPAsU-
Mempuueckozo ananusa. Pezynomamul ucciedosanuil no3eonunu eblopamsy 01t U32OMOGAEHUA
KOMRO3UUUOHHOZ0 MAMEPUANA PA0 00pazyos y2iepooHbIX HAHOMPYDOOK, OMAUYAIOWUXCA RO
cmpykmype, mopghonozuu u cooepricanuio npumeceit. B kauecmee nonumepa ucnonvzoeanu npou-
Hblil peakmonyacm - INOKCUOHYI0 cmoy. Cmenens nanonnenus YHT ne 6onee 8 macc. %. Inex-
mpoguzuueckue ceoicmea 00pa3 06 KOMROIUUUOHHO20 MAMEPUANd U3 INOKCUOHOT CMOTbL U Y2-
J1ePOOHBIX HAHOMPYOOK UIMEPATIU YeMbIPEX30HO08bIM MEMO00M, A MENTONPOBOOHOCHIb — UM-
nyascuvim. Ilo mukpogpomozpagpuam, nonyueHnvim ¢ HOMOWBbIO CKAHUPYIOWEil INEKMPOHHOU
MUKDPOCKORUU, OYEHUBATU PAGHOMEPHOCHb RPORUMKU INOKCUOHOU CMOIOU U pacnpedeneHue y2-
J1epooHbIX Hanompyook 6 oopasue. Haubonee nepcnekmusnvimu noauMepHoiMu KOMRO3UUUOH-
HbIMU MAMEPUATIAMU OKA3ATUCH 00PA3Ybl, APMUPOSAHHbIE Y21EPOOHBIMU HAHOMPYDOKaAMU, KOMO-
Ppble ROyueHsl U3 IMAHONA U CMECU MEMAH-MEMAaHol. YOenbHasn IN1eKmponposooHocmy 0opas-
1406 KOMRO3UUUOHHBIX MAMEPUAII08 C Y21ePOOHBIMU HAHROMPYOKAMU, HONYYEHHBIMU U3 IMAHOIA,
cocmasuna 2,27 - 107" - 4,9 - 10% Cu/m, a uz cmecu meman-wemanona - 7,2 - 10° Cu/m. Tenno-
HPOBOOHOCb KOMROZUUUOHHBIX MAMEPUANOE C OTUHHBIMU Y21EPOOHBIMU Hanompyoramu ¢ 7-12
Ppas evluie, Yem MenaonpPo8OOHOCHb KOMNOZUYUOHHO20 MAMEPUAA C DoJ1ee KOPOMKUMU Y21epoo-
HbIMU HAHOMPYOKAMU.

KiroueBble ciioBa: YTJICpOAHBIC HaHOTp}I6KI/I, IMoJIMMeEp, KOMHO3HHHOHHBIﬁ Marepual, 3JICKTPOIIPO-
BOJHOCTB, DJICKTPOHHAA MUKPOCKOIIUA
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CARBON NANOTUBES SYNTHESIZED FROM MONOHYDRIC ALCOHOLS
FOR REINFORCEMENT OF POLYMERS

A.R. Karaeva, E.S. Lazareva, E.A. Zhukova, S.A. Urvanov, V.Z. Mordkovich

Aida R. Karaeva*, Ekaterina S. Lazareva, Ekaterina A. Zhukova, Sergey A. Urvanov, Vladimir Z. Mordkovich

Department of New Chemical Technologies and Nanomaterials, Technological Institute for Superhard and
Novel Carbon Materials, Central st., 7a, Moscow, Troitsk, 142190, Russia

E-mail: karaevaar@tisnum.ru*, katerline@rambler.ru, katyazhu@tisnum.ru, urvanov@tisnum.ru, mordko-
vich@tisnum.ru

Carbon nanotubes were synthesized from various monohydric alcohols by catalytic chemi-
cal vapor deposition in hydrogen flow at 1050-1150 °C. The possibility of reinforcing the polymer
by carbon nanotubes was tested. Carbon precursors were the following monohydric alcohols: meth-
anol, ethanol, propanol, butanol, isopropanol and isoamyl alcohol. The choice of different mono-
alcohols is related to the possibility of changing the C/H/ O ratio, which affects the formation and
characteristics of carbon nanotubes. The carbon nanotubes were characterized by scanning elec-
tron microscopy, transmission electron microscopy, Raman spectroscopy and thermogravimetric
analysis. The results of the studies allowed selecting for the production of composite material the
nanotubes that differ in structure, morphology, and the content of impurities. The durable thermo-
set epoxy resin was used as the polymer. The degree of nanotubes filling was not more than 8 %
wt. The electrophysical properties of the composite material samples prepared from epoxy resin and
carbon nanotubes were measured by four-point probe method. The thermal conductivity was meas-
ured by the pulsed method. According to the results obtained by scanning electron microscopy, the
uniformity of impregnation with epoxy resin and the distribution of carbon nanotubes in the sample
were evaluated. The most promising polymer composite materials were the samples reinforced with
the carbon nanotubes obtained from ethanol and a mixture of methane and methanol. Specific
electrical conductivity of the composites prepared with the ethanol-based carbon nanotubes was
2.27 - 10" - 4.9 - 102 S/m. As regards the composites based on nanotubes prepared from the me-
thane-methanol mixture, the electrical conductivity was 7.2 - 10° S / m. The thermal conductivity
of the composites prepared with long carbon nanotubes was 7-12 times higher than the one of those
prepared with short carbon nanotubes.

Key words: carbon nanotubes, polymer, epoxy, composite material, electrical conductivity, electron
microscopy
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BBEJIEHME Komrmosuironnsie Matepuansl (KM), apmu-
poBanHbie YHT, npuHaanexar K 4uciay NEepCHeKTUB-
HBIX MaTepHajoB M MPOJOIDKAIOT MPHUBJIEKATh BHUMA-
HUE HCCIIEOBATENE M TEXHOJOIOB MHOTHX CTpaH
mupa. [Ipu 3TOM OHM UMEIT orpaHn4eHus: HU3NKO-
XUMUYECKHUX CBOMCTB, KOTOPbIE MOTYT OBITh BBI3BaHBI

XPYOKOCTBIO, HEIOCTAaTOYHON CTOMKOCTBIO SIIOKCH/I-

Yruneponusie HaHOTpYOKH (YHT) obGnangator
YHUKAJbHBIMH 3JICKTPOIPOBOIHBIMH, TEILUIOIIPOBO/I-
HBIMHU ¥ MEXaHHYECKHUMH CBOMCTBAMH Hapsy C HU3-
KHM YJEIbHBIM BECOM U OTHOCHTEIHHOW TepMUYE-
CKOH M XMMHYECKON CTOWKOCTBIO. DTH OTIMYUTENb-
Hble ocobenHoctn YHT oOecrmeunBaroT HIMPOKUIA

CIIEKTP BO3MOXHBIX MYTEeH MPAKTUYECKOTO0 HX HC-
noib3oBanus [1, 2].

18

HBIX CBS3YIOLINX, a TAKXKe cIa0oii aAre3ueit Mexmy ap-
MUPYIOIUM MaTepuajoM U cBs3yromuM. [lomyuenue
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KM c no6asnenrem YHT MokeT HE TOJIBKO yIy4IINTh
CUTYallMI0 B TPaJUIMOHHBIX 00JACTSAX MPUMEHEHUS
(OT MPOM3BOACTBA CIIOPTUHBEHTAPS 10 AETAIEH aBTO-
MOOHMJIFHOH, aBHa- M KOCMHYECKOH MPOMBIIIJICHHO-
CTH), HO U OTKPBITh HOBBIE OTPACIH MPUMEHEHHUS.

HecmoTpst Ha OrpoMHBI poTrpecc B UCCIIENI0-
Banusx YHT Ha npoTsiK€HWHU MHOTHX JIET, MpaKTH4e-
CKM HEBO3MOXHO mpou3Boauth YHT ¢ ompenenen-
HBIMH CBOWCTBaMH B OOJBIINX KOJIHMYECTBAX SKOHOMH-
geckr J3(PQGEKTUBHBIMA W BBITOTHBIMH CIIOCOOaMHU.
Haubonee yacto ncnonb3yembiM Aiist nomydenust YHT
sBiasgercas CVD MeTon, OTIMYAIOIIMICA OTHOCUTEIh-
HOI MPOCTOTOM M NEMIEBU3HOM, a TaKXe€ BO3MOXKHO-
CTBIO KPYITHOMACIITA0HOTO TIPOU3BOJICTBA.

XHUMHYECKUM COCTAB ChIPHEBOUW CMECHU U JIPY-
TUe YCIOBUS CUHTE3a OKAa3bIBAIOT CUJIBHOE BIIUSHUE HA
CTPYKTYpYy M (DPM3HKO-MEXaHWYECKHE CBOWCTBA yTIIe-
pomHbIx HaHOTPYOOK. OMHY U3 KIIIOYEBBIX poyied B
tdopmupoBanun YHT urpaer Buj yriiecomepkamiero
CBIPBSl — TIpeKypcopa. B maHHO#N paboTe B KauecTBe
mpeKypcopa yriepona ObLT BRIOpaH LEJbIH psa pas-
JIMYHBIX OJJHOATOMHBIX CIIMPTOB AJIsl TIOTY4YEHHUS yIiie-
POMHBIX HAHOTPYOOK C TOCIEAYIOIIMM HW3TOTOBIE-
HUEM Ha UX OCHOBE nojaumepHbix KM.

METOANKA OKCITEPUMEHTA

VYrnepoaHble HAHOTPYOKH MOJydadH METO-
JOM KaTaJIMTHYECKOTO XHMHYECKOTO OCAXKICHUS
YHT u3 razoBoit ¢a3sl a3p030JIbHEIM CIIOCOOOM TIPH
temrepatype 1150 °C B noToke Bogopona npu Baphb-
upyemoM cootHomenun H/C/O u pacxoze cbIpbsi OT
2,4 1o 57,6 mir/u.

B kauecTBe mpekypcopa UCIOJIb30BAIUCH pPa3-
nuunble onHoatoMuble cnupThl: CH3OH, C,HsOH,
C3H7OH, i-C3H7OH, C4HgOH, i-C5H110H; B KAUYCCTBC
karanuzaropa — (CsHs):Fe, a akTuBatopa pocra HaHO-
Tpybok — C4H4S. Ucxonnast celpbeBasi cMeCh COCTOsIIA
M3 TPEXKOMITOHEHTHOW CMECH CO CIIEAYIOIIUM OTHO-
menuem [3]:

98,5 Bec.% CxHyOH + 0,5 Bec.% CsHaS +
+ 1 Bec.% (C5H5)2Fe

JUJ19 M3roTOBIIEHUS! KOMITO3UIIMOHHOTO MaTe-
puana Ha ocHOBe cuHTe3upoBaHHBIX Y HT Obu1 BEIOpaH
OJIMH W3 MPOYHBIX M Hanbosee TOCTYIHBIX Ha OTede-
CTBEHHOM pBIHKE pPEaKTOIUIACTOB — JIMOKCHIHAS
CMOJIa, PacpoCTpaHeHHas! B Pa3HBIX cdepax mpume-
HeHus uid nomydeHuss KM. Crenenp HanoigHEHHUs HE
6omee 8 macc. % YHT [4-6]. OcHOBHBIE CTaIuN U3TO-
TOBJICHHUS KOMITO3ULIMOHHOI'O MaTepuana:

1. moAroToBKa KOMIIOHEHTOB;

2. CMEUICHHUE U TIPOIUTKA;

3. monIMMepH3alus C TPEXCTYHNEHYATOW BBIAEPK-
koit (T, 1);

4. ¢dhopmoBaHue;
5. U3BJIEYEHHE TOTOBOTO KOMIIO3UTA.

HccnenoBanne Mop¢oaorun U CTpyKTYPHBIX
XapakTepuCcTUK 00pa31ioB TPOBOANIOCH HA CKAHUPYIO-
meM 3eKTpoHHOoM Mukpockore JEOL JSM-7600F c
TEPMOIOJIEBOI AMUCCUEH, C YCKOPSIOIIUM HaIpsKe-
aueM 15 kB u paspemenuem 1o 1 am (SEM).

OnpeneneHue CoAep)KaHUsi OCTaTOYHOTO Ka-
TaJIM3aTOpa B 00pasie IPOBOIMIOCHE METOAOM TEPMO-
IPaBUMETPUYECKOT0 aHaIM3a Ha MPUOOpe CHHXPOH-
Horo tepmudeckoro ananuza NETZSCH STA Jupiter
F1 449 (TTA).

OnexTpousnyecKkue MapaMeTpsl H3MeEpsuIn
ipu omonu cucrembl LakeShore HMS 7700 geTsi-
PEX30HAOBLIM MCTOOOM. TCHJIOHpOBOILHOCTB nu3Me-
PSUIN UMITYJIBCHBIM METOZOM.

PE3VIJIBTATBI 1 UX OBCYXIEHUE

Cunre3 YHT w3 pa3nuuHbIX OJHOATOMHBIX
CITMPTOB ITO3BOJIMJI HaWTH ONTUMAaJIbLHEIEC YCJ10BUs 11O~
Jy4eHUS! HAHOTPYOOK C HaumOOJIBIIMM BBIXOAOM IS
Ka)XXJ0Tr'0 OTAEIBHOIO CHIPbS.

Ha puc. 1 npencraBiena quarpaMma mo BbI-
X0y YTIepOJHBIX HAHOTPYOOK (32 BBIUETOM KeJie3a)
U3 pa3JINYHbIX OAHOATOMHLIX CIIMPTOB, I'/IC YETKO IIPO-
CJIC)KHMBAETCS MAKCUMAJIbHBIN BBIXOJ HAHOTPYOOK, MO-
JMYYeHHBIX M3 METaH-METaHolla, NpomnaHona u OyTa-
Hojia. [lombITKM MOMYYHUTH U3 METaHOJa HAHOTPYOKH
ObUTH Oe3yCIEeNIHBIMH, IOATOMY IKCIIEPHMEHTHI C Me-
TaHOJIOM MPOAOJDKMIM C NOOaBKOW MeTaHa, Kak JI0-
MOJTHUTEJIBHOTO MPEKypcopa yriepoa, YTo MOJIOKH-
TEJILHO NOBJIMIO0 Ha BeIxog YHT.

Bbixoa YHT 13 pasnnyHbiX NpeKypcopos
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Puc. 1. BbixoJ yriepoaHbIX HAHOTPYOOK U3 Pa3IMIHBIX OJIHO-
ATOMHBIX CITUPTOB
Fig. 1. Yield of carbon nanotubes from various monohydric alcohols

OxcnepuMeHTHl o noinydeHuo YHT u3 pas-
JIUYHBIX OJJHOATOMHBIX CIIMPTOB MOKA3aJIH, YTO YBEJIH-
YEHUE CKOPOCTHU I10JIa4X PEareHTOB NPUBOAUT K yBe-
JIMYEHHIO BBIXOJIAa YIVIEPOIHOIO IPOIYKTa, IIPU 3TOM
BHEIIHE MOP(OIIOTHS NOITY4aeMOro IPOIyKTa OTINYa-
eTcs (HUTH, TOPOIIOK, IJICHKH W Jp.). Pe3ympraTsl
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SEM (puc. 2) u TT'A uccrnenoBaHuil TMONTYyYEHHBIX
YHT mnoka3anu, 4To HAHOTPYOKH, B 3aBUCUMOCTH OT
HCXOIHOTO CBHIPBS, OTIMYAIOTCS HE TOJIBKO Mopdoio-
THel, HO U CTPYKTYPHBIMH XapaKTepPUCTUKaMH HaHO-
TpyOOK (BHEIIHMM IWMETPOM, AJIHHOIO), COAEpIKa-
HUEM jxeme3a u ap. (tadm. 1).

Puc. 2. SEM-muxpodoTorpadus obpasmoB YHT: a) u3 meran-me-
TaHoia, 0) U3 Ipornanoia, B) u3 3TaHoina (Heounmmennsie YHT), r)
n3 sraHoia (ounmenasle YHT)

Fig. 2. SEM- microphotos of CNT samples: a) from methane-
methanol, 6) from propanol, 8) from ethanol (unrefined CNTSs), r)
from ethanol (purified CNTS)

20

Tabnuya 1
Pesyabrarel SEM u TT'A uccienoBannii o6pasumos YHT
Table 1. Results of SEM and TGA studies of CNT samples

No Oo6paserg Buewmnuit SEM Fe,
- (ceIpbe) BH]T D,um| L,mMxm |%Bec.
YHT
1 Yymok |[20-50| 10-12 |0,22
(MeTaH-MeTaHOoI)
2 | YHT (oranon) | Ipsoxka | 4-6 | 10 u Gonee | 28,7
3 YHT (sranom) [psoxa 3-5 |10 u 6ouee | 0,75
OYHIIICH.
4 YHT —  opomox | 60-70| 0,15-55 | 0,83
(mpomanom)
5 YHT Maytuma | 30-40 | 10 u 6onee | 20,8
(m3omponanom)
6 | YHT (Gyranon) | IMayruna |15-40| 0,1-5,5 15,0
7 | YHT Gwoamm- |y 11840 | 3 1 Gomee | 4,6
JIOBBIH CITUPT)

Hcxons w3 naHHBIX, TPUBEACHHBIX B Ta0M. 1,
IUISL apMHUPOBaHUsI TIONUMeEpa ObUTH BEIOpaHbI 00pa3IIbl
YHT, nonydeHHble M3 METAH-METAHOJA, ATaHOJA U
MIPOTIAHOJIa, XOPOIIIO OTIIHYAIOIINECS 110 CTPYKTYPHBIM
XapaKTepUCTUKaM M COJAEp)KaHHIO Kene3a. Takke
OBLIIO MHTEPECHO MPOTECTUPOBATH BO3MOXKHOCTH ap-
MupoBaHus nonumepa ounineHHbIME YHT. O6pasiist
YHT, nosy4eHHbIE U3 3TAHOJIA C COJEPKAHMEM Ke-
nesza 28,7 Bec. %, Obutn ounieHs! 37 %-HOH COMIHON
kucinotoil. Ilocne O4YMCTKM conep:KaHUE 3Kele3a B
HaHOTpyOKax cHu3miIock 1o 0,75 Bec. %.

Taxum 00pazom, JJisi apMUPOBAHUsI TOJTUMEPa
Obutn BbIOpaHel 00pa3usl YHT, momydeHnHble U3 me-
TaH-METaHOJa, 3TaHOJIa U TpomnaHona. HaHoTpyOkw,
MOJIYYC€HHBIC U3 3TaHOJIA, MTPUMCHAIIN KaK UCXOIHBIC,
TakK U OYHUIILICHHBIC.

WsrorasnuBanu o0pasubl umHOIO 150 MM,
UpUHON 15,2 MM B ciellaibHBIX OCHACTKax. B 3aBu-
CHUMOCTH OT CTCIICHU HAIIOJIHCHUA o6pa3uI)1 oTJIn4a-
JIMCH TOIIIMHUHOM. JIaHHBIE IT0 CTENIEHN HAITOJTHEHHS 00-
pas3uoB u TonMHA chopmoBaHHOro odpasna KM u3
SMOKCHIHOM CMOJIBI M HAHOTPYOOK TpEACTaBICHBI B
Tabu. 2.

Tabnuya 2
Crenenb HanmoJiHeHHns 00pa3uoB 1 TomuHa KM 3 9C
u YHT
Table 2. Filling degree of samples and thickness of the
composite of epoxy and CNT

0
Ne| O6pasen KM Tommuaa,| CTeneHs HamoJMHeHUs, %
MM O0nemubie | MaccoBblie
| OCHVHT 237 268 3.2
(MeTaH-MeTaHO)
2 DC+YHT (satanonm)| 2,17 50 7,2
3| OCHVHT 223 4,7 7.2
(2TaHOJT) OYHIIICH.
4| OCTVHT 273 263 4,0
(mpomanox)
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B xone uzrorosnennst KM BEISIBIIEHO, YTO CTe-
TIEHb HAIIOJIHEHUSI CMECBIO, COCTOALIEH W3 AMOKCHI-
HOM CMOITBI U OTBEPIWTEIS, 3aBUCUT OT MOP(OIOTHH
U CTPYKTYpHBIX XapakTepucTuk Y HT. MakcumanbsHoe
HaroHeHue OblIo XapaktepHo 11t KM, cocTosimiero
n3 OC u YHT, momydeHHBIX U3 3TaHOIa, HE3aBUCHMO
OT YHCTOTHI 00pa3Ia, YTO SIBISAETCS MOBOJHHO HWHTE-
peCHBIM (haKTOM.
B pabore 60U TPOBEIEHBI H3MEPEHUS TETLIO-
1 3MeKTpou3nIecKux cBOUcTB 00pa3noB KM m3 DC
u YHT. Pe3ynbraTel nM3MepeHMH Ipe/CTaBICHBl B
Tabm. 3.
Tabnuua 3
TenJio- 1 2j1ekTpoduznyeckne ceoiicrea oopazuos KM
w3 C u YHT
Table 3. Thermal and electrophysical properties sam-
ples of composite materials made from epoxy and CNTs

MapxkupoBka Y AenbHas Tennonposon-
Ne o6pasa KM ansggf:mg;];;ﬂ- HocTh, Bt/M x K
| OCHVHT 7,2:10% 0,12
(MeTaH-MeTaHON)
2 |DC+YHT (stanon)| 4,9-1072 -
g |  OC+VHT 2,27-10" 152
(?TaHoINT) OoumIIl.
g4 | OCHVHT 1,6-10° 0,20
(mponaHo)
5 VHT 70-10°  [6,0-10°-7,0-10°[7]
1,0-101-
6 5C o010 0,17

CpaBHUTENBHBIN aHAU3 TTOyYEHHBIX Pe3yilb-
TaToB (TadJI1. 3) TIOKa3al, YTo YACIbHAs AJIEKTPOIPOBO/I-
HOCTh HaunboJjiee BhICOKa y 00pa3ioB KM ¢ HaHOTpYO-
KaMU, TIOTy4eHHbIMU 13 dTaHona [DC+YHT(stanom)],
B T. 4. C OYUIIICHHBIMH. Cne)lyeT OTMETHUTB, UTO B OTUX
o0pa3iax cTerneHb HAlOJHEH!S MTOYTH B 2 pasa BBIIIE,
yeM B oOpasmax [DC+YHT (meran-meranon)] u
[2C+YHT (uponanomn)] (Tad:. 2), T. €. CylIECTBEHHYIO
POTb B TOBBIIMICHUM BJIEKTPUUECKOW MPOBOJUMOCTH
UTPAET CTETICHb HATIOJHEHHSI KOMITO3UIIMOHHOTO MaTe-
puana. OaHako, yneinbHasl 3JEeKTPONPOBOAHOCTH 00-
pazma KM [OC+YHT (Mmetran-MeTaHoIT) | 3HAYUTEIIHHO
BhIIle, yeM y obpasua KM [DC+YHT (nponanoin)], u
CTETICHb HATIOJTHCHHS MTOYTH HE OTIMYaeTCs.

Oo6pa3err KM ¢ HaHOTpyOKaMH, ITOJTy4YE€HHBIMU
u3 sranona [DC+YHT (sranon) ounmieHHEIE], 00na-
naeT HanOoJiee BRICOKMM MOKa3aTeNleM TEIOIPOBOIHO-
ctu 1,52 Br/mxK (Tabm. 3), 9yto, 04eBUIHO, CBA3aHO CO
CTPYKTYPHBIMH ~ XapaKTePHCTHKAMH  HaHOTPYOOK
(tabmn. 1). TerutonpoBomHocTh KM ¢ mmuaHbIME YHT —
ot 10 MkMm u Oonee, B 7-12 pa3 BbIlIe, YeM TEIUIONPO-
BogHOCTh KM c 6onee kopotknmu YHT — ot 150 HM
no 12 mxm O6pasuet KM ¢ YHT, nonmyyeHHbIMU U3

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 9

MpoMaHoyia U MeTaH-MeTaHoJa 00NafaroT MpaKTH4e-
CKH OAMHAKOBOM TEMJIONPOBOAHOCTHIO C YUETOM IIO-
rpemHocTei n3mepenus (no 20%).

Ha puc. 3 npencraBieHsl pe3yabTaThl HCCIIEA0-
BaHUM C MOMOIIBIO CKaHUPYIOIIEH IEKTPOHHON MUK-
pockonmu 06pa3noB KM c ountmennsiva YHT (13 oTa-
Hona) u ¢ YHT, momy4eHHBIMI U3 METaH-METaHOA.

NONE

s

SEI 150KV X1000 10pm  WD8Omm

0

Puc. 3. SEM-u306pakenus oopasios KM: a) 3C+ YHT (3tanomn)
OUHIICHHBIE - TTOBepXHOCTh, 0) DC+YHT (MeTaH-MeTaHO)-CKOI
Fig. 3. SEM- images of composite samples: a) Epoxy + CNTs
(ethanol) purified - surface, 6) Epoxy + CNT (methane-methanol) - chip

Ha u3o0pakeHUsIX BUAHO, YTO YTJIEPOJHBIE
HAaHOTPYOKM paBHOMEPHO pacipe/esieHbl B MaTpHIle
SMOKCHUTHOW CMOJIBI, HAOIIOAI0TCS XOPOIIO MOKPHI-
teie monmuMepoM YHT (puc. 3a). [lapannensHas cio-
UCTasi CTPYKTypa Ha ciiome obpasua (puc. 30) moa-
TBEPXKAAeT pPaBHOMEPHOCTh mpomuTku IC CloeB
HaHOTPYOOK W CBHUIETEIHCTBYET 00 OTHOCHTEIBHOU
HenoJBIKHOCTU U Tokoe cinoeB YHT B nponecce ux
MPOITUTKH.

BBIBO/IbI

Takxum 06pa3oM, U3 BBIIIEU3TI0KEHHOTO MOKHO
PE3IOMHUPOBATh, YTO HanOosee MepCHeKTUBHBIMU SIB-
qstorest oopasiel KM Ha ocHoBe YHT, mostydeHHBIX
W3 3TaHOJa U MeTaH-MeTaHoja. B aTux obpasnax yr-
JIepoIHbIE HAHOTPYOKH, BO-TIEPBHIX, pABHOMEPHO pac-
MIpeZieIeHbl B STIOKCUIHOW CMOJIe, TapajiebHas CIo-
UCTas CTPYKTypa Ha clioMe 00pasiia He TOJBKO MOJ-
TBEP)KJAeT paBHOMEPHOCTh mnpormuTku JDC clioeB
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HAHOTPYOOK, HO U CBUJCTEIHCTBYET 00 OTHOCHTEIb-
HOW HETOJBIKHOCTH MX B MPOIECCe MPONMUTKU. Bo-
BTOpHIX, 00pa3iiel KM Ha ocHOoBe YHT, momyueHHBIX
U3 STaHOIA W METaH-METaHOJa, OOJaNalT CpPaBHU-
TEIBHO BBICOKOH YJCIBHOW 3JICKTPONPOBOIHOCTHIO,
cootBercTBeHHO 2,27-10%-4,9-102 Cm/M u 7,2-1073
Cwm/M, 9T0 Hambojee OJIM3KO K AICKTPOIPOBOTHOCTH
YTIEPOJHBIX HAHOTPYOOK. YCTaHOBJICHO, YTO TEILIO-
mpoBoHOCTH 00pas3ioB KM ¢ YHT mauaor0 10 MKM 1
0oJee, MOTyYEHHBIX U3 3TaHONA, B 7-12 pa3 BhIIe, 4eM
tertonpoBogHoctk KM ¢ Oonee koporkumu YHT
mHoIo 150 HM — 12 MKM.

Paboma evinonnena c ucnonvzosanuem ooopy-
dosanus Llenmpa KonIeKMUBHO20 NONL30BAHUA HAYY-
Holm obopyodosanuem ®IBHY TUCHYM «Hccredo-
BAHUSL HAHOCMPYKMYPHBIX, YeIePOOHbIX U C8epXmeep-
Oblx Mamepuanogy. Aemopwl gvipadicaiom O1azo0ap-
HOCMb 3a ydacmue 6 UCCIe008aHUsIX COMPYOHUKOS
OI'BHY « THCHYM»: H.B. Kazennosy, U.C. Epmona-
esy, JI.A. Heanosy, C.A. Tapenxumy.
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B3AMMOJIEVICTBUE KPEMHHUS C TPA®ATOBBIM KBASUMOHOKPHUCTAJLIJIOM
M.C. OBunnnunkoBa, H.W. loaymun, U.A. Byonenkos, K.Y. Kaasipos

Mapus CranncinaBoBHa OBunHHHKOBa™*, Hukonait MBanosud [lomymmn, Kagep Y3enposua Kansipos

HarnmonansHbIi MccnenoBaTenbCckuid TyxHOIOrmaeckuit yauBepceuteT « MUCuCy, Jlennnackwuii mp., 4, Mocksa,
Poccuiickas deaeparms, 119991
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Urops AraronbeBnd byOHeHKOB

Hay4no-uccnenoBarenbckuii HHCTUTYT KOHCTPYKIIMOHHBIX MaTepuasioB Ha ocHoBe rpaduta « HUUrpadur,
yi. OnekTponHas, 2, Mocksa, Poccuiickas ®eneparnus, 111524
E-mail: iabubnenkov@mail.ru

Llenvto uccneoosanus, npeocmasieHHO20 6 OAHHOL CMAmMbe, AGNACMCA U3yUeHue KuHe-
MUuKU RPORUMKU 2Pagiumoeo2o KeA3UMOHOKPUCIAIA KPEMHUEM U U3yUueHue 00pa3osanus Kap-
ouoa Kpemnusa 6 pe3yavmane HeuOKo@hazHozo 3auMo0eiicmeus KpeMHUs ¢ K6A3UMOHOKPUCMAT-
auyecKkum zpagumom. IKcnepumeHmol RPOGOOUNUCH 6 PEAKUUOHHOI Kamepe YyCHAHO8KU 8blCO-
KOGAKYYMHOIL neuu noo oasjleHuem U Hazpeeanuem 00 memnepamypol niasjienus Kpemuus. Mo-
MeHm 00pazosaguielica Kanau KpemHusa Ha 2pahumoegoii noonoxicke huKkcuposanca 6 3a6ucumo-
cmu om epemenu 8bl0EPHCKU, 3amem nPOOOUCA pAciuem paduyca Kanau ¢ 4eivlo onpedenenus
Xapaxkmepa npouecca cmauusanus. B coomeemcmeuu ¢ nonyuennviMu OAQHHbIMU UIMEPATUCD
2eomempuyecKue napamempul Kanau (slcoma, Oauna u y2on cmavueanus). Ilokazano, umo yge-
JIUYeHUue 8peMeHU 63aUMO0eICMEUsA K6A3UMOHOKPUCMANNA C KPEMHUEM YEETULUBACH. MENCNIIOC-
KOCHIHOE PACCMOAHUE MEHCOY AMOMAMU Y21eP00d, YO0, O MHEHUIO AGMOPO6, CEA3AHO C HPOHUK-
HOBeHUEM amMOMO68 KpeMHUA medxcoy niockocmamu zpagpuma. bvino maksce ommeueno, umo 6o
epems 83auUmMo0eliCmeus Kea3uMOHOKPUCMAla u3 zpaguma ¢ KpemHuem Hadaooaemcsa uHmeH-
CUGHBLIL npoyecc CHUICceHUsn aocopouuu (3¢pgpekm Peounoepa), 6 pezyromame ue2o KpemMHuil npo-
HUKaem ¢ CMPYKmypy y2i1epooa 6 Hanpaenenuu zpagumoswix cioes. Ilpu e3aumooeiicmeuu Kpem-
HUA ¢ K6A3UMOHOKPUCHANIOM MUKDOZPYRRUPOBKU UCXOOHO20 Y2/1ep00a Muzpupyion é pacniae 6
pe3yavmame npoyecca oucnepzuposanusn. B cmamuve npedcmasnenst oannvle 00 IKcnepumenmax
HO CMAYUGAHUIO NOO0JI0MHCEK KBA3ZUMOHOKPUCHAIA KPEMHUEM C PAZNUUHBIMU GDEMEHAMU Bbl-
0eporcKu, U3yueHvl RPOUECccyl Ha Zpanuye pazoena noay4eHHbvIx oopazyos. H3 ananuza sxcnepu-
MEHMANLHBIX OAHHBIX 0 CMAYUGAHUU KEA3ZUMOHOKPUCHAIIUYECKUX HOO0I0MCEeK KPeMHUeM npu
PAa3HBIX 6PEMEHAX 6bIOEPIHCKU ObLIaA NOKA3ARA 2PAPUUEeCcKan 3a6UCUMOCHb PAOUYCa U y2ia pacme-
Kanus o0pazoseasuienica Kaniu Memaiia 60 6pemeHu.

Kiarouessble ciioBa: rpadur, KBa3UMOHOKPUCTAILI, cMaunBanue, 3¢ dhext Pebunaepa
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The aim of the study presented in this paper is to study the kinetics of the impregnation of
a graphite quasi-single crystal by silicon, the study of the formation of silicon carbide in the liquid-
phase interaction of silicon with a graphite quasi-single crystal. The experiments were carried out
in the reaction chamber of the installation of a high-vacuum furnace under pressure and heating
to the melting point of silicon. The moment of the formed drop of metal on the substrate was fixed,
depending on the holding time with calculation of the droplet radius. According to the received
data, the geometrical parameters of the droplet (height, length and contact angle) were measured.
It is shown that an increase in the interaction time of a quasi-single crystal with silicon increases
the interplanar spacing of carbon, which, in the opinion of the authors, is due to the penetration of
silicon atoms between the graphite planes. It was also noted that during the interaction of a quasi-
single crystal of graphite with silicon, an intensive process of adsorption decrease in strength (the
Rehbinder effect) is observed, as a result of which silicon penetrates the carbon structure in the
direction of the graphite layers. In the interaction of silicon with a quasi-single crystal, the mi-
crogroups of the original carbon migrate into the melt as a result of the dispersing process. The
paper presents data on the experiments of wetting substrates of a quasi-single crystal with silicon
with different holding times; processes at the interface between the obtained samples were studied.
From the analysis of the experimental data on the wetting of the quasi-single-crystal substrates by
silicon at different holding times, the dependence of the radius and the spreading angle of the

formed metal drop on time were plotted graphically, and X-ray phase analysis was performed.

Key words: graphite, quasi-single crystal, wetting, Rehbinder effect
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INTRODUCTION

The physicochemical processes that underlie
the melting of metals on a graphite substrate are the
processes of interaction of a liquid metal with a carbo-
naceous substance that involve atomic dissolution and
dispersal of the carbon component. Directly the pro-
cess of interaction of metal with a substrate is preceded
by wetting, spreading, capillary impregnation [1]. In
parallel, the process of recrystallization of the disor-
dered component proceeds. The most important factor
in the course of these processes is the nature of the car-
bonaceous substance, which includes the crystal struc-
ture, porosity, etc. After the flow of the wetting and
spreading process, the melt penetrates into the graphite
through the capillary system. Surrounded by interlay-
ers of the metallic phase under the action of the Re-
binder effect, the macroparticles of the graphite phase
pass into the melt. The most effective penetration of
the metal melt into the porous system will occur with a
decrease in the contact angle of wetting, and an in-
crease in the effective radius of the capillary while
maintaining the fluid properties unchanged.

24

The purpose of this study is to study the kinet-
ics of impregnation of a graphite quasi-single crystal
by silicon. Investigation of the formation of silicon car-
bide during the liquid-phase interaction of silicon with
a graphite quasi-single crystal. A quasi-single crystal is
a pyrographite heat-treated at high temperatures and
pressures.

Thermomechanical treatment of pyrographite
in the temperature range 2700-3000 °C with applica-
tion of pressure 10-30 MPa leads to its recrystallization
[2]. As a rule, thermomechanical treatment is carried
out under the pressure of an inert gas, partially reduc-
ing sublimation of carbon at high temperatures. A
quasi-single crystal consists of anisotropic mosaic
blocks textured in a direction parallel to the basal
planes. The structure of the initial pyrographite [3] af-
fects the properties of the material after thermome-
chanical treatment. In all cases, this leads to a decrease
in the size and partial disappearance of the growth
cones in pyrographite. Investigations of the structural
parameters and physical properties of a quasi-single
crystal showed its high anisotropy, close to ideal
graphite. Despite the approximation of a quasi-single
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crystal with respect to electrical resistance and thermal
conductivity to an ideal graphite crystal, the presence
of a mosaic block structure will facilitate the efficient
dispersion of large structural fragments in the melt.
The material is used in brake pads, missile nozzles,
coating of combustion chambers of rocket engines, as
a seal of graphite crucibles for melting high-tempera-
ture metals and refractories, etc.

The field of application of carbon materials is
their use in the creation of composite materials with
unique properties. Metals and alloys are used as a
binder for such composites. Important tasks are to en-
sure excellent wettability of the carbonaceous material
particles with a bond and strong adhesion of the cured
metal to their surface. In addition, the technology for
obtaining special grades of graphite, graphite for the
synthesis of diamonds and continuous casting crystal-
lizers is based on general scientific ideas about the in-
teraction of these graphites with liquid metals.

EXPERIMENTAL TECHNIQUE

The experiments were carried out in the reac-
tion chamber of a high vacuum furnace under pressure
and heating to the melting point of silicon. The formed
drop of metal on the substrate was fixed, depending on
the holding time and calculation of the droplet radius.
According to the received data, the geometrical param-
eters of the droplet (height, length and wetting contact
angle) were measured. Then, the samples were ana-
lyzed on the Axio Observer Alm research inverted mi-
croscope from «Zeiss», specific surface energy was
calculated and X-ray phase analysis was performed.

RESULTS AND ITS DISCUSSION

From the analysis of the experimental data on
the wetting of the quasi-single crystal substrates by sil-
icon at different holding times, the dependences pre-
sented below are constructed.

0 5 10 15 20 25 30
t, min
Fig. 1. The dependence of the radius of the silicon drop on the
holding time for a quasi-single crystal

Puc. 1. 3aBucuMocTh paguyca Karid KpeMHUS OT BpEMEHH BbI-
JEPIKKH IJIsI KBa3UMOHOKPHCTAIIA
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With an increase in the spreading area, which
depends on the radius, the specific spreading surface
will increase. From the dependence obtained, it can be
concluded that the specific surface area of the spread-
ing is increasing, which is one of the parameters, the
guantitative evaluation of the spreading.

70
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0
0 5 10 15 20 25 30
t, min
Fig. 2. The dependence of the contact angle of a silicon droplet on
the holding time for a quasi-single crystal

Puc. 2. 3aBUCHMOCTB yrila CMaYMBaHHs KAIlIM KDEMHUS OT Bpe-
MEHH BBIIEPKKH I KBa3UMOHOKpHUCTAILIA

The work of adhesion will increase with a de-
crease in the wetting angle, which indicates the inten-
sive interaction of the contacting phases.

Fig. 3. Silicon droplet on a quasi-single crystal substrate (at a
holding time of 1 min)
Puc. 3. Kams kpeMHHUS Ha KBa3UMOHOKPHUCTAIUTHYECKOH 10T~
JIOXKKe (BpeMsl BBIIEPKKH | MUH)

Fig. 4. Photographs of samples after experiments on wetting a
quasi-single crystal with silicon (layer thickness is 264.3 um,
holding time is 1 min)

Puc. 4. ®otorpadus obpasia nocie IKCIEPUMEHTa 110 CMavrBa-
HHIO KBa3MMOHOKpHUCTa/UIAa KpEeMHHEM (TOIIKHA ci1ost 264,3 MKM,
BpeMs BBIIEPKKU 1 MUH)

25
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Images of the contact site of the interphase in-
teraction were obtained on the research inverted micro-
scope. Microscopic images of the obtained sample af-
ter experiments on wetting of graphite substrates of a
quasi-single crystal by silicon are shown in Fig. 4.

According to the photographs, the increase in
the carbide layer of silicon and the ordered crystals
with increasing time is clearly visible. This character-
izes the increase in the interplanar distance of carbon,
which is probably due to the penetration of silicon at-
oms between the graphite planes. According to the
photographs, microgroups of the original carbon are
transferred to the silicon melt as a result of the disper-
sion process.

JUTEPATYPA

1. Byouenkos U.A., Komesaes FO.U., Copokun O.10., Yeo-
aaxosa E.I'., lonymun H.HU., CrenapeBa H.H. Ouenka
BO3MOXXHOCTU IPUMCHECHUSA YTIIEPOAHOTO HAIIOJIHUTEIA NJIA
H3TrOTOBJICHUA CHUJIMIUPOBAHHBIX I/IS,I[CIII/Iﬁ. Hosvle ocHe-
ynopwi. 2011. Ne 12. C. 32-37.

2. ®unanxoB A.C. VYriiepo, MeXCI0eBble COSAUHEHHS U KOM-
mo3uThl Ha ero ocuoBe. M.: Acmekt IIpecc. 1997. 718 c.

3. McKinley .M., Smith C.H., Ramsey P.G., Rodriguez J.I.
Pyrolytic graphite film thermal straps: Characterization test-
ing. J. Cryogenics. 2016. V. 80. N 1. P. 174-180.
DOI: 10.1016/ 2016.10.002

26

CONCLUSIONS

It is shown that with an increase in the interac-
tion time of a quasi-single crystal with silicon, the in-
terplanar distance of carbon increases, which is proba-
bly due to the penetration of silicon atoms between the
graphite planes. In the interaction of a quasi-single
crystal of graphite with silicon, an intensive process of
adsorption decrease in strength (the Rehbinder effect)
is observed, as a result of which silicon penetrates the
carbon structure in the direction of the graphite layers.

It is established that the interaction of silicon
with a quasi-single crystal in the melt as a result of the
dispersing process transforms the microgroups of the
original carbon.
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B pabome uccnedosana npumecnas cocmaenaouias 0emoHAUUORHO20 HAHOAAMA3d, NO-
JIYYEHHO020 nymem O0eMmOHAUUOHHO20 PA3IONCEHUS Y2NEPOOCOOEPHCAUUX 83PbIEUAMbBIX GeU{eCE
6 npouszeoocmeennom npovecce na npeonpuamuu QOHIII] «Anmaii». CoznacHo mexHuvecKum
yenosuam TY 84-112-87 npooykmut oemonayuu npowiiu cmaouio OYUCMKU CMeCAMU KUC/I0M
H2SO4 u HNOs, a codeprcanue anmasnoil cocmagnsaiouieit 6110 006edeno 00 95%. Memooom
PEHM2EeH06CK020 IHEPZOOUCHEPCUOHHO20 MUKDOAHANU3A (U3MEPEHUA OCYUECIEIATUCH C NOMO-
W{bI0 PACmpPo6ozo INeKmponnozo mukpockona Quanta-200-3D) ycmanoeneno, umo ocHoGHbIMU
RPUMECHBIMU I/IEMEHMAMU HA HOGEPXHOCIMU HAHOKPUCMANL06 AAMAa3ad AGIAAIOMCA: KUCAOPOO
(4,93 wt %), sceneso (4,52 wt %), cepa (4,33 wt %), kanovyuit (1,92 wt %) u anromunuii (1,27 wt %).
B nebonvuiom konuuecmee mozym npucymcmeosams u opy2ue 3iemennol, Koau4ecneo KOmopuylx
3aeucum om mMexHOI02UUeCK020 YUKAA NOIYUEHUA 0emMOHAYUOHHBIX Hanoaima3oe. Hazpes 06-
PAa3u06 HAHOAIMA306 8 6aAKYYMHOM 00veme (BYII-5) conpososcoaemcsa mepmoodecopoyueii nemy-
YUX COeOUHEeHUIl, YUMo X0POUlo YUKCUpyemca NOHUICEHUEM Kauecned 6aKyyma ¢ 6aKyyMHOU Cu-
cmeme. Ilpu s3mom yovins maccel npu omoicuze moxycem oocmuzams 20 %. Ouuniennniii 6 xo0e
mMepMOoOecopOUUOHHO20 OMMCUZA HAHOATMA3 001A0aem BbICOKUMU COPOUUOHHBIMU CEOUCHEAMU
U RPAKMUYECKU 60CCHARAEAUGAE NPUMECHYIO 000I0UKY, NO2NOWAA Iemyuue COCOUHEHUA NPU
nomewienuu ezo ¢ ammocgepy. Ananuz oo0pazyoe ¢ UCnOIL3I0BAHUEM MEMO006 Oudhdhepenyu-
anvno-ckanupyouieit kanopumempuu u macc-cnekmpomempuu ({CK — na STA 409 PC Luxx
NETZSCH, MC — na QMS 403 D Aeolos NETZSCH) no3eonunu ucciedoeans KUHEMUKY 0ecopo-
Yuu U MOAEKYIAPHLUL COCMAE JIemyuux COCOUHEHUll, 0ecopoupyiowuxca npu HaZpesanuu
nanoanmaszoe. llpu nazpesanuu nanoanmaza 0o memnepamyput 950 °C c ezo nosepxnocmu yne-
myuueatomcsa 6ooa (0o 200 °C), yznesodopoowt (00 300 °C), ceposodopoo (0o 480 °C), oeyokucs
ceput (00 580 °C), yenexucnwtii 2az (00 820 °C), 6000poo (00 900 °C). Ilonyuennsie pezyromamul
ceudemenbCmeyom 0 C10JCHOU UepapxXuiecKoll CmpyKmype npumecHoil RoOCUCHeMbl HAHOA-
Ma3a, cocmoauell U3 anomo8 Memasios, C6A3IAHHBLIX C AMOMAMU Y21€P00a HAHOAOPA KOGATEHM -
HBIMU C8A3AMU, U C10A AOCOPOUPOBAHHBIX JIEMYUUX COCOUHEHU.

KutoueBble c10Ba: 1eTOHAITMOHHBIN HaHOATIMa3, MPUMECHAs MIOJICUCTEMa, IIPUMECHBIE aTOMBI, MacC-
CHEKTPOCKOMHSI IECOPONPOBAHHBIX BEIIECTB

SORPTION AND DESORPTION PROPERTIES OF DETONATION NANODIAMOND
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The impurity component of the detonation nanodiamond is studied. Detonation nanodia-
monds were obtained by detonation decomposition of carbon-containing explosives in the production
process at the Altai enterprise. According to technical specifications TU 84-112-87, the detonation
products have passed the purification stage with mixtures of acids H,SO4 and HNOs. The content of
the diamond component was brought to 95%. Using X-ray energy-dispersive microanalysis (the
measurements were performed with a Quanta-200-3D scanning electron microscope), the main im-
purity elements on the surface of diamond nanocrystals are: oxygen (4.93 wt %), iron (4.52 wt %),
sulfur (4.33 wt %), calcium (1.92 wt %) and aluminum (1.27 wt %). In a small amount, there may be
other elements, the number of which depends on the technology of obtaining detonation nanodia-
monds. The heating of samples of nanodiamonds in a vacuum volume (VUP-5) is accompanied by
thermal desorption of volatile compounds, which is well documented by a decrease in the vacuum
quality in the vacuum system. The mass loss during annealing can reach 20%. Purified during ther-
mal desorption annealing, hanodiamonds have high sorption properties and practically restore the
impurity shell, absorbing volatile compounds when placed in the atmosphere. Analysis of the samples
using differential scanning calorimetry and mass-spectrometry (DSC - on STA 409 PC Luxx
NETZSCH, MS - on QMS 403 D Aeolos NETZSCH) allowed us to study the kinetics of desorption
and the molecular composition of volatile compounds desorbed by heating nanodiamonds. When
nanodiamonds are heated to 950 ° C, water (up to 200 °C), hydrocarbons (up to 300 °C), hydrogen
sulfide (up to 480 °C), sulfur dioxide (up to 580 °C), carbon dioxide (up to 820 °C), hydrogen (up to
900 °C) evaporate from the surface of the nanodiamond. The obtained results testify to the complex
hierarchical structure of the impurity subsystem of nanodiamond, consisting of metal atoms bound
to carbon atoms of nanonuclear covalent bonds, and a layer of adsorbed volatile compounds.

Key words: detonation nanodiamond, impurity subsystem, impurity atoms, mass-spectroscopy of the
desorption particles
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BBEJAEHUE B mpouecce ouucTkd HaHOAIMAa30B Ha IO-
BEPXHOCTH HAHOAIMA3HOTO MOpoIiKa (HopMHUPYETCs
crienn(UYECKUI CIIOM MPUMECHBIX 3JIEMEHTOB H CO-
€/IMHEHUH, KaK NPaBUJIO, COCTOALIUA U3 Pa3IMYHbIX
aTOMOB 1 ()YHKIIMOHAIBHBIX Tpymi. VX npupona u co-
JIEpyKaHKE 3aBUCUT OT 0COOEHHOCTEH TEXHOJOTHH T10-
JIy9eHUS W BBIICIICHUS HAHOAIMA30B U3 JETOHAIMOH-
HOro yriepoaa u ero ouyuctku. daxkTudecku, B Opo-
lecce OYUCTKM HEBO3MOXXHO TIOJMYYUTh YHUCTHII
HaHOaJMa3 B CHUJIY Crenu(UIECKHX CBOWCTB CaMOTo
HaHOalMa3a, OOYCIIOBJICHHBIX €r0 BBICOKOPa3BUTOH
MOBEPXHOCTHI0. BO BpeMst OUMCTKH IPOUCXOJIUT 3aMe-
IeHWEe OJHUX TPHUMECEH IPYTUMH, a caM IpOoIiecc
OYMCTKM MOKHO YCIIOBHO Ha3BaTh MOAU(UKAIHEH
HaHOaIMa3a, 3aKJIF0YaloNIeiicss B CO3/IaHnuU crienudu-
YECKOT0 MMOKPOBA MPUMECHBIX aTOMOB M COSIMHEHUI
Ha MOBEPXHOCTU HaHOYACTULIbIL. [Iprdem mig kaxaoro
MIPOU3BOIUTENS HAHOAIMA30B XapaKTEPEH CBOM HaOOp
MpUMece, YTO XOpOILIO OTMEUYEeHO B paborax [5, 6].

[IpucyTcTBHE B IETOHAITMOHHOM HaHOAIMAa3e
MOMUMO YTJIEpO/ia 3HAYNTEIFHOTO KOJIMYECTBA TPH-
MECHBIX DJJIEMEHTOB TIOATBEP)KIACTCS MHOTOUYHCIICH-
HbIMU 3KcnepuMeHTamu [1, 2]. B ocHOBHOM HaHOuYa-
CTHIIBI 2JIMAa3a COCTOSIT U3 YIIIepo/ia, KOIUIECTBO KOTO-
poro Moxet cocTaBisATh 80-95%. Kpome yriepona 00-
Hapy>KEHbI TaKHUE MPUMECHBIE aTOMbI KaK: KHUCJIOPO/I,
BOJIOPOJ, KeJe30, Kb, a30T, cepa, Melb U 1p. [3].

CoriracHO OOImMKM TPEICTaBICHUSIM, KaXKaas
JacTHUIAa HAHOAIMAa3a COCTOUT M3 aJIMAa3HOTO HAHOSAIpa
C OKPYXaIOIIUMHU €T0 IMPUMECIMH M3 aTOMOB METall-
JIOB, HEAIIMAa3HBIX (DOPM yTriIepoia U pa3IUIHOrO poJia
(DYHKIMOHAIBHBIX TIPYII, KOTOPbIE B COBOKYITHOCTH
(hopMupyrOT cBOCOOPa3HYIO0 IPUMECHYIO TIOJICUCTEMY
JleTOHaIIMOHHOTO HaHoanMmasza [4]. CocTaB U Kojnue-
CTBCHHBIC XapaKTEPUCTUKHA TPUMECEH 3aBUCAT OT
YCIIOBMM CHHTE3a: B TIEPBYIO O4YE€peIh OT COCTaBa
B3PBIBUATHIX BEIECTB, MaTeprajia B3PIBHONW KaMephl
U Cpelbl CUHTE3a.
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®dakTudecku Onarojaps MPUCYTCTBUIO HA MOBEPXHO-
CTH HAHOAJIMa3HBIX YaCTHUI[ aJCOPOUPOBAHHOIO CIIOS
MPUMECHBIX ATOMOB M MOJIEKYJISIPHBIX COEAMHEHUIA,
JIETOHAITMOHHBIN HAaHOAIMAa3 MPaKTUYECKU HE UCTIONb-
3yeTcs B MPUKIAIHBIX 3a7adax. B 3Tol cBsA3M uccie-
JIOBaHUE COPOITMOHHON M JECOPOITMOHHON CTIOCOOHO-
CTU AETOHALMOHHBIX HAHOAJIMA30B SIBJISICTCS aKTyallb-
HOM 3aJa4yeH, MO3BOJISIOIIEH BBISIBUTh 3aKOHOMEPHO-
CTHU SBOJIIOIIUU TPUMECHOM MOACUCTEMBI JETOHAIMOH-
HOTO HaHOa/IMa3a.

MATEPHAJIbI U METO/IbI NCCJIEJJOBAHIMA

B pabore wcnosp30BaNM JIETOHAIMOHHBIH
HaHoanMa3, npousBeaeHHbI OHIIL] «Anrait» mo TY
84-112-87 [7]. DIeMeHTHBIH COCTaB ACTOHAITMOHHOTO
HaHoallMa3a OMpeJesyIcs Ha PacTPOBOM BIIEKTPOH-
HOM MHuKpockone Quanta-200-3D, coBMeLIeHHOM ¢
CHCTEMOH PEHTTEHOBCKOI'O 3HEProJUCIIEPCHOHHOIO
MHUKpoaHanu3a. M3yueHne KWHEeTHKU JecopOLnu IeTy-
YUX COENMHEHHUN ITPOBOJMIOCH HA YCTAHOBKE TEPMHU-
yeckoro anaimm3a Luxx 409, coBmelmeHHON ¢ macc-
cnektpomeTpoM Aeolos 403 mpousBoACTBa (PUPMEI
Netzsch. TepMuieckoe Bo3/IeiiCTBUE OCYIIECTBIISIIOCH
MyTeM HarpeBa o0pa3IoB B aTMOCc(epe aproHa co CKo-
pocTthio okoj10 10 K/muH.

PE3VJIbTATBI U NX OBCYXJIEHNE

st onipeienieHns 3J€MEHTHOTO COCTaBa MpH-
MECHOM IOJICUCTEMbI JIETOHAIMOHHOTO HaHOalIMasa
OBLJT TIPOBEJICH AIIEMEHTHBIN aHanu3. B Tabn. 1 mpen-
CTaBJICHBI PE3YJbTATHI MIEMEHTHOTO aHalM3a HUCXO/I-
HOTO TIOPOIIIKA.

Tabnuua 1
DJIeMeHTHBIH COCTAB MCXOAHOI0 MOPOLIKA 1eTOHALUOH-
HOI'0 HaAaHOaJIMa3a
Table 1. Elemental composition of initial detonation
nanodiamond powder

DjieMeHT Conepxanne, Wt %
C 82,28
0] 4,93
Fe 4,52
S 4,33
Ca 1,92
Al 1,27
Cu 0,61
Cr 0,56
Si 0,40

Kak BupHO U3 maHHBIX Tabn. 1, HaHOA!MMa3 B
OCHOBHOM COCTOMT M3 YTiiepoia, 00JbIas 4acTh KOTO-
POro MpeAcTaBiseT co00i alMa3HOe HaHOAAPO [ 8], He-
3HAYHUTENIFHAS YacTh MOXKET MPEJICTaBIATh COOOU YT-
JepoJ| HealmMa3HoH (a3bl WM BXOJUTH B COCTaB MOJie-

KYJSIpHBIX KiacTepoB [9]. K ocHOBHBIM npuMecsM jie-
TOHALIMOHHOTO HaHOAJIMa3a MOXKHO OTHECTH KHCIO-
poxa, cepy, XKeje30, KAIbLUUN U AIFOMUHUM.

Kunernka tepmonecopOumu B BUAE 3aBUCH-
MocTell u3MeHeHHs Macchl oOpasua (kpuBast 1) u Ten-
noconiepxkanusi (KpuBasi 2) NMpU HarpeBe HCXOAHOTO
MOpOUIKa JETOHALMOHHOIO HaHOoalIMa3a IIpeiCTaB-
JieHa Ha puc. 1.
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Puc. 1. U3menenne maccsl (1) u Temia (2) B Xo/1e HArpeBa HCXO/I-
HOT'0 NIOPOIIIKa NE€TOHAITMOHHOI'O HAaHOAJIMasa

Fig. 1. Variation of sample weight (1) and enthalpy (2) measured
during the heating of samples of initial detonation nanodiamond

powder

700

CormacHo NPUBCACHHBIM JJaHHBLIM, B Hadali€
poIriecca HarpeBa HaOJIF0IaeTCS SHIOTEPMHUYIECKU (-
(bexT ¢ MakcuMyMoM Tipu Temrieparype okono 87 °C.
OrtoMy 3ddekTy cooTBETCTBYET yOBUIP Macchl 00-
pasua npumepHo Ha 2%. [lpu manpHeimem Harpepa-
HUM HaONI0/aeTcsl MPaKTHIECKH MOHOTOHHAsl YObLIb
maccel. OTHaKO TaKOMY MOHOTOHHOMY YMEHBIIEHHIO
MAacChl COOTBETCTBYET XOPOIIO BBIPAXKEHHBIH HEMOHO-
TOHHBIA XapakTep cojep:kanus Tervia. [Ipu remmnepa-
type 530 °C HaunHaeTcst IK30TepMuIecKkuit 3P QeKT ¢
MakcuMymMoM 675 °C, KOTOPBIA IJIUTCS A0 TeMIIepa-
typsl 700 °C. Ilpu nanbHeiimeM HarpeBe HaOJroa-
10TCsl ipyrue 9k303(QdeKThl, CBUIETENHCTBYIOIIUE O
peakIuix B MPUMECHOH MOJICHCTEME IETOHAIIMOHHOTO
HaHoasMa3a. B mporiecce HarpeBa /10 TeMmeparyphl
900 °C macca ucxoHOTO 00pa3iia yMEHbIIUIACh M0~
gt Ha 20%.

s ompeneneHuss MOJNEKYJISIPHOTO COCTaBa
JIETY4uX IPUMECeH JeTOHALMOHHOTO HaHOaIMas3a, BbI-
JEJSIOINXCA B X0/I€ HarpeBa, POBOIMIICS MACC-CIIEK-
TPOMETPUYECKUI aHANIM3 BBIIEISIONINXCS BEILECTB.
JaHHple  Macc-CIEKTPOMETPHUYECKHX  W3MEpPEHHI
MpeaCTaBJIeHbI B Ta0I. 2.

W3 nannprx tabm. 2 nporecc AecopOIyH JIeTy-
YUX COCOUHEHUH HaYMHACTCS MPAKTHYECKH MPU KOM-
HATHOH TeMIepaType U MPOAOIDKAETCS PU JOCTHKe-
HUM Temreparypsl oopasua 900 °C.
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Tabnuua 2
Macc-cnekTpoMeTpruUYecKHe JaHHbIe pouecca Jecopo-
A MOJIEKYJISIPHBIX HOHOB UCXOAHOI'0 1€TOHAIIMOH-
HOI'0 HaAaHOAJIMa3a
Table 2. Mass-spectrometric data on thermodesorption
of atomic and molecular ions from initial detonation
nanodiamond sample

m/z BemecTBo Wnrepsan necopouuu, °C
17 OH 40-180
18 H.0 30-200
16 CH4 175-300
36 H>S Jlo 480
64 SO, 210-580
16 @] 510-800
28 N2 mm CO 700-830
44 CO, 520-820
2 H, 680-900

K 0CHOBHBIM JIeTy4lM pUMeECSM HaHOaIMas3a
MOYKHO OTHECTH BOAY, KOTOpast AOCTATOYHO JIETKO Jie-
copbupyercsi mpu HarpeBaHun oOpaszmnos mo 200 °C,
YTIIEBOZOPO/I, CEPOBOIOPOJ U TIPUMECH, KOTOPBIE ITPH-
HSTO OTHOCUTH K TPYAHOYAasieMbIM. B miepByto ode-
PEAb 3TO KUCIOPOI, BOAOPOI, a30T U YTICKHUCIIBIH ras.
CornacHO TEXHOJOTMYECKHM YCIOBHUSM IIOJNyYEHUS,
HaHoalIMa3 MPOXOAWIT CTaJHI0O OYHCTKH CMECSIMU
CHIILHBIX KUCIIOT, B COCTaB KOTOPBIX BXOJWJIA CEPHAas
kucnora H2SO4. [TosToMy mpucyTCTBYOLIHE Ha T10-
BEPXHOCTH HAHOYACTHI] CEPOCOJCPIKAINe COCIHHE-
HUSI, BBIIENAIONINECS TpPU HarpeBaHUH, BEPOsTHEE
BCETO, SIBISIOTCS OCTaTKaMH MPOJIYKTOB B3aWMOJCH-
CTBUS KHCJIOT C IIPUMECSIMH.

TakuM 00pa3om, coraacHO MOTYyYEHHBIM JaH-
HBIM, HarpeB JI€TOHAIMOHHOTO HaHoanMma3a 10 900 °C
HI03BOJISIET MPOU3BECTH OYHUCTKY HAHOKPHCTAIUIOB OT
JIETYy4UX IPUMECEH.

st ompeneneHus COpOIMOHHONW CITOCOOHO-
CTH JETOHALMOHHOTO HAaHOAJIMa3a IMOATOTOBJICHHBIE
00pa3ubl M3 HMCXOJHOTO MOPOMIKA JETOHALMOHHOTO
HaHoalIMa3a HArpeBajii B BaKyyMe JI0 TEMIIEPaTyphl
950 °C. Ilpu Temnepatype 950 °C oOpa3iubl BbIIEPKH-
BaIM /IO TOJIHOTO NPEKpPAaIICHUs BBIIEIECHUS Ta30B.
[Mocne omxura oOpasipl ObLIH MOMENIEHBI B Cpelly aT-
Mochepbl IpH KOMHATHOW TeMIlepaType ¥ HOpPMaib-
HOM aTMOoc(hepHOM JaBlICHHU.

Ha puc 2. npencraBnena 3aBUCUMOCTb U3Me-
HEHHsI MacChl OTOXKEHHOI'O B Bakyyme oOpasma oT
BpEMEHH €ro HaXOXKICHUS B OKpYXKaromleil aTrMo-
cepe.

Kaxk BuHO 13 puc. 2, B 00pasiie, moTepsi MacChl
KOTOPOTO B XOJI¢ OT)KHUTa B BAKYyMe COCTaBMIIA OKOJIO
20%, mpu momemieHnu B atMoc(epy U3 BaKyyMHOTO
obbema HabmomaeTcss OBICTPOE BOCCTAHOBJICHHE

30

Maccel. B mepBbie 1,5 4 pocT Macchl cOCTaBUII MpH-
mepHO 5%. 3a cienyromue 24 4 Macca yBeIUYUIach
emte mpumepHo Ha 1%. B o0meii cnoxkHOCTH 32 5 CyT
npeObIBaHUs oOpasna B aTMocdepe ero macca BO3-
pocina npuMepHo Ha 7%. TakuM 00pa3oM, OUHUIIICHHBIC
OT MpUMeECEH JIeTOHAIIMOHHbIC HAHOAJIMAa3bl aKTUBHO
aJICOPOUPYIOT JIETYUHE IPUMECH U3 OKPYKAIOIIEH aT-
Mocepsl.
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Puc. 2. I3sMeHeHne Macchl OTOXOKEHHOTO JETOHALIMOHHOTO
HaHoOaJiMa3a OT BpEMCHU HaXOX/ICHUA B aTMocd)epe
Fig. 2. Variation of sample weight over the time in the air of pre
annealed detonation nanodiamond powder

Ha puc. 3 npeacrasieHsl JaHHBIE TOBTOPHOTO
TEPMOJICCOPOIIMOHHOTO aHajiu3a 00pa3loB JICTOHAIIN-
OHHOT'0 HaHOAJIMa3a, YaCTUYHO BOCCTAHOBHBIIINX MAcCy.
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Puc. 3. U3menenne maccsr (1) 1 Teruna (2) B Xo/ie Harpepa rpezBa-
PUTEIBHO OTO¥IKEHHOI'O B BAKyyM€ NETOHAIITMOHHOI'O HaHOAJIMas3a
Fig. 3. Variation of sample weight (1) and enthalpy (2) measured
during the heating of samples of pre annealed detonation nanodia-
mond powder

Kak u s o0pasma ucxoqHoro HaHoaIMasa, ¢
caMoro HayaJa Ipolecca HarpeBa HaOJIr01aeTcs IPKO
BBIP@KCHHBIN SHI03(P(PEKT ¢ MAKCUMyMOM IIPH TE€M-
nepatype okojo 107 °C, Takxe COmpOBOXKAAIOIIMICS
yOBLIBIO Macchl 00pasiia npuMepHo Ha 2%. [Ipu nanb-
HEUIIeM HarpeBaHUH MPOUCXOIUT MOHOTOHHAS YOBIITh
Maccel. Takoe MOBeJeHUE M3MEHEHUS MAcChl Xapak-
TEPHO U JIJIS IPEABAPUTEIILHO HE OTOXOKCHHBIX 00pa3-
LIOB HaHOanMa3a. B oTimume oT Macchl, H3MEHEHHE
TEIUIOCOJICpKaHMsSI TIPU JaIbHEHIIIEM HarpeBe Jiis 00-
pa3loB MCXOAHOTO JETOHAIIMOHHOTO HaHoaliMas3a U
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OTOXOKEHHOTO CYLIECTBEHHO pasznnyaroTcs. Haunnas ¢
temmeparyps! 710 °C HabaromaroTcs ABa UAYIIUX IPYT
3a APYyroM »HIOTepMHYECKHX 3 (deKTa ¢ MaKkCuMy-
MaMu Ipu Temmneparypax okoio 735 °C u 810 °C co-
OTBETCTBEHHO.

OtcyrctBue 9k303¢(ekToB B  Tpoliecce
HarpeBa o0pasma MOXKET OBITh CBHUICTEIHCTBOM TOTO,
YTO Ha MOBEPXHOCTH HAaHOYACTHII aiMa3a B Ipolecce
TEPMHUYECKOr0 BO3ACHCTBUS HE MPOTEKAOT XUMHUE-
CKHUE PeaklyH, a AecopOrupyeMble BELIecTBa — 3TO CO-
eIMHEHUS, aACOPOUPOBAaHHBIE HAHOAIMA30M U3 OKPY-
JKarolei aTMocQepsl.

MornekynsapHbId COCTaB JIETY4YHMX IpUMeECEi,
TIOBTOPHO a/ICOPOMPOBAHHBIX 00pa3aMH JeTOHAIIUOH-
HOTO HaHOAaJIMa3a MoCIe OTHKUTa, IPUBECH B Ta0II. 3.

Tabnuua 3
Macc-cnekTpoMeTpUYecKue JaHHbIe npoiecca aecopo-
YU MOJIEKYJIAPHBIX HOHOB OTOKKE€HHOI'0 MOPOIIIKaA /e~
TOHAIIMOHHOI'0 HAHOAJIMA3a
Table 3. Mass-spectrometric data on thermodesorption
of atomic and molecular ions from pre annealed detona-
tion nanodiamond sample

m/z Bemiectso Wutepran aecopobuuu, °C
1 H 60-140
17 OH 30-260
18 H,0 30-210
16 CH4 50-210
36 H.S -
64 SO, -
16 0 620-780
32 02 o 730
28 N2 wu CO 690-890
44 CO, 560-830
2 H. -

Amnann3 maHHbIX Ta0JI. 2 U 3 IOKa3bIBAEeT, YTO
JIETOHAITMOHHBIN HAHOAIMA3 aJICOPOUPOBAI TPUMEPHO
TOT ke camblii Habop JeTyunx npumeceii. Ecim comno-
CTaBUTh MAacCC-CIEKTPOMETPUUIECKHE TaHHBIC HCXO/I-
HOI'0 M OTOXOKEHHOI'O HaHOAJIMAa30B, TO MOXKHO 3aMe-
THUTh, YTO B CIIEKTPE BHIICIISIOIIUXCS COCTUHCHHUI TIPU
HarpeBe OTOXOKEHHOTO IOPOIIKAa OTCYTCTBYIOT TaKHE
BeniecTBa kak: H>S, SO». OtcyTcTBHE 3THX CcoenuHe-
HUH MPU TTOBTOPHOM MacCC-CIIEKTPOMETPHUYECKOM aHa-
JIU3€ YKa3bIBAaeT Ha TO, UTO OTH BEIIEeCTBA OBLIN aIcop-
OMpOBaHBl HAHOYACTUIIAMH aliMasza MPH HX OYUCTKE
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kucinotamu. CregoBaTeNbHO, B TMPOLECCE OYUCTKU
MIPOMCXOJNUT 3aMeIleHHE OHUX MpUMecel Ha ApYyTHe.

Cpenu BBIICISIONIMXCS BEIIECTB HE OBLIO 00-
Hapy’>KE€HO COEIUHEHUN ¢ MeTamaMu. MOKHO yTBep-
K/IaTh, YTO METAJJIb CBA3aHHBI C HAHOAJIMA3HBIM SI/1-
POM NPOYHBIMU CBSI3SIMH, KOTOPbIE HE Pa3pbIBAOTCA
[P HarpeBaHUM [ETOHALMOHHOIO HaHoalMas3a [0
temnepatypsl 950 °C.

BBIBO/JIbI

[IpencrarieHHbIC BHIIIE JaHHBIE TTOKA3BIBAIOT,
YTO MPUMECHBIA CIION JETOHAIIMOHHOTO HaHOAlIMa3a
AMECT CJIOKHYIO CTPYKTYpPY, €ro U3MEHEHHE B IpPO-
[IeCCe TEPMHUECKOTO BO3JCHCTBHS COMPOBOXKIACTCS
9H/IO- W 9K30TePMHUUECKUMU dPPEeKTaMH, CBUIETEIb-
CTBYIOIIUMU O MPOTCKAHMH XUMUYECKUX PeaKIui Ha
MOBEPXHOCTH HaHOYACTHII. B cocTaB mpumMecHoit 060-
JIOYKH HAHOYACTHI] BXOAT KaK pa3HOOOpa3HEIE JIeTy-
Yhe COEIWHEHUS, NEeCOpOIrs KOTOPBIX OCYIIECTBIIS-
€TCsS B IIIMPOKOM MHTEPBAJIC TEMIICPATyp, & COBOKYII-
Has Macca BBIJCIUBIINXCS B TIPOIlecce HarpeBa IpH-
Mmeceil coctasisier 20% OT MCXOQHOM Macchl 00pas3-
IIOB, TAK U METaJUIbl, U X coenuHeHus. Harpes mo-
pOIIKa HaHOAJIMa3a TO3BOJISCT N30aBUTHCS OT 3HAUH-
TEJIBHOM yacTu JieTyunx npumeceil. OHaKo, KaK mo-
Ka3aJIi 3KCICPUMEHTBI, UCXOAHBIN MMOPOIIOK HAHOAJI-
Ma3a U OYHIICHHBIH MyTeM TEPMOOOPaOOTKH B BaKy-
yMe 00J1aJIal0T BEICOKOH COPOIIMOHHON CITOCOOHOCTHIO
Y aKTHBHO aJCOPOMPYIOT HaXOISIIHUECS B OKPYKaro-
et armocdepe JeTydre CoeTMHEHHMS.

Takum 00pazoMm, MOXHO YTBEpXkKAATh, UYTO
MpUMECHAasT TOJCUCTEMa JIETOHAIIMOHHOTO HaHOAII-
Masa, COCTOSIIAsi U3 CTPYKTYpP, CBSI3aHHBIX C ajiMas3-
HbIM HaHOSAPOM KaK CHUJIBHBIMH, TaK U CJIA0BIMU CBS-
35IMH, SIBIIIETCSI HEOTHEMIIEMOH, BCET/a TPUCYTCTBYIO-
IIEH YacThIO YaCTHI[ JETOHAI[MOHHOIO HaHOAJIMa3a.
MO3KHO yTBEP)KIaTh, YTO OJTHOM M3 OCHOBHBIX TPHUUUH
MPUCYTCTBHS MPUMECHON TOJICUCTEMBI JIETOHAIMOH-
HOTO HaHOAaJMa3a SIBISETCS BBICOKAs COPOIMOHHAS
CIOCOOHOCTh HAHOYACTHII ajiMa3a, KOTOpast He 1M03BO-
JISET TMPOM3BECTH OYUCTKY IOBEPXHOCTH HAHOKPH-
CTAJJIOB OT MPHUCYTCTBYIONINX Ha HUX NpuMmeceit. [Ipu
MPAKTUYECKOM  KCIIOJIb30BAHUU  JIETOHAIIMOHHOIO
HaHOa/Ma3a HEOOXOIMMO YYHUTBIBATH €r'0 BBICOKYHO
COpOIIMOHHYIO CITOCOOHOCTB.
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Uenvio yayyuieHus e2o Kavecmea (YMeHbvuieHue 61a3cHOCmU, 30J1bHOCHUI, yeenuieHue oucnepc-
Hocmu npu oucnepzuposanuu u m.o.). B oannoii pabome uccneoosanca Kancko-Auunckuii oyputii
yeonwn (30nvHocmb 8%, énadxcnocmsy 20%) nocne CBY-cymxu 6 meuenue 60 u 120 c, ¢ mukpogon-
Ho6011 neyu mownocmoro 850 Bm. Memooom PIM npoeedeno penmzenogckoe Kapmupoganue
nosepxHocmu 00pa3yo8 ¢ Uebl0 UCCAE008AHUS INEMEHMHO20 COCMABA OPZAHUYECKOU uacmu
YA U €20 MUHEPATbHBIX COCIAGAAIOWUX U 0eCMPYKUUU Y20abHbIX Yacmuy ¢ noie CBY (pacm-
poeutii Inekmpounstit mukpockon Hitachi TM-30000). /Ina usyuenus eéauanus CBY-cywku na
y2orb npumenen memoo IMP, nozeonaouuil ucciedo08amsy c6A3b CHPYKMypol U INeKMPOHHBIX
ceolicme yzonvHozo eeugecmea (IMP-cnekmpomemp X-ouanazona SE/X-2544). B pezyrvmame
ananu3za uimeHenus napamempos cnekmpoé IMP oopazyoe yena nocne CBY-6030eiicmeusn 00-
HAPYHCEHO CX00CME0 IIeKMPOHHOU CHPYKIYPbL Y2is CO CHPYKIYPOil MHO20KOMNOHEHMHbBIX Op-
2anuueckux cmexon. Ilocne CBY-6030eiicmeus nadnwodaemcea ygenuuenue nOOGUICHOCMU U ne-
pepacnpedenenus noyovcenuii RAPAMAZHUMHbBIX UOHOE, 6 wacmuocmu Fe**, ¢ 6onee cmabunvnvle
RON0YCEHUSL BHYMPU KUCTIOPOOHBIX Mempalopos é amopdnoii (opzanuyeckoit) uacmu yens. Ilo-
OBUIHCHBIMU ABTIAIOMCA INEKMPOHBL PAOUKAIbHBIX UEHMPOB, 00PA306AHHBIX AMOMAMU Y21epooa
KapOoHUNbHbIX, KAPOOKCUIbHBIX, (PEHOKCUIbHBIX ZDYNA U Y2/1€6000POOHBIX (hpazmenmos paziuy-
Ho2o muna. Ilokazano, umo yoanenue 600wt 6 pezynvmame CBU-¢030eiicmeusn maxiice oxazoi-
eaem 271y00Koe 6AUAHUE HA KOHUEHMPAUUIO U nPpUpooy paouKkanos, m. e. Ha I1eKMpPOHHYI0 CHPYK-

mypy yeneit.

KuroueBsble ci10Ba: yroib, 3IEKTPOMarHUTHAs 3HEPTHs, IUCIIEPTUPOBAHUE, OpraHUYECKasl CTPYKTYpa,
3JIEKTPOHHAS CTPYKTYpa
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STUDY OF STRUCTURAL-CHEMICAL CHANGES IN NATURAL CARBON-CONTAINING
MATERIAL AT MICROWAVE IMPACT

L.V. Kashkina, E.A. Petrakovskaya, T.Yu. Yemelyanova, O.P. Stebeleva
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Krasnoyarsk, 660074, Russia
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Eleanora A. Petrakovskaya

Kirensky Institute of Physics, RAS, Siberian Branch, Akademgorodok, 50, Krasnhoyarsk, 660021, Russia
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In order to expand the field of practical application of coal as a non-fuel material, under-
standing the nature of coal conductivity under various external influences is extremely important.
At present the microwave technology of coal processing is developing in order to improve its quality
(reduction of moisture, ash content, and better dispersion). In this paper the Kansko-Achinsk
brown coal (ash content of 8%, humidity of 20%) after microwave drying for 60, 120 s in a micro-
wave oven, at power of 850 W was investigated. The X-ray mapping of the samples surface was
carried out using the SEM method to study the elemental composition of the coal organic part and
its mineral components and the destruction of carbon particles in the microwave field (Hitachi TM-
30000 scanning electron microscope). The ESR method, which allows to investigate the relation
between the structure and electronic properties of coal matter, was applied to study the effect of
microwave drying on coal (X-band SE / X-2544 EMF spectrometer). The similarity of the coal
electronic structure with the multicomponent organic structure glasses was found as a result of the
analysis of the changes in the ESR spectra parameters of coal samples (300 K, 83 K) after micro-
wave exposure. The mobility and redistribution of paramagnetic ions positions, in particular Fe*"
to more stable positions inside oxygen tetrahedra in the amorphous (organic) part of the coal is
observed after microwave action. The electrons of the radical centers formed by the carbon atoms
of the carbonyl, carboxyl, phenoxy groups and hydrocarbon fragments of various types are mobile.
It has been shown that the water removal as a result of microwave exposure also has a profound
effect on the concentration and nature of the radicals, i.e. on the electronic structure of the coals.

Key words: coal, electromagnetic energy, dispersion, organic structure, electronic structure
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BBEJIEHUE yaeT aMop¢HbIe U KPUCTAUTHIECKHE Xa0THYHO PacIio-
JoXeHHbIe TpaduTonoiooHbIe yuactku (puc. 1).

Hanuuue B yronsHoM BemiecTBe (asbl ¢ yma-
KOBKOH 1O THITy TpaduTOBOI JOKa3aHO 3KCIIEPUMEH-
TaabHO [2].

B Bek HAHOTEXHOJIOI'Mil HETOIUIMBHOE UCTIONb-
30BaHME KMCKOMAEMBIX YIJIed CTaHOBUTCS YpPE3BbI-
YaifHO aKTyallbHBIM. B TO11 B MHUpe HOOBIBAETCS OKOJIO
8 rurarond yris [3]. Yrons, SBISACH HEAOPOTUM U

VYromab — 310 npupoansli moaumep [1]. OcHoB-
Hasi opranmdeckas macca yriast (OMY) — croxHas
CMeCh OPraHUYeCKUX COCTUHEHUH, B COCTaB KOTOPBIX
BXOJAT ajdu(aTuuecKue U apOMaTHIECKUE CTPYKTYPHI,
pacIloNIOKEHHBIE B BHUJIE TPEXMEPHOTO IIOJIMMeEpa
HEPETyJISPHOTO CTPOEHHS, a JKECTKOCTh KapKaca orpe-
JensieTcs BHYTPEHHUMH JOHOPHO-AaKIENTOPHBIMU
cBs3siMu. Hagmonekymsipaast ctpyktypa OMY BKITIO-
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JIETKO JIOCTYITHBIM MPUPOIHBIM MaTepUAIIOM, paccMart-
pUBaeTCS KaK WCTOYHHK YTJIEpoja MPU TOIYYCHUU
CHUHTETHUYECKHX YTIICPOJHBIX HAHOMATEPUATIOB: HAHO-
anMasoB, (QyJIepeHOB, HAHOTPYOOK, rpadeHa [4-6].
Onmnako B Hacrtosiiee BpeMs 75-80% yrias ucmomns3y-
eTcs JUTsl IPOr3BOACTBa dHeprud, 15-20% moTpebiser
METaJUTyprHIecKUil KOMIUTeKC U 1-2% — xummdeckas
MIPOMBIIIICHHOCTH [7].

O
CH, CH, L
COQRAr: Sar A
M

OH

Puc. 1. a— YronbHas cTpykTypa yriieil, oBaabsl— rpaduTornoo0-
HbIC CTPYKTYpHI [1]; 6 — Yopsimouennas rpadutonomnodHas hasa
B yrie [2]

Fig. 1. a— Coal structure of coals, ovals are graphite-like struc-
tures [1]; (6) ordered graphite-like structure in the coal [2]

B pabGore [3] ucciemoBamuch yriepoIHBIC
wieHKU ToamuHou 100 HM, NOTy4YEeHHBIE TPU U3METTb-
YEHUW TPUPOJTHOTO YTIIsl (JIMTHUT, OUTYMHBIH YToOJb,
aHTPAIUT) B IIapOBO MenbHUIlE B TedeHne 106 4. Me-
TOJaMU PaMaHOBCKOW M IMOTJIOIIAIOMIEN CIIEKTPOCKO-
UM [TOJTYYEHO, YTO NPHU OTXKUTE TUIEHOK B aTMocdepe
aproHa 3a cueT NePEeCTPONKN XUMHUYECKOH CTPYKTYPBI
yruist (M3MEHEHHUIO SP? CTPYKTYPBI M Pa3MEPOB apoMa-
THUYECKOTO IOMEHa) BO3MOKHO BapbUPOBAThH 3HAUCHHE
ANEKTPONPOBOHOCTH TUICHOK OoJiee YyeM Ha 7 Topsi-
koB. T. e. 3a cdyeT BHYTPEHHEr0 XHMHUYECKOTO pa3HO-
00pa3ust IpUpoIHOTrO yriepona (yris) ecTh BO3MOX-
HOCTh €T0 HCIIOJIb30BaHUS B CaMbIX Pa3sHOOOPa3HBIX
TIEPEIOBBIX TEXHOJOTHUAX, B KOTOPBIX B HACTOAIIEE
BpEMsI HCIIOJB3YIOTCS CHHTETHUYECKHE YTIIEPOJIHBIE
Matepuansl. [losToMy mans pacmmpeHus O0JIacTH
IPaKTUYECKOr0 HMCIIOJIb30BAHUS yIJId KaK HETOIUIMB-
HOI'0 MaTepualla IOHUMaHKe IPUPOIbI IPOBOJUMOCTH
yTIEeH IpH pa3lInYHbIX BHEIIHUX BO3AECHCTBUAX UpE3-
BBIYAlfHO BaYKHO.
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B mnacrosmiee Bpemsi pasBuBaerca CBY-
TEXHOJIOTHs 00PaOOTKH YIJIA C LENbI0 YIYYLICHHUS €TO
kadecTBa. CBY-Bo3melicTBHE MPUBOIUT K YMEHBIIIE-
HUIO BIQXHOCTH YTJISA, 30JIbHOCTH, YIYYIICHHUIO THC-
nepruposaHus [8].

O6pabotka yriss CBU-u3nmydeHneM TpUBOJUT
K JU3JIEKTPUUECKOMY HarpeBy 3a CUET MOJIEKYJI, H3Me-
HSIOIIMX OPUEHTAIUIO B IPOCTPAHCTBE MO IEHCTBHEM
BHEIIIHET 0 3JIeKTpudeckoro nomisd. Harpes conpoBoxa-
eTcsl pa3pylIeHHNEM MEXMOJIECKYIIIPHBIX CBS3EH.

METOAMKA SKCIIEPUMEHTA

UccnenoBancs Kancko-AuuHCKu# — Oypsiid
yroib (30apH0CTh 8%, BIaxkHOCTh 20%) mocie CBY-
cywku B Teuenue 60 c, 120 ¢ B MUKPOBOJIHOBOU IEYH,
MoIHocTh 850 BT. PeHTreHoBckoe kapTupoBaHue MO-
BEPXHOCTH O0pa3lOB C IENbI0 HCCICAOBAHHS 3Je-
MEHTHOT'O COCTaBa U AECTPYKLHUS YrOJbHBIX YacTUI] B
noste CBY uccnenoBanack merogom POM (pacTpoBslit
anekTpoHHbIil Mukpockon Hitachi TM-30000). Dnek-
TPOHHAsI CTPYKTypa yIJsi H3y4ajlachb METOAOM 3JIEK-
TPOHHOTO MAarHWUTHOTO pe3oHaHca (DMP-cmekrpo-
meTp X-amana3zona SE/X-2544, dupma Bpykep, Tem-
neparypa 80 u 300 K). [IpuroroBnenue oopa3ios ajis
POM, OMP ocymiecTBIsUIOCH CIAEIYIONMM 00pa3oM:
1. IToMoJ1 KICXOTHOTO YIJIS B JIAOOPATOPHOH MEJIbHHMIIS
MBJI-100 (o6pa3zer 1); 2. CBU-cymika oopasia 1 B Te-
yenne 60 c, 120 ¢ B MUKpOBOIHOBO meun (00pa3ibl 2
U 3 COOTBETCTBEHHO).

PE3VJIbTATBI U NX OBCYX/IEHNE

MeTon0M PeHTI€HOBCKOTO KapTUPOBAHUS TT0-
BEPXHOCTH YT'OJBHBIX YaCTHI] OTIPECIICH AIIEeMEHTHBIN
COCTaB MHUKPO3JIEMEHTOB, 310 C, O, Fe, S, Ca, Mn, Na,
Mg, Al, Si, P, Cl, Ti, Sr, Ba. MHKpO3JIeMEHTBI MOTYT
BXOJIUTh B COCTaB OPTaHMYECKON YaCTH YISl WM €ro
MUHEPaIbHBIX COCTABIISIONINX.

Jna nzyuenns snusiana CBY-cymiky Ha yroib
npuMeHeH MeTo]; DMP, Mo3BOJSIOMUN HCCIICIOBATh
CBSI3b CTPYKTYPBI U 3JICKTPOHHBIX CBOMCTB YTrOJIBHOIO
BEIIECTBA.

Ha puc. 2 npusenen cnektp OMP, xapakrep-
HBIA JJI51 BCEX HCCIEAYEMBIX 00pa3loB, KOTOPBIA CO-
CTOUT U3 HU3KOIOJIEBOM mKpokoi auHuu L u BeICOKO-
I10JIEBOM MIHTEHCUBHOU y3KOH JInHUU R. DUKCUpYIOTCS
OueHb Ci1abble JIMHUM CBEPXTOHKOM CTPYKTypbl Mn?*
(6 nuHMIT), pacnoI0KeHHbIE BOJIHM3H JIMHUY PaIUKaIa.

ITono6Hble auHMK OMP ObUIM HalWIEHBI B
cTekie [9], BBIBOABI O CTEKJI00OpA3HOW CTPYKType
yriisa ObITN BBICKA3aHBI panee B padorax [10, 11]. B pa-
6ote [10] yrimm paccMaTpuBaluCh KaK MHOTOKOMIIO-
HEHTHBIE opranndeckue crekia. B [11] npu n3ydennn
(U3UKO-MEXaHMUYECKHX (DIACTUYHBIX CBOUCTB YIIICH)

35



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 9

4x10°
. R
2x10° L
0,04 —_/\/ J r
2%10°
-4x10°

T T T T T T T T

500 1000 1500 2000 2500 3000 3500 4000 4500

H,0e
Puc. 2. Cnexrp DIIP (Kancko-Auunckuii Oypsiit yrois, 300 K)

Fig. 2. ESR spectrum of Kansk-Achinsk brown coal (300 K)
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Puc. 3. MonenupoBanue criekrpa OMP nunusmu Jlopenua. Uc-
xoaHbIi o6paszerr, a—300 K, 6-80 K, 1 — muuust L1, 2 — munns L2,
3 — nmunus L3
Fig. 3. Simulation of ESR spectrum by Lorentz lines (typical sam-
ple), a-300 K; b-80 K, 1 — line L1, 2 — line L2, 3 — line L3

00HAPYKIWIOCh UX CXOJICTBO CO CBOWCTBAMHU CTEKJIO-
o0pa3HbIx TBEepAbIX Tel. 110 JaHHBIM 3JIEMEHTHOTO
aHaM3a B HCCIENyeMbIX OOpas3lax yris MPHUCYT-

36

ctBytotr Al, Si, O, KoTOpbie 00pa3yHOT ATOMOCHIIH-
KaTel (TJIMHUCTBIE MHUHEpaJbl, MOJIEBbIEe INMaThl). B
3TOM CiIydae 0Opa3oBaHHE KUCIOPOJHBIX TETPadAPOB
BO3MOYKHO.

Jlunwus L B o6mactu marautHoro mosst 1600 O
¢ g-paxTopom okoio 4,27 MogenupyeTcs TpeMs JINHHU-
stmu Jlopernma L1, L2, L3 (puc. 3).

JIvnus L1 otHecena x nonam Fe®*, nokamuso-
BaHHBIM B KHUCJIOPOJHBIX TETPadApax MUHEpPaIbHON
cocrasstomiei yras. Jluaus L2 cooTBecTByeT noHaM
Fe3*, pacronoskeHHbIM TaKKe B KMCIOPOJIBIX TETPAd/I-
pax, IpUHAKISKAMNX IePOPMUPOBAHHEIM I'paduTO-
MOJMOOHBIM y4YacTKaM OPTaHWYECKOW COCTABIIAIONICH
(puc. 16). Jlunns L3 onpenenena nonamu Fe®*, pacno-
noxeHHHbIMU B OMY (puc. 1a). OMP-napameTpsi iu-
muit L1, L2, L3 (g-dakrop, mmpuna nmuaun AH, uH-
TEHCUBHOCTS |, TUTOImIa 6 S) M3MEHSIOTCS B pe3yibTaTe
CBY-06paboTku (puc. 4).
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Puc. 4. a—g-daxrop nmunnii JI1, JI2, JI3 ans obpasuos 1, 2 u 3;
6—unTeHcuBHOCTh THHIK DIIP (300 K, 83 K)
Fig. 4. a—g-factor of lines L1, L2, L3 for the samples 1, 2 and 3;
6-Intensity of ESR lines (300 K, 83 K)
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Habmonaercsa yBennuenue g-akropa, yMeHb-
HICHUE MIMPHUHBI U TUIOINAAN JTMHWUH, YBEJTHUCHUE HH-
teHcuBHOCTH JnHUU L. CBY-00paboTka mo-pazHoMmy
neiictByeT Ha noHbl Fe¥*, Haxonsumecs B pasHbIX Mo-
3ULUSX.

VY Bcex 00pa310B MUHMMAIbHOE U3MEHEHHE Z-
(hakropa (g = 4,27) npu CBU-006paboTke HaOIIOMaeTCS
it L1. DTo monTBepkaaeT MpeanoiaokeHHe O TOM,
4TO CTaOMIIBHBIE TETpadApuyeckue nosunun Fe®* cps-
3aHbI C MUHEPAIbHBIMU KOMIIOHEHTAMH YTJISL.

OMP-napametpsl nunnit L2, L3 3aBucsar ot
CBY-o6pabotku. Ilpuyem, mapamerpsl nuaum L3
cuibHee 3aBucsaT or CBU-00pabotku, uem y L2. D10
CBSI3aHO C Pa3JIMYHBIM PACIOJIOKEHHEM HOHOB Fe*,
T.€. C HEOJTHOPOIHOCTBIO JIEKTPOHHOU CTPYKTYPHI Op-
TaHWYECKOM YacTu yris.

[Ipu Temnepatype 83 K g-dakrop muauit L1,
L2, L3 yBenuuuBaercsi. OT0 OOBICHSAETCS OJHOTHII-
HBIMH, aHAJIOTHYHBIMH UCKKEHUSIMH CTPYKTYPBI BO-
kpyr noHoB Fe3*. Kak Buano u3 puc. 4, cTenens 3Tux
nedopmManuii pa3nuyana, a g-gaxtopsl L1 u L2 umeror
ONMM3KME 3HAYEHUsSI, 3HAYHUT, CTPYKTypa DHEpreTude-
CKUX ypPOBHEH MPUMEPHO OIMHAKOBASI.

[Ipu oxnaxaeHU HHTEHCUBHOCTH JIMHUH yBe-
JIMYMBAIOTCS IS BCEX OOpasIioB, U OCOOCHO IS JIM-
Huu L1 oOpasua 3 (puc. 40). Oto XxapakTepHO AJs Ha-
pamarauTHBIX TIeHTpoB [9]. L1 u L2 (puc. 4a) umerot
HauOOJBIIYI0O WHTEHCUBHOCTh Ui oOpasma 3 u
MeHbIie st oopasua 2. [pu CBY-00paboTke MHTEH-
cUBHOCTB JIuHWU L3 st 2 u 3 0Opa3IioB mouTH He Me-
HSIETCSl IPY IOHMKEHUH TemIiepaTypbl. Ho mpu sTom
MPOUCXONT PE3KOE YBENMUEHIE HHTEHCUBHOCTH L1 1
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L2, ocobenno mns obpasma 3. DT0 MOXKET OBITh CBS-
3aHO C YBEIMYCHUEM TOJIBUKHOCTH HOHOB TIOCJIE BO3-
nericteus CBY B amopduoii vactu OMY u niepepac-
mpeneneHns MOJOXKECHUH MapaMarHUTHBIX HOHOB, B
yacTHocT Fe®*, B Gosee cTaOWIbHBIE MOJOKEHHS
BHYTPH KUCJIOPOJTHBIX TETPASAPOB.

PanukanbHbIe TIEHTpBI 00pa30BaHbl aTOMaMH
yriepoaa kapOoHWIBHBIX (=C=0), KapOOKCHIBHBIX
(-COOH-) u denokcunbubix (EC—OH) rpymm, yrie-
BOIOpPOAHBIX dparMeHTOB (=C—H) pazaudHoro Tuma.
PagukanbHas muHHA MOAENHMPYETCS IBYMS JIMHUSIMA
Jlopenna R1, R2, yto 0OBscHsETCS HaaMuMeM He-
CKOJIbKUX THIIOB PATUKAIBLHBIX IIEHTPOB, MPUCYTCTRY-
IONMX B OYphIX yINIsAX. YJalleHHe BOJbI OKa3bIBAaeT
rIyOOKOe BIMSHUE Ha KOHIEHTPALUIO U MIPUPOAY pa-
JUKAJIOB T. €. Ha AIEKTPOHHYIO CTPYKTYpY yrieit [12].

3HaueHmne g-paxTopa MU IIEKTPOHOB JIHMHUN
R1 u R2 Gonbmie, yeM g-dakTopa (GUKCHPOBAHHOTO
MOJIOKEHNUS AIeKTpoHa (g-pakrop = 2,002322). B nan-
HOM cilydae pagukajibHble 31eKTpoHbl R1 u R2 sgBis-
FOTCSI TIO/IBUKHBIMHU.

BBIBO/IbI

IIpoBenennoe ucciaegoBaHUe MOKa3alo, YTO
CBUY-Bo3neiictBre 3()(peKTUBHO BIUSAET HA CTPYKTYPY
W CBS3aHHYIO C HEW 3JEKTPOHHYIO CTPYKTYpY Oyporo
yrias. Ananuzupys crnektpel OMP nmocne CBY-Bos-
JEHCTBHS Yepe3 M3MEHEHUS! UX JIEKTPOHHOM CTpPYyK-
TYpBI, MO’KHO MPOCIIEANTD 32 CTPYKTYpHBIMU N3MEHE-
ausmu OMY, cocTossHueM MUHEPaTbHON YacTH YTIIsl.
B pesynerare CBY-HarpeBa oOHapyeHO IBUKEHHE
napaMarHuTHBIX HOHOB Fe®' ¢ HeycToWuMBBIX Mo3u-
LIA{ B yCTOWYUBBIE.
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TEIIVIOEMKOCTb U HAMAT'HUYEHHOCTb CUHTETHYECKOI'O MI'PUUTA B IUAITA3OHE
TEMIIEPATYP OT 2 10 350 K
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Otnen maraetn3ma TBepabix Ten, HUW ¢usuku u mpukitagHoi MaTeMaTuky, IHCTUTYT eCTeCTBEHHBIX HAyK U
MaTeMaTHKH, YpalbCKUi (eiepaibHbIi yHUBEPCUTET, yiI. Mupa, 19, EkarepunOypr, Poccuiickas ®enepanus,
620002
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Tennoemkocmop U HAMAZHUYEHHOCD ObLIU USMEPEHbL 01 CUHmMmemuyeckozo Mzpuuma,
CuzAsSes, ¢ ouanazone memnepamyp om 2 0o 350 K. Oonapysiceno, umo menioemKocms Modicen
obimb onucana mooenvio /ledas c mpemsa 00noOJTHUMENbHLIMU OCUUANAMOpamu Iunwmeiina. Xa-
PaKkmepHbvle 0COOEHHOCMU, HAOI00aeMble HA MEMNEPAMYPHBIX 3A6UCUMOCHIAX MENTI0EMKOCHU,
paccmampusaromcs 6 KOHMeKcme UIMEeHeHUA INeKMPOHHOIL u (hononunoii cmpyxkmyp. I'pagux 3a-
GUCUMOCHU HAMAZHUYEHHOCMU OM MeMREPAmypbl Umeen OmKIOHEeHUEe Om NAPAMAZHUMHOZ0
xo00a npu 44 K u npu 170-200 K, z0e namaznuuennocms yeenuuueaemcs, u npu 285-295 K, zoe
ona ymenvwaemcs. Ilo-euoumomy, 6 ouanazone memnepamyp 170-295 K 6 oopazye peanuszyemcs
ocoboe maznummnoe cocmosanue. IlIpu memnepamypax 2, 250 u 300 K nonyuenwvt nemau cucmepe-
3uca. /lemansvHoe ucciedoeanue HAMAZHUYEHHOCMU 8 MAIBIX MAZHUMHbBIX HOIAX NOKA3bleaem
X00, xapakmepHuulit 011 napamazHumnox (npu 2 u 250 K) unu ouamaznummusix (npu 300 K) ma-
mepuanos, u NOKA3vleaem c1aovlil heppomazHemusm 6 Ucc1e0yemom COeOUHeHuU. Imo morcem
O0bimb credcmeuem HaNUYUA eppomaznumnvix npumecei. Temnepamypnas 3agucumocms men-
aoemkocmu umeem omkaonenue om zaxkona /levana npu memnepamypax 170 K u 285 K. Anoma-
JUU MENI0eMKOCHU U HAMAZHUYEHHOCHU MO2YM Oblmb C1e0Cmeuem UIMeHeHUsA KOJIUYecmea
YuCca NAPAMAZHUNHBIX UEHMPO8. IMOMm NPOUecc CéA3AH ¢ NEPexo00M INeKMpPOHO8 MeHcdy no-
nodxcenuamu meou Cu(l) 0o oocmuricenusn kpumuueckou memnepamyput. Ilpeononazaemces, umo
HUJICE IMOIL memnepamypsl IIeKMPOHDBL «3amep3aiomy. InMom npouecc 3aKAI0UaAencs 8 «3amo-
po3Key 2eKmponnbix cnunog na uonax Cu* u Cu** 6 pamxax knacmepoe CusSis u mempasopuue-
ckux komnaexcoe Cu(I)S.. Taxsce mennoemkocms oopazya CusASSes cmooenuposana yuxuyueri
ebas c mpemsa oononrHumenvHolMu ocyuanamopamu Jinwmenina npu memnepamypax 44 K,
185 K u 290 K. Pacuemnule u y3kcnepumenmaibhvle 3a6UCUMOCHIU MENTO0EMKOCHU CO2TIACYIOMCA.

KaroueBble ciioBa: Mrpuur, TpaHCIIOPTHBIE CBOMCTBA, HAMArHUYEHHOCTh, MAarHUTHBIN THCTEPE3NC,
Mojenn lebast
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The heat capacity and the magnetization of the synthetic Mgriite, CusAsSes, within the range
of 2-350 K were measured. It was found that the heat capacity can be described by a Debye term
and three Einstein oscillators. The features of the temperature dependences of the heat capacity
and the magnetization are considered in the context of a change in electron and phonon structures.
The graph of the magnetization temperature dependence has a deviation from paramagnetic type
at 44 K, at 170-200 K, where magnetization increases, and at 285-295 K, where it decreases. Ap-
parently, in the temperature range of 170-295 K, a special magnetic state is realized in a sample.
At temperatures of 2, 250 and 300 K hysteresis loops are measured. A detailed study at the small
magnetic fields that typical for paramagnetic (at 2 and 250 K) or diamagnetic (at 300 K) materials
shows a weak ferromagnetism for the studied compound. It could be a consequence of the presence
of ferromagnetic impurities. The heat capacity temperature dependence has a deviation from Debye
law at temperatures 170 K and 285 K. Anomalies in the heat capacity and the magnetization de-
pendences can be a consequence of a quantitative change in the paramagnetic centers number.
The process usually is associated with the transition of electrons between Cu(l) copper positions up
to the critical temperature. It is proposed that below this temperature the electrons are ""freeze™.
This is described as the freezing of electron spins on Cu* and Cu®* ions in the framework of CueSi3
clusters and Cu(l)S, tetrahedral complexes. Also the heat capacity of CusAsSes has been modeled
by the Debye term and three Einstein oscillators with characteristic temperatures at 44 K, 185 K u
290 K. Calculated and experimental data are in agreement.

Key words: Mgriite, transport properties, magnetization, magnetic hysteresis, Debye term
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BBEJIEHUE TEIJIOMPOBOTHOCTH U, KaK CIICJICTBHE, BEICOKUM 3Ha-
YEHUEM MapaMeTpa TEPMOBJICKTPUICCKOH TOOPOTHO-
ctr. Takke 3TH COSTUHEHUS ITUPOKO PACTIPOCTPAHCHEI
B IIPUPOJIC ¥ OTHOCUTEIBHO IPOCTHI B ITOJYUYCHHUH.

B nureparype mmpoko OCBEIICHHI Mpe/oia-
raemple MPUYUHBI 0COOEHHOCTEH TEIUIONPOBOTHOCTH

Coenunenust U3 rpymmsl cynbdoconei pac-
CMaTPUBAIOTCS HOBBIMU (DYHKITMOHATLHBIMU MaTepHa-
JaMU JUTIST TEPMORJIEKTpUIECKUX yerpoicts [1]. JaH-
HBIC COCJIMHEHNS HHTEPECHBI BBUTY HU3KOH BETMYNHBI
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cyabdoconeit [1, 2]. OnHO coeauHEHUE M3 TPYIIIBI
cyabdocoiel, KOTopoe SABISETCS N30BaJICHTHBIM aHa-
norom CusAsSes, ¢ o0mmei CTpyKTypHOH (opmynon
Cu12xMx(As,Sb)4S13 (M = Fe, Co, Ni, Mn, Zn) o6xa-
naeT noopotHocThio 1,13 pu 575 K [3]. Takoii Beico-
Kknii  K0d3(ppunmueHT MOOpPOTHOCTH TIONyYeH H3-3a
YMEHBIIIEHUS] TEIUIONMPOBOIHOCTA 32 CUET BBEICHUS
MEPEXOAHOr0 MeTaJlIa B o3uuuto M. J{aHHbIA MeTasn
paccMaTpuBaeTcs KaK M30JIMPOBAHHBIN aTOM BHEIpe-
HUSI, KOTOPBIN BHOCHT BKJIaJ] B (POHOHHBIE MOABI KpH-
cTajljja ¥ yMEHBIIAaeT TeronpoBoaHocTh [1]. Hapsany
C BHEAPEHHEM aTOMOB 3aMELICHUS B KpHCTaJIMYe-
CKOM pelieTKe B MO3UIINH METU IIPEIICTABIISIET HHTEPEC
M30BAJICHTHOE 3aMEIleHNe B CTPYKTYpE APYTHX aTo-
MoOB [4, 5].

OgHuM U3 COECIUHEHUH, KOTOPOE SBISETCS
W30BAIICHTHBIM aHAJIOTOM TETPadAPUTA, SIBISAETCS CHH-
teTryeckuii Mrpuut ¢ popmynoit CusAsSes. Bnepsrie
CTpyKTypa omnucana J{piMkoBbIM [6] B 1982 1. [lanHOE
coenuHEeHre 00NamaeT KyOndecko CHHTOHHEH (Tpo-
cTpaHCTBeHHas rpynmna m-3m, a = 0,553 um). Beuny
CXOXKUX (PU3NYECKHX CBOMCTB C COCAWHCHHSMHU M3
TPYNIBl TETPAadAPUTOB, CHHTETHYECKHA MTIpUUT C
thopmynoit CusASSes — MoTeHITATBHBIN (YHKITHOHAIB-
HBII MaTepuan it TEPMOAJIEKTPHUYECKUX TIPHOOPOB.

B pabore nmpoBeeHbI U3MEPEHUS U MOACTHPO-
BaHUS TEIUIOEMKOCTH CHHTEeTWYecKkoro Mrpuunta
CusAsSe; B mMpOKOM jauaria3oHe Temieparyp. Pac-
CMOTpPEHO TMOBEJICHHE YAEIbHON HaMarHUYeHHOCTU
ucciexyeMoro obpasna. Tak e pacCMOTpeHa BO3-
MOYKHasl IPUPOJIa CTPYKTYPHBIX TpaHcHOpMaIIHid.

METOANKA OKCITEPUMEHTA

Coenunenne CuszASSe; CHHTE3WpPOBAaHO B
KBapILIEBBIX aMITyJiax C MHEPTHOM cpenoil. B kauectse
MCXOJIHBIX MaTEPUAaJIOB HUCIIOJIb30BaHbI PEAKTHBEI BBICO-
KO YMCTOTHI HEe HIKE MapKH “0co00 yncThIin”. Mcxo-
Has IIMXTa cocTaBleHa B cooTHomeHnHn 3Cu:lAs:3Se
(n30bITOK 10 Se cocrasisut 3-5 %). TouHoCTh Ompee-
JISHHsI TEMIIepaTypsl B paboueii kamepe MmeYn COOTBET-
creoBaina 0,5 K mpu 600 K u 1 K ipu 1100 K (Tepmo-
napa miatuHa/miaatuda — 10% poanii ucnoabp30Banach
JUTSE KOHTPOJISE TeMnepaTypsl). CHHTE3 IpOBeNieH B Ue-
ThIpe ATana. IlepBplil — MEUIECHHOE HArpeBaHUE B IIEYU
(10-15 1) mo Temmeparypsl, MPeBBILIAOIICH TeMITepa-
Typy IUIaBICHHUS JIETKOJIETY4ero KOMIIOHEHTa (cepbl)
Ha 10-30 K; BTOpO# — moaepxanue TaHHOH TeMIiepa-
Typsl 20-30 4. [Tocne 3Toro yBearueHue TemnepaTypsl
JI0 TIOJIHOTO TIIaBJIEHHUs] 00pa30BaBIIETOCS B aMIlyJie
BemecTBa B TeueHUH 40-50 4 u mommepskaHWe dTOM
TeMriepatypsl moctostaHOM 20-30 4. Iocmeaawmii dtar,
MOHIDKEHHE TEMITEPaTyphl 10 2/3 OT TeMIlepaTyphbl IL1aB-
nennst v omkur coenuHenus 30-40 u. Tlocie criexanus
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MOJYYEeHHBIH 00pa3el] MmoJBeprajcs HampaBIeHHON
MepeKpPUCTAUIM3ALUHI B ABYX30HHOH MEYd O METOAY
Crokbaepa-bpumkmena.

PeHTreHOCTpYKTYpHBII aHAIN3 IPOBENCH MPH
KOMHAaTHOH Temmepatype Ha audpaxtomerpe D8
Advance (Bruker, I'epmanwust). ITonydeHHOoe coenuHe-
HUE OTHOCHUTCS K KyOMYeCKOH CHHTOHMH M-3m u
HUMEET DIIEMEHTapHYIO STUeHKy ¢ mapametpoM a = 0,553 um
(PDF 40-1251). DnementHbIii cocTaB (YCKOPSIOIINE
HarpspkeHune 22 kB, pasmep aneptypst 30 MKM), TIOITy9IeH-
HBIii ¢ 0611acTu 06pasia 100 Ha 100 MKMZ, OKa3bIBAET CO-
oTHo1IeHue deMeHToB Cu:As:Se kak 37,9:14,8:47 3.

MarHauTtHbIe CBOICTBa 00pa3IiOB H3MEPEHHI C
IIOMOIIbIO MAarauTOM3MECpPUTCIbHOI'O KOMIIJIEKCa
MPMS-XL7 EC (Quantum Design, CILIA) ¢ nepuu-
HBbIM TipeoOpa3zoBarenem Ha ocHoBe CKBH/la B quama-
3oHe TeMmriepaTyp ot 2 10 350 K 1 B mOCTOSIHHBIX Mar-
HUTHBIX MOJSIX HAMPSXKEHHOCTHIO 70 70 k9. [ns mpo-
BEICHUS M3MEPEHUI o0pasell Kpemwid Ha JUIMHHYIO
JICHTY KalTOHA BHYTPU IUIACTUKOBOH TpPYyOKH, pas-
MepBI KOTOPOH CYIIECTBEHHO OOJbIIIe TMHEWHBIX pa3-
MepoB 00pa3ua u rpaJieHTOMETpa BTOPOTrO MOPSAKA,
COCTOAIICTO M3 YCTBIPECX HU3MCPUTCIIBHBIX BHUTKOB.
Bxiiag oT 351eMEHTOB KpeTyIeHHsI ObLT MOJIHOCTBIO HC-
KIIIOYEH B rpolecce u3MepeHus. VICTOUHUKOM 1ocTo-
SSTHHOI'O MarHuTHOTI'O I10JIA SABJIAJICS CBerHpOBOI[HIHI/Iﬁ
COJICHOM] Ha OCHOBE coenHeHus1 NbsSn.

TennoeMKoCTh U3MepeHa IPU MOMOIIY U3Me-
putenbHOoro komruiekca PPMS (Quantum Design,
CIIA) B nuanazone temneparyp ot 2 1o 350 K. M3zme-
PEHMS IPOBOAMIMCH METOJIOM PEIAKCALIMH TETIJIOBOTO
umyJbea [7].

PE3VIJIBTATBI 1 UX OBCYXJIEHUE

I'paduk 3aBUCHUMOCTH yII€IbHON HAMarHU4eH-
HOCTH OT TEMIIEpaTyphl, U3MEPEHHBI B MAarHUTHOM
oJie HarpspkeHHoCThIo 10 kKO, mpeicTaBieH Ha puc. 1.
[InaBHOE yMeHbBIIEHWE YIENBbHON HaMarHUYEHHOCTH
(o) c pocTOoM TeMIepaTypbl XapakTepHO AJIsl mapaMar-
HeTrnkoB. OHaKo Ha 3aBHCHUMOCTH 6(1) CyIIecTBYIOT
OTKJIOHEHHA OT MOHOTOHHOTO Xoja. Tak, Impu TemMIie-
parype 44 K HaGmiogaercsi MUK yIeNbHOW HaMarHu-
YEHHOCTH, B mHTepBajie Temmepatyp 170-200 K mpo-
HUCXOIUT pOCT YyJENbHON HAMAarHW4E€HHOCTH, a NpHU
temneparype 285-295 K npoucxoaur ee najgenue. [1o-
BHINMOMY, B HHTepBajie Temmeparyp 170-295 K pea-
JU3yeTcsi 0co00e MarHUTHOE COCTOSIHUE B COEAMHE-
HUU CUHTeTHYeckoro Mrpuuta. [Tpu Temnepartypax 2,
250 u 300 K m3MmepeHbl neTiu TucTepesuca (puc. 2).
PocT HamMarHW4eHHOCTH TpU YBEIMYEHUH TeMIepa-
Typsl nipu TeMneparypax 2 u 250 K takxe roBoput o
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TOM, YTO HCCIIElyeMOE COCJMHEHHUE SBISETCS mapa-
MaraetukoMm. OmHako, st Temmeparyp Boime 300 K
HAMarHMYEHHOCTh CTAHOBUTCS OTPHLATENHLHOH, YTO
TOBOPUT O JOMWHHPOBAaHMM TUaMarHeTusma. BerBu
HETIIN TUCTEPEe3NCa PAaCIoIaraloTcsi BO BTOPOM U YeT-
BEPTOM KBaJpaHTaX, YTO COOTBETCTBYET AMAMarHeTH-
kaM. JleTanpHOE HCClieI0BaHKe B 00JAaCTH MAJbIX Mar-
HUTHBIX TIOJIEH MpHU ydeTe mapaMaraeTusMa (mpu 2 u
250 K) wnu muamaraerusma (pu 300 K) noszonmnm
00HapyXHUTh Cla0bI (eppoMarHeTU3M B HCCIELye-
MOM CO€AWHEHUH, KOTOPBIH, IO-BHIMMOMY, CBSI3aH C
HaJM4ieM (eppOMarHUTHBIX IPUMECEH B CHHTE3HPO-
BaHHOM coeauHeHHH. [leTnu ructepesuca mpencTas-
JICHBI HAa BCTAaBKE pUC. 2.
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Puc. 1. I'paduk 3aBHCUMOCTH yIeTbHON HAMArHHIEHHOCTH OT
Temneparypsl B MarHuTHOM Tioste 10 k0. Ctpenkamu Ha rpaduke
IMOKa3aHO OTKJIOHCHUE OT MapaMariHuTHOIO xoaa
Fig. 1. The specific magnetization vs temperature in the magnetic
field of 10 kOe. The arrows in the graph show the deviation from
the paramagnetic course
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Puc. 2. 3aBI/ICI/IMOCTB y}leJ’[LHOﬁ HaAMarom4Y€HHOCTH OT BCIIMYHUHBI
BHEIIIHEr0 MarHUTHOrO 1moJist. Ha BcraBke: q)pal“MEHTBI IICTCJIb T'u-
CTEPE3HCa, IOJTYUCHHBIC ITIOCJIC BbIUCTA HapaMaFHI/ITHOFO/HI/IaMaF-
HHUTHOTI'O BKJIaJ0OB
Fig. 2. The specific magnetization loops. Inset: fragments of the
hysteresis loops obtained after deducting the paramagnetic / dia-
magnetic contributions
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M3MeHeHrne MarHUTHBIX CBOMCTB BEIIECTBA U
aHOMAJTUs Ha 3aBUCHMOCTH Y/ICIIbHOW HaMarHHYeHHO-
CTH OT TEMIIEPATypPbl MOXKET OBITh CIICJICTBUEM H3ME-
HEHHS KOJIMYECTBA MapaMarHUTHBIX IEHTPOB B CHHTE-
TUYECKOM MTIpUUTE C TIOHMKEHUEM TeMIIepaTyphl 1o
aHayoruu ¢ TeHHAaHTUTOM Cu12AS4S13 [8, 9] 1 TeTpasa-
putom Cu12ShsSi3 [10, 11]. B nurteparype 3ToT mpo-
LIECC CBA3BIBAIOT C MEPEXOA0M DIICKTPOHOB MEK/TY MO~
sumuamu Menn Cu(l) mo HacTymeHUs KpUTHIECKOH
teMiiepaTypsl. [Ipeanonaraercs, 4To npu 3TOU TeMITe-
patype TMPOUCXOJUT «3aMEp3aHUe» DIICKTPOHOB Ha
nonax Cu* u Cu?*, B pamkax knactepoB CusSis 1 TeT-
pasapuueckux kommiekcoB Cu(l)Sa.

500 —

400

w

o

o
1

C, mJIx/T*K
S

100

0 50 100 150 200 250 300 350
T,K
Puc. 3. 3aBucumocts TermnoeMkocTr oopaszua CusAsSes ot Tem-
TepaTypsl. Toukm — OKCIICPUMECHTAJIBHBIC TaHHBIC, CIIJIONTHASA
JIMHUA — MOJACJIBHBIC 3HAUCHHUS TCIIJIOCMKOCTH
Fig. 3. The heat capacity of CusAsSes. Points — experimental
data, solid line — model values of the heat capacity

Ha puc. 3 npencrasieHa skcriepiMeHTaIbHAS
Y TEOpPETHUYECKas 3aBUCUMOCTH TeruoeMkocTH (C) 00-
pasua oT TeMnepaTrypsl. DKCIIEpUMEHTAIbHAS 3aBUCH-
mocTh C(T) nmeet ocobernnoctr ipu 170 u 285 K, xo-
Topble He onmchiBatoTcs Gynakmuen Jlebas. [Ipu atux
K€ TeMIlepaTypax HaOIF0IAlOTCS OTKIOHEHUS yENb-
HOW HaMarHUYEHHOCTH, ONUCAHHBIE BhIlIe. PacueTHas
KpHUBas TEIUIOEMKOCTH ITOJTyYeHa BEIYHCICHHEM (DyHK-
nuu Jlebast ¢ TpeMs JHONMOTHUTEIHHBIMU OCIHUILISATO-
pamu DiHiTeiHa [2]:
)
dx + 3R Z?:l #,
(eT -1)?
rae 0, — remneparypa [leOas, Oe — TeMneparypa coot-
BETCTBYIOILIETO OoclWUIsTOpa DitHIITeHHa, OCis-
TOpBI DUHINTEHHA OMUCHIBAIOT JOMOJHUTENBHBIN (o-
HOHHBIW BKJIAJ] B OOIIUI CIIEKTpP, BBUY HAJUYUS HU3-

eXx*

T3 97”
CP(T) = 9R9_gf0 (e*—1)2
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KO9HepreTuiecknx MoJ. IIpennonaraercs, 4to mogo0-
HBIE MOJTBI BOSHUKAIOT M3-3a BBICOKHX TEIUIOBBIX aHTap-
MOHHMYECKUX Kojebanuit menu [12]. JlaHHOE MIpemcTaB-
JIeHWe MPUMEHEHO B TMPEIION0KEHUH, YTO HCCIIemye-
Moe coeaunenne CusAsSes 001agaeT moJOOHEIMU 0CO-
OeHHOCTAMM pacripeaeneHus Meau, kak 1 Cu1aShaSqs.
Temmnepatypa [e0ast mpu BEIYUCICHUH TEIIOEMKOCTH
npuasaTa 0, = 500 K. 3HaueHus s oCHMUIITOPOB
OiHmTelHa cocTaBIsiOT Oe1 = 290 K, O, = 185 K u
0e3 = 44 K, koTOpBIE OmpeneneHsl U3 TeMIepaTypHon
3aBHCUMOCTH YAETbHOI HaMarandeHHoctu. [lomyden-
Hasl TEOPETUYECKasi 3aBHCUMOCTh TEIUIOEMKOCTH XO-
pOIIIO COTNIACyeTcsl C DSKCIIEPUMEHTATBHBIMHU JaH-
HbiMU. Hanumuue ocummistopoB DHWHINTEHHA, UMEIO-
UX MecTo Onaromaps aHTapMOHHWYECKHM TEII0-
BBIM KOJIEOaHUSM aTOMOB, YMEHBIIAET TEILIOMPO-
BOJAHOCTh U, KaK CIIE/ICTBHE, YIYYIIacT TEPMOIJICK-
TPUYECKUE CBOMCTBA.
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BBIBO/IbI

B paboTe paccMOTpeHbI MarHUTHBIEC U TEILIO-
BbIC CBOICTBa cHHTeTHYecKoro Mrpuuta, CusAsSes.
Y CTaHOBICHO, YTO TEIUIOEMKOCTH XOPOIIO ONHUCHIBA-
etcsa pynkumeit ebas ¢ Tpemsi ocumiuIsiTOpaMu DiH-
mTeidHa ¢ XapaKTepUCTUYECKUMH TeMIIepaTypamu
290, 185 u 44 K coOTBeTCTBEHHO. XapaKTEPUCTHUIC-
CKH€ TeMIIepaTypbl OCIILIATOPOB DHHIITEIIHA COOT-
BETCTBYIOT TeMIepaTypaM H3MEHEHUs MarHHTHOTO
cocTosiHUs cuHTeTHYeckoro Mrpuunta. Comocrasie-
HUE KPUTHUYECKUX TEMIIepaTyp, OIpPENeNCHHbIX W3
o(T) u C(T), nokasbiBaer, uro npu 185 u 290 K mpo-
UCXOMSAT MarHuUTHbIE (a3oBble MEPEXObl, KOTOPHIE,
[O-BUAUMOMY, CBS3aHBI C «3aMOPO3KOH» CIHHOB
51eKTpoHoB Ha nonax Cu* u Cu?'.

Asmopwi  svipadicaiom  6Onazodaprnocms  ba-
oywxuny A.H. 3a npedocmaenenusiii oopasey. Pe3ynb-
Mamsl 4ACMUYHO NOTYYEHbI 8 PAMKAX GbINOJHEHUs

eocyodapcmeenno2o 3a0anusi Munoopuayxu Poccuu Ne
3.6121.2017/8.9.
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Teepoas cmazka moxncem dvtms IPpPexkmuena npu IKCMPEMANLHBIX YCA0GUAX IKCHIIYama-
YUU, K020a HCUOKUe 1ub0 nacmooodpasnbvle CMA3KU He 8bLOEPHCUBAIOM HCECHIKUX YC108UIL HAZPY-
scenus. Hcnonv3osanue meepoocmazounvix HANOJIHUMeNell NO360J1A€M NOBbICUNb UZHOCOCHO-
KOCMb KOMHRO3UMOG C HE3HAUUMENbHbBIM U3MEHEHUeM Mexanuueckux ceoicme. /na cpasnu-
mMenbHOoUl OYeHKU 8K1A0A HAHOBOSIOKOH/HAHOMPYDOK y2nepooa 6 KOMRO3UMax Ha OCHOGe 08YX Pa3-
JUYHBIX NO npupode (CMmpyKmype) MepMOnAACHUYHBIX MAmMpPuy (C6epxXebiCOKOMONEKYNAPHLLIL
noauImMuen U nOaUIPGuUPIPGuUpPKemon) uccied06ansl MeXaHUYecKue u mpudomexnuyecKue xa-
pakmepucmuxu cmeceii Ha ochoee CBMIII u IID3K ¢ ycnoeusax cyxo2o mpeHus cKOIbIHCeHUs.
Ilokazano, umo mexanuyeckue xXapaKmepucmuKy KOMRO3UMOE PA3IUYHBIM 00PA30M U3MEHs-
1omca npu HANOJHEHUU PA3HOPOOHBIX NO CHMPYKMype MaAmpuy HAHO60J0OKHAMU U HAHOMPYD-
Kamu; U3HOCOCHOUKOCHb dice noaumephvix komnosuyuii CBMIII+1 eec. % YHB u komno3uyuii
II33K+1 éec. % YHB eo3pacmaem 6 2 pasza 6 ycnosusax cyxo2o mpenus ckoavicenus. bonee évi-
COKOe cooepiicanue HAHOHANOIHUMENA 3ampPyOHAem e20 PA6HOMEPHOe pacnpedeneHue é mam-
puue (aznomepayuu) u npueoOun, KaK ciedcmeue, K nOGbLUEHUI0 U3HOCA 6 CPABHEHUU C UCX00-
Houi mampuyeii. Hccneoo8anua HAOMONEKYAAPHOI CIPYKMYPbL NOAUMEPOE U HAHOKOMNOZUUUIL
Ha UX 0CHOBe NOKA3AU PA3nuiue 6 HAOMOACKYIAAPHOI CIPYKHYPE C8EPXBbICOKOMOJIEKYIAPHOIL
mampuyvt CBMIII u apomamuueckozo noaykpucmannuueckozo IN33K. Ilokazano, umo Haomo-
JIeKYAAPHAA CMPYKIMYypa uzpaem mopocmenenuylo poisv 6 (opmuposanuu U3HOCOCMOUKOCmU
HAHOKOMNO3UMO08, YMO KOCEEHHO YKA3bléden HA MEePOO0CMA30UHYI0 POJIb HAHOHANOIHUM eI,
Hanoeonokna u nanompyoku 6 pagHoli cmenenu nO8vlAON CONPOMUGIEHUE UHAUUBAHUIO
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KoMno3umos Ha paznuynsvix mampuyax. Ilposeden cpasnumenvHulii anHanu3z poau HAHOG0J0-
KOH/HAHOMPYOOK yenepooa 6 usMeHeHUU MeXaAHUYeCKUX U mpuodomexHuiecKux ceoicme nou-
MepHbIX Komno3uuuii ha ocnoee CBMIID u I193K.

KuioueBble c10Ba: CBEpXBHICOKOMOIIEKYIIIPHBIN TOJIMITHIICH, TOMHA(GUPI(PUPKETOH, HATIOTHATEND,
yTIIepOIHbIE HAHOBOJIOKHA M HAHOTPYOKH, M3HOCOCTOWKOCTD, HAJIMOJIEKYJISIpHASI CTPYKTYpa

INFLUENCE OF NANOFIBERS/NANOTUBES ON PHYSICAL-MECHANICAL
AND TRIBOTECHNICAL PROPERTIES OF POLYMER COMPOSITES BASED
ON THERMOPLASTIC UHMWPE AND PEEK MATRIXES
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Solid lubricants can be effective under extreme operating conditions when liquid or pasty
greases fail to withstand severe loading conditions. The use of solid lubricant fillers makes it pos-
sible to increase wear resistance of composites with a slight change (decrease) in mechanical prop-
erties. To evaluate the contribution of carbon nanofibers/nanotubes in composites based on two
different by nature (structure) thermoplastic matrixes (ultrahigh molecular weight polyethylene
and polyetheretherketone) mechanical and tribotechnical characteristics of mixtures based on
them under dry sliding friction were investigated. It is shown that mechanical characteristics of
the composites vary in different ways when the nanofibers and nanotubes are loaded into the
different matrixes. The wear resistance of the polymer composites “UHMWPE + 1 wt. % CNF”
and “PEEK + 1 wt. % CNF” increases by a factor of two under dry sliding friction. A higher content
of the nanofiller hinders its uniform distribution in the matrix (due to agglomeration) and, as a
consequence, leads to an increase in wear intensity as compared with the neat matrix. Investiga-
tions of the supramolecular structure of the polymers and nanocomposites on their basis have
shown a difference in the supramolecular structure of the ultra-high-molecular matrix of
UHMWPE and aromatic semicrystalline PEEK. It was revealed that supramolecular structure
plays a secondary role in providing wear resistance of the nanocomposites which indirectly indi-
cates the solid lubricating role of the nanofillers. Nanofibers and nanotubes in an equal way in-
crease wear resistance of the composites based on various matrixes. A comparative analysis of the
role of carbon nanofibers/nanotubes in the change in mechanical and tribotechnical properties of
the polymer composites of UHMWPE and PEEK was carried out.

Key words: ultra-high molecular weight polyethylene (UHMWPE), polyetheretherketone (PEEK),
filler, carbon nonafibers, carbon nanotubes, wear resistance, supramolecular structure
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BBEJAEHUE

CBepXBBICOKOMOJICKYJISIPHBIA  TOJTUATHIICH
(CBMIID) obnamaeT mpueMIeMBIMU XapaKTEPHCTH-
KaM{ TPOYHOCTH, a TaK)Ke HU3KUM KOA(PPUIIEHTOM
TPEHUs, BBICOKOM M3HOCO- U XHMHUYECKOH CTOMKO-
CThIO, BBICOKOH yIapHOW BS3KOCTBIO, YTO OOECICUH-
BaeT BO3MOXKHOCTH €T0 MUPOKOTO MPUMEHEHHS B Pa3-
JUYHBIX O0JIACTAX TEXHUKH B HKCTPEMAaIBHBIX YCIIO-
BUSIX DKCIUTyaTallid U MenuluHe. KoMIo3uInoHHbIE
Marepuanbl Ha ocHoBe CBMIID no3BoisAwT cymie-
CTBEHHO MTOBBICUTh U3HOCOCTOMKOCTD U3AEIUH B y3I1aX
Tpenus [1-3].

BBICOKOTEXHOJIOTMYHBIA  KOHCTPYKLIIMOHHBIN
mwractuk monmydupapupkeron (II195K) ormmdaaercs
UCKJTIOYUTENBHBIM U COAIAHCUPOBAHHBIM COYETaHHEM
MEXaHMUYECKHX, (PU3NIECKUX U XUMHUUYECKUX CBOICTB,
YTO OTpEAEIseT ero HapacTAMIIYI0 MOMYyISIPHOCTh B
aBHUAITMOHHO-KOCMHYECKON TEXHUKE M HMIUIAHTANIO-
ruu [4]. OgHako, SBIAACH BEICOKOIPOYHBIM U TEPMO-
CTOWKHMM B IIUPOKOM HMHTepBaje Temmepatyp (-65 °C
1o +260 °C), 199K obmamaeT HU3KOH H3HOCOCTOMKO-
cThi0. B mocienHee Bpems pa3pabaThIBAIOTCS KOMITO-
3UTHI Ha OCHOBe Nomdupadupkerona. Tur u pazmep
HATIOJTHUTENIEH OnpenesstoTcs 00JacThi0 IPUMEHEHUS
¥ CpeIoi UCTIONIb30BaHMS KOMITO3HINH [5-7].

Jig «MeTa-oIuMepHBIX» TpUOOCOpsKe-
HUH YTJIepoJHBIE HAHOBOJIOKHA M HAHOTPYOKH, MO-
MHUMO KJIFOUeBOW (YHKIIMH TIOBBIIICHUS MEXaHUYe-
CKUX CBOWCTB MOJMMEPHOTO KOMITO3UTAa, MOTYT TaKKe
BBICTYIIaTh B KauyecTBE TBEPAOW CMa3KW NPH HEI0-
cTaTKe JIM0O B OTCYTCTBUE CMa304yHOM cpenkbl [§]. OT-
METHM, YTO TBEpAasi CMa3ka MOXKET ObITh A3 (heKTHBHA
Ipy OYEHb HU3KHMX TeMIlepaTypax (Hampumep, Kpuo-
TeHHBIE TEMIIEPaTYypPbl), KOTAa KHUIKKE JTHO0 MacTooo-
pasHble CMa3Kd HE BBIICPKUBAIOT SKCTPEMAaTIbHBIX
YCIIOBHM 3KCILTyaTaluu.

C uenplo NpUMEHEHHS HAHOHAIIOJHHUTENS B
ponu ynpouHsitomiei (apmupytomieid) «dass» 1 TBEp-
JIOW CMa3KH MCCIIE0BAaHbl MEXaHHUECKHE U TPUOOTEX-
HUYECKHE XapaKTePUCTUKH KOMIIO3UTOB Ha OCHOBE
II93K u CBMIID ¢ yriaepoaasiMu HAaHOTPYOKaMu U
HaHOBOJIOKHAMH B YCIIOBHAX CYXOT'O TPEHHUS CKOJIbXKE-
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HUs. Bei6op pasznuuHbIx 1o npupoae (CTpYKType) Imo-
JMMEPOB 00YyCIIOBJIEH, C OXHOW CTOPOHBI, OIpenese-
HUEM POJIM HAaHOHATIOJMHHUTENeH (HaHOTPYOOK/HaHOBO-
JIOKOH) Ha (JOPMHUPOBAHHUE HAJMOJIEKYISIPHOW CTPYK-
TYPBI U, KaK CIEJCTBUE, MEXaHUIECKUX U TPUOOTEXHU-
YECKHX CBOWCTB HaHOKOMITO3uTOB. C Jpyrod cro-
POHBI, pacUIMPEHUEM HOMEHKIIATYPBI BBICOKOIIPOY-
HBIX H aHTI/I(pr/IKHI/IOHHLIX KOMIIO3UTOB JId IOHUPO-
KOTO CTIEKTpa YCJIOBUH JKCIUTyaTaIlH U3JeNul (TeM-
nepaTtypa, Harpys3Kka, CKOpOCThb, arpecCUBHasl cpela U
T.1.). [lpoBeieH cpaBHUTENHHBIN aHATHA3 YPPEKTUBHO-
CTH YTJIEPOTHBIX HAHOTPYOOK M HAHOBOJIOKOH B pOp-
MHPOBAHUU MCXAaHUYCCKUX N TpI/I6OTCXHI/I‘-ICCKI/IX Xa-
PaKTEepUCTUK IMOJUMEPHBIX KOMIIO3UTOB HA OCHOBE
ABYX PA3JIMYHBIX TCPMOILIACTUUCCKUX MATPUILI.

METO/IUKM UCCJIEJJOBAHUIA

B pabore ucnons3oBanu nopomoxk CBMIID
¢upmer Ticona (GUR-2122) monexynsapHOH maccoi
4,0 MiH 1 pa3MepoM dYacTuil 5-15 MKM, MOPOIIOK
33K ¢upmer Victrex (PEEK 450G), yriepoansie
HaHoBosokHa «TayHut» (& 60 HM) M yrieponHbie
HanotpyOku Tuball (& 2 am). KomMnosutsr Ha ocHOBe
CBMIID nony4anu ropsiauM NpecCOBAHWEM IIPH JaB-
nennu 10 Mlla u tremmepatype 200 °C co CKOpOCThIO
nocneaytomiero oxnaxaeHust 5 °C/mMuH. KoMrmo3uTst
Ha ocHoBe [I93K cnekanu npu T = 380 °C u3 xonox-
HOIIPECCOBAHHBIX 3arOTOBOK C TOCJIEAYIOIMM OXJIa-
XKIACHHUEM TI0]] IaBJICHUEM.

[lepememmBaHie MOPOIIKOB IOJMMEPHBIX
cesiyrommx CBMIID, IT93K u mHanoaHUTENEH IPOBO-
JIAJTY B IJTaHETapHOH mapoBoit menbauie MP/0,5%4 ¢
MIpeBapUTEIHHBIM TUCTIEPTUPOBAHNEM B3BECH KOMITO-
HEHTOB B 3THJIOBOM CIIHPTE B YJIBTPa3BYKOBOI BaHHE.

MexaHn4eckre XapakTepUCTUKH ONPEAEISIN
IIpH pa3pbIBHBIX UCHBITAHUAX Ha 3JIEKTpOMEXaHHYe-
CKOM HcnblTaTeNbHOU MamuHe Instron 5582 npu pac-
TSOKEHUM 00pa3iioB B QopMe TBOWHOW JIOTIATKH MPH
KOJH4YecTBe 00pa3noB ogHoro tuna He menee 5 (I'OCT
11262-80).

N3HOCOCTOMKOCTH 00PA3IIOB B peKUME CYyXOT0
TPEHHS ONPEACTAIN O CXEME «Bal-KOJOJAKa» IpHU
Harpyskax Ha oOpaszer 60 H u ckopocTH cKOIbKeHHs
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0,3 M/c Ha marmmmue Tperuss CMT-1 B COOTBETCTBHH C
ASTM G99/DIN 50324. Pazmep 00pa3iioB paBHSUICS
15,8%6,4x10,0 mMm®. JluamMeTp KOHTpPTENA, BBINOJIHEH-
Horo m3 craim LIIX15, cocramsur 35 MM; miepoxoBa-
TocTh KoHTpTena 0,25 MkM. Benmmunay m3HOCA ompene-
JSUIA TIO0 TITyOMHE JOPOXKKM TPEHHWsI C TIOMOIIBIO KOH-
takTHOTO podumomerpa Alpha-Step 1Q (KLA-Tencor).

CreneHp KPHUCTAJUIMYHOCTH OLIGHMBAIM Ha
coBMmernieHHoM a"anuzaTope SDT Q600. MK cniekTpbl
noryganu Ha ciektpomerpe NIKOLET 5700. Ctpyk-
TYpHBIE HCCIIEIOBaHHUsI TPOBOAWIM Ha PacTPOBOM
anekTpoHHoM Mukpockone LEO EVO 50 npu yckops-
roueM HanpsbkeHu 20 kB mo moBepxHOCTAM cKofa,
MTOJTY9€HHBIM MEXaHUYECKUM pa3pylIeHneM 00pasioB
C HaJpe30M, MPEABAPUTEIBHO BBIICPKAHHBIX B JKUJ-
KOM a30Te.

PE3VJIbTATBI 1 X OBCYXJIEHNE

B Tabnuie mpeacTaBieHbl MEXaHHIECKUE Xa-
pPaKTepUCTUKH KOMIIO3UTOB Ha ocHoBe I[IDDK wu
CBMIID, nanonneHHsix 1 Bec.% yriaepoaHbIX HaHO-
TpyOOK ¥ HAHOBOJIOKOH.

Taonuuya 1
MexaHn4ecKHe CBOMCTBA KOMIIO3UTOB HA OCHOBE
23K u CBMIID ¢ yriiepoagHbIMU HAHOTPYOKaMH
(YHT) u nanoBoJsioknamu (Y HB)
Table 1. Mechanical properties of UHMWPE and
PEEK based composites loaded with carbon nanofibers
(CNF) and carbon nanotubes (CNT)

Mopayns | Ilpenen Y- | Kpu-
Conepxanue | Tsep- HEHHeE | cTai-
yIpYro- | IPOYHO-
HATOJIHUTES, [AOCTb MO 110 pa3-| J1n4-
Bec.% [Mopy D cru E, | e oB, PYLL. &, HOCTb
’ MPa MIla S

% % %o
199K 78,3 2690 109 23 | 38,7
1B 80,2 - - - 33,2
1T 79,5 2447 96,2 56 | 393
CBMIID 57,7 405 36 482 | 56,6
1B 57,9 410 30 368 | 42,2

1T 59,2 532 37,8 417 -

W3 Tabnuuel ciemyer, 4TO MeXaHUYECKHE
cBoiictea CBMIID u II99K (TBepmocts, MOmylb
YIPYTOCTH, MIpee IPOUYHOCTH) He3HAUNTEIHLHO U3Me-
HSIOTCS IIPY HAIOJIHEHUM HAHOBOJIOKHAMU U HaHO-
TpyOKaMu pa3nuyHblX 1o npupoae marpuu. [lpn
HanonHeHnu [ 190K Moayns ynpyroctu, npeaesn npod-
HOCTH, YAJIMHEHUE JI0 pa3pylleHHsl yMeHbIlatTcs. B
TO Xe BpeMs npu HanojHeHurn CBMIID HaHOTpyO-
KaMH MOZYJb YIIPYTOCTH ¥ IPEJEN POYHOCTH BO3pac-
TalOT, XOTA U HECYIIeCTBEHHO. IIpu 3TOM KpHcTamy-
HOCTh KOMIIO3UIIMHA HECKOJBKO YMEHBIIAETCsl IpU
HATOJIHEHUH 00eWX MaTpHLl HAHOBOJIOKHAMH M HaHO-
TpyOKamu.

48

PaznuuyHoe  BAMSHUS —~ HAHOHAMOJHUTEJEH
(HaHOBOJIOKOH/HAHOTPYOOK) Ha MEXaHHUYECKUE CBOM-
CTBa, HanOOJIee BEPOSTHO, CBA3AHO C XapakTepoMm ¢op-
MUpYIOLIEicS B Tpolecce KpUCTAUIM3AUK HAMOJ-
HEHHBIX TONMMEPOB HAAMOJIEKYISPHOW CTPYKTYpHI
(TMII CTPYKTYpHI, KPUCTAJUIMYHOCTb, PAa3MEPbl KpH-
CTAJUTUTOB, OHOPOAHOCTD).

HccnenoBanust HAAMOIEKYISIPHON CTPYKTYPBI
[IOJIMMEPOB M HAHOKOMIIO3UIIMM HA UX OCHOBE IIOKa-
3aJIM pa3Inyyie B HAIMOJIEKYISIPHOI CTPYKTYpE CBEPX-
BBICOKOMOJIEKyIapHON MaTpuusl CBMIID n apomaru-
yeckoro noiaykpucrammueckoro [I139K. B CBMIID u
HAaHOKOMIIO3UTE Ha €r0 OCHOBE C YIJIEPOAHBIMU HaHO-
BOJIOKHAMU/HAHOTPYOKamu (opMupyeTcst cheponuT-
Hasi HaJMOJIEKYJISIpHasi CTPYKTYpa C KPHUCTaJUIMYHO-
ctoio 48,6% (puc. 1 a-B).

Puc. 1. HagmonexynsapHast CTpyKTypa H MEKpOQOTOrpaduu 1mo-
BepxHocreit uzzoca CBMIID (a, r), CBMIID + 1 Bec. % YHB (6, 1),
CBMIID + 1 Bec. % YHT (8, ¢)

Fig. 1. Supramolecular structure and optical micrographs of fric-
tion surface of UHMWPE based composites (a, r), UHMWPE +
+ 1 wt. % CNF (6, x), UHMWPE + 1 wt. % CNT (8, ¢)

Pasmepsl cdeponuToB yMEHBIIAIOTCS NpU
HanoiraeHn CBMIID HaHOBOJIOKHAMH W HAaHOTPYO-
KaMU B COCTaBIIIIOT COOTBETCTBEHHO 150, 120 1 80 MKM.
B obpasuax 199K dopmupyercs ¢parmenrapnas
HaJIMOJIEKYJISIpHAsi CTPYKTypa € KPUCTAIIMYHOCTHIO
38,5%, pa3mepsl pparMeHTOB KOTOPOH MEHSIOTCS TIPH

U3B. By30B. Xumus 1 xuM. TexHoxorus. 2017. T. 60. Bem. 9
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HATIOJTHEHUH MaTpUIBl HAHOBOJIOKHAMH W HaHOTPYO-
KaM{ U COCTaBISIIOT cOOTBETCTBEHHO (100%27 MKM),
(80x17 mxm) u (78%21 mMxm) (puc. 2 a-B).

U3 puc. 2 BuaHO, 4TO TIpH BBEJICHUN HAHOTPY-
OOK CTPYKTYpa KOMIIO3UTa CTAHOBUTCSI HEOJHOPOIHON
u OoJiee pIXJIONW. ITO B MEHBIIICH CTEIIeHU HaOo/1a-
ercs npu BeeacHur YHB, x0T U TaM CTpyKTypa OT-
JIMYaeTcss OT HMCXOAHOM: CTPYKTYpHBIE (parMeHTHI
CTAHOBSTCS O0Jiee MEIKUMH U Pa3leJIeHbl IIyCTOTaMHU.

Puc. 2. HanmonekynsipHast cTpykTypa 1 MUKpodoTorpaduu mo-
BepxHocreit uznoca [193K (a, r), [T9IK + 1 Bec. % YHB (6, 1),
TI93K + 1 Bec. % YHT (8, €)

Fig. 2. Supramolecular structure and optical micrographs of fric-
tion surface of PEEK based composites (a, ), PEEK + 1 wt. %
CNF (6, 1), PEEK + 1 wt. % CNT (8, ¢)

PesynbpraTel uccae0BaHUN MOJIEKYJISIPHON
CTPYKTYpbI HAHOKOMITO3UTOB Ha ocHOBe MaTpur] CBMITO
u [I93K meronom UK-cnexkTpockonuu npeacTaBaeHsl
Ha puc. 3 U 4, U3 KOTOPBIX CIEAYET, YTO HAOJIF01aeTCs
HeOoJIbIIoe yBETHMUEHHE HHTEHCUBHOCTH uKoB C=0
(1850-1700 cmt), C-O (1200 u 802 cm™) B CBMIID, a
taxoke C=C (1276 u 1659 cm™), C=0 (864 n 1604 cm™?),
C-0-C (1096 cvt) B TIDDK. DTO CBUAETENBLCTBYET O
MTOSIBJICHUY B HAHOKOMITO3UTAX JIOTIOJTHUTEIBHBIX XU-
MMUYECKUX CBSI3EH.

TakuM 00pa3om, BBeJIEHHE HAHOBOJIOKOH/HA-
HOTPYOOK B pa3iMyHbIE M0 CTPYKTYpPE TEPMOILIACTHY-
HbIE MaTpHIBl B 00beMe 10 1 Bec.% B KauecTBE apMHu-
PYIOIIMX BKIIOYEHUH HEe 00eCIeUrnBaIOT CyIICCTBEH-
HBIX U3MEHEHHH MEXaHWYECKHX XapaKTePUCTHK KOM-
TO3ULNH.

1,1- C-H C-H C-H
101 2917l l2847 cH, 719
0,9 1
0,8 1
0,7 1
0,6 -
0,51
0,4
034...

02177
0,11
0,01

0,1 . ; ; ;
4000 3500 3000 2500 2000
cmt
Puc. 3. UK cnekrpet CBMIID (1) 1 HAaHOKOMIIO3UTOB Ha €T0 OC-
HoBe ¢ conepkanreM YHB 0,01(2), 0,065 (3), 0,1(4), 0,5(5) u 1
(6) Bec. %
Fig. 3. IR-spectra of UHMWPE (1) and its nanocomposites with
CNF loading of 0.01(2), 0.065 (3), 0.1(4), 0.5(5) and 1 (6) wt. %

1500 1000 500

c=0
1604
0,10- | |

C=0
864-849
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0,06 -
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,02 T T T T T T T
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cm?t
Puc. 4. UK cnekrpsl HaHOKOMITO3uTOB Ha ocHoBe [190K (1),
193K + 1 Bec. % YHT (2), [I93K + 1 Bec. % YHB (3)
Fig. 4. IR-spectra of PEEK (1) and its nanocomposites “PEEK + 1
wt. % CNT” (2), “PEEK + 1 wt. % CNF” (3)

B pabote mpoBeneHbl TPHOOTEXHUYECKHE HC-
NBITAHUST HAHOKOMIIO3UTOB Ha ocHoBe [IDOK wu
CBMIID. Puc. 5 mnmocTpupyeT TaHHBIE TPUOOUCITHI-
TaHUN KOMIO3UTOB Ha ocHOBe [I90K ¢ yriepogasiMu
HaHOTPYOKaMW ¥ HAHOBOJOKHAMHU C COJEPIKaHHUEM
1 Bec.%. U3 puc. 5 cnemyer, 4T0, BO-TIEPBBIX, BBEICHUE
HAHOHAIOJIHUTENS B YKA3aHHBIX KOJMYECTBAX ITO3BO-
JISeT CHU3UTHh 00beMHbIN u3Hoc [IDJK mpumepno B
2 pa3a. Bo-BTOpbIX, HAHOBOJIOKHA 1 HAHOTPYOKH B paB-
HOM Mepe BHOCST BKJIaJl B U3HOCOCTOMKOCTh KOMIIO3HU-
TOB Ha ocHOBe MaTpulbl [I139K. D10 moaTrBepxkaatoT
1 MukpodoTtorpadhuu MOBEPXHOCTEH WU3HAIIMBAHUS
HaHokoMmo3utoB «II93K+1 Bec. %YHB» u
«I123K+1 Bec. %YHT» (puc. 2 r-e). Ilpu 3tom cre-
JyeT yKas3aTh, 4TO JABYKPAaTHOC YBEIMUYEHHE M3HOCO-
CTOWKOCTH HAHOKOMIIO3UTOB Ha ocHoe [IDDK B
YCIIOBHSX CYXOTO TPEHHS CKOJBXCHUs HAOII0MaeTCs

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 9 49
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npyu yMEpeHHOW ckopocTu ckoibxkeHus (0,3 m/c) u
Harpyske 30 H. Temmneparypa nmoBepxHocTei n3HaIIH-
BaHMS Y HUX TaKKe MPUMEPHO OJMHAKOBA U COCTaB-
nset 27 °C.

ﬂ%o,os-
= 0,04 -
=
0’ T
1 2 3

Puc. 5. O6bemupiii uznoc (Mm®) IIDDK (1) 1 KOMIO3UTOB Ha €ro
ocrose ¢ 1 Bec. % YHB (2), 1 Bec. %YHT (3) mpu Harpyske 30 H
u ckopoctu 0,3 m/c. ITyrs 1080 M
Fig. 5. Volume wear (mm?3) of PEEK (1) its composites with 1 wt.
%CNF (2), 1 wt. % CNT (3); Applied load: 30 N and sliding ve-
locity of 0.3 m/s. Friction distance is 1080 m

Ha puc. 6 npuBeneHsl pe3yabTaThl UCCIEI0BA-
i m3HamuBanust CBMIID u HaHOKOMIO3UIIMIT Ha
ero ocHoge. M3 puc. 6 cieayer, 4T0 U3HOCOCTOMKOCTh
CBMIID Bo3pacTaeT TakKe B ABa pa3a NpU HAMNOJIHE-
HUU €r0 HaHOBOJIOKHAMHW/HaHOTpyOkamu. [lpm sTom
BKJIaJl OT HAHOTPYOOK W HAaHOBOJIOKOH B M3HOCOCTOW-
KOCTh KoMno3unui Ha ocHoBe CBMIID ogunakos. B
OTJINYUE OT HAHOKOMIIO3UTOB Ha ocHOBe [I1O09K, nBy-
KpPaTHOTO yBEJINYEHUSI N3HOCOCTOMKOCTH HAHOKOMIIO-
3uThl Ha ocHoBe CBMIID nocturaiot B yCIOBHSIX Be-
JUYUHBL PUIOKEeHHON Harpy3ku 60 H u cxopoctu
ckospxenust 0,3 m/c (puc. 1 u tab. 1).

0.21 +
E 0,14
g
5 0,07 -
=
0 a T
1 2 3

Puc. 6. O6bemusrii n3noc (Mm3) CBMITD (1) n kommo3utos Ha
ero ocHoge ¢ | Bec.% YHB (2), 1 Bec.% YHT (3) npu Harpyske
60 H u ckopoctu 0,3 m/c. ITyts 3240 M
Fig. 6. Volume wear (mm?3) of UHMWPE (1)and its composites
with 1 wt. %CNF (2), 1 wt. % CNT (3); applied load: 60 N and
sliding velocity of 0.3 m/s. Friction distance is 3240 m

st wiiIrocTpauuy MIEHTUYHOCTH BKJIaia yr-
JIEpOJHBIX HAHOBOJIOKOH/HAHOTPYOOK B M3HOCOCTOM-
KOCTh KOMITO3UTOB Ha Pa3IMYHBIX MMOJIMMEPHBIX Mat-
pHLax Ha puc. 7 NpUBEACHBI JaHHBIE O CKOPOCTH (MH-
TEHCHBHOCTh) M3HOCA Ha CTAAWH YCTaHOBHBILIETOCS
W3HAIIMBaHUSA U1 HAHOKOMIIO3UTOB Ha ocHoBe [I90K
u CBMIID.

50

i o
- =)}
| |

106 mm3/H*m
5

CKopocTh H3HOCA,

0 m
1 P, 3 4 5 6
Puc. 7. CxopocTs u3noca (108 mv3/H-m) TIDIK (1), «IIDIK +
1 Bec. % YHB» (2), «II23K + 1 Bec. % YHT» (3), CBMIID (4),
«CBMIID + 1 Bec. % YHB» (5), «CBMIID + 1 Bec. % YHT» (6)
Ha CTaJM¥ yCTAaHOBUBLICTOCS U3HALIMBAHUSA IIPU CYXOM TPEHHHU
CKOJIbXKEHHUS
Fig. 7. Wear rate (10® mm®/N-m) for the composites: PEEK (1),
«PEEK + 1 wt. % CNF» (2), «PEEK + 1 wtc. % CNT» (3),
UHMWPE (4), <UHMWPE + 1 wt. % CNF» (5), KUHMWPE +
1 wt. % CNT» (6) at steady state of wear under dry sliding friction

Ilo MHEHHIO aBTOPOB, HAHOBOJIOKHA (HAHO-
TpyOKH), «OCUMIUIHPYS» B MOBEPXHOCTHOM JECTPYK-
TYPHUPOBaHHOM CJI0€ MATPHIIBI, MOT'YT 00ECTIEUHTS I10-
TJIOIIEHUE TTOABOJMMON YIIPYTOM SHEPTUH, BEICTyHAs
B Ka4yeCTBE CBOCOOPa3HOW TBEPAOCMA30YHOM CpEIbI
UL «METAJII-MIOJTMMEPHOT0» TPHUOOCOIIPSDKEHHS M,
TEM CaMbIM, CHU3WUTh WHTCHCHBHOCTHh H3HAIIMBAHUS
JeTaliell Mpu CyXOM TPEHUH CKONBKEHUs [3].

CpaBHUTENBHBIA aHAIN3 POJH YTIEPOJHBIX
HaHOTPYOOK W HAHOBOJIOKOH B O0ECIIeUYeHNH U3HOCO-
cTOMKOCTH KOMIIO3UTOB Ha ocHoBe [I193K u CBMIID
B YCIIOBHSIX CyXOT'O TPEHHSI CKOJIBLKEHHUS, B TOM YHCIIE
10 JJAHHBIM MTPOBEICHHBIX HAMU paHEe UCCIIEIOBAHUH,
[3, 8] mokazan, uro YHB/YHT sddextuBnsl npu co-
nepxannu He Oonee 1 Bec. %. bonee BricoKOE comep-
YKaHNe HAHOHATIOJNHUTENS 3aTPyIHAET €ro paBHOMED-
HOE pacrpe/ie]ieHre B MaTpuIle (arJoMepanun) u mpu-
BOJIMT, KaK CIIEZICTBHE, K IMOBBIIIEHUIO U3HOCA B CPaB-
HEHUHU C UCXOAHOW maTpuuein. J{ns uccienoBaHHBIX
HaHokommo3unmid (1 Bec. % HAHOBOJIOKOH/HAHOTPY-
00k) Ha pasmmuHblXx Marpuuax CBMIID u I120K
HaJMOJIEKYyJIsIpHAs CTPYKTypa HIrpaeT BTOPOCTETCH-
HYyIO poJib B (POPMHPOBAHUN M3HOCOCTOWKOCTH HaHO-
KOMITO3UTOB, UTO KOCBEHHO YKa3bIBa€T Ha TBEPJOCMA-
304HYIO POJIb HAHOHAITOJIHUTEEH.

BBIBO/IbI

YrnepoaHble HAHOBOJIOKHA M HAHOTPYOKH B
PaBHOM CTENEHHU BBIIOIHSIOT POJb TBEPIOCMA30YHON
cpeabl B TPUOOCONPSDKEHUH KOMIIO3UTOB Ha Pas3iiny-
HBIX TI0 TPUPOJE TEPMOIUIACTHYECKUX MaTPHIIAX
(cBEpXBBICOKOMOJIEKYJISIDHOH, ~BBICOKOIIPOYHOH) U
00€eCTeYrBalOT MOBBIILIEHHE BABOE M3HOCOCTOWKOCTH
TaKUX HAHOKOMIIO3UTOB B TPEOYEMBIX YCIOBHUSIX 3KC-
IUTyaTaluy (HU3KHE U IIOBBIIIEHHBIE TEMIIEPaTypHl,
arpeccUBHBIE CPE/Ibl, BHICOKUE U CPEAHUE HATPY3KH).
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HaHokoMMO3UTHI € yriepoAHBIMA HAHOBOJIOK-
HamMU/HaHOTpyOkamu Ha ocHoBe CBMIID obecneun-
BAIOT HAWIyYIIHEe TPHOOMEXaHWYECKHE XapaKTepu-
CTHKH IIPHU yMepeHHBIX cKopocTsx (0,3 m/c) u Harpy3-
kax 1o 60 H.

HaHOKOMITO3HTHI ¢ YTIepoAHBIMH HAHOBOJIOK-
HamMu/HaHOTpyOKamu Ha ocHoBe [I9DK moryTt OBITH
3¢ (GEKTHBHO HCIIONB30BaHBI B TPHOOY3NaX MPH yMe-
PEHHBIX CKOPOCTSX CKOJILKEHHUS M HEBBICOKHX Harpys3-
kax (me Borme 30 H).
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BJIMSIHUE BBICOKOI'O JABJIEHUS HA JIEKTPUYECKOE COITPOTUBJIEHUE
N CTPYKTYPY ABYCTEHHBIX YI'VIEPOJAHbBIX HAHOTPYBOK

J.H. CoxooBekuii, 51.1O. Bonkosa, I1.C. 3enenoBckuii, A.H. badymkun

Jmutpuit HukomaeBua Cokosnockuit™, Slna FOpreBHa Bokosa, I1aBen CepreeBud 3e1eHOBCKHHA,
Anexceit HukonaeBnu babymkia

WHCTUTYT ecTecTBEHHBIX HAyK M MAaTEMATHKH, Y PajIbCKuil PpenepanbHblii YHUBEpCUTET UM. TiepBoro [Ipesn-
nenta Poccun b.H. Enbruna, yn. Mupa, 19, EkarepunOypr, Poccuiickas @enepanus, 620000
E-mail: sokolovskydl@gmail.com*, yana_volkova@mail.ru

Ilpogedenvl uccnedosanus InNeKmMpUecKoz0 CORPOMUGIEHUA 08YCMEHHBIX Y2/1€POOHbIX
Hanompy6ok npu oaenenusax 0o 50 I'lla. Oonapyscena cnoxncnan 3a6UcCUMOCHb I1EKMPOCONRPO-
mueaenus om cCmpyKmypHoz0 cOCHOAHRUA HAHOMPYDOK, KOmopoe uzmensemcs c oagienuem. Ilpu
ucciedosanuu 00pazyoe, nodsepzuymoix oasnenuam 28 u 50 I'na, 6viau nonyuenvt cneKmpuvl Kom-
OUHAUUOHHO020 pacceanus, ceuoemenbcmeyouje 00 uImMeHeHuu cmpyKmypol Hanompyook. Pe-
synemamut KP cnekmpockonuu u 31eKmpuiecKux uamepenuii Rpu 6bICOKUX 0a6AeHUAX XOPOULO
coznacyromes opyz ¢ opyzom. bnazooapa ceoum aHomManvHo 6bICOKUM MEXAHUYECKUM XapaKne-
pucmuKkam, yenepooHsle HAaHOMPYOKU 6xX00Am 6 YUCI0 Haubdoiee NePCneKMUBHBIX MAMEPUATI0s,
nOOX00AWUX 071 NOJIYYEHUA 8bICOKONPOUHBIX KOMNno3umos. Hccnedosanue yenepoonvix HaHo-
mpyOoOK npu GbICOKUX O0AGNEHUAX NPEOCMABIAEH 3HAYUMEAbHBII UHMEPeC 86UOY DONbULOZO
YUCNIA 603MOMICHBIX NPUMEHEHUII HAHOMPYOOK U UX NPOU3BOOHBIX OJ1A NOGLIUIEHUA MEXAHUYe-
CKOIl npouHOCImu mamepuanos. B pabome uccnedosanuce céa3Ku 06yCneHHbIX y2iePOOHBIX HAHO-
mpyook ouamempom 4 £ 1 um. U3yuenue rnekmpuueckux XapaKmepucmux npoeoouiocs ¢ HOMo-
W{bI0 KAMEPbL 6bICOKO20 OAGIEHUA C ANMAZHBIMU HAKOBANbHAMU MUNA (3AKPYZICHHbII KOHYC-
naockocmuvy». Memoouka noseonnem usyuams o0pazey npu NOCIE006AMETbHOM YEETUUCHUU U
CHUJICEHUU 0ABICHUS, BbIOEPIHCUBAMDb €20 NOO HAZPY3KOIUl 6 meueHue OnumenbHo2o epemenu. Hs-
mepenusa cnexkmpoe KP npoeoounuce ¢ YIIKII “Cogpemennvie nanomexnonozuu” Yp@Y c nomo-
Wiblo cucmemsl omoopaxcarouieil KOHQOKAIbHOU MUKPOCKORUU KOMOUHAUUOHHO20 PACCEAHUS
Alpha 300 AR+. Pezynomamut snexmpuueckux usmepenuit u KP cnekxmpockonuu ceuoemein-
CIGYIom 0 mom, Ymo paspyuieHue 06yCIeHHbIX HAHOMPYHOK RPOUCXO0UmM 6 064 IMANA NPu pas-
HbIX Kpumuueckux oaenenusax. B mo sice pemsa, nabnwoaeman kapmuna modxcem 0vlms 6v136aHA
oopazosanuem 2D unu 3D cmpykmyp Ha 0CHOge y21epoOHbIX HAHOMPYOOK.

KuroueBble ci1oBa: yriaepogHble MaTepHalibl, YIIIEpOJHbIE HAHOTPYOKH, IBYCTEHHbIE HAHOTPYOKH,
BBICOKHEC NaBJICHUA, (1)8,30BI)IC TNEPEXOAbI

EFFECT OF HIGH PRESSURE ON ELECTRICAL RESISTANCE AND STRUCTURE
OF DOUBLE-WALLED CARBON NANOTUBES

D.N. Sokolovsky, Ya.Yu. Volkova, P.S. Zelenovskiy, A.N. Babushkin

Dmitry N. Sokolovsky*, Yana Yu. Volkova, Pavel S. Zelenovskiy, Alexey N. Babushkin

Institute of Natural Sciences and Mathematics, Ural Federal University, Mira st., 19, Ekaterinburg, 620000,
Russia
E-mail: sokolovskydl@gmail.com*, yana_volkova@mail.ru
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We report the results of studies of electrical resistance of double-walled carbon nanotubes
(DWCNT) at pressure up to 50 GPa and room temperature. We detect a complex dependence of the
electrical resistance of double-walled nanotubes on their structural state, which varies with pres-
sure. Raman spectra of the sample of DWCNTSs were recorded at pressures of 28 and 50 GPa be
evidence of changes in the structure of nanotubes. The results of the Raman spectroscopy and
electrical measurements at high pressures are in good agreement to each other. Due to its unique
mechanical properties, carbon nanotubes are the most promising materials suitable for the produc-
tion of high-strength nanocomposites. The study of carbon nanotubes at high pressures is of con-
siderable interest due to large number of possible applications of nanotubes to improve the me-
chanical strength of materials. We investigated the bundles of the double-walled carbon nanotubes
with diameter of 4 £ I nm. Measurements of electrical resistance at high pressures were carried
out in diamond anvil cell (DAC) with anvils of the *'rounded cone-plane’* type made from synthetic
diamonds. These anvils are electrical conductive and can be used as a contacts to the sample. Ra-
man spectra were recorded using the system of confocal Raman microscopy Alpha 300 AR. The
equipment of the Ural Center for Shared Use “Modern nanotechnology” UrFU was used.

Key words: carbon materials, carbon nanotubes, double-walled nanotubes, high pressures, phase transitions
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BBEJAEHUE IraMeTpa HaHOTpYOoK [2-5]. Muorue 2D u 3D cTpyk-
TypBl, 00pa30BaHHbBIE YTIIEPOJHBIMA HAaHOTPYOKaMH,
BO3HUKAKOIINE TPHU BBICOKOM [IABJICHHU, OCTAIOTCS
CTaOUJILHBIMHU TOCJIC CHATHS HArpy3ku [7, 9].

brnarogaps cBonM aHOMaNbHO BHICOKHM MeXa-
HUYECKHUM XapaKTepUCTHKaM, YTIEPOAHbIE HaHO-
TPYOKH BXOHIAT B YHCIIO HanOojee MepCIEeKTHBHBIX
MaTepuasoB, MOAXOIAIMIUX IS CO3AAHHUA BBICOKO-
NpOYHBbIX KOMIO3UTOB [11]. Takke U3BECTHO MHOXe-
CTBO IPUMEPOB CO3/IaHUSA PA3IUYHBIX HAHOPA3MEPHBIX
YCTPOMCTB HAa OCHOBE YIJIEPOIHBIX HAHOTPYOOK. JlaH-
HbIE CTPYKTYpbI IPUBJIEKAIOT TaKO€ BHIMAaHWE HCCIIe-
Jl0BaTesel, Mpexae BCero, BBUAY BO3MOXKHOCTH pery-
JIUPOBAThH MPOBOIUMOCTh HAHOTPYOKH ITyTEM H3MEHE-
HUS ee CTPYKTypHI [12].

JIBycTeHHBIE YIIEepOJIHBIE HAHOTPYOKH CO-
CTOAT U3 JBYX KOHIEHTPUIECKUX YTIIEPOIHBIX MOHO-
CJIOEB, KOTOPBIE MOTYT UMETh Pa3JIMYHBIE CTPYKTYp-
HBIC U 3JIEKTPUUECKHE XapaKTepUCTUKU. B nBycTeH-
HBIX HAHOTPYOKax BHENIHSS TPyOKa 3alluIIaeT BHYT-

Hagnenue siisieTcst 3pQEeKTHBHBIM CpeICTBOM
IUIS CO3/IaHMs MeTacTaOMIIbHBIX (a3 yriepoaa, CHIEHO
3aBUCSAIINX OT KPUCTAJUIMUECKONU CTPYKTYPBI U THOPH-
au3anuyd  atoMoB. Hampumep, cxkatweM rpadura
MOYKHO TMOJYYHTh KyOWYecKre W TreKcaroHabHbIE all-
Mas3bl, B TO BpeMs Kak cxkartueMm ¢ymiepernoB C60 u
C70 moxHo co3xaBath 2D u 3D monumepsl, a Takxe
JIpyrue HOBble (a3bl yriepona. MeTogaMu MoOJeKy-
JSIPHO-IMHAMUYECKOTO MOJAEIMPOBAaHUS M SKCIEpH-
MEHTAJIBHBIM IyTE€M OBUIO MOKa3aHO, YTO OJHOCTEH-
HbIC W JIBYCTCHHbIC HAaHOTPYOKHM BO BpEMS CXKATUs
NpEeTepreBaT pAl U3MEHEHHH: OT Kpyriod (hopmbl
MONIEPEYHOr0 CEYEHHUs] K OBAIBHOM, 3aTeM K (opme
“Tpeka”, u manee K “apaxucononooHoi’” Gopme (puc. 1)
[1-6]. dedopmaiusi HaHOTPYOOK MaJIbIX JTHAMETPOB
(meHee 1 HM) IPOUCXOAUT HEMPEPHIBHO, B OCTAJIBHBIX
CJTydasix HabIo1aeTCsi THCTEPE3UC 0 IABJICHHIO U (a-
30BBIC ITepeXo bl mepBoro poja [7]. [Ipu 6omee BeICO-
kux nasieHusx (0onee 30 I'Tla [8]) mpoucxoast HeoO- .
paTuMble U3MEHEeHNUs ¢ 00pa3oBaHieM HOBbIX 2D wyu ~ PCHHIOO OT XUMHHCCKHX M MCXaHMYCCKHUX BOSACH-
3D CTpYKTYp, WM CIOKHBIX a3 yrieposa [7, 9-10].  CTBUH, B TO BPEMs KaK BHYTPEHHSA TpyOKa sIBIsIeTCs
3HaueHHe JABICHUS [€PEX0/a, WIH KOJLIAICA, U3Me- MEXaHHYECKOW OIOpOii iJisl BHelTHeH. Panee ObL1O T10-

HSICTCS B 3aBUCUMOCTH OT CHMMETPHUH, XUpalbHOCTH 1 K@33HO, HUTO JIByCTCHHBIC HAHOTPYOKH Golee yCTOM-
YHBBI K MEXaHUYECKOMY BO3JICHCTBHIO, UM OJJTHOCTCH-

HBIC HJIN 3aIIOJITHCHHBIC (bynnepeHaMI/I OJHOCTCHHBIC
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yriepoansle HaHTOpyOku [13]. Takxke OByCTeHHBIC
HAHOTPYOKM 00€CIeYnBaOT YHUKAJIHHYIO BO3MOXK-
HOCTb HCCIIEOBATh B3aMMOJIEHCTBHE MEXIy KOHIICH-
TPUYECKUMHU CTCHKaMH HAaHOTPYOOK.

Takum 00pa3oM, HCCIEIOBAaHHE 3JIEKTpHUE-
CKUX CBOWCTB JIBYCTEHHBIX YIJIEPOAHBIX HaHOTPYOOK
IpU BBICOKMX JABJICHUSIX NPEICTABISIET 3HAYMTEIb-
HBI MHTEpEC BBUAY OOJBIIOTO YHCIAa BO3MOXHBIX
NpUMEHEHUI HAaHOTPYOOK M MX MPOU3BOIHBIX JUIS CO-
3aHUs yCTPOICTB HAHOZJIEKTPOHUKU U IOBBILICHUS
MEXaHUYeCKOW MPOYHOCTH MaTEPUaOB.

METOAUKA SKCIIEPUMEHTA

B pabote nccnenoBanuch CBSI3KU ABYCTEHHBIX
YTIEPOJHBIX HAHOTPYOOK C BHEIIHMM JHAMETPOM
4+1 M u mmHOM ot 1 g0 5 MxMm. HanoTtpyOku ObLn
npou3BeicHbl kKomranueit NanoLab, Inc. (CILIA) meTo-
JIOM xXummdeckoro mapodasHoro ocaxaenus (CVD).
CopepikaHue JBYCTEHHBIX HAHOTPYOOK B 00pasiie co-
craBisuto 6onee 95%.

[ns co3naHus BBICOKUX JOAaBJICHUM HCIIONB30-
Bajach kamepa Bbicokoro naminenus (KBJI) ¢ ammasz-
HbIMH HAaKOBAJIbHAMM THUNA ‘“3aKPYIJICHHBIA KOHYC-
mIockocTh” Bepemaruna - SlkopneBa. Benuuuna gas-
JIEHWsI OIIEHWBAIAch M0 KaIMOpOBOYHOW KpuBOH. J{ist
YCTAHOBJICHHUS IIKaJIbl JABJIECHUS 10 PEMEpPHBIM TOY-
KaM OBUI UCTIONB30BaH psifl Pa30BbIX TEPEXOJIOB C U3-
MEHEHHEM 3JIEKTPOCOIIPOTUBIICHUS Ha HECKOJIBKO T10-
PAIKOB, CBSI3aHHBIX C MEPEXOJOM B METAJUIMYECKOE
cocrosiHue. [lorpenrHocTh ornpeieneHns NaBjieHus He
npesbimana 10% npu nasienusx 6onee 30 ['Tla. [ua-
MeTp oOpasia cocTaBisul npudim3uTenbHo 200 MKM,
TonmurHa nopsaka 10 mxm. MeToauka no3BossieT usy-
4yaTh 00pasel Mpu MOCIeI0BaTEeIbHOM YBEIUICHUU U
CHW)KEHUU JTaBIICHUS, BBIIEPKUBATh €T0 IO Harpys-
KOH B T€UEHHE JJINTEIILHOTO BPEMEHH.

HccnenoBanus CTpyKTYphI YITIEPOIHBIX HAHO-
TpYOOK MPOBOJMIUCH C IMOMOIIBIO CUCTEMBI O0TOOpa-
JKaroe KOH(POKaIbHOW MHUKPOCKOIIUH KOMOHHAIIM-
onHoro paccestaus Alpha 300 AR. B xauectBe ucrou-
HUKa J1a3epHOT0 M3JIyYEHUs HCIIOIB30BAJICS Jiazep C
JUTMHOM BOJIHEI 488 HM M MaKCHMAaJIbHOH MOIITHOCTBIO
27 MBrt. [Insg GOKyCHpPOBKH J1a3epHOTO Jy4a Ha Mo-
BEPXHOCTh 00paslia MpUMEHsIach Typesb ¢ OOBEKTH-
BoM c yBenuueHueMm 100X M yuclIoOBOH amepTypoit
NA = 0,75. st pa3noKeHus: paccestHHOro 0opasmnom
CBETa HCIOJIb30BaNACh AU(PAKIMOHHAS PELIeTKa C
600 mTpux/mMm, 00eCIIeYMBArOIIAs CIICKTPAJILHOE pa3-
pemenue 3 cml. U3MepeHus ceKTpoB KOMOMHAIIMOH-
HOTO pacCesHUsl MPOBOAMINCH B YPAIbCKOM IIEHTpPE
KOJUIGKTUBHOTO TIOJIh30BaHUsA ‘“COBpeMEHHBIC HAHO-
TexHonorun” YpodV.
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PE3VIJIBTATBI U UX OBCYXIEHUE

W3mepeHust 31eKTpOCONpPOTUBIICHUS IBYCTECH-
HBIX HaHOTPYOOK TPH BBICOKHX JABJICHHUAX B aMas-
HBIX HaKOBAJIBHsX (puc. 1) moKazayim, 9TO COMPOTHB-
JIeHue 00pa3iia yObIBaeT C YBEJIUYCHUEM JaBJICHUS.
[Ipencrasiennas Ha puc. 1 6Gapuueckasl 3aBUCIMOCTb
AIEKTPOCOTIPOTHBIIEHHUS OTPAXKAET PSIT MI3SMEHEHUH I10-
MEPEYHOT0 CEUCHUsI HAHOTPYOOK MO JaBICHHEM, YTO
TaKKe CXeMaTHYeCKH N300pakeHo Ha pucyHke. Corpo-
THUBJICHHUE PE3KO ManaeT MpH nasicHnn okoio 2 ['Tla, u
3aTeM yOBIBaeT NpH JAITbHEHIIEM YBEITMYEHIH JTaBie-
nust. Ha unrepsane ot 21 no 28 I'Tla nabnronarorcs ase
obmactu nasnenuii; 21-24 I'lla u 24-28 I'Tla, B KOTOPBIX
HaKJIOH KpUBO# R(p), 3HAUNTETHHO N3MEHSETCSI.

[Nanenue >nexrpoconpoTusieHus okoso 2 I'Tla
CBSI3aHO C MIEPEXOJIOM MOTIEPEYHOTO CEYCHHUSI HAHOTPY-
00K OT KpyTJI0# ()OPMBI K DIUTUIITUIECKOMN, UITH MOYKET
OBITH BBI3BAHO JOCTM)KEHHEM KOJIIarica HaHOTPYOOK,
Kak ObLIO TpeJCcKa3aHo B crathe [5]. HeGoubmmoe us-
MEeHeHHe HakJioHa KpuBod R(p) B mHTEpBaine oT 2 1o
21 I'lla MOXeT OBITH CBS3aHO C JANBHEUIINIMH U3Me-
HEHHUSAMHU (OPMBI TOTIEPEYHOTO CEYCHUSI HAHOTPYOOK
[1-6]. Habmromaembie OCOOEHHOCTH 3JEKTPOCOMPO-
tuBienus npu 21 u 24 I'lla Taxxe MOTyT OBITH BHI-
3BaHbI KOJUIAIICOM HAaHOTPYOOK, OJTHaKO, 4TO OoJice Be-
POSITHO, JaHHBIE OCOOCHHOCTH CBSI3aHBI C pa3pylle-
HUEM YTJIEPOJIHBIX HAHOTPYOOK. PaHee ObLIO BBICKA-
3aHO MIPEIIOJIOKEHHE O IBYXCTYIIEHIaTOM MEXaHU3ME
paspyuieHust JABYCTCHHBIX HAHOTPYOOK OOJIBIIOrO
IUaMeTpa, T.e. B TeX CIydasx, KOrJa IuaMeTp BHEI-
HUX HaHOTPYOOK 3HAYMTENBHO IMPEBBIMIACT TUAMETP
BHYTpPEHHHX [5].

7.0
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6,4 -

In(R), Ohm

6,2 -

6,0

5,8

L L L L
0 5 10 15 20 25 30
Pressure, GPa
Puc. 1. bapuueckast 3aBUCMOCTb 3J€KTPOCOIPOTUBICHHS
JIBYCTEHHBIX HAHOTPYOOK npu AaBienusix 1o 28 I'Tla
Fig. 1. The pressure dependence of the electrical resistance
of double-walled nanotubes at pressures up to 28 GPa
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B ob6nactu gaBnennii ot 20 no 50 I'lla (puc. 2),
ObUIa MOJTy4EHAa aHAIOTUYHAs 3aBUCHMOCTh 3JIEKTPO-
conporusneHus. Ilociae cHATHA Harpy3Ku 3HauYCHHE
3JIEKTPOCOIIPOTUBIICHUSI HE BO3BPAIIACTCS K HUCXOX-
HOMY 3HAYCHMIO; TAK)Ke HAOIIONaeTCs 3HAYUTEIbHBIN
rucrepesuc no aasieHuto. [lonoGHbIN XapakTep 3aBU-
CUMOCTH MOXET OBITh CBSI3aH Kak C pa3pylICHHEM
HAaHOTPYOOK, TaKk M C BOSHUKHOBEHHEM METacTaOUIb-
HBIX COCTOSIHMH, UJI ¢ 00pa3oBaHueM HOBBIX 2D nnn
3D crpykryp [7, 9-10].

575 T e
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S A A
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= 4,75 o
A A%
- A \AAAA/_\
A
4,50 4 AAA‘AAAAAAAA
4,25 41—
20 25 30 35 40 45 50

Pressure, GPa
Puc. 2. bapuueckas 3aBUCUMOCTb 3/1€KTPOCOIPOTUBIICHUS
JIBYCTEHHBIX HAHOTPYOOK B oOactn nasienuii 20-50 I'Tla
Fig. 2. The pressure dependence of the electrical resistance of
double-walled nanotubes in the pressures range of 20-50 GPa

B xone uccienoBaHmii CrieKTpOB KOMOMHAITH-
onHoro paccestaus (KP) ncxomnpix o6pasmnos u 06pas-
1IOB, MTOJIBEPTHYTHIX 00pabOTKE JIaBJICHUEM, ObLITU BbI-
SIBJICHbI HEOOpaTHMble M3MEHEHHsI CTPYKTYphl HaHO-
TpyOok. Criexktpbl KP 1ByCTEHHBIX yIriiepoIHbIX HAHO-
TpyOOK conmepxar Tpu Tpynnbl JuHHUA: RBM,
D-band, u G-band (puc. 3).

Ha crniektpe ncxomsoro o0pasiia, He o/IBEprHy-
Toro o0pabotke BeicoknM naBieHueM (0 ['Tla), B 06ma-
CTH HM3KMX YacTOT HaOJIONAIOTCS [[Ba MHKA, COOTBET-
CTBYIOILIME pajiuaibHbIM KosieOanusM (RBM) BHemHux
Y BHYTPEHHHX TPYOOK (cM. BCTaBKy Ha puc. 3). [IpaBbrit
ik (125 cm™), Gostee MHTEHCUBHBIH, COOTBETCTBYET pa-
JTMaIbHBIM KOJIe0aHUsIM BHYTPEHHEH HAHOTPYOKH, a Jie-
BBI MUK KosteOanusM BHemHew (217 cm™) [14].

Ha cnektpe o0pasia, moiBeprayToro aapie-
Huto 28 ['ma, OTCYTCTBYET UK, XapaKTEPU3YIOIUI KO-
ne6anus BHEIIHUX HAHOTPYOOK (~ 125 cm™), uro Mo-
JKET FOBOPUTH O pa3pylEHUH WIN Pa3pbIBE BHELIHETO
ciost BIOJb ocH TpyOku [15]. B cnyyae oOpasua, moa-
Beprayroro gasieanto S0 ['Tla, B ob6macTi HU3KUX Ya-
CTOT HUKaKUX 0COOEHHOCTEH BBISIBICHO HE OBLIO.
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Puc. 3. CiekTpsl KOMOMHAIIMOHHOTO PACCESHUS IBYCTEHHBIX yT-
JIEPOIHBIX HAHOTPYOOK MpH pa3aHyHbIX naBieHmsx 10 50 [Tla
Fig. 3. Raman spectra of double-walled nanotubes at different
pressures up to 50 GPa

WntencuBHOCTh D-nuHuM XapakTepusyeT ne-
(EeKTHOCTBD, T.€. CTETICHb HAPYIICHUS CHMMETPUH Ue-
aJILHOTO TPa)eHOBOTO CIIOS C SP2-TMOPUAN3AIIUENH aTo-
MOB yrinepopa. OTHouleHue HWHTEHCUBHOCTeH D n
G-nunnit (Ip/lg) xapakTepu3yeT COOTHOLICHHE MEKITY
YHCIIOM pa3yIops/IOUYEHHBIX U YIMOPSA0YECHHBIX aTo-
MOB yIJIepoJila B CTPYKType HaHOTpyOku [16], T.e.
ME3KITy KOJHYECTBOM SP°- 1 SP?-THOPHIN30BAHHEIX aTO-
MOB yIJIepofia, COOTBETCTBEHHO. B Hamiem ciydae,
HaOMI0JaeTCsl 3HAUMTENBHOE YBEIWYEHHE COOTHOLIE-
uust uHTeHcuBHOCcTedl D u G-mukos (lp/lg): ¢ 0,27
(y ucxomnoro oo6pasua) mo 0,5 (mpu 28 I'Tla) u 1,09
(mpu 50 I'Tla).

Takum 00pa3oM, NpU CPaBHEHUU TPEX CIIEK-
TPOB HAOJIOaeTCS POCT 1e(HEKTHOCTU CTPYKTYPHI 00-
pasua ¢ yBenW4YeHHeM JAaBieHus. Vcue3HoBeHHE MH-
KOB B 00J1aCTH HU3KHX YacTOT MO3BOJIAET CAENIATh BbI-
BOJI O TOM, YTO OCOOEHHOCTH 3JEKTPOCOIPOTHBIICHHS
B gmamazoHe 21-28 I'Tla cBs3aHBl C pa3pylieHHEM
BHEIIHUX HaHOTPYOOK. Takxe OueBMAHO, UTO JaBiie-
Hue nopsaka 50 I'Tla sBaseTca KpUTHYECKUM AJIS UC-
CJIETOBAaHHBIX HAHOTPYOOK.

BBIBO/IbI

Mpr  HaONMIOgANM CHUJBHYIO 3aBHCHMOCTH
3JEKTPOCOTPOTUBIICHHS JIBYCTEHHBIX YTJIEPOJHBIX
HAHOTPYOOK OT MX CTPYKTYpHOTO COCTOSIHHUS, KOTO-
poe U3MEeHseTCs C AaBlIeHneM. Pe3ynbTaThl dJEeKTpH-
YEeCKUX U3MEPEHUI U CIIEKTPOCKOIIUN KOMOUHAIMOH-
HOTO pacCesHHs CBUJIETENBCTBYIOT O TOM, UTO pa3py-
LICHHE ABYCTEHHBIX HAHOTPYOOK MPOUCXOAMT B JBa
JTala IpU Pa3HbIX KPUTHYECKUX [ABJICHUAX, Kak
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ObL10 MpejcKa3aHo panee [5]. B To ke Bpems, Habmr0-
Jaemasl KapTWHa MOXeET OBITh BbI3BaHa 00pa3oBa-
HueM 2D wmim 3D cTpyKTyp Ha OCHOBE YTJIEPOIHBIX

B pabome 610 ucnonvzosano obopyoosarue
VIIKII “Cospemennvie nanomexuonoeuu” Yp®@Y. Pa-
boma evinoanena npu noooepoicke epanma PODOU

HaHOTpyOOK [7, 9-10].

JIUTEPATYPA REFERENCES

1. ChanS.-P.,YimW.-L., Gong X.G., Liu Z.-F. Carbonnano- 1. ChanS.-P., YimW.-L., Gong X.G., Liu Z.-F. Carbon nano-
tube bundles under high pressure: Transformation to low-sym- tube bundles under high pressure: Transformation to low-sym-
metry structures. Phys. Rev. B. 2003. V. 68. P. 075404. metry structures. Phys. Rev. B. 2003. V. 68. P. 075404.

2. Elliott J.A., Sandler J. K.W., Windle A.H., Young R.J., Shaf- 2.  Elliott J.A., Sandler J. K.W., Windle A.H., Young R.J., Shaf-
fer M.S.P. Collapse of Single-Wall Carbon Nanotubes is Diam- fer M.S.P. Collapse of Single-Wall Carbon Nanotubes is Diam-
eter Dependent. Phys. Rev. Lett. 2004. V. 92. N 9. P. 095501. eter Dependent. Phys. Rev. Lett. 2004. V. 92. N 9. P. 095501.

3. SunD.Y., ShuD.J., Ji M,, Liu F.,, Wang M., Gong X.G. 3. SunD.Y., ShuD.J, Ji M,, Liu F.,, Wang M., Gong X.G.
Pressure-induced hard-to-soft transition of a single carbon Pressure-induced hard-to-soft transition of a single carbon
nanotubes. Phys. Rev. B. 2004. V. 70. P. 165417. nanotubes. Phys. Rev. B. 2004. V. 70. P. 165417.

4. Tangney P., Capaz R.B., Spataru C.D., Cohen M.L., Loule 4. Tangney P., Capaz R.B., Spataru C.D., Cohen M.L., Loule
S.G. Structural Transformations of Carbon Nanotubes under S.G. Structural Transformations of Carbon Nanotubes under
Hydrostatic Pressure. Nano Lett. 2005. V. 5. N 11. P. 2268-2273. Hydrostatic Pressure. Nano Lett. 2005. V. 5. N 11. P. 2268-2273.

5. Yang X., Wu G., Dong J. Structural transformations of dou- 5. Yang X., Wu G., Dong J. Structural transformations of dou-
ble-walled carbon nanotube bundle under hydrostatic pres- ble-walled carbon nanotube bundle under hydrostatic pres-
sure. Appl. Phys. Lett. 2006. V. 89. N 11. P. 113101. sure. Appl. Phys. Lett. 2006. V. 89. N 11. P. 113101.

6. Gadagkar V., Maiti P.K,, Yves L., Jagota A., Sood A.K. 6. Gadagkar V., Maiti P.K., Yves L., Jagota A., Sood A.K.
Collapse of double-walled carbon nanotube bundles under Collapse of double-walled carbon nanotube bundles under
hydrostatic pressure. Phys. Rev. B. 2006. V. 73. P. 085402. hydrostatic pressure. Phys. Rev. B. 2006. V. 73. P. 085402.

7. Zhao ZS., Zhou X.-F., HuM,, YuD.L,, He J.L.,, Wang H.- 7. Zhao ZS., Zhou X.-F., Hu M., Yu D.L., He J.L., Wang H.-
T., Tian Y.J., Xu B. High-Pressure Behaviors of Carbon Nano- T., Tian Y.J., Xu B. High-Pressure Behaviors of Carbon Nano-
tubes. J. Superhard Materials. 2012. V. 34. N 6. P. 371-385. tubes. J. Superhard Materials. 2012. V. 34. N 6. P. 371-385.

8. Chen J.-Y., Kim M., Yoo C.-S. High structural stability of 8. Chen J.-Y., Kim M., Yoo C.-S. High structural stability of
single wall carbon nanotube under quasi-hydrostatic high single wall carbon nanotube under quasi-hydrostatic high
pressures. Chemical Physics Letters. 2009. V. 479. P. 91-94. pressures. Chemical Physics Letters. 2009. V. 479. P. 91-94.

9. Popov M., Kyotani M., Nemanich R.J., Koga Y. Superhard 9. Popov M., Kyotani M., Nemanich R.J., Koga Y. Superhard
phase composed of single-wall carbon nanotubes. Phys. Rev. phase composed of single-wall carbon nanotubes. Phys. Rev.
B. 2002. V. 65. P. 033408. B. 2002. V. 65. P. 033408.

10. Pashkin E.Y., Pankov A.M., Kulnitskiy B.A., Perezhogin  10. Pashkin E.Y., Pankov A.M., Kulnitskiy B.A., Perezhogin
ILA., Karaeva A.R., Mordkovich V.Z., Popov M.Y., So- ILA., Karaeva A.R., Mordkovich V.Z., Popov M.Y., So-
rokin P.B., Blank V.D. The unexpected stability of multi- rokin P.B., Blank V.D. The unexpected stability of multi-
wall nanotubes under high pressure and shear deformation. wall nanotubes under high pressure and shear deformation.
Appl. Phys. Lett. 2016. 109. P. 081904. Appl. Phys. Lett. 2016. 109. P. 081904.

11. Sahoo, N.G.,RanasS.,ChoJ.W., LiL., Chan S.H. Polymer 11. Sahoo, N.G.,Rana$S., ChoJ.W., Li L., Chan S.H. Polymer
nanocomposites based on functionalized carbon nanotubes. nanocomposites based on functionalized carbon nanotubes.
Progress in Polymer Science. 2010. V. 35. N 7. P. 837-867. Progress in Polymer Science. 2010. V. 35. N 7. P. 837-867.

12. Eneuxwuii A.B. Mexanundeckue cBoiicta yriepoansix Hano- 12, Eletskii A.V. Mechanical properties of carbon nanostructures
CTPYKTYp ¥ MaTepuajoB Ha WX OCHOBE. Ycn. ¢usuy. nayk. and related materials. Phys. Usp. 2007. V. 50. P. 225-261.
2007. T. 177. Ne 3. C. 233-274. 13. Aguiar A.L., Barros E.B., Capaz R.B., Souza Filho A.G,

13. Aguiar A.L., Barros E.B., Capaz R.B., Souza Filho A.G, Freire P.T.C., Filho J.M., Machon D., Caillier Ch., Kim
Freire P.T.C., Filho J.M., Machon D., Caillier Ch., Kim Y.A., Muramatsu H., Endo M., San-Miguel A. Pressure-
Y.A., Muramatsu H., Endo M., San-Miguel A. Pressure- Induced Collapse in Double-Walled Carbon Nanotubes:
Induced Collapse in Double-Walled Carbon Nanotubes: Chemical and Mechanical Screening Effects. J. Phys. Chem.
Chemical and Mechanical Screening Effects. J. Phys. Chem. C.2011. V. 115. N 13. P. 5378-5384.

C.2011. V. 115. N 13. P. 5378-5384. 14. Kuzmany H., Plank W., Pfeiffer R., Simon F. Raman scat-

14. Kuzmany H., Plank W., Pfeiffer R., Simon F. Raman scat- tering from double-walled carbon nanotubes. J. Raman Spec-
tering from double-walled carbon nanotubes. J. Raman Spec- troscopy. 2008. V. 39. P. 134-140.
troscopy. 2008. V. 39. P. 134-140. 15. Mases M., Milyavskiy V.V., Waldbock J., Dossot M., De-

15. Mases M., Milyavskiy V.V., Waldbock J., Dossot M., De- vaux X., McRae E., Soldatov A.V. The effect of shock wave
vaux X., McRae E., Soldatov A.V. The effect of shock wave compression on double wall carbon nanotubes. Physica Sta-
compression on double wall carbon nanotubes. Physica Sta- tus Solidi B. 2012. V. 249. N 12. P. 2378-2381.
tus Solidi B. 2012. V. 249. N 12. P. 2378-2381. 16. Dresselhaus M.S., Dresselhaus G., Jorio A., Souza Filho

16. Dresselhaus M.S., Dresselhaus G., Jorio A., Souza Filho A.G., Pimenta M.A., Saito R. Single Nanotube Raman
A.G., Pimenta M.A., Saito R. Single Nanotube Raman Spectroscopy. Accounts Chem. Res. 2002. V. 35. N 12.
Spectroscopy. Accounts Chem. Res. 2002. V. 35. N 12. P. 1070-1078.

P. 1070-1078.
THocmynuna 6 pedaxyuto (Received) 04.07.2017
TIpunsma x onyoauxosanuio (Accepted) 07.09.2017
56 W3B. By30B. Xumus u xuM. texHojorust. 2017. T. 60. Beim. 9

(16-02-01137).



W3B. By30B. Xumus u xuM. texHosorus. 2017. T. 60. Beim. 9

DOI: 10.6060/tcct.2017609.9y
VIIK: 621.355

HCCJIEJJOBAHUE JIEKTPOEMKOCTHBIX CBOMCTB YIJIEPOJHBIX HAHOTPYBOK,
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Hccneoosansl 31eKmpoemMKocmuple C8OIICHEA OOHOCIOUHBIX Y2NEPOOHBIX HAHOMPYDOOK
(OYHT) mapxu TUBALL. IIpeosapumenvruo OYHT 6v11u 06padomanst 6 conNAHOI KUCI0ME, RPO-
moimul u evicyuienvt npu 200 °C. Peaxyuio mooughuyuposanus npoeoouiu ¢ NPOMoOYHOM peakK-
mope c éecamu Mak-bena. Oopazey OYHT nazpesanu ¢ moke apzona 00 mpedyemoii memnepa-
myput. Ilogepxnocmo yenepoonvix HAHOMPYOOK MOOUPUUUPOCATU AMOMAMU A30MA 6 cpede
40 % NH3-CaHs npu memnepamypax 600 —750 °C. Oonapysceno, umo moougpuyuposannvie N-
OYHT cooepiricam 4 gpopmbl azoma: nupuouHosslii, RUPPOIbHBLIL, 2pAPUmMONnO00oHbIIl (Yemeep-
muyHblil) u oxucienuyio gpopmy azoma. C yeenuuenuem memnepamypol oopaoomku OYHT 6
IMUIEH-AMMUAYHOL CMECU YMEHbULAIACH 00715 RUPUOUHOBOZ0 U YEE/IUNUBAIOCH 0013 Zpadhumo-
n0000H020 azoma. INeKMpPoeMKOCHHbIE XAPAKMEPUCHUKU Y21ePOOHbIX HAHOMPYOOK ucciedo-
8anu 6 08yX3/1eKMPOOHOI IIEKMPOXUMUUECKOU AUeiiKe (RPOMOMUN CUMMEMPUUHO20 CYHEPKOH-
OeHcamopa) ¢ UCNOIb306AHUEM OP2AHUYECKO20 ITIEKMPOAUMA — WOHHAA HcuoKocmy (1-0ymu-3-
Memuaumuoason mempagpmopoopam, BMIMBF4). Ommeueno, umo 011 6cex 00pasnuoe uo yux-
auueckux eonvmamnepnovix (I[BA) kpuevix npaxmuuecku oounakoswtii. Qonaxo moouguuyupo-
eéannvie N-OYHT oopa3zusl oonaoarom MeHbUIUM CORPOMUBTIEHUEM NO CPAGHEHUIO C UCXOOHBIM
Mamepuanom, o uem 2080pum menvuiaa pacmanymocms ux I{BA kpuevix. Maxcumanvnwie 3na-
yenus yoeabHoll eMKOCHU 0715 6cex 00pa3yoe 00CmMu2aonmcesa npu MeoaeHHoll 3apaoKe-paspaoke
91ekmpo0os. Moougpuxayua OYHT azomom npueooum K CHUINCEHUIO CONPOMUBTIEHUA MAMEPU-
ana, Ymo nposaenaemca 6 00.1ee GbICOKUX 3HAYEHUAX eMKOCHU NPU yeaudeHuu cKopocmu 3a-
pAaoku-paspaoku. Ilokazano, umo npu yseauyenuu memnepamypovl MOOUPUUUPOSAHUA A30MOM
SHAYUMENBHO CHUJICAEMCA YOenbHas nogepxnocms obpazyos: ¢ 960 m*2 ona OVHT u
N-OVHT (600 <C) 00 410 m*/z ona N-OYHT (750 C), 00naxo, yoenvnas émMKocms, paccuumannas
na 1 M°, yeenuuusaemes.

KuaroueBble ciioBa: yriiepojHbie HAHOTPYOKH, CYIIEPKOHICHCATOP, MOAUPHUIIUPOBAHKE, a30T
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Capacitance properties of TUBALL single-walled carbon nanotubes (SWCNTSs) were stud-
ied. The SWCNTSs were pretreated in hydrochloric acid, washed, and dried at 200 °C. The modifi-
cation reaction was carried out in a flow reactor with a McBain balance. A SWCNT sample was
heated in an argon flow to a specified temperature. The surface of carbon nanotubes was modified
with nitrogen atoms in a 40 % NHs-C2H4 medium at a temperature of 600—750 °C. The modified
N-SWCNTs were found to contain four nitrogen species: pyridinic, pyrrolic, graphitic (quaternary),
and oxidized ones. As the treatment temperature of SWCNTSs in an ethylene-ammonia mixture was
raised, the fraction of pyridinic nitrogen decreased and the fraction of graphitic nitrogen increased.
Capacitance characteristics of carbon nanotubes were studied in a two-electrode electrochemical
cell (the prototype of a symmetric supercapacitor) using an organic electrolyte represented by the
ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4). The shape of cyclic volt-
ammetry (CVA) curves was virtually similar for all samples. However, the modified N-SWCNT
samples had a lower resistance as compared to the initial material, which was indicated by a smaller
broadening of their CVA curves. The maximum specific capacitance for all samples was reached
at a slow charging-discharging of electrodes. Nitrogen doping of SWCNTSs decreased the capaci-
tance of the material, which showed up as a higher capacitance at an increased charging-discharg-
ing rate. Upon raising the nitrogen doping temperature, the specific surface area of the samples
substantially decreased from 960 m?/g for SWCNTs and N-SWCNT (600 <C) to 410 m?%g for N-
SWCNT (7509, whereas the specific capacitance calculated per 1 m? increased.

Key words: carbon nanotubes, supercapacitor, modification, nitrogen
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OCHOBHBIE ITPEUMYIIIECTBA CYNIEPKOHICHCATO-
POB — 3TO 3HAYMTEIILHO MEHbIIIEe BpeMsl, TpeOyemoe
Ha Mepe3apsaKy, ¥ Ha MOPSAIKH OOJbIIee KOJTUIECTBO
BBIZICP)KUBAEMBIX IUKJIOB 3apsna-paspsamga. OCHOBHOE
OTIIMYHE CYIIEPKOHJEHCATOpa OT aKKyMyJsiTopa 3a-
KITFOYaeTCs B TOM, YTO HAKOIJICHUE U OT/Ia4a JIEKTPH-
YECKOW SHEPTUU TPOUCXOTUT HE 332 CUCT JICKTPOXH-
MUYECKHUX PEaKIUiA, a 3a CUET JBOWHOTO DIICKTpHUe-
ckoro crmos (JI2C), dopmupyromerocss Ha pa3BUTOM

58

MOBEPXHOCTHU ANEKTPOJOB KOoHAeHcaTopa. CynepKoH-
JIEHCATOPHI C aKTUBUPOBAHHBIM YTJIEM B KaUueCTBE aK-
THBHOT'O MaTepuala SIBISIFOTCS CaMBIMU PacIpocTpa-
HEHHBIMH H3-3a UX HU3KOW CTOMMOCTH, BHICOKOM EM-
KOCTH U CTa0WJIBHOCTH TP JUTHTEIHHOM IMKJIMNPOBa-
Hun [1]. BBICOKOTIOpHCTHIE YIIIEPOMHBIE MaTEPHAITBI
HCTIONB3YIOTCSL B KAYECTBE JCKTPOJIHOTO MaTepuarna,
Onarofapss WX BBICOKOH IUTOMIAAN TOBEPXHOCTU H
AIEKTPOXUMUIECKON CTAOMITHPHOCTH; YaIlle BCETO MPH-
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MEHSIOTCS YIJIEPOAHBIE MAaTE€pUabl C IUIOLIAIbIO T10-
BepxHoctH (1500-2000 m?/r). B Takux ycrpoiicTBax
HAaKOIUJICHHWE 3apsAfa 3JEKTPOCTATUYECKOE, U HOHBI
3NeKTposiuTa obOpatumo ancopoupywores B J[DC
CTPYKTYPBI 3JIEKTPOJa U3 IOPUCTOro yriiepoaa. B pa-
borax [2, 3] ObUIO YCTaHOBJICHO, YTO 3aMEIICHUE aTo-
MOB YIJIEpPO/ia Ha FeT€POaTOMbI OKa3bIBAET 3HAUNTEIIb-
HOE BIIMSIHKE HA DJIEKTPOHHBIE CBOMCTBA YIIepPOAHBIX
Hanotpy6ok (YHT). Hanpumep, BHeapeHne aTOMOB
a30Ta B YIJIEPOAHYIO CTPYKTYpY YJIyUIIaeT 3JIEKTPO-
npoBoaHocts YHT.

B nacrosmeit pabote Obl1a mcciaenoBaHa BO3-
MOYKHOCTh MPHUMEHEHHUS! OAHOCIOWHBIX YIIIEPOIAHBIX
HaHoTpyOok (OYHT), MonuduurpoBaHHbIX a30TOM, B
Ka4yecTBe DIIEKTPOJOB B CylepKoHAeHcaTopax. Moau-
(hrkanys MOBEPXHOCTH a30TOM MPOBOIMIACH TIPH 00-
paborke YHT B cpene 60% NH3/C,Hs ipu Temmepa-
typax 600-750 °C.

Jiis cunTe3a oopasios cepuu N-YHT ucnosb-
30BAIM KOMMEPUYECKHE OTHOCJIOMHBIE YTJIEPOAHBIE
HaHoTpyOku (OYHT) mapku TUBALL «OCSiAly.
Crauvana OYHT o6pabotanu B CONSIHOM KUCIOTE ISt
MaKCUMaJIbHOTO yIAJIEHHsI OCTaTKOB KaTalu3aropa.
ITocnie o6pabotku B kucinore OYHT npombiBanu 10
HelTpansHoro pH n BeicymmBanu B Teuenue 0,5 4 npu
200 °C. B urore oo6pazert OYHT counepxan 10 % xe-
Je3a, KOTOpOe HMHKAaICyiaupoBaHo B yriepoge. Ilo-
BepxHocTb OYHT moandunmpoBanu aroMaMu a3ora B
cpene 40 % NHs-CoHs (puc. 1). KonmngectBo atomoB
aszota BapbupoBaiock ot 0,2 1o 1,0 macc.%. OOHapy-
*KeHo 4 ¢GopMbl a30Ta: NMUPUAMHOBBIN, MUPPOIIBHBIM,
rpaduTONOAOOHBIN (YETBEPTUYHBIN) M OKUCIICHHAS
¢opma azora. C yBenMUeHHEM TeMIepaTypbl CHHTE3a
YMEHbIIAJIACh A0JIA NUPUANHOBOIO U YBEINYNBAJIOCH
JIoJist TpaUTONOJ0O0HOTO a30Ta.

Puc. 1. DnekpoHHO-MUKPOCKOITMUECKUH CHUMOK YTJIEPOIHBIX
HAHOTPYOOK, MOAN(HUIUPOBAHHBIX a30TOM
Fig. 1. Electron-microscope image of carbon nanotubes modified
with nitrogen
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DNEeKTPOEMKOCTHBIE XapaKTEPUCTHUKH YTiie-
POIOHBIX MaTEpUANOB HMCCIIECAOBAIN B JABYXIJIEKTPO-
HOM IIEKTPOXMMHUYECKON sueiike (POTOTUI CIMMET-
PUYHOTO CYNEPKOHICHCATOPa) C UCIOIb30BAaHHEM Op-
TaHUYECKOTO 3JICKTPOJIUTA — MOHHAS KUIKOCTH (1-0y-
TUIT-3-MeTUIIMMHI 1301 TeTpadTopoopatr, BMIMBF4).
CymmapHasi Macca yriepoHOTO MaTepHalia B sSUerKe
ObL1a OTMHAKOBOMW ISl BceX 00pa3LoB U paBHa 12 MT.
KoHTponb HanpspKkeHUS W TOKa OCYIIECTBILLICS TPH
nomoru norenimocrata Autolab PGSTAT-30. B ka-
yecTBe 00pasia cpaBHeHus uctonb3opaiu OYHT. Ot-
MEYEHO, 4TO JiJIs BceX 00pasnoB Bua [IBA (mukimue-
CKHX BOJIBTAMIIEPHBIX) KPUBBIX MPAKTHYECKHA ONWHA-
KOBBIH. OgHAKO MOIUPHULIMPOBAHHBIE 00pa3Lbl 0071a-
JAI0T MEHBIIIUM CONPOTHUBIICHUEM 10 CPAaBHEHUIO C UC-
XOJTHBIM MaTEPHaJIOM, O YeM TOBOPUT MEHBIIIAsl PacTsi-
HyTOCTh LIBA KpHBBIX MOIU(UIINPOBAHHBIX MaTepHU-
anoB. Mcnonb3yst METoJ TIOTCHIMOMETPUH B TalbBa-
HOCTaTHYECKOM PEKHUME, OBLTH NIOJTY4YEHBI SJIEKTPOEM-
KOCTHBIE XapaKTEPUCTHKH HCCIIEAOBAHHBIX MaTepua-
7oB. MakcuManbHbIe 3HA4YEHUs YAETbHON EMKOCTH
JNOCTHTAIOTCS TPH MEJIEHHON  3apsiiKke-paspsiike
anektponoB. s ucxomueix OYHT maxkcumanbHoOe
3HaYeHHNE eMKOCTH CaMOe BBICOKOE M COBIA/IAET C 00-
pasuom N-OYHT (600 °C), octanbHble MOTUPUITUPO-
BanHble OYHT nmeror 6onee HU3KHE 3HAUEHUS] EMKO-
ctH (puc. 2).

20 4

16

12

YaenbHaa eMKocTb, d/r

0 X T ¥ T T T ¥ T
0,0 0.2 0.4 06 0.8 1,0

lMnotHoCTL TOKa pa3psaxu, Alr

Puc. 2. Emxocts OYHT (5) 1 OVHT, MoauHIpOBaHHBIX a30-
TOM IIpH pa3HbIX TeMneparypax: 1 —600 °C, 2 -650 °C, 3 =700 °C,
4 — 750 °C. 2x-anekTpoaHas sueiika, anexkrpoiaut — BMIMBF4
Fig. 2. The capacity of SWCNT (5) and SWCNTs modified by ni-
trogen at different temperatures: 1 — 600 °C, 2 — 650 °C, 3 =700 °C,
4 — 1750 °C. 2-electrode cell, the electrolyte - BMIMBF4

OnnHako MoaudUKaIys BEAET K CHIDKEHUIO CO-
MPOTHBIICHUSI MaTepHaia, 4To MPOsBIsieTCs B Oojee
BBICOKUX 3HAYCHUSAX EMKOCTH ITPHU YBEIIUYCHUU CKOPO-
CTH 3apsaKu-pa3psaaku. Takum o0Opa3oM, B HOHHOU
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Taonuya
yneﬂbl{aﬂ €MKOCTb HCCJIEAYEMBIX 06pa3u03
Table. Specific capacity of samples under study

VY enbHas no-| Y aenbHas eM- | Y aelibHas eM-
OG6pasel; | BEpXHOCTb, |KOCTh, D/r Ma-| KocTh, D/M?
M2/r Tepuana Marepuana
OVHT 960 16,0 0,016
N-OYHT
600°C 960 16,0 0,016
N-OVHT
650°C 550 14,7 0,027
N-OVHT
700°C 460 13,8 0,030
N-OVHT
750°C 410 11,0 0,027

HpI/IMe‘IaHI/IeZ * . YA€bHas SHEPIrusd pacCHUTaHa IJId HaIps-
xeHus 3 B
Note: * specific energy was calculated for voltage of 3 V
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BJIUSHUE JACITEPCUOHHOM CPEJIbI HA ITPOILIECCHI MEXAHOXUMHWYECKOI'O
OKUCJIEHUS KEJIE3A

E.C. Kyuxo, A A. Unbun, P.H. Pymsanues, M.A. Jlammuun, U.C. I'puun, A.B. Boskosa, A.Il. Wibun

Exarepuna Cepreesna JKy4ko

®DaxynpTeT ydera u OuzHeca, YHUBepcuTeT DanHOypra, Ctapsiii komtemk, FOxHbI Moct, OaqunoOypr, EHS
9YL, otmanaus
E-mail: ezhuchko99@gmail.com

Anexcannp Anexcanaposuu WMibuH, Pycnan Hukonaesuu Pymsnies *, Makcum Anekcanaposud JlamnmuH,
Nnesa Cepreesud I'puiinn, Anxennka Bukroposna Bonkosa, Anexcanap [Tasnosuy Mnbun

Kadenpa texaonornu Heopranudeckux Bemects, HUM TepMonnHaMuKN 1 KHHETHKHA XUMAYECKUX TIPOIIECCOB,
VBaHOBCKUI TOCYIapCTBEHHBIN XUMUKO-TEXHOJIOTUYECKUN YHUBEpCUTET, lllepemeTeBckuii mp. 7, IBaHOBO,
Poccuiickas ®enepanus, 153000

E-mail: ilyin@isuct.ru, rnr86@ya.ru *, Infernalmakc@gmail.com, grish.in.03.97@gmail.com, anzhelikayave-
likaya@mail.ru, ilyinap@isuct.ru

B meopemuueckoii wacmu pabomol 8binonHen 0030p CROCOO08 NOTYUEHUA OKCUOOB Jice-
Je3d, 6 YACMHOCMU, PACCMOMPEHbL 0COOEHHOCHIU MEMO008 OCANCOCHUA U3 PACHEOPO8, MePMU-
YeCcK020 pasiodcenus cojell yeene3d U MeXaHoXumuieckozo cunmesa. B sxcnepumenmanvnoii
yacmu padomel ¢ LOMOWBbIO MEMO008 PEHM2EHOPA308020, PEHMZEHOCHMPYKIMYPHO20 U CUHXPOH-
HO020 mepmuueckoz2o ananusa, meccoayiposckoii u UK-cnekmpockonuu, a maxice Komniekca Xu-
MUYECKUX MeMO0008 UCCe008aH NPOUECC MEXAHOXUMUYECKO20 OKUCIeHUs KPYRHOOUCREPCHbIX
nopowikoe xncenesa u uyzyna. Ilokazana 603mMoxHcHOCHb ROTIYUEHUA OKCUOOG dHcee3a Pa3nuiHo20
cocmaega nymem mexanuyeckou akmusayuu nopowka yceneza mapxu IKP u uyeyna mapxu C4
12-28 ¢ ponuko-konbueeoii 6UOPAUUOHHON MeEAbHUYE 8 CPeOe MEXHUUECKO20 KUC0p0ooa, napo-
KUCI0POOHOIL cmecu ¢ coomnouienuem nap:2a3z=0,45, 600vt u pacmeopoe wiaeeneeoii KUuciomol
konyenmpauueii 5-30%. B pabome npueedenst oannvie no hazoeomy cocmagy noayuaemvix npo-
OYKMO8 HA CIMAOUAX MEXAHUYECKOU aKmueayuu u mepmuieckoil oopaoomku. Onpeodenenvt on-
mumanbHble NApamMempbl MEXHOI02UYECKUX NPOUECCO8: 8DEMA MEXAHUYECKOU AKMUBAUUU, M eM-
nepamypa u O1uUmMeNIbHOCMb MEPMUYECKO 00pAdOmKU. Ycmanoe1eno éiuanue cocmaea yHeuo-
KOl u 2a30601i a3z Ha CKOPOCMb U CHIENEHb RPECPAULEHUA HCEEZ0CO0EPIHCAUUX NOPOULKOE 8 OK-
cuowt. Ilposeden cpasnumenvHblil AHAIU3 PASTUYHBIX 6APUAHNIOE MEXHOT0UYECKO20 HpoYecca,
HA 0CHOBe KOMOpPO020 cOenan 6vi800, Ymo Haudonee IP@ekmusnvim oKucaumenem vemaniuye-
CKUX nopouwikoe aenaemca 25%-naa wiagenesana kucnoma. Hcnonvzosanue smozo okuciumens
nozeonaem, usmenan memnepamypy mepmooopavomku om 240 oo 450 °C, nonyuame anuonno-
MOOUPuUUUPOsanHbLe OKCUOBL Jcene3a ¢ naouiaovio nosepxnocmu om 70 0o 120 m*/2, umo na no-
PAOOK @bluie, uem y OKCU008, HOTYYEHHBIX HO NPOMBIULIEHHOI MEXHO1021l, OCHOBAHHOU HA Me-
mMo0ax 0caxcoeHus u mepmMudecKozo pasioicenus coell.

KiroueBble c10Ba: OKCUABI kKelle3a, MEXaHOXMMUYECKOE OKHCIIEHUE, IOPOILIOK JKeJle3a, TOPOLIOK dy-
ryHa, (a30BbIil cocTaB
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The theoretical part of this paper is devoted to a review of the methods of iron oxides ob-
taining. In particular, features of methods of sedimentation from solutions, thermal decomposition
of iron salts and mechanochemical synthesis are considered. In the experimental part of the paper
the process of mechanochemical oxidation of coarse-dispersed iron and cast iron powders was
studied using X-ray diffraction and synchronous thermal analysis, Mossbauer and IR-spectro-
scopies and a complex of chemical methods. The possibility of obtaining iron oxides with various
structures by the mechanical activation of iron powder of PZhR grade and cast iron powder of SCh
12-28 grade in a roller-ring vibrating mill in the environment of technical oxygen, vapour-oxygen
mixture with the vapour:gas ratio of 0.45, water and oxalic acid solutions with concentrations from
5 to 30% is shown. Data on phase structure of the products received in stages of mechanical acti-
vation and heat treatment are given. Optimal parameters of technological processes, among of
which the time of mechanical activation, temperature and duration of a heat treatment, are deter-
mined. Influence of composition of fluid and gas phases on the rate and coefficient of conversion
of ferriferous powders into oxides is established. The comparative analysis of various options of
technological process is carried out. On its basis it is established that the most efficient oxidizer of
metal powders is the 25% oxalic acid. Using this oxidizer and changing in a temperature of heat
treatment from 240 to 450 °C it is possible to obtain anionically modified iron oxides with the spe-
cific surface area from 70 to 120 m?/g that is 10 times more than that of iron oxides received by
industrial technology based on the methods of sedimentation and thermal decomposition of salts.

Key words: iron oxides, mechanochemical oxidation, iron powder, cast iron powder, phase composition
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INTRODUCTION

Presently iron oxides are one of the most wide-
spread powder materials which are widely used by pro-
duction of inorganic pigments and fillers, magnetic
data carriers, catalysts and sorbents [1-7].

62

The most common methods of receiving dis-
perse systems like hydroxides, oxyhydroxides and ox-
ides of iron (IIT) are oxidation of compounds of iron
(I1) and hydrolysis of compounds of iron (IIT) [5-9].

Hydroxides, nitrates, carbonates, sulfates, al-
coholates, oxalates and other iron compounds are used
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as raw materials for receiving iron oxides by thermal
decomposition [7, 10-15]. The method of magnetite
obtaining by joint annealing of powder mixture of
metal iron and hematite (a-Fe.Os) at a temperature of
740-840°C with further cooling in the closed volume
and inert environment and crushing of the received
mixture is described in the patent [16]. Authors of work
[17] suggest to synthesize ferrous oxide with con-
trolled fractal dimension of a surface. This method is
based on thermal decomposition of a product of fer-
rous-ammonium oxalate dehydrofreezing. Microwave
synthesis is one of the heat treatment methods. The
possibility of y-Fe,Osz obtaining from ferrous nitrate
both in the process of microwave influence and its
combination with low-temperature processing is
shown in the work [18].

Methods of sedimentation are based on libera-
tion of iron compounds from water solutions of insol-
uble salts in the form of hydroxides, carbonates, hydro-
carbonates with their further thermal decomposition [5,
8, 19-24]. The technology can be presented schemati-
cally as follows:

iron salt + precipitant — precipitate —
precipitation ageing — flushing — drying — calcination

Sulfate or nitrate of iron are preferable raw ma-
terials for precipitation [19-22, 24-30]. Initial reagents
for oxidic catalysts manufacturing should be available,
well soluble in water and they must not contain harm-
ful impurities. For example, iron chlorides and sulfates
are avoided in catalysts production since chlorides and
sulfates are poisons for the majority of catalysts. Pres-
ence of sodium is also undesirable as far as it may
cause agglomeration of an end-product [25].

Ammonium, sodium and potassium hydrox-
ides are usually used as precipitators. Ammonium and
sodium carbonates are widely used as well. There are
data on application for iron precipitation using gaseous
ammonia which is bubbled through its salt solution
[19-22, 24-31].

Authors of work [31] offered the method of
iron oxides obtaining that is based on interaction of
metal iron in the form of microspherical particles,
scrap or cuttings with carbonic acids solutions up to
formation of iron carboxylats and their thermal decom-
position at 200-350 °C. The article [32] is devoted to
the obtaining of iron oxide of high purity using techno-
genic raw materials by the method of liquid extraction.

Iron compounds are also found in nature. For ex-
ample mineral ferrichydrate [33-35] is a natural oxohy-
droxide and its stoichiometric formula is FesHOg-4H,0
[33, 36]. The samples of a synthetic ferrichydrate are
described in the literature [33, 34, 37, 38]. The size of

a two-way ferrichydrate is 1.6-2.0 nm, its specific sur-
face area is 300-400 m?/g. Due to the nanodimension
of ferrichydrate crystallites and their high specific sur-
face area the special catalytic characteristics in com-
parison with well crystallized iron oxides such as hem-
atite and getit (a-FeOOH) are expected. Unique prop-
erties of this compound open up the prospects of its use
in catalysis. Instability of ferrichydrate limits its appli-
cation [33, 34].

New, alternative methods of iron oxides ob-
taining are of great interest presently. One of them is
mechanochemical synthesis (MCS). Mechanical treat-
ment, as it is shown in the work [39], of Fe and Fe,Os
mixture in planetary-centrifugal mill leads to for-
mation of a nanocrystal wustite with nonequilibrium
structure Feog70. Its further thermal decomposition in
vacuum at 200 °C allows nanodimensional composite
Fe/Fes04 to be received. In the article [40] the oxida-
tion of powder of pentacarbonyl iron in water using
planetary-centrifugal mill is considered.

MCS as a the method of obtaining oxidic ma-
terials allows to avoid pollution of a product to be syn-
thesized, to reduce the number of power-intensive
stages, to combine stages and to provide high economy
of the technological process. Besides, the MCS makes
it possible not to use solvents or use them in the mini-
mum quantity that significantly simplifies ecological
problems of chemical productions [41-45].

The purpose of the work is to research pro-
cesses of mechanochemical synthesis of iron oxides
from coarse dispersed powders of metal iron and cast
iron in the roller-ring vibrating mill of average power
tension using gaseous and liquid oxidizers. This re-
quires researching of the physicochemical processes
that occur when powder of metal iron is to be mecha-
nochemical oxidized (MCO) and clarification of influ-
ence of the used oxidizer on the structure of obtained
product.

MATERIALS AND METHODS

Coarse dispersed iron powders (IP) grade
PZhR-3.450.26 with particle size up to 630 um and
cast iron powders (CIP) grade SCh 12-28 with particle
size up to 1250 um were used as the raw materials for
obtaining iron oxides.

Mechanochemical oxidation using various ox-
idizers was carried out in the roller-ring vibrating mill
VM-4. Roller and ring made of chemically resistant
steel grade ShH15 were used as the grinding bodies.
Their total mass is 1194 g and the mass of the material
to be activated is 100 g.

MCO of metal powders in the oxygen and va-
pour-oxigen environment was carried out using special
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facility (Fig. 1). The reactionary glass (8) of vibrating
mill (7) is filled up with ferriferous powder. Oxygen or
vapour-oxigen mixture made up by bubbling oxygen
(1) through water (6) is fed through unions in reactor
cover. Temperatures in the reactor and in the bubbler
are registered with multifunctional temperature regis-
trar and are brought to the personal computer display.

o -

Fig. 1. Scheme of device for MCO of metal powders: 1 - balloon
(02); 2 - valve; 3 - heating element; 4 - rotameter; 5 - thermome-
ter; 6 - bubbler; 7 - vibration mill; 8 - reactor; 9 - sample; 10 - fan;
11 - thermal jacket; 12 - multifunctional temperature meter; 13 - PC
Puc. 1. Cxema ycranoBku 111 MXO nopormkoB Metainios: 1 — 6ai-
1o (O2); 2 - BEHTHJIb; 3 - HarpeBaTeIbHbIN AJIEMEHT; 4 - poTa-
MeTp; 5 - TepMOMeTpEI; 6 - OapboTep;7 - BUOpOMENbHHUIIA; § - pe-
akTop; 9 - obpazer; 10 - BeHTHIIATOD; 11 - TermoBas pyOamika;
12 - MHOTOGYHKIIMOHATBHBINA perucTparop Temmeparyp; 13 - [IK

Gaseous oxygen with the flow of 15 ml/min, va-
pour-oxygen mixture with the vapour:gas ratio of 0.45,
distilled water and oxalic acid solution with concentra-
tion of 5-30 mass % were used as oxidizing mediums.

The X-ray diffraction phase analysis (XRD)
was carried out using diffractometer DRON-3M with
Cu Ka —radiation (A = 0.15406 nm, the Ni-filter). XRD
analyzes data were identified with the help of Mincryst
database. Broadening of X-ray diffraction profile al-
lows to define how the area of coherent dispersion
(ACD) and value of mean square microdeformations
changes. Thermogravimetric analysis of mechanical
activation products was carried out using synchronous
thermal analysis facility STA 449 F3 Jupiter in the at-
mosphere of Ar-O, with heat rate of 5 °C-munt. The
composition of the obtained oxides and content of
metal iron were determined by the method of differen-
tiating dissolution that based on selective dissolution
of iron from oxides mixture [46] and by the method of
Mossbauer spectroscopy [47] that was executed using
the YaGRS-4M spectrometer that was working in the
permanent accelerations mode with the use of y-ra-
diation 57Co in Cr matrix at the room temperature.
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The X-ray photoelectronic spectroscopy was
chosen as the researching method of samples surface
that was executed using ES-2403 facility with 5-chan-
nel energy analyzer PHOIBOS-100. The samples spe-
cific surface area was determined by the BET method
using Sorbi MS device. The laser analysis of particle
distribution by the sizes was carried out on the
Analysette 22 Laser-Partikel-Sizer device that is the
universal instrument for establishing particle disper-
sion of solids in liquid, gas (suspension, aerosol) or
emulsion. The particle distribution of coarse dispersed
powders was determined by the sieve method. IR spec-
tra of powder materials were received using facility
called Avatar 360 FT — IR ESP with wave number
range of 400-4000 cm™. Powder to be analyzed was
used in the form of tablets with potassium bromide.
The element analysis was carried out with FlashEA
1112 CHNS-O Analyzer device. The amount of the
brought energy in the course of the MA was calculated
by the technique stated in work [48].

RESULTS AND THEIR DISCUSSION

1. Mechanochemical oxidation of IP and CIP
by oxygen

Laser and sieve analyzes (Tab. 1) shown that
cast iron predominantly consists of coarse particles
with the size up to 1250 um and the share of particles
with the size less than 50 pum makes up about 0.1%.

Table 1
Dispersed composition of CIP
Tabauya 1. Aucnepcunlii cocras MY
Fraction content, %
Activation <50 50- | 71- |100-| 140- | 250- | 315-{630-
time, min 71 | 100 | 140 | 250 | 315 | 630 (1250
um um [ pm | pm | pm | um | pm | pm
0 01/02]01(02| 09|05 /|19 |79

15 43]10.1|164|216|466| 06 |04 | O
30 22.11239(146(19.7|1196 | 01 | O 0
45 15143 ]132]|509|301] O 0 0

As a result of the MA within 30 min the share
of particles with the size less than 50 um increases up
to 22.1%. When increasing the time of mechanical
treatment up to 45 min the aggregation processes are
dominating and the share of particles with the size less
than 50 um decreases to 1.5%. It shows that MA pro-
cesses are dissimilar i.e. not only processes of amor-
phicity are take place but also there is an aggregation
of fine particles in large agglomerates.

Element analysis data (Tab. 2) shows that the
content of sulfur in cast iron is minimal and does not
exceed 0.004%. The carbon and silicon which are con-
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tained in cast iron do not impair the qualities of the fu-
ture catalyst but they can improve its molding capacity.
The manganese which is contained in cast iron can ex-
ert positive impact on catalytic properties [20, 49].

Table 2
Data of elemental analysis of CIP
Taonuya 2. lannbie 3j1eMeHTHOr0 aHaau3za [MY
Element content, %
C H S )
3.903 0.017 0.003 0.596

By results of the laser and sieve analysis it is
established that IP consists of coarse particles with the
size up to 630 um. The share of particles less than
50 um makes 0.25% (Tab. 3).

Table 3
AG°29s Of reaction of iron oxides formation
Tabnuya 3. AG®2 peakiun 00pa3oBaHUs OKCHIOB sKeJie3a

Ne of reaction Reaction AG0298, MJ/mole
1 Fe + 1/20, = FeO -0.244
2 3Fe + 20, = Fe304 -1015.0
3 4Fe + 30, = 2Fe;03 -741.65
4 4Fe,03 + Fe = 3Fe304 -0.2355

It is known that iron forms three steady oxides:
wustite FeO, hematite a-Fe,Os; and magnetite FesOs,
that is depend on production conditions, precursor and
temperature. Values of Gibbs energy for reactions of
formation of different iron oxides are given in Tab. 3.
It is shown that formation of FezO4 is thermodynami-
cally the most probable. Thus any of these oxides can
be formed but the first two are able to turn into the
third. Besides during the reaction Fe,O3 will be formed
on a surface and will interact with metal iron, the sur-
face of grinding bodies and reactor walls.

As a result of the MA of metal iron powder in
the environment of oxygen excess within 60 min in vi-
brating mill gradual reduction of phase reflexes of metal
iron and formation of the X-ray amorphous product are
observed. Heat treatment of the product at 450 °C leads
to formation of magnetite — FezO4 that is confirmed
also by results of IR-spectroscopy. Intensive absorp-
tion bands in the area of 450-500 cm™ which are char-
acteristic for metal oxides are observed.

According to chemical and X-ray phase anal-
yses conversion coefficient of iron was evaluated. It is
established that the content of metal iron phase in the
course of activation of CIP decreases and makes 10%
during 60 min of MA and 7% in the oxidation process
of IP (Fig. 2, curve 1,2). During MCO temperature in
the reactor increased up to 61°C due to the fact that
reaction of iron oxidation is exothermic. Friction and
blowing of grinding bodies on the reactor walls also
raise the temperature (Fig. 2, curve 3). The curve 4

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 9

shows influence of energy density on the process of
oxidation of metal iron phase.

E, kl/g

100 150 200 250

300
65

e min

Fig. 2. Changing in temperature and content of Fe® in the course
of MA of CIP and IP in oxygen: 1-1P, 2-CIP, 3 - temperature line,
4 - Fe® content in IP after 60 min. of MA
Puc. 2. VI3MeHeHue TeMIiepaTypsl U cojepskanus Fe® B mporecce
MA T4 u ITX B kucnopone: 1-IDK, 2 - ITY, 3 - nuHus Temmepa-
Typsl, 4 - conepxanne Fe® IDK mocie 60 mun MA

Calculation of parameters of fine crystal struc-
ture shows that the sizes of CSR monotonously de-
crease both in case of oxidation of CIP and IP (Tab. 4).
However, the sizes of CIP crystallites at bigger disper-
sion of initial powders have the smaller size than IP.
After 5 minutes of the MA the size of CIP and IP makes
24.1 and 28.2 nm respectively. Obviously, it is con-
nected with the fact that cast iron is more brittle mate-
rial and under the influence of intensive mechanical
treatment it collapses faster than iron. Also there is a
growth of microdeformations of iron phase that is
caused by increase of density of chaotically distributed
dislocations and increase of lattice parameters con-
nected with implementation of oxygen in it (Tab. 4).

According to the equilibrium phase diagram of
the Fe-O [50] system solubility of oxygen in a-Fe does
not exceed 0.1 at. %. At the same time, solubility of
oxygen in the deformed iron more than 10 times ex-
ceeds its solubility in casted form [50]. Increase of the
oxygen content is followed by some increase in lattice
parameters of a-Fe (Tab. 4). Thus if small (0.3 at. %)
amounts of the dissolved oxygen lead to reduction of
lattice parameter then on the contrary increasing of its
content leads to the growth of lattice parameter [51].

It is known that brittle destruction of metal ma-
terials by the intergranular mechanism is connected
with a segregation of impurity on high-angle bounda-
ries of grains which can be considered as internal ad-
sorption [53]. Apparently the mechanism of oxygen in-
fluence is the same. At increase of its concentration in
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iron there is a transition from intragranular to inter-
granular break [51-53]. Thus, presence of a significant
amount of oxygen facilitates process of destruction of
conglomerates by the intergranular mechanism at the
MA. The increase in the general oxygen content in iron
connected mainly with its segregation on high-angle
boundaries of grains that is followed by approximately

proportional growth of its concentration in a crystal lat-
tice as is expressed in growth of its parameters. That is
at forced capture of oxygen in the course of the MA
supersaturation of its segregation on the formed high-
angle boundary and corresponding emergence of a
thermodynamic incentive for impurity diffusion deep
into the crystal lattice is possible [54,55].

Table 4

Change in structural parameters of iron in the course of the MCO of CIP and IP in oxygen
Tabnuya 4. I3MeHeHHe CTPYKTYPHBIX NapaMeTpoB :kejie3a B npouecce MXO ITY u ITK B kucjiopoae

MA time,— _CIP . : _1P :
min '|Dcircle,| Value of microdefor- |Lattice parame-|Dcircle,| Value of microdefor- Lattice
nm mations &, % ters (a, A nm mations &, % arameters (a, A)

5 24+1 0.27+0.02 2.866+0.003 28+1 0.24+0.02 2.866+0.003
15 211 0.28+0.02 2.872+0.003 28+1 0.25+0.02 2.881+0.003
30 201 0.29+0.02 2.883+0.003 25+1 0.26+0.02 2.884+0.003
45 19+1 0.31+0.02 2.886+0.003 24+1 0.27+0.02 2.889+0.003
60 18+1 0.33+0.02 2.887+0.003 | 23+l 0.28+0.02 2.900+0.003

I, relative units

I, relative units

P(H), relative units

P(H), relative units

-12 -8 -4 0 4 8 12

speed, mm/s

200 300 500

H, kOe

0 100 400

Fig. 3. Mossbauer spectra of products of MCO of IP by oxygen (a) and heat treated at 450°C within 6 h at 450 °C (b)
Puc. 3. Mecc6aysposckue criektpsl npoaykros MXO ITXK kucnopomom (a) 1 moaBeprHyThIX TepMoodpaboTke npu 450 °C B TeueHue
6 4 ipu 450 °C (b)

By the method of X-ray diffraction it is impos-
sible to divide phases of magnetite FesO4 and a ma-
ghemite y-Fe,Os3 as both phases have structure of spinel
and close lattice parameters (8.35 and 8.39 A for
v-FexO3 and FesO4 respectively), chemical analysis
also does not give definite structure of the formed
phases of oxides. Only the method of Mossbauer spec-
troscopy that is well proved for research of iron oxides
composition allows to identify phases of y-Fe;O3z and
Fes04 [55-57].
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The Fig. 3 a, b shows Mossbauer spectra and
corresponding distribution functions of ultrafine mag-
netic fields of initial and subjected to heat treatment at
450 °C IP. The spectrum of heat-treated sample is sim-
pler and contains FesO, and a-Fe,Os oxides that is
match literature data [55-58] judging by parameters
which are given in Tab. 5. Except these two compo-
nents in Mossbauer spectra there is one more compo-
nent with wide distribution of ultrafine magnetic field.
This component contains 19% of Fe atoms which can
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be attributed to the oxide phase with non-periodic
atomic structure [40].

Mossbauer spectrum of the sample exposed to
MCA before calcination is more complex and it has
five components (Tab. 5). 7% Of Fe atoms are in the
phase of a-Fe and the doublet according to the charac-
teristics corresponds to FeO [55-57]. The phase of
Fe30, is defined unequivocally. Also as well as in pre-
vious case there is component with wide distribution of
ultrafine magnetic field (50-450 KE) in which there is
about 26% of Fe atoms. It is possible to assume that
this phase represents the set of clusters of not stoichio-
metric iron oxides. The last fifth components have pa-
rameters close to y-Fe2Os.

Calcination of samples at a temperature of
450 °C within 6 h leads to full oxidation of iron metal
powder in case of use of IP as raw materials. When an-
nealing the samples prepared from CIP under the same
conditions metal iron remains in composition of the
product. Characteristics of the oxides received by the
MCO of IP and CIP in the environment of technical
oxygen are given in Tab. 6.

Table 5
Phase composition of products of MCO of IP in oxygen
before and after calcination
Tabnuya 5. ®a3oBblii coctaB npoaykros MXO ITK B
KHCJIOPOAE 10 U 1MOCJI€ MPOKAJIUBAHUSA

Share of Fe H
Phase atoms in |average| Isomer |Quadrupole
phase (in %)| (KE)
Before MCO
a-Fe 7 333 0.0 -
FeO 22 24 0.9 0.8
453 and|{0.68 and
Fes04 21 485 0.32 -
v-Fe 03 23 501 0.38 -
clusters of not
stoichiometric 26 - - -
composition
After calcination in air at 450 °C
455 and| 0.6 and
FesOs 34 489 | 03 J
a-Fe;03 47 518 0.36 -0.1
clusters of not
stoichiometric 19 300 0 0
composition
Table 6

Characteristics of oxides obtained by the MCO of IP and CIP in oxygen
Tabauya 6. XapakTepUCTHKU OKCUAOB, oJyYyeHHbIX nyreM MXO IT7K u ITY B kucjopoae

Oxidation of CIP Oxidation of IP
Indicators After MCA and After calcination at After MCA and | After calcination at
drying at 100 °C | 450 °C within 6/12 h | drying at 100 °C | 450 °C within 6 h
Conversion coefficient 90+1.5 95+1.5 93+1.5 100+1.5
of Femet in oxides, %
Residual content of
Femet phase, % 10 50 ! 0
Phase composition Fe, FeO, Fe304, Fe304, FeO1-X, Fe, FeO, Fe304, a-Fe203, Fe304,
P y-Fe203, FeO1-X a-Fe203, Fe y-Fe203, FeO1-X FeO1-X
SSA, m?/g 12.0 - 10.0 -

2. Mechanochemical oxidation of IP and CIP
by vapour-oxygen mixture

Earlier it was mentioned that process of MHO
of ferriferous powders is followed both by crushing
and secondary aggregation. Accordingly, for intensifi-
cation of MCA and prevention of aggregation the va-
pour-oxygen mixture is offered.

It is established that application in the course of
the MCA the vapour-oxygen mixture as the environ-
ment under the same conditions allows to increase con-
version coefficient of metal iron powder and besides op-
timal vapour:gas ratio is 0.45. Increase in oxidation de-
gree is connected with the fact that the water which is
adsorbed on the surface of metal iron on the one hand
complicates processes of their aggregation and with an-
other actively participates in the oxidation process. The
particle size of metal iron and composition of vapour-
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oxygen mixture significantly influence the oxidation
process as the conducted researches show. Data on con-
version coefficient of iron to oxides (Fig. 4, curves 1-2)
demonstrate that at the first stage of oxidation (5-15
min) sharp recession of curves of metal iron content is
observed both in the case of using IP and CIP as the raw
materials.

Further increase in time of the MA leads to de-
lay of oxidation processes. Obviously, it is connected
with the fact that the minimum particle size of the iron
phase is reached and aggregation processes which
complicate oxidation begin to prevail. Besides, the
formed reaction products interfere with diffusion of an
oxidizer to the iron surface. Calculation of lattice pa-
rameters of iron showed that, as well as in the previous
case, there is implementation of oxygen in crystal
structure (Fig. 4, curves 3-4).

67



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 9

300
2,895

100

150 200 250

2,890

2,885
880

& <

2,875 o

2,870

2,865

WA

Fig. 4. Changing in iron lattice parameter and Fe® content in the
course of MA of CIP and IP in vapour-oxygen mixture
(vapour/gas=0.45) 1,3-1P, 2,4-CIP
Puc. 4. V3ameHeHre mapaMeTpa pemeTKy jKene3a U COIepIKaHus
Fe® B mponecce MA ITU u IDK B mapoKKCIOpOAHOI cMecH
(map/raz=0,45) 1,3-IDK, 2,4-1T9

3. Mechanochemical oxidation of IP and CIP
by water

The analysis of diffractograms of coarse dis-
persed IP and CIP activated in water within 5, 15, 45
and 60 min shows that before heat treatment at all sam-
ples there are widened reflexes of a-Fe and magnetite
Fes04. By method of the differentiating dissolution it
is shown that CIP in the presence of water in roller-ring
vibrating mill within 60 min of MA is oxidized by
77.6% and IP is oxidized by 88%. Mossbauer spectra
of samples with the corresponding distribution func-
tions of ultrafine magnetic fields P(H) of initial (Fig.
5a) and annealed (Fig. 5b) products of the MCO of cast
iron in water are shown in Fig. 5.

The type of functions is almost identical to both
spectra. Peaks position unambiguously indicates the
presence in samples of pure iron (333 KE), solid compo-
nent (Fe as a doping element) with 1 atom of impurity

Fe

w
X
=
@ Fe;0, 3
c >
° U\M\/\ ks
o =
2 o A Fe o
—
= FesOs| =
[
= Fe-nernp. E
- anemMeHT =
~
A I\Aﬂ

a

| I I TR N SN U N B S |
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V, mm/s H, kOe

Fig. 5. Mosshauer spectra of products of MCO of CIP by water
(a) and heat treated at 450 °C within 6 h (b)
Puc. 5. Meccbayaposckue criektpsl npoaykroB MXO T4 Bogoii (a)
U TIO/IBEPTHYTHIX TepMooOpaboTke rpu 450 °C B TeueHue 6 4 ()

in the immediate environment of iron atom (~307 kE),
iron oxide with fields on nuclei ~ 484 kE for “a” sample
and 507 kE for “b” sample. In the first sample (Fig. 5a)
(with discrete processing) the component form "rest" is
close to a doublet that demonstrates presence of iron
clusters at a paramagnetic state and by the structure
those clusters are close to hydroxides. In this phase there
is 4% of iron atoms. After calcination the quantity of
Fe304 makes 68%, and about 10% of Fe,O3 (Tab. 7) ap-
pear. Considering the quantity determination error of the
phase one may say that the oxygen which is in structure
of hydroxide clusters passed into Fe;Os.

According to researches of the chemical com-
position of a surface of CIP sample activated in water
within 60 min carried out by the method of X-ray pho-
toelectronic spectroscopy (Fig. 6) it is established that
iron on a surface is in the a-FeOOH form that corre-
sponds to binding energy of 711.5 eV and is consistent
with the reference data [58]. As it appears from models

Table 7

Phase composition of products of MCO of CIP in water before and after calcination
Tabnuya 7. @a3oBwlii coctaB npoayktoB MXO ITY B Bojie 10 ¥ mocjie NPOKAJTUBAHUSA

Phase Share qf Fe atoms | Average magnetic field on | Isomeric shift, d |Quadrupole splitting,
(in %) nucleus, H (KE) (mm/s) A (mm/s)
After MCA
a-Fe 27 333 0.0 -
Fes0, 62 451 and 486 0.66 and 0.30 -
solid solution 7 307 0.03 0.05
other 4 - - -
After calcination at 450°C
a-Fe 15 333 0.0 -
Fes304 68 456 and 489 0.66 and 0.33 -
solid solution 7 311 0.03 0.05
a -Fe.03 10 517 0.37 0.10

68
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oxygen has not less than 3 components (Fig. 6). The
states which are characterized by O1s peaks with bind-
ing energy of 530.06 and 530.9 eV belong to O% and
OH- included in FeOOH. The oxygen form with bind-
ing energy of 532.46 eV can be rather reliably carried
to the water [59] connected on a surface.

Lattice parameters of o-Fe were calculated
(a = 0.287 nm) on the basis of the X-ray diffraction
analysis that is consistent with the literature data. The
value of parameter a does not change with increasing
MA duration. Based on this it is possible to draw a con-
clusion that unlike results of work [60] in this case
there is no implementation of significant amounts of
oxygen atoms and hydrogen in the iron lattice. The data
obtained are consistent with the work [40]. Calculation
of fine crystal structure parameters of iron showed that
in the course of the MA there is a decrease in the sizes
of coherent dispersion areas for the samples prepared
from CIP from 28 nm after 5 min. to 24 nm after 60 min
and increase in size of microdeformations from 0.22 to
0.27% for the same time of the MA. For the samples
prepared from IP the size of crystallites after 60 min of
the MA makes 24 nm, and the size of microdeformations
makes 0.32%. The sizes of magnetite crystallites at a final
stage of the MA make 22 and 19 nm for the samples pre-
pared from cast iron and iron, respectively.

L
520

L) LI LI
535 530 525
Binding Encrgy (cV)

Fig. 6. X-ray photoelectronic O1s spectrum of products of MCO
of CIP by water. Binding energies, eV: 1 - FeOOH-O — 530.06,
2-0-532.46, 3 - FeFOOH-OH - 530.90
Puc. 6. Pertrenodorosnekrpornsiii O1S ciekTp mpoayKToB
MXO ITY Boxoit. DHepruu cBszy, 5B: 1 - FeOOH-O - 530,06,

2 -0 —-532,46, 3. FeEOOH-OH - 530,90

I LI
545 540

The analysis of X-ray ray diffraction data
shows that calcination of the samples prepared from
cast iron at a temperature of 450 °C within 6 h leads to
formation of the Fe;Os; phase and crystallization of
magnetite and iron phases. During heat treatment of the
samples prepared from IP total disappearance of re-
flexes of the metal iron phase and crystallization of the
magnetite and hematite phases is observed. Oxidation

of the samples prepared from cast iron demands more
rigid conditions that is caused by presence of doping
elements in it which slow down oxidation process. For
full oxidation of cast iron it is necessary to increase
time of heat treatment at 450 °C up to 14 h.

Calcination process is followed both by loss of
weight, and its increase (Fig. 7). It is shown that the
mass of the calcined sample decreases in the tempera-
ture range of 20-150 °C by 1.2% that is caused by re-
moval of the adsorbed moisture and CO adsorbed
from air and further temperature increase leads to in-
crease of mass of samples. When calcinating from 450
to 1000 °C the mass of a sample increases by 24% that
it is caused by oxidation of Fe?* ions which are located
in magnetite, its transition to hematite and also by oxi-
dation of metal iron. Calcination process is followed
by one endothermic and one exothermic effects.

1100

1000 - I
900 120
300 1 DTA
700 J10

o 6007 TG N

o i 4 0 3

o 500 g
400
300 1-10

I
200 1
100 T 1-20
0 T T T T T T

8I0 100 120 140 160 léO 200
T, min

Fig. 7. Thermogram of products of MCO of CIP by water
Puc. 7. Tepmorpamma npoaykros MXO ITH Bonoit

0 20 40 60

The effect I lying in the temperature range of
20-150 °C is caused by removal of the moisture ad-
sorbed from the environment. In the temperature range
of 500-1000 °C the exothermic effect II is observed
that is connected with final oxidation of iron com-
pounds. The analysis of gaseous products of decompo-
sition by the method of IR spectroscopy shows that in
the gas phase at the temperatures of 20-250 °C there is
water and carbon dioxide, at the temperatures of 250-
310 °C there is predominantly CO, which quantity
sharply decreases with a further growth of temperature.

Thus it was found out that at initial stages of
the MA of ferriferous powders in water there is a crush-
ing with formation of an amorphous phase and accu-
mulation of defects in the iron structure, along with it
parallel processes of formation on a surface of iron hy-
droxides particles proceed according to the reaction:

MA

Fe + 2H,O — FeOOH + 1.5H, (1)
and the formation of magnetite phase
MA
3Fe + 4H,0 —s Fe304 + 8Hy, (2)
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that is confirmed by the data of X-ray photoelectronic
and Mossbauer spectroscopy. Heat treatment of sam-
ples leads to dehydration of hydroxides and final oxi-
dation of metal iron phase with formation of hematite
o-Fex0s.

t
2FeOOH — a-Fe;03 + H.0 3

2Fe + 1.50; —t} a-Fe20s, (4)
The characteristics of obtained oxides are

given in Tab. 8.
Table 8

Characteristics of oxides obtained by the MCO of IP and CIP by water
Tabnuya 8. XapaKkTepUCTHKH OKCHIO0B, noay4deHHbIX myreM MXO ITK u ITY Bopoii

Oxidation of CIP Oxidation of IP
Indicators After MCA After calcination at After MCA After calcination at
and drying 450 °C within 6/12 h and drying 450 °C within 6/14 h
Conversion coefficient of Femet
in oxides, % 73 85/100 88 93/100
Residual content of Femet phase, % 27 15/0 12 7/0
Fe, Fes04
' ) Fe, a-Fe,03, Fes0y, Fe, Fes30q,
Phase composition FeOOH, solid solu- | * ') tion Fe- FeOOH, Fe, a-Fe;0s, Fes0s,
tion Fe-doping ele- .
doping element
ment
SSA, m?/g 34 - 30 -

It should be noted that the specific surface area
of the received oxides makes 30-34 m?/g that by 2-3
times exceeds the surface of the oxides received by tra-
ditional methods of sedimentation and thermal decom-
position of salts. The oxides received using this method
can successfully be used for preparation of highly ac-
tive iron oxide catalysts.

4. Mechanochemical oxidation of IP and CIP
by oxalic acid solutions

Analysis of samples roentgenograms received
after the MA of iron with oxalic acid solutions within
30 min. shows that when using solutions of acids with
concentration of 5, 10, 15 and 20% the full oxidation
of the metal iron phase does not occur both in the case
of using IP and CIP. Increase in acid concentration up
to 25% leads to total disappearance of characteristic re

flexes of the iron phase. As a result of interpretation of
X-ray diffraction analysis data in the composition of
samples iron oxalate FeC,0,-2H,0 is found. After
analysis of IR spectra it should be concluded that the
state of C,04-groups in the compound is close to that
of the chelate oxalate groups (bidentate-connected). In
particular, the IR spectrum of not calcined sample shows
the absorption band with frequency of 1633 cm™ related
to stretching vibrations of double bonds C=0. Besides on
IR spectra the absorption bands with frequencies range of
1360-1317 cm? characterize valent antisymmetric and
symmetric vibrations of single bonds C-O. Quite inten-
sive bands in the area of 1009-821 cm'® can be attributed
to deformation vibrations of C,Os-group. Absorption
bands in the range of 531-492 cm™ are connected prefer-
ential with vibrations of Fe-O(C.0s4). Particle size of re-
action products does not exceed 18 um (Fig. 8a).

8
6
4
2 (I
I . I 1 1 . . . c,
gl O g 10 15 20 25 30 35
<4 )
ol |1,
0 5 0 5 20 25 30 35
g
2l | |1, | | __a
0 5 10 15 20 25 30 35
d, um

Puc. 8. Results of IP laser analysis: a — initial sample, b — sample heat treated in air at 240 °C, ¢ - sample heat treated in air at 400 °C, d-
Average particle size, um, X - Particle fraction, %
Puc. 8. Pesynbrarsl nazepHoro ananusa [DK: a - ucxonuslii o6paser, b — o6paser] mpokaieHHsIi B cpene Bo3ayxa mnpu 240 °C, ¢ - obpa-
3el MpOKajIeHHBIH B cpene Bosayxa npu 400 °C, d - cpeqHuii pa3Mep 4acTHILl, MKM, X - 1O 9acTuL, %
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Calcination of samples on air at the temperature
of 240 °C within 1 h leads to formation of oxide y-Fe203
with a particle size less than 15 um (Fig. 8b). csr By
method of the X-ray diffraction analysis it is established
that the increase in calcination temperature that the CSR
size of the formed oxides changes in the range from 12
to 27 nm in the temperature range of 240-450 °C, the
specific surface area at the same time decreases from
120 to 70 m?/g and the maximum size of secondary par-
ticles increases from 15 to 28 um (Fig. 8c). Along with
it recrystallization of y-Fe;Os to a-Fe,O; occurs.

IR spectra of the calcined samples rather
strongly change and indicate formation of the anioni-
cally modified oxides. On spectra of the samples cal-
cined at the temperature of 450 °C the characteristic
absorption band with the frequency of 1633 cm™* char-
acterizing valent vibrations of carbonate-ions is ob-
served. Besides, there is an absorption band with the
frequency of 3438 cm? characterizing existence of
OH-groups.

The characteristics of obtained oxides are
given in Tab. 9.
Thus, comparative analysis of different meth-
ods of iron oxides obtaining is presented in Tab. 10.
The analysis of the received results shows that use of
oxygen and vapour-oxygen mixture as the oxidizing at-
mosphere considerably complicates technological pro-
cess and allows to receive iron oxides with the surface
area of 10-14 m?/g. However, heat treatment at the
temperature of 450°C is necessary for minimization of
impurity content in metal iron. Application of water as
the dispersion medium leads to increase in quantity of
metal iron phase in samples up to 12-27%. Using the
aqueous solution of 25% oxalic acid in the course of
Fe,03 synthesis allows to carry out the thermolysis in
the temperature range from 240 to 450 °C and to obtain
both y-Fe,O3 and a-Fe,03 with the specific surface area
from 70 to 120 m?/g which is an order of magnitude
greater than that of oxides obtained by the method of
thermal decomposition of ferric chloride.
Table 9

Characteristics of oxides obtained by the MCO of IP and CIP by 25% solution of oxalic acid
Tabnuya 9. XapaKTepHCTHKH OKCH/I0B, MostydeHHbIX myTeM MXO ITK u ITH 25%-M pacTBOpoM HiaBeJieBoii KHCIO0ThI

Indicators Oxidation of CIP Oxidation of IP
After MCA and drying| After calcination | After MCA and drying |After calcination
Conversu_)n co_effluent Of Femet 100 100 100 100
in oxides, %
Residual content of Femet phase, % 0 0 0 0
SSA
v-Fe20s, (Ttr = 240 °C) - 120 - 123
a-Fe,0s, (Ttr = 450 °C) 70 77
Table 10

Composition and characteristics of iron oxides
Tabauya 10. CocTaB U XapaKTePUCTHKA OKCHJIOB Kejle3a

Raw materials
Oxidation CIP IP
medium MCO Femet Temperature of SSA. m?/ MCO time,| Femet | Temperature of | SSA,
time, min| content, % | heat treatment, °C » M9 min  |content, %jheat treatment, °C| m?/g
Oxygen 60 10.0 450 12.0 60 7.0 450 10.0
Vapour-oxygen | ¢, 7.3 450 14.0 60 5.0 450 12
mixture
Water 60 27.0 450 24 45 12.0 450 20
5 -
25% solution of | 4 0 240 125 30 0 240 119
oxalic acid
CONCLUSION 0Xygen, vapour-oxygen mixture with the vapour:gas

In this paper the complex of researches di-
rected to studying of physical and chemical basis of
obtaining iron oxides from technogenic raw materials
that are necessary for catalysts production is con-
ducted. Besides, it was shown that iron oxides with dif-
ferent structure can be obtained by the MA of iron
powder of PZhR grade and cast iron of 12-28 grade
SCh in a vibration mill in the environment of technical

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2017. V. 60. N 9

ratio of 0.45, water and oxalic acid solutions with con-
centrations from 5 to 30%. It was established that the
most effective oxidizer of metal powders is 25% oxalic
acid. Using this method and changing temperature of
heat treatment from 240 to 450 °C it is possible to obtain
anionically modified y-Fe,Os and a-Fe-Os with the sur-
face area from 70 to 120 m?/g that is 10 times more than
that of iron oxides received by industrial technology.
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YTJIEPOAHOE BOJIOKHO C Pd/Ni HOKPBITUEM B PEAKIIUU
SJIEKTPOOKUCJIEHUSA CIITUPTOB

I'.A. Hlectrakos, }O.B. Ilosenos, E.B. Eroposa

I'ned Anexceesuu lllectakos, FOpuit Bnagumuposuu Ilonenos*, Enena Biagumuposaa Eroposa
2

Kadenpa pusznueckoit u komnougHol XxuMuu, MIBAHOBCKUI TOCYIapCTBEHHBI XUMUKO-TEXHOJIOTHUSCKUN
yauBepcutet, npoct. LllepemereBckwii, 7, IBanoBo, Poccuiickas deneparus, 153000.
E-mail: pol@isuct.ru *, olden4d7@gmail.com

C ucnonvzoeanuem OUOKCUOQ MUOMOUEGUHBL NOJIYUEHO HAHOCHMPYKMYPUPOBAHHOE Nile-
HOYHOE NanNaduil-nuKe1e6oe NOKpblmue Ha yziepoonom eonokue. Ezo cocmae u cmpykmypa uc-
C1e008anbl ¢ NOMOUWIBIO PEHMZEHOBCKOU Ougpakmomempuu, CKanupyrouiei 31eKmpoHHOIl,
amoMHO-CUN0801 MUKDOCKORUU U ADCOPOUUOHHOI CHEKMPOCKORUU. INEKMPOKAMATUMUYECKAA
AKMUGHOCMb KOMNO3ZUMA UCC/1€006AHA NO OMHOUWIEHUIO K OKUCTEHUI0 MEMAHONA, IMAHOIA, NPO-
nanona ¢ IM KOH npu 25 C ucnonvzosanuem yuxkiuueckou eoivmamnepomempuu. /[na nony-
YeHus NOKPLIMUA 80JI0KHO RO0GEP2AIU NpedsapumeibHoil 00padomke, eK1I0UaIOWiell cmaouu
00e33cupusanus, 6vlOEPHCKU 6 A30MHOU KUC/IOme, CEHCUOUTU3AUUU 8 PACmeope OUXiopuoa
onoea, akmuesauuu 6 pacmeope ouxinopuoa nannaous. Ilocne oopabomku 6010KHO He3 NPOMbBIGKU
om ouxnIopuoa nAnIAOUA ROMEUAIU 6 60OHBLIL PACMEOD MEMAIUIAUUN, COOEPIHCAUUTL OUXII0-
PUO HUKens, OUOKCUO muomoyesunsl u ammuax. Memannuzayus npomekana é meuenue 45 wun
npu 75 °C. Ha ocnoeanuu 0annwix aumepamypul MON}CHO RPEONONOIHCUND, UIMO KAMUOHbL Me-
mannoe 60CCMAanAGIUBATUC, UHMEPMEOUAMAMU PANOHCCHUA OUOKCUOA MUOMOUEGUHbL — C)Jlb-
doxcunam-anuonamu. B ceazu ¢ npucymcmeuem ¢ pacmeope amMMuaKka 603MONCHO MAKIHCe 60C-
Cmanoeienue Kamuono8 Memanios 6 6uoe AMMUAUHBIX KOMNIEKCO8. YCMAHOBIEHO, YO
Mmacca nokpotmus cocmaensem 36% om oouieit maccol Komnozuma, oHo cooeprycum 86,4% Ni ¢
dopme monookcuoa u 13,6% Pd é euoe memanna. Oonapysrceno, 4mo omuocumenbHoe cooep-
HCAHUE HUKENA U NATINAOUA MOIHCEN USMEHAMBCA 6 3A6UCUMOCHU OM 6PEMEHU CYWIKU HA Cma-
ouu noo20moseKu 6010KHA. B cocmae nokpeimus makiice 6xo0uno Hebdobuioe KOAUUECHBO
071064, 00pA306aHUEe KOMOPO20 CEA3ZAHO C NPUMEHEHUEM OUXTOPUOA 071064 HA CMAOUY CEHCUOU-
auzayuu. Ilokpvimue umeno mMe30noOpUCmMyI0 CIMpyKmypy, a makyice oepekmaul 6 ude omoenn-
HbIX Yacmuy, Ymo A611emca O1a20nPUAMHBIM 01 NPUMEHEHUA 6 Kamanuse. Xapakmepucmu-
KOl 31eKMPOKamanumuyeckoi aKmugHOCMU CAYHCUAU MAKCUMATbHbIE 3HAYEHUSA AHOOHO20
moKa, Komopbie onpeoensanu ¢ NOMOWbI0O MPeEXITEKMPOOHON AUEIUKU C Y21ePOOHbIM 60OOKHOM
6 Kauecmee padouezo 31eKmpooa, Xa0puocepedpanHo0 ¢ HACLLUEHHBIM PACHEOPOM XJ10PUOA Ka-
aua — 6 Kauecmee INeKmpooa CPAGHEHUA U 6CHOMO2AMENbHO20 21A0K020 NAAMUHOE020 IJ1eK-
mpooa. Bonvmamnepnuvie 3aeucumocmu noyuany RPU JTUHEUHOM U3MEHEHUU ROMEHUUANA CO
ckopocmuio 20 — 90 mB/c ¢ anoonom nanpaenenuu ¢ unmepeaie om -1B oo +0,5B. Haonwoa-
J1aCh 00HA AHOOHAA 8ONHA, NONYGOTHOEON NOMEHYUA KOMOPOUL USMEHANCA 6 3A6UCUMOCHIU OM
npupoost cnupma u ckopocmu pazgepmiu nomenyuana om -0,15B 0o +0,22B. /Insa éonokuna oe3
HOKpLIMUA 6071HA OKUC/IEHUA He Hadnlodanacy. Onvimuvlie OaHHble YKA3bIGAIOM HA HeoOpamu-
Mblil Xapakmep 31eKmpooOH020 npoyecca ¢ HAudoAbuLell AKMUGHOCHIbIO 0714 Memanona u
HauMeHbuiell — 015 nPONanoa.

KaroueBble cj10Ba: KaTajJin3aTop, METAJUIM3alusd, YIJI€pOJHOC BOJIOKHO, METAHOJI, 9TaAHOJI, IIPOITaHOJI,
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Pd/Ni-METALLIZED CARBON FIBER IN ELECTROOXYDATION OF ALCOHOLS

G.A. Shestakov, Yu.V. Polenov, E.V. Egorova

Gleb A. Shestakov, Yuriy V. Polenov *, Elena V. Egorova
Department of Physical and Colloid Chemistry, Ivanovo State University of Chemistry and Technology, Shere-

metievskiy ave., 7, lvanovo, 153000, Russia
E-mail: pol@isuct.ru *, olden47@gmail.com

Nano-structured Pd-Ni composite films were obtained on carbon fiber using thiourea di-
oxide and characterized by X-ray diffractometry, scanning electron microscopy, atomic-force mi-
croscopy, atomic absorption spectroscopy, cyclic voltammetry for use as electrocatalysts towards
methanol, ethanol, propanol in 1 M KOH at 25 °C. Fiber preparation process before coating in-
cludes degreasing, treatment in nitric acid, sensibilization in tin dichloride solution, activation in
palladium dichloride solution. After preparation fiber is placed in aqueous solution for metalliza-
tion without washing off palladium dichloride. Metallization takes 45 min at 75 °C. Solution con-
sists of nickel dichloride, thiourea dioxide, ammonia. Based on literature data it can be assumed
that metal cations were reduced by intermediates of thiourea dioxide decomposition — sulfoxilate-
anions. Due to presence of ammonia in solution reduction of metals in ammonia complexes is also
possible. Results show that coating mass is 36% of total composite mass. It consists of 86.4% Ni
and 13.6% Pd in a form of nickel monoxide and metallic palladium. It was found that the relative
content of the nickel and palladium is changeable by varying the drying time in preparation proce-
dures. Sn particles are also present due to use of stannum dichloride at fiber preparation. Film has
mesoporous structure. Fiber structure also has coating defects in form of particles and pores,
which is beneficial for its catalytic properties. Electrocatalytic activity was evaluated at standard
conditions by maximum value of the anode current. Three-electrode cell was used, with carbon
fiber as working electrode, silver chloride electrode in saturated potassium chloride solution as
reference electrode and an counter electrode — smooth platinum. Current-voltage dependence was
recorded in linear sweep voltammetry at anodic polarization with speeds of 20-90 mV/s. Voltage
interval is -1V to +0.5V. One anodic wave was detected. Depending on alchohol and speed maxi-
mum varies from -0.15V to +0.22V. Initial fiber does not produce this wave. After comparison with
literature data presence of electrode process of alcohol oxidation was revealed. Voltammetry shows
presence of alcohol oxidation irreversible electrode process with highest activity towards methanol
and lowest activity towards propanol.

Key words: catalyst, metallization, carbon fiber, methanol, ethanol, propanol, palladium, nickel
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BBEJIEHUE

B npsIMBIX TOIUTMBHBIX 3JIEMEHTaX B KaueCTBE
ANEKTPOAHBIX MAaTEPUAIOB-KATAIN3aTOPOB UCIIONL3Y-
I0TCSI IUTATHHOW/IBL. B mOCIIeIHIe To/1bl PeApUuHIMA-
I0TCS TIONBITKH CO3/IaHUsI KOMITO3UTHBIX KaTaln3aTo-
POB Ha YIJIEPOAHONW OCHOBE C LIEJIBIO yCUICBICHUS U
MOBBIIICHUS 3P(PEKTUBHOCTH pPabOTHl JIECMEHTOB.
Cpeau HEX MOKHO OTMETHThH TaKue, KaK HAaHOCTPYK-
TypHblii Pd-karanmsarop Ha ocHoBe Vulcan XC-72,

MHOTOCTEHOYHBIC yTJIEPOTHbIC HAHOTPYOKH, yriIepo/I-
Hble HaHOocdepsl [ 1] u noJisie yriaepoansie chepsl [2].
Haun6osbiyio 3ppekTHBHOCTL B pab0Te TOILIMBHOTO
AJIEMEHTa IT0Ka3ajl KOMITO3UT W3 TaJlIaJui-HUKeIe-
BOTO TMOKPBITUS HA YIJEPOJIHBIX HAHOTPYOKax
(PANi/MWCNT) [3-5]. TTosTOMY LIENbIO JaHHOH pa-
0OTBI OBLITIO CO3/IaHUE AHAIOTUYHOTO MaTepraa Ha Oc-
HOBE YacTHYHO KapOOHHM3MPOBAHHOTO YTIEPOIHOTO
BOJIOKHA W WCCIIC/IOBAHUE €T0 TOBEJICHUS B PEaKINN
JJIEKTPOOKHCIICHUS CITUPTOB.
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METOIUKA SKCIIEPUMEHTA

B kauecTBe OCHOBBI HCIIOJB30BAJIOCH YTIie-
pomHoe BojokHO (YB) u3 I[TAH-npekypcopa mapku
YKH-M-12K npouzoactea OO0 «Apron» (T. bama-
KoBO, CapatoBckas 00:1.). 17151 OnbITOB IO METaJlIn3a-
UM UCTOIB30BAIN KIyT, cocToauuit u3 12000 sme-
MEHTapHBIX BOJIOKOH JIUAMETPOM 7 MKM KaXKIbIi.
Jnuna xkryTa coctaBisiia 5 M, cpeansis macca — 0,04 T.
[lonroroBka BOJOKHA Tepell HAHECEHHWEM TOKPBITHS
BKJIFOYAJIa CIeAyIoune cTaguu: (a) 00e3:KNprBaHue B
artetore B Teuenne 120 muH; (0) cymka B medu npu
80 °C B Teuenue 4 u4; (B) o0padorka B HNO3 (MaccoBast
KOoHIeHTpanus 67%) B reuenue 240 muH; (T) 4-X Kpat-
Hasi IPOMBIBKA B TUCTHIDIMPOBAHHOM BOJE; (IT) CyIIKa
B nieun ipu 80 °C B Teuenue 4 u; (€) ceHCHOMIM3aNus
pactBopoM SnCl, koHueHTparuein 20 /71 B TeYCHHE
75 MHUH TIpu KOMHATHON Temrieparype; (k) 4-X Kpar-
Hasl TPOMBIBKA B TUCTHJUTMPOBAHHOW BOJE; (3) CyIIKa
B nieun nipu 80 °C B Teuenue 4-8 4; (M) akTUBALIUSA pac-
tBopoM PdCl, xonmentpanmedi 0,3 r/m B TedeHue
75 MUH Ipy KOMHATHOU TEMIIEPATYPE.

[Tocie moAroTOBKH BOJOKHO 0€3 OTMBIBKH OT
pacTBopa XJopuaa NaJUIagus MOMEIIAId B PacTBOP
MeTauM3auuy. JlIs TPUrOTOBIEHHS MOCIEIHETO
HABECKY BOCCTAHOBUTENS — JMOKCHIA THOMOYEBUHBI
Maccoit 0,135 r pacTBopsu B 7 MJI TUCTHIUIUPOBAH-
Hol BoJibl, HaBecky NiClz-6H20 maccoii 1,25 r pactBo-
PsUTM B AMCTUJUIMPOBAHHOM BOJIE 1O IOCTHKEHUS 00b-
emMa 9 ML, 3aTeM CMEIIMBAU YKa3aHHbIE PAcTBOPHI U
n00aBis 9 MII pacTBOpa aMMHUaka ¢ KOHIIEHTpaLuen
10% m™acc. YrieponHoe BOJIOKHO B yKa3aHHOM pac-
TBOpE BBIJIEPKUBAIM NpH Temneparype 75 °C B TeueHne
45 muH. [Tocne n3Bneuenus YB u3 pacTBopa MeTauiu-
3aIllM €ro YETBIPEXKPATHO MPOMBIBAIN B TUCTUILINPO-
BaHHO Boze U cymmiu rpu 80 °C B Tedenue 4 4.

Bce wncnosnp3oBaHHBEIE B paboTe pEaKTUBBI
MMEIH KBaJTH(PHUKALUIO HE HUXKE «9», THOKCH] THOMO-
YEeBHHBI CHHTE3UPOBAJIN 110 U3BECTHON MeTOMKeE [6)].

AHanmm3 coctaBa MOKPBITUS OCYIIECTBISUIN C
MOMOIIBI0  ATOMHO-a0COPOIIMOHHOTO  CIIEKTPOCKOIIA
(AAS-3 mpomsBoxctsa Carl Zeiss Jena) 1 peHTreHOB-
ckoro gudpakromerpa (JIPOH-3M c ucnonp3oBaduemM
Menaoro Ko-mzmyuarens). CTpykTypa aHaIu3upoOBa-
Jach MPH OMOLIM CKaHUPYIOIIEH 3JIEKTPOHHON MHK-
pockonuu (Vega 3 Tescan) 1 aTOMHO-CHIIOBOH MUKPO-
ckomuu (Solver P47-PRO).

DJeKTpoKaTaIuTHYeCKass aKTUBHOCTh OLICHU-
BaJIach M0 BEJIMYMHE MAKCUMyMa aHOAHOTO TOKa, U3-
mepsiemoro B 1M KOH/IM cnupTtoBOM pacTBOpe B
TPEXDIEKTPOTHON sueiike (pabouuii dIEKTPOI — I0-
KpBITOE WJIM HEMOKpbITOE Y B, 31ekTpo cpaBHEHUS —
XJIOpUICEPEOPSIHHBIN ¢ HACHIILIEHHBIM PACTBOPOM XJIO-
pulia Kaaus, BCIIOMOTATEIbHBIN 3JIEKTPO — TJIaJKUN
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IUIATHHOBBIN ) IPH KOMHATHOM TemrepaTtype. Bonbram-
nepHble KpuBble cHUMaM Ha npubope «llomsporpad
yHUBepcalbHbli [1Y-1» B pexume MOCTOSHHOM pas-
BEPTKH MOTeHIHMana co ckopocTbio ot 20 mo 90 mB/c
IIpY aHOJHOW monsipu3anuu. HadansHoe HampsbkeHue
coctasisio -1 B, koneunoe — +0,5 B.

PE3VJIbTATBI U X OBCYXJIEHUE

Panee Hamu uccnefoBaHa BO3SMOYKHOCTB ITOITY-
geHus kommno3uruu Pd/Ni/YB Ha ocHOBe rumparmen-
JIFOJIO3HOTO BOJIOKHA [7], M3Y4eHBI CTEXHOMETpHYe-
CKH{ MEeXaHU3M TPOIlecca, KHHETHKA PEOKC-PEaKIiuu
HHKENS ¢ THOKCHIOM THOMOYEBHHBEI [8] M 0COOCHHO-
CTH KHHETUKH Pa3NIOKEHUS JUOKCHIA THOMOYEBHHEI B
BOJHO-aMMHAYHOM PacCTBOPE, MCIOIB3YEMOM B IIPO-
necce metayumzanud Y B [9]. [lokazano, uTo nHTEpME-
IUaTaMHd BOCCTAHOBIICHUS SIBIIOTCS AHUOHBI CYIb-
(hOKCHIIOBOM KHUCIIOTHI, OOpa3yromfecss B IMpoIecce
MOHOMOJIIEKYJIIPHOTO pachafa MOJEKyNl TUOKCHIA
THOMOYEBHHEI. OTCYyTCTBHE B 00pa3yrOIIUXCsI ITOKPHI-
THSX aTOMOB CEPbI, BXOISAIINX B COCTaB MOJIEKYJ BOC-
CTaHOBUTEIIS, IMEET BaXKHOE 3HAYCHHE TIPH HCITOIB30-
BaHWU TIOKPBHITUN B KAY€CTBE KATAIN3aTOPOB.

Br160op BOJIOKHA-OCHOBBI, HCIIONB3YEMOTO B
pabote, 00ycII0BIIEH TEM, YTO JaHHbIH TUIl Y B BhImyC-
KaeTcs B JOCTATOYHO OONBIIMX 00BEMaX M UMEET OT-
HOCHTEJIHFHO HEOOBITYI0 CTOUMOCTb.

Bonokna ¢ IMMOKPBITUAMHA, TOJYYCHHBIMU I1I0
BBIIIICONMCAHHON METOJIMKE, aHATM3HPOBAINCH METO-
JIOM a0COPOIIMOHHOM CIIEKTPOCKONIMU Ha KayeCTBEH-
HOE€ ¥ KOJIMUECTBEHHOE COJIEpIKaHKe 3JIeMEHTOB. s
3TOTO METAJICOAEPIKAIllee TOKPBITHE CMBIBAIOCH C
BOJIOKHA IapcKoil Boakoi. B abcopOIMOHHBIX CIiek-
Tpax ObUIM OOHApPYKEHBI CIEAYIOIINE AJIEMEHThI-Me-
TaJUTBL: TAJUTAINN, HUKEIb, 0J10BO. B Tabm. 1 mpencras-
JIEHBI pe3ybTaThl aHamu3a o0pas3roB Y B, momydeH-
HBIX B UACHTUYHBIX YCJIOBUAX, B IIPOUCHTAX OT 06HICI71
MacCCBhI ITOKPBITHA.

Tabnuuya 1
JJIeMEeHTHBIH €cOCTAB OKPLITHA HA YB
Table.1. Elemental composition of metal coated carbon fiber

Meran/obpasery I 1 1l
Ni, % Muoxpurrus 77,74 86,39 86,36
Pd, % Muowpurrus 22,15 13,39 13,54
SN, % Myoxpurrus 0,11 0,22 0,1

Hebosbimoe comepikaHue 0JIoBa B MMOKPBITHH,
BEPOSITHO, CBSI3aHO C afcopOIMell KaTHOHOB OJIOBA Ha
MTOBEPXHOCTH BOJIOKHA HA CTAJIUU CCHCUOWIM3AIH U
WX JaTBHEHIINM BOCCTAHOBJICHUEM JTUOKCHIIOM THO-
MOYCBHHEI.
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Bo Bcex oOpasiiax coaepkaHne HUKEIS TPEBbI-
IIaeT COZACPIKAaHUE MaJUIaaus, YTO OOBSICHACTCS OOJb-
el KOHIEHTpalue KaTUOHOB HUKENS B PEaKIMOH-
HOW cpeJie Py MeTaJUIU3alK BOJIOKHA. OTHOCUTEIb-
HOE COJICpKaHKMEe HUKENs U nauiaaus B oOpasie I He-
CKOJIbKO oTiimyaeTcst oT oopasios II u 111, 9To 0ObsIC-
HSETCS PA3IMIHBIM BPEMEHEM CYIIIKH B IPOIIECCE MO~
TOTOBKH ITOCJIC CTaIUH CCHCUOWIM3AIINU: JIJIsl 00pasia
I ono cocrasmister 8 4, a gy 11 u I — 4 4.

Macca o00pa3yromerocsi MOKPBITUS COCTaB-
nsuta B cpeiHeM 35% OT MacChl KOMITO3UTHOTO Mate-
puana, 4To JaeT pacueTHOS 3HAUYCHHUE CPEeIHEH TOJ-
IIMHBI 00pa3yromerocs MOKpeITHs 0,2 MKM.

Ha ocHOBaHWM MaHHBIX JTHTEPATYPHl XUMHU3M
mpoliecca 00pa3oBaHus METAJUTMYECKOTO MOKPBITUS Ha
VB MOHO OpeACTaBUTh B BUAE CICAYIOIINX CTaIM:

(NHz)zCSOz + OH — HSO, + (NHz)zCO (1)
HSO, = H* + SO )
SOz + Pd? — SO, + Pd 3)
SOz + Niz* — SO, + Ni (4)
8022' + Sn* — SO, + Sn (5)

Ha craguu (1) oOpa3yroTcst akTHBHBIE BOCCTa-
HOBUTENIbHBIE WHTEPMEIUATHI U3 MOJEKYJ JHOKCHAA
TUOMOYEBHHBI — aHUOHBI CYJIb(OKCUIOBONW KUCIIOTHI,
KOTOpbIE B AaJbHEHIIIEM pearupyroT ¢ KAaTHOHAMHU Me-
tautoB Ha ctanusax (3) — (5). Tak xkak B pacTBope me-
TAUIM3alUU [PUCYTCTBYET HEOOJBIIOE KOJINYECTBO
aMMHaKa, TO BO3MOXEH IPOLIECC BOCCTAHOBJICHUS U
aMMHaYHBIX KOMIUIEKCOB JJAHHBIX METAJLIOB.

12000
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4000 4

WHTEeHCUBHOCTL

2000 4

t+— 7
0 10 20 30 40 50 60 70 80 90

20
Puc. 1. ludpakrorpamma yriepoHoro BonokHa: 1 — 6e3 moKpsI-
tust; 2 — ¢ Pd/Ni nokpeitiem
Fig. 1. X-ray diffraction patterns: 1 — initial carbon fiber; 2 — Pd/Ni
coated carbon fiber

KagecTBeHHBII cOCTaB MOKPHITHS TaKXKe OLle-
HHBAJICS TP TIOMOIIM PEHTT€HOBCKOM AN(PAKTOMET-
pun (puc. 1). UcxonHoe BOJOKHO MMEET SIPKO BhIpa-
JKEHHBIH pediiekc mpu yrie oTpaxeHus 25,3°, 4to co-
oTBeTCTBYET IpaduToBOM MmiiockocTH. Ilocie HaHece-
HUSI TOKPBITUS HAOMI0aI0TCst peIeKchl B 00JIaCTH OT

15 o 73 yrioBBIX TPagycoB, KOTOPBIE COOTBETCTBYIOT
dazam Hukens (52,02° u 59,45°), okcuaa HUKEIS
(62,97° u 72,94°) u namnagus (38,6°). Peduexc mpu
19,4°, BeposATHO, CBSI3aH C M3MEHEHHEM YIIIEPOIHOM
CTPYKTYpBI BOJIOKHA TIPY METAIUTH3AIUH.

C moMompl0 aTOMHO-CHIIOBOM MHKPOCKOITHH
1 CKaHUPYIOLLEH 3JIEKTPOHHON MKPOCKOIIUY POBEACH
aHaJIM3 CTPYKTYPBl MOBEPXHOCTHOTO CIIOS IMOJYYeH-
HOTO TOKPHITHS (puc. 2-4).

um

/20
/16
1,2
08

12100507 04
y 0,60’40’2 0 0

urt 1,4

Puc. 2. Ckan — m300pakeHne mosepxHocTu Y B 1o merammsza-
1Y, MOJIYYEHHOC ITPU MOMOIIU aTOMHO-CHIIOBOI'0 MUKPOCKOIIa
Fig. 2. Atomic-force microscope topographical scan of initial car-
bon fiber

VY ucxoanoro ¥YB npu ckaHUpPOBaHUHU OJHOTO
AJIEMEHTaPHOTO BOJIOKHA BBISIBJIEHA HermopucTas Guo-
PHIUISIpHAst CTPYKTYpa MOBEPXHOCTH (pHuc.2).

[ToBepXHOCTh METAIITM3MPOBAHHOTO BOJIOKHA
sBisieTcss OoJiee IIEPOXOBATOW, HMMEIOIEH MOpBl U
HApOCThI B BUJIE OT/AEIBHBIX YaCTHUI[ C pPa3MEpaMu He
ooxnee 1 mxMm (puc. 3, 4). AHaIIU3 TUCTOTPAMMBI TTOKa-
3aJ1, YTO Y BOJIOKHA C MOKPBITHEM OCHOBHASI 4aCTh I10-
BEpXHOCTH HAXOAWTCS Ha BBICOTE mmopsiaka 190 M,
YTO HOATBEPKAAET PaHee cAeIaHHYIO Ha OCHOBE KOJIH-
YecTBa OCXKIECHHOTO METallla OICHKY CpeJHEH TOl-
LIMHBI TOKPBITHSL.

B Tabn. 2 mpenctamieHBl NaHHBIE BOJIBTaM-
MEPHBIX UCCIIEIOBAaHUH YIIIepoaHOro BosiokHa ¢ Pd/Ni
MOKPBITHEM, UCIIOIB3YEMOTO B Ka4eCTBE JJIEKTPOJ-
HOT0 MaTepualia B CIUPTOBO-BOIHO-LIIEJIOUHBIX PacT-

Puc. 3. Ckan — u3obpaxkeHne nosepxHoctu ¥YB nocne Metaimsa-
11y, MOJIYYEHHOEC ITPHU MOMOIIHU aTOMHO-CUJIOBOI'0 MUKPOCKOIIa
Fig. 3. Atomic-force microscope topographical scan of metal
coated carbon fiber
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Puc.4. 306pakenue moBepxHOCTH Y B mocie MeTam3anmm, moiy-
YEHHOE IPH MTOMOIIY CKaHHPYIOIIETo MIEKTPOHHOTO MHKPOCKOIIA
Fig. 4. SEM images of metal coated carbon fiber

Bopax. Ha 3aBUCUMOCTSIX TOKa OT TMHEUHOMN pa3BepTKU
HOTEeHIMaIa HabI0gaeTcs OJHa aHOJHAsI BOJIHA, 110-

TEHIMal MakCUMyMa KOTopo# n3mensiercs ot -0,15 B
no +0,22 B OTHOCHTENBHO HACHIIICHHOTO XJIOPHCE-
pebpstaHOTO AMekTpona. Ha ucxomaom YB 6e3 mokpsI-
THS TOAOOHOTO poja BOJHBI He HaOmogaercs. Cpas-
HEHHE MTOTYYCHHBIX BOJIbTaAMIICPHBIX XapaKTEPUCTHUK C
TaHHBIMU TuTepaTypsl [ 10] mo3BossieT cienars BEIBOT
0 TMPOTEKAaHUH AIIEKTPOIHOTO MPOIecca, CBI3aHHOTO C
okucieHueM crnuptoB. CylIecTBYeT HECKOJBKO BO3-
MO>KHBIX BapHAHTOB MPOIIECCa AIEKTPOTHOTO OKHCIIE-
HUS CIIHPTA HA MTPUMEPe METaHOJA!

CH30H-2e + 20H" — CH,0 + 2H,0 (6)
CH30H -4e + 40H — CO + 4H,0 @)
CH30H-4e + 40H — CHOOH + 3H,0 (8)
CH30H -6e + 60H" — CO, + 5H,0 9)

[pu kaTOMHOM MONSPU3AIMN BOJIHBI HE HAOIIO-
JaeTcs, MPoLecC UMeeT HeoOpaTHUMBIA XapakTep, Io-
9TOMY ONPEAEIUTH KOIMYECTBO IEKTPOHOB B DIIEK-
TPOJHON PEAKLMH HE MPEACTABISAETCS BO3MOKHBIM.

Tabnuua 2

HOTeH].[l/IaJIBI MAaKCUMYMOB BOJbTAMIICPHBIX KPUBBIX U 3HAYCHUSA NMPeJeJbHbIX TOKOB OKMC/ICHUA CIIUPTOB Ha
Pd/Ni nokpeiTun YB
Table 2. Potentials of highs and limiting oxidation currents of alcohols on metal coated carbon fiber

Cnupt CxkopocTb
Metanon OTa”oI [Iponanoun pa3BepTKU
E,B Lyaxe, MKA/MT E,B I vaxe, MKA/MT E,B lyaxe, MKA/MT | TIOTEHIMANA, MB/C
+0,06 153 -0,13 52 -0,15 78 20
-0,11 231 0,00 75 0,00 55 50
0,00 208 +0,08 104 +0,03 97 70
+0,13 247 +0,22 104 +0,01 84 90

Hcxons U3 3HaueHUi yIeJbHBIX TOKOB OKHUC-
JIEHUS CIIUPTOB, OTHECEHHBIX K MACCE BOJIOKHA, MOKHO
TOBOPHUTH O HAMOOIBIIIEH aKTUBHOCTU KaTaIM3aTopa —
kommo3uta Pd/Ni/YB 1o OTHOIIEHHIO K METaHOIy U
HalMEHBIIEN — TI0 OTHOUIEHHUIO K MPOTNIaHOJTy.
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CTPYKTYypa MOKPBITUS UMEET Je(eKThl B BHJIC OT/ICIIb-
HBIX YaCTHII ¥ TTOP, YTO OJArONPHSATHO JUIS TPUMEHEHUS
€ro B KaueCTBe aJIcopOeHTa 1 KaTanu3aTtopa. Mcnons3o-
BaHHE IMOJYYEHHOTO KOMIIO3UTA TIPH DJIEKTPOOKHUCIIE-
HUH OJIHOATOMHBIX CIIMPTOB B IIENOYHON cpejie TIoKa-
34110, YTO €ro KATAJMTHYCCKHUE CBOMCTBA HAWITYUIINM
00pa3oM MPOSIBIISFOTCS B CITy4Yae OKUCIICHUSI METAHOJIA.

Paboma ewvinonnena 6 nabopamopuu KuHe-
MUKU AHCUOKOPDA3HBIX pedokc-pearkyuil Mncmumyma
MEePMOOUHAMUKY U KUHEMUKU XUMUUECKUX NPOYeCcCos
UTXTY.

Asmopul gbipadicaiom npusHaAmMenbHOCHb K.M.H.,
ooy. Unvuny A.A., k.x.n. fynaesy A.B. u x.x.n. A¢pune-
egckomy A.B. 3a nomowpb 8 nposedeHuU IKCHepuUMeH-
MANLHBIX UCCIE008AHU.
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JEKTPOIIPOBOJAHOCTS Li*-JOIMUMPOBAHHOTI'O TNJIVIAPHOT'O MOHTMOPUJIVIOHUTA
M.®. Byrman, H.JI. Opuunnuxos, H.C. Kapacés

Muxaun ®enoposuu byrman, Hukonait JIsBoBrny OBunHHUKOB, Hukura Cepreesuu Kapacés *

Kaq)e)lpa TEXHOJIOT'MH KEpAaMHUKHU U HAHOMATCPpUaJloB, Banosckuit FOCYI[apCTBGHHLIfI XUMHUKO-TCXHOJIOI'NYC-
CKH yHUBEpCHTET, mpocir. [llepemereBckuii, 7, BanoBo, Poccuiickas ®eneparms, 153000
E-mail: butman@isuct.ru, ovchinnikovnl_1972@mail.ru, workingfish1992@lenta.ru *

Ilpeonoscena memoouxka nojyueHus meepovlxX INEKMPOIUMOE HA OCHOGE CIOUCHIbIX
QIIOMOCUTTUKAMO8 C TUMUEBoll nPosooumocmuio (2D-nunnapuvix nanomamepuanos). Memoouxa
eKnouaem mpu ocnosnvlx ymana. (1) — pacuiupenue mexccinoeso2o RPOCMPAHCMEa AIOMOCUNU-
Kama nocpeocmeom UHMEPKANAUUU KPYRHOPA3ZMEPHBIX ROTUZUOPOKCOKOMNIEKCO8 Memdailios;
(2) — co30anue npoxanuseanuem croucmo-cmonroUamMoi Mampuybl ¢ pa36UMbIM ROPOGLIM RPOCHIPAH-
CH18OM U D0TLULOTL HIIOWLAOBIO YOCTbHOIL NOBEPXHOCIU U (3) — OONUPOSaHUE HAHOROOCH el RUNAD-
Holl cmpyKkmypbl uonamu aumus. Hzmepenus memooom umMneoancHoli CReKmpocKOnuu nOKa3aiu,
umo 0na usyuennvix Li'-0onupoeannvix nunnapuvix oopaszyos monmmopunnonuma (PMM), unmep-
Kanuposanuvix nonuxamuonamu [Aliz04(OH)(H20)12]"" u [AlnOs(OH)s6(H20)24]"%*, snexmponpo-
600HOCMb HA HECKOIbKO NOPAOKOE 8bluie IJIEKIMPUUECKOI NPOBOOUMOCHIU HPUPOOHO20 MOHMMO-
punnonuma (MM) u conocmaeuma ¢ I1eKmMponPoBOOHOCHIbIO HAUDOIEee U3BECHIHBIX TUMUEBbIX
MEepObIX I1eKMponumos, Hauunas c memnepamyp eviute 100 °C. Benuuuna o100:c (Cmcm™) yge-
nuuusaemes 6 pady: MM (2,33-107), MM-Li* (2,99:10°°), Alis-PMM-Li* (1,64:10°), Alsp-PMM-Li*
(3,12:10°°). Hanuuue ancamons nuiiapos 6 Meiccioeeom npoCmpancmee o6ecneuusaen ycko-
pennyio oughghyzuio uonoe 1UmMuUA NO UX NOBEPXHOCMU U COONEEMCINEEHHO NOBLILIEHHYIO J1eK-
mpuueckyro npoeooumocmo. B Al1z- u Alsp-nunnaprnom monmmopuiionume, 0ONUPOSAHHOM JiU-
muem, 6 memnepamypHom unmepeaie oxono 370-420 °C nabdaooanuce memnepamypHsie AaHOMA-
JUU RPOBOOUMOCHU, KOMOPbLE OMCYHCIEO8AIU ) HEMOOUPUUUPOSAHHO20 MOHIMMOPUIIOHUMA.
Hx npupooa, no mueHu aémopos, CéA3aHA ¢ XUMUUECKUMU U CIMPYKMYPHbIMU MPAHCHopmayu-
AMU RUTIAPOE U CORYIMCMEYIOUWUMU PEAKYUAMU C HEPEHOCUUKAMU 3apAda - uonamu aumus. Ha
IMOM npUMepe NOKA3AHO, YMO NPUMEHEHUE Mem00d UMNEOAHCHOU CReKMPOCKORUU NO360J1A€em
ROYUUMb UHMEPECHYI0 0ONOTHUMEIbHYI0 UH(OPMAUUIO 0 XapaKmepe XUMUYeCKUX npeepauie-
Huil Kax noauxamuonoe Aliz, max u Alx uepes npomesrcymounyio 6emumonoooonyro moouguxa-
uuio ¢ popmy y-AlOsz-nunnapos.

KiaroueBble cj10Ba: HHHHapHLIfI MOHTMOPUWJIJIOHUT, JIUTUEBAA IIPOBOJUMOCTD, TBGp)IBIﬁ OJICKTPOJINUT,
UMIICIaHCHAas CIICKTPOCKOIINA

ELECTRIC CONDUCTIVITY OF Li* -DOPED PILLARED MONTMORILLONITE
M.F. Butman, N.L. Ovchinnikov, N.S. Karasev
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The method for obtaining solid electrolytes based on layered alumosilicates with lithium
conductivity (2D-pillared nanomaterials) was proposed. The procedure of synthesis involves three
basic steps: (1) the expansion of the interlayer space by the intercalation of large-size metal poly-
hydroxocomplexes, (I1) the formation by calcination of the pillared matrix with developed pore
volume and high specific surface area, and (111) the doping of nanocavities of the pillared structure
by the lithium ions. It was shown that for the studied Li* -doped pillared montmorillonite samples
(PMM), intercalated by the polycations [Al1304(OH)2s(H20)12]"* and [AlzpOs(OH)ss(H20)24]*%", the
conductivity was several orders of magnitude higher than that of natural montmorillonite (MM)
and is comparable with the most prominent lithium solid electrolytes, starting from temperatures
above 100 °C. The magnitude o100:c (S-«cm™) increases in the series: MM (2.33:107), MM-Li*
(2.99:10°), Ali3-PMM-Li* (1.64-10°), Alzo-PMM-Li* (3.12:10°°). An ensemble of the pillars in the
interlayer space provides an accelerated diffusion of lithium ions over their surface and thus en-
hances electrical conductivity. For the Ali3-PMM-Li* and Als-PMM-Li* samples at a temperature
range of about 370-420 °C thermal anomalies of conductivity were observed in contrast to the un-
modified montmorillonite. According to the authors, their nature is related to the chemical and
structural transformations of the pillars and the accompanying reactions with lithium ions. From
this example it follows that the method of the impedance spectroscopy may provide interesting ad-
ditional information on the nature of chemical transformations of the polycations through an in-
termediate boehmite-like modification to the form of y-Al,Os-pillars.

Key words: pillared montmorillonite, lithium conductivity, solid electrolyte, impedance spectroscopy
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BBEJAEHUE OJHO U3 NEPCIIEKTUBHBIX HANIPABIEHUN MOJIU-
¢uKaMM MOHTMOPWJUIOHMTA KAaTUOHHBIM OOMEHOM
CBSI3aHO C TIOJYyYEHHEM TaK Ha3bIBAEMBIX MIJUIAPHBIX
MaTepUasoB, XapaKTePU3YIOINXCS YHUKAIbHON CIIOU-
cTo-cTonb4aroit cTtpykrypoiut [3-6]. MHTepkammpyro-
MMM areéHTaMH B 3TOM CIIydae SBISIOTCS MOJIUTHI-
POKCOKOMIUIEKCH METaJJIOB, BHEAPEHHE KOTOPHIX B
MEXCIIOEBOE NPOCTpaHCTBO MM BBI3BIBaCT 3HAYU-
TesnbHOE (10 1 HM) yBenuueHue 0a3albHOTO PaccTos-
Hust Ooo1. Mocnmenyrommii 0OKHUT MpHU TeMIEpaTypax
300-500 °C mpuBOAMT K 0Opa30BaHHUIO KJIACTEPOIO-
NOOHBIX 00pa30BaHM — MMIIAPOB, KOTOPHIE CO3AAI0T
MIEPHOANYECKYIO CTOJIOUATYIO CUCTEMY, CIIIMBAS CHIIN-
KaTHBIE CIIOH U, B TO JK€ BPEMSI, COXPaHSAA X OOJIBIIYIO
paszaBukKy. Kak ciencreue, numnapaeii MM xapak-
Tepu3yeTcsi O0IBIINMHU 3HAYCHUSAMH TIIOMIAANA YACIb-
HOM MOBEPXHOCTH B 00beMa MOPOBOTO MPOCTPAHCTBA.

KiroueBoit mpoOnemolt mOMy4YeHUs] mHITIap-
HOro MM sBrnsieTcs THAPOTUTUIECKUI CHHTE3 KPYITHO-
pa3MEpPHBIX MHOTO3aPSIHBIX TMOJUTUAPOKCOKOMITIEK-
coB MetaiuioB. Hanbonee xoporio 3ta npobiema u3y-
YyeHa JUIs aTFOMHMHUSL, IPOAYKTaMH THIPOJIN3a KOTOPOTO

[Nomyuenue dyHkKmonanpHBIX 2D-HaHOMaTe-
pHAJIOB HA OCHOBE CIIOUCTBIX ATFOMOCHIIMKATOB SIBIISI-
eTcsl MHTCHCUBHO Pa3BUBAIONICHCS O0JIACTBIO HCCiIe-
nosaawuii [1]. Bompmioe konmuecTBO paboOT BHIMONHA-
ercs ¢ MoHT™MOopuiutoHuToM (MM). Ero cTpoenue xa-
pakTepu3yeT TpexciuoWHbli maker (2:1): nmBa cios
KpeMHeKucIopoaHbix TerpasapoB (T), oOpameHHBIX
BEPLIMHAMH JPYT K IPYTY, C ABYX CTOPOH MOKPBIBAIOT
CJION aOMOTHUAPOKCHIIBHBIX OKTadapoB (O). bmaro-
naps uzomMophHbIM 3amMenienusaM (Harpumep, AP Ha
Si** B T cnoe u/wm AlP* ma Mg?* B O cioe), amomo-
CHJIMKATHBIE CIIOM 3apsDKEHBI OTPULATENBHO. DJeK-
TPOHEHTPATHHOCTh MUHEPAJa 00eCIIeYrBaeTCs KaTHO-
HaMM MIEJOYHBIX M LIEJIOYHO3EMEJIbHBIX METAaNJIOB,
HaXOJSIINXCS B TUIPATUPOBAHHOM COCTOSTHHU B MEX-
cioeBoM mpoctpancTBe. [2]. Cmabas CBs3b MEXKITY
CJIOSIMU 00yCIIaBIMBAET 3HAYNTENBHYIO eMKOCTh KaTH-
OHHOTO O0OMeHa. JTO MO3BOJISET 3PPEKTUBHO UHTEP-
KaJHpOBaTh B MEXKCIIOEBOE MPOCTpaHcTBO MM Kpyii-
HOpa3MepHbIE KaTHOHBI OPTraHWMYECKOTO WM Heopra-
HUYECKOTO IPOUCXOKICHHS.
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ABJISIOTCSA, B 4acTHOCTH, HOHBI [Al1304(OH)24(H20)12]™
(Tak Ha3pIBacMble HOHBI Kerruna, kpatkoe o0o3Haue-
Hue Aliz). ['unponus amomMuHNsS MOXKET OBITH HHTEH-
CU(QHUIUPOBaH B THIIEPTEPMATBHBIX YCIOBUSIX MPU UC-
NOJIb30BaHUM PEaKkTopa MoJ| JaBICHHEM, YTO IO3BO-
JSIeT CHHTE3UpPOBaTh B OOJBIIMX KOHIECHTPALUIX
YCTOWYMBBIE «TUTAHTCKUE» MOHBI C MpeAronaraeMon
dopmymnoii [AlzpOs(OH)ss(H20)24]8* (Also) — ammyxTer
noHoB Kerruna u monekyn Al(OH)s, ciaykamux cBsi-
syomM MocTukoM Mexay Aliz [7]. Tekcryphbie
CBolicTBa nwu1apHoro MM, HHTEpKaTUPOBAHHOIO TT0-
nukatrHoHamu Alis u Alsg, Kak Mmokasanu HeTaBHO TPO-
BEJICHHBIE HAMH HCCJIECIOBAHUA, CYIECTBEHHO IOBHI-
IIAFOTCS 110 CPABHEHUIO € UCXOJHBIM MM [8-9].

Ha ocHOBe 3THX MaTepHaIoB MOKHO ITOTY4aTh
TBEP/BIE AIEKTPOIUTHI C TIPOBOJUMOCTBIO 10 IIEI0Y-
HbIM noHaMm [10], mas dero HE0OXOIUMO TOTIOTHH-
TEIbHOE HACHIIIEHHE MEXCIOEBbIX HAHOIOIOCTEH
nuwutapHoro MM HMOHaMH JIErKUX IIEJIOYHBIX METaj-
noB [11]. Ilo cyTH, 3TO HOBBIA MOIXOA K MOTyYEHHUIO
JTUTHA-TIPOBOIAIINX TBEPIBIX OSJIEKTPOIUTOB, KOTO-
pBIe pa3padaThIBAIOTCS HA OCHOBE AIIEKTPOXUMHYECKU
AKTUBHBIX HEOPTaHWYECKHX CTPYKTYp, OOJIaJaroIinx
00 BBICOKOH CTENeHbI0 Ae(EKTHOCTH H3-3a pa3ymo-
PAIOYCHHS OAHON U3 KPUCTAILTMYECKUX TOPEIIETOK,
MO0 OCOOCHHOCTSMH CTPYKTYPBI, CBSI3aHHBIMH C
HaJIM4YMEM KaHaJIOB HOHHOU mpoBoauMocTH [12-18].

B nacrosmiet paboTe METOI0M UMIIETaHCHOU
CIEKTPOCKONIMHA ~ HM3YYaroTCs  3JIEKTPOIPOBOIAIIIE
CBOKMCTBA MCXOJHOTO M JONMAPOBAaHHOTO HOHamu Li*
Aliz- u Also-rmsmapaoro MM.

METOAUKA SKCIIEPUMEHTA

Moummopunionum

MM nosyyanu METOJOM CEIUMEHTAlluU U3
Jam-CanaxamHCKOTO OEHTOHNUTA, KOTOPEIH 0 coaep-
)kaHnto MM sBI€TCS OMHUM W3 JIYUITHX 0Opas3IoB
CpeI EeBpPONEHCKUX MECTOPOXKICHUH OCHTOHUTOB
[19]. 20 r 6enTOHUTA pacmycKaioch B 1 J TUCTUILIN-
POBAHHOW BOJBI U TIOCIIe 24 9 BEICTAMBAHUS BEPXHSIS
4acTh CYCIEH3UH LEHTpU(yrupoBaiack. Brienennas
(dpakius MM co cpeaHUM pa3MepoM YacTHIl 2 MKM,
MoBEpraiach Cymke mpu remmeparype 60 °C.

Li*-o602awennviii monmmopunnonum

O6orarerne MM nonamu Li* ripoBo i 100aB-
nerueM B cycrier3mto (10 r MM Ha 1 11 pactBopa) 1 M pac-
tBopa LiCl (Sigma Aldrich) npu HenpepbIBHOM miepeme-
IIMBaHNK HA MarHUTHOM Memanke ¢ mogorpesoM (80 °C)
B TedeHre 2 4. [loiydeHHYIO CyCHEH3HIO0 OTMBIBAIN OT
roHoB Cl™ IHCTHIIIMPOBAHHOM BOIOM 10 OTpHULIATEILHOM
peaximu Ha AGNOs, eHTpU(YTrHpPOBaI ¥ BBICYIIINBAIN
npu remnepatype 60 °C.

84

OOboranieHHbI HOHAMH ILEIOYHBIX METAJJIOB
obpasert MM o603HaueH kak MM-Li*.

Humepranupyrowue pacmeopbl

PactBop, conepxamuii nonmmkatronst Algs ro-
TOBWJIM THUAPOIM30M XJopuna amomuuus: k 0,2 M
pactBopy AICl3-6H.0O (Fluka) nokanenbHO n00aB-
ssiest 0,2 M pactBop NaOH (Sigma Aldrich) no noctu-
JKeHUs MoJsapHOro cootHomenus [OH)/[APY] = 2,4
mpu pH = 4,3-4,7 u xomHaTHOH Temmnepatype. amee
pacTBOp MOJBEPTaId CTAPCHUIO B TEUCHHE 24 U P
60 °C, B pe3yabTaTe 4ero MpOUCXOAMIO 00pa30BaHUE
nosuruapokcokomiekcos Alis [4, 20].

NuTepkanupyromuii pacTBOp, ColepxKaluil ru-
TaHTCKUE TIOJMKATHOHBI Alzo, OBUT TIONyYeH MO perer-
Type [7] myTeM TepMudeckoil 00paboTK (5 9 H30TepMI-
yeckas Bbliepxkka npu 127 °C B peakrope noz IaBie-
HHEM) PacTBOPa, COJEPIKAIIETO MOTUKATHOHBI Al1s.

i MHTEepKAISIUKY UCHOJIb30BAINCEH Pa30aB-
nennble 0,1 M pactBopsl. Bo Beex citydasx ucnosb30-
Bajlach IEMOHM30BaHHAsA BoJa. JleTanbHOe uccienona-
HUE CBOHCTB MHTEPKAIHPYIOIIUX PAcTBOPOB INPHUBE-
JIeHO HaMH B [9].

Li*-0onuposannwviii nunnapuoric MM

Ha nepBoii cTamuu mosydyeHHs MWILIAPHBIX
o6pasioB MM wuntepkamupoBann Aliz- u Also-monu-
ruzipokcokomiiekcamu. Ilpouecc npoBoaunu B Boa-
Hoit cycniensun Na*-o6oramentnoro MM (1%) mpu mo-
KalleJJbHOM BBEIEHHHM HHTEPKAJIMPYIOLIEr0 pacTBopa
(3 Mmmons AIP*/r MM) ¥ MHTEHCMBHOM HEPEMEIINBA-
HUM Ha MarHUTHOM Memainke B Teuenue 2 4 npu 80 °C.
[Tocne 12 4 xoarymsiuuu npu KOMHATHON TeMIEpaType
cycrieH3uro oTMbiBaiM 0T noHOB Cl7, mentpudyrupo-
BaJIM M BhICYIIMBaNK pH Temreparype 60 °C.

[Munnapueie MaTepuanbl (0003HAUEHBI Kak
Ali3-PMM u Als-PMM) monmy4anu mpoKannBaHHEM
MHTEpKATMPOBaHHBIX 00pa3noB B neun npu 350 °C.
Wx maneHedimee qomupoanne noHamu Li* mpoBoammm
B 0,1 M pactsope LiCl npu ¢puxcuposansnom pH = 9,5
B Tedenne § 4 [11]. JJomupoBanusie 06pa3iiel 0603Ha-
yensl Kak Alis-PMM-Li* u Alsp-PMM-Li*.

Memoowl uccneoosanus

W3mepeHne HIEeKTPONPOBOJHOCTH METOJIOM
HUMIIEJAaHCHOM CHEKTPOCKONUH MPOBOANIOCH B MHTEP-
Basie Temrieparyp 25-550 °C B quanaszone yactot (o)
ot 25 'y no 1 MI'y ¢ moMoIIbI0 U3MEPUTENST UMMHU-
tanca MHUIIN E7-20, noaKIFOYEHHOT'O C ITOMOIIBIO
IUTATUHOBBIX MPOBOJOB K IUIATUHOBBIM 3JIEKTPOJAM
U3MEpUTENbHON Aueliku. Temmneparypa sSUEHKH KOH-
tponupoBanack Pt-Pt/Rh tepmomapoit. M3mepenus
MPOBOJMIUCH Ha BO3LyXE B aBTOMAaTHUECKOM PEXIME
C HCIIONB30BAHUEM OPUTHHAIBHOTO MPOrPaMMHOIO
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obecrieyenusi. TabaeTku B BHIAEC TUCKOB AMAMETPOM
12 MM u TommuHOW 1 MM (GopMOBaIHCH U3 BBHICOKO-
JUCTIEPCHOTO MOPOIIKa 00pa3oB HCXOAHOTO U MOIH-
¢umupoanHoro MM Ha npecce pasienuem 0,2 I'Tla.
IToBepxHOCTH TAOJIETOK ITOKPHIBATIACH TBOMHBIM CIIOEM
cepeOpsiHO# ToKOTpOBOIAIIeH macThl. [lepen u3mepe-
HHUEM TabJIETKH BBLICPKUBAIIICH B CYIIMIIBHOM LIKa(y
B Tedyernue 2 4 nmpu 100 °C.

CUHXpOHHBI TEPMUYECKUH aHaIU3 BBINOJ-
HeH Ha npubope NETZSCH STA 449F3 Jupiter npu
CKOpOCTH HarpeBa o0pasnoB 5 K/mMuH.

H3mepenune GazanbHOro paccrosiHus door Hc-
XOAHOTO ¥ NUIIapHOro MM BBINIOJTHEHO METOJIOM Ma-
JIOYTJIOBOK PEHTTe€HOBCKON AM(PPAKTOMETPUH Ha MO-
JIepHU3MpoBaHHOM audpakromeTpe JPOH-3.

[TopomeTpuueckue n3MepeHus MPOBOIWIA Me-
TOJIOM HFBKOTEMIIEPATypHOH  aacopOIuu-IecopOrmm
a3orta Ha ananuzatope ASAP 2020 («Micromeritics»);
00pa3sipl epe]] IpoBeACHUEM U3MEPESHUH ObLIH Jera-
3upoBanbl mpu temreparype 180 °C m ocraTouyHOM
nasiennu 5-10 ITa B Teuenue 3,5 4.

PE3VJIbTATBI U X OBCYXIEHUE

Ha puc. 1 mpuBeneHsI crieKTpaibHbIe 3aBUCH-
MOCTH 3JIEKTPONPOBOJHOCTH Pa3NuuHBbIX (opm MM
NpY NEPBUYHOM HArpeBaHUM W IMOCIEIYIONIEM OXJa-
XKIeHUU 00pa3noB. Kak M3BeCTHO, MPOBOAMMOCTD Ha
NEPEMEHHOM TOKE O OIPEENseTCS CYMMOH JIBYX
BKJIQJIOB — TUPPY3UOHHOTO Oyc U MOJISPUZATUOHHOTO
o' [10, 21]:

Oac (w0, T) = 0ue(T) + o(w, T). Q)
[Monsipusaronnast cocrapisitomas o'(w, T)
HETOCPEICTBEHHO CBS3aHA C JMANCKTPHUUYCCKUMH T0-
TEPSIMH U TOJYUHSICTCS CTEIICHHOMY 3aKoHYy JI»OH-
mepa [21]:
o'(w) = Ad™, 2
rie A u N — napamMeTpsl, 3aBUCAIIIE OT TUIA MaTepHaa.
W3 nansbIX Ha puc. 1 ciaemyer, 4To MpH mep-
BUYHOM HarpeBaHUM Jis UcxomHoro MM mosnspusa-
[IUOHHAS COCTABJIAIONIAS ITPE00IIaaeT BO BCEM HHTEP-
Bajie 4acTOT, HAOJIOAAETCs XapaKTEPHBIA POCT Oac C
yBeJIMYCHHEM 4acToThl. TONBKO Npu HanboJiee BHICO-
KHX TeMIIepaTypax MHTepBajla H3MEPEHUE Ha HU3KUX
4acTOTaX MO3BOJSET BBLACTUTH TU(HY3HOHHYIO MPO-
BOJAMMOCTb. {11 BCcex MOIU(UIMPOBAHHBIX 00pa3-
110B MM 0Oyc BBEIICISICTCS BO BCEM JHAa30HE HCCe-
JIOBAaHHBIX TEMIIEPATYypP YXKe MPU NEPBUYHOM HATPEBE;
MPUYEM, C YBEIMYCHUEM TEMIIEpaTyphl PACIIHPAETCS
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JMAana3oH 4acToT, B KOTOPOM JAOMHHUpPYET Huddy3u-
OHHasi IPOBOAUMOCTS. 1Ipyu oxnaxaeHnu 3TOT nuana-
30H YaCTOT CTAHOBUTCSI CYIIECTBEHHO 00Jiee ITMPOKUM
KaK pe3yJIbTaT JerupaTalim.

B cBoto ouepenp, Oygc MOKET UMETh BKJIA/bI OT
JBYX THIIOB MIPOBOAMMOCTH — MMPOTOHHOMN W MOHHOM (B
YaCTHOCTH, CBOOOJHBIX MOHOB JuTHs). [Ipn HU3KHX
TeMIepaTypax, KOrja B MEXKCIOEBOM IPOCTPAaHCTBE
MM mnpucyrcTByeT Boga (Jinbo B (pU3UUECKH CBS3aH-
HOM BHJIe, JINOO B COCTaBE TUAPATHBIX 000JI0UEK MPO-
TUBOMOHOB) MPOTOHHAs MIPOBOAUMOCTH CYIIECTBEHHO
BBIIIIe HOHHOH [22]. MexaHN3M HU3KOTeMIIepaTypHOI
MIPOTOHHOM MPOBOJMMOCTH IOAPA3yMeBaeT, C OAHOMN
CTOPOHBI, IEPEHOC IPOTOHA B MEKCIIOEBOM ITPOCTPaH-
CTBE B COOTBETCTBUH C MeXaHU3MOM [ poTTryca, KoTo-
pelii  obecreynBaeT BIKCHHE HOHOB OKCOHHS
(HsO0"+H,0)—(H,0+H30%) [23]. C apyroii cTOPOHEI,
MEPEHOC IPOTOHOB IIPOUCXOANT 32 CUET UX MEepeMelLe-
HUSI 110 CETKE BOJOPOIAHBIX CBA3EN B KPUCTAIIIMUECKOHN
pelIeTKe CUIMKATHBIX ciioeB [22, 24]. Tlocne yaaine-
HUSl (U3UYECKH CBSI3aHHOW BOJABI NPH HArpeBaHHUU
MM npOoTOHHBIN TpaHCHOPT N0 MexaHusmy [pot-
Tryca obecrieunBaeTCs BOAOW B THIAPATHBIX 000-
JIOUKaX MEXCIIOEBBIX KaTHOHOB: THIpAaTHbIE KOM-
INIEKCHI BBICTYNIAIOT B pOJIM BpEHCTEIOBCKUX KUCIOT
([Li(H20)x]"+H20—[Li(H20)x.10OH]+H30") [25].
VY nanenue BOAbl U3 THIAPATHBIX 000JIOYEK NPH Aailb-
HelmeM HarpeBaHnd MM NpUBOJIUT K BBICBOOOXK/IE-
HUIO MOHOB JINTHS, M IPOBOJUMOCTD OTIPEIEeIseTCs, B
OCHOBHOM, TOJIbKO MX HAaIpaBICHHONW MUrpaunueil B
anekTpryeckom mosie [10].

YtoObl BBIIETNTH XapaKTEpHbIE TeMIIepaTyp-
HblE UHTEPBAJIBI PACCMOTPEHHBIX MEXaHU3MOB MPOTOH-
HOW ¥ MOHHOM MPOBOJUMOCTH, HAMHU paHee ObLTH Mpo-
aHamsupoBaHbl [9] pesynbratel cunxpoHHoro (TI' u
JCK) TepMudeckoro aHaiamsa s HCroinb3yeMoro MM.

W3BectHO, 4TO BBHINENEHNE (UBNYECKH CBSI-
3aHHOM BOJIbI M3 MEXKCIOEBOTO IMPOCTPAHCTBA 3aKaH-
yuBaetcs 10 100 °C (mepBblil 3HAOTEpMUYECKUI (-
dexr) [6, 26, 27]. JanpHelee cHIKeHEe Macchl MM
npumepHo 110 350-400 °C cBsizaHo C paspylieHHEM
THIPAaTHBIX O0OJOYEK: CHayalla BHEIIHUX, a MOTOM
BHYTPEHHHX B COOTBETCTBHH C YBEIMYMBAIOIIEHCS
sHeprueit cs3u. Haunnas npumepno ¢ 400 °C, aktu-
BHU3HMPYETCS IPOLECC AETUAPOKCHIINPOBAHUS CHIINKAT-
HBIX CIJIOE€B, O Y€M CBHETEIbCTBYIOT TaKXKE TaHHBIE
UK-cniexrpansubix uccnenoBanuii [28]. [Ipu Oomee
BbICOKMX TemriepaTypax (cBoiie 800 °C) cunukaTHbie
cion aMopGU3UPYIOTCS C TMOCIEAYIOIEeH peKpHrcTa-
JIN3aIlHEH.
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Puc. 1. CriekTpasibHble 3aBUCHMOCTH 3JICKTPONMPOBOAHOCTH 00pas3ioB: MM (uarpes) (a), MM (oxnaxnenwue) (6), Alis-PMM-Li*
(narpes) (B), Alis-PMM-Li* (oxnaxnenue) (1), Also-PMM-Li* (sarpes) (), Also-PMM-Li* (oxnaxaenue) (e). 1 - 373 K, 2 - 523 K,
3-653K,4-823K
Fig. 1. Spectral dependences of the conductivities for the samples: MM (heating) (a), MM (cooling) (6), Alis-PMM-Li* (heating) (),
Ali3-PMM-Li* (cooling) (r), Also-PMM-Li* (heating) (x) and Also-PMM-Li* (cooling) (e). 1 - 373K, 2-523 K, 3-653 K, and 4 - 823 K
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Puc. 2. TemniepatypHbIe 3aBUCHMOCTH ITPOBOANMOCTH 00pa3LoB:
1-MM, 2 - MM-Li*, 3 - Ali3-PMM-Li*, 4 - Also-PMM-Li*
Fig. 2. Temperature dependences of the conductivities for the
samples: 1 - MM, 2 - MM-L.i*, 3 - Alis-PMM-Li*,

4 - Also-PMM-Li*

Ha puc. 2 npencraBieHsl TeMIepaTypHbIe 3a-
BUCHUMOCTHU MPOBOAUMOCTH Oac(100 I'wr, T) = f(1/T), mo-
JyYeHHBIE TIPH NEPBHYHOM HarpeBaHUHM 00pasIoB. Y
BCeX 00paslioB HAOIIOAAaEMbIe MPH MOBBIMICHAN TEM-
nepaTypbl M3MEHeHHs (Ha4aJbHBIA POCT, CMEHSIO-
muiics MmajJeHueM, IPOXOKACHHE Yepe3 MUHUMYM, H
OKCIIOHEHIIMAIIBHBI POCT TPH BBICOKHX TEMIIEpaTy-
pax) CBHIETENBCTBYIOT O TIOCTEIIEHHOH CMEHE JIOMU-
HUpYIoero tuna audQy3noHHoi npoBogumoctu. C
HOBBIIICHHEM TEMIIEPaTyphl MIPOUCXOIUT TIEPEXO0]T U3
00J1acTH TPOTOHHOW TPOBOJIMMOCTH B 00JIaCTh HOH-
HOH 1TpoBOAUMOCTH. ITocKOIIBKY Nepes; N3MEPEHUAMHU
BCEe 00pa3ibl BHIICPKUBAIUCH TEXHOJIOTUYECKH JUTHU-
tenbHOE BpeMs npu 100 °C, To yMEHBIIEHHE DIIEKTPO-
MPOBOJHOCTH ITPH HATPEBAHUH MOYKHO OOBSICHHUTH Pa3-
PYIICHHEM THIPATHBIX 00OJOYEK JIUTHS U DIMMHUHU-
poBaHueM MexaHusMa [ 'porTryca.

Ha pwuc. 3 mpencraBieHB 3aBHCUMOCTH
0ac(100 T', T) = f(1/T), monmy4eHHbIe TOCIIE MTEPBUY-
HOT'0 HarpeBa 00pa3IoB JI0 BHICOKHX TEMITEPATYp B pe-
KUME OXJIaKICHUS WM HarpeBaHus. B wactHocTH,
YTOOBI MPOAEMOHCTPUPOBATH XOPOILIYIO BOCIIPOU3BO-
JUMOCTb U3MEPEHHH TTOCIIe 3aBEePIICHHs IEPBUIHOTO
Harpesa, uist 00pasuoB Alz-PMM-Li* npusenens pe-
3yJIbTaThl M3MEPEHUH B LIMKJIE OXJIaXKAEeHUe/HarpeBa-
HUE/OXIIaKICHUE.

OOpariraer Ha ce0s BHMMaHHWE HEOOBIYHAS,
BOCIIPOM3BOIUMAs NPHU HArpeBaHUHM W OXJIAKICHUHU
¢opma TemmepaTypHBIX 3aBHCUMOCTEH MNHJUIAPHBIX
ANEKTPONUTOB. MOXKHO OJIHO3HAYHO yTBEPIKAATH, YTO
3¢ ¢exT, HabMoaaeMbIi B TEMIIEPaTyPHOM HHTEpBaie
0k0310 370-420 °C 1 KOTOPBI OTCYTCTBYET Y HEMOAM-
(urupoBanHOro MM, cBsi3aH CO CBOMCTBaMHU aHCaM-
615t mumapoB. OTMETHM, YTO BBITIOIHEHHbIE Tt Al 13-

PMM-Li* u Als-PMM-Li* ICK u3mepeHns He BbI-
SIBIITA CKOJIb-HUOYAbh 3HAYMMBIX TEIDIOBEIX 3(h(heKToB
B 9T0# 0Onactu. [1o Bcelt BUIUMOCTH, JaHHBIE TEMIIE-
paTypHbIe aHOMAJINHU IPOBOJUMOCTH CBS3aHBI C XUMHU-
YeCKUMH TpaHCHOpMaIUsIMHI MMAIAPOB U COMYTCTBY-
IONMMH PEaKkUUsIMH C TEPEHOCUMKaMHU 3apsaga —
noHam# JuTusl. OTMETUM, YTO TPAAULUOHHO B pabo-
TaX, TaK WJIM HHAYE CBS3aHHBIX C MTOyICHHUEM MTUIIap-
Horo MM wunrtepkansieir noHoB Kerruna, peaxuus
00pa3oBaHMs NHJUIAPOB, 3alTUCHIBaeTCs B B [29]:

2[A|13O4(OH)24(H20)12]7+—> 13A1,03+14H*+41H,0. (|)

'
[*)}
L

log 5, Cm oM’ (S cm’
g

-10 4

~

12 14 1,6 1,8
1000/7, K'

Puc. 3. TemneparypHbie 3aBUCHMOCTH TIPOBOIUMOCTH 00Pa3IIOB:
1-MM, 2 - MM-Li*, 3 - Ali3-PMM-Li*, 4 - Also-PMM-Li*
(oxnmaxnaenue), 5 - Also-PMM-Li* (narpes), 6 - Also-PMM-Li*
(oxnaknenue)

Fig. 3. Temperature dependences of the conductivities for the
samples: 1 - MM, 2 - MM-Li*, 3 - Ali3-PMM-Li*, 4 - Also-PMM-
Li* (cooling), 5 - Also-PMM-Li* (heating), 6 - Also-PMM-Li*
(cooling)

T T T
20 22 24 26 28 3,0

[Tpu sToM Hamboee pacpocTpaHEHHAS TEM-
nepatrypa NWIIapupOBaHUs MHTEPKAIHMPOBAHHBIX 00-
pasoB MM, kak W B JaHHOH padoTe, COCTABIIAET
350 °C. BozHukaet BOIPOC: 2 COOTBETCTBYET JIH pPeakK-
uus (1) mannoi TemnepaType? M3BecTHO, 94TO MpH pas-
JIOKEHUM THAPOKCHIA AIIOMHUHMSA Ha BO3AyXE IpH
HOPMAaJIbHOM JaBJICHWH B 3aBUCHUMOCTH OT TepMHUe-
CKOW TIPEJBICTOPUN U (OPMBI MCXOJHOTO BEIIeCTBA
00pa3yroTcs pa3IuyuHbIe CTPYKTYPHBIE (POPMBI OKCHIA
amomMuand [30]; mpuyeM MUKpPONPUMECH IIEIOYHBIX
METaJIJIOB MOTYT CTaOMIN3NPOBATh Ty WU MHYIO TIPO-
MEXYTOYHYIO TOJUMOpPHYIO Moaudukanuio. B
HallleM ciydYae, MO-BUAMMOMY, Hamboyiee YMECTHO
MIPOBECTU aHAJIOTHIO Jeruapataiuy Kerrua-cTpykryp
C Jeruapatanyield THOOCHTa, cxema KOTOPOHl MOXKET
OBITH MIpECTaBICHA KaK:

200-250°C 400-450°C

Al(OH)z-22227E 5 »-AIO(OH) 222585 4-AlLOs. (I1)
BaxHO OTMETHTh, YTO COTIIACHO TEPMOJMHA-
mudeckuM pacuetam [30] oOpasyromascs y-Moaudu-
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Kalysl OKCH/a AIIOMUHHS B YKa3aHHOM TeMIIepaTyp-
HOM WHTepBane aeruzipataiuu 6emuta (y-AlO(OH))
SBIISIETCSI HEYCTOWYMBOW K OOpaTHOMY IpOIIECCy —
rugparagud. TakuM 00pa3oM, MOKHO MPEIJIOKHUTH
CIICAYIONIYIO THIIOTETHUECKYIO PEaKIHio 00pa30BaHUs
mapoB npu Temmeparype 350 °C:

[Al1304(OH)24(H20)12 s | 3AIO0(OH)+7H*+14H,0.(111)

JlanpHedmmi HarpeB MHIUIAPOB (MIPEIITOIIO-
JKATETHPHO OEMHTOIOMOOHBIX) JTOKEH MPHUBOIUTEH K
00pa30BaHMIO MHJLIAPOB CO CTPYKTYpoit y-Al2Os. Tlpu
9TOM BBICBOOOXIEHHE MOJIEKYJ BOABI MOXKET COIpO-
BOXKAATHCS 00pa30BaHWUEM THIPATUPOBAHHBIX HOHOB
sutust Li(H20)n*, KoTopbie HCKITIOUar0TCs U3 Iporecca
3¢ (EeKTHBHOTO MACCOIEPEHOCa B  DIIEKTPHUECKOM
noje. OJHAaKO WX HaJMYUe B MEXKCIOEBOM MIPOCTPaH-
ctBe MM mo3BoJsieT o0eceduTh 00paTUMOCTh TIpe-
BpaieHus y-AlyOs- mog00HBIX THILIAPOB B 6EMUTOIIO-
JOOHBIE MPH OXJIAXKJICHUH MHJUIAPHOTO AIIEKTPOIIUTA.
AHAIIOTHYHBIE XMMUYECKHE Peaklnuy, O4eBUAHO, Oy-
JIyT UMETh MECTO KaK B Clydae MoJIUKaTuoHOB Alis,
TaK U A|3o.

Anamuzupys 3QQeKTUBHOCT, METOAMKH JI0-
OUPOBAHUS A YAYUIICHHUS BJIEKTPOIUTHYECKUX
CBOWCTB, MO’KHO KOHCTAaTHPOBAaTh, YTO MOHHAS 3JIEK-
TPOTIPOBOAHOCTH Li*-monupoBanHbIx 00pa3ioB cyiiie-
CTBEHHO MPEBBIILIACT IEKTPOIPOBOAHOCTH HCXOTHOTO
MM, B MEXCIO€BOM NPOCTPAHCTBE KOTOPHIX HAXO-
IUTCS HEOOIBIIOEe KOJWYECTBO JIETKUX MIEIOYHBIX
noHoB. Cpell TOMUPOBAaHHBIX 00Pa3IOB AIEKTPOIPO-
BOJHOCThH Bo3pacrtaer B psaay: MM-Li*, Alis-PMM-
Li*, Alsp-PMM-Li*. O4eBuaHO, 4TO BHICOKAS IIEKTPO-
NPOBOJHOCTD JIONMUPOBAHHBIX MUJIAPHBIX MaTepHha-
JI0B 00YCIIOBJIEHA X CTPYKTYPHBIMH U TE€KCTYPHBIMU
CBOWCTBaMH, aHAIM3UPYEMbIMH AaJIee.

bazanbHbie paccTosiHusi Ooor MUJUTAPHBIX 00-
Pas1oB, OTy4YEHHBIE 110 TAHHBIM MaJIOyTJIOBOM pEeHTIe-
HOBCKOH nudpakuuu, npuseaeHs! B Tadm. 1. [lo cpas-
HEHUIO ¢ UCXOMHBIM MM (dooz = 1,26 um) [19] y mw-
JapHBIX 00PAa3IOB MPOUCXOJUT CYIIECTBEHHOE YBEIIH-
YEeHHE MEKIUIOCKOCTHOTO PacCTOSHUS C HAUOOJIBIINM
3HadyeHueM y Alz-PMM. 31eck oueBuHa KOppesIus
C BBICOKOW 3JIEKTPONPOBOJHOCTHIO JOMHPOBAHHOTO
PMM: yBenuueHune pa3MepoB MPOBOASIINX KAHAIOB B
MEKIUIOCKOCTHOM IpocTpancTBe MM oOneryaer apu-
JKEeHUE HOCUTEIEH 3apsa.

3HaueHUs TUIOIIAIN YJCIBHON MOBEPXHOCTU
o BOT (Sgat), 00beMa Mukporiop (Vyg), 00bema Me30-
mop (mumamerpoMm ot 1,7 1o 300 HM) (Visn), cymMmap-
HOTO 00BeMa 1op (D Viep) U CPETHETO AUAMETPA TIOP
(Dep) Taroxe mpuBenmeHsl B Tabm. 1. O6paser; Also-
PMM, KxoTopblii Tipu JAONHPOBAHUH JEMOHCTPHUPYET
HaWTy4IITHe SJIEKTPOIIPOBOISAIINE CBOMCTBA, XapaKTe-
pusyetcst Hanbosiee BHICOKUMH 3HAYSHUSIMH TUTOINAAH
YAENBHOW TOBEPXHOCTH W 00BEMa MHKPOMIOp. ITO
CBSI3aHO, MPEXK/E BCETO, C YBEIMUEHHUEM pa3MePOB ca-
MUX TWUIapoB npu cpaBHeHUH Alp-PMM ¢ Alis-
PMM. Hcxoas U3 KIIaCCHYECKOTO MPBDKKOBOTO MEXa-
HU3Ma HaIpaBJIeHHOW nu((y3un MEeI0IHbIX HOHOB B
00e3BoxkeHHOM MoOHTMOpwiutoHuTe [10], pe3oHHO
MPEIOJIOKUTh, YTO WUOHBI JUTHs TUPGYHIUPYIOT B
MEXCIIO€BOM TPOCTPAHCTBE HE TOJBKO IO ITOBEPXHO-
CTH CHJIMKATHBIX CJIOEB, HO U 110 TIOBEPXHOCTSIM ITHJI-
JIApOB; IIPUUYEM TAaKOW KATHOHHBIM TPAHCIIOPT JOJDKEH
MPUBOJUTHh K CHIDKCHHUIO HIKE OOCYKIAEMBIX SHEP-
THI aKTHBAIIAN 3JIEKTPOIIPOBOTHOCTH.

Tabnuya 1
Ba3anbHoe paccrosinue dool M TEKCTYPHBbIE XapaKTepu-
CTUKH 00pa3uoB
Table 1. Basal distances doox and textural properties
of the samples

dOOl; SBST; me VM31‘I| zvnop; Dcp,
Obpasen M | mM¥r | eM¥r | eM¥r | eM¥r | EM
MM 1,26 94 0,014 | 0,206 | 0,220 | 9,30
Algz-
PMM 1,63 | 108 | 0,029 | 0,137 | 0,166 | 8,42
Al 169 | 125 | 0,035 | 0,138 | 0,173 | 8,04
PMM 1 1 1 1 1

YuuteiBass ocoOyo (opMy TeMmmepaTrypHBIX
3aBucumocteii B ciiydae Aliz-PMM-Li* u Alsp-PMM-
Li*, sueprun axruaumn nposognmoctn AE,  ompe-

c

JEISUTACh YISl JIBYX TEMIepaTypHbIX WHTEPBAJOB —
HuskoteMmneparypaoro (100-260 °C) u BeIcOKOTEMIIE-
parypHoro (440-500 °C). PacueTsl npoBOAMIKCE B CO-
OTBETCTBUU ¢ ypaBHeHHeM HepHcra-Oiinmreiina [10].

_AE%
Gdcﬁ)=‘$°exp{ o } 3)

[Mony4eHHble 3HAYCHUS] SHEPTHU aKTHUBAIMH
IUIs1 BceX 00pa31oB NpUBEIEHBI B Ta0. 2.

Tabnuya 2
JHeprusi aAKTUBANMH NPOBOJUMOCTH 00Pa3 0B
Table 2. Conductivity activation energies
AT, K MM MM-Li* | Alis-PMM-Li* Al3-PMM-Li*  |Alz-PMM-Li*|  Alz-PMM-Li*
(oxnaxxneHue) (narpes) (oxnaxkenue)
713-773 | 1,81+0,09 | 1,02+0,07 0,91+0,02 0,79+0,03 0,84+0,07 0,74+0,07
373-533 - 0,59+0,03 0,69+0,01 0,70+0,01 0,72+0,01 0,72+0,01
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JInst BceX JOMMPOBAHHBIX JIUTHEM 00pa3IloB
SHEPrHH aKTHUBALMK B BBICOKOTEMIIEPATYpHOH 00I1a-
CTH CYIIECTBEHHO HUKE, YEM JIJISI HCXOHOTO MOHTMO-
pWUIOHUTA, U yMeHbIIaoTest B psaaxy MM-Li*, Alis-
PMM-Li*, Alx-PMM-Li*. B Hu3koTeMIeparypHOii
001acTH SHEPrUHM aKTHBAIMHM MUIUIAPHBIX 00pa3IoB
MPAKTHYCCKHU OJIMHAKOBBI, HO BBIIIEC KAXKYICUCS SHEP-
run aktuBauuu a1 MM-Li*, xora cama BeauyuHa
snekTponpoBogHoctd MM-Li* 3HaunTenpHO HIXKeE,
yeM y Ali3-PMM-Li* u Alz-PMM-LI*.
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B Hacrosmeit pabote Ha mpuMepe MIPUPOI-
HOT'0 MOHTMOPWJIJIOHHTA TOKa3aHa BO3MOXHOCTb (-
(eKTUBHOHN dIeKTpoNUTHYECKOH Moaudukammu 2D
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tas. s nzydeHHbIX Alis- u Also-mmmapueix oopas-
1oB MM npoBoAMMOCTb [0 MOHAM JIMTHUS OKa3alach
Ha HECKOJILKO MOPSIKOB BBIIIE 3JICKTPOIPOBOTHOCTH
MIPUPOJHOTO MOHTMOPWILIOHUTA. Hamuume ancamoOis
MWIIAPOB B MEXKCIIOEBOM IPOCTPAHCTBE OOeCHeyu-
BaeT YCKOPEHHYIO TU( (Y310 HOHOB JIUTHUS TIO UX T0-
BEPXHOCTH M COOTBETCTBCHHO TOBBINICHHYIO AJICKTPU-
YeCKyI0 MPOBOAUMOCTh. [IpOBOJISI cpaBHEHHUE 3IIEKTPO-
JUTAYECKUX CBOMCTB Li*-10mmpoBaHHOrO MUAILIaApHOTO
MOHTMOPHWUIOHUTa C HauOoJiee M3BECTHBIMHU JIUTHE-
BBIMH TBEPIBIMH 3JIeKTponuTaMu [31, 32], kak-To: JTH-
cukoH Li1oSnP;S1, rpamar LizLasZr,01,, mepoBckut
Li3XLa(2/3)—xTiO3, HACUKOH Li1,3A|o_3Ti1_7(PO4)3, CTEK-
nmokepamuka XLiS—(1 — X)P2Ss u 1ip., — creyer otme-
TUTb, YTO UX MPOBOJUMOCTH CTAHOBSITCS COMOCTABH-
MbIMHU, HauuHasi ¢ Temneparyp Beime 100 °C. Ilpu
3TOM CTpaTErus CO3/IaHUs BBICOKO HOHHOM MPOBOJU-
MOCTH B THUJUTAPHBIX U BHIIICYTOMSIHYTBIX MaTepraiax
CYIIECTBEHHBIM 00pa3oM paznudactcs. MoxXHO Tpe-
BUJICTh, YTO BAPbUPOBAHUE THUITOB IMOJUTHAPOKCOKOM-
IJICKCOB-UHTEPKAJITHTOB U 2D-MaTpuIl Mo3BOJIUT 3Ha-
YUTENBHO YIYYIIHTh SJICKTPOJIMTHYECKHE CBOMCTBA
JIOTIMPOBAHHBIX MUJIIAPHBIX MaTEPHAJIOB.

Paboma noooepocana epanmom PODOU
Ne16-03-01016.
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CUCTEMHBIN AHAJIN3 XUMHAYECKOT'O PEAKTOPA KAK OFBEKTA YIIPABJIEHUS
B.1O. HeBunuupin, A.H. J1a6ytun, I'.B. BoikoBa, A.H. /leBeTbsipoB

Bnagumup FOpreBuu Hepunuupin *, Anekcanap Hukonaesuy Jlabytun, 'annna BuranseBna Bonkoga,
Anapeit Hukonaesuu /[eBeThsipoB

Kaq)eﬂpa TEeXHUYESCKOMN KI/I6epHeTI/IKI/I H aBTOMATUKU, HBanosckui FocyI[apCTBeHHLIfI XUMHUKO-TECXHOJIOTHUYC-
CKH yHUBEpCHTET, npocil. lllepemereBckuii, 7, UBanoBo, Poccuiickas @enepanus, 153000.
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Ha ocnose cucmemnozo no0xooa é cmamoe peuiena 3a0a4a anaiu3a XumMuieckozo peakx-
mopa KaKk 00vbeKma ynpaeaieHus u cqropmyauposansvt peKoOMeHOauyuu no CmpyKmypHo-monoaozu-
YecKoMy cuHme3sy pa3IuYHbIX 6APUAHIOE CUCmeMbl ynpasienus. Onucanvt Imanst U 3a0a4u cu-
CMEMHO020 AHAIU3A PeaKmopa KaK 00beKma ynpaeienus. YKazanHusle 3a0auu peuieHvl HA nPu-
Mepe annapama eMKOoCHHO20 MURA RPU PEanU3AYUU CLOHCHOI ROC1e008aMe/IbHO-RAPATINETbHO
IK30OMEPMUUECKOU PeaK Ul OKCUIMUTIUPOBCAHUA OYMUT08020 CRUPMA, UMelouiell 601buioe nPakK-
muueckoe 3nauenue. Heobxooumocms pewieHus 3a0au cucmemHnozo anaiu3a 00ycioeiena nogbl-
uieHuemM mpedosanuil K Kawecmey u Igpghekmusnocmu padomsl KOMnieKca peakmop — nooCu-
cmema ynpaenenus, pacuiupeHuem QyHKyuoHAaIbHbIX 3a0ay peakmopa, 6Ka4as, 6 nom ducJe,
uzMeHeHue npouszeooumerbHocmu annapama. B mo sice epems cnorcrnocms u nempuguanivHocmo
3a0a4 CUCHEMHO20 AHAIU3A 00YC106/1eHA MAKUMU XAPAKMEPUCMUKAMU 00beKma, KaAK MHO20-
MEPHOCHb, HETUHETHOCHb U MHO20C6A3HOCIMb. Pazpabomana KkoHyenmyanvHas u mamemamu-
yeckas mooenv o0veKkma, peuieHa 3a0aua onmumuzayuu peaxmopa. Onpeoenensvt YUC/IEHHbIE
3HAYEHUA 6XOOHBIX NEPEMEHHBIX U HEPEMEHHBIX COCOAHUA 8 ONMUMAIbHOM CHHAMUYECKOM pe-
Jcume, odecnequgarOwux 3a0annoe 3Hauenue npouzeooumenvrnocmu. Ilposedeno uccnedosanue
OUHAMUYECKUX C6OIICHE PeaKmopa nymem HOCHPOEHUA KPUBLIX PA320HA NO PA3TUYHbIM KAHA-
aam. Yemanogneno, umo 00vekm ¢ OKpecmuocmu padoueit mouKu no 0016uWuHCmaey Ounamuye-
CcKux Kananoe neauneet. Ilonyuena nuneapu3oeannas mamemamuiecKas Mooeib XumMuieckozo
peakmopa ¢ npocmpancmee cocmosanuil. OnpeoeneHvl MAMPUYbL COCMOAHUA U ynpaesenus. Uc-
C11€006aHbl 00UecUCmEMHble C6OIICHEA 00beKma (YCmouuueoCms CMAayuOHAPHOZ0 COCHOAHUA,
HAOII00aeMocmb U ynpasiaemocms) npu 6b100pe PA3IUYHbIX 6APUAHNIO8 6EKMOPO8 USMEPACMbBIX
U YRpAasaAouiux nepementslx. YCmanoesieHo, Umo ucciedyemvlii 00vexkm oonaoaem ce0icHeom
YCmouuugocmu c60000H020 osudicenus. Ilpednoircenst eapuanmosl Mono102U4ECKOl CMPYKHYpPbl
cucmembl ynpaenenus peaKmopom.

KuroueBble c10Ba: CHCTEMHBIN aHATTN3, XUMHUECKUN PEaKTOpP, yCTOMUYNBOCTD, HAOIIO1aeMOCTh, YIPaB-
JI1€MOCTb, ONITUMHU3ALIMs, KOMIIBIOTEPHOE MOACIUPOBAHKE
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Using system approach, the problem of the analysis of chemical reactor as control object
has been solved. Recommendations for structural and topological synthesis of various control sys-
tem types were given. The steps and tasks of system analysis of the reactor as control object were
described. Mentioned tasks were solved by the example of capacity-type device for the realization
of a complex series—parallel exothermal reaction of oxyethylation of butyl alcohol having great
practical importance. The need to solve the problems of system analysis is due to the increase in
the requirements for the quality and efficiency of the reactor — control subsystem complex, the
expansion of the reactor’s functional tasks including change in apparatus productivity. At the same
time, the complexity and non-triviality of the tasks of system analysis is caused by such character-
istics of the object as multidimensionality, nonlinearity and multiplicity. Conceptual and mathe-
matical models of the object were created. Reactor optimization problem was solved. Numerical
values of the input variables and the state variables in the optimal static mode were determined
which provide desired value of productivity. The study of dynamic properties of the reactor was
carried out by plotting step response curves through various channels. It is established that the
object in the vicinity of the operating point by the most dynamic channels is nonlinear. The linear-
ized mathematical model of the chemical reactor in the state space was obtained. The state and
control matrixes were defined. The system-wide properties of the object (steady state stability, con-
trollability and observability) were studied when selecting different options of vectors of measured
and control variables. It is established that the object has the property of free motion stability. The
variants of the topological structure of the reactor control system were proposed.

Key words: system analysis, chemical reactor, stability, observability, controllability, optimization,
computer simulation
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BBEJIEHUE - UCCIIEZIOBAHNE U aHAJIN3 CTATUYECKUX W JIH-
HaMHUYECKUX CBOMCTB 00bEKTA;

- aHau3 OOIIECUCTEMHBIX CBOMCTB 0OBEKTa
(YCTOMUMBOCTB CTALIMOHAPHOTO COCTOSIHUS, HaOMI0Aa-
€MOCTh W YHPABISEMOCTH), OIMPENENSIONUX CTPYK-
TYpYy CHUCTEMBI aBTOMaTHYECKOTO YIPABJICHUS U Tpe-
0OBaHMA K aJTOPUTMY YIPABIECHUS, KOTOPBII TOJDKEH
o0ecreynBaTh ONTHMAILHBIA PEXUM (PYHKIIMOHHPO-
BaHUS B YCJIOBUAX JEUCTBUS BO3MYILICHUH.

Heo0xomumocTh penieHnsi yKa3aHHBIX 3a/ad
00ycIoBIIeHa TTOBBIIIEHHEM TPEOOBaHHUN K Ka4eCTBY H
3¢ (heKTUBHOCTH paOdOThI KOMILJIEKCA PEAKTOP — MOZCH-
CTeMa YNpaBJIEeHUs, paclIupeHueM (yHKIHOHATBHBIX
3aJlad peaxkTopa, BKJIIOYas, B TOM UHUCIE, U3MEHEHHE
MIPOUM3BOAUTEILHOCTH ammaparta [3].

[Tonasinstoniee OOJBIIMHCTBO HMCCIIEIOBAHUM
MOCBSIIIEHO PEIIEHUIO NEPBBIX ABYX 3a1a4 [2, 4, 5] u
HEJ0CTaTOYHOE BHUMAHUE yJEIIseTCs aHaJIu3y oOlie-
CHCTEMHBIX CBOICTB peakTopa Kak 00beKTa yrpasiie-
HUS, XOTS ObUTM OMyOJMKOBaHBI 3aMedaTelbHbIE pa-
OOTBI 10 YCTOMYMBOCTH XMMUUECKHX PeakTopos [6-8].

ABTOMaTH3MPOBAHHBIA TEXHOJIOTHUECKUN KOM-
TUIEKC, 00pa30BaHHBIM XUMHUYECKUM PEAKTOPOM H CO-
OTBETCTBYIOIIEH CHCTEMOII aBTOMaTHYECKOrO YIIPaB-
JICHUS], SIBJISIETCS CJIOKHOM MEPapXUUeCKON CUCTEMOM
CO BCEMH CBOWMCTBAMH, MPUCYIIHUMH 3TUM CHCTEMaM.
JlaHHOE O0OCTOSITENTLCTBO MPEAIIONIAracT CUCTEMHBIN
MOJX0J] K PEIICHUIO0 3ajJa4d MPOSKTUPOBAHUSA COO-
CTBEHHO XMMHYECKOTO PEAKTOPa W CHUCTEMEI YIIpaBJie-
HUs 00bekToM [1, 2].

CucteMHBI aHANIU3 XMUMHUYECKOTO PEaKTopa
KaK 00bEKTa yIpaBjICHHs HA CTaIUU IPOCKTUPOBAHHMS
IIpeANnoaraeT peleHre CIeIyonuX 3a1au:

- pa3paboTKa KOHIENTYAIBHOM 1 MaTeMaTHy4e-
CKOM MOJIeJIM O0BEKTA;

- (opmymmpoBKka W pelieHHe 3aJaddl ONTH-
MaJbHOTO CHUHTE3a — ONpEACIICHUE CTPYKTYPHBIX, pe-
>KUMHO-TEXHOJIOTHUYECKUX M KOHCTPYKTHBHBIX Mapa-
METpPOB, 00ECIIEYHBAIOIINX SKCTPEMYM HEKOTOPOTO
KpuTepusa 3PPEKTUBHOCTH;
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B TO e BpeMsl CII0O)KHOCTh W HETPUBHAILHOCTH TIEPE-
YHCIICHHBIX 3a/1ad OOYCJIOBJICHA TaKUMHU XapaKTepH-
CTHKaMHi OOBEKTa, KaK MHOTOMEPHOCTH, HEJIWHEH-
HOCTb U MHOTOCBSI3HOCTH [1, 9, 10].
B o0miem cityuae MaTemaTHuecKas MOJICIh pe-

aKTOpa B MPOCTPAHCTBE COCTOSHUH UMEET BH/I:

K fxa),

dr

y=C%, (1)
rae X , U — N-MEepHBIH BEKTOP COCTOSHUS U [-MEPHBII
BEKTOP yIPaBJICHHS, COOTBETCTBEHHO; Y — M-MEpHBbIi

BEKTOP BBIXOJHBIX TepeMenHbix; C — (Mxn) marpuiia
usMepenuii; f () — HenuHelHble QYHKIMU CBOUX ap-

TYMEHTOB.

Hccenenosanye ycTOMYMBOCTH CTALIMOHAPHOTO
COCTOSIHUSA OOBEKTA U YHpaBJIA€MOCTH AJId HEJIMHEU-
HBIX Mojenei B opme (1) B oOmmem cirydae mpakTH-
yecku 3aTpyaHeHo [11]. Ilosromy ans peadbHBIX 3a-
Jlad B HACTOsAIIEe BpeMsl MCHOJIb3YIOTCS JIMHEapu30-
BAaHHBIC B OKPECTHOCTH CTAaLlMOHAPHOI'O COCTOSHHUS

{XO,UO} MOJICIIH

dg .
— = AX+ B,
ar ¥
§=C-X, 3)
of. P .
rae A={—t%!, I,J=1n — MmaTpuma COCTOSHHUS,
OX;
o | i_Tm kit .
= il i=1n, K=1r — marpuna ynpasJieHHs;
ou,
% =x—x"; 04 =u -u’.

1

Cucrema yripaBiieHus], BKIIOYAIOIIAsS OOBEKT U
YIpaBIISIIOIIEe yCTPOMCTBO, MOXKET OBITH paboTocto-
COOHOM TOJIBKO B TOM CITy4ae, €CIIi COOCTBEHHBIE JIBU-
JKEHUS B HEH 3aTyXaroT, T.. CBOOOIHOE BM)KEHUE CH-
CTE€Mbl YCTOMYUBO. B CBsi3U C 3TUM, 1J11 KOPPEKTHOTO
pelIeHus 3a/1a4y aTOPUTMHUIECKOTO U TTapaMeTpude-
CKOTO CHHTE3a CHCTEMbl YNpaBlieHHS HEOO0XOIUMO
pacnosiaraTh WH(GOpManueld 00 yCTOHYHMBOCTH CBO-
OOJIHOTO ABMXEHUSA 00BEKTA.

CornacHo nepBoro mertona JlsmyHoBa A.M.
[12], crammoHapHOE COCTOSTHUE OOBEKTa YCTOWYHBO,
T.e. HCCIEIYEMBI OOBEKT O00JIaTaeT CBONCTBOM
YCTOHYHMBOCTH CBOOOJHOTO IBM)KEHHS, €CIIM KOPHU
xapakrepuctuueckoro ypauenus det(Ail — A) = 0
(coOCTBeHHBIE 4HMCIIa MATPHIBI COCTOSIHUSL A) Aj,
i =1,n, UMEIOT OTPHULIATENbHBIC BEIIECTBEHHBIE YaCTH.

Ecam 00BeKT yCcTONWYHMB, TO TIPH CHHTE3E CH-
CTEMBI yIIPaBIICHUS OCHOBHOM 3a/1aucii siBisieTcs ooec-
nedeHre TpeOyeMoro KavecTBa MPOIECCOB YIpaBie-
HUs (BpeMs peryJIMpOBaHUs, CTATUYCCKAsl U JUHAMU-
Yyeckast TOYHOCTB). Ecii ke cTaumoHapHOe COCTOSTHHE

94

00beKTa HEYCTONYMBO, TO 33Ja4a aJIrOPUTMHYCCKOTO
Y MapaMeTPUUECKOTO CHHTE3a JIOJDKHA OBITH pellicHa
TakuM 00pa3oM, 4TOOBI B MEPBYK o4epeab obdecrie-
YUTh YCTOWYNBOCTH CBOOOJHOTO JBUXKEHUS CUCTEMBI
B IIEJIOM, M 3aTe€M YXe 00ecrevnTh 33/laHHble 3Have-
HUS TIOKa3aTelici KauecTBa MPOIICCCOB YIPABICHHSL.
HeoOxoaumpIM yCciioBHEM JUIsl PEIICHUsS 3a-
Ja4d CUHTE3a M peaju3allii CUCTEMbI YIPaBICHUS
00BEKTOM SIBIISICTCS HAIMYME CBOWCTBA YIPaBIIEMO-
CTH B TIPOCTPAHCTBE COCTOSHUI WIIM B MPOCTPAHCTBE
BBIXOJTHBIX TEPEMEHHBIX. YCIIOBHS YIPABISEMOCTH
JUTSE HEJIMHEHHBIX OOBEKTOB MOTYT OBITH TOJTYYCHBI
TOJBKO JJISl CIICMAJIBHBIX KJIaccoB mociienauux [11].
I[J'Iﬂ PCAIbHLBIX 3a4a4 BO3SMOKHO YCTAHOBUTH HAJIMIUC
WJIH OTCYTCTBHE 3TOTO CBOWMCTBA MyTEM aHaJIM3a JINHE-
ApU30BAHHBIX B OKPECTHOCTH CTAIIMOHAPHOTO COCTOSI-
HUs ypaBHeHUH mojnenu (2). Ecnu nuHeapu3oBaHHas
MOJICTIb YIIpaBJiieMa B OKPECTHOCTH YCTaHOBHBIIIC-

rocs COCTOSIHUS ()_(O ), TO Jienaercs IOMyIIEHUE, YTO
YIpaBIsieM W UCXOIHBINA HETMHEHHBIN OOBEKT.

s uccnenoBanusi CBOMCTBA YNPaBIsEMOCTH
B IIPOCTPAHCTBE COCTOSTHUM CTPOUTCS MaTpHUIla YIpaB-
JIIEMOCTH U ompefensercs ee pasr [12]:

V=[B:AB:A’B:..iAMB|. (4)

Eciu marpuiia ¥V umeeT nosHslid paHr, To 00b-
eKT 00JIaIaeT CBOMCTBOM IOJHOW YIpaBisieMOCTH. B
CHUTYyAaIINH, KOT/Ia BO3MOKHO C(POPMHUPOBATH HECKOIBKO
HaOOpPOB BEKTOpA YIIPaBJICHUS, U COOTBETCTBEHHO, HE-
CKOJIbKO BapHAHTOB MAaTPHUIILI B B (2), U KOKIOTO U3
HUX HEOOXOAWMO TIPOBECTH AaHAIN3 YIPaBISIEMOCTH
00BeKTa.

C yueToM MPAaKTHYECKOH HEBO3MOKHOCTHU
[IOJIHOTO M3MEPEHUs] BEKTOpa COCTOSIHUSA BaXKHO HC-
CJIENOBAThL CBOMCTBO HaOmrogaeMocT 00bekTa. O0b-
ekt (2), (3) obnamaeT CBOMCTBOM IOJHOMW HaOrOac-
MOCTH, €CIIH MaTpuIla HaOIIt0JaeMOCTH

H=|cTiATCT {(AT)’CT i1 (A)™CT]  (5)
UMeeT MONHBIA panr [12]. OueBUOHO, YTO COCTaB U
KOJIMYECTBO H3MEPSAEMBIX IEPEMEHHBIX COCTOSHHSA
(ctpyktypa Matpuibl C) T0JDKHA 00ECTICUUTh BO3MOXK-
HOCTBH TIOCTPOEHHS HaOJro/aTeNsi COCTOSHHUSA TPU He-
BO3MOXXHOCTH U3MEPEHHS BCETO BEKTOPA COCTOSHHUSL.

HeBbIpokIeHHOCTH MaTpUI] YIIPABISIEMOCTH U
Ha0JI01aEMOCTH, OIIPEACIsis HATUYUE ITUX CBOMCTB Y
00bEKTa, OJHOBPEMEHHO IIO3BOJISIET HAWTH B SIBHOM
(hopme MaTpuIbl TPeodpa3oBaHMU NCXOTHOMN CHCTEMBI
(2) x ynpaBnsiemold U HaOmOJaeMON KaHOHHYECKOI
¢dopmam [13]. IIpenmymiecTBo ynpasiseMoli KAHOHHU-
4ecKoH (popMBI 3aKITI0UaeTCsl B MPOCTOTE BEIYUCICHHUS
MOJIEJIN BXOJ-BBIXOJ U CHHTE3€ aJrOpUTMa yIpaBie-
HHS ¢ 00paTHOM CBs3BIO MO cocTostHMIo [ 14]. Habmro-
JaeMasi KaHOHHYEecKasi popMa IO3BOJISIET OoJiee TPo-
CTO TIOCTPOUTH TOXOASIINI HAOII0JaTeh COCTOSHUS
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[14]. MaTemaTrndeckue Mojie 00bEKTa B HOBOM 0Oa-
3Hce, MOCTPOCHHBIE C UCTIOIB30BaHUEM MAaTpPUIIBI TIpe-
o0pa3zoBaHHs, MO3BOJIAIOT 3PPEKTHBHO HCIIOIB30BAThH
COBpEeMEHHBIC METONIBI CHHTEe3a JTuHEeHHBIX CAY: Mo-
JabHOE YIIPaBJIeHUE, ONITUMAIbHOE YIPABIECHHUE, 110-
JMHOMUANbHBIE peryasaTopsl [13, 15, 16].

Hwxe mnpencraBieHsl pe3yibTaThl pELICHHS
NepevrCIIeHHBIX 3a/]a4 Ha IPUMepe peakTopa cMelle-
HUS IUIs IPOBEACHUS CIOXKHOM IapaierbHO-IIOCTIe-
JOBaTEeJIbHONH peakluy C HCIIOJIb30BaHHEM METOJOB
KOMITbIOTEPHOTO MOJECITUPOBAHUSL.

Iocmanosxka u pewenue 3a0auu ONMUMATL-
HO20 cuHme3a peakxmopa

B emKocTHOM ammapare peanu3yercsi Tpexcra-
IUAHAS TIOCTIe0BaTeIbHO-TIapajUieIbHas K30 TepMuYe-
CKasl peaxuysi OKCU3THINPOBaHKs OyTHIIOBOTO CIHpTA,
MMeroITast 0OJIBIIOe TIpaKTHYecKoe 3HaueHwue [ 17]:

A+B—8 5P, A+P—25P,
A+P,—5 5P,

rae A, B — okcun 3THUIICHA M CIIUPT, COOTBETCTBEHHO;
P1, P2, Ps — mponykTel peakumu; Ki, Ko, k3 — koHCTaHTBI
cKopocTer craaui. MIcXoqHbIe peareHThl OJA0TCs B
amnmapar pasfeiabHbIMU OTOKaMu. LleneBbim sBisieTcs
mpoAyKT P,. PeakTop cHaGkeH pyOaIkoii, B KOTOPYIO
MOJACTCS XJIaJ0areHT.

AHanmu3upyeMblil peakTop, KaK MpaBuiio, SB-
nsiercst anmeMenToM cinoxknoit XTC, nHampumep, Kac-
KaJia peakTOpOB WM BIIEMEHTOM PEaKTOPHOTO y3Jia
OoJee CI0XKHON CTPYKTYPBI, KaK 3TO IMOKa3aHo B [5].

MaTeMaTI/I‘ICCKaﬂ MOJCJIb OUHAMUKHU peaK—
Topa HUMECT BU.
O _p o u VG
dz * v V'
W _p 0K %
dr 2 VvV v
LY
dr V
B _p K
dr V
dr V V vV
N AH KX, X, + AH K, X, X5 + AH KX X,
oC
_ KT FT (Xs B Xs)
VpC ’
% — Um ng _ Ux.zxﬁ + I<T I:T (XS - XG) (6)
dT VX.'I VXJI V)Cle.'ICX.'I

TIE 01, D2 — PACXOIBI BXOAHBIX MOTOKOB; X1, Xo™* —
KOHIIEHTPAILMK UCXOIHBIX PEAr€HTOB BO BXOHBIX MO-
TOKax; X5, Xs**2 — TeMIeparypsl BXOJIHBIX OTOKOB;
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Dxx — PACXO0JI XJIJI0areHTa Ha BXOJIC M BBIXOJIE U3 all-
napara; Xs™, Xe — TeMIIEpaTyphl XJIaJJ0arc¢HTa Ha BXOJIE
Y BBIXOJIC U3 allllapara; v — PacXoj CMECH Ha BBIXO/IS
W3 ammapara; Xi, Xz, X3, X4 — KOHIIEHTPAIlUH KOMITOHEH-
ToB A, B, P1, P2 B peakrTope; X5 — TemmepaTypa peakiim-
OHHOI cMecH B annapate; V — o0beM ammapara; Vi, —
o0beM xJagoarenTa B pybainke; Ry = -KiXiXa — KoX1Xs —
k3X1X4, Rz = -k1X1X2, R3 = k1X1X2 — kzX1X3, R4 = kzX1X3 —
K3X1X4 — CKOPOCTBb peakiiu 1o KoMIoHeHTam A, B, Py,
P2, cootBercrBenno; AH;, i = 1,...,3 — TermnoBoii s et
COOTBETCTBYIOLIEH cTaauu peakimu; Ki, 1 = 1,...,.3 —
KOHCTAHTBI CKOPOCTEH CTajui, MOAYMHSIONINECS 3a-
koHy Appennyca; Kr, Fr — koaddunment remnonepe-
Jla4d 4epe3 CTCHKY M MOBEPXHOCTh TEIIOOOMEHaA arl-
napara; p, C — MIOTHOCTh U TETJIOEMKOCTh PEaKIMOH-
HOM CMECH;, Py, Cxs — ITIOTHOCTH U TETUTIOEMKOCTH XJIa-
J0areHTa.

Ananmuz cucrembl O/1Y (6) mokaspIBaeT, 4To
OOBEKT SBJISETCS MHOTOMEPHBIM, HEJIMHEHHBIM 1 MHO-
TOCBSI3HBIM.

[IpenmomnoxkuM, 9TO B pe3yNbTaTe pEHICHUS
3ajaun cuHTe3a ontuManbHoi X TC o mpou3BoACTBY
1eneBoro kommnoneHTa [4, 18] onpeneneHa onTuMans-
Has TIPOM3BOJMTENBHOCTE peakTopa G =X, -0 . Mc-

XO/JIs1 U3 3TOTO, BO3MOXKHO C(HOPMYJIUPOBATH KPUTEPUI
s dexTrBHOCTH QYHKIIMOHUPOBaHUA ammapara. C mo-
3UIMNA CUCTEMHOT0 aHau3a [19], oqHUM U3 OCHOBOIIO-
JIAraloIIuX ToKa3aTenei 3pGEeKTUBHOCTU 000U CH-
CTEMBI SIBJISICTCS PE3YJIbTATUBHOCTD, T.€. CTEICHB JI0-
CTIDKEHHUSI CHUCTEMOU menu (QyHKIHOHHWpOBaHWA. B
HAaIIIeM CITydae B Ka4eCTBE TaKOT0 IMOKa3aTels mpeia-
raeTcsl MCIOJIb30BaTh OTKJIOHCHHE TEKYIIEro 3Haue-
Hus npoussoautensHoctd (G) or 3amannoro (G )
AG = ‘é —G‘ . Texymee 3nauenme G ompenensercs

KOHIIEHTPAIUEH 11eIeBOr0 KOMIIOHEHTA Ha BBIXO/IE arl-
napara, KOTopasi 3aBHCUT OT COOTHOIICHHUS] PacXxoJioB
BXOJIHBIX IMOTOKOB peareHToB (f = v1/v2), cpeaHero
BpeMeHu npeObiBanus (7 =V /v ) u Temneparypsl (t)
[17]. IlepeuncneHHbBIE TEXHOJOTHUYECKUAE ITapaMeTpPhI
SIBJISIIOTCS YIIPABIISIIOIIMME [IEPEMEHHBIMU Ha CTaIHH
MIPOEKTHUPOBAHUSI, HEKOTOPBIE U3 KOTOPBIX MOTYT BbI-
CTYNaTh B KAa4YECTBE YIPABJISIOIIMX BO3JCUCTBUI Ha
CTaJ1H SKCIUTyaTalllu OOBEKTA.

CopnepxaresnbHas GOPMYJIUPOBKA 3a7a4H OI-
TUMH3AIMU PEAaKTOpa BBITIISIUT CIEAYIOIIAM 00pa-
30M: HEOOXOIMMO OTIPEICTUTh 3HaYeHus f, 7, t, obec-
MEYNBAIOIINE MUHAMAIILHOE PACXOXKICHUE MEXKITY 3a-
JaHHBIM U TEKYILUM 3HAYCHUSIMH MPOU3BOJUTEIBHO-
CTH TIPH 3aJlaHHOH OOILIeH Harpy3ke O W OrpaHuyve-
HUSX Ha Temrmeparypy. Maremarudeckas (hopmysu-
POBKa 3aJa4il ONTUMHU3ALNN UMEET BU:

*

{,8 T, t*}zarg rpirz[@—G(ﬂ, T ,t)]z. (7
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OrpaHn4eHUsIMH BBICTYNAIOT YpaBHEHUs Ma-
TEMaTU4eCKOM MOJENH CTaTUKH, a TAKXKe OrpaHhye-
HUSI Ha TeMITepatypy B (popMe HepaBeHCTBA U HA 3HA-
YEeHUS BXOJHBIX TOTOKOB B (OpPME paBEHCTBA!

@ =t<140°C 1
©,=0—-U — U, =U—ﬂ01=0.

Perrenue 3aaun mpoBeneHO AJIST PA3THYHBIX
3HaYCHUH MPOU3BOIUTEIBHOCTH TIO IIETIEBOMY MpO-
RyKTy G =0 - %,

PacyeTbl pOBOMITNCE TIPH CIIGAYIONIAX TEXHO-
JIOTHYECKHX, (DHBUKO-XIMUUCCKUX M KHHETHICCKHX JaH-
HbIX [20, 21]: X1*° = 19,74 (Moab/71); Xo* = 10,93 (Monb/n);
x5 = 20 (°C); xs*2 = 30 (°C); X6™ = 20 (°C); xozppurm-
ent termonepenaun Kr = 12 (xJx/[m*mun-K]); mior-
HOCTh peakiuonHoi cmecu p = 0,9 (xr/m); TemmoeM-
KOCTh peakiuonHon cMecu Cp = 2 (k/[x/[kr-K]); iot-
HOCTh XJIQJIOAreHTa pyy = 1 (KI/J); TEIIOEMKOCTh XJIa-
nmoareHTa Cy, = 4,18 (x/x/[kr-K]); Termossie s dexTh
cramuii peakuun AH, = AH>» = AHz = 80 (x1x/momnb);
sHeprus aktuBaiuu Eq = 48635 (JIx/Monb); npeaskc-
HOHCHHI/I&J’IBHI)II‘/'I MHOXHUTECJIb KOHCTAHTbI CKOPOCTHU k1
k1o = 109860 (31/[M016-MUH]); COOTHOLIEHHS KOHCTAHT
ckopocteil mocienoBarenbHbIX craauii Ko/ky = 2,0,
k3/ k1 = 2,5.

Bouio uccnenosauno Biusiaue f, U , t, V Ha KOH-
[EHTPAINIO 1IeJIEBOro KOMIIOHEeHTa X4. Ha puc. 1 B ka-
YecTBE MpUMepa MpeICTaBICHA 3aBUCHMOCTh KOHIICH-
TPalMK [EJIEBOr0 KOMIIOHEHTa OT 00bheMa peakTopa
JUTSL pa3JIMYHBIX HArPy30K Ha anmapar (O ), pa3IuyHbIX
COOTHOIIIEHHH BXOHBIX TOTOKOB peareHToB (5 = v1/v2)
u temmepatyp (t).

0.66;
065

0.64]

X4, MOJIB/TI

063

062 t t t t t t t t 1
100 200 300 400 500 600 700 800 900 1><103
V, 11
Puc. 1. 3aBI/ICI/IMOCTB KOHIEHTpaluu NeJI€BOTO0 KOMIIOHEHTA OT
ob6bema ammaparta; 1, 2 — temneparypa 110 °C u 140 °C, cooTeT-
CTBEHHO; CIUTOLIHAS IMHUSA — U = Sn/muH, $=1,5/3,5, myHkTHp-
Hast TUHUSA — O = 4 /muH, =1,2/2,8
Fig. 1. The dependence of the concentration of the target compo-
nent on the volume of the apparatus; 1, 2 — temperatures are
110 °C and 140 °C, respectively; solid line — p =5 L/min,
B=1.5/3.5, dashed line —p" =4 L/min, p=1.2/2.8
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Onpeenensl onTuMaibHble 3Hadenus f = 0,43,
t* = 140 (°C), 7° =100(MMH) TIpU 3aJaHHBIX 3HAYeE-
HUSX BXOJHBIX MEPEMEHHBIX M MPOU3BOIUTCIHLHOCTH
G . lanee ObUIM ONpPENEIEHBI TIOBEPXHOCTD TEILIO00-
MeHa ammapata (Fr), a Takxke mapamMeTphl IOTOKa XJ1a-
moareHTa (vxq, X6, Xe). KoopauHATEI (TTapamMeTphl) pa-
6oueii Touku cnenytomue: V =500 (;1), Vi =290 (1), Fr
=29 (M%), 0 =5 (@/™un), B = vi/v. = 1,5/3,5 = 0,43,
xx = 3,84 (1/MuH), X, =0,652 (Monb/n), X, =140 (°C),

x> =20(°C), x, =102 (°C), v1=1,5 (Wmun), v2=3,5 (/™).

Hccneoosanue ycmouuugocmu cmayuoxap-
HO20 COCMOAHUA U OUHAMUYECKUX CEOLICME 00beKma

Ilocne onpeneneHus 3HaYEHUH BXOAHBIX IIE-
PEMEHHBIX U IEPEMEHHBIX COCTOSHHS B ONITUMAaIbHOM
CTaTUYCCKOM PCKUME, BAXKHBIM MOMCHTOM JJI1 peuIc-
HUS 337a4ll CHHTE3a CHCTEMbl YIpaBJICHHS SBISETCS
HCCIIEI0BaHNE YCTOMUMBOCTH CTALIMOHAPHOTO COCTOSI-
HUsA (CBOOOHOTO JABMKEHUS ) 00bekTa [12].

B cooTBeTcTBU C 11eTbI0 HYYHKIIMOHUPOBAHUS
peaktopa ocHOBHOW 3amadeit CAY 0OBEKTOM SIBIIA-
eTcs CTa0MIM3alys KOHIIEHTPAIHUHU 1IeJICBOr0 KOMIIO-
HEHTa U TeMIlepaTypbl PeaKkIMOHHOW CMecH B YCIO-
BHSX JCUCTBUS Bo3MyIeHu. Vicxoas u3 ¢pusnieckoit
peann3yeMoCTH, B KauyecTBE YNPAaBISIOMIMX BO3JEH-
CTBUI1 BBIOpaHBI pacxo]l BXOAHOTO MOTOKA pearenra B
U pacxoJ XJlajoareHra: Uy = v, Uz = vx.. Ilepexons B
cucteme (6) K IPUPAIICHHSIM IEPEMEHHBIX X, = X, — X!,

0; =u, —u?, i=16, j=1,2 NOJy4uM JMHEAPU30BAH-

HYI0 MOJIelib 00bekTa B hopme (2).
KopHu  XapakTepHCTHYECKOrO  ypaBHEHUS
det(Zil — A) = 0 (cobcTBeHHBIE YHcaa MATpUIisl A Aj,

i =1, 6) UMEIOT ClIe/YIOIINE 3HAYCHHS:
-0,6013
-0,0853

-0,0288+0,0082i

' | -0,0288-0,0082i

-0,0119

-0,0100

Taxk Kax BEECTBEHHBIE YaCTH BCEX COOCTBEH-

HBIX uKces oTpuraTenbhbl Re(4)<0, i =1, 6, To uccie-

oyeMblii 00beKT 001aJaeT CBOWCTBOM yCTOWYMBOCTH
CBOOOJHOTO JABIKEHHS, T.€. CTAIUOHAPHOE COCTOSIHHE
00BEKTa YCTOWYHBO, YTO, KaK CKa3aHO paHee, Heo0Xo-
MO YYUTBIBATh TIPY CHHTE3€ CUCTEMBI YIIPaBICHUSI.

Heo0xomuMbIM 3TarnoM McciieI0BaHus XUMH-
YECKOI'0 peakTopa Kak 00beKTa ylnpaBlleHUs ABISIETCS
nccueoBanne (M3yYCHHE) NUHAMHYECKHX CBOMCTB
00BEKTa MyTeM MOCTPOCHUsI CTATUYECKUX U IWHAMU-
YECKHUX XapaKTepUCTUK 110 Pa3IUYHbIM KaHalaM. YKa-
3aHHBIE CBOICTBA, NOKA3aTEIsIMU KOTOPBIX SIBJIIOTCS
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K03 puLIMeHTsl Tepeaun, MOCTOSHHBIE BPEMEHU U
BpeMsI 3ara3/ibIBaHus 10 Pa3IUYHbIM KaHauaM, 03BO-
JSOT cOPMYINPOBATh PEKOMEHAALINH 10 TOIOJIOTHU
CHCTEMBI yMpaBicHHUA U TPEOOBAaHHS K aJTOpUTMaM
ABTOMATHUYECKOTO PETYIUPOBAHMUSL.

C ToukM 3peHHs YACTOTHBIX XapaKTEPHCTHK,
MHEPLUOHHbIE TEXHOJIOTNYECKHE MPOLECCHI MPEICTaB-
TS1I0T co00H MIIBTPB HU3KOH YacToThl. [lo3TOMY BBI-
COKOYaCTOTHBIE COCTABIIAIOIINE BXOJHBIX BO3ACHCTBUI
XOPOLIO MOJABISIOTCS TAKUMU OOBEKTaMH U HE OKa3bl-
BAIOT CYLIECTBEHHOT'O BIMSIHUSA HA COCTOSIHUE TEXHOJIO-
THYECKOro mporiecca. [ 3a1ad ynpasieHust OCHOBHON
MHTEPEC MPEACTABISIIOT HU3KOYACTOTHBIE BO3MYILIECHHS
(CKOpOCTh M3MEHEeHHUsI KOTOPhIX OMm3Ka K Hymo). Ilo-
3TOMY B Kaue€CTBE TECTUPYIOLIUX BXOJHBIX BO3JEH-
CTBUI UCIIOIb30BATIMCH CTYIIEHYAThIE H3MEHEHHS BXOA-
HBIX TiepeMeHHbIX [22]. Micxons u3 3Toro, mpoBeAeHO
WCCIIeIOBAaHNE TUHAMUYECKUX CBOWCTB IIyTeM IOCTpPO-
€HMsI KPUBBIX pa3sroHa IO pa3IMYHbIM KaHajJaM.

Ha puc. 2, 3 B kauecTBe npumepa MnpeacTaB-
JICHBI CTaTUYCCKUC U NTUHAMUYCCKUC XAPAKTCPUCTUKHN
00BeKTa M0 KaHaJlaM U2 — X4 ¥ U2 — Xs.

V2, J1/MHAH
Puc. 2. Cratuieckne XapakTeprcTHKK 00OBbEKTa 110 KaHamaMm v, — X4

1 U, — Xs5; 1 — KOHIEHTpauus X4, 2 — TEMIEpaTypa Xs
Fig. 2. Static responses of the object for channels v, — x4 and
v, — Xs; 1 — concentration xs, 2 — temperature Xs

07

\>

400 600 800  1x10°
T, MUH

0 200

Puc. 3. lunamMuveckue XapaKTEPUCTHKH 00BEKTA IO KaHAITY
v, = X4 1-Ap, =-1(/mun), 2 - Ap, = +1 (1/mun)
Fig. 3. Dynamic responses of the object for channel v, — xs;
1-Ap, =-1L/min,2-Ap, =+1L/min
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AHanm3 XapakTepUCTHK IOKa3all, YTO OOBEKT
B OKPECTHOCTH pabovell TOUKH HEJIMHEEeH 10 KaHanaM:
01 —> X4, V2 —> X4, Uxn —> X4, Uxz — X5, X1™* — X4, X2 —> XGs,
a TI0 KaHasaM v1 — Xs, 02 — X5 OJIM30K K JTMHEHHOMY.
O6 3TOM, B 4aCTHOCTH, CBUJETEIBCTBYET HECHMMET-
PHUYHOCTB KPUBBIX PA3rOHA 0 KaHATY 02 — X4 IPH MOJIO-
KHTEIBHOM U OTPULIATEIbHOM U3MEHEHUH BXOIHOM Iie-
PEMEHHOI Ha oiMHaKoBoe 3HadeHue +1 ji/MuH (puc. 3).
Oco0eHHOCTh peaknud OO0BeKTa Ha OTPHUIATEIHHYIO
CTymneHbKy Avz = -1 n/mun (kpuBas 1 Ha puc. 3) co-
CTOUT B TOM, YTO KOHIIEHTpAIMs X4 B HOBOM YCTaHO-
BHUBIIEMCS] COCTOSIHUH COBIIAAAET C HA4YaIbHBIM 3HaUe-
HueM X, DTO OOBACHAETCA IIEPEXONOM paboueii
TOYKH HA CTaTHYECKOW XapaKTepucTuke (kpuBas 1 Ha
puc. 2) c HUCHAJAIOMICH BETBU XapaKTEPHUCTUKH Ha
BO3PAaCTAIOLIUN YYaCTOK.

Habmooaemocms u ynpaeisiemocms peakmopa

C npakTHUECKOH TOYKHU 3pEHHUS HCCIIETOBAHHIE
CBOWCTBa HAOJIOAaEMOCTH TMO3BOJISECT CHOPMYIIHUPO-
BaTh 3aJaHUC Ha pa3pabOTKy CUCTEMBbl U3MEPEHUs], HC-
X0/ U3 337a4 U 1IeIM YIPABICHUSI TEXHOJIOTUIECKIM
npoueccoM. OYeBHIHO, YTO MO BO3MOKHOCTH JOJIKHBI
U3MEPSITHCS BCE IEPEMEHHBIE COCTOSTHMS, OATICKALIIE
PETYIMpPOBaHUIO, TUO0 COCTAaB M KOINYECTBO U3Mepsie-
MBIX TEPEMEHHBIX COCTOSIHHUS JOJDKHBI 00OECIeUUTh
BO3MO>KHOCTB ITOCTPOEHUsI HaOI0aTesnsi COCTOSHHUSL.

BTopbrIM HpakTHUECKUM BOIPOCOM SIBISIETCS
BBIOOp yTIPaBISIOMINX BO3AEHCTBHIA CpeI BCEX BXOJ-
HBIX TIEPEMEHHBIX. 37IeCh B TIEPBYIO O4epellb He00X0-
IMMO PYKOBOJCTBOBATHCSI BO3MOXKHOCTSIMH (pHU3HUeE-
CKOH peaJIn3yeMOCTH YIIPaBICHUM.

Bbutn nccnemoBanbl TpU BapHaHTa MpaKTHYe-
CKOH peau3aluy U3MEPEHUN:

- M3MepsIeTCsl KOHLEHTPaLus 1IeJIeBOro BEIECTBa —

X4 ¥ TEMIIepaTypa B peakTope — Xs, MaTpHuIla u3Mepe-
HUI UMEET BUL:

C_000100
o o001 0).

- I3MepsIeTCs TObKO KoHmeHTparwst — X4, C=(000100);
- M3MepsieTcs ToJbKo Temneparypa —Xs, C=(000010).

VY cTaHOBIICHO, YTO OOBEKT MOJHOCTHIO HAOITIO-
JIaeM TIPH IEPBOM U BTOPOM BapHaHTaX U3MEPEHHUH 11e-
PEMEHHBIX COCTOSIHUSI M HEHAOIF0/1aeM TP TPETheM
BapHaHTe.

Jlnst ucceieayeMoro mpoiecca BO3MOXKHA MO-
CTaHOBKA Pa3IMYHBIX BAPHAHTOB 3a/1a4H OIPEICIICHHS
YIPaBIsieMOCTH B IPOCTPAHCTBE COCTOSIHUMA. [TepBbIii
BapHaHT — 3TO HCCJIEJOBaHHE YIPABISEMOCTH IPH
CHHTE3€ CHCTEMbI CTaOMIM3aIl[MH KOHIICHTPALUH Iie-
JIEBOTO KOMIIOHEHTa X, =X, M TEMIEpaTypsl Ipo-

necca X5 = Ks C UCTIOJIb30BAHUEM BCKTOpA YIIPABJICHUA
{u1 = 02, Uz = vy}
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BTopoii 1 TpeTuii BapuaHThl — UCCIELOBaHUE
ynpasisieMocTd npu cuHte3e CAY TONBKO KOHIIEH-
Tpaluen X, =X, WIH TOJBKO TEMIIEPATYPOH X, = X, C

Ucrosb3oBanueM ympasiaenust {Ur = vz, Uz = 0} wiu
{u1 =0, U2 = v}, COOTBETCTBEHHO.

HccrenoBanus moKas3ajid, 4TO TPH MEPBOM H
BTOPOM BapHaHTaX MOCTPOCHHUS CHCTEMBI yIIPABICHHS
OHa TOJTHOCTBIO YIpaBIisieMa B IPOCTPAHCTBE COCTOSI-
HHI, MaTPUIIbl YIPABISICMOCTH UMEIOT TTOJIHBII paHT.
B TpetheM ciydae paHT MaTpHUIbl YIPABIIEMOCTH
rank(¥) = 5. DTo 03HayaeT, YTO CYIICCTBYIOT TaKHE
TIONOYKEHHs H300pakaromIel TOUK| X = (X1, Xz, ..., Xg)"
B (ha30BOM MPOCTPAHCTBE, M3 KOTOPHIX HEBO3MOYKHO
HepeBECTH OOBEKT B 33[JaHHOC KOHCYHOE COCTOSHHE,
T.e. CUCTEMa HE BIIOJIHE yIpaBjsieMa B MPOCTPAHCTBE
cocTosiHUi. B 3TOM ciydae 00BeKT ymnpagiisieM B IIpo-
CTPaHCTBE BBIXOJOB MPH COOTBETCTBYIOLIEM BBIOOPE
Mmatpuubl u3mepenus C B ypasaenun y = Cx.
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CTEMBI YIPaBJICHUS B Pa3MyHBIX MOCTaHOBKax. Jpy-
MU CJIOBaMH, OHH TIO3BOJISIIOT KOPPEKTHO popMupo-
BaTh Pa3IMYHbIC BapHAHTHI TOMOJOIMYECKOH CTPYK-
TypBI OyIylIel cCUCTEeMBbl YIPaBICHUS:

- IIpu cuHTE3€ cUCTEMBI yHpaBiIeHHUs] KOHIEHTpa-
LMEH LEJIEBOro BEIIECTBA MIPHU YIIPABJISIOLIEM BO3IEH-
CTBHM U1 = 02 AOCTATOYHO HU3MePATH X4. OcTasbHBIE
KOMIIOHEHTBI BEKTOpa COCTOSIHHSI MOTYT OBITH Olle-
HEHBI C IOMOLIbIO HAOIOAATENS.

- IIpu cuHTe3e cucTeMbl YIpaBICHUS TEMIIEpaTy-
poil mmpoLecca NpU YIPABISIOIIEH BO3ACHCTBUU Uz =
Uxn HEOOXOJMMO U3MEPATH KOHIICHTPALHIO X4 U TEMIIC-
patypy Xs. IIpu aTom cuctema Oynmet Habmomaema u
CTaOMIM3UpyeMa B IPOCTPAHCTBE COCTOSHUI U yIIPaB-
JiieMa B IIPOCTPAaHCTBC BBIXOJ0B.

- Ilpu cuHTE3e MHOTOMEpPHOU CHUCTEMBI YIpaBIE-
HUS KOHLUEHTpAalUeil u TeMnepaTypoi npu UCHOIb30-
BaHUM YIIPABJICHUH U1 = 02, U2 = Dy, HEOOXOUMO, KaK
MHUHUMYM, USMEPATH X4 A Xs.

Brei6op anroputma ympaBieHUST 00BEKTOM U
MeToAa mapamerpudeckoro cuHteza CAY HeoOXxo-
MO TIPOBOJUTH C YYETOM TOTO (haKTa, 4TO OOBEKT MO
OONBUIMHCTBY IMHAMUYECKUX KaHAJIOB HEJMHEeH. B
[3, 10] mpeaymokeHO UCTOIB30BATH METOBI CHHEPTe-
TUYECKON TEOPHUH YIIPABJIECHUS ISl CUHTE3a HEJIMHEN-
HOTO JITOPUTMa YIpaBlieHUsS PEaKTOPOM M ITOKa3aHa
3¢ GEKTUBHOCTD CHHTE3UPOBAHHON CHCTEMBI.
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HUCCIEJOBAHHUE ITPOLHECCA NNOJIYUYEHUA KOMIVIEKCHBIX 'PAHYJIMPOBAHHBIX

OPTAHOMWHEPAJIBHBIX Y IOBPEHUI ITPOJIOHTUPOBAHHOI'O TEMCTBUSI

HA OCHOBE TOP®A

JI.H. OBUNHHHKOB

JleB Hukomaesny OBUMHHHUKOB *

Kadenpa nporeccoB u anmapaToB XUMHYECKOW TEXHOJIOTHH, VIBAHOBCKUH TOCYAapCTBEHHBIN XUMHUKO-TEXHO-
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B pabome paccmampugaemca pacuémno - IKCnEpUMEHmMAaIbHOEe UCC1e006aHUe NOyYe-
HUA IKOO02UYECKU 0e30nacCH020 8UOA KOMNIEKCHO20 2PAHYIUPOCAHHO20 YOOOpeHUs HA OCHOGe
mopga, couemarouiezo ¢ cebe delicmeue OPeAHUYECKUX U MUHEPATLHBIX 6€W{ECE, UCKAIOYAl0-
wux 011 nouewt epednvle 0odasku. Kpome mozo, npumenenue maxux yooopeHuii npO1oHZUPO6aH-
HO020 Oelicmeus nN03680a:Aen YRPasaams poCHOM PaACHeHUil 3a C4ém 003UupOo6aAHHO20 PACMEOPEHU
numamenbHLIX KOMHOHeHmog 6 nouge. Ilpueedena memoouxka pacuéma XumuuecKkozo cocmasa
a3omHo-Qochopro- KAnuiiHbIX OP2AHO-MUHEPATILHBIX YOOOPEHUIL RPOJIOHZUPOSAHHOZO OelicInEU
Ha ocHoee mopgha u mooughuramopa KapoOMemunYeanIoN03bl, NO360AAIOULAAL PECYIUPOCAMb CO-
OMHOUIeHUE MeHCOY NUMAMETbHBIMU KOMNOHEHMAMU 8 20mo8om npodykme. Tpedyemoe azpoxu-
MUYECKOE COOMHOUERUE MeXHCOY RUMAMETbHbIMU KOMIOHEHMAMU RPEOCMAB1eH0 6 8Ude OMHO-
wienun azoma K gocghopy u Kanuio ¢ yuemom Korhuyuenmos nponopyuoHaIbHOCHMU, 3a6UCA-
WUX OMm pazmepa panyi u pacxooa MamepuaibHblX NHOMOKO8 KOMNOHEHNO06 XUMUYECKUX 6e-
wiecme. Paccmampueaemcea mexnonozuueckas cxema 1adopamopHoil yCMano8Ku NOJIy4YeHUs
KOMHJIEKCHO20 ZPAHYIUPOBARHO20 YOOOPERUA, OCHOBHBIMU Y31AMU KOMOPOIl A6NAIOMCA KOHBEK-
MUGHAA CYWIUIKA C NJIONMHBIM CI0EM U ZPAHYAAMOP - IKcmpyoep. Memooom mamemamuueckozo
NAGHUPOGANHUS IKCINPEMATLHBIX IKCHEPUMEHM 08 OCYULECH EIEH NOUCK PAUUOHATLHBIX MEXHOJ10-
2UYECKUX YCTIOGUTL ZDAHYIUPOCAHUS U KOHEEKMUGHOUW CYWKU Zpanyn yoodpenuil. B pesynemame
CMmamucmu4eckoil 00padomKu pe3yibmamoe ucci1e008aHuA NOJIYYEHbL 3a6UCUMOCHIL, XaPaKnie-
pusyloujue KauecmeeHHbvle XapaKkmepucmuKky 20mo6020 nNPoOyKma: NPOYHOCHIb, 6IANCHOCHb,
OMHOCUMENLHYI0 pacmeopumocms. Ocyuiecmeneno cpaguenue IKCREPUMEHMANbHBIX U PAcyem-
HBIX UCCNIE006aHUIL HA NPpUMEPE AHATU3A 3A6UCUMOCIU NPOYHOCMU ZPAHY]I OM KOHUEHMPAWUu
Mooupukamopa npu paziuiHoil memnepamype 6030yxXa noo peuiemKoil.

KaroueBble ciioBa: peryaipoBaHue, yI00peHuUs, TPaHyIIbl, CYIIKa, IPOYHOCTh

INVESTIGATION OF PROCESS OF OBTAINING COMPLEX GRANULATED

ORGANO-MINERAL FERTILIZERS OF PROLONGED ACTION BASED ON PEAT

L.N. Ovchinnikov

Lev N. Ovchinnikov *

Ivanovo State University of Chemistry and Technology, Sheremetevskiy Ave., 7, lvanovo, 153000, Russia
E-mail: piaxt@isuct.ru *

100

The paper considers a calculation and experimental study of obtaining complex granulated
fertilizer of an ecologically safe type based on peat, combining the action of organic and mineral
substances that exclude harmful additives for the soil. In addition, the use of such long-acting
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fertilizers makes it possible to control the growth of plants through the metered dissolution of nu-
trient components in the soil. The procedure for calculating the chemical composition of pro-
longed-action nitrogen-phosphorus-potassium organo-mineral fertilizers based on peat and car-
bomethylcellulose modifier is presented, which allows adjusting the ratio between the nutrient com-
ponents in the finished product. The required agrochemical ratio between the nutrient components
is represented as the ratio of nitrogen to phosphorus and potassium, taking into account the pro-
portionality factors that depend on the granule size and the consumption of material flows of the
chemical components. A technological scheme of a laboratory setup for the preparation of a com-
plex granular fertilizer is considered, the main components of which are a convective drier with a
dense layer and a granulator - an extruder. The method of mathematical planning of extreme ex-
periments has been used to search rational technological conditions for granulation and convective
drying of fertilizer granules. As a result of statistical processing of the research results, dependen-
cies characterizing the qualitative characteristics of the finished product such as strength, moisture,
relative solubility were obtained. Comparison of experimental and computational studies was car-
ried out on the example of analysis of the dependence of the strength of granules on the concen-

tration of the modifier at different air temperatures under the lattice.

Key words: regulation, fertilizers, granules, drying, strength
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BBEJIEHIE

K skonorudecku 6e30macHbIM BHIaM y100pe-
HUH MOXHO OTHECTH MPOU3BOJICTBO KOMILIEKCHBIX
rpaHynupoBaHHbIX ymoopenuit (KI'Y) Ha ocHoBe
top(da, codyeraronux B cede ACHCTBUE OPraHUIECKUX
Y MUHEPaJIbHBIX BEIECTB, HCKIIOYAIOIINX JJIS1 TOYBI
BpenHble n00aBku. Kpome Toro, mpuMeHeHUe TaKux
yAOOpEeHUI MPOIOHTUPOBAHHOTO JIEHCTBHUS MTO3BOJISIET
YOPABJISITH POCTOM PAacTEHUN 3a CUET JO3UPOBAHHOTO
pacTBOpeHHsI MUTATEILHBIX KOMIIOHEHTOB B TIOUBE.

B ocnoBe nonyuyenus KI'Y nexur ¢pusnxo-xu-
MHUYeCKas akTUBAIIHs TYMHHOBOTO KOMIUIEKca Topda ¢
MOCIEAYIONIMMH TEPMOMEXaHNYECKUMH TIPOLIECCaMH
CMEILIMBAHUS C IPYTMMH MHHEPAJIbHBIMH YAOOpEHHU-
SAMH, TpaHYJSIIHEeH W TepMooOpabOTKOIl B mporecce
cymku rpanyin [1]. [loxyderasie yaoOpeHUs TOIKHBI
cogepxare okono 30% akTuBUpoBaHHOTO TOpda U
70% muHepanpHBIX yaoopenui. Ilpu stom, cymmap-
HOE coJiepkaHue a3ora, Gochopa W Kaus JTOIDKHO
ObITh He MeHee 30%, a X COOTHOILIEHHE MOXKET U3Me-
HATHCA [2] B IMIUPOKOM AMAna3zoHe. TUIOBBIMHU COOT-
HOIIEHUSIMHU UISl TPOWHBIX OPTraHO-MHUHEPATBHBIX
yno6peruit (OMY) smistrorest N:P:K = 1:1:1; 1:1:1,5;
1:1,5:2;0,5:1:1,5.
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Llenblo MccneoBaHUs SBISUIOCH TIONYYCHUE
rpa”yJIMPOBAHHBIX MPOJOHTUPOBAHHOTO JAEUCTBUSA
KOMIUICKCHBIX BBICOKOKOHIIGHTPUPOBAHHBIX OpraHo-
MUHEpallbHBIX yJ00peHuid Ha ocHoBe Topda, 3amaH-
HOTO TPaHYJIOMETPHYECKOT0 ¥ XUMHYECKOTO COCTaBa
B PAI[MOHAIIBHBIX TEXHOJIOTHYECKUX YCIOBHUSIX UX TIO-
JyYCHHUSL.

METOANKA 3KCIIEPUMEHTA

TexHomornyeckast cxema J1abopaTOpHOH ycTa-
HOBKH, M300pakeHHas Ha pHc. |, mpeanoiaraet mpose-
JICHHE CIECAYIOUINX ONEepalyil: CMEIINBAHNE B CMECH-
TeJe 8 MCXOMHBIX MOPOIMKOOOpa3HBIX (OTXOI0B IIPO-
W3BOJICTB) KOMIIOHEHTOB MUHEPAIBHBIX YI0OpeHHi
(xapbamuz, hocdat aMMOHUS, XJIOPUCTBIM KaIuii U T. I1.)
C M3MEJBbYEHHBIM TOpdoM, MoaH(UKATOPOM U BOJOH
C MENBI0 MOJMYYeHHS TUIACTUYHOMN MacThl TpeOyemoit
BIIQKHOCTH; TPaHYJIUPOBAHUE MACTHI B SKCTpyZepe 7 C
MOJIyYSHHUEM YaCTHUI] IUITHHIPUIECKOHN (hopMBI (pHC. 2);
CyIIIKa TpaHyJ 10 TpeOyeMoi KOHEYHON BIAXKHOCTH B
IJIOTHOM CJI0€ KOHBEKTHUBHOM CYIIMIIKHU 5.

B cooTBeTcTBHM C arpOXMMHYECKHMHU TpeOo-
BaHUSMHU COOTHOIIEHUE MEXKIY MUTATEIHHBIMH KOM-
MMOHEHTaMH B KOMIIJIEKCHOM YAOOpEHUH MOXKHO 3a-
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nath B Buzie N:@P20s:wK20 [3]. I'me v u ¢ — k03 pu-
[UCHTBI, MPHHAMAIOIIUE JTF000e 3HAUCHHE, HAITPUMED,
0,5; 1,0; 1,5; u T.0.. CnegoBatenbHO, pacueT XUMUYe-
CKOT0 COCTaBa KOMIUIEKCHOT'O OPraHOMHHEPAILHOTO
ynobpenusi (OMY) cBOAXTCS K HAXOXKIACHHUIO JOTIOIN-
HSIOIIUX JIPYT IpyTa 3aBUCUMOCTEN Y U (9, 3aBUCSIIIX
OT pa3Mepa IpaHy’l ¥ pacxojia MaTepHaIbHBIX TOTOKOB
KOMIIOHEHTOB,

BBITPY3KA

Puc. 1. TexHonmormyeckas cxema J1abOpaTOPHOH YCTAaHOBKHU IS
nonydenus KI'Y Ha ocHoBe Topda: 1 — razomyBka; 2—pudop 1is
H3MEpEeHHs TeMIIepaTyp; 3 — poTaMeTp Ul U3MEPEHHUS pacxoa
BO3yXa; 4 — anekTpokanopudep; S—anmapar KC; 6—snexrpomur,
7 — ITHEKOBEIN TpaHyJsITOp; 8 - “Z”-00pa3HbIi cCMeCUTENb
Fig. 1. The technological scheme of reception of the granulated
sorbents on the basis of peat: 1 —blower ; 2 - temperature meter; 3
- air flow meter; 4 - electric heater; 5 — KC device; 6 - electric
shield; 7 - screw granulator; 8 - Z shaped mixer

Puc. 2. ®ororpadus rpanyn NPK OMY nununapudeckoit
(hopMBI pazmepom 5x6 MM
Fig. 2. Photograph of granules of NPK WMD of cylindrical shape
wiht the size of 5x6 mm

Memoouxa pacuema xumuueckoeo cocmaga
NPK OMY na ocnoge mopgha

Pacuer XUMHYECKOTO COCTaBa KOMILICKCHBIX
yI00peHU T MOKHO OCYIIECTBIISITh IO IBYM B3aHMO/I0-
HOJHSIOIUM Jpyr Apyra MeTojaM: a) Uil OJHOM
YCPEIHEHHOM 10 pa3Mepy TpaHyIbl; 0) Ui 3a1aHHOI
HPOU3BOIUTEIILHOCTH YCTAaHOBKH 10 TBEP/I0it (hase.

AJNTOpUTM pacdeTa XUMHYECKOTO COCTaBa op-
raHO-MHUHEPaJIbHOTO yIOOPEHHUS TPEIIIoNaraeT pere-
Hue cucrems! ypasaenwii (1)-(15):

1. maccoBast J1oJisl KOMIIOHEHTOB, BXOJISIIHX B
TOTOBBII TPOIYKT:

102

6= @

rne Gi — coorBercTBeHHO Macca Topda (Grop), MUHE-
panbHBIX ynoOpeHu#t (Gyunys ), Momudukaropa KMI]

(Grm);

2. TUIOTHOCTh TPAHYJIBI:

pspzzi:pi.gi, (2)
TIIe pi, §i — INIOTHOCTh U MaccoBas J0JIsl i- KOMIIOHEHTA
B TpaHyIie;
3. Macca rpaHybL:
Grp = Vip s (3)

rae Vi, — 00eM IpaHyIibl; prp — MIIOTHOCTH TPAHYJIBL;
4. KOJMYECTBO TPaHYJ B CIIOE:

GCH
nurr - Grp ’ (4)
rae Ge, — Macca cliosi TpaHyor,
5. IOBEPXHOCTH TPaHyJl B CIIOE:
Fcn = nLLITF‘{aCT = annDrp(OySDrp + hrp); (5)

6. Macchl OJIE3HBIX KOMIIOHEHTOB!
- Macca a30Ta B MOYEBHMHE U MOHOAMMOHHUII-
docdare:
Gn= bNMOH.gM.0,785Dl_p2.hl_p.pM + bNLba.g(ba.OJSSDrpZ.hrp.p(ba; (6)
- Macca ¢ochopa B MoHOaMMOHMI(OCchaTe:

Gz%os = bP205' gqba : Gep ’ (7)
- Macca Kaius B XJIOPUCTOM KaJIHH:
G;fo = bKZO “Ox Gep ) (8)
- KOO UITUESHTHI @ 1 .
_GY%; 9)
B
G?KZO
Y= Gp—”o ; (10)
ap.

- COOTHOLICHUE II0 XHUMHUYCCKOMY COCTaBYy
NPK B KOMIUIEKCHOM YyI00pEHUU:

N:pP20s:yK20 (11)
ConeprkaHue a30Ta B rpaHyJie:
G N
=" (12)
Gzp.
Conepxxanune dochopa B rpanysie:
PZOS
PO 2 (13)
25 Gep.
ConieprkaHue Kajiusi B rpaHyJie:
K,0
K,0=—% (14)

2p.
CymmapHOe copep)kaHhe NHUTATEIbHBIX Be-
IIECTB B TpaHyJe:

NPK = N + P05+ K,0 (15)
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Mertoaurka pacyeTa XAMHYECKOTO COCTaBa, 0a-
3upytomasics Ha ypaBHeHusx (1)-(15), 6pu1a peanuzo-
BaHa B KOMIIbIOTEPHOU TTporpamme Mathcad 15.

PazpabGoraHHbIi anropuT™M pacuera XUMHUe-
ckoro cocraa NPK OMY, no3Bosser peryinpoBats B
MoJTy4aeMOM yIoOpeHnu TpeOyemblii Habop COOTHO-
mennii N:P20s5:K20. Hanpumep, Ha naboparopHoit
ycraHoBKe (puc. 1) OBUIO MOJTY4eHO KOMIUIEKCHOE
ynobpenue mapku N:P>0s:K,0 = 19:20:20 ¢ conepixa-
Huem 81 (macc.%) MUHEpabHBIX yI00peHH.

PE3VJIBTATBI 1 X OBCYXJIEHNE

B ocHOBe pacdeTHO-IKCIEpPUMEHTANIBHBIX HC-
CIICZIOBAaHUH TIONYYEHHS] KOMIUICKCHBIX TPaHyJIHpO-
BaHHBIX MoaupuupoBanHsIx OMY ObLT BEIOpaH Me-
TOJT MaTeMaTHYECKOTO IJIAHUPOBAHUS OSKCTPEMallb-
HBIX 3kcriepuMeHToB (I1DI) Tuna 23 [4, 5].

B kadecTBe mcciieyeMbIX mapaMeTpoB OBLIH
BbIOpaHbl: Y1 — KOHEUHas BIAXKHOCTh TPaHyIL, IO Y 2
— mpo4HOCTH rpanyi, MIla; Y3 — ko3 duimeHT otHo-
CHTEIIFHOTO PACTBOPEHHUS TPAHYJI, Pa3bl.

HesaBucuMsble epeMeHHBIE, UX WHTEPBAIIBI U
YPOBHU BapbHpOBaHMs: X1 — TeMIepaTypa BO3ayXa
nox pemerkoii (70-80-90), °C; X, — coneprkanue Mo-
mudukaropa B ucxonHo cmecu (1-2-3), macc %; X3 —
Bpems cymku (20-25-30), mun; X4 — Macca cios (70-

80-90), rp.; X5 — pacxox Bo3ayxa (30-35-40), m*/u., He
nocturatomero 80% a0 pacxonia, COOTBETCTBYIOIIETO
Havaly MCeBIO0KIKESHISL.

Martpuiia TiaHupOBaHUS IKCIICPUMEHTA U Pe-
3yJBTAThI UCCIICIOBAHUI TIPEICTABIICHBI B TAOIHIIC.

B pesynbrare cratuctuyeckoit 00paboTKH pe-
3yJbTAaTOB MCCIIEAOBaHMs, BKIIOYAIOIINX OIEHKY 3Ha-
YUMOCTH KOA((UIIUCHTOB PErpEeCCHOHHBIX ypaBHE-
HuH 1o kputepuio CThIO/IEHTa U POBEPKY a€KBATHO-
CTH ypaBHEeHHIA 1o kputepuio Purepa, ObUH MOITY-
YEeHBI CIICYIONIUE PErPECCHOHHBIC 3aBUCUMOCTH, Xa-
PaKTEepHU3YIONIUE KAaYeCTBEHHBIC XapaKTEPUCTUKHU T10-
JTy4aeMoro MPOAyKTa:

1. VpaBHeHnue 1t onpeaeeHus BIaXKHOCTH:

y1 = 0,00628-0,00047x1-0,00097x>-0,000515x3-
-0,00047x4+0,00062xs; (16)
2. YpaBHEHUE IS ONIPEIeNIEHUs IIPOYHOCTH:
y2 = 1,291+0,451x1+0,169%,+0,244%3-0,182xs; (17)

3. YpaBHeHue 1151 OTipe/IeIieHUsI PACTBOPHUMOCTH:

y3 = 9,3825+0,0675x1-0,0425x%,-0,1325%5  (18)

ITorick TEXHOJOrMYECKUX MapaMeTPOB IPO-
1ecca OCYIIECTBISIICS METOJOM KPYTOT'O BOCXOXKIE-
Hus bokca — YuicoHa, mo3BonuBIIHiA pa3paboTaTh pa-
[MOHATIFHBIE TEXHOJOTHYECKUE YCIIOBHUS TMONyYSHUS
KI'Y B npOMBIIIJIEHHOCTH.

Tabruua
Marpunua njiaHupoBaHus M Pe3yJibTaThl HCC/IEI0BAHUI IKCIIEPUMEHTA
Table. Lanning matrix and experimental results
X1 X2 X3 | Xa| Xs Y1 Y, Y3
o & 5 . a BrnaxxHocTth Koadpdu-
No Temmepa-| F 8 5 | c| & rpaHyi Mooy, | WEHT OT-
" Xo | Xo| X2 | Xs | X4 | Xs |TypaBos-| £ E o o POt ocuTes-
o | 20 1 2 3 4 5 | Typa BO3 é = 5 e 2 oty | FOCHTEN
AyXamon | o —g g § 5 |Hauane-| Koneu- rpanyI HOTO pac-
peleTKoi S & % S § Hast Hast TBOPEHUS
= [ rpaHyn
o B Abc Abc
C macte, % e (Mmacc.)%|(macc.)% Mla pasbl
1 |(+1]-1]-1(-1]|+1]+1 70 1 20 |90 | 40 8,77 0,96 1,72 12,95
2 |41 | +1|-1]-1]-1]-1 90 1 20 | 70| 30 | 11,58 0,64 2,16 8,71
3| +1 | -1 |+1]-1|-1]+1 70 3 20 | 70| 40 6,94 0,617 1,64 11,46
4 | +1 [ +1 | +1 | -1 |+1]| -1 90 3 20 |90| 30 | 11,64 0,5 2,066 5,38
5 [ +1 | -1]-1]+1]|+1]| -1 70 1 30 [90] 30 9,3 0,49 1,875 13,86
6 |+1 | +1 | -1 |+1] -1 |+1 90 1 30 (70| 40 13,4 0,809 | 2,066 8,14
7 | +1 | -1 +1|+1|-1]-1 70 3 30 [70] 30 9,81 0,633 1,97 10,2
8 | +1 | +1 [ +1 | +1 | +1 | +1 90 3 30 190 | 40 11,3 0,374 | 2,161 10,26

Ha puc. 3 mpencrasieHo cpaBHeHHE pacueT-
HBIX (17) ¥ 3KCTIEpUMEHTANBHBIX AaHHBIX 110 U3MEHE-
HUIO MIPOYHOCTH YHOOpeHHi B 3aBHCUMOCTH OT KOH-
IEHTpauy MoAau(dUKaTopa M TEMIEpaTyphl BO3IyXa
MOJT PELIETKOM.
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W3 puc. 3 BUAHO, 4TO MPU MOBHIIICHUN KOH-
neHTpanuu Moaudukaropa ot 1 1o 3 (Macc.%) u Tem-
repaTypsl Bo3ayxa moj pemretkoid ot 70 mo 90 °C
MIPOYHOCTh TPaHyJd CYIIECTBEHHO YBEIHMYMBAETCS M
nocturaet 3HadeHus 1,8 MIla. OTkinoneHnue pacuera
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Puc. 3. 3aBucumocts npounoctu (P) rpanyn NPK OMY ot koH-
neHTpanuu Mogudukaropa (C) mpu pa3IuIHON TeMIepaType Bo3-
nmyxa moj perrerkoii: 1-90 °C; 2-80 °C; 3-70 °C. Touku — 3Kcrie-
PHUMEHT, TUHUH — pacyeT
Fig. 3. The strength of granules of NPK WMD on the concentra-
tion of the modifier (C) at different air temperature under the grid:
1-90 °C; 2-80 °C; 3-70 °C. Dots — experiment, lines — calculation
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OT JIKCIICPUMEHTA YJIOBJICTBOPUTEIHLHOE M HE INPEBbI-
IIaeT CTaTUCTUYECKOM norpemHocTH (5%), 4To CBUC-
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OCHOBHBIE ITIPABHJIA O®OPMJIEHUS CTATEN

B xypnane "M3BecTus BhICIINX yueOHBIX 3aBefeHUH" cepun "XuMHS 1 XUMHYECKasi TEXHOJIOTHs" 11e4aTaloTcst pa-
0OTbI COTPYTHUKOB BbICHIMX yueOHbIX 3aBeenuit PO u PAH, a takke crpan CHI u qpyriux MHOCTpaHHBIX aBTOPOB.

OcHOBHBIE pYOpPHUKH KypHaa:

. X¥MHs HeOpraHUYeCKast, OpraHNIecKast, aHATUTHIECKasl, pru3ndeckasi, KOJUIOHIHAsI, BHICOKOMOJICKYJISIPHBIX COSIMHEHHH.
. XuMHuecKas TEXHOJIOTHS HEOPTaHUIECKNX M OPTaHUIECKUX BEIIECTB, TEOPETHICCKUE OCHOBEL.
OKonorudeckue mpoOIeMpl XUMHAN U XUMHIECKOW TEXHOJIOTHH.
. O630pHEIE CTaTHU.
. Kpatkue coobmienus.
. Hayunsle n MeToandeckue nmpoOIeMsl.
. IluceMa B pegaxmuio.
. Ilepconanuu.
CraTbu, HanpagJseMble B )KYPHAJ1, 10JKHbBI Y10BJETBOPATH CJ1eyIOIIUM TPeOOBaAHUAM:

1. PaGora nomkHa oTBe4aTh MpoduIIto XypHaia, 001aaaTh HECOMHEHHOW HOBU3HOM, OTHOCUTBCS K BOIPOCY IIPO-
OJIEMHOTO 3HAuYeHHUs1, IMETh NMPHUKIIATHOE 3HAYCHUE W/WJIM TeopeTHYecKkoe 00ocHOBaHue. Bomnpoc 00 omyOnMKoBaHUM CTa-
ThH, €€ OTKJIOHEHUH pelllaeT pelaKIMOHHAas KOJUIETUS )KypHaJla, U ee pellIcHHUE SBISIEeTCS OKOHYATEIbHbIM.

2. CtaTh¥ OJDKHBI MPEJCTABIATH CXKATOE, YETKOE M3JIOKEHUE TTOyYEHHBIX aBTOPOM PE3yJIbTaToOB, O3 MOBTOPEHUS
OJTHMX M Te€X )K€ JaHHBIX B TEKCTE CTAaThH, TAOJIUIAX U PUCYHKaX.

3. Bce npencraBiieHHBIE CTATHH JOJKHBI OBITH ToATOTOBIICHB! 14 Kersiem mpugta "Times New Roman', untep-
BaJ —1,5. [Tosist: BepxHee-2 cM, J1eBoe-3 cM, HHIKHee-2 cM, paBoe-1,5 cM. O0beM cTaTbu He TOJDKEH MPEBBIIaTh 12 cTpaHuIl
TEKCTa, BKIFOYas CIICOK JTUTEPATypHhl, TAOIUIH! (He HoJiee 4, mupuHa - 8,4 ¢M) U pUCYHKH (IIMPHHA — 8 €M), YHCIIO KOTO-
PBIX - He Oornee 4, BKIIFOYasl PUCYHKH, TIOMEUCHHBIE OyKBamH, a, O U T.11. PHCYHKM, TaGJuIbI, a TAKXKE MOANUCH I10J] PUCYH-
KaMH, 3ar0JIOBKH ¥ IPUMEYAHUS K TAOIHIaM HA PYCCKOM H aHIVIMIICKOM SI3bIKAX JJOJDKHBI PA3MEIIAaThCS B TEKCTE CTATHH.
B paznen "Kparkue cooOieHns" NpUHUMAIOTCS CTaThi 00beMOM He Oouee 4-X CTpaHUI| TeKCTa, | TaOIHUIBI U 2-X PUCYHKOB.
B paznen "O0630pHbIe cTaThu" IPUHUMACTCS MaTepua, 00beMoM He 6osee 30-u crpanuil. B pazaene "Ilucsma B penakifumo"
MyOJIMKYIOTCS CTaThH, COAEPIKAINE MPUHITNIINATIBHO HOBBIE Pe3yJIbTaThl 3aBOYHOIO XapakTepa. B 3arojioBok craTbM u
AHHOTAIMIO He CJIeAyeT BBOAUTH GOPMYJIBI M COKpaIeHHs, Taxe oouieynorpeourenpubie. Cieayer u3berats ynotpeo-
JICHHUs HEOOIIENPUHATHIX COKpalieHni. [Ipu epBoM yIOMHUHAHNUN COKPAIIEHHOTO TePMHUHA 0043aTeNbHO MPUBOJUTCS €r0
pacumpoBKa B IIOJHOM BUje. PyKoniCHbIE BCTABKH HE JAOIYCKAIOTCSL.

4. CTpykTypa crathu. B BepxHeM mpaBoM yriry HEOOXOAMMO IPOCTABUTH MHAEKC N0 YHUBEPCATHHOH AECSITUIHOH
kitaccudukanmu (Y /K). Cratbs 1omKHa HAYMHATHCS C HA3BAHMSA CTAThH, 3aTEM MHUIMAIBI U (aMuINK aBTopa (He Oonee 6
Yell.), paclIMpeHHasi aHHOTALMS IMONY)KUPHBIM KYPCHBOM, OTPa)Kalolllass OCHOBHOE COJEp)KaHWE CTaThbd (AHHOTALMS He
JOJI’KHA MOJTHOCTHIO Ay0JHPOBATh BHIBOABI CTATHH), KIIIOUEBHIE CII0BA CTaThH. Jlanee yKa3bIBaeTCs BCs IpeIbIIyIIas HH-
¢opmanus (Hazanue, @O aBTOpOB, paciIMpeHHas aHHOTALUsI, KITIOYEBBIE CJIOBA) HA aHIJIMICKOM SI3bIKE. AHHOTAINS He
J0JIKHA ObITh MeHbie 200 c10B! 3aTteM cienyer TeKCT CTaThbH, B KOTOPOM JOJDKHBI OBITH BBIJIETICHBI CICAYIONINE pa3eibl:
BBE/ICHHE, METOIMKA SKCIICPUMEHTA, PE3YJIBTAThI M HX 00CY’KICHHUE, BHIBOABL. 3aKaHIMBACTCS CTAThS CIIMCKOM IIUTHPOBAHHOM
JUTEpaTyphl B 2 BapuaHTax: | BapHaHT BKIIOYACT PyCCKUE U AHTINHCKHE HCTOYHUKH B OPUTHHAIBHOM HAIHCAHWUH, 2 BApHAHT
— BCE UCTOYHMKH JOJDKHBI OBITH yKa3aHBI Ha aHTJIMHCKOM s3bIke. [1of crickoM JUTepaTyphl clpaBa YKa3bIBAIOTCS CIIOBA:
"IToctynmia B penakiuio”. Pykonucs JomKHa OBITH TOIMCaHa BCEMH aBTOPAMH € YKa3aHHWEM JaThl OTIPABKHL.

5. B pemakuuio npeacTaBiIAIOTCS 3JIEKTPOHHBIA HOCUTENh C MaTepHaIaMy CTaThH U IBa HK3EMIUIIpa UX PacledaTKH.
Conep>kaHue AJICSKTPOHHOTO HOCUTEJSI M paciieyaTKy JOJDKHO OBITh HICHTHYHBIM. B ciryuae oOHapyXeHUsI HeMIEHTHIHOCTH
MEK1y OyMaXXHBIM M 3JIEKTPOHHBIM HOCUTEJISIMU BEPHBIM CUHUTAETCS 3JIEKTPOHHAS BEPCHUS CTaThbH. DJIEKTPOHHBIA HOCUTENb
JIOJDKEH OBITh BJIOXKEH B OT/EIbHBIH KOHBEPT, HA KOTOPOM YKa3bIBAIOTCSl aBTOPHI M Ha3BaHHE CTAThU.

K craTtbe 101HBI OBITH NPHIIOKEHBI:
1. Pa3pemienue (HanpasiieHHE) BBICIIEr0 y4eOHOTO 3aBeieHHs WM HHCTUTYTa AKajeMun Hayk P® Ha onmyOinkoBaHue.
2. JlokyMeHTanusl, HOATBEPXKIAroNasi BO3SMOKHOCTb OTKPBITOTO OITyOJIMKOBAHHS MaTepHalia CTaThH.
3. JloroBop o miepeiaue aBTOPCKHUX TPaB.
4. Ceegenust 00 aBTopax (momHOCTHIO @.M.0., yUeHas cTeneHb, 3BaHue, T0JDKHOCTh, HA3BaHWE OPTaHU3AINH U TIOIpa3ie-
JIEHUIA, TIOJTHOM ajipec OpPraHu3alMu ¢ yKa3aHHeM HHeKca, TeJaedoH, e-mail) Ha pyCcCKOM M aHTJIMICKOM si3bikax. HeoOxo-
MO yKa3aTh aBTOPA JJIS IEPETHCKH.

CTATbU HA AHTJIMACKOM SI3BIKE PACCMATPUBAIOTCS BHE OYEPEIHN
OdopmieHue JUTEPATYPHBIX CCHLITOK

WA UN AW

Bce pycckosi3blUHbBIE JUTEPATYPHbIE HCTOYHUKH J10JKHBI ObITh YKa3aHbI HA PYcCKOM U (OTJIEJBHBIM CIIMCKOM)
HA aHTJIHIiCKOM si3bikax. N3naHusi, KOTOpbIe He MepeBoaATCsl, HE00X0AUMO YKAa3aTh TPAHCANTepaLell B COOTBET-
CTBHMH C 00IIENPHHATHIMH MEKIYHAPOAHBIMH NPABHJIAMH, B KOHIIE KAKI0I0 TAKOr0 HCTOYHHKA J0JKHA CTOSATh
noMeTka (in Russian).

(cm. http://www.cas.org/expertise/cascontent/caplus/corejournals.html).
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OBA3ATEJIBHO yka3zanne DOI 1151 HCTOYHMKOB JTUTEPATYPhI

» Jlnd )XypHaNbHON CTaThU JOJDKHBI OBITh YKa3aHbI ()aMIIMH M MHHUIHAJIBI BCEX aBTOPOB, HA3BAHUE CTATBH, COKPAUJCHHOE
Ha3eawnue JHCypHad, Toll, HOMep ToMa, HOMep MM BBIYCK, cTpanuisl 1 DOI: 10.6060/2012.01.01.

Hanpumep: MapTtbeinoB M.M. MeTo onpenencHns XHMHIECKOTO cocTaBa. HM36. 8y308. Xumus u xum. mexronozus. 2010.
T. 53. Bem. 5. C. 123-125 DOI: 10.6060/2012.01.01. Martynov M.M. Method for determining of chemical composition.
Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2010. V. 53. N 5. P. 123-125 (in Russian). DOI: 10.6060/2012.01.01.
JIasl KHUT JOJDKHBI OBITH YKa3aHbl ()aMUJIMU U MHULMAJIBI BCEX aBTOPOB, Ha3BaHUE KHUTH, MECTO U HAUMEHOBaHHE M3/1a-
TENBCTBA, TOJT U3JIAHUS, KOJIMYECTBO CTPaHHUI. B aHrMiicKO# TpaHCKpHIIIIMY Ha3BaHNE KHUTH IEPEBOINTCS, BCE OCTAJIbHBIC
BBIXO/IHBIE TaHHbIE HEOOXO0MMO YKa3bIBaTh TpaHciauTeparueil. Hanpumep: MaprsinoB M.M. Penrtrenorpadus nonumepos.
JL: Xumus. 1972. 93 ¢. Martynov M.M. Radiography of polymers (nepesooumcs). L.: Khimiya. 1972. 93 p.

» Tes3uchl nOKIaOB U TPyAEl koHepernunii: Hanmpumep: MaprbinoB M.M. Ha3panne noknana. Tes. gokin. VII Hayusn.
koH(. (momHOe Ha3BaHme). M.: M3n-Bo. 2006. C. 259-262. MapteinoB M.M. Hazpanue noxmana. Co. tp. HazBanue xoH-
¢depenmum. T. 5. M. 2000. C. 5-7.

* ABTOpCKHE CBHAETENbCTBA M MaTeHTH: Hampumep: MapteinoB M.M. A.C. 652487 P®. B.1. 2000. Ne 20. C. 12-14.
MaptbinoB M.M. I1atent P® Ne 2168541. 2005.

» Jlenonuposanue: Hanpumep: MaprbeinoB M.M. Hazpanue. M. 12¢. len. B BUHUTU 12.05.98. Ne 1235.

* Ha nuccepranuu n aBropedepaTsl CChUIATHCS 3aMPEIIaeTCs.

Ilpu oghopmnenuu unocmpannoii 1umepamypsl HEOOXOOUMO RPUOEPIHCUBAMBCA MEX IHce NPABUTL, YMO U 0151 PYCCKO-
AZBIYHBIX UCHOYHUKOS. BMecmo cumeona «Ney ¢ anznuiickom azvike cmagumcsa 6ykea « Ny

Hanpumep: Martynov M.M. Method for determining of chemical composition. Heterocycles. 2003. V. 7. N 11. P. 1603-
1609. DOI: 10.6060/2012.01.01.

ABTOpI)I JOJI2KHBI, II0 BO3MO>XHOCTH, n30erath CCLIIOK Ha TPYAHOOOCTYITHBIC U3aHUs. He AOIMMYCKAITCHA CCHIJIKM HA HE-
ony0JIMKOBaHHbIe PadoOTHI.

ABTOpaM He00X0AUMO c00JII0JATH CJIeAyIolIHe IPABUJIA:

1. Crathst gomkHA OBITH MOJrOTOBICHA HA KoMIbloTepe B hopmate MS Word for Windows. Habop Texcra HaunHaeTcst ¢
JIEBOTO Kpast, ab3arl - 15 M.
2. HE JOITYCKAETCHI: npuMeHeHne CTHIICH Ipu GOpMUPOBAaHUU TEKCTa; BHOCHTh U3MCHEHHS B IIA0IOH WK CO3/1aBaTh
CBOM 1711 JOPMHUPOBAHUS TEKCTA; PA3PsAKU CIIOB; MCIOJIB30BAHNE POOEIIOB TIepe/l 3HaKaMu (B TOM YHCIIE - BHYTPH CKOOOK)
NpEeTMHAHMS, TI0CIIe HUX CTaBUTCS OJMH Mpolest; npuMeHeHue onepanun "BeraButh koHell crpanuipl”; dopMupoBanue pu-
cynka cpecteamu MS Word.
3. CrioBa BHYTpH ab3a1ia pa3aessiTh OJHUM [IPOOEIOM; HAOUPATh TEKCT 0e3 MPUHYAUTEIBHBIX MEPeHOCOB. [Ipocsba: u3bde-
raTth Neperpy3Ku crareil OoJIbIINM KOJIMUYECTBOM (hOPMYJI, PUCYHKOB, rpadMKOB; sl HA0Opa CUMBOJIOB B (hopMyJiax pe-
nakropoB MS Equation (MS Word) ucnonb3oBate ycranoku (Ctuiun/Pazmepsl) TONBKO M0 YMOTYaHUIO.
4. T'paduyeckue mMarepuasbl BbINOJHAOTCH 4YepHo-Oeabimu! 'paduku npunumarorcs B perakropax MS Excel,
Origin, crpykrypubie popmysisl B ChemWind. [Ipyrue ¢popMaTsl PUHUMAOTCS TOJbKO ¢ IHCTPHOYTHBAMH PeIaKTO-
poB. ®oTorpaduu npuHUMAIOTCS B popmare jpg, tif, paspemenuem aus yepno-6eabix 300 dpi, cepoix 450 dpi.

Pucynku n hopMybl o IIMpUHE He JOJIKHBI MPEBBIATH 8 CM, IPH 5TOM MX HIPUQT A0IDKEH COOTBETCTBOBATH 11
mpudTy MS Word. ¥V prcyHKOB He OJDKHO OBITh paMKH 1 ceTKi. O003HaueHNE TEPEMEHHBIX Ha 0CSX (MCHOJIB3YIOTCS TOJIBKO
CHIMBOJIBI M U€pe3 3aITyI0 M MPo0es — pa3MEpHOCTH) CIIEAYeT pa3MenaTh ¢ BHEIIHEH CTOPOHBI PUCYHKA (TakXKe Kak Hu(pH),
a He B I10JI€ PUCYHKA, B KPYTJIbIX CKOOKaX HEOOXOANMO yKa3aTh pa3MEpHOCTh Ha aHTJIMICKOM si3bike. Harpumep: ockb cienyer
o0o3Hauath t, MuH (min) (a He Bpems, MuH). DKcrieprIMeHTaIbHBIE KPUBBIE JOJDKHBI OBITH MPOHYMEPOBaHbI (He OyKBaMu)
KypcusHvim pupToM. Bee mosicHerns He00X0IMMO 1aTh TOJIBKO B MOJAPUCYHOUHOH moamucy. Hukakue iereHasl 1 KOMMEH-
Tapuu B MoJIe rpauka He TOMyCKAITC. PUCYHKH TOJKHBI OBITH BHITIOJHEHBI C TOJIUIMHON JUHUH He MeHee 0,75 nT.

OBA3ATEJIBHO: Ecii aBTOp HCIONIB3YET CITOCOO IEKTPOHHOM MOauy CTaThU Ha CaiiTe XKypHaja, TO B PEIaKIIHIO HE00-
XOJFIMO TIPE/ICTABUTH OPUTHHAJIBI AOKYMEHTOB U 1 3K3eMIUIAP CTATHHM B pacnevyaTaHHOM BHJe C IOMETKOH «JjeK-
TPOHHAS M0JAa4ay, B JIEBOM BEPXHEM YIIIy, ISl IPEAOTBPALICHUS Pa3HOTIIACUNA B HATUCAHUM MaTeMaTHUECKUX U XUMUYe-
CKHUX (opMyII.

Cmambou, noozomogiennble 6e3 cod1100eHUs YKAZAHHLIX MPedOoSaAHUIL U IMUKU HAYUHBIX RYOJIUKAUUIL, DeoaKyliell
He PACCMAMPUEAIOMCA U He 8036PALAIOMCA

Wndopmarus 06 omyOIMKOBAaHHBIX HOMEpPAX pasMeliaeTcs Ha oQuIMaIsHOM caiite skypHana: http://journals.isuct.ru/ctj/

PepaknmnoHHasi KOJUIETHsI H PeJaKIMs )KYypPHAJIa B CBOeii IeITeIbHOCTH PYKOBOJACTBYIOTCS MeK/Iy HAPOTHBIMH 3TH-
YeCKMMU NMPaBUJIAMH HAYYHBIX MYGJUKANN, BKIIOYAIONIMMH MPABUJIA NOPSIAOYHOCTH, KOH(PUIEHIUAIBLHOCTH,
Ha/I30pa 32 MyGIMKANUSIMH, Y4eT BO3MOKHBIX KOH()JINKTOB MHTEPECOB U JP., cileays pekomenaanusiMm Komurera

1o ITHKe HAY4YHbIX myoaukanuii (Committee on Publication Ethics)
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MAIN REQUIREMENTS FOR MANUSCRIPT SUBMISSION

Journal “Izvestiya Vysshikh Uchebnykh Zavedeniy. Seriya “Khimiya I Khimicheskaya Tekhnologiya” publishes
the studies of employees of Institutes and Universities of RF, RAS, and CIS and other foreign authors.

The main Journal headings:

Inorganic, organic, analytical, physical, and colloidal chemistry and chemistry of high-molecular compounds;
Chemical technology of inorganic and organic substances, theoretical foundations;

Ecological problems of chemistry and chemical technology;

Reviews;

Short communications;

Scientific and methodological problems;

Letters to editorial board,;

Personals.

N~ WNE

Manuscripts which are submitted to Journal must satisfy the following requirements:

1.  The study has to correspond to Journal specialization, to have the certain novelty, to have problem meaning,
to have applied value and theoretical foundation. Editorial board solves the question on publication or rejection of article.
That decision is final one.

2. The articles have to present the condensed and clear description of results obtained without repetition the same
data in the article text, Tables and Figures.

3. Atthe beginning of article (above a title) in the upper right corner it is necessary to print the index of universal
decimal classification (UDC). The article must start with title of the article, then the initials and surnames of the author (not
more than 6 persons). After that the organization name where study was carried out and E-mail is pointed out. Before main
text the short annotation is printed with the bold italic. The annotation has to reflect the basic content of article. Under
annotation it is necessary to write the article key words. The text should be included introduction, description of experimental
methods, results and their discussion, and conclusions. The article is finished by the list of references. Under the list of
references on the left the department title is written. On the right it is necessary to write “Received to editorial office”. The
manuscript should be signed by all authors.

4.  All submitted papers should be printed with the 14 font of "Times New Roman". The line space is 1.5. Article
volume cannot be more than 10 pages of text including references, tables (amount is not more than 4, 8.4 cm of width) and
figures (8 cm of width). The amount of figures cannot be more than 4 including figures marked as a,b,c etc. Margins are the
following: upper — 2 cm, left — 3 cm, lower — 2 cm, right — 1.5 cm. The volume of short communications is not more than 3
pages of text, 1 table and 2 figures. The volume of Reviews cannot be more than 30 pages. In Letters to editorial board the
articles containing newest results are published. The article title and annotation cannot include formulae, abbreviations even in
general use. It is necessary to avoid abbreviations which are not in general use. At the first use of abbreviation it is obligatory
to decipher it in complete form. Handwritten inserts are not allowed. The article abstract must not be less than 200 words.

5. Authors send the electron carrier with the materials of paper and two printed copies. The content of electronic
version and printed one should be identical. In a case of discrepancy of both versions the electron version of the article will
not be considered. The electron version will be considered as the right in a case of slight discrepancy of both versions. The
electron carrier should be inserted in a separate cover. Authors and article title are indicated on the cover.

To manuscript the following materials should be supplemented:
- Author’s families, article title, annotation, figure captions, headlines, and notes for Tables have to be prepared using English
and Russian languages! (It is necessary to prepare the separate file on electron carrier and printed copy!)
- Permission of organization for publishing
- Documents confirming the possibility of open publication of article materials
- Recommendation of appropriate department in a form of certified extract from the minutes of department
- Copyrite agreement
- Data on authors (Surname, first name, patronymic, scientific degree, title, position, home address, home phone, office
phone, E-mail).

Submission of references. It is necessary to submit two versions of references. One of them is Russian and another —
English. In Russian version the English and Russian articles are written as is. For English version the Russian pub-
lications which are not translated are written with transliteration according to generally accepted international
rules. In the end of every such publication it is necessary to write (in Russian)

(see http://www.cas.org/expertise/cascontent/caplus/corejournals.html)
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For Journal paper - surname, initials for all authors and article title should be pointed as well as abbreviated Journal
name, year, volume number or issue, pages and DOI. For example, Martynov V.V. Radiography of polymers. High
Energy Chemisty. 2010. V. 52. N 5. P. 123-125 (in Russian). DOI: 10.6060/2012.01.01. Instead of Ne symbol it is
necessary to use symbol N for English version.

In some cases the Journal has English version. If you use this version, it is necessary to write the output data and Journal
name as in English version. In this case (in Russian) is not written.

« For books it is necessary to write surname, initials for all authors, book title, place and publisher name, year, and
amount of pages. For example, Martynov M.M. Radiography of polymers. L.: Khimiya. 1972. 93 p. (in Russian). (in
Russian) is not written if the book was printed in foreign language (not Russian).
« Theses of presentations and proceedings of Conference. For example, Martynov M.M. Title of presentation. Theses
of presentations of VI Scient. Conference (Full name). M.: Publisher. 2006. P. 259-262 (in Russian). Martynov M.M.
Title of presentation. Proceedings of Name of Conference. V. 5. M. 2000. P. 5-7 (in Russian). (in Russian) is not written
if the Theses or Proceedings were printed in foreign language (not Russian).
« Inventors certificate and Patents. For example, Martynov M.M. RF Inventors certificate 652487. B.I. 2000. N 20.
P. 12-14; Martynov M.M. RF Patent N 2168541. 2005.
+ Deposit manuscript. For example, Martynov M.M. Title. M.: Dep. VINITI. 12.05.98. N 1235;

At submission of foreign literature, it is necessary to follow the rules as for Russian literature

Authors should be avoided the references on difficulty accessible publications something like extended abstracts of

dissertations, Proceedings of local conferences etc. It is not allowed to use the references on unpublished works and on
extended abstracts of dissertations and dissertations itself.

1.
2.

Authors should be used the following regulations:
The article has to be submitted applying MS Word for Windows. Text starts from left border. Indention is 15 mm.
It is not allowed: style application at text forming; introducing the changes in template or creating the own template;
word spacing; application of gaps in front of punctuation marks (including inside of brackets); after punctuation marks
the one space is done; application of operation “Insert to the end of page”; making the figures by tools of MS Word.
The words inside paragraph necessary to separate by one space. The text should be written without forced hyphens. We
ask: do not overload the article with the large amount of formulae, figures, and curves. Apply for formula making in MS
Equation (MS Word) the sets (Styles/Sizes) on default only.
The graphic materials have to be made as black-and-white. Figures are accepted at applying of MS Excel, Origin only. For
making of chemical formulae it is necessary to use ChemWind. Other systems are allowed together with author’s distribu-
tion disk. Photos are accepted in tif format. Resolution for black and white photos is 300 dpi, for color one — 450 dpi.
The width of figures and formulae cannot be more than 8 cm. Their font has to correspond to 10 font of MS Word. For
figures the frames and nets are not allowed. Designation of axis variables (the symbols are used only, then comma, then
1 space, and dimension. For example, t, s) is placed at outer side of figure as well as the numbers. It is not allowed to
make these designations into figure field. The experimental curves have to humbered with italic font. All explanations
are given in figure capture only. No legends and comments are allowed in figure field. The figures have to make using
line thickness of not less than 0.75.

The editorial office does not consider the articles submitted without observance of the requirements mentioned above.
In this case the manuscripts are not returned.

The information on published issues is placed on Journal official site: http://journals.isuct.ru/ctj/

The Journal operates in accordance with the international publication ethics principles, including but not limited to privacy

policy, vigilance over the publications, consideration of possible conflict of interests, etc. The editorial board follows the recom-

mendations of the Committee on Publication Ethics
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