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A nro6a10 Hayky bonvuue, uem 0eHveu.
Horann Boasdraunr Iédepeiinep

HPEIANCJ/IOBHUE

200 ner nazan B 1822 rony Morann Bonbgranr [/I€0epeitnep omyOnukoBat
CBOH NHOHEPCKUI TPy O KAaTAIUTHYECKOM JCHCTBUM IUIATUHBI HA OKUCIICHHE
CIIUPTA JIO YKCYCHOM KHUCJIOTBI, XOTS TEPMHH «KaTaJnu3» OBLI BBEACH Néncom
SAxobom Bepriennycom 3amerno moxke B 1835 romy. Dta kpyrias gara crajia
OJTHOW M3 MPUYHMH HamucaHus 3Toi KHUrH. J[€6epeiiHep ObLT MepBBHIM, KOTOPBIN
OTMETHJI, 4TO TJIaTHHA HE PacXOAyeTcsl B PEaKIMU U MOXET ObITh CHOBA MHO-
TOKpaTHO MCIIONb30BaHa JUIsl OKUCIICHUS HOBBIX KOJIMYECTB cnupTa. MIMeHHO B
9TOM M 3aKJII0YaeTCsa CyTh COBPEMEHHOT0 3HaYeHHS KaTalln3a.

Emte onna pasa JI€0epeitnepa «A 1obat0 nayky boavute, yem 0eHbeu» TaKKe
ocTajlach B HCTOPHH, M YTO-TO MOJICKA3bIBAET aBTOpPaM, YTO MaJlo KTO U3 COBpe-
MEHHBIX YYEHBIX MOXET UCKPEHHE TIOBTOPUTH 3TH CJIOBA.

B aT0ii kHHre paccMaTpuBarOTCsl BOIPOCHI BIMSHUS OMArOpoJHBIX MeTa-
JIOB Ha TOPEHHE Ta30B, KOTOPbIE YaCTHYHO PACCMATPHUBAIUCH B HAIIUX MPEIbI-
nymmx kaurax «Key Factors of Combustion, From Kinetics to Gas Dynamics»
(2017, Springer Aerospace technology, Springer International Publishing) u
«Initiation and Flame Propagation in Combustion of Gases and Pyrophoric Metal
Nanostructures» (2021, Fluid Mechanics and Its Applications, Springer Nature
Switzerland AG). Hamm, ka3zanoch Obl, pa3pO3HEHHbBIC IKCICPHUMEHTAIbHBIC
JTAaHHBIE, TTPEJICTABICHHBIE B 3TUX KHUTaX, ObUIM 3HAUNTEJILHO JIOTIONHEHBI U Tie-
PEOCMBICIIEHBI; KPOME TOTO, OBUT TIOIYYEH PsIJl HOBBIX PE3yJIbTaTOB, KaK JKCIIe-
PUMEHTANBHBIX, TaK U TEOpeTHUeCKUX. Ha Hamr B3miA/, BeCh MK HAIIUX HC-
CIIeIOBAHUH BIUSIHUS OJIArOPOTHBIX METAIUIOB (IUIATHHBI, MAJUIAMs, PyTCHUS U
ponust) Ha BOCIUIAMEHEHHE U TOPEHUE CMEeCeit BOIOPOI- ¥ BOIOPO/I-YIIICBOIOPOT
(C1 - C6) ¢ KkuCIOpPOIOM 1 BO3AYXOM CIICIYET MPEICTABUTH MOCIIEI0BATEIBHO U
0000IIUTH B OTICIIbHOM MOHOTpapuu.

Karanu3 OnaropofHbIMK MeTajllaMH U3y4aeTcsi 0ObIYHO KOIjla MeTajll oca-
JKJIEH Ha HEKOTOPBIH CyOCTpaT, P 3TOM JAEHCTBUE HETIOCPECTBEHHO KaTajan3a-
TOpa cliefyeT OTJAENUTh OT MPOIIECCOB B3aWMOJCHCTBHS MeTalla U U3y4aeMoi
peakuuu ¢ nouIokkoil. Tem He MeHee, KaTaan3y Ha MOBEPXHOCTAX YHCTHIX Me-
TaJUIOB, YTO, OYEBH/IHO, TOJDKHO JaBaTh 00Jee OHO3HAYHBINA Pe3yibTat, MOCBs-
IIIEHO CPAaBHUTEJILHO MaJI0 HAyYHBIX pa0oT. DTa KHUTA U ABJISAETCS OJHUM U3 Ta-
KHMX HUCCJIEOBAaHUH,

KHura nocesiiena paccMOTPEHUIO BKHEHIITNX TPo0OIeM KaTanu3a 6aaropo;i-
HBIMH METaJlJIaMH TIPH TOPEHNUH; B HEll Mpe/ICTaBICHbl YHUKAIbHbBIE Pe3yIbTaThl,
nosiyueHHble aBropamu B 2014 — 2022 romax. B naHHOW KHHI'€ MPEICTABICHBI
HOBBIE JAaHHBIE O TPOIlECcax TOPEHHUs, UMEIOIINX MPAKTHUYECKOe NMPUMEHEHNE,
BKJIFOYEHBI BOTIPOCHI 0OecIiedeHus MoyKapHOi 6e30MacHOCTH MPH HCIIONb30Ba-
HUM OJIATOPOJHBIX METAJIOB B peKoMOMHaTopax Bojmopoaa it ADC, a Takke B
TEXHOJIOTHH KaTanuTuiecku crabummsuposannoro (CS — catalytically stabilized)
TOPEHHs, BKJIIOYAs CTUMYJIMPOBAHHE TOPEHHSI CMeCel BOIOpOJ-YINIEBOIOPO/,
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[Ipeaucnosue

CHHTE3 YIJICPOJHBIX HAHOTPYOOK M OIpeJelieHHe MPEJeNIOB KaTAIUTHYECKOTO
BOCIUTAMEHEHHS B CHCTEMax OJIaTOPOIHBIA METaJUT — BOIOPOJI — YIIIEBOJOPOI —
OKHUCITUTETb.

WccnenoBanus, mpencTaBieHHbIe B KAKIOM maparpade, u3IoKeHbl B 001e-
npuHATOM (hOopMaTe HAyIHOH CTaThH, a IMEHHO BBEIICHUE, SKCIIEPUMEHT B 00Cy-
KJICHUE Pe3yJabTaToB.

Kuwura nosie3Ha Jyis ONBITHBIX CTYICHTOB M KBaJIH(DHUIMPOBAHHBIX YUCHBIX,
paboTarmux B 00JaCTH SKCIIEPUMEHTATBHBIX W YHCIICHHBIX UCCIIEIOBAaHUH MIPO-
LIECCOB TOPEHMS.

B xHure ommcaH oOOHapy>XEHHBIN aBTOpaMHU SYEUCTBHIA DPEKUM TOPEHHS
cmecu 40% H,— Bo3myXx B NPUCYTCTBMHM METAJUTMYECKOH TIATHHBI B MHTEPBAIE
270-350 °C. Iloka3zaHo, 4TO 3TOT PEKHM BbI3BaH KaTAJIUTHUYECCKUM JCHCTBHEM
4acTull, cofepkamux Pt, oOpazoBaBmIMXcA B pe3yibTaTe Pa3ioKEeHHS JIETYyUEro
OKCHJIa TIATHHBI B Ta30BOH (aze.

[TokazaHo, 4YTO TeMmIeparypa HHHIIMAPOBAHHOIO Ia/lIaJueBON (OJIBIOW
Bocrutamenenust mpu 40 Topp na ~100 °C Huxe, yem Pt donbroii. [laxke mu-
HUMAaJIbHOE 3HAUYCHUE TEeMITepaTyphbl KaTaJuTHYeCcKoro BociiameneHus (623 °C)
SIBJISICTCSI TOCTATOYHBIM IS TEPMHUECKOTO BOCIIAMEHEHHUS TPEMyYeil CMECH 2
H2 + 02; TO €CTh BJIMSIHUE KaTaIUTHYECKOW peakimu H, + O2 HaJ OJIarOpPOIHBIM
METaJJIOM HE3HAYUTEBbHO B CIydae WHUIUUPOBAHHOTO BOCILIAMEHEHUS; MPHU
9TOM HaJM4Ke BOJSHOTO Tapa MpeaoTBpaliaeT BocriameHenne. Jins repmmye-
ckoro Bocmiamenenus npu 180 Topp u 288 °C nax Pd ¢osproii katamutudeckas
AKTUBHOCTb MIOBEPXHOCTH BhIIIe, 4YeM y Pt donbru. AkruHoCTh Pd hosbru mpo-
SIBJISICTCSI KaK B BOBHUKHOBEHHMHM JIOKAJIbHBIX 0YaroB BOCIJIAMEHEHHUsS Ha (OJib-
r'e, OT KOTOPBIX PaclpOCTPAHSIETCSI BOJIHA TOPEHUS, TaK U B OBICTPO TEMHOBOI
KaTaTUTHIECKONU PEaKINK PacXOJI0BaHUs TOPIOYEH cMecH. ABTOPHI OyIyT najee
HCIIOJIB30BaTh TEPMUH “TEMHOBOM”, KOTOPBIN MPEACTABISICTCS UM YIOOHBIM IS
ONMCAaHMs MENJICHHOW KaTaIUTUYECKOW PEeakIMu OKUCJIEHHUS TOpIOYMX cMecei
HaJ OJaropoJHBIMH METAJUIaMH, KOTOpas HE COMPOBOXKIACTCS U3IydeHHeM (B
3apyOexHoii tuteparype dark reaction).

[TokazaHo, 4TO B peakunu TOPEeHHsT BOAOPOAA MEeTaUITMYecKas TUIaThHA JIeH-
CTBYET KaK MCTOYHHUK TEIUIA, MOJOOHBIN, HAIPUMED, BOJIL(GPAMOBOI MPOBOJIOKE,
HarpeToil BHEIIHUM HcToUYHUKOM. OTHAKO B paccMaTpuBaeMoM cirydae Pt Harpe-
BaeTCs C TIOMOIIBIO BHYTPEHHETO HCTOUYHUKA, @ IMEHHO ITOBEPXHOCTHOM KaTau-
TUYECKOH peaknu. [Ipu 3TOM clieayeT YIUTBIBATh, UTO COCTAB IIOBEPXHOCTHOTO
CJ10sl M3MEHSETCs BO BpeMs BocmiameHenus ot Pt okcuna (PtO,) k apyromy co-
CTaBy, NPOSABIIAA CBOMCTBA, OTM4HBIe OT PtO,.

Topenue B KHCIOPOIE BOAOPOAA M AeiTepus Hax Metammnueckumu Rh, Ru,
Pd u Pt ipu o61iem masnernn o 200 Topp n HauanpHOM Temmeparype 10 500 °C
WICCIIEZIOBAJIH KaK C IEJIbI0 YCTAaHOBUTH 3aBUCUMOCTH MPEJIEIOB KaTATUTHIECKOTO
BOCIIAMEHEHUS HaJl TOBEPXHOCTSIMHU OJIarOPOIHBIX METAJJIOB OT TEMITEPATyPHI,
TaK W BBIABUTH YIpaBIsomue (GakTopel Tpollecca BOCIUIAMEHEHHS Tas3a
KaTaJIMTHYECKOM MOBEPXHOCTHIO. [Tokazano, uto moBepxHoctr Rh, Ru u Pd,
00paboTaHHbIE BOCIUIAMEHEHHAMHU rpemydeii cmecu 2H, + O,, oOHapy)uBaroT
nedeKThl B BHJIE OTBEPCTHH, KOTOPBIC PACIIONOKEHBI HA (UIypax TPaBiCHUS;
TpaBsIILME BELISCTBA SBJISIOTCS AKTHBHBIMU IMPOMEKYTOYHBIMH IPOILYKTaAMH
okucieHus: Bogopona. OOHapyKeHO, UTO Tepes] 3aKUTaHHEeM KaTalluTHYecKas
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[IPOBOJIOKA HArpeBaeTCsi HEPABHOMEPHO, BO3HUKAIOT IEPBUYHBIC OYaru
BOCILTAMEHEHHUSI.

boino obuapysceno, umo nepeo socniameHeHuem Kamaiumuieckdas npogoo-
Ka Hazpesaemcs HepasHOMEPHO, BO3HUKAIOM Nepe8UYHble JOKAIbHblE 04dsl 80C-
niameHeHus;, maxKue ouazu no360jaAen NOAYYUMb AHAIU3 PACNpeOdeléHHOU 3a0a-
4y ¢ ucnonvzosanuem ypasuenuil Hagve-Cmoxca 05 cocumaemou peazupyoujei
cpeobl 8 aKyCMUYeCKOM NPUOTIUNCEHUU, M. e. C YUEMOM 2a300UHAMULECKUX PaK-
mopog. CkazauHoe OMHOCUMCS MAaKH#ce K AHAAU3Y 0eUCMBUsL XUMUYECKU AKMUs-
HOU CeHKU peakmopa.

ITokazano, uro Rh sBrusercs Hamboiee 3PPEKTUBHBIM KaTAIU3aTOPOM
BOCIJIAMEHEHUS rpeMyueii CMEeCH, caMasi HU3Kasl TeMIieparypa BOCIIAMEHECHHUSI
Mo cpaBHeHuI0 ¢ mokpeIToit Rh mposomoxkoit Pd (Rh/Pd) cocrasnster 210 °C, mst
Ru/Pd u Pd — 300 °C, s Pt mpoomoku — 410 °C B uHTEepBaje AaBICHHUH 10
200 Topp. Ha mpoBonokax Ru/Pd, Pt u Pd nabnromaercs sBiaeHre THCTEPE3NCA,
a UMEHHO Mpee/IbHOE 3HAYCHHE TeMIIepaTypbl BOCIIAMEHEHUS, H3MEPEHHOE
HaJ KaTaJu3aTopoM, KOTOPBIH He 00paboTaH BOCIIaMeHeHusMHU (Tpoleaypa
MOBBIIICHUS TEMIIEPATyphl M3 COCTOSHHUS OTCYTCTBHSI BOCILJIAMEHEHHUS,
“moaxox CHU3y”, BEpXHUH MpeeN KaTaaIuTHIecKoro BocmaMenenus BITKB),
BBIIIIE, YeM 3HAYCHHE, U3MEPEHHOE IIPH MPOIEAYPE MOHMKEHUS TEMIIEPATYPhI
M3 COCTOSIHUSI KaTaJIUTHYECKOro BOCIuiaMeHeHus (“moaxon cBepxy”, HHKHUN
mpenen KaramuTuueckoro Bocmamenenus HITKB). Beuto mokaszano, uto Rh
ABJIsAeTCA HauOonee >pHEeKTHBHBIM KaTanu3aTopoM Bocmnamenenus 2D, + O,
B DTOM CJIyYae caMasi HU3Kas TeMIlepaTypa BOCIUIAMEHEHHS Ha I MOKPhIToi Rh
mposoiokoit Pd (Rh/Pd) cocrasasier 100 °C. Vkazano, uto 60iee KOPPEKTHO
ClIeZlyeT TOBOPHUTH O KaTaJUTHYECKOM BOCIUTAMEHEHWH Haj Tuapuzamu/
el TepruIaMu OJIarOPOTHBIX METAJUIOB. TaKUM 00pa3om, cambrii Hu3kuii HITKB
2D, + O, cocrasnser 100 °C man neiitepuaom poaust. OTo 03Hadaert, 4ro D,
sABysieTcs Oonee nerkosocnaamensomumcs, uem H,, nan Rh u Pd. TTonyuennbie
pe3yabTaThl CBUACTEIBCTBYIOT O CYIIECTBOBAHUN KKHHETHYECKOIO 0OpaTHOIro
M30TOMHOTO 3 deKTa», ONpeAeIIOIIero PeakiuOHHY criocooHoCTE MeH u
MeD, rne Me = Rh, Pd.

YcraHOoBIEHO, YTO HAvyalo Mmpolecca TePMUISCKOTO BOCIIAMEHEHHUST BCer/a
onpenessieTcss HaJTMYMeM Ha TOBEPXHOCTH aKTUBHBIX LIEHTPOB, CBOMCTBA KOTO-
PBIX OIPENENSIIOTCS KaK MOBEPXHOCTHBIMH Je()EeKTaMU, UMEIOIIUMHU U30BITOK
CBOOOIHOM HEPIMH, TaK W WX KATAJUTHYECKMMH CBOWCTBAMH (peaKIIMOHHOM
CIMOCOOHOCTHIO); MPOIIECC BOCIUIAMEHEHHUS BKIIFOYAET CTAMHU ITPOTPEBa, JIOKAIb-
HOTO BOCIUTAMEHEHHS M PaclpOCTPaHCHHs IJIAMCHH. XUMHUECKas aKTHBHOCTb
Pa3IMYHBIX YYaCTKOB MMOBEPXHOCTH MEHSIETCS OT OJJHOTO BOCIIJIAMEHEHHUS K JIPY-
romy. OCHOBHasi 0COOEHHOCTh TIpOIIecca BOCIUIAMEHEHHUS 3aKIIFOUaeTCsl B TOM,
YTO BOCIUIAMEHEHHME IMPOUCXOAMT HA OTACIbHBIX YYacTKax IOBEPXHOCTH IPH
OJIMHAKOBOW TeMIIEpaType MOBEPXHOCTU peakTopa. [1o3ToMy ropeHue HauuHa-
€TCs Ha TIOBEPXHOCTH PEAKTOPA JIaXKe B YCIOBHSX IMOUTH OJHOPOHOIO MPOrpeBa
roproyeit ra30Boi cMecH. bbl10 yCTaHOBJICHO, YTO KaY€CTBEHHAs MO/IC)Ib, OCHO-
BaHHas Ha ypaBHeHUsX HaBpe-CTokca Iisi C)KMMaeMoi pearupyromeil cpemsl,
[103BOJISICT MOJYUYUTh KaK PEKUM BO3HUKHOBEHHUS MIEPBUYHBIX 0YAr0B 3aKUTaHHsI
Ha ITPOBOJIOKE C MOCJCAYIOIIUM JIOKAJIbHBIM 3KMTaHUEM, TaK U PEKUM TEMHO-
BOH KaTaJUTHYCCKON PEaKIIMK PACXOI0BAHUS UCXOIHBIX PEareHTOR.
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[Ipeaucnosue

DKCIeprUMEHTAIILHO MTOKa3aHo, YTO TeMIlepaTypa BociiaMmeHeHus cMecu 40%
H, + Bo31yX Ha 1 METAIIMIECKUM Pd (70 °C, 1 arm) HIKe, 9eM HaJT TOBEPXHOCTHIO
Pt (260 °C, 1 arm). Kpome Toro, Pd mpoBoiioka WHHIMHPYET BOCIUIAMEHEHHUE
CTEXHOMETPHUYECKUX MO cymMme roprounx cmeceit (30-60% H, + 70-40% CH,)
+ Bo3nyx. [lnaTrHOBas MPOBOJIOKA TAKOTO K€ pa3Mepa He MOXKET BOCIIAMEHSITh
3TH CMECH MPH TEMIIepaTypax CTeHOK peakropa Hrwke 450 °C. D10 03HayaeT, 4To
metandeckuii Pd 0osee a3d(ekTHBeH MPU MHUIMUPOBAHUN BOCILIAMEHEHHS,
yem Pt. fdeucras crpykrypa (poHTa IUIIaMEHHM BO BpEeMs BOCIUIAMEHEHHUSI
B IIPUCYTCTBHH MpoBosiokn Pd He HaOmrogaeTcs B OTIMYME OT pPE3y/IbTaToB,
MoMy4YeHHBIX Ha moBepxHocTH Pt. Takum oOpaszom, Pd Gonee mpumeHum, dem
Pt, st pekoMOWHATOPOB BOAOPOJA HA aTOMHBIX DJIEKTPOCTAHIIHAX, MOCKOIb-
Ky KaTaJINTHYECKUE YaCTUIbl HE MOSBISIIOTCS B Ta30BOH (aze. DKCrepruMeH-
TaJbHOE 3HaYeHUE YPPEKTUBHON SHEPIHU aKTHUBAIIMHU IpoIlecca OICHEHO Kak
(3.5 = 1) kkan/mMonb, 4TO XapaKTEPHO ISl TOBEPXHOCTHBIX IMPOIECCOB. DTO
YKa3bIBa€T HA 3HAYMTEILHYIO POJIb TEMHOBOH peakuuu pacxonosanus H, u O,
Ha roBepxHocTH Pd, HabmomaeMoil HEMOCPEACTBEHHO MPH HU3KUX JTABJICHUSIX.
Hanuuue »5TOM peakuuy CHUXKAET BEPOSTHOCTh CIIy4ailHOrO B3pblBa 10
CPaBHEHHIO C MOBEPXHOCTHIO Pt. BBIIO yCTaHOBIIEHO, UTO ITPU TOPEHUH BOIOPOIA
B IIPUCYTCTBUH JIEHKOCAN(pupa OTCYTCTBYFOT CHCTEMBI MOJIOC u3imydenus H,O*
B auamna3zone 570-650 HM, ¥ JaHO BO3MOXKHOE OOBsSICHeHHE 3TOro 3ddekra.
OObsICHEHO TIOSIBIICHHE JOTIOJHUTEIBHOTO UCTOYHHKA BO30YKICHHBIX MOJICKYIT
BOJIbI, W3ay4aromux B quarnazone 900970 um.

DKCIepUMEHTaIbHO TI0Ka3aHo, uyto Temneparypa HITKB uan Pd npu P = 1.75
ar™, (M3MepeHHas TIPH MOAX0/Ie “CHU3Y” TI0 TEMIIEpaType), CTEXHOMETPHUECKUX
cmeceii 30% merana + 70% Bomopoza + Bozmyxa. (8 = 0.9, T = 317 °C) u 30%
nponana + 70% H, + Bosayxa (0= 1, T = 106 °C) 3ameTHO yMmeHbIIaeTcs B
TedeHue nocienyomux pocmamenenuit 1o T = 270 °C mna cvecu H,— CH, n
no T =32 °C ms cmecu H,- C3H8. (Koot pummenT m30bITKa TOMIMBA O — 10T
TomMBa B cMecH ¢ Bosayxom: OH, + 0.5 (O, + 3.76 N,)). Ilpenen Bocmiame-
HEHHsI BO3BPAIAETCS K MCXOMHOMY 3HAYEHHIO Mocie o0paboTku peakropa O,
W BO3JIyXOM; TO €CTh BO3HHUKAET SIBIICHHE TUcTepe3rca. [lokazaHo, 4To npeaed
socrnamenenus cmeceit 30% (C,, C,, C,, C) + 70% H, + sosnyx (0 = 0.6, 1.1,
1.2, 1.2 cooTBeTCTBEHHO) Haj mamiaaueM cocrasiser 25+35 °C npu P = 1.75
aTM. YctaHoBieHo, 4to Gennas cmech 30% C,H, + 70% H, + Bosayx (0 = 0.6)
HMEET CaMyt0 HU3KYIO TeMIepaTypy npenaeia Bociuiamenenus: 24 °C npu 1 atm.
Omerka 3(GeKTUBHON dHEPrUU aKTHBAIIMK BOCIUIAMEHEHHs cmecedd Hax Pd
coctapiseT ~ 2.4 + 1 kkan/MoIib, 9TO XapaKTEepHO IS TOBEPXHOCTHOTO MpoIiec-
ca. Takum 0Opa3om, ucrons3oBanue Pd karaiau3aropa mo3BossieT BOCIIAMEHSITh
cmecu H,-yrmesonopon npu 1 + 2 atm npu HadaibHONH KOMHATHOH TeMIepaType
0e3 BHEIIHUX UCTOYHUKOB SHEPTHH.

bruto oGHapykeHo, 4TO Temmeparypbl BOCIUIAMEHEHHUS CMEceil BOIOpOI-
KHCJIOPOJl ¥ BOJOPOJ-METaH-KHCIOPOJ TpU HHU3KOM JaBICHWW HaJ[ Harpe-
teiMu TipoBostokamu Pd, Pt, Nichrome u Kanthal mpu 40 Topp BO3pacraior
NpU CHIDKCHHH KOHIICHTPAIlMM BOJOPOIA; TOJIBKO Harperas mpoBosioka Pd
JEMOHCTPHPYET BBIPAKEHHOE KaTalUTHYecKoe AelicTBre. UHCIeHHbIE pacyeThl
yKa3alld Ha BKHYIO POJIb JIOTIONHUTEIBHOW Peakluu pa3BeTBICHUS Iiereil —
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Ipolecca 3aMeHbl MaloakTUBHOIO paiukana HO, Ha XMMHYECKM aKTHBHBIH
THJIPOKCHIIBHBINA PajiuKall.

OcoGeHHOCTH BOCIJIAMEHEHHS MIpeIBapPUTEITHHO CMEIIaHHBIX
CTEXHOMETPUYECKHX H-TICHTAH-BO3IYIIHBIX CMecel HM3Y4YeHbl B CTATHYECKOM
peaxTope OBICTPOTO HAIyCKa B MIPUCYTCTBUK MeTaundeckux Pt u Pd B o6macti
oTpuIareiabHoro Temneparypuoro kodddumnumenra (OTK). [Tokazano, 4to B OT-
CYTCTBHE OJIaTOPOIHBIX METAJUIOB TEPMOAKYCTHUECKNE KOJICOAHHS TPOUCXOMIST
B obmact OTK. Onnako B mpucytcTBun Pt katannszaropa, KOTOPBIH pearupyet
C KHCJIOPOJIOM TTPH TEMIIepaType TUIAMEHU ¥ TeHEPUPYET PACIIPOCTPAHSIOMINECS
B 00bEM KATAIUTHYECKUE IEHTPHI, TEPMOAKYCTUUECKUE PEKUMBI TEIUIOBOTO
BOCIUTAMEHEHHS ncue3aroT. [IpyruMu cioBaMu, KaTadUTHYECKas MOBEPXHOCTD
IUTATHHBI YCTPAHSET ONPEICICHHYIO CTaJIUI0 NMHIMOUPOBAHUS B KHHETHUECKOM
MEeXaHHU3Me TIOCJie BO3HHKHOBEHHUS XOJOJHOTO TUIAMEHH, 3Ta CTaJAui MOXKET
MIPEJCTaBIATE CO0O0M, HampuUMep, pas3lokeHHEe HEKOTOPOTO IMPOMEKYTOYHOTO
MEJIEHHO pearnpyromiero nepoxkcraa Ha moBepxuocTu Pt ¢ o6pazoBanuem Oomee
PEaKIMOHHOCIIOCOOHOTO pauKaia. DTO HOATBEPIKIAETCS TEM, UTO B IPUCYTCTBUU
KaTamuTrdeckoit mosepxuoctr (Pd), koTtopas He pearupyer mpH TeMIeparype
IUJAMEHU U HE TeHEepHpYeT KaTaINTHYECKHE IIEHTPHI, PACIIPOCTPAHSIOMNECS B
00neM, sBineane OTK ne mcuesaer.

OOHapyKeHHbIE 3aKOHOMEPHOCTH JIOJDKHBI YUYHUTBHIBATHCS MPU YHUCICHHOM
monemupoBannu  seiaeans OTK. Jlpyrumm crmoBaMu, TepMOaKyCTHYECKHE
ronebanus u snerare OTK 1omKHBI HCUE3HYTHh B pacdeTax Mocie UCKITIOUSHHS
OTIPENIETICHHON PEaKINK WU Psia CTaauil U3 MEXaHW3Ma. DTH CTAIUH JOJDKHBI
BKIIOUaTh TIOBEPXHOCTHYIO PEAKIMI0 aKTHBHOTO MPOMEKYTOYHOTO TPOIYKTa
ropeHuss Ha MoBepxHOCTH Pt, B koTOpoil Ooiee akTHBHBIE MPOMEXKYTOUYHBIE
MIPOAYKTHI 00pa3yroTCs U3 MAJIOAKTHBHOTO HHTEPMEIHaTa.

OOHapy)KeHO, 4YTO MEepHOM 3aAepXKH (MHIYKIMH) BOCIIAMEHEHHS IPU
ropennn crexuomerprueckux cmeceit (70 — 40% Bomopon + 30 — 60% npornan)
+ BO31yX HaJ HaJlIajJiieM MpH 00IIeM JaBieHud 1 + 2 aT™M cHaydaja yMEeHbIIa-
eTCsl C IOHMKEHWEM TeMIIepaTyphl, a 3aTeM YBEIMYUBAETCS 10 TeX MOop, MOKa
He OyzeT MOCTHTHYT IpezeN BoCIJlaMeHeHus, T. €. umeeT Mecto sBinenne OTK
MPU KATAIUTHYECKOM TOpeHHHU. DPQeKTUBHAS dHEprusi akThBauu E mpomec-
ca cocrapisieT 2.2 £ 1 kkaim Moub™?, 9TO XapakTepHO /ISl TIOBEPXHOCTHOTO TPO-
necca. [Toaromy oOHapyx)eHHOE B 3T0i1 padore siBnenne OTK TecHO cBsi3aHO ¢
MMOBEPXHOCTHBIM cocTostHreM Pd. B 06pasite, 06paboTaHHOM BOCIIAMEHEHHSIMH,
BO3HHKAIOT JIe(EKThI B BHJIE OTBEPCTHIA, KOTOPbIC OPUEHTUPOBAHEI IO HUTYypam
TPAaBJICHUSI aKTUBHBIMU TPOMEXYTOYHBIMU NPOAyKTaMu. B 3ToM mporecce 4a-
cruipl PO o6pasyrores npu okuciaennu nosepxuoct Pd u pasnararorcs 1o Pd
u O, mpu TemMneparype poayKToB miamenu. Takum o6pasom, Pd pacxomyercs B
PEaKIMy XMMUYECKOTO TPABJICHUSI C aKTUBHBIMU TIPOMEKY TOUYHBIMH TTPOTYKTaMHU
ropeHus. IJTOT (aKT JOMKEH OrpaHW4YMBaTh MPUMEHHUMOCTh MNaJIaausl B
YCTPOMCTBAX 3aKUTAHMUS.

[okazano, uro mpu o6mmx nasnerusx 10 200 Topp ob6nacTh KaTaTuTHYECKOTO
BOCILIaMeHEHHs Ha ToBepXxHOCTAX Rh u Pd mmpe mms cmecn 2H2 + OZ, qeM JIs
crexuomerpuueckux cmeceit (H, + CH)_+ O, u (H, + CHy)_ .+ O,
cmecH, copepkainue Oosee 50% yreBomopoa, He BOCIUIAMEHSIOTCS. Takoe
MOBE/IEHHEe HETIOCPEICTBEHHO CBS3aHO C O0pa3oBaHHWEM YIVIEPOJCOAEp KAl
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[Ipeaucnosue

IUIGHKW Ha MMOBEPXHOCTH ONAropojHOro MeTaiuia. TOIIMBO B CMECSX MPH ITOM
pacxomayeTcsi B TEMHOBOM peakiiu. BbIIo MOKa3aHo, YTO TEMHOBas PeakKius
B cTexuomerpuueckoii cmecu (80% H, + 20% C,H,)_ + O, nax poauem u
nayjiajueM MPUBOJUT K OOpa30BaHUIO YINIEPOJAHBIX HAHOTPYOOK CO CpPEJIHUM
nuamerpoM B auanazone 10-100 uwm.

YcTaHOBIIEHO, YTO B peakrope, 00pabOTaHHOM BOCIUIAMCHEHHUSMH, TEM-
neparypa Bocriamenenus cmecu (70% H, + 30% wmeran)_ —+ BO3IYyX Haj
MOBEPXHOCThIO poxusi cocraBiser 62 °C. Pe3ynmbraT ykasblBaeT Ha BO3MOXK-
HOCTb HMCIOJB30BaHHS POJMEBOTO KaTajiu3aTopa Jisi 3HAUUTEIBHOTO CHUKECHHUSI
TEMITePaTypbl BOCIIAMEHEHHS TOIUIUB Ha OCHOBE CMeCEel BOIOPO/I-METAaH.

DKCIEPUMEHTAILHO BBISIBIIEHO KPUTHYECKOE YCIOBHE OOBEMHOM peakiuu
B CHCTEME BOJIOPOJ — METaH — BO3JYX: OOBEMHBII TNPOIECC MPOUCXOIUT TPH
45% H,, no orcyrcrsyer npu < 40% H,. Ecin H, < 40%, nponcxonut TombKO
MeJIJICHHAs] TIOBEPXHOCTHASI PEaKIys; 1TO SIBICHHE KaueCTBEHHO OIUCHIBACT-
CSl HAIIMMHK pacuyeTaMH. BBUTO BBISBICHO, uTO 3(P(PEKTUBHBIE YHEPTUN AKTHBA-
LMK KaK «BEPXHEro», TaK M «HIKHEro» npenenos okucinenus H, + merana B
JMara3oHe JIMHeWHOCTH mpuMepHo paBHbl (2.5 = 0.6) kkan mMonb?; 310 03Ha-
YaeT, YTO KIFOYEBbIC PEaKIMH, OTBETCTBEHHBIC 32 BO3HMKHOBEHHE «BEpXHE-
ro» M «HHXHET0» IMPEEOB BOCIUIAMEHEHHUs, MTOYTH HABEPHOE OIHH U TE IKE.
IToxasano, uro s karanuzatopa Rh/Pd mporece passurtus memu, ckopee BCero,
MMEET TeTePOreHHYI0 TPHPOLY, MOCKOIbKY 3(deKTHBHAS SHEPIrusi aKTHBAIMU
cocTapiseT < 3 KKasi/MOIb.

OO6Hapy)XeHO, 4TO JUIS W3YyYEHHBIX MPOIECCOB TopeHns Rh sBisercs Gormee
s¢dexTrBHBIM KaTamu3atopoMm, dem Pd. Bmecte ¢ TeM, a3 dekTuBHAs dHEPTrUs
AKTHBALMKM KaTaJUTHYSCKOTO BOCIIAMEHEHHSI 3aBUCHUT HE TOJBKO OT MPUPOJIbI
KaTaiu3aropa, HO U OT XMMHYECKOW MPHPOJbI YIIeBOJOPoia B cMecH. Takum
00pa3oM, KAaTAIUTHYECKOE BOCIUIAMEHEHHE HHHUIMHPYETCS K30TCPMHUYCCKHM
MOBEPXHOCTHBIM BOCIUIAMEHEHHEM TPH OKUCICHHUH BOAOPOJa B MPUCYTCTBHUU
KaTaim3aropa, YIJIEBOJIOPOI Ha TIOBEPXHOCTH PACXOAYETCS B PEaKIUsX C
y4acTHEM MPOMEKYTOYHBIX MPOIYKTOB OKHCICHHUS BOAOPO/A, HE MPUBOISAIINX
K Pa3BEeTBJICHUIO IIeTiei, 3aTeM TOpEHHE pacrlpocTpaHsercs B o0beM. Bbuio
YCTaHOBJICHO, YTO B peakTope, He 00pa0OTaHHOM BOCILIAMEHEHHSMH, TEM-
neparypa Bocriamenenus cmecu (70% H, + 30% wmeran)_ —+ BO3MyX Haj
moBepxHOCTRIO Pd mpu maBnennu 1.75 atm cocrasister 310 °C, a Haj moBepx-
nocteio Rh — 105 °C. B peakrope, 06paboTaHHOM BOCIIIIAMEHEHUSAMH, TEMITE-
parypa BOCIUTAMEHEHHUS 3TOW CMECH HaJl TIOBEpXHOCTRIO Pd mpu masnennn 1.75
arm cocrasisier 270 °C, a Hang noBepxHocThio Rh cocrasmsier 62 °C. TTony4eH-
HBII pe3yNbTar Tak)Ke yKa3bIBaeT Ha MEPCIEKTHBY HCIIOJIB30BAHUS POIUEBOTO
Karajau3aropa Uil TOHW)KCHHS TEMIIEpaTypbhl BOCIUIAMEHEHHs MeTaHa |
BOJIOPOJICOZIEPKAIMX TOILIMB. YcTaHOBJIEeHO, 4To npu 1 atm HITKB cmecn 2D,
+ 02 HaJ IEUTEPHUIOM PO 3aMETHO HUXKE, 9eM Y 2H2 + O2 HaJ| TUAPUIOM
Rh; Takum 06pa3oM, BOCIIIAMEHSIEMOCTD D2 Han Rh Beime, yem H2 KaK U MpH
nasnennsix 0 200 Topp.

[TokazaHo, 4TO B yCIIOBHSX HAIIIMX AKCIIEPUMEHTOB OIPEEISIOINM (hakTopom
KaTaJIUTHYSCKOTO BOCIIAMCHEHHS SIBIISICTCS HE TOJBKO XMMHUYECKas MPHUPOa
KaTaim3aropa, HO W JUIMHA YIJIEPOJHOMN IEMOYKH B YIJIEBOJIOPOAE B CMECHU C
H,. YcranoBieHO, YTO TpENeNbl KaTaIWTHIECKOTO BOCIUIAMEHEHHMS CHHTE3-
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Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

raza Hag RNh/Pd kadecTBEHHO OTIMYAIOTCS OT 3aBHCHMOCTEH ISl TOPIOYETo
Bojlopoaa-yrieroaopo: 3aBucuMmocTh HITKB uMmeer OoTU€TiuBBIE MakCUMYyM,
YTO yKa3bIBaeT Ha Ooliee CIIOKHBIM MEXaHH3M KaTaJIUTHUYECKOTO IPOIECcca;
npeUIoKEeHHas HaMU 3aBUCUMOCTh Appernyca In[H, |, on 1/T He MOKeT ObITh
npumeHeHa. [lortomy cnenyet yrounuts unTepnperanuto HITKB u BIIKB, npu-
Be/IeHHYIO0 B uTeparype. OTHOCHTENLHO JITTUTENbHBIC TIEPHOJIBI 331ePIKKU Kara-
JUTUYECKOTO BOCTUIAMEHEHHSI CTEXHOMETPUYECKHX CMeCel BOJIOPO/I-H-TICHTaH-
BO3IyX (IECATKH CEKyH[) U OTCYTCTBHE 3aBUCHMOCTH TEPUOIOB OT HAYaIbHON
TEMIIePATYPhI MO3BOJISIFOT CIEIaTh BHIBOJ, YTO KATAINTHYECKOE BOCIUIAMEHEHHUE
ITHX CMeCceH OIpe/IelsieTCss CKOPOCTHIO IMePeHOCca MOJIEKYI YINIEBOJOPOIOB Ha
MOBEPXHOCTH (MJIH MO TIOBEPXHOCTH) KAaTaIUTH3aTOpa.

Takum 00pa3oM, P OKUCIICHUN CMecel BOIOPOI-YIIIEBOAOPO] TS KKOPOT-
KHX» YIJIEBOJIOPOJIOB OCHOBHBIM (DAKTOPOM, OIPECISIONINM KaTaAIUTHIECKOE
BOCILJIAMEHEHHE, SIBISIETCSl PEaKIMsl OKUCIICHHS BOJOPOJAA HA KAaTaJIUTHUECKON
noBepxHOCTH. [Ipu yBeTMUEHUH YKCIia aTOMOB YINIEpo/ia B YITIEBOJOPOJIE 3HAYH-
TENLHYIO POJIb HAUMHAIOT UTPATh (PaKTOPHI, CBA3aHHBIE C XUMHUYECKON CTPYKTY-
pOii, TO €CTh PEAKIIMOHHON CTIOCOOHOCTHIO YITIEBOJAOPO/IA ITPH KATATUTHICCKOM
OKHCJICHUH; ¥ 3aT€M CKOPOCTb OKUCIICHHS YK€ OIPEJeIsieTCsl CKOPOCThIO Tiepe-
HOCa MOJIEKYJ YIJIEBOAOPOJa Ha IMOBEPXHOCTh HIU IO MMOBEPXHOCTH KaTaln3a-
TOpA.

Iloxa3zano, uTo mpesienbl BocmuamMeHenus cmeceit 2H, + O, u (80% H, + 20%
CH4)crexn0M + O2 HaJ] METAJUTMYECKON IIATHHOW HE 3aBUCIT OT IPHIOKEHHOTO
Hanpskenus 6e3 paspsna a0 1200 B. beuto nokasano, uto ans cvecu (80% H,
+20% CH,),......, * O, npunoxenue snekrpudeckoro nois (1200 B) npusoaut
K HWCYE3HOBEHHIO M3 00BnEMa Pl-comep:kammx dYacTHIl, OOpa30BaHHBIX IIPU
Pa3JIOKEHUH JIETYYETo OKCHJIA TUTATHHBI B Ta30BOH (ha3e, 4To yKa3bIBaeT Ha TO, 4TO
9TH YaCTHIIBI 3aPSHKEHBI. DTO MOXKET OBITh CBS3aHO C SIBIICHHEM XEMHUUOHHU3AIIHH,
HaOMIOaeMBbIM TIPYU TOPEHUH YIIEBOJOPONOB. [loka3aHo, YTO MpH TOpPEHUH
cmecu (80% H, + 20% CH,)_ ... * O, ymiepoanbie HaHOTPYOKM B YCIOBHAX
SKCTEPUMEHTA TIPAKTHYECKU HE 00pasyroTCs B OTIMYHE OT ropenus cmecu (H, +
C4H8) CTeXHOM + 02'

YcTaHOBIEHO, YTO MPOIecC PACIPOCTPAHEHUS TNIAMEHU B YCJIOBHOM ITOMe-
IICHUH, COJIEpIKAIEM BHYTPEHHEE POCTPAHCTBO C JABYMsI OTBEPCTUSIMH U JieT-
KOBOCIUIAMEHSIONIMICS MaTeprall BHYTPH, JEMOHCTPUPYET OO0JbIIoe pazHoo0-
pasue peXKUMOB TOPEHHUS B 3aBUCHIMOCTH OT T€OMETPUH ITOTO CIOKHOTO 00beMa,
MO3TOMY TIpeIBAPUTENBHBIN YHCICHHBIA pacueT OXHIAeMbIX MOJIeNIeH pacrpo-
CTpaHEHUs IUTAMEHH He BCeT/[a MOXKET OBITh YCIEITHBIM. Takum 00pa3zoM, peaib-
HBIW SKCIIEPUMEHT B JTa00PATOPHBIX YCIOBUSX, MPEIIIOIATAIONIHNA BO3MOXHOCTb
MacITabupOoBaHUs Ipoliecca, MPENCTaBIsIeTCS Hanoosee MHPOPMATHBHBIM.

[Tokazano, 4TO MPH ONpEICTICHHBIX YCIOBHAX Pt-KaTamuzarop MOXKET MO/IaB-
JISITh TOPEHHUE M TEM CaMbIM IPOSIBIISITH MPOTHUBOIIONOXKHEIH dddekT Onaronaps
BBICOKO# 3)peKTHBHOCTH Pt-TIOBEpXHOCTH, MOKPHITON CIIOEM OKCH/IA TUIATHHBI B
peakuuu oOpeIBa reneil. [losTomy knneTndeckue (hakTopsl MOTYT OBITh OTIpe/ie-
JISTFOIIMMHE JJAJKE B YCIIOBUSIX BBICOKOH TYPOYJIEHTHOCTH.

3naueHue YPPEKTUBHON YHEPTUH aKTUBAIIMU TEMHOBOW PEAKIIMU OKHCIICHUSI
H, nan Pd oneneno kak E = 4.1 + 1 kkan/MoJib, 4TO XapaKTEpHO JUIs HOBEPX-
HOCTHOTO TIporiecca. BennunHa Om3ka K OnpeiesIeHHON B IUTEparype JJisi TeM-
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[Ipeaucnosue

HepaTypHO 3aBUCMMOCTH 10K H, Ha mpezenax KaTaluTHYECKOrO BOCILIaMe-
HeHMs Bojoposa Hajl nosepxHocThio Pd B cmecsax ¢ O,, kotopas cocTapiserT:
3.5 + 1 kkan/mMonb. BIIO TIOKA3aHO, YTO CKOPOCTh 00PhIBAa PEAKIIMOHHBIX IIETIEH
OTIpEICIISIET BETUYNHY KPUTHUECKOTO TUaMeTpa MPpU MPOHUKHOBEHUU TUTAMCHH
yepes nmuHAps! Pt wam Pd; s dexrusrHoCcTs MoBepxHocTr Pd B peakmmu 0OpsI-
Ba 1ieneil HamMmHOTO O0bIe, ueM y Pt. [losToMy neficTBre OaropogHbIX METal-
JIOB Ha IPOIECChI OKUCIICHHSI YITICBOAOPOAOB sIBIIsAETCS S(D(HEKTUBHBIM HHCTPY-
MEHTOM JUTSI MACHTU(GUKANKA BaXKHBIX ITOCIEIOBATEIHPHOCTEH 2JIEMEHTAPHBIX
peaKIiii B KHHETHICCKOM MEXaHH3ME TIPOIECCOB TOPCHHUS.
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BBEJAEHHUE

To ObLTH BpeMeHa, KOT/a elle He ObLTH M300peTeHbl HU MOOMIIbHBIE Telnedo-
HBI, HU KOMITBIOTEPBI, IPEACTABICHUSI O HAPHUKOBBIX Ta3aX U 3€JCHOM SHEpreTu-
K€ HUKOMY HE IPUXOAMIIH B TOJIOBY, a yUEHbIE TOCBSAIIAIN CBOU pabOThI CIIOHCO-
pam — reproram u rpadam, HO IIPU TOM MOIJIM CKa3aTh COBEPILEHHO UCKPEHHE!
«sI IFOOJTIO HAayKy OOJIBIIE, YeM JIEHBTU».

K nagamy XIX Beka HanbOosee BaykHbIe (PU3NIECKUE CBOMCTBA TNIATHHBI OBLITH
JOCTaTOYHO XOPOLIO HOHSTHI M JIEIM B OCHOBY HECKOJIBKUX Pa3lWYHbIX MpU-
JIOKEHHUH, HO OHO U3 €0 OCHOBHBIX CBOWMCTB — €I0 YHUKAJIbHYIO (YHKIHIO Ka-
Tajgu3aropa — emle npeacrosyio ooHapyxuth. B 1818 romy cap Xomdpu 8w,
KOTOPOI0 MOIPOCHIM M3YyYUTh JaMIbl OE30IIaCHOCTH HA YrOJbHBIX ILAXTax,
00OHapyXWJ1, YTO METaH U KUCIOPOJ Ha ropsiueil IIaTHHOBOI MPOBOJIOKE MOTYT
HPOU3BOUTH 3HAYUTEIBHOE KOJINYECTBO TeIUIa B TEeMHOBO# peakimu [1]. Mox-
HO TaK)kKe CKa3aTh, YTO Ha caMoM Jiesie 1 caM XaMppu [3BH, 1 ero ABOIOPOIHbII
Opar DaMyH[ clenany NpeABapUTENIbHbBIE COOOILEHHS O BIMSHUU IUIATUHBI Ha
OKHCJICHHE METaHa U CIIUPTA, HO HU OJMH U3 HUX HE MBITAJCS AETAJIbHO HHTEP-
HPETUPOBATH CBOM BhIBOABI [2]. OfHAKO ITUM MPEIMETOM SHEPTHYHO 3aHSIICS B
I'epmanuu [€0epeiinep, ubé SpKoe UCCIICAOBAHNE BIMSHUS IJIATUHBI HA OKUCIIE-
HHUE BOIOPO/IA CTAJIO KIIOYOM K OTKPBITHIO SIBJICHUS KaTaln3a.

Worann Bonedranr J{goepeitnep poamics B 1780 rony B Xodh-an-3aaie, ro-
pone nmpumepro B 40 Muisix k ceBepy ot baiipoiita. CHayana HarpaBlieHHBIH
poauTensaMH Al 00yueHHs YHpaBJICHHIO MMYILECTBOM, OH B Bo3pacte 14 ier
BMECTO 3TOTO HalyMaJl IIOJIyYUTh JOCTaTOUYHBIE HABBIKH, YTOOBI CTAaTh YYECHUKOM
MECTHOTO anTekaps. Ero TpexsieTHee yueHHUECTBO 3aBEPIIMIOCEH, OH OTIIPABHICS
B ISITWIETHEE MyTeLIeCTBHE, BKIIIOUABIIEE NMEPUOAbl yrIyOnéHHoro, HO Heodu-
LUAJIbHOTO U3y4YeHUs1 XUMHUK 1 MuHepaioruu B Kapicpys u CrpacOypre. [locie-
noBaa yepea papManeBTHUECKUX U TEXHOIOTHYECKUX JOJDKHOCTEH, KayKaast U3
KOTOPBIX YKPEIUIsyla €ro Hay4YHbII ONBIT M PEMyTalHio, HO, KaK U B HBIHEIIHHUE
BpeMeHa, He olecreurBana (UHAHCOBOH HE3aBUCHUMOCTH. [lefCTBUTENBHO, K
1810 roxy oH oka3aicsi 6e3pabOTHBIM, B J0ITaX U ¢ OOJIBIION ceMbel, KOTOPYIO
CcoziepKaTh ObUT HE B COCTOSHUU. VI3 3TOr0 3aTpyAHUTENBHOTO TIONOKEHUS ETO
CIACIO NPEIoKEHNE Kaepbl XUMUHU M TEXHOIOTHH B IEHCKOM YHUBEPCHUTETE.
Wena npunamnexana zemiie CakceH-Belimap, npaBurens koTopoi, repuor Kapn
ABTYCT, CUMTAJICS] IPOCBEIIEHHBIM ITOKPOBUTENIEM KaK MCKYCCTB, TaK U HAyKH.
OH npexpacHo 0CO3HaBaJl MPAKTHUECKYIO LIEHHOCTh HAYKH Ul CBOETO MaJICHb-
KOT'O TOCYZIapCTBa, M NP MMOUCKE HadaJbHUKA Kadeapbl 00bSIBUI, YTO OKUAACT
KHAYYHOTO TeHHUS ¢ TPAKTHYECKUM dyTheM». U ero BeiOOp man Ha J[€0epeiine-
pa. llomumo cimyxeOHBIX 00si3aHHOCTEW B KadecTBe npodeccopa, J&oepeitaep
CTaJl KOHCYJIBTAHTOM I10 IIMPOKOMY KPYT'y BOIPOCOB, 100aBHJI B CBOM MOpT(henb
JOJDKHOCTh MHCTIEKTOpa maxT u B 1820 romy Obl Ha3HaYeH TalHBIM COBETHU-
koM. Bynyun BecbMa npakTU4YHBIM YenoBekoM, [EGepeiinep B CBOEM 3aBEIIaHUH
yKasall, 4ToOBbI €ro Teio ObUIO 3aXOpOHEHO Oe3 rpoda, a Ha MoruiIe ObUTH Hoca-
’KeHbI 7Ba (QPYKTOBBIX JAepeBa, «4TOOBI MPOAYKTHI pachaga MOEro Tpyna MOTIN
MIPEBPATUTHCS B OPraHUYECKHUE BELLECTBA U MOSIBUTHLCS B IPYTOM OOJIUKE B HOBOI
KUZHUY.
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Kapn Asryct B 1775 rony npuse3 B Beiimap Moranna Bonwdranra ['ére, u
MEK/Iy TPeMsi My>KUNHAMH BOZHHUKJIH JPY)KeCKHe (KOHEUHO, C YYETOM TOTO, Y4TO
ofiuH U3 HEUX ObUT TpadhoMm u crioHcopom) oTHomeHus. Kapim Asrycrt u I'ére mpe-
noctaBuiu JI€oepeitnepy HauTydIiue BO3MOXKHOCTH, KOTOPBIE TOCYIapCTBO MOT-
710 cebe mo3BoIHTH; JIE0epeiitep, co cBOGi CTOPOHBI, OCTaBajIcs B MeHe 10 KoH-
112 CBOEH KM3HU, HECMOTPS Ha MPEATIOKEHHs Oosee MPUOBIIHHBIX M MPECTHK-
HBIX JOJKHOCTEH 110 MEpe pOCTa €ro u3BecTHOCTU. Kapa ABrycCT cTai KpeCTHBIM
oTIoM 1ByX aeteit J[éoepeitaepa u omHoro — ['ére. ['éTe Hammcam CTHXOTBOPECHIE
quist JIé0epeiinepa, korma TOT ObUT OOJIECH, U €Ilé OJHO €ro CTUXOTBOPEHHE MPe/I-
Bapsiio kHUTY J[€0epeitHepa 0 ero nccaenoBaHusgX B 001aCTH CBONCTB TIJIATHHEI.
ocne cmeptn JIg6epeitnepa B 1849 romy ropox Mena Bo3BUT eMy NaMATHHK.

ITomumo oOmmHpHOI paboTHI B 001aCTH MPUKIATHOW XUMUH, permyTamus J1E-
OepeifHepa B TO BpeMsi OCHOBBIBAJach Ha TPEX aclekTax ero kapbepsl. OH ObLT
OYeHb YCHEIIHBIM MPETOAABATENIEM U 33 HeMaible JUUHble CPeOCmBa BeN KypChl
MIPAKTHYECKON SKCIIEPUMEHTAIBHON XUMHUH 32 HECKOJIBKO JIET 70 OoJiee M3BeCT-
HBIX KypcoB JIlnbuxa B ['nccene. Bo-Brophix, B Teuenune 1820-x ronos oH paspa-
0oTal CBOIO TEOPHIO KTPHUA», paHHUU yKa3zarensb Ha [lepuomndeckyro Taomuiry.
U, B-TpeThHX, OblIa €ro BakHasi MUOHEpPCKasi padoTa Mo Karainusy IUIATUHOH, O
4éM NOUJET peub HIXKE.

[peasectaukom padoter JI€0epelinepa HaJ| TIIATUHOMN SIBJISIOTCSI UCCIIEI0BA-
Hust Xom@pu J[9BH, cBSI3aHHBIC ¢ MAaXTEPCKOI Oe3omacHoi nammoii. J[9Bu oOHa-
PYXWII, 9TO CTIMpaJb U3 IUIATHHOBOW MPOBOJIOKH BOJIHM3M BOCIIAMEHHBILIETOCS
GbuTHIIA B TaMITe MTOJICP)KUBAET OKUCICHUE YTOIBHOTO ra3a (MeTaHa) ¢ 10CTaroy-
HOW dHepruel, 4To0bl CBETUTHCS OENBIM IIBETOM JaXKE IOCIIE TOTO, KaK (DUTHIIb
noracHet. Ilo kpaiiHeill Mepe, Tak Tenepb MOXHO ONMCAaTh 3TOT HKCIEPUMEHT;
HO TIaBHO 3a60Tol J[9BH B TO BpeMs OblIa MPUpPOIa TOPSHUS U OE30MaCHOCTh
B maxrax. [[»Bu mpu3HaN, 9TO HOOABJICHHUE TIATUHOBOM CIIMpaId OBUIO TTOIE3-
HOW MOJU(HKAIIUEH IaXTEPCKOH JIaMITbI, HO SIBJICHUE, KOTOPOE OH HaOJIIo1al, OH
0XapaKTepU30Ball IMOIMOHAIBHO: 3TO OBUIO «OOJIBIIE MOX0XKE HA MArHi0, YeM
BCE, YTO S BHJEI... 9TO, BUUMO, CBSI3aHO C COBEPIIEHHO HOBBIM IPUHITUIIOM B
ropennn «[2].

JBoropomustii 6pat Xomppu Samyna J[aBu, padorasmmii B Mactutyre Kop-
Ka, TI03Ke MTPOBOIWII CEPUIO UCCIIETOBAHMM MO0 XUMHH TTaTHHBI. OH 00HAPYKHII,
4TO CyNb(ar MIaTHHBI MOXKET ObITh BOCCTAHOBJICH CIIUPTOM JIO IJIATHHBI B TOHKO
r3MeJIBIeHHOM BHjie. [1maTnHOBBIN MOPOIIOK, Kak HaOmoqan DIMyH]T, aKTHBHO
pearupoBai ¢ mapaMu CApTa MpU KOMHATHOM TeMmIepaTrype, OCTaBasCh Harpe-
TBIM JI0 O€JIOTO KaJIeHHsS J0 TeX MOop, MOKa He ObUT M3pacXoA0BaH BECH CIHPT.
«ITOT c11oco0 BOCIIAMEHEHHUS METAJIOM”, — TOBOPHII OH, — “‘TIpeICTaBIIETCS
HOBBIM (DaKTOM B UCTOPUH XHMHUH; HO CaMO SIBJICHHUE SIBJISIETCS JIUIb elIé OJTHOM
WUToCTpanuei Gpaktos, paHee oTMedeHHBIX capoM Xomppu IrBu» [3]. Crarbs
Onmynaa JIBu Obuia onyOiuKoBaHa B HeMenkoM nepesojae B 1821 rony, u J1é-
OepeifHep orepaTuBHO MPUHSIICA 32 TIOBTOPEHHE 3TUX ONBITOB. OJHAKO UX KOH-
TEKCT OBIT MPUHIUMHAILHO UHBIM. J[€0epeiiHep Torna MHTepecoBaICs XUMHUEH
HE TUIaTHHBI, a CIIUPTA, TIOTOMY OH IMOJYEPKHYJ HE CTOIBKO CBEUCHHE ILIATH-
HOBOTO MOPOIIIKA, CKOJIBKO €r0 CIIOCOOHOCTh MHAYIIUPOBATh OKHCICHHUE CIHPTa
JI0 YKCYCHOU KHCIOTHI. OH OOBSICHIII 3Ty CIIOCOOHOCTH TEM, UTO IJIaTHHA JJICK-
TPOXUMHUYECKH aKTUBHUPYET CITUPT B HAPABICHUU peakuuu ¢ Kuciopomom. OH
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TaKke OTMETHJI, UTO TUTATHHA HE PACXOMYETCS B PEaKInd, HO “MOXKET ObITh CHO-
Ba MCIIOJIb30BaHa ISt OKUCIIEHHUS CBEKUX, BO3MOXKHO, O€3rpaHIMYHBIX KOJIMYECTB
cnmupTa, — OOCTOSATENHCTBO, KOTOPOE ITO3BOJISIET WCIIONB30BATh IUIATHHY IS
KPYITHOMACIITAOHOTO MOTyYeHus1 yKCycHol Kucaotel” [2]. Onnako JI€6epeiinep
HE MCTIOJIb30BaJl PEaKIUI0 B KOMMEPYECKHX IIeIsX.

Csou pesynbrarel JI€0epeiinep onyonukoBan B 1822 romy. PoxaectBo Toro
roga oH nposén y I'ére B Beiimape u cpeau Npodymnx SKCIEPUMEHTOB IPOAEMOH-
CTPUpPOBAJ €My JEHCTBUE TUIATHHOBOTO TOpoImika JamyHaa J{9Bu Ha criupt. OH
MpooIDKaN paboTaTh Hajl CBOWCTBAMH 3TOTO MOPOIIKA B TEUCHHUE 3UMBI, UCCIIe-
Jlysl TaKK€ CBOMCTBA MEJIKOJUCIIEPCHOW TUIATHHBI, MOJYYEHHOM B pe3yibrare
BOCIUTAMEHEHUS XJIOPOIJIaTHHATA aMMOHHS M PACHIMpsisl JUAra3oH PeareHToB,
HaMepeBasiCh UCCIENOBATh AeHCTBNE TUIATHHBI Ha BOJOPOI.

OnbITH, OKOHYATEIHHO MPUBJIEKIINE BHUIMAaHWE HAyYHOTO MHpa, ObUIH TIPO-
BejieHbI JieToM 1823 rona. JI€0epeiinep MpUroTOBUII HEKOTOPOE KOJIMYECTBO Iia-
THHOBOTO TIOPOIIKAa MyTEM BOCIUIAMEHEHUS XJIOpOIIaTHHATa aMMOHUS U TIOJ-
BEpPT €ro BO3JeHCTBHIO Bomopoa. Kak oH 1 oxkujal, HIYero He mpou301uIo. 3a-
TEM OH BITyCTHJI HEKOTOPOE KOIMYECTBO BO3/LyXa B BOJOPO/, M “depe3 HECKOIBKO
MTHOBEHHUH MOCIENIoBalla 3Ta CTPaHHAsI PEaKus: YMEHbIIMIICS 00beM Ta30oB U
Yyepes AeCATh MUHYT BECh KUCIOPO/ B IIOCTYIIMBIIEM BO3yXe CKOHJIEHCHPOBAII-
cst ¢ BomoponoM B Boxy” [2]. OH 0OHapyXuI1, 4TO 3aMeHa BO3/yXa YHUCTHIM KHC-
JIOPOJIOM YCKOPSIET PEaKIfio U GUIBTPOBAIbHAS Oymara, Ha KOTOPOH HaXOIHUTCS
IJIATHHOBBIN TIOPOIIOK, oOyrmBaeTcs. Jé0epeiitnep OBLT HACTOIBKO IMOTJIOMIEH
OTIBITAMH, YTO TTOBTOPIII UX “HE MEHEE TPHUALIATH pa3” B TOT NIEHb, U “BCETIa C
OITHUM U TeM ke pesyasrarom’ . OH MPeUIOKIIT MEXaHU3M, aHAJIOTUIHBINA TOMY;,
KOTOPBII MCIONB30BAJICS B €ro dKcrepuMenTax 1821 roja mo oKUCIeHHIO Crup-
Ta: “Bcé sBIeHME MOIMKHO paccMaTpUBaThCS KaK 3JIEKTPUIECKOE, MOCPEACTBOM
Yero BOAOPO 00pasyeT MEKTPUUECKYIO LeMb ¢ IaTuHoN . OH OBICTpO Hampa-
BHJI OTYET O CBOeH pabote I'éTe U penakTopaM Tpex Hay4HBIX KypHAIOB; OTYET
ObLT OMyOIMKOBaH Yepe3 MecsI] (CKOPOCTh MyOIMKAIUK, KOTOPYHO COBPEMEHHbIC
HH(OPMAIIOHHBIC TEXHOIIOTHHU YK€ HE MOTYT 00€CIICUHTH).

J1€oepeiinep mpuayman emé 6osee 3hHEKTHYIO BEPCHIO CBOETO SKCIICPUMEH-
Ta. BMecTo mpeXxHero CTaTuyecKoro pacioioKeHNs OH HaIpaBUII TOHKYIO CTPYIO
BOZIOPO/Ia HA MJIATHHY C PACCTOSTHUA 4 CM, TaK YTO OHA CMEIINBAJIACh C BO3YXOM
JI0 TOCTIDKEHHS MeTallia. DTO MPUBOAMIIO K TOMY, YTO TUIATHHA Cpasy pacKajs-
J1ach 10 OEJI0T0 KaJIeHUs ¥ BOCILIAMEHsIJIa CTPYIO BOAOPOAa. “ITOT SKCIIEPUMEHT
Hambosee yIUBUTENEH W MOpa)kaeT KakKIoro HaOJIoaTelNs, KOrna OH TOBOPUT
€My, YTO OH SIBJIAETCS PE3YNHTATOM IMHAMUYECKOTO B3aUMOCHCTBHUS IBYX THIIOB
MAaTepuH, OJIHa U3 KOTOPBIX SIBJISIETCS CaMOM JIETKOM, a ipyrasi — caMoi TAXKeIou
U3 BceX M3BECTHBIX Tenr” [2].

B HeOounbI0l KHUTE, OIYOIMKOBaHHOU B OKTsI0pe 1823 rojia u mocBsAIIeHHOM
Kapny ABrycry, B KOTOPOH OH pe3rOMHpOBall JieTHHE OmbITH, [IE0epeitnep
MIPEATIONOKIII, YTO MEXaHM3M OBLT “BEpOSTHO, BIIOJHE 0COOOTO XapakTepa, TO
€CTh HA MEXaHUYECKOT0, HU JIEKTPHUUESCKOTO, HM MarHuTHOTO” [4].

Pabotsr JI€6epeiinepa BeI3BATH “OONBIIYI0 CEHCAIMIO W B30YIOPaKIIIA Ca-
MBI ’kuBOM nHTEpec” B [lapmke, 1o c10BaM y4HBIIETrocs TaM B TO Bpemst JInOu-
xa. Opaniy3ckue xumuku TeHap u J[10J0HT, KOTOpbIE paHee UCCIEAOBaIMN pa3-
JIOKeHWE aMMHaKa HarpeThIMHA METAJUTAMHU U TIEPEKNCHIO BOAOPO/Ia, HEMEIJICHHO
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MIPUCTYNHIIH K padote; k 15 ceHTA0pss OHM CMOTIIN TIPEACTaBUTh AKaIeMUN HAYK
Hay4HbII TPyH, pacrnpocTpaHsionmii padory J€Gepeiinepa Ha apyrue (Gpopmsr
IUIATHHBI U Jpyrue Metawibl [2]. 3aTem mocnenoBaiu apyrue paboThl, OJHAKO
XapakTep ITOTO SBJICHUs OcTaBajcs HesicHbIM. 29 HosOpst JInbux Hammcan JIé-
OepeitHepy, 4yTO Ha yXXKHHE Ui TPYIIBI BEAYIIMX yUEHBIX ‘Ballle MPEeKpacHoe
Y TIOKa HEOOBSICHIMOE OTKPBITHE 0OCYKJAIOCh B CaMbIX SPKHUX TepMHHax . B
TOM JK€ ITMCHME BBIPAXKAIINCh CUIILHBIE COMHEHHS OTHOCUTENIFHO EPBOHAYAIEHO
npemtoxkeHHoro JI€oepeiinepoM MexaHu3Ma.

WzBectus o pabote JI€0epetinepa TOILIH 10 AHIIMH Ye€pe3 MUCbMO (paHILy3-
ckoro xumuka k. H. I1. Xame Maiixry @apanero. Jlo konna ceHtsops dapazaeit
MOBTOPHJI DKCIIEPUMEHT M B CBOEH 11a00paTopHOI 3alMCHON KHHIKKE TIPUITHCAT
9TO SIBIICHHE aJICOPOLIMOHHON CIIOCOOHOCTH MENKOJMCIIEPCHON TaTuHbI. B 1O
BpeMs OH HE MOT TIPOJIOJDKUTH MCCIIE0BAHNE, HO Yepe3 JAECTh JIET BEPHYIICS K
3TOMY BOTIPOCY. DKCIIEPUMEHTHI C IUIATHHOMW MPOBOIWIN M JpyTHE aHTTIHICKHUE
XUMUKH.

OxcnepuMeHThl JIE0epeitHepa BeI3BAIM OOIBIION HHTEPEC U MOOYIUIH MHO-
T'MX XMMHKOB B PA3HBIX CTpaHaX MPOBECTH JajJbHEeHIINe uccaeoBaHnusA. JTO Ha-
IO OTpa’KEHUE B pE3IOME COOBITHIH T0/1a, IOATOTOBJICHHOM IIBEICKAM XUMHIKOM
Méucom Sxo6om Bepremnycom. B 1821 romy Bepuenuyc B3sin Ha cebs 3axady
paccMarpuBaTh JOCTHKESHNSA (PU3UIECKON HAyKH B TEUCHUE MTPEIBITYIIETO Toa U
MIPEJICTABUTH UX B CEPUH €KETOIHBIX OTYETOB. DTH OTYETHI TaKKe ObUIN OmyOIu-
KOBaHbI B HEMEIIKOM TiepeBojie, neppoHavdainbHo K. I. I'menunomMm, a 3atem Opu-
puxom Bénepom.

[Ipu Hanucanuu cBoero o63opa B 1835 roay Beprienuyc Bbienua U3 cambix
Pa3HOO00Pa3HBIX SKCIEPUMEHTANBHBIX U TEOPETHIECKUX HCCIIEOBAHUH TO, YTO,
KaK OH MOHSI, OBIIO IPOCTHIM 00MM siBeHureM [2]. OH ma 3ToMy SIBISHUIO Ha-
3BaHUE “‘kamanu3’’, MOTICPKHYB IIPH ITOM, UTO dTO Ha3BaHUE MPU3BAHO BHISIBUTH
KOHKPETHOE SIBIICHHE, a He JaTh eAWHOe OObsCHEeHHe (IeiicTBHE «KaTaauTH4e-
CKOM CHJIBI») JJIsl BCEX CITy4aeB ITOTO SIBJICHHS.

J1€6epeiinep ke 00paTni cBOE OTKPHITHE K MpakTuke. OMHON U3 TaKUX IeJIeh
OblIa 3BAMOMETpHs (aHAIM3 Ta30B). OH CMOT MPOJSMOHCTPHPOBATH IIEHHOCTh
€ro OTKPBITHS B 3BIHMOMETPHU Ha KoH(pepeHnnu B ['amne, u Maiikn ®apaneit pe-
TYJIAPHO HCTIONB30BaN €€ /uid 3Toi nenn. OH Taxke MCIONb30BaN TUIATHHY IS
MTOJTyYEHHs] CEPHON KUCIOTHI KaTAIUTHYECKUM OKHCIIEHHEM TUOKCHIA CEpHI JI0
TpHOKCHAA cepbl, He3aBucumo oT [leperpmna ®duinmca, 3amaTeHTOBABIIETO
nporecc B AHmd B 1831 rojy, HO OH He cTall MacITabupOBaTh MPOIIECC.

A TpakTHYecKoe MpUIIOKEeHHe, CBA3aHHOe ¢ uMeHeM JlE0epeiinepa, KaKk 310
4acTo OBIBAET, COBCEM HE COOTBETCTBYeT MacmTaly ero oTKpbITHs. Kak n Xom-
(hpu JIpBU co cBoeit O6e3omacHoi mammoit, JI€oepeitnep oTka3acs 3amaTeHTOBATh
cBO€ M300peTeHune, OMmyOIMKOBAJI BCe KOHCTPYKIWHU U HE TIPUHSIT TPEATIOKESHHE
OT aHIIMYaHWHA TI0 UMeHH POOMHCOH 32 MOHOTIOJBHEIE MpaBa co ciioBamMu ‘A
mobato nayky bonvute, wem denveu’” [5]. K 1828 romy Tonsko B Aurmu u 'epma-
HUM KcTob3oBaock okoio 20 000 3axuransok DoObereiner, u B KoHIle KOHIIOB,
OHHM TIOTIAJIM B OOJIBIIMHCTBO €Bpomeicknx crpaH. HecMoTps Ha n3oOpeTeHne
Oe3omacHbIX crinuek B 1848 romy ogHuM u3 ero ObIBIINX yueHUKOB, P. K. Bértre-
powm, 3axkurainka Dobereiner Bcé emié ncnosnp3oBanack B Hadase [lepBoit MUPOBOIA
BoiiHbl. Cam JI€0epeiiHep cuuTa, 4To MOXKHO ObUIO “MPHYKPACHTH [3a)KUTasKy |
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JBYMsI aIXUMHUYECKAMH CHMBOJIAMH, & UMEHHO JIbBOM U 3Me€H, W TaK Pacroso-
JKHUTh, UTO 3Mes 3aHUMaeT MECTO KalM/UIAPHON TPYOKH st IIOTOKA BOIOPO/a, a
OTKPBITHIE YETIOCTH JIbBA, CHJISIIETO HAITPOTHUB 3MEH, JepiKar miaruay” [6].

B Hacrositiee BpeMst 001aCTh IPUMEHEHHS OJIarOPOIHBIX METAIOB HACTOIh-
KO IITHPOKA, YTO OUEPTUTH €€ B paMKax OIHON MOHOTpa(uu HE MPEACTABIIETCS
BO3MOKHBIM. Hike MBI paCCMOTPHM HCCIIEIOBAaHMs, KOTOPble Hanbojee TECHO
CBSI3aHBI C BOITPOCAMH, 00CY/KIa€MBIMHU B DTON KHHTE.

OueBHAHO, YTO TIEped TEM, Kak IIMHPOKO WCIIOIB30BaTh BOJOPOA B
KauecTBE TOIUIMBA, HEOOXOAMMO PEIIMTh Pa3IHdYHBIC TPOOJIEMBI, CBA3aHHBIE
¢ 0€e30IacHOCTRIO MTPOM3BOACTBA, TPAHCIIOPTHPOBKHA W XPaHEHHUS BOIOPOIA.
OpHOM U3 OCHOBHBIX TIPOOJIEM SBIISIETCS HEMITATHOE BOCIIAMEHEHHE, TTOCKOIBKY
BOZIOPOJI UMEET Topa3ao Oosiee MIMPOKUE TMPEIesbl BOCIIIAMEHEHH S, YeM 00JIb-
IIIMHCTBO OOBIYHBIX BUAOB TOIIMBA [7]. OMHUM M3 TUITHYHBIX HCTOYHHUKOB BO3-
TOpaHUsI ABJISIETCS HATPeTast TIOBEPXHOCTh. TakuM 00pa3oM, OY€Hb BAKHO HMETh
BO3MOKHOCTB TIPEAOTBpAINATh YCIIOBHS, MPHU KOTOPBIX MOMKET ITPOUCXOIUTH
BOCIIAMEHEHHE, KOT/Ia CMECh BOIOPOI-OKUCIUTETh KOHTAKTHPYET C HArpeToit
MOBEPXHOCThIO. Kak H3BECTHO, CMeCh BOAOPOAA W BO3/yXa, MOCTYIAOIIAs
B KaMmepy CropaHusi, MOKET BOCIUIAMEHHTHCS TPH KOHTAaKTE C HarpeToif
MMOBEPXHOCTHIO, HANPHUMEpP, MEPBHYHOTO BIIYCKHOTO KiamaHa. Bocrutamene-
HHE CMECH BOIOPOI-BO3AYX IPU CXKATHH 3aTPYIAHEHO, M TPeOYyeTCs HEKOTOPOE
JOTIOJTHATENBHOE 3aKWTaHWe, HampuMep, 3amanbHas cBeda [8]. Tlostomy
MMOHSATHO, YTO KOHCTPYKIIUS ABUTaresieil TpedyeT MHHOPMAIH O BO3MOYKHOCTH
BOCIIAMEHEHHSI Ha HATPETOM TTOBEPXHOCTH.

Karamurnyeckoe ropeHre BoAOpOIa MPEACTABISET 3HAYMTENBHBIN HHTEPEC,
MTOCKOJIBKY BOIOPOJ MCIIONB3YETCS B YCTPOMCTBAX, pabOTAIONMX MPHU OTHOCH-
TENTFHO HU3KHMX TEMIIEPATyPax U CITIOCOOHBIX BHIPAOATHIBATE TETUIO IS OBITOBBIX
Hy:x]1 6e3 3ameTHbIX BeIOpocos CO, u NO, [9]. [lns mporecca ropenus Bogoposa
KaTaJnu3aTopbl TODKHBI 00J1a/laTh TEPMOCTA0MIBHOCTIO; OKUCICHHE BOIOPOIa
Ha HUX JOJKHO MPOUCXOANUTH 03 B3phIBA. ITO MOXKET OBITH JOCTUTHYTO C HC-
MOJIb30BaHKEM OaropoAHbIx MeTasuios [10].

Karamurnyeckre peKOMOMHATOPBI IPUMEHSFOTCS B CHCTEMAaX HEHTPaTH3aIliH
BBIXJIOITHBIX Ta30B aBTOMOOWJIEH M TPYy30BBIX aBTOMOOWIJIEH; OHU HCIIONB3YIOT
OKHCJIEHHE TIPOAYKTOB TOPEHHs ISl YMEHBIIEHNS TOKCHYHBIX BBIOPOCOB. J[iist
CTHMYJIMPOBAHMS OKHCJIEHHUS B KAUECTBE KaTaIU3aTOPOB MCIIONB3YIOT O1aropo-
HbIe MeTaiiel, Takue kKak Pt, Rh, Ru u Pd. TTpu atom karanmsarops! Ha ocHoBe Pt
HemocTaTouHo 3 (HEeKTHBHBI T OKUCIIEHUS MeTaHa, BMecTe ¢ TeM Pd karanmsa-
TOp obecneunBaeT Oosiee BHICOKYIO KOHBepcHio meTana [11].

W B HACTOsTIIEE BpeMsT 0COOCHHOCTH KAaTATUTHIECKOTO ACHCTBUS O11aropoIHbEIX
METAJIIOB SABJISAIOTCS MPEAMETOM aKTHBHBIX HAYYHBIX JUCKyCCHi. Biaropomamsie
METAJUTBI TTO-Pa3sHOMY BIIHSIIOT Ha BOCIIAMEHSIEMOCTE CMECEH BOIOPOJT — METaH.
Hampumep, panee OBUTO TOKa3aHO, YTO TEMIIEpPaTypa BOCILIAMEHEHHS CMECH
40% H, - Bo3xyx nan metamnuyeckum Pd (700 °C, 1 arm) na ~ 200 °C meHb1e,
geM Hajg moBepxHocThio Pt (260 °C, 1 atm) [12]. Kpome Toro, Pd Bocmmamens-
et crexuomerpudeckue cmecu (30 + 60% H, + 70+40% CH,) + Bosayx (0 = 1,
k02 PuIEenT u30bITKa TorMBa 0 — 1071 TOMIMBA B CMECH ¢ Bo3myxom: OH,
+ 05 (O, + 3.76 N,)); metannuyeckas Pt He MOKET BOCIUIAMEHSATh 3TH CMECH
10 450 °C, 1. e. Pd 6onee s dextrBen, uem Pt. MBI TakKe IMOKa3ai, 4To SAIEH-
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cTasi CTpyKTypa (pOoHTa IIaMeHu npu Bosropanuu Pd He Habmromaercs B OT-
nuyne ot moBepxHoctu Pt (em. I'maBy I). Takum obpasom, Pd npencrasisercs
Oonee MPHUTOAHBIM JJs pekoMOMHaTopoB Bomopoma B ADC, MOCKOIBKY
KaTaJIMTHYECKHUE YacTHUIIBl B KaUeCTBE IIEHTPOB BOCIUIAMEHEHUS, 00pa30BaHHbIE
Pa3JIOKEHUEM JIETyUero OKCHJIa, He MOTYT IOSIBUTHCSI B Ta30BOM (pa3e B OTIINYNE
ot Pt [13]. DkcnepumenTasbHas BedudrHa dGPEKTHBHOW YHEPIrHU aKTHBAIIUH
KaTaJuTHYECKOrO BOCIIaMeHeH s Hajx Pt coctapmsier ~ 18 kkan/monpb u Oim3ka
K DHEPruM aKTMBalMM cTajauu passersienus H + O, [7]; snayenue eé ans Pd
coctapiseT ~ 3.5 KKaja/MoJb, YTO XapakTEpPHO Ui MOBEPXHOCTHBIX IMpOIIEC-
coB [12]. Takoe 3Ha4eHHe MOApPA3yMEBAET 3aMETHYIO POJIb TEMHOBON pEakIiy
pacxoaoBaHus H2 u Oz, TaKXe Ha3bIBAeMOH «OecIIlaMEHHBIM TOPEHHEM,
KOTOpasi HaOIOIaeTcss Npu HU3KUX naBieHusX [14]. Bo3HHKHOBEHHE TakoOi
peaKIMy CHIXKAET BEPOSTHOCTh CIy4ailHOTO B3phiBa. Bee BhIenepeyrncieHHbIe
padoThI OyIyT MOAPOOHO OMKUCAHBI HUXKE.

B nuteparype onucaH psiji SKCIIepUMEHTABHBIX HCCIIEAOBAHNHN 10 H3Y4YEHHIO
BOCIUTAMEHEHHUS BOIOPO/IA TOpsiIeii MOBEPXHOCTHIO. Busmramc u jap. [15] mpen-
JIOXKUITA MOJIEITh KATAIMTHUYECKOTO TOPEHHsI BOIOPO/Ia IPU BBICOKHX TEMIIepary-
pax. Bapnarit u np. [16] usydann kaTtaqauTHUECKOE TOPEHUE W BOCILIAMEHEHHE
BOJIOPOJIa C MCIIONb30BAHUEM JICTAJbHBIX KHHETHYECKHX MEXaHU3MOB MOBEPX-
HOCTHBIX M ra30(asHeIx nporeccos. Joiumanu u ap. [17] ucenaenosanu Bocruia-
MEHEHHE TOIUIMB Ha Pa3IMYHbIX KATAJIUTHYECKUX Marepuanax. X dncieHHble
pacyeTsl MOKa3ajy, YTO TOT WJIM JPYTOi peareHT MOYTH MOJHOCTHIO IMOKPhIBA-
€T MOBEPXHOCTh KaTaym3aropa nepes 3axuranneM. O4eBUIHO, UTO JeTalbHbIC
MEXaHHU3MbI KaTaIATHYCCKUX PEaKIyid ¢ y4acTHeM ONaropoJHbIX METalIOB Ha
COBPEMEHHOM YPOBHE HAay4YHOTO Pa3BHTHSI HOCSAT YHCTO WIITFOCTPATHUBHBIN Xa-
paxTep, MoATOMY TOIyYEHHBIC aBTOpaMH YUCIICHHBIC Pe3yJbTaThl JHUIIEHBI 00-
JIACTH NMPUMEHEHUs. B cepuu SKCIIepUMEHTOB € 04€Hb TOHKUMH KaTalTUTHYeCKH-
MU TpoBosIokaMu PunHemo u ap. [18] ompenenuinu KpuTHYECKYIO TeMIIEpaTypy
BOCIJIAMEHEHHS BOJIOPOHO-KUCIOPOJHBIX CMeCei B 3aBHCHMOCTH OT COCTaBa
cmecu. Kanunuak u ap. [19] mpoBenu aHamIuTHYECKOE MCCIICNOBAHHUE KaTaid-
THUYECKOTO BOCIUIAMEHEHHSI C HMCIIOIb30BaHUEM YIPOIIEHHONH MOJENN reTepo-
TeHHBIX peakiuii. Pe3ynsraThl epeyrcICHHBIX aBTOPOB MTOMUMO TOTO, YTO HX
KOJIMYECTBEHHBIE pacyeThl HMEIOT TOJILKO YCIOBHOE 3HAYCHUE, 00OHAPYKHBAIOT
OTCYTCTBHE OOIIHOCTH B KOHIICTIIIMU TEMIIEPATYPhl 3a)KUTaHHUS U COOTBETCTBEH-
HO, HEOOXOAMMOCTh Oosiee ITyOOKOTO MOHMMAaHUS MPOOIEMBI, TIOCKOIBKY 0CO-
OEHHOCTH BOCIUIAMEHEHUS BOJIOPOJia Hajl OIarOpOJHBIMUA METaJUIaMH OCTAIOTCS
HEJIOCTATOYHO AKCIIEPUMEHTAIBHO UCCIIECIOBAHHBIMHU.

W3BecTHO, YTO BOMOPOA W ACUTEpUil 00pa3yroT OMHApHBIC MHTEPMETAJUIH-
YeCKUe TUIPUIbI/ ICHTEPHIbI C TTaIaIieM, TaKUM 00pa3oM, TPEIMETOM HCCIIe-
JIOBaHHS B 3TOH padore ObLIM 0COOEHHOCTH BOCIIAMEHEHHUSI Ha TIOBEPXHOCTAX
THJIPUIOB OJaropoHBIX METAIUIOB. B OTIMYHMe OT MHOTHUX W3BECTHBIX METAJUIU-
YECKHMX THAPHUIIOB pelleTKa METAUIMYeCKOTO Maulafus OYeHb Mallo JepOopMu-
pyeTcs MpH BHEIPEHUH BOAOPOJA, U MEXaHHUECKUE CBOMCTBA THJPHIA OYCHb
MOXOXKH Ha CBOWCTBA YUCTOTO MeTasuia. J[o HacTOsIEero BpeMeH! CHCTeMa TH/I-
pu/nelTepu majamaansa akTUBHO ucciaemyercs moutu 150 mer. ITo atoii cucte-
Me OIyOIMKOBaHbI MHOTOUHCIEHHBIE 0030psI [20]. B cepemune mpommioro Bexa
ObLTH 3aUKCHPOBaHbI TepBbie Audpakironnsie kaptutbl -PdH u B-PdD [21].
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HaGmronaercst «oOpaTHbIi H30TOMHBIIH d3hdexT» [22], npu koTopoM Oosiee TshKe-
JIbIE M30TOIIBI BOJIOPOIa IMEIOT 00JIee BBICOKYIO KpUTHIECKYIO TEMITEPATypy pH
MpouYux OAMHAKOBBIX ycnoBusx aiast H/D/T. TlomoOHble «oOpaTHbIE M30TOIHEIE
3 PEKTH» TakKe MOYKHO OOHAPYKUTH TSI CKOPOCTH TU(P(Y3UH U30TOMIOB BOJIO-
pona 4yepes pemetky namuiaaus. [Ipn HU3KUX TeMmreparypax U30TOIbl BOIOPO/Ia
MPOSIBIISIOT «00paTHBIA U30TOIHBIH B PekT (rme Oosee THKebIe H30TOMbI -
GbyHaupyroT ObICTpee, UeM uX 6oJIee JIETKHE aHaJIOTH).

Htak, B COOTBETCTBHHU C BBIIICH3IOKEHHBIM HACTOSIIAS KHHUTA TOCBSIICHA
IKCIIEPUMEHTAIILHBIM HCCIIEIOBAHUSIM TOPEHUsST BOJOPOJA M JIeHTepHs, B TOM
qriciie TIPU HU3KOM JIaBlieHnH Haja Metamamueckumu Rh, Ru, Pd u Pt, ¢ nemnsro
YCTaHOBJICHUS 3aBHCUMOCTEH MPE/IEIOB KATAIUTHYECKOTO BOCIZIAMEHEHHUST HaJl
MOBEPXHOCTSIMH  OJIATOPOJHBIX METAJUIOB OT TEMIIEPAaTyPbl U yCTAHOBJICHUSI
YIPaBISIOMINX (PAKTOPOB BOCIUIAMEHEHUS I'a3a KaTaJIuTHIEeCKON TOBEPXHOCTHIO.
[IpoBeneHO MaKPOKHHETHYECKOE UCCIIEIOBAaHUE XUMHUYECKIUX CBOWCTB JBYX 00-
Jiee JITKUX M30TOMOB Bomopona (MpoTusi U AeTeprst), PACTBOPSHHBIX B POIUH
W TaJUTaJIH, @ IMEHHO UCCIIeOBaHKE BIMSHUS TUAPUIIOB U ISHTEpUI0B Oiaro-
POJHBIX METAJIJIOB Ha TOPEHHE BOAOPOJIA U ICHTEpHS.

B 9T0i#i cBsS3M JIIOOOMBITHO OTMETHTH CYIIECTBOBAHHME JIOCTATOYHO CKaH-
JanbHON MPOOJIEMBI «XOJOMHOTO SACPHOrO CHHTE3a», MocTaBieHHOH B [23].
B crarpe mpeasokeHa BO3MOXKHOCTH ‘‘XOJIOAHOTO CHHTE3a” TPHU KOMHATHOM
TeMIlepaType MpH JIeKTponuse pactsopa siekrponura LiOD/D,0O na masa-
nueBoM karoze. B cratbe [24], onyonukoBanHoi B Nature 30 net crycrs, pe-
3IOMHPYETCSl CyTh Npo0ieMbl. ABTOpHI yTBepxaatoT, uto B 1989 rony Obuio
myOJIMYHO MPOBO3IIAIIEHO Oy/IyIiee MPOU3BOACTBA YACTOW SHEPTUU Ha OCHOBE
«XOJIOMHOTO cUHTe3a». OMHAKO MOCIeNyIOIIue HeYIauH ¢ BOCIPOU3BEICHHEM
s¢dexTa yCHIIUIN HEeAOBEpUE HAYYHOTO COOOIIEeCTBa, U (PAKTHUCCKU MIPUBEIH
K MOJTHOM TIOTepe MHTepeca K MPeiIKeHHOMY ¢1a00 BOCIPOU3BOIMMOMY JKC-
nepuMenTy. ABTOPbI [24], MOTHBHPOBaHHBIC BO3MOYKHOCTBIO TOTO, YTO TAKOE
CYXJIEHUE MOTIIO OBITh MPEKACBPEMEHHBIM, OCYIIECTBIIN MHOTONIPO(QUIBHYIO
MpOrpamMmmy 1o MePEoIeHKE Pe3yIbTaTOB dKCIIEPUMEHTA Ha TIOBBIIIIEHHOM YPOB-
HEe Hay4HO# cTporoctu. B [24] omucaHbl MOMBITKH, KOTOPbIE (0XKHIAaEMO) HE
JIJTA HUKaKUX JIOKa3aTelbCTB Takoro agdexra. Tem He MeHee, TOOOUHBIM MTPO-
JTYKTOM HMICCIIIOBaHMH OBLIO HOBOE MOHMMAaHNE CBOMCTB T'HJIPHJIOB METAJLIOB
Y HU3KOIHEPTeTUYECKUX SIICPHBIX PEaKIIMii, IIPH 3TOM aBTOpPbI [24] yTBepkaa-
0T, YTO B 9TOM HEJOCTATOUYHO U3yUYEHHOM IIPOCTPAHCTBE TAPAMETPOB OCTACTCSI
MHOTO HHTEPECHBIX BO3MOXKHOCTEH.

OnHOl W3 OCHOBHBIX TPOOIEM HSKOHOMHUYECKOTO pPOCTa M COIHMAIBHOTO
pa3BUTHS B HACTOSINEE BpPEMs SIBISCTCS TIOCTOSHHO PACTYIIMH crpoc Ha
srepruto [25]. B uccienoBanun YipaBieHHs dHEPreTHUECKOH HHMOpMAIMn
CIIA mnporHosupyercsi poct mnorpebieHus dHepruu B mupe Ha 28% c 2015
no 2040 rox [26]. Tlpu sTOM, B TO BpeMsi Kak Toi OT Toja HaOIromaeTcs
MOCTOSIHHBIN TIPOrpecc B Pa3BHTHUH BO30OHOBISIEMBIX HCTOYHHKOB OJHEPIHH,
HCIIOJIb30BAHUE UCKOMIAEMBIX HCTOYHUKOB (HE()TH, YIIIsi M IPUPOIHOTO ra3a) mo-
MIPEKHEMY SIBJISACTCS TOMUHHUPYIOIIUM H OCTAETCS HE3aMEHUMBIM B OJTMKaHIIeM
Oymymiem [27]. Cpenu UCKOTIAeMBIX SHEPIETHIECKUX PECYPCOB MPUPOIHBIN a3
MPECTABISIET 0COOBII HHTEPEC 3-3a €ro 0osee BRICOKOTO COEPIKaHMsI YHEPTUH
(55,7 xJIx I, ec OH MOJHOCTHIO OCHOBAH Ha METAHE B KAUECTBE €r0 OCHOBHO-
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ro KOMIOHeHTa), ueM yroib (39,3 kJ[x 1) u Hed1hb (43,6 k[ 11), a TakKe U3-3a
cokpamienus oiopocos CO, (na 50% menbiue yris u Ha 30% menbine HedTH).
W3BecTHO, YTO pa3BelaHHbIC 3amachl MPUPOJHOTO T'a3a BO BCEM MHUPE BEIIMKH,
nocturayB Ha koHenr 2017 rozma oxono 193,5 Tpiu ky6omeTpos [28]. B pesysib-
Tare 3a rmocieanee necsaruierue o 2017 rona Ha TPUPOHBINA Ta3 MPHIIENCs ca-
MbIii OosbIoi mpupoct (24%) B OCHOBHOM MOTPEOJICHUH SHEPTHU, H OH ObLI
MPEJIOKEH B KauecTBe 3aMEHbI HE(DTH M YN B KayecTBe OymyIero Bemylie-
ro UCTOYHHKA dHepruu Ha ommkaitmue 20 met [29]. COOTBETCTBEHHO €5KETOMHO
pacTeT YMCIo HayYHO-HCCIIE0BATEbCKUX U ONTBITHO-KOHCTPYKTOPCKUX PaboT 1o
pacrpeeNieHHIO 3aacoB MPUPOIHOTO ra3a JIjisl ero UCIOIb30BaHUS B Pa3IMYHBIX
OTpacisix, BKIIOYas MPOMBIIUIEHHOCT, JKHJIO€ XO3SHCTBO, JHEPTETHKY,
tpancnopt u Muorue apyrue [30]. [ToMuMo MecTOpoXIeHHUiT PUPOTHOTO rasa,
CHHTETHUYCCKHI MPUPOIHBIA Ta3 Takke MOXET ObITh MOJYyYeH B pe3yJbTare
rasuduxauu yris, metanuposanus CO, u rasudukanuu 6uomaccs [31, 32].
Topenue mpupogHOTO Taza OOBIYHO MPOUCXOTUT MPH TEMIIEpaType BHIIIe
1400 °C u npuBoauT K 00pa3oBaHMIO BPEMHBIX MPoayKToB (Takux kak NO,, CO
¥ THoJMapoMaTHdecKue yrieBoaoposnl). Biusnue NO, Ha 310poBbe yenoseka
(pecrupatopHbie 3a00s1eBanus) xopoio uzsectHo [33]. NO, Takke okasbiBaeT
BpEeIHOE BO3JICHCTBHE HAa OKPYXKAIOIIYIO Cpely, BKIIOYas oOpa3oBaHUE
(bOTOXMMHUYECKOTO cMOra M KUCIOTHbIX noxzaen [34]. Tlo cpaBHeHHIO C
OOBIYHBIM ITAMEHHBIM TOPEHHEM HAJIMYME KaTajlH3aTOpPOB TO3BOJSIET CHU3UTh
pabouyro Temmeparypy (< 1400 °C). B 3aBHCHMOCTH OT IIEJIEBOTO MTPUMEHEHHS
paboyasi Temmeparypa JUlsl KaTaIUTHUYECKOTO COKUTAHHMsS METaHa MOXKET ObITh
JIOTIOJTHUTENILHO pa3/iejieHa Ha OTHOCHTENbHO Oosnee Hu3kuil nuanazon (300-
700 °C) u otHOcuTenbHO OoJee Bbicokwmii (700-1400 °C). HuskotemmeparypHoe
KaTaJIMTHYECKOE COKUTaHHE METaHa CTAHOBHTCSI OOJiee MPHUBJICKATENLHBIM U3-32
3HAUUTEIHHOTO CHU)KEHHS BHIOPOCOB 3arpsi3HSIONIMX BEHICCTB M JUIUTEIHLHOTO
CpoKa CITy’ObI Karanuzaropa. Kpome TOro, MHOropa3oBoCTh UCIOIB30BAHUS H
BOCIIPOM3BOIUMOCTD KaTaTUTHIECKUX dP(HEKTOB, 0COOSHHO JJIsT KaTaau3aTOpOB
Ha OCHOBE OJIATOPOIHBIX METAJJIOB, COKPAIIAIOTCS MPH BHICOKUX TeMIeparypax.
B 21011 065macT pa3padoTka KaTaan3aTopoB C BEICOKOM KaTaTUTHIECKOW aKTHUBHO-
CTBIO, HU3KOW TeMITepaTypor 3aKUTaHHUs U MPUEMIIEMO TepPMOCTaONIHLHOCTHIO
ABJISIETCSI CIIOKHOW TpoOieMoil. bosbioe KoIMuecTBO HCCIENOBaHHWNA ObLIO
MOCBAIIIEHO pa3paboTke Karamuzaropa [35, 36] W KOHCTpYKIMH peakTopa
[37-39] mmst KaTamUTHYECKOTO CXKWTaHWs MeTaHa. Karamm3aropsl Ha OCHOBE
6maropoaueix Metautos (Hanpumep, Pt, Pd u Rh) 6sim mmpoxo uccimemoBans
Oraromaps IX BEICOKOH KaTaTMTUIE CKOM aKTUBHOCTH. B OOJIBITHHCTBE M3BECTHRIX
WCCIIEIOBAHUI KaTaJIUTHYECKOTO OKHCJICHHUS HCIONB3YIOT HAHECEHHBbIE Ha
Hocutenb Pt u Pd [40-45], rme HOocuTeneM sIBISIETCs ITaBHBIM 00pa3oM Oojiee
JOCTYIHBIA OKCHJ MeTa/lula, Takhe Kak OKCHI amroMunusi [46—49], oxcun
miepust [50, 51] u muokcun kpemuus [52] v MeTamiel, Takue Kak HAKeTb [53],
u tmpkonuii [54, 55]. Xots Takue KOHHUTypaluu SBISIOTCS pPEICBAHTHBIMU
JUIS. IPAKTHYECKOTO MPHMEHEHHs, OCTAIOTCS HEIOCTATOYHO HCCIIENOBAHHBIMU
KaK poJib, KOTOPYIO WIpaceT HOCHTEIb, TaK W JIOCTOBEPHOCTh KWHETHYECKHX
MEXaHH3MOB,  OOBSCHSIONIMX  B3aUMOJEHCTBHE MEXAy  OJaropoIHbIMH
MeTaJUlaMHi, HOCHTEJEeM W Tra3o00pasHbiMEH peareHTamu. CooOIlmaeTcs JHIIb
0 HECKONBbKUX paboTax sl YHCTBIX OJaropoIHBIX METalioB 0e3 HOCHTEes,
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pearupymonmx ¢ OrpaHMYCHHBIM HANa30HOM YIJIEBOJAOPOAHBIX TOILUTUB [56].
Hacrosimias kaura Taxke mocBAIeHa dToi npobieme.

B 5TO0#l cBA3M CTOUT YNOMSIHYTh O INHPOKO PEKIAMUPYEMOW BO3MOXK-
HOCTH TIepexoja K «3eJIeHON» 3HEepreThke, 4TO IMpPeArojiaraeT OTKa3 OT
OOBIYHBIX YTJIEBOJOPOAHBIX TOIUIUB. DTO CBOAUTCS K TOMY, YTO BBIOPOCHI
B pe3yJbTare AESTEIbHOCTH YeJOBEKa M JKUBOTHBIX 3arpsA3HSAIOT IPHUPOILY
W JOJKHBI OBITh MUHUMHU3UPOBaHB. OCHOBHBIM apryMeHTOM MPOTHUB 3TO-
ro AKOOBI TOJIE3HOTO Tepexoaa SBISETCS TOT (PAKT, 4TO YEIOBEYECTBO HE
o0iamaeT A0CTaTOYHO MOIIHBIMH MCTOYHHKAMH dHepruu (Kpome siaepHO-
ro OPYXHsI, KOTOpoe, HajeeMcsl, He OyaeT MCIOIb30BAHO HU IS KaKUX Iie-
JIeit) IS BO3MEWCTBUS Ha KauMaT. Takue KaMITaHHU OOBIYHO POYKIAIOTCSA B
oducax KOPPyMIHPOBAHHBIX YHHOBHUKOB M CBSI3aHBI C OTMBIBAHUEM JICHET
10 TaKUM NpOEKTaM. XOpOolled MIIIOCTpalueil 3TOro sBISETCS KaMIaHUs
[0 3aIMpemeHnI0 XJIOpcoAepKamux (PeoHOB, KOTOPBIE SAKOOBI pa3pymIaroT
030HOBBIN CJIOH, 3aBepLIMBLIAsACS MOANUCAHUEM MOHpEaabCKOro MpOTOKO-
na. Jlns o6ocHoBanusg Poynana u Monnnaa onyOnnkoBany HeyOeIUTEeTbHbBIE
KUHETHYECKHE CXEMBI M JUISI TOTO, YTOOBI pa3BesATh BCE COMHEHHUS, 3aWH-
TepeCcOBaHHBIE MPOMBIIUICHHBIE TPYNNbEI Janu UM HobereBcKkyio mpemuio.
OxHako, HECMOTpPSI Ha 3ampeT, 030HOBAas JbIpa HajJ AHTApKTHUIO0#, oOHa-
pyxeHHas B 1985 romy, ocraeTcs HbIHE MOYTH TaKOW ke OOJBIIOHW, KaK W
npu noanucanuu MoHpeanbckoro nporokosa B 1987 rogy. M3nunrae orme-
THTH, YTO B AHTAPKTHKE OTCYTCTBYIOT KPYITHBIE TTPOMBINIJIEHHBIE 3aBOBI U
B 0COOEHHOCTH XOJIOAWJIbHBIE YCTaHOBKH. OJHAKO MPOU3BOJCTBO LINPOKO
HCTIOJIB3YEMBIX XJIOP3aMEIIeHHBIX TATOHOB, TAKUX KaK MepPCIeKTUBHBINA HH-
TUOUTOpP TOPEHUS U XJaJ0areHT JU(OTOPANXIOpPMETaH, OBLIO OCTAHOBIEHO,
Y 10 CYIIECTBY IPOM3OIIIA 3aMeHa OJJHOTO TTOKOJIEHUsI (PEOHOB Ha APYroe
B MHTEpEcax OINpeaeNeHHbIX aMEepUKaHCKUX Ou3Hec-Tpymi. JleficTBUTENb-
HO, U1 TIOTpeOuTeNneil To MpUBEIO K 3HAYUTEIBHOMY POCTY CTOMMOCTH
000pyI0BaHMS M IICH HA MOHTaXXHO-CEPBUCHBIC paboThl [57].

AHaJIOrHYHBIM 00Pa30M MPOUCXOUT HABSI3BIBAHNE BOJOPOAHOMN SHEPTETHKH,
1 TOT (paKT, 4TO OOBIYHBIE BU/IBI TOIUIMBA — 3TO UCKOIIAEMBbIE BHJIBI YK€ TOTOBO-
r'O TOIJINBA, @ BOAOPO — ATO MPOAYKT, KOTOPBIA TpeOyeT 3HAYUTEIHHBIX 3aTpaT
Ha ero mojyueHue, He yuutbiBaetcs [58]. CornacHo [35], mecstunetHuii poct
CpemHell TemmepaTypbl TOBEPXHOCTH 3eMJIH, KOTODBI CBSI3aH C aHTPOIOTEH-
HBIMU BBIOPOCAMH MAPHUKOBBIX ra3oB, B TepByro odepens CO,, B armochepy,
CTUMYIUPYET MHTEepec K 0oJjiee MIMPOKOMY HCIOIB30BAHUIO «OE3yTIepOTHBIX»
WCTOYHUKOB SHEPTHH, B YaCTHOCTH, Bopopona. OJHAKO BOAOPON HE SBISETCS
MEPBUYHBIM HMCTOYHUKOM JHEPTHH, a JIMIIb YHEPTOHOCUTENIEM, a Tepexo]] Ha
«BOJIOPOJIHYIO SHEPTETHKY» CBA3aH HE TOJBKO C BHICOKHMHU KalHUTaJIbHBIMH U
9KCIUTYaTallMOHHBIMH 3aTpaTaMH Ha €Tr0 TPOM3BOJCTBO, HO M CO 3HAYNUTENIBbHBIM
JIOTIOJTHUTENFHBIM TIOTPEOJICHUEM HMCKOMIAeMbIX PEeCypCOB U, COOTBETCTBEHHO,
nononHuTeNnbHbIME BeiOpocamu CO, B armocepy. [osTomy m106anbHbIe MO3H-
THUBHBIE DKOJIOTHYECKHE U SKOHOMUYECKHE MTOCIEACTBHS TAKOTO NIEPEX0/ia, MATKO
TOBOpSI, HEOUEBUTHBI.

JlanHas KHUTA MTOCBAIICHA CHIDKEHHIO TEMIIEPATyphl TOPEHHUS YIIIEBOIOPOIOB
HE TOJBKO KaTrajau3aTropaMu Ha OCHOBE OJIarOpPOJIHBIX METAJUIOB, HO H JI00aBKa-
MU Bozopoaa. Ilpu 3Tom 3arparuBaroTCsi BOPOCH XMMHYECKAX MEXaHN3MOB U
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Tra3ogMHaAMHNYE€CKUX q)aKTOpOB OKHCJICHHUS TOIINIMB Ha KaTajJu3aropax, I'paHHUIl
obmacreii kKaraauTudeckoro Bocmuiamerenus s Pt, Pd, Ru u Rh, BoisBienus
HauOosee 3 GEeKTUBHOTO KaTaIn3aTopa AJis MPUMEHEHUS B PEKOMOMHATOPAX BO-
JI0pO/ia, MPUMEHUMOCTH OJIAarOPOJHBIX METAJIOB JIJIsl CHHTE3a HaHOTPYyOOK. B
KHHUI'C TAaKXC O6CY)K)Z[3IOTC$[ PEXUMBI ITIPOCTPAHCTBEHHOI'O PAa3BUTHA BOCILIaME-
HCHUA TI'a3a Hal KaTaJATHYECKON IMMOBEPXHOCTBIO WU BO3MOXHOCTHL CHHTE3a Ha-
HOTPYOOK Ha MOBEPXHOCTH KaTaJM3aTropa, CBSI3aHHbBIC ¢ STHMU PSKUMAMU IPH
HCIOJIb30BAHUN BOJOPO/I-YIIIEBOIOPOIHBIX FA30BBIX CMECEH.

OctanoBuMcs 6osee MoapoOHO HAa HEKOTOPHIX U3 MEPEUNCIIEHHBIX BBIIIE BO-
IIPOCOB.

Crnenyer OTMETHTb, YTO MOJAABJISIOIICe OONBIIMHCTBO Ta30(a3HbIX PeaKIui
TOPCHUSA HUMECT pa3BeTBHéHHO LCITHYTO HpI/IpOIIy; SIBJICHHS BOCIIAMCHCHUS U
TOPEHHUS ONPENENAIOTCS (PyHIaMEHTAIbHBIMI XUMHUYECKIMH 3aKOHaMH. B pas-
BETBIICHHO IIEITHOM peakinu 00pa3yroTCsl aKTHBHBIC YACTUIIBI, @ HIMEHHO CBOOOI-
HBIC paiuKaJibl, YUCJIO KOTOPBIX 6LICTpO pacTeT 3a CUéT Pa3BETBJICHUA B 3BEHBAX
ey (3BEHO IETH — IIUKIT PEAKIHii, B KOTOPOM YHCIIO CBOOOIHBIX BAJICHTHOCTEH
yBeanuunBaeTcs). 1103ToMy TOCTaTOYHO MOJYYUTH OTMH CBOOOTHBIN pavKai
(Hampumep, TEPMHUUECKH), YTOOBI PAIMKAIBI PA3MHOKAIINCH, U 3TO MPUBOIUT K
OBICTPOI peakIuy LEMHOrO ropeHust. BoiieneHue Tera yCKopseT pa3BeTBICHHE
neneit u, Hao0OPOT, 3Ta 0OpaTHAs CBsI3b MIPAET 3aMETHYIO POJIb JaKe B HEIO-
CPEICTBEHHOM OIIM30CTH OT MpeesoB ropenus [59].

B ciyyae Takoro IemMHOIr0 BOCIIAMEHEHUS €CTh JIBE BO3MO)KHOCTH:

(1) cxopocCTh pa3BEeTBIECHNUS MPEBBIIIAET CKOPOCTH THOEITN aKTUBHBIX YaCTHII,
YTO MPUBOJUT K OYEHB OBICTPOMY Pa3BUTHIO PEAKIIMOHHBIX IETeH;

(2) cxopocTh THOENM AKTHBHBIX YACTHIl OOJBIIE, YeM CKOPOCTH pa3BETBIIC-
HUA, TaK 4YTO LEIU HE MOT'YT pa3BUBATHCA U PCAKIUA JaXKE HE MOXKET UMETh MC-
cra (ecnu, Kak 0OBIYHO, CKOPOCTH 00pa30BaHMsI CBOOOIHBIX PAIUKAIOB JOBOJIb-
Ho Hu3Kas). Hanpumep, mapsr pocdopa MOTYT 0CTaBaThCsl HIKE TIPEIesia BOC-
INTAaMEHCHUSA B TCUCHHUC HECKOJIBKUX I[Heﬁ 1 HaXOQUTBHCA B KOHTAKTE C KUCJIIOPO-
JIoM 0e3 MPOSIBIICHHUS AaXKe CeI0B peakiuu. [lepexo U3 MOIHOCThI0 HHEPTHOTO
COCTOSIHUSI B OYPHYIO peakiiuio (B3pbIB) MOXKET OBITh JIETKO BbI3BaH, HAIPHMED,
yBEJIMYEHHEM JaBJICHHs KUCIOPOJa WK pa3MepoB peakropa u T. a. [60]. Ana-
JIOTMYHBIE TIpE/IENbHBIE SIBJIEHUS HaOIonanucy XuHIensByaomM [61] B ciayuae
JIaBJICHHH, KOTOPBIE MPEBBIMIAIOT ONPEACICHHbIH «BTOPOil Tpeaen» (Hampumep,
B CJIydae peakiiui 00pa3oBaHus BOIBI U3 KHCIOpOaa M Boxopoaa). Bropoii mpe-
Jie OOBSICHSIICS Ha OCHOBE WIeH, BRIABUHYTHIX CeMEHOBBIM U XHUHIIEIHBYIOM
OTHOCHUTEIHHO KOHKYPEHITUH TpoIiecca 00phIBa Mernei B 00béMe B CiTydae TpH-
MOJICKYJIAPHBIX CTOIKHOBEHHH U mponeccca pa3BEeTBICHUA HeHeﬁ.

OO6paruM BHUMaHHE YHUTATENST HA TO, YTO, BO-TIEPBBIX, CBOOOIHBIC paauKa-
JIbI ABJIAFOTCA XUMHWYCECKU BBICOKOAKTUBHBIMHU YaCTHLAMH U IMO3TOMY Iopasao
JIErde pearupyroT ¢ MOJICKYIaMH, Ye€M MOJICKYJbl PearupyrT APYr ¢ APYroM.
BO'BTOpLIX, CBO60,ZIH3$I BAJICHTHOCTb HE MOXCT MCUEC3HYTH B XOAC pC€aKIIuu ME-
KTy CBOOOTHBIM PaIUKAIOM U MOJICKYJIOH, YTO 03HAYAET, UTO 110 MEHBIIIEH Mepe
OITMH TIPOIYKT PEAKITHH SBIISCTCS CBOOOIHBIM PaUKAIIOM. JTOT pajuKail CHOBA
pearupyet ¢ Omxaimeii MOJIEKyJIoH, Tak 4yTo oOpa3yeTcsi APYroil CBOOOTHBIN
pamukai, ¥, TaKUM 00pa3oM, MOXKET MPOUCXOIUTH JTMHHAS IIeTThb W3MEHEHUH.
ITosTOMY BO3MOXKHBI TpH CIIydast:
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(a) B xome peakiuu MeXIy PaafuKaloM M MOJEKYIIOH MOXET 00pa3oBaThCs
MOHOpPAJIUKAJ, YTO TIPUBOANT K OOpPa30OBaHHWIO HEPA3BETBIECHHOH Iemu (Touka
yKa3bIBaeT Ha CBOOOIHYIO BaJEHTHOCTH), HAITPUMED,

.CHs + CH;CHO — CH,+.CH;CO
.CH5CO —.CH; + CO

(6) Eciin ocHOBHasI 11eT1h PEAKIIUH SIBJSIETCS] HEPA3BETBICHHOM, HO €CIIN U3-3a
MOHOMOJIEKYJISIPHOTO pacnajia MPOAyKTOB PEAKIIUK MOTYT 00pa30BBIBATHCS CBO-
OOIHBIC paJNKAIBI U, CIICAOBATEIHHO, HOBBIC IIETTH, TO OOBITHO TOBOPST O BHIPO-
JKJICHHOM pa3BETBIIEHWH. B KauecTBe mpuMepa MOXKHO paccMOTpPETh 00pa3oBa-
HHE aJKUITHIPOIIEPOKCHIOB:

R+ 0, >.RO,
RO, + RH - ROOH+.R
ROOH —.RO+.0H

(8) Bo Bpemsi peakiinu BMECTO OHOM CBOOOJHOM BaJCHTHOCTH 00pa3yroTcs
TPH; KaXK/Ibli U3 HUX HAYMHACT HOBYIO 1IeTlb. Pe3y/IbTaToM SBIISICTCSI BOSHUKHOBE-
HHE (JOBOJILHO YIPOIICHHO#) pa3BEeTBICHHOMW 1IEMHOM peakimu [62]:

.OH + H, - H,0 +H (ky); .H+ 0, >.0H+.0. (ky);
.0.+H, - OH + H (k3); H +crenka = H; (ks4) 0OpbIB LieTIH;
.H+ 0,+M - HO, + M (ks); HO, + H, = H,0,+. H (ke),

Peaxtunm (1)-(3) cOOTBETCTBYIOT OPYTTO-IIPOIIECCY:
.H + 0,+3H, - 2H,0 + 3. H.

OOparTyM BHHUMaHHUE, YTO CUCTEMAa BOJOPOJ — KUCIOPOJ SIBJISCTCS IPUBJICKa-
TEJIbHBIM 00BEKTOM HMCCJICIOBAHMUS, IOTOMY YTO €€ JETaJbHbIH MEXaHU3M PeaK-
UK TOCTaTOYHO XOPOIINO W3y4deH (B OTIIMYME, HAPUMEP, OT OKHUCIIEHHs yIie-
BOJIOPOJIOB), M TIOTOMY YTO OHA SIBJISIETCS MPOCTEHIINM PeaTbHBIM TPOIECCOM
TOPEHUs, TIEPCICKTUBHBIM JIJISl IIPOMBIIIIJICHHOTO UCIIOIb30BaHNS.

B peakmm (5) M npezcraBinseT coboit mo0yr0 4acTHIly, KOTOpas OTBOIUT
M30BITOYHYIO SHEPTHIO OT OTHOCHTENLHO ManoakTueHoro HO, panukana, peak-
LMK KOTOPOrO MPHU HU3KUX TEMIEpaTypax M JABJICHUSAX MPUBOASIT B OCHOBHOM
K OOpBIBY peakUMOHHBIX Hened. B atux ycnosusax pons HO,, noctynaroommx B
peaxuuto (6), nepenuxka. [Ipu 0ObIHBIX TemnepaTypax ropenus H,, mpesbiiaro-
mmx 1000 K, ckopocTs pa3BeTBiIeHHS TIeTel, peann3yeMbix B peakimsx (1) — (3),
MPEBBINIAET CKOPOCTh peakiuu (5) u TeM 6ojiee MPEBBIIIAeT CKOPOCTH TPUMOJIIE-
KYJISIPHOTO OOpBIBA IICTIH.
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W3-3a pa3BeTBIEHHO-ICITHON MPUPO/IbI OKucieHust H, passuBatoreecst rope-
HUE MOYKET IPOUCXOANUTH B Pa3HBIX KWHETHUECKHUX PEKUMaX C Pa3InIHBIMHU KPH-
TUYECKUMHU YCIOBUSIMU. Pa3BeTBICHHBINA XapaKTep Mpolecca TaKKe OnpeesieT
€r0 YyBCTBUTEIHFHOCTH K MAJIBIM IIPUMECSM BEIIECTB, PEATUPYIOIINX C aKTHBHBI-
MU TTPOMEKYTOYHBIMH YaCTUIIAMH C 00pa30BaHUEM MPOYKTOB, KOTOPBIE HE CIIO-
COOHBI Y4acTBOBaTh B Pa3BUTHH LIENEH M, TAKUM 00pa3oM, IPUBOIAT K OOPBIBY
LIeTel U K MOAaBICHUIO0 TOPEHHUS.

OnHOi 13 0COOEHHOCTEW OKUCIIEHHUS BOJOPOAA ABISETCS HATMYNE TPEX KPH-
THYECKHX JIaBJICHUI BOCIIIAMEHEHHs (TaK Ha3bIBACMBIX MPEIEIOB BOCIIAMEHE-
HHST), 00pa3yroIIuX 00IacTh caMOBOCIUIaMEeHeHUs B KoopauHarax P — T. [lennas
MPUPOJIAa HIDKHUX IBYX TPEICIIOB B IEJIOM ycTaHoBleHa (peakuuu 4 u 5 coor-
BETCTBEHHO). XapaKkTep TPEThEro Mpejiesia, OXBaThIBAIOIIETo AaBieHus Boiiie 0.4
aTM ¥ YBEJIMYHUBAIOMIETOCS C MOHIDKEHHEM HaYalbHOW TEMIIEpaTypbl, BCE eIlle
oOcyxmaercs. M3 peakimOHHOM CXeMbI BUIHO, YTO CKOPOCTH PEAKIIMHA pa3BeT-
BiieHHs U pa3ButHs 1enei (1) — (3) mpornopiroHanbHbI IEPBOit CTEMEHH KOHIICH-
TpaIMK UCXOIHBIX peareHToB. bpicTpas peakus (5) mpomopiroHanbHa KBajapa-
Ty UX KOHIEHTpanuu. [loaToMy mpu 3TUX Temreparypax BBIIIE ONPEIEICHHOTO
JIaBJIEHHsI CKOPOCTh TPUMOJEKYJIsSIpHOH peakinu (5) mpeobiamaer HalI pa3BeT-
BJICHWEM, W BOCIJIAMEHEHHE HEBO3MOXKHO. DTO BTOPOH Mpeesl caMOoBOCIIaMe-
Henwust. Berme 850 °K BTOpO#i 11 TpeTHii mpeenbl He HAOIMI0AaloTCsl, TIOCKOIBKY
peakiust (6) urpaet 3HAUYUTENBHYIO POJib, PETCHEPUPYST aTOMAPHBIA BOIOPOI U
TEM CaMbIM YMEHbINasi CKOPOCTh OOPBIBA, BBI3BAHHYIO TPUMOJIEKYIISIPHON peax-
ueit (5).

PaccmoTrpum ynpormmeHHbIN TpuMep.

Kak MbI oT™Meuanu, nenHble peakiny IPOUCXOAAT Yepe3 00pa3oBaHre aKTHB-
HBIX 9acTUIl. Bo Bpems peaknny KOJTMYECTBO STHUX YaCTUI] MOXKET yBEINUUBATh-
csi. Bo-miepBbIX, aKTHBHBIE YaCTHIIBI MOTYT 00pa30BaThCsl B PE3YNIbTATE TETIOBO-
TO IBUKEHUS HE3aBUCUMO OT LIEMTHON peaKlny, MOCKOIbKY MOJIEKYJIbI PEareHTOB
MOTYT TUCCOLMUPOBATD IIPH CTOIKHOBEHHUHU JPYT C APYTOM; CKOPOCTH JJISl ATOTO
MpoIecca MOXKET OBITh IOCTATOYHO BBICOKOM TOJBKO ISl TOBBIIIEHHBIX TEMIIE-
paryp. Bo-BTophIX, MOXKET TIPOMCXOANUTE PAa3BETBIEHHUE IIETIH, TO €CTh JIEMEH-
TapHBIMA MPOLECC, BKIIOYAIOIIMI OJIMH aKTUBHBIA aTOM WM PaJMKall, KOTOPBIHA
naeT nBa aroma (MM CBOOOMHBIC pauKaibl). BeTBieHne Beeria SHepreTuIecKu
BbIrofiHo. Hanpumep, peakuuss H + H, — 3H BO3MOXKHA C TOUKH 3PEHMS Mare-
puanbHOTO Gananca. OgHAKO, ¢ TOUYKH 3PEHHS SHEPTeTUKH 3Ta PEaKIisl HEBO3-
MOXHa, a peakuust H + 3H, + 0, — 3H + 2H,0, ¢ 1pyroil CTOpOHbI, BO3MOKHA.
CxopocTh 00pa30BaHMs aKTUBHBIX YaCTHUI] IPOTIOPIIMOHAIBHA UX KOHIIEHTPAIIH.
Hanwume uctounnKka akTUBHBIX YaCTHIl KpaliHE BaYKHO U OTIPEJIENsIeT OCHOBHBIE
0COOCHHOCTH LIEMTHOW KWHETHKH. [10osiBIIeHNe aKTHBHBIX YaCTHI] MOKET WHUIIH-
pOBaTh pa3BEeTBICHHE, KOTOPOE SBISIETCS 00pa30BaHWEM MHOKECTBA aKTHBHBIX
YaCTHIl, €CIIU 3TO BO3MOXKHO TepMonuHamuuecku. Kpome Toro, Bcerma cymie-
CTBYIOT TIPOIIECCHI, KOTOPBIE TMPUBOIAAT K I'H0enn akTUBHBIX yacTull. CKopocTh
yAaJIeHUs] aKTUBHBIX [IEHTPOB M3 PEAKIIMH TIPY CTOJIKHOBEHUSX CO CTA0OMIBHBIMU
MoJeKynamMu win npu auddy3un K cTeHKaM cocyia Takke MPOIopIUOHAIbLHA
KOHIIEHTPAIlMM aKTHBHBIX HEHTPOB. Korma ckopocTs pa3BeTBICHHS IENH CTa-
HOBUTCS OOJIbIIIE CKOPOCTH OOpBIBA 1€, BOSHUKAIOT YCIIOBHUS B3pbIBA; KOTJa
YCIIOBHS HE CYIIECTBYIOT, B3pbIB HEBO3MOXKEH. 110 CymiecTBy, Ta e KOHIETITHS
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OTHOCHTCSI ¥ K TEIIOBOMY B3pbIBY (MJIM TEIUIOBOMY BOCIUIamMeHeHu:o). Korma
CKOPOCTH BBIJICIICHNS TETNIOBOM 3HEPTUN OOJBIIE, YeM CKOPOCTH MOTEPh dHEp-
TUH, PEau3yeTCs YCIOBUE B3PhIBA.

OpHaKo 3TO HE OTHOCHUTCS K XUMHUYECKOMY KaTaju3y OlaropoJHBIMU MeTa-
namu. IloBrplieHne TemmepaTypsl, HampuMep, KaTaJUTHYECKOW IPOBOJIOKHA B
BOIOPOCOACPIKAIICH TOPIOYEH CMECH B MEPBYIO OUYepeah MPUBOANUT K 00pazoBa-
HUIO Ha MIPOBOJIOKE TEPBUYHBIX AKTUBHBIX LIEHTPOB, HHUITUUPYIOIINX TOPEHNE,
KOTOpPOE€ 3aTeM pachpoCTpaHsieTcs B 00beM. Psii sKCiepuMEHTaNbHBIX CBHJIE-
TENBCTB B MOJIB3Y ITOTO YTBEPKACHUS IPUBOIUTCS HIDKE B 3TOW KHHUTE.

Jnst Harreil ynporéHHOH MOJenn ypaBHEHHE Uil BPEMEHHOTO M3MEHEHHS

KOHIIEHTPAIIMH aKTUBHBIX IIEHTPOB MOXET OBITh 3alIMCAaHO B BUJIE

%z wo + f[H] — g[H], tie W, — oueHb Manas CKOpPOCTb BO3HHKHOBEHHS
aKTHBHBIX LIEHTPOB M3 MOJIEKY/IsApHbIX peareHToB, f=k[O,] u g=k, nua
rereporennoro obpeiBa nenu uiu K[O,][M] ans romorennoro obpeiBa memu

Ha BTOpOM mpefene BocmaaMmenenus [7, 60]. O6osuauas f-g=¢, MbI momyunm
%= Wy + @[H]. V3MeHeHne BHENIHUX YCIOBHU (TeMreparypa, IaBieHHE)
BbI3BIBACT U3MCHCHUSA KaK f, TaK 4 (. HOCKOHBKy JJIsL FI/I6CHI/I aroMa aKTUBHOTO
Bomopoaa H He TpeGyercst sHEpruy akTHBAIMH, KOHCTAHTA, XapaKTepU3yoIast
06pa30BaHHe HOBBIX aKTUBHBIX HEHTPOB IIPH Pa3BETBJIICHUU 1LICTIH, O6I>I‘-IHO UMECT
0oJiee CHIIBHYIO TEMIIEPATYPHYIO 3aBHCHMOCTH, Y€M CKOPOCTh OOpbIBa IETH.
Takum 00pa3oM, pasHOCTh f — g U3MEHSIETCs 0 Mepe MOBBIIICHHS TEMIIEPATYPHI.
ITpu HU3KHUX TemmepaTypax 3Ta pa3HOCTb OTPULIATENbHAS, a IIPU BBICOKUX — I10-
JOKUTENbHas. TakuM 00pa3oM, B 3aBUCUMOCTH OT 3Haka f — g B perieHus
pesko m3Mensiercst. Temreparypa, Ipu KOTOPO# ¢ PaBHO HYJIO — KPUTHYCCKASI
TEMIIEpaTypa, HUKEe KOTOPOil BOCIIAMEHEHHE HEBO3MOXKHO. ITH Ka4eCTBEHHBIC
COO0OpakeHUsI OOBSICHSIOT HAJIWYUEe 00JTaCTH BOCIUIAMEHEHHMS TOproveii cMecH
npu q)HKCHpOBaHHOM HavaJIbHOM J[JaBJICHWH, KOIJa Ha4dajibHasdg TEMIIEparypa
MPOXOIHT Yepe3 KPUTHUCCKOE 3HAYCHHE, COOTBETCTBYoIIee O=0.

Kak 0b110 yKa3aHO BIIIIE, TIPUPOJIa TPETHETO Mpe/ieia CaMOBOCIIIIAMEHEHHSI
cmeceir H, + O, obcyxknaerca 1o HacTosmero Bpemenu. Hwke Bbiaene-
Hbl HCKOTOPLIC AKTyaJIbHBIC BOIPOCHBI W MPCACTABIICHBI PE3YyJIbTaTbl, KOTO-
pBle MOKa3BIBAIOT, YTO 0COOEHHOCTH BOCIIaMeHeHus H, B Bo3ayxe B obmacTu
TPEThEro Mpefena BOCIUIAMEHEHHs P, 3aBHCAT He TONBKO OT COCTaBa CMECH,
HO W OT MarepHajia MOBEPXHOCTH PEaKTopa M OT KOJIMYECTBA XUMHYECKH
AKTUBHOW J00aBKH. YCTaHOBICHO, YTO MPOILECC BOCIUIAMEHEHHs cMeceil mpu
aTMOC(bCpHOM AaBJICHUN HAYUHACTCA C BOSHMKHOBCHUS IMICPBUYHOIO IIEHTPA Ha
Hanbosee XMMUYECKH aKTUBHOM y4YacTKe IMOBEPXHOCTH, KOTOPBIH MHUIIMHUPYET
pacmpocTpaHeHue IiaMeHd. JIpyrumMu ClioBaMH, MPUPOJAa TPETHETO TMpeesna
BOCIUTAMEHCHUsI OTPEACIACTCST PSIOM (PaKTOPOB, BKIFOUAS KAaTaTMTHYCCKUE
CBOWCTBA M COCTOSIHME MOBEPXHOCTEH, KaK PEaKTopa, Tak U JPYrHX OObEKTOB B
peaktope.

I/I3BCCTHO, YTO HJaHHBIC O MPOCTPAHCTBEHHOM PA3BUTHU CaAMOIIPOU3BOJILHO-
r0 BOCIUTAMEHEHHsI TOPIOYMX Ta30B MPH KOHTAKTE C HATPETOU MOBEPXHOCTHIO
npeaACTaBIAIOT HpaKTI/I‘{eCKI/Iﬁ u HaquBIﬁ HUHTCPEC B CBA3U C HCIIOJIB30BAHUEM
BOAOpOAAa B KaUCCTBE TOIJIMBA B ABUIATCIIAX U JPYIUX CUJIOBBIX YCTpOﬁCTBaX.
9KCHCpI/IMeHTaHBHBIC HCCJIICA0BAaHNUS BOCIUIAaMCHCHH A ITPOBOJAT, KaK IIpaBUJIo, B
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CTaTUYECKUX YCJIOBHSX, KOTJIa UCCIEAYEMYIO0 CMeCh OBICTPO HAIyCKalOT B Ha-
IpeThId BaKyyMUPOBaHHBIN peakTop. CanuTaeTcs, 4To BOCINIaMEHEHHE BOIOPOJIa
npu HU3KKUX gapieHusx (< 10 Topp) B HarpeToM peakTope BOIU3HM HHKHETO Tpe-
JieJ1a IaBJICHUs TIPOMCXOAUT OJJHOPOIHO 110 00beMy peaktopa [60].

B [63] nokasano, uto onxHoponHoe BocmiameHenue cMecu 2H, + O, moxker
HaOmonarbess Tobko mpu masieHusx < 10 Topp (mpu naBneHusx Hmwxe 10
Topp ombiThl He mpoBomuiH). [Ipy yBETHMYSHUH CYMMapHOTO JaBICHHS ra3o-
BOI CMeCH B yCJIOBHSX OBICTPOTO HAIyCKa ra3a BpeMs MpOrpeBa yMEHbIIAeTcs,
TaK Kak CKOPOCTh IOTOKa ras3a JO/DKHA ObITh YBEIHYCHA IS IMOTYyYCHHUS
OOnbIIIeTO JMaBieHUsT B peakrope. K MOMEHTY 3aBepIICHHs] Halycka ra3a B
peaktope oOpasyeTcs cpeia, B KOTOPOW pa3iM4HbIE YacTH Ta30BOW CMeCH
MUMEIOT pa3InuHyI0 HCTOpUIO TporpeBa [64], 4ro obnerdaer BoCIIaMeHEHHE
ra3oBOi cMecH BOJIM3M HATrPETO MOBEPXHOCTH PEeaKTopa. ITO O3HAYAET, YTO MPH
pocte napieHus (TMIOTETHYECKOE) OIHOPOJHOE BOCIIAMEHEHHE B HArpeToM
peakTope MepexoauT B BOCIUIAMEHEHHE HArpeToi moBepxXHOCThi0 [65—68]. Kak
ycraHoBieHo B [68], BociulaMeHeHHE CTEXHOMETPUUECKHX M OOrarhix cMmecei
MporaHa U MeHTaHa BO3AYXOM MpH 1 aTM B HarpeToM peakTope HaYWHAETCS C
BO3HHUKHOBCHHUSI OYara BOCIUIAMCHEHMsI HA Han0OoJee XUMHUYCCKH aKTHBHOM
y4acTKe TMOBEPXHOCTH, TO €CTh BKIIOYAET CTaAWH MPOIPEeBa, JIOKATHHOTO
BOCIUITAMEHEHUSI W paclpocTpaHeHus riameHu. B pabore [63] ucciemoBaHo
MPOCTPAHCTBEHHOE PpA3BUTHE BOCIUIAMCHEHHSI CTEXHOMETPHUUECKHX CMecei
H,, merana u usobyrena (C,Hy) ¢ xucnoponom mpu nasienuu 10 — 100 Topp
n T = 750 — 1000 °K mMeTomoM BBICOKOCKOPOCTHOM IBETHOH KMHeMaTorpaduu.
VYCTaHOBJICHO, YTO OCOOCHHOCTH MPOCTPAHCTBEHHOTO Pa3BUTHSI BOCIUIAMEHCHHUS
OTPENIEIISAIOTCS. MATEPHATIOM U COCTOSIHUEM MOBEPXHOCTH peakropa. YucieHHoe
mozenupoBanue [13] mokasaso, 4To MOTOK aKTHBHBIX IEHTPOB OT MOBEPXHOCTH
K 00beMy NPUBOIUT K HEOJAHOPOIHOMY Pa3BHUTHIO BOCIUIAMEHEHHS B 00beMe
peakTopa.

Crumynupytomiee aeictBue mmiatiHOBoro (Pt) MOKPHITHS MMOBEPXHOCTH
peakTopa Ha ckopocTh okucienus H, usydeno B [69]. B [70] nokasano, uro
neictBue Pt BbI3BaHO TETEPOTCHHBIM Pa3BUTHEM PEAKIIMOHHBIX IIETIeH, YTO
MOBBIIIACT BEPOSITHOCTh BOCINIAMEHEHUsI BOJIN3H TTOBepXHOCTH. Ciie10BaTebHO,
ApyruM (pakTOpOM, BIHSIONIMM Ha OJHOPOAHOCTh BOCILIAMEHEHHS, SBIISCTCS
MarepHaj MOBEPXHOCTH PeaKTopa.

Kak wu3Bectno [7, 71], obmacth camoBoCIiaMeHEeHHs (CTPOTO TOBOPS —
TepPMHUYECKOT0 BocmnameHenus) cmecu 2H, + O, MoxkeT ObITh TpeJcTaBleHa
cnenytomuM odpazom. IloBwilieHne temrmeparypsl peaktopa Beime 820 °K
BBI3bIBAET TOBBIIICHUE IABJICHUS BEPXHEro (BTOPOro) mpejena rOpeHwHs, a
3areM ero ucuesHoBeHue. IIpu naBieHusx okoyno 1 aTM BO3HHKAaeT TPETHH
npezen camobocmiamenenus (P,), B 5ToM ciydae naBieHHe TpeTbe-
ro mpenesna yBEIUYMBAETCs ¢ TOHWXKeHHeM Ttemnepartypsl (Puc. la). Kaxk
npeanonoxeHo B [72], P, umeeT Tennosyio Npupoy Mo MOBEPXHOCTH CTEKIA
Pyrex, Ho, eciu CTEHKH peakTopa MoKpeIThl Xj1opuaom kanus (KCI), P, umeer
nenuyto npupoxy. Cormacuo [73], TpeTwnii nmpeaen qaBIeHUS BOCIUIAMEHEHMS
B HAIPETOM PEAKTOPE MMEET LIENHON XapaKTep BO Bcex ciyuasx. KpaTkuit
0030p pabot no ropenuto H, nmpu Gosiee BHICOKUX JaBIE€HUAX M TIOBBINIEHHBIX
TeMIIepaTypax npuBesieH B [74].
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Puc. 1.
a) O6macth camoBociiamenenus cveceii 2H, + O, [10]
b) 3aBucumocTs naBnenns oT BpeMeHu npu Bocmiamenennn 40% H, B Bosayxe (1 atm, 684 °K)

[TpuBenennas Huxe nHGOpPMAIUS OTHOCHTCS K IKCIIEPHMEHTAIBHOMY
UCCIIEOBAaHUIO MPOCTPAHCTBEHHOTO PA3BUTHUS BOCIUIAMEHEHHUS CMecei
BOJIOPOJI — BO3/IYX B HA'PETOM peakTope OBICTPOro HalycKa IpHU AaBICHUU
70 2 aTM C MCIOJb30BaHUEM BBICOKOCKOPOCTHOM IBETHON KMHOCHEMKH, a
TaK)Ke yCTAaHOBIICHUS BIUSHUS Kak 100aBOK mporieHa [75], Tak 1 coCTOsTHHS
MOBEPXHOCTH HA TEMIIepaTypy TpPEeThero Ipeaeia BOCIIAMEHEHUS.
DKCIepPUMEHTHI MTPOBOJIMIN C BOJOPOJO-BO3AYIIHEIMU CMECSIMH B JHara-
3oHe 1 + 2 armu T = 500-800 K. Mcnonp3oBanu 3apaHee MPUTOTOBJICHHBIC
razosele cmecu 40% H, + Bosayx ¢ (0 — 2%) no6asku mponena (C,H,).
B psje sKcnepuMEHTOB Ul BU3yalu3alluu IjiamMeHn H, ucmonb3oBanu
no6asky 1-2% rerpaxnopmerana (CCl,). Cnenyer ormMeTuTs, uTo nob6aBka
CCl, B xonuuectBax meHee 5% He Bnuser Ha ropenue H, [7]. Dxcnepu-
MEHTBI HPOBOJWJIM B HarpeBaeMOM pEaKTOpe W3 HepKaBelomeill crain
HIJTUHIpUYeCKOM (GOpMBI JTUHOU 25 cM u nruaMeTpoM 12 cM, cHaGKeHHOM
CHEMHBIMH KPBIIIKAMU M ONTHYECKHUM KBapIEBHIM OKHOM B OJHOW W3
kpbiek. TouHOCcTh m3MepeHuid temmeparypbl coctasisina 0.3 °C. Ilpo-
[eCC TOPEHUS PErUCTPUPOBAIHM C IIOMOIIBIO LBETHOH BBICOKOCKOPOCT-
Ho#l mudposoit kamepsr Casio Exilim F1 Pro (600 kaxpoB B cexkyHuy),
YyBCTBUTEJIHHOW B cIeKTpalbHOM pauamnazoHe 420-740 M uyepes om-
TUYECKOe KBapueBoe OKHO. OTKayaHHBI M HArpeTsldi peakTop OBICTPO
3aIOJIHSIIN Ta30BOM cMechio U3 OypepHOro oObemMa BHICOKOTO aBICHUS 10
HEOOXOJIMMOTO JaBJICHUSA. DICKTPOMATHUTHBINA KiIalaH UCIIOIb30BaN JIJIs
OTKPBITHS W 3aKPBITUS Ta30BBIX KOMMYyHHKanui. M3-3a pe3koll pa3HULEI
naBieHuid B OypepHOM oOBeMe M peakTope JBHIKEHHE ra3a B peakTope
1o [64] npUBOAKUT K COKPAIICHHIO BPEMEHH YCTAHOBICHHUSI PABHOMEPHOTO
pacnpenencuus temnepatypbl (Puc. 16). B [64] B aHaIOrHYHBIX YCIOBH-
X MPOBOIMIIUCH NPSIMbIe H3MEPEHUS TUHAMHUKN NU3MEHEHHUS TeMIEpaTyphl
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B IIEHTPE peakTopa C MOMOIIbI0 TOHKHX TepMmomnap. belio mokazaHo, 4To
BpeMsi TOJTHOTO TporpeBa razoBoil cmecu He mpesbimaer 0.3 c. B atom
ciaydae ¢opmylna, YYUTHIBAaIOMIas TOJNHKO KOHIYKTHBHBIH TEIIOOOMEH,
JaeT 3HAYUTEIbHO OONBIIYI0 BEJIUYMHY MOPSAKA JECATKOB CEKYHII.
JlaBreHue B mpolecce Hamycka W FOPEHUs PETUCTPUPOBAIH C MOMOIILIO
JaTYuKa JIaBIeHUs. B MOMEHT OTKPBITHUS KllalaHa BKIIOYAJICS CBETOJHOI,
ero BCHbIIKa pUKCUpoBaiach Kamepoit. OH MO3BOJSII ONPEALIATh BpeMs
3aJIepKKH T BOCTUIAMEHEHHS T10 MOCJIeI0BATEIbHOCTH KaJlpOB HE3aBUCHMO
ISl KQXKJJIO0TO OTACIBHOTO dKcriepuMeHTa. [lepes KaxkIbIM 9KCIIEpUMEHTOM
pEaKTOp NPOMBIBAJIN TEIJION AUCTUINIMPOBAHHOW BOAOM.

Bce akcnepuMeHTHI 10 BBICOKOCKOPOCTHOW PETHCTpAIMM caMOBOCIIIA-
MEHEHHUS MM0Ka3alii, YTO MePBUYHBIN IIEHTP BOCILIAMEHEHUsI 00pa3yeTcs Ha
MOBEPXHOCTH PEAaKTOPa; B KAXKJOM IMOCIEIYIONIEM SKCIIEPUMEHTE B TEX XKe
YCIIOBUSAX MECTO 00pa30BaHMs MCXOAHOrO IeHTpa u3mensiercs (Puc. 2a).
Spkue Toukn Ha Puc. 2a BhI3BaHBI HCITYyCKAHWEM YaCTHI] TOpSYEH Caku B
30HE IJaMEHH. DTO O3Ha4yaeT, 4YTO XMMHYECKas aKTUBHOCTH Pa3THYHBIX
Y4aCTKOB MOBEPXHOCTH MEHSETCS OT OJHOI0 BOCIUIAMEHEHHsS K JPYTroMy
[12-14]. CneayeT OTMETHTh, YTO HA HaYaJlbHBIX CTAAUAX IMpolecca rope-
HUS pa3BUTHE NIEPBUYHOTO IIEHTPA MPUBOIUT K PACIPOCTPAHCHUIO HPOHTA
niaMmeHu mnonycdepudeckoit Gopmbl. CienoBarenbHO, CKOPOCTh pacrpo-
CTpaHEHHUs IJIAMEHH MOXET OBbITh ONpejeieHa HEeMOCPEJACTBEHHO IO JKC-
MEePUMEHTAIBHBIM MOCJEI0BATEIBHOCTIM BUAcON300pakeHnii. O4eBUIHO,
4TO HaOJIOaeMasi KapTHHA BOSHUKHOBEHUSI TOPEHUSI COOTBETCTBYET PEXKU-
My BOCINIAMEHEHHUsI HarpeToit moBepxHocThio [13]. OcHOBHAs 0COOEHHOCTH
npoiiecca BOCIUIAMEHEHHUS 3aKJIF0YaeTcsl B TOM, YTO BOCTUIAMEHEHHUE MTPOHC-
XOJHT Ha OTJIENbHBIX yYaCTKaX MOBEPXHOCTH MPU OJAMHAKOBOM TeMIeparype
MOBEPXHOCTH peaKkTopa.

U3 nonyuennvix pe3yrbmamos ciedyem ouensb 6adicHuvlll 6b1600. M3 Puc. 2a
BUOHO, YUMO NPOYeCcc, HA3LIBAEMbLI CAMOBOCHIamMeHeHuem (Xxoms Ha camom
dene peub UOEm 0 Menio8omM BOCNIAMEHEHUN), NPOMeKaem HEeOOHOPOOHO 6
npocmpancmee U e20 3aKOHOMEPHOCMU ONpedeNsaiomcs He MONbKO memne-
pamypoii peazupyrowieco 2a3d, HO U MAMepudaioM U COCMOAHUEM NO8epX-
nocmu (Hanuyue deghekmos, KOMopwvle UHUYUUPYIOM NePEUUHble AKMUGHbLE
yeumpol). Dmo o3Hauaem, 4mo Kiaccudeckue mMooelu, He YUUMbleaoujue
NOBEPXHOCMHYIO HEOOHOPOOHOCMb U 2A300UHAMUYEeCKUe 0CODEeHHOCmU pac-
npocmpanenus ppouma peakyuu, KaxK, Hanpumep, Mooeib, 00CyIcoaA8uUascs
gblule, 0asice KauecmeeHHO He ONUCHIBAION NPOYecc B03HUKHOBEHU U PA36U-
mus 60CNIAMEHEHUS.

OnuH W3 BapUaHTOB HOBOM MOJIENH, YYHTHIBAIOIIEH Ta30UMHUYECKUE
(hakTOpBI TP TEPMUUECKOM BOCIIAMEHEHUH, TpeMIokeH Hke B 8 5 Imassr |
(Puc. 5.7, Puc. 5.8) .

[MocnegoBarenbHOCTH BHJICOU300paKeHU MPOCTPAHCTBEHHOTO
Pa3BUTHS BOCIUIAMEHEHUSI B CTEXHOMETPHYECKON H-TEHTAaH-BO3YIIHON
CMeCH IMpu TeMmIepaType cTeHOK peakropa 649 °K, cOOTBETCTBYOIIHMX
Pa3BUTHIO OJIHOTO W3 MEPBUYHBIX IIEHTPOB, MPEJCTABICHHBIX Ha Puc. 2a,
mokasausl Ha Puc. 2b.
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Frame number, 1/600 s
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Puc. 2

a) Buneonszo0paskeHus HaYaJIbHBIX 04aroB CAMOBOCIUIAMEHEHHSI B CTEXHOMETPUYECKHX N- CMECAX
H-TICHTAaH-BO3/IyX B YETHIPEX MOCIENOBATEIHHBIX IKCIIEPUMEHTAX MIPH TeMreparype cteHok 1 650;
2 643; 3 645; 4 649 °K. 600 xazmpos/c, P, = 1 arm. Lln¢psl Ha Kak10M H306paXKeHHH COOTBETCTBYIOT
HOMEpY SKCIIECPHMEHTA

b) TlocnemoBarenbHOCTH BHIEOM300paKEHUH MPOCTPAHCTBEHHOTO PA3BHTHSI BOCIUIAMEHEHHS
B CTEXHOMETPUYECKOM CMECH H-TIEHTAH-BO3IyX MPH TEMIIEparype CTEHOK peakropa 649 °K,
600 kampos/c. P = 1 arm. Yucna Ha Kajgpax COOTBETCTBYIOT IIOCJIENOBATEILHOMY HOMEDY
BHICON300paKEHHS

C) 3aBHCHMOCTH BHIAUMOTO PAJIHyca MONYCHEPUUECKOTO TUIAMEHH CTEXHOMETPHIECKON H-IIEHTaH-
BO3/IYILIHOM CMECH OT BPEMEHH JIJIs pUCYHKa b)

Kak BugHO U3 pucyHka, GpoHT nomycdepruaeckoro niaMeHu pa3BUBACTCS
W3 MEPBUYHOTO LEHTPa BOCIIAMEHEHHs; 3aTeM (POHT CTAHOBUTCS acUMMe-
TPUYHBIM 110 MEpE MOSABIECHMS HOBBIX LIEHTPOB BOoCIIaMeHeHHus. B atux cepu-
SIX DKCIEPUMEHTOB MEPUOJ 3aJePKKH BOCIUIAMEHEHHUsI COCTABIIAJ HE MeHee
7 c, mo3ToMy OBUI MpakTHYECKH obecredeH OJHOPOIHBIN MPOrpeB ra3oBOM
CMECH B COOTBETCTBHUU C MPSAMBIMU U3MepeHUsMU [7, 64], Tak kak OBICTpBHIit
HaIlyCK COKpalllaeT BpeMs Iporpesa razoBoii cmecu. [loatomy ropenue Hauu-
HaeTcsl Ha MOBEPXHOCTH CTAJIBHOIO PEAKTOPA AK€ B YCIOBUAX MOYTH OJHO-
poaHoro mporpesa razooil cmecu. Kak BuaHo u3 Puc. 2b, ppont nnamenn
nMeeT noiycdepuyeckyro GopMmy; 3aBUCHMOCTD pajJnyca IIaMeHU OT BpeMe-
HU MOXXET OBITh JIeTKO n3MepeHa. JlaBieHune Bo BpeMs TOPEHUS PETUCTPHUPO-
BaJli C TIOMOIIBIO AaTYNKA AaBICHHUS.

J4 3 BpeMCHH(’)I\/'I 3aBUCUMOCTU BUAMMOIO pajguyca C(i)epI/I‘{CCKOFO ImJIaMCHHA
[dR(t)]

dt
BbIYUCIAIIN HOPMAJIbBHYHO CKOPOCTH IJIAMCHU Un =——1Ilo MaKCUMaJIbHOMY
&

T

P
3HAYEHUIO JIaBJIeHUs Bociuiamenenus Pb [7]: P—b =1-—y(e—1),P,—navamns-
[

HOE JIaBJICHKE, Y — OTHOWICHUS YICeIbHBIX Teroemkoctei (y = 1.2 [7]) ompene-

AU 3HaYeHue €. TUIMYHBIA pe3ysbTaT oleHKH Ha npumepe Puc. 2b nokasan
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Ha Puc. 2¢. DkcnepumeHTanbHOE 3HaUeHUe €T B OKCIIEPUMEHTE cocTaBisieT 3.35,
dR(t)

TOIZla HOpMaJIbHasl CKOPOCTh IJIaMEHH Un = [L, onpenesieHHoe Ha Puc. 2¢ 1o
er
U3MEHEHHIO BUAUMMOIO pajguyca C(bequeCKoro miaMeny, naer 150 cm/c B XOopo-

IIIeM COOTBETCTBHH C [7].

B crenyromux skcriepuMeHTax yCTaHOBHIIM, OKa3bIBAET JIM MOBEPXHOCTD Ka-
TaJUTUIECKUH SPPEKT Ha BOCINIaMEHEHHE YIIIeBOAOPo10B. [iist aTOro B peakrop
BBEJIM IJIATHHOBYIO PpoBosIoKy auamerpom 0.3 mm u amunoit 500 mm. Ha Puc. 3
cieBa nokaszaHa (ororpadus, MOKa3bIBAIOIIAsl PACTIONOKEHUE POBOJIOKH B pe-
aKTope, a TaKKe KaJphbl, TOKa3bIBAIOIIUE TIEPBbIC MOMEHTHI BOCIIAMEHEHUS CMe-
CH H-TICHTaH-BO3/lyX B IPUCYTCTBUH KaTaIUTHUECKON MoBepXxHOCTU. Kak BUIHO
u3 otux KajapoB (Puc. 3, kaapsl 1-4), nepBUYHBIC LIEHTPHI TOPSHUSI BOSHUKAIOT
Ha MPOBOJIOKE.

Puc. 3

CreBa: pacrojOKeHHE IJIATHHOBOM MPOBOJIOKM B peaktope; 1—4 mocienoBaTeNnbHBIX Kajapa
KaTaJIUTHIECKOTO BOCIUIAMEHEHHUSI CTEXHOMETPHUUYECKON CMECH H-TIEHTaH-BO3/1yX, PETUCTPUPYEMBIX
co ckopocthio 600 kaapoB/c. MIcXoHEIE YCIOBUS: CTEXHOMETPHYECKAS CMECh H-TIeHTaH-BO3ayX, T,
=638 °K, P, =2 atm

YrtoOBl BBISICHUTH BIMSHHE MaTepHalia MOKPBITHS PEakTopa Ha BEIMYHHY
TPETHETO TIpeeNa BOCIIIAMEHEHHsT P, MOBEPXHOCTh PEAKTOPa B HEKOTOPHIX
CepHsX IKCIeprMeHTOB TokpbiBanu cinoeM xnopuaa kamus (KCI). ns storo
MOBEPXHOCTh peakTopa (3a HMCKIFYEHHEM ONTHYECKOr0 OKHA) IOKpPBHIBAIN
HachlleHHbIM BoaHBIM pactBopoM KCI (5 mi) u 3arem orkaumBanm Bomy. B
JPYTHX 3KCHEPUMEHTaX B PEaKTOp MOMELIANH [UIATHHOBYIO (DOJIBIY TOIIIMHOM
12 x 6 x 0.03 cm. [epen KaxabIM SKCIIEPUMEHTOM PEaKTOp oTKaunBaiu a0 107
Topp. OO11ee naBieHNE B PEaKTOpe PETYIUPOBaIN BaKyyMMETPOM, JaBICHHUE B
OyhepHoM o0beMe — MaHOMETPOM. Mcronb30Banu XMMUYECKH YHCTBIC Ta3bl U
99,99% Pt.

OKCHEPUMEHTHI 110 TEPMHUUYECKOMY BOCIUIAMEHEHHUIO BOJIOPOI0-BO3AYIIHBIX
cMeceit Hax Hepxkageromel ctanbio 1 KCl mokasanu, 94To B HENMoCpeACTBEHHOI
OnusocTu oT P, naBnenune B peaktope J0CTUraeT oxuaeMoro snadenus (Puc. 1b),
3HauUEHHE Neproja 3aAep>KKu 3axuranus T He npesbimaet 0.3 c. Takum oOpazom,
KOPOTKHE 3HAYEHHSI T MOTYT OOBSICHATHCS T€TEPOTCeHHBIM HHUIMHPOBAHHEM,
MIPOUCXOSIIUM JTHOO HA MOBEPXHOCTH PEAKTOPa, MO0 Ha MOBEPXHOCTH MaJIbIX
METAJUIMYECKUX YacTUL], 00pa3yloIIUXCs, HallpuMep, MPH JBIKCHUU JeTalei
3JIEKTPOMAarHMTHOTO Kianana. Bocrmamenenne H, mpu ero mocTyruieHuu B
HarpeThlid peakTop, coaep Kalui BO3AYX, ICHCTBUTEILHO MOXKET MPOUCXOIUTD
Ha MOBEPXHOCTH M3JIyYalOlIeH YacTHIbI, COPBAHHON C MOBEPXHOCTH MOTOKOM
Bozayxa (Puc. 4).
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Puc. 4

TTocnenoBareIbHOCTH BUACOM300PaKEHUI NPOCTPAHCTBEHHOTO Pa3BUTHSI BOCIUIAMCHEHHS MPH
narrycke H, B Bosayx jio 1 arm npu temnieparype creHok peakropa 680K, 600 kaapos/c no obmero
nasiienus P = 2 arm. Marepuan CTeHKM — HepyKaBerolnas crajib. Kak BHIHO, BOCILIAMEHEHHE
MHUILUUPYETCS HA YacTHIIE, HarpeToi B motoke H, [76]

YKakeM, 4TO MOBHIIICHUE TEMITEPATyPhl MOXKET MMPUBECTU K BOCITIAMECHEHHUIO
HA PaHHHUX CTAAMSIX HAITyCKa ra3a BHYTPU 00IACTH BOCIIAMEHEHHUSI.

JlaHHbIE 0 32aBUCUMOCTH P3 OT JTaBJICHUS U OT COJCPKAHUS H2 B ra30BOU cCMecH
MIPUBEICHBI HA pUCyHKE HUke. CUnTamy, 9To BOCIIAaMEHEHUE TTPOU30IIUIO, SCITH
JATYMK NaBJICHUS 3a(DUKCUPOBAT PE3KHUN POCT MABICHUS IOCIC 3alOTHCHUS
peakTopa Ta30BOM CMechblo, a KWHOKaMmepa — JIIOMHUHECIeHIIHI0 Trasa. brpuio
MOKa3aHO, YTO TeMIleparypa BOCIUIAMEHEHHUS BOJOPOI0-BO3AYIIHON CMecH
B pPEAKTOpPE W3 HEP)KABCIOMICH CTalM YBEJIMYHUBACTCA TIO0 MEPE CHIDKCHUS
conepkanus H, B cmecn. IIpn OBBIIEHUH JaBIEHHS TIEPEXOL K BOCTLIAMEHEHHIO
IPOMCXOAMT B OOJIee y3KOM MHTEpBaie TeMneparyp MeHee 1°. Temmneparypa Boc-
TUTaMEHEHHs] cMecell BOJOPOJ-BO3YX B pEaKTOpe W3 HEeprKaBerollei craiu ~
20 °C BbllIIIe, YEM B pEAaKTOPE, MMOKPHITOM XJIOPUA0M Kanus, u ~ 170 °C Beliiie, ueM
B peakTope, cofepkaieM (onbry Pt. ITOT pesynbrar 03Hayaer, 4to P,3aBucur ot
MaTepurasa MOBEPXHOCTH peakTopa. Takxke ObII0 MOKa3aHO, YTO MPU YBETUICHHUH
nobasku niporiera ot 1 10 2% cmech 40%H2 + BO3IyX HE BOCIUIAMEHSICTCS TaXKe
npu 733 K v nasnenun 1.9 atm, To ecTh P, pe3ko yBenuuuBaeTcs. ITO 0O3HAYAET,
uro ropenue H, BOmm3u P, uHrubupyercs HeOONBUION XUMHUYECKU AKTUBHOM
J00aBKO.

Bce oakcmepuMeHTHI, MPOBENEHHBIE C TMOMOIIBI0  BBICOKOCKOPOCTHOU
PETHUCTpAINK BOCIIAMEHEHUS, TIOKA3aJIH, YTO IEPBUIHBIN IICHTP BOCIIAMEHEHHS
BO3HUKAET HAa TIOBEPXHOCTH PEaKTOPa, HE3aBUCUMO OT MaTrepuasia MOBEpXHOCTH
(Puc. 2-5); MecTO BOZHHKHOBEHHS IIEHTPA B IMOCIEIOBATEIBHBIX CEPUAX IKCITE-
PUMEHTOB M3MEHSIETCSI OT OJHOTO IKCIEPUMEHTA K JPYTrOMYy TMPH OJWHAKOBBIX
HCXOJTHBIX yCIIOBUSX.

Mbl BUAMM, YTO XHMMHYECKas AKTHBHOCTH PA3JIMYHBIX IOBEPXHOCTHBIX
YYaCTKOB MEHSETCSI OT OJHOTO dKCIEepUMeHTa K aApyromy [68]. OtMeTwM, 4to
B OTJMYHE OT HAYaJbHOM CTAaIUU TOPCHHS YIJIEBOIOPOAOB, KOTIA Pa3BUTHE
TIEPBUYHOTO OJUHOYHOTO IIEHTPA TOPEHUS IPUBOIUT K pACTIPOCTPAHCHHIO PPOHTA
iamMeHu nonychepudaeckoii popmsi [68], pacnpocrpaHenue miaMeHH BOIOPOIa
OT MIEPBUYHOTO IIEHTPA HA TOBEPXHOCTH JaKe B IPUCYTCTBUU HHTUOUTOPA HOCUT
TypOynentHbiit xapakrep (Puc. 4, 5). [ToaTomy M3 3KCIIEPUMEHTa MOXKHO OTIpe-
JIEJIUTH TOJIBKO CPEIHIOI0 CKOPOCTH pacripocTpaHeHus miaMenu. OCHOBHOM 0co-
OEHHOCTHIO HAOIIOMAEMBIX MPOIECCOB SBISETCS TO, YTO BOCIUIAMEHEHHE TpO-
HCXOIUT Ha OTAEIBHBIX y9acTKaX MOBEPXHOCTHU MPU OIWHAKOBOU TeMIIepaTrype
MTOBEPXHOCTHU PEAKTOPA; 3TH YUYACTKH BAPHUPYIOTCS OT OIHOTO AKCIIEPUMEHTA K
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apyromy (Puc. 5), 94T0 COOTBETCTBYET PEKUMY 3KUTAHUSI HATPETOU MOBEPXHO-
cThi0 [65-67], a He peskuMy 00BEMHOTO OAHOPOIHOTO BOCIIIIAMEHEHHS.

==

wl

Puc. 5

a) TOCIIEIOBATEIBHOCTH BHACOM300paKCHHI MPOCTPAHCTBEHHOTO PA3BUTHs BOCIUIAMEHEHHS B
cmecu 40%H, + Bosayx+ 1% C,H, + 1% CCI, ipu temneparype crenok peakropa 698 °K 1),
710 °K 2), 725 °K 3), 600 xagpos/c. P = 1 arm. Marepuan cTeHku — HepskaBeromast craib. [{udpa
Ha KaJpe COOTBETCTBYET HOMEpY I10CIIEIOBATENIBHOTO BUICON300paKeHNs

0) MOCIEeOBATEIBHOCTH BHACOM300PAKEHUIT MPOCTPAHCTBEHHOTO Pa3sBUTHSI BOCIUIAMCHCHHS B
40% H, + Bosmyx+ 1% C,H, + 1% CCI, mpu Temneparype creHok peakropa 715 °K 1), 725 °K 2),
735 °K 3), 600 kampos/c. P = 1 arm. Marepuan crenku — nokpeitue KCI. [udppa Ha kampe
COOTBETCTBYET HOMEPY 10CIIE0BATEIILHOTO BUICON300payKeHHS

C) HOCJIEN0BaTEILHOCTH BUICOM300paKEHUH MPOCTPAHCTBEHHOTO Pa3BUTHs BOCIUIAMECHEHHS B
cmecu 40% H, + Bo3ayx mpu Temmeparype cTeHok peaktopa 523 °K, 600 kaapos/c. P = 1 arm.
®ouibra Pt momeleHa B peakTop U3 Heprkaserole crainu. E€ qBrkeHne npy B3pbIBe XOPOILIO BUJHO
Ha kazapax 75, 100. Kak BugnHo u3 kaapos 145-170, Pt gonbra packansiercs B xone peakuuu. Lnudpa
Ha KaJpe COOTBETCTBYET HOMEpY IOCIIEOBATEIbHOIO BHAcon3o0paxeHus. Huwke mnpuseneHa
3aBUCUMOCTb M3MEHEHUS JABJICHHS OT BPEMEHH IIPH BOCILIAMEHEHNH
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3HaueHusl T NPUBOST HAC K TOMY e BBIBO/Y. XOTS HaJ HEepKaBeroIeH cra-
nei0 1 KCI 1 ze mpesimmaet 0.3 ¢ ¢ yueToM BpeMeHH Halycka, 3HaueHue T Haf Pt
¢donbroit cocrasnsier 0.5 + 1.2 ¢. DTo 03HAYALT, YTO HAJ| HEPIKABEIOIIEH CTAIBIO
u KCI razoBas cMech He TPOrpeBaeTcsi paBHOMEPHO (MepHOJT IPOrpeBa MPeBbI-
mraet 0.3 ¢, CM. SKCIIepUMEHT BbIIIe), HO Hal Pt hosIbroit mpoucxoauT paBHOMEp-
Hpiii HarpeB (Puc. 5¢). 3ametnM, 4To U3-3a OTCYTCTBHA Bocmnamenenus (P, ne
JOCTHTAeTCs, cM. Prc. 1a) B HemoCpeaCTBEHHOM OIIM30CTH OT P3 rOprOYMi ra3 B
peaxTope, OueBUIHO, PABHOMEPHO MTPOTPEBACTCS, T. €. MBI MTOJy4aeM HaJIe)KHbIC
3HaueHus P, mpu moaxoze mo Temiieparype «CHU3y». B HEmocpencTBEHHOM
Onu30CTH OT P, HO BBILIE €10 3HAYEHNS, BOCIIAMEHEHHE IPOUCXOIUT JIOKAIEHO
Ha BCEX UCCIIEyEeMbIX MTOBEPXHOCTSIX.

P, mun Hg
o
Wi v
L] ® _———— — = 0 8
450 504 500 610
Temgreralur 1.3“{ :
Puc. 6.
3asucumoctu P, cmecu 2H, + O, ot remneparypst u3 [72] (I - IV) — | - skcnepumMenTs! B peakTopax
¢ KClI nokpertuem, Il — skcriepuMeHTsI B peakTopax u3 nmupekca, |1l — skcriepuMeHTsI B peakTopax

u3 mpekca 2H, + O, + 2% H,O, IV — skcriepuMeHTEI ¢ J00aBIEHHEM CMECH BO BPEMS PEaKIUH,
IraMeTp peaktopa =4 cM, V, VI — 3HadeHUs TPEThETo Npe/iena IaBICHHs, TT0TyYeHHBIC B HACTOSIICH
pabore nns 40% H,, + Bosmyx + 1 % C,H, + 1 % CCI, nns noxpeituit KCl 1 Hepxaberomeit crany,
nuametp peaktopa d = 12 cwm.

Cpasuum 3Hadenus P, momyuennsie B [75], ¢ uMeromuMucs IuTepaTypHbI-
My jganHbiME. Ha Puc. 6 cpaBruBaroTcs 3HadeHus Temneparyp mpu P, = 1 atm
nns cmeceit 40%H, + Bosayx + 1% C.H, + 1% CCl . [75] u cmeceit 2H, + O,
[72]. BebiBaet untepec ot (akt (Puc. 6), 4To Temeparypsl BOCIIIAMEHEHH S,
MOJyYCHHBIC METOIOM OBICTPOro Hamycka rasa, Ha ~ 160° meHbIme, dem
nony4eHHsie B [72]. OueBUAHO, YTO AJIs HAILIHMX SKCIIEPHMEHTAIbHBIX YCIOBHUIl
TeMIIEpaTyphbl BoCIUlaMeHeHust Ha P, = 1 atm noymkHbI ObITh emé Huxe Oe3
MHTHOMTOPA U TIPH 3aMEHE BO3/IyXa KHCIOPOIOM, YEM Te€, KOTOPBIE IIPE/ICTABICHBI
Ha Puc. 6.
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3aMeTHbIC pa3IHyKsl B 3HAYCHUSIX TEMIIEPATyp, OYEBUIHO, CBS3aHBI C Pa3IIiy-
HBIMH KCTIEPUMEHTAILHBIMI METOJIAMH, HCIIOJIb3YEMBIMH B IAHHOH paboTe, KO-
IJ1a TOPSTYUN peakTop OBLT 3aroNIHEH MPEeIBAPUTEIHHO MOATOTOBIEHHON Ta30BOM
CMecChIo, U [72], B KOTOpOM Ta30Basi cMeCh ObliIa MOATOTOBJIEHA B TOPSIYEM peak-
TOpE MpU TeMIlepatrype ONM3Kol K Temrieparype BociuiaMmeHeHus. C 9TOH 1esbo
B [72] ropsiunit peaktop Obijl 3amosiHeH cHayana H,, u 3aTeM KuCI0pOaIOM, KOTO-
pBIi HaTeKaI Yepe3 TOHKUH KaluJuIsip B TeUCHUE 4 ¢, TAKUM 00pa30M BEITMUYHHBI T
nocturanu 30 ¢. MOXHO MPEIONIOKHITE, YTO C HCTIONb30BAHUEM METOINKH [72]
KHCJIOPOJ] MOT YK€ pearupoBaTh BO BPEMsi HATCKAHUSI B IOBEPXHOCTHBIX peak-
IUSIX, T. €. COCTaB ra30BOM CMECH BO BPEMs 3)KHTaHMS 110 CYNIECTBY OTIHYA-
cs1 oT HayasbHoro. [Tostomy Benuuuna P, nomydyennas metoaukoi [72], mosker
OTHOCHTBCS K CMECH HEKOTOPOTO JIPYyroro cocraBa. YKaxeM, 4to B [72], aHanu3
ra30BOr0 COCTaBa CMECH BO BPEMsl OKCIIEPUMEHTA HE TIPOBOJUIIH.

Pesynbrarsl SKCTIepIMEHTa IIOKa3bIBAIOT, YTO KaK M IPH TOPEHUH YIIIEBOJIOPO-
noB [68] npouecc Bocrnamenenust H, okono P, sisieTcst 3aKuranueM Xumude-
CKHU aKTHBHOM TOpsidell MOBEPXHOCTHIO, KOTOPOE COMPOBOXKIAAETCS PacpocTpa-
HEHHEM IUIaMEeHU B 00beM. DTO 03HAUYaeT, YTO NP YUCICHHOM MOJECITUPOBAHUH
BOCIUTaMeHeHus cmeced H, — Bo3yx BONM3M P, HEBO3MOKHO OTpaHUYHTH pac-
CMOTpEHHE aHaJIM30M PaBHOMEPHO pacrpelesieHHOH 3anaun. Takke HeoOXo/u-
MO PaccMOTPETh BO3MOKHOCTH 0Opa30BaHMs IIEHTPOB BOCIUIAMEHEHUS Ha TI0-
BEPXHOCTH HapsIy C YI€TOM KHHETUKU TOPEHUs B ra30Boil (aze, T. €. yUUTHIBATh
u reteporeHHbie nporeccer (cMm. § 5 Imagst 1).

VYkakeM, 4TO B paMKax CYIIECTBYIOIIUX IPEJCTABICHUI Iepexo] udepes
KPUTHYECKOE YCIIOBUE BOCIIIIAMEHEHHS JIOJKEH COITPOBOXKIATHCS CYIIIECTBEHHBIM
pocToM miepuoaa 3aaepxku (MHAyKimH) T. OJHAKO 3TO HAOIIOMACTCS TOJBKO
Ha KaTaJMTUYeCKOW MOBEpXHOCTU Pt, BeposTHO, MOTOMY YTO MpPU CPaBHU-
TeNbHO HM3KUX Temmeparypax (~ 520 °K) peakuus 3apoxaeHus nemneil W, na
wiarude (ompenensiroiias Benuuuny T [60]) uMeer camyro HH3KYIO SHEPIHUIO
aKTUBALIMH 110 CpaBHEHMIO ¢ HeprkaBerotei cranpio u KCI. Kak BumHO U3 Hammx
SKCTIEPUMEHTOB, CKOPOCTh peakiuu Bonusu P, nan nepraserormeit crasnpio u KCI
M3MEHSETCS CKauKoOOpa3HO B OYEHb Y3KOM TeMIlepaTypHoM nHTepBaie ~ 1°, Ta-
KHM 00pa3oM BOCIUIAMCHEHHE WHUIUHPYETCS TOBEPXHOCTHIO. JleHcTBHUTEIND-
HO, uHTEpBai 1° CIUIIKOM Maj JJIsl CHIIBHOTO M3MEHEHHS CKOPOCTH 00BEMHOM
peakiuu. MOXHO TIPENIONOKUTh, YTO HMEET MECTO pe3Koe H3MEHEHHE
PEaKIMOHHOM CITIOCOOHOCTH OTPEAETICHHBIX HIEMEHTOB MMOBEPXHOCTH (1e(heKTOB
U T. J.) BO BpeMs TIepexojia yepe3 KPUTUIECKOE COCTOSTHHUE.

PesromMupys, OTMETUM, 4TO OCOOEHHOCTH BOCIUlamMeHeHus H, B Bosmyxe B
obnactu P, 3aBHCAT He TONBKO OT COCTaBa CMECH, HO TaKXKe€ W OT Marepuana
MOBEPXHOCTH H KOJMYECTBA XHMMHYECKH aKTHBHOW J00aBku. Brepsble
HaAOMIONaN CPaBHUTEIBHO JITUTENbHBIE BpEMEHa 3aJIepXKKH BOCIUIAMEHEHHUSI
cmecn 40% H, + Bosxyx npu 1 arm Haj noBepxHOCTBIO Pt. YeranoBieHo, 4To
IPOLECC BOCIUIAMEHEHUs cMecer H, ¢ BO31yXoM npu arMOC(epHOM J1aBleHUH
HAYMHAETCSI ¢ BO3HUKHOBEHHS IMEPBUYHOTO IIEHTpa Ha Hamboliee XUMHUYECCKH
AKTHBHOM YYacTKe IMOBEPXHOCTH, C KOTOPOTO HAYMHAETCS PACIPOCTpPAHEHHE
IUTaMeHH B 00BEM. DTH pe3ynbTarhl OyAyT TOJIE3HBI B XOJ/I€ AalbHEHIIIEro mpe/l-
CTaBJICHHUSI MaTepHala.
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HyXHO OTMETHTB, YTO IIPU TEKYIIIEM COCTOSHUH IKCIIEPUMEHTA JII000€e cpaB-
HEHHUE PE3y/IbTaTOB YUCICHHBIX BBIYUCIEHUN C SKCIIEPUMEHTAIbHBIMU TaHHBIMU
JIOCTOBEPHO TOJIBKO B Ka4€CTBEHHOM aCIIEKTE, HaIpUMEP, IIPU Kauy€CTBEHHOM
MOJICITUPOBAHNH BpeMEHHOH 3aBUCUMOCTH U3MEHEHHNSI CKOPOCTH JIBHKEHUS Tpa-
HUIIBI MEXKY UCXOJHBIMU U aKTUBHO PEArupyrolnuMu KOMIIOHEHTaMHU. Vcronb-
30BaHHE JIETAJIBHOIO KMHETHYECKOIO MEXAHNU3Ma IIPUBHOCUT JOIOJIHUATEIbHYIO
HEOTPENEICHHOCTh B MOJIEIMPOBaHNE. 3HAYNTENbHASA YaCTh KHHETUYECKUX Ta-
paMeTpoB HEJOCTAaTOYHO TOYHA, YTOOBI ClIeNIaTh Pa3yMHbIC BHIBOJBI HA OCHOBE
BBIYUCIICHUH. [IpobieMa MONMHOTEI UCTIOIB3YeMOTo Habopa AIIEMEHTAPHBIX pe-
aKIUH BCEra SBISAETCS HEPEIIEHHBIM BOIPOCOM, T. K. MOJKET OBITh IIPOMyIIeHA
BA)KHAsl peakLys, KOTOpasl HEeu3BeCTHa pacu€Tuuky. Kpome toro, 1uist ypaBHEHUI
Hasbe-Ctokca 15t cokMMaeMoii pearnupyroIeii cpe/ibl, KOTOpbIe YacTo MCTIONb3Y-
I0TCS U1 MOACTUPOBAHMS MTPOIIECCOB TOPEHUS B TMIPUOIMIKEHNH MaJIoTo YHcia
Maxa, OTCyTCTBYIOT TEOPEMBI €TUHCTBEHHOCTH. DTO O3HAYAET, YTO COTJIacHe Me-
JKIY PACUETHBIMU U SKCIIEPUMEHTAIbHBIMUA JAHHBIMU HE SIBJISETCS apryMEHTOM
B MOJb3Y COIVIACUSI MEXAY PAacCUuETOM M 3KCIIEPUMEHTOM, ITOCKOJIBKY MOTYT Cy-
IIECTBOBATh APYyrue HAOOPhI YIIPABISIONINX ITapaMETPOB, OMUCHIBAIOIINX TE Ke
IKCIIEPUMEHTaIbHBIC 3aBUCHUMOCTH [59].

Mpb1 BHIMM, KaKue TPYAHOCTH BO3HHUKJIM €LIE O TOIO MOMEHTA, KOIZa Mbl
00paTUIINCh K PAaCCMOTPEHHUIO T€TEPOTeHHBIX PEAKIINIA Ha TTOBEPXHOCTH KaTajH-
3aropa. JleCTBUTENBHO, BCE CKA3aHHOE BBILIE O TOMOTEHHBIX PEAKLUAX TaKKe
MIPUMEHNMO K T€TEPOTEHHBIM IpOIeccaM, 0COOEHHO B OTHONIEHWH KakK JKCIle-
PUMEHTAJILHOTO ONPEIEIICHHUsI CKOPOCTEN IEMEHTAPHBIX PEaKIUil Ha MOBEpX-
HOCTH, TaK ¥ IPUPOJIbI CaMUX 3THX peakuuil. Kpome Toro, nockoyibKy HMEHTCS
3aBUCSLIUE OT BPEMEHU IIOTOKH PEareHTOB Ha IOBEPXHOCTh, Fa30IMHAMMYECKUE
O0COOEHHOCTH TpOIECcCca CIENyeT YUYUTHIBATh BMECTE C MEXaHM3MOM TeTepOTeH-
HOM peakiuu, KOTOPhIM, KaK MpaBuIIo, MI0X0 U3BECTEH.

IIpu BBEnEHMY KaTanu3aTopa B TOPIOYYH0 CMECh BOZHUKAKOT HOBBIE KPUTHYE-
CKHE SIBJICHUS, & UMEHHO MPEEIIbl KaTAJIUTUYECKOTO BOCINIAMEHEHHUS 110 TEMIIE-
paTtype U IaBJIEHUIO, KOTOPBIE ONPEACIISIOTCS COCTOSHUEM M UCTOpUEH MOBEPX-
HOCTH KaTaju3aropa. Bo3HUKaeT elle OHO sSBJICHHE, KOTOPOMY I10Ka HE YAEes-
€TCsl JOCTAaTOYHO BHHUMAaHHUS: 3aBUCHMOCTb COCTOSIHMSI IIOBEPXHOCTH KaTaJlu3a-
TOpa OT 00pabOTKM MOBEPXHOCTH BOCIIAMEHEHUSMHU TOPIOYEH Ta30BOM cMecH,
TIPOSIBIIAIONIASICSI B TOM, UTO KaTaTUTHYECKas aKTHBHOCTh HEOOpaOOTaHHOH 1M0-
BEPXHOCTH 3aMETHO OTIIMYAETCS OT KaTAIUTUYECKON aKTUBHOCTHU ITOBEPXHOCTH,
HaJ KOTOPOH MPOBONMINCH BOCIUIAMEHEHHs. DTO SBICHHE W CBA3aHHBIE C HUM
CIEACTBHS OYIyT PaCCMOTPEHBI B 3TOW KHHUTE.

B nmocnennee necsatuneTne 0ObIIOE SKCIIEPUMEHTAIBHOE M TEOPETHIECKOE
BHUMAHME YAEJSJIETCS KATAIMTUYECKOMY TOPEHUI0. Bblil MPU3HaH BBICOKUM MO-
TEHIMAJl MCIIOIB30BAHMS T€TEPOTEHHBIX MPOIECCOB MPU CHMKEHWU BBIOPOCOB
3arpsi3HSAIONIMX BEIIECTB, CTUMYJIMPOBAHWN BOCIUTAMEHEHHUS U OOecCredeHuH
CcTaOMUIBLHOCTH TOpeHus. MonennpoBaHrue T€TepPOreHHBIX CHUCTEM TpebyeTr co-
BMECTHOI'O YUY€Ta pearupyrouux MoToOKOB U B3aUMOJEHCTBUI ra3-MOBEPXHOCTD.
enp 3axnrodaercs B JOCTHKEHUU KOJIMYECTBEHHOI'O NOHMMAHMS KaTalUuTH4e-
ckoro ropenus. Karanutndeckoe BOCILITaMEHEHHE YacTO IPECTAaBIAET COOOU
pe3Kuii epexo]; OT KHHETUYECKU YIIPABIIEMON CUCTEMBI K CUCTEME, YIIpaBJIsie-
MO SIBICHUSMH TIepeHoca Macchl. [1oaToMy HEOOXOMMMO yUMTHIBATh CIOKHBIE

36



Beenenne

B3aUMOZICUCTBHS XUMHYCCKIX M TPAHCIIOPTHBIX TPOIIECCOB B ra3oBoil (dase, a
TaKKe Ha MOBEPXHOCTU. TakuM 00pa3oM, YUCICHHOE MOJEIUPOBAHUE KaTaJIU-
THUYECKOTO BOCIUIAMEHEHHS M CPaBHEHHE PACUETHBIX M OKCIEPUMEHTAIBHBIX
Pe3yIBTaTOB MPEACTABISIET COOOH MOAXOISATINI HHCTPYMEHT TSI KaUeCTBCHHON
MIPOBEPKU MOJIENICH M TIPE/ITIOKEHHBIX MEXaHU3MOB PEaKITUH.

CrenyeTr OTMETHTB, 4TO CYIIECTBYIOT HEKOTOPBIE PACXOXKIICHUS NIPU aHAJIH3e
npoOieMbl  BOCIIAMEHEHHsI  JIETKOBOCIUIAMEHSIIOIMXCS — T'a30BBIX  cMecel
KaTaJluTHIeCKUM Marepuaiom. Hampumep, B pabote [17] asst onpenenenus tem-
neparypbl KaTaJTUTHYeCKOTO BOCIUIAMEHEHUSI MOTOK TOPIOYEH CMECH MEIJICHHO
00TeKal KaTaJuTHIECKYIO IPOBOJIOKY WK (POITBIY IPH aTMOC(HEPHOM JaBICHUU.
Temneparypy Karajau3atopa MOBBIIIAIA CTYNEHYAThIM yBEIHUCHHEM TOKa, IM0-
JIAaBa€MOT0 Ha KaTalu3arop, T. €. KaTajinu3aTop HarpeBald BHEIIHHUM HCTOYHH-
koM. OnHako B [18] pacuersl Temmeparypbl KaTaTUTHYECKOTO BOCIUIAMEHEHHUS
CpaBHUBAIKCh ¢ JaHHbIMH [17], uTo HekoppekTHO. Kpome TOro, cornacHo
[18], B ycnoBusx TeueHus Temmeparypa BocmiameHeHus cmeceit H,— O, Han
Pd domsroii ymensimaercs s Oonee OEIHBIX CMECEH; DTO COINIACYETCs ¢
pacderamu [17]. HanipoTus, cornacuo [77], B CTaTHYECKUX YCIOBHSIX B HATPETOM
XUMHYECKOM peakTope ¢ Pd mpoBosiokoii BHYTpH TeMIleparypa KaTaauTHYECKOTO
BocrIaMeHenus cmec H,— O, yBeIn4InBaeTcs ¢ yBEIMYEHHEM KOHIEHTPAIUH
H, B roproueii cmecu. B [17] paccmoTpen jpeTanbHbli MeXaHU3M aacopOLUHu-
JeCOpOIMH U MOBEPXHOCTHOTO OKHCIICHHUSI BOJOPOJA Ha TUIATHHE, MPHBECHBI
dIIEMEHTapHbIE KOHCTAHTHI 23 DIIEMEHTAPHBIX PEaKIIUH.

OdeBHIHO, YTO JaHHBIE KOHCTAHTHI MPEICTABIISIOT COOOW CKOpEe OILEHKH,
YeM SKCIIePUMEHTAIILHBIE TAHHBIE, TOATOMY JIOCTOBEPHOCTh PACUETOB HECKOIBKO
COMHHUTENbHA. BO BCeX pacCMOTPEHHBIX BbIlIe paboTax, a Takxke B [17-19, 78]
MpEAIoiaraeTes, 4YTo TeMIIepaTypa MPOBOJIOKU OJHOPOHA, 3TO MPOTHBOPEUUT
HaleMy SKCIepuMeHTy (cM. Hipke). B HacTosiiee BpeMsi aKTHBHO Pa3BHBACTCS
3D-MozenupoBanie KartanuTudeckux razodasHbix peakmuid [79, 80], uro
MPEACTABISIETCS] HECKOIBKO MPEXKIEBPEMEHHBIM U3-32 OTCYTCTBHS JIOCTATOYHOTO
MOHUMAaHUsI MEXaHNU3Ma TIOBEPXHOCTHBIX MPOIECCOB H JOCTOBEPHO U3MEPEHHBIX
3HAYEHUH UX KOHCTAHT CKOPOCTHU. J[eHCTBUTEIBHO, COBPEMEHHBIE IIPOIPAMMHBIE
nponyktel, Takue kak ANSYS, TpeOyroT BBeleHHs 3HA4YCHH B pa3MepHOIl
dbopme, TO ecTh, IO CYIIECTBY, TPEOYIOT 3HAHUS ATUX 3HaYeHHWH. OMHAKO, KaK
MBI OTMEUAJIM BBIIE, TPU TEKYIIEM COCTOSIHUH OJKCIEPUMEHTa CpaBHEHHUE
PE3YNIbTaTOB BBIYMCICHUN C JKCIEPUMEHTAIBHBIMA JAHHBIMA HMEET TOIBKO
KaueCTBEHHBI CMBICT, TOIJIa KaK YUCICHHBIC BBIYMCIICHUS, B3SITHIC OTACIBHO
OT JKCIIEPUMEHTa, He MMEIOT HUKAKOTO MPOTHOCTHYECKOTO Xapakrepa. Takxke
SICHO, YTO JIeTallbHbIC MEXaHH3Mbl KaTaJIUTHYECKUX peakiuid ¢ ydactuem Ouna-
TOPOJHBIX METAJUIOB Ha HACTOSIIEM YPOBHE Pa3BUTHS HAYKH SIBIISIOTCSI YUCTO
WJLTIOCTPATUBHBIME U YHCJICHHBIE PE3YJIbTAThI, MTOMYYCHHBIC aBTOPAMH, HMEIOT
(ecnu MMEOT) JOBOJNIBHO OTPaHMYCHHYIO 00JNACTh MPUMEHEHHs. DTH (DaKThI
Oy/lyT YYTEHBI IPU JIATbHEHIIIEM PACCMOTPEHHH.

OcTaHOBHMCS Ha OCHOBHBIX BOIIPOCAX, KOTOPbIE PACCMOTPEHBI B ATOW KHUTE.

I'masa | mocesitieHa yCTaHOBJIEHHIO 0COOEHHOCTEH BOCIUIAMEHEHUSI BOZAOPO/IA
W JIelTepus Hal TNIATUHOM, NaJJialueM, PyTEHHEM U POJIUEM.

OOHapyXeHbl ~ HEyCTOWYMBOCTH IPH  MPOCTPAHCTBEHHOM  Pa3BHTHUH
BocrtameHenus cmecu 40% H, — Bo3/tyx, a TakKe yCTaHOBIIEHBI TEMIIEPATYPHBIE
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3aBUCUMOCTH BpPEMEH 3aJICp)KKH 3a)KHTaHWs B HArperoM peakrope mpu 1
aTM B yCTaHOBKE OBICTPOTO HANycKa B MPUCYTCTBHU IIATHHOBOW (OJIBIH
WIA TIPOBOJIOKU. BriepBble OOHapy>KeH PEKUM SIUSHCTOrO TOPECHHUSI TpeMyueit
cMmecu B npucytctBun Pt mpoBonoku B mHTepBae 270-350 °C. ITokazaHo, 4to
9TOT PEKUM BBI3BaH KaTAIUTHUYCCKUM JICHMCTBHEM YaCTHII, cojepkaiux Pt,
00pasyoNXcs B pe3yJbTraTe pa3ioxKeHHsI JIETy4ero OKCHa IUTaTHHBI B Ta30BOH
(aze. Bpu poBeIeHbI SKCIIEPUMEHTAIBHBIE UCCIICIOBAHMS TOPEHUS BOIOPOIA
MIPY HA3KOM JaBiieHnH Haj ponbroit Pd u Pt mpu o6mmx masnenusx ot 10 go 180
Topp u HadanbHBIX TeMmeparypax 20 + 288 °C. YcraHOBIEHO, YTO KaTaIUTHYe-
CKasi aKTHUBHOCTH MoBepxHocTH Pd Bbiiiie, ueM y Pt Gposbru. AKTUBHOCTD (hOIBIH
Pd mposiisieTcst Kak B BO3HUKHOBEHUH JIOKAJIBHBIX 04aroB BOCIIAMEHEHHS Ha
(onpre, Tak ¥ B TEMHOBOH KaTaJIMTUYECKON PEaKIMH PacXOJOBaHUS TOpPIOYeH
CMECH. YCTaHOBJICH CPaBHHTEJbHBIH BKJIAJ MEXaHW3MOB KaK MHHUIIMHPOBAHHS
MTOBEPXHOCTHOM peakmumen, BeAymiel K JaecopOnmHM aKTUBHBIX IICHTPOB,
TaK ¥ WHUIMUPOBAHUS BOCIUIAMEHEHUS 3a CUET TOJBKO TEIJIOBOTO Harpena
MOBEPXHOCThIO TUIATHHBL. [loKa3aHO, 4YTO B peakiWu TOPEeHUs BOAOpOIA
MeTaudeckast Pt nelicTByeT Kak MCTOYHHUK TeIUIa, MOJOOHBINH BOIB(PaMOBOI
MPOBOJIOKE, HArpeBaeMol BHEIIHUM HCTOYHUKOM. OJHaKo B paccMarpuBae-
MOM ciydae Pt HarpeBaercsi ¢ MOMOIIBIO BHYTPEHHEI0 UCTOYHHKA, a UMEHHO
MOBEPXHOCTHOM KaTaJTUTUIECKOW PEAKIINH, TIPH 3TOM CJIEAYET TAKXKe YIUTHIBATH,
YTO COCTaB MOBEPXHOCTHOTO CIIOSi U3MEHSETCS BO BPEMSI BOCIUIAMEHEHUS OT
oxcuna Pt (PtO,) k mpyromy cocrasy, nposiBiiss cBoicTBa, oTnuyHbie ot PtO,.
BrImonHeHbI SKCIIepUMEHTaIbHbBIC HCCIIEIOBAHNS TOPEHHSI BOAOPO/IA U ACHTEepHsI
nuskoro pasienus Hag Rh, Ru, Pd u Pt mpoBonok mpu masmerusx ot 10 mo 180
Topp n HavanpHBIX Temmeparypax B auanazoHe 200 — 500 °C c nenbio ycra-
HOBJICHUSI 3aBHCHMOCTEH MpENEIOB KATAIUTHYECKOTO BOCIIAMEHEHUS HaJ|
MOBEPXHOCTSIMH OJIATOPOJHBIX METAJUIOB OT TEMIIEPATYPbl U YCTAHOBJICHHUSI
yIpaBIsiiOMUX  (pakTopoB 3ajauM  BOCIUIAMEHEHHS Tra3a KaTaIUTHYECKOMH
MOBEPXHOCTHIO. [IpoBEIeHO MaKpPOKHHETHYECKOE HMCCIIEOBAHNE XMUMUYECKHX
CBOMCTB JByX Oojiee JIETKMX H30TONOB Bomopoma (mpotust u Jeirepusi),
PACTBOPEHHBIX B POJIMH U TTAJUIANHN, & UMEHHO HCCIICIOBAHNE BITUSTHHS THIPUIOB
U JeUTepuIoB ONaropoJHBIX METAJUIOB Ha TOPEHUE BOAOpPOJa W JelTepus.
Bristeiieno, uro moeepxuoct Rh, Ru u Pd, o6paborannbie BOCIIIaAMEHEHUAMHE
2H, + O,, nMeroT Ne(eKThI B BUJIC OTBEPCTHH, KOTOPBIE PACIIOIOKEHBI Ha (hUrypax
TPaBJICHUS, TPAaBAIIME BEIIECCTBA SBISIOTCS AKTUBHBIMH MPOMEKYTOUHBIMH
MPOIYKTaMHU OKHCIICHHSI BOJOPO/a. YCTAHOBIEHO, YTO TEpe/ BOCIUIAMEHEHUEM
KaTaJIMTHYeCKast POBOJIOKA HArPEBAETCS HEOJHOPOIHO; BO3HHKAIOT MEPBHYHbIC
0Yar ropeHws.

Bbvino obuapyoiceno, umo nepeo 60ChaamMeHenuemM Kamaiumu4eckdas npoGoio-
Ka Hazpesaemcsi HepaAGHOMEPHO; BOSHUKAIOM NEPEUdHbLE JTOKAIbHbIE 04acU 60C-
naamMeHeHus; makue ouaz2u no360asAem noay4umy aHalu3 pacnpeoenéntol 3a0a-
uy ¢ ucnonvzoganuem ypasnenuti Hasve-Cmorca 0ns cocumaemori peazupyiowyen
cpeodvl 8 AKyCMU4eckOM NPUOTUICEHUU, M. €. C YUEMOM 2a300UHAMUYLECKUX PaK-
mopos. Ckazannoe OmHOCUMCS MAKICe K AHATU3Y OeiCBUS XUMUYECKU AKMU6-
HOU CMeHKU peakmopa.

ITokazano, uro Rh sBastercst Hanbonee >(PEKTUBHBIM KaTaaM3aTOPOM BOC-
IUTAMEHEHUS TpeMydeil cMecH, caMasi HU3Kasl TeMIieparypa BOCIUIaMEHEHHsS Ha
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nokpeiroir Rh mpososnoxoit Pd (Rh/Pd) cocrasmnsia 210 °C, anst Ru/Pd u Pd —
300 °C, mus Pt npososioku — 410 °C npu o6iiem gasinennn meHee 200 Topp.
VYcranosieno, uyTo Ha mpoBosiokax Ru/Pd, Pt u Pd nabmiromaercs sBienue Tu-
cTepe3nca; a MMEHHO, Npe/eibHOE 3HAYCHHE KaTaJUTHYEeCKOro BOCILIaAMEHe-
HUSI, ©3MEPEHHOE HaJl MPOBOJIOKOH, KOTOpasi He 00paboTaHa BOCIIAMEHEHUSIMH
(mpotieypa MOBBIMICHHUS TEMIIEPATYPBI CHU3Y M3 COCTOSIHUSI OTCYTCTBHS BOCILIA-
MEHEHHs), BBIIIC, YeM 3HAUYCHHE, U3MEPEHHOE MPHU MPOIEAYPEe CHIKCHUS TEM-
neparypbl U3 COCTOSIHUS KaTaJUuTHYECKOro Bociuiamenenus. [Tokasano, uto Rh
ABJIAETC Hanbonee >PHEKTUBHBIM KaTaan3aTopom Bocmnamenenus 2D, + O, B
9TOM Cllydae camas HH3Kas TeMIlepaTypa KaTaIUTHYECKOTO BOCIUIAMEHEHHUS I10
cpaBHeHHnIO ¢ mokpbIToit Rh mpososokoii Pd (Rh/Pd) cocrasnser 100 °C; Takum
obpasom, D, sBnsercs Gonee serkosocmiamensiomumcs, yeM H, nan Rh u Pd.
[MoyueHHbIE Pe3yJIbTaThl CBUACTEIBCTBYIOT O CYIIECTBOBAHUH “KHHETHUECKOTO
00paTHOrO M30TOMHOTO 3¢ eKTa”, BAUSIIOIICrO Ha PEAKIMOHHYIO CIIOCOOHOCTh
MeH u MeD, rne Me = Rh, Pd.

Imaa |l mocBsameHa W3YyYEHHWIO OCOOCHHOCTEH  KAaTaTUTHIECKOTO
BOCIIaMeHeHus cMecelt yrneonoponos H, + (C,-C)) + O,/Bo3ayx ¢ miaTuHoH,
najulafiieM U poareM. BBISBIEHBI 0COOCHHOCTH TOPEHHUS BOAOPONA M cMeceit
BOJIOPO/Ia C METaHOM HaJl METaJUTHUeCKUM Pd, B TOM YHCIie MPU MCIOIb30BaHUN
OIITOJICKTPOHHOTO KOMITJIEKCa Ha OCHOBE THIIEPCIEKTPaIbHOTO JaTdyuKka H
BBICOKOCKOPOCTHOH I[BETHOW CBHEMKH. OKCIIEPUMEHTAIBHO II0KAa3aHO, YTO
Temmneparypa Bocriamenenus cmecu 40% H, + Bosnyx Hax meramindeckum Pd
(70 °C, 1 atm) Hmxe, 4eM Haja noBepxHocThio Pt. Kpome Toro, mpososoka Pd
MHULMUpYeT Bocmnamenenue cmecu (30 — 60% H, + 70 — 40% CH,) + Bo3zyx,
KOTOPOE€ HE MOXKET OBITh HHUITMHUPOBAHO MTPOBOJIOKOI Pt Toro *e pazMepa. D10
TaKKe O3HA4YaeT, 4To mpoBoyioka Pd Goree addexTrBHA TPH MHUIIMUPOBAHUN
BOCIUTaMeHeHus1, 4eM Pt mpoBosoka. Suencrast cTpykTypa (GpOHTA IIIaMEHH BO
BpeMsi BOCIIAMEHEHHSI B MPUCYTCTBUHU MPOBOJIOKH Pd oTCyTCTBYeT B OT/IHMYME
OT pe3y/IbTaToB, MOJYYCHHBIX HAJl MOBEPXHOCTHIO Pt. D10 03Hauaer, uto Pd 6o-
Jiee TOAXOMUT JUTS PEKOMOMHATOPOB BOIOPOJA HA aTOMHBIX DJIEKTPOCTAHITHUSIX,
4yeMm Pt, MOCKOJIBbKY KaTaJUTHYSCKHE YaCTHIIbI HE MOSBISIFOTCS B Ta30BOM (ase.
OKcreprMeHTaIbHOE 3HadeHHe I(PPEKTUBHONW SHEPTMM aKTHBALMK TIpoIlecca
Han Pd onenuBasnocs B (3.5 + 1) kkan/mMoiib, 4TO XapaKTepHO /ISl TIOBEPXHOCT-
HBIX TPOIECCOB. DTO yKa3bIBaeT HA 3HAYUTEIBHYIO POJIb TEMHOBOW peakIMu
pacxomoBaHus BOIOpOAa M KUCIOpoda Ha moBepxHoctu Pd, nHaOmomaemoit
HEMOCPEICTBCHHO MPH HU3KUX JaBieHUsAX. Hanuuue 3TOW peakiMu CHUKAeT
BEPOSITHOCTh CJIYYaifHOTO BOCILJIAMEHEHHS 110 CPAaBHEHHUIO C MOBEPXHOCTHIO Pt.
OGHapyKeHO, 4TO B IPUCYTCTBUH JIeHKocarndupa npu BOCIUIAMEHEHUHU rpeMyeit
CMECH OTCYTCTBYET cHCTeMa nojioc msnydenus H,O* B nmanasone 570-650
HM M JaHO BO3MOXHOE OO0BscHeHHe 3TOoro 3pdexra. OOBSICHEHO MOSBICHUE
JIOTIOJTHUTEIILHOTO MCTOYHUKA BO30Y)KICHHBIX MOJIEKYJ BOJbI, U3JIy4AOUIUX B
nuarnazone 900-970 uwm.

Hccnenosauno ropenue cmeceit Bonopon —yriesonopon (C,-C,, aumenno, CH,,
CH, CH,, CH,, CH,_, C6H14) ¢ Bo3myxoMm ¢ B =0.6-1.2 Hajx majmagneM mpu
o01eM JaBiieHnH 1-2 atM. YCTaHOBIEHBI KaK OCOOCHHOCTH pPaclpOCTpaHeHHS
GpoHTa TIIAMEHH B CMECSX, TaK W 3aBUCHMOCTh KaTaJIUTHYECKOrO Mperesa
BOCIUTAMEHEHHUS HaJl TIOBEPXHOCTHIO Pd OT Temmeparypsl. DKCIIEPUMEHTHI BbI-
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nonmusm ¢ razopeiMu cmecamu (30% C —-C, yrmesonopon + 70% H,) + Bosayx
npu 0 = 0.6-1.2 u naBnenun 1-2 arM. DKCIIEPUMEHTAILHO ITOKa3aHO, YTO TEM-
neparypa npezena Bociuiamenenus Han Pd npu P = 1.75 atM, usmepenHas npu
MOIXO/Ie CHHU3Y BBEPX IO Temmeparype, cmeceit (30% meran + 70% Bomopon) +
Bo3ztyx. (0= 0.9, T = 317 °C) u (30% nponan + 70% H,) + Bosayx (0 =1, T =
106 °C) 3ameTHO TaaeT mocie nocieayommx BocmiamMenenuii o T = 270 °C
ms emecu H,— CH, u o T = 32 °C mna cmecu H,— C,H,. Tlpenen karanu-
THUYECKOTO BOCIUIAMEHEHHSI BO3BPAIIAETCSl K MCXOAHOMY 3HAYCHHUIO Iociie 00-
pabotku peaktopa O, WM BO3IyXOM; TO €CTh BO3HMKAET SBJIECHUE THCTEPE3NCA.
IIpenen karanmuTrdeckoro Bocmiamenenus cmeceit (30% (C,, C,, C,, C.) + 70%
Hz) + Bo3ayx Haj mamtaguem (0 = 0.6, 1.1, 1.2, 1.2 COOTBETCTBEHHO) COCTABIISET
25 + 35 °C npu P = 1.75 arMm; saddekr rucrepesnca OTCYyTCTBYET. YCTaHOBIICHO,
uto OesHas cmech 30% C,H, + 70% H, + Bosnyx (0 = 0.6) umeeT camyro HU3KYIO
TeMIepaTypy MHpeaeiia KaraauTudeckoro BociuiameHeHus: 24 °C mpu 1 arwm.
Omenka 3(GEeKTUBHON dHEPrUU aKTHBAIIMK BOCIUIAMEHEHMs cmeceld Hajx Pd
coctapiseT ~ 2.4 + 1 kkan/MoIib, 9TO XapaKTepHO JUTs TTOBEPXHOCTHOTO MPOIec-
ca. Takum 0Opa3om, ucronp3oBanue Pd karaiau3aropa mo3BossieT BOCIIAMEHSITh
cmecu H,-yrmesonopon npu 1-2 atm npu HavaabHOM KOMHATHOM Temmeparype
0e3 BHENIHWX MCTOYHUKOB DHEPrUH. BBISIBICHBI 0COOCHHOCTH BOCILIAMEHEHHS
cMecell BOIOPOA-KUCIOPOJ U BOJOPOI-METaH-KHCIOPO/] ITPH HU3KOM JIaBIICHUH
HaJI TopsanMu TipoBostokamu Pd, Pt, Huxpoma u kaHTasa ¢ IeIbl0 yCTaHOBIECHHS
3aBHCUMOCTH TEMIIEPaTypbl BOCIUIAMEHEHUS OT KOHIICHTPAIIUH TOTIIMBA, & TAKIKE
OLICHKH BKJIaJla KaTaJTUTUYECKHX CBOHCTB MaTepHalioB. bbu1o 0OHApYKEeHO, 4TO
TEMIIepPaTypbl BOCIUIAMEHEHHUSI CMecell BOJOPOJ-KUCIOPOA W BOIOPOJA-METaH-
KHCIIOPO/I ITPY HU3KOM JIaBJICHUH HaJl HArpeThIMHU mpoBoiokamu Pd, Pt, Huxpoma
n kanrtana npu 40 Topp BO3pacTarOT NPU CHUKEHHH KOHIICHTPAIMH BOAOPOJIA;
TosIbKO Harpetas Pd TpoBojOKa TMPOSBISET BBIPAKEHHOE KaTAIUTHYECKOES
JerictBue. YuclieHHble pacdy€Thl IMO3BOJUIN MPEANON0KUTh BaXHYIO POJIb
JIOTIOJIHUTEJIbHOM CTaJiuM Pa3BETBIEHUS, B KOTOPOM MaJOaKTUBHBIM pajuKall
HO, 3amensieTcst Ha Gonee akTuBHBIA. OCOOEHHOCTH BOCIIAMEHEHHUS CTEXHO-
METPUYECKHUX H-TICHTaH-BO3JYIIHBIX CMecell W3Y4YeHbl B CTAaTUYECKOM peak-
TOpe OBICTPOTrO Hamycka B MPUCYTCTBHHM MeTamwimdeckux Pt m Pd B obmactu
oTtpuiareiabHoro Temneparypuoro kodddunumenra (OTK). [Tokazano, 4to B 0T-
CYTCTBHE OJIATOPOJHBIX METAJIOB TEPMOAKYCTUYECKHE KOJICOaHUS TPOUCXOIST
B obmactu OTK. B mpucyrcTBun moBepxaoctu Pt, koTopast pearupyer ¢ KHUcio-
POIOM TIPH TeMIIepaType IIAMEH! U TeHEPUPYET PacipoCTpaHsIoIuecs B 00beM
KaTaJIMTHYECKUE LEHTPBI, TEPMOAKYCTHUECKHE PEKUMBI TEIJIOBOTO BOCIIIaMe-
HEHHS UCUYE3a0T; IPYTUMH CJIOBaMH, KaTaIUTHYECKas MOBEpXHOCTh Pt ycrpansi-
€T ONpEICICHHYIO CTaJMI0 HHIHOMPOBAaHMSI KHUHETUYECKOTO MEXaHW3Ma Tocie
BO3HUKHOBEHHUSI XOJIOJJHOTO TUIAMEHH, YTO NPUBOJAMUT K UCUE3HOBEHHIO SIBICHHUSI
OTK.

Ota cTamus MOXKET NPE/ICTaBISATL COOO0H, HAITpUMED, Pa3ioKeHUEe HEKOTOPOTO
MIPOMEXYTOUHOTO TMEepOKCcHIa Ha TMoBepxHOCTH Pt c oOpazoBanumem Oolee
PEaKIMOHHOCTIOCOOHOTO pajiKaia. B 1mosb3y cka3aHHOTO CBUICTEILCTBYET U TO,
4TO B MPHUCYTCTBUH KatanuTudeckoit mosepxuoctu (Pd), kotopas He pearupyet
npu TeMmIeparype IUIAMEHH W HE TeHEePHPYeT KaTaluTUYeCKHue LEHTPHI,
pacmpoctpansomuecs B o0beM, sBieane OTK nHe mcueszaer. MccnemoBaHb
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razosbie cmecu (70-40% Bomopon- 30-60% npomnan) — Bo3nyx (0 = 1) nax Pd mpu
OO0IIMX IaBIeHUSIX 12 aT™ JUTS yCTAaHOBIICHHS KaK 3aBUCUMOCTH IIEPUO/Ia 3aJ1ePK-
KM BOCIIJIAMEHEHHUsI OT BPEMEHH, TaK U 3aBHCUMOCTH IpeJelia BOCIUIAMEHEHHSI
HaJl OBEPXHOCTHIO Pd OT TeMmieparypbl. YCTaHOBIICHO, YTO MPH BOCIIAMCHEHUN
cmeceii (70 — 40% Bomopox — 30 — 60% mpoman) — Bo3ayx (0 = 1) Hax maniagueM
npu oONIMX JNaBJIEHUsIX 1-2 aT™ mepuojbl 33epKKN BOCIIAMEHEHHsI cHavasa
YMEHBINAIOTCS C TMOHIKCHUEM TeMIeparyphl, 3aTeM OHH YBEJIWYHMBAIOTCS JIO
TEX TOp, MOoKa He OyleT JOCTUTHYT TpeleN KaTaTuTHYeCKOro BOCIUIAMEHEHUS;
To ecTh npoucxonut spineane OTK. DddexTrBHAsS SJHEPTHs AKTUBAIIMHN TIPOLIEC-
ca cocrapisier E = 2.2 £ 1 kkan/mMoib, 4T0 XapaKTepHO JJIsl TIOBEPXHOCTHOTO
nporecca. Takum o6pazom, sieneaue OTK cBsA3aHO ¢ COCTOSTHIEM TTOBEPXHOCTH
Pd. OGuapyxeno, 4ro B 00Opasiie, 00pabOTaHHOM BOCIIAMEHEHHSMH, BO3-
HUKAIOT JeQeKThl B BHIE OTBEPCTUH, KOTOpPHIE OPHEHTHPOBAHBI MO (UTypam
TPaBJICHUS] [TOBEPXHOCTH AKTUBHBIMU MPOMEKYTOYHBIMHU HPOAyKTamu. B mpo-
recce okucienus mosepxuoctu Pd obpasyrorcs momekynsr PAO; aTi MoeKyIbl
pasnaratorcst 1o Pd u O, mpu Temnepatype NpoiyKTOB MiaMeHd. DTO 03HAYaeT,
yro Pd pacxomyercsi B peakinud XHMHYECKOTO TpPABICHHUS C aKTHBHBIMH
MPOMEXYTOUYHBIMU  MPOAYKTaMH TOPEHHS. DTOT MPOIECC OrpaHUYMBACT
NpUMEHEHUEe NaIaJusi B YCTpoWcTBaxX 3akuranus. Jins ycraHOBIEHUs
3aKOHOMEPHOCTEH TEMIIepPaTypHBIX TPEICIIOB BOCIIAMEHEHHUS OJIaTOPOTHBIX
METAaJUIOB U BBISIBJICHUS] BO3MOYKHOCTH CHHTE3a YITIEPOIHBIX HAHOTPYOOK U3 ATHX
ra3000pa3HbIX MPEKYpCOPOB HCCIIENOBAIN BOCILUIAMEHEHHE cMeceil BOJOopol-
METaH U BOIOPOA-u300yTeH Haj moBepxHocTsamu Rh u Pd mipu o61iem maBienun
ot 80 o 180 Topp u HauanbHOH Temmeparype 200-500 °C. Bpuio nokaszaHo, 4To
nipu o6rem nasienun 10 200 Topp 001acTH KaTaIMTUYECKOTO BOCIUIAMEHEHHSI
Ha moBepxuocTax Rh u Pd mmpe mas cmecn 2H, + O,, uem g cmecei (H2 +
CH) oo T O, and (H, + CHy)_ .+ O,; cmecH, conepxaniue 6omnee 50% yr-
JIEBOJIOPO/Ia, HE BOCIIAMEHSIIOTCS. 1aKoe IMOBEICHHE HETTOCPEICTBEHHO CBSI3aHO
¢ oOpa3oBaHHEM YIIEpOACOepKalIel TUIEHKH Ha MOBEPXHOCTH OJIArOpOIHO-
ro MeTajia, IPU 3TOM TOIUIMBO B CMECSX PACXOAYeTCs B TEMHOBOW peaKIlHu.
Bouto mokasano, urto TeMHOBast peaknus B cMecu (80% H, +20% C 4H8)CTexleM
O, mpuBOIUT K 0GPa30BAHMIO YITIEPOIHBIX HAHOTPYOOK IMAMETPOM B MPEJIETax
10 + 100 uM, ipu 5TOM ONIAropOAHBINA METAJT OTHOBPEMEHHO BBICTYIIAET B POJIH
HarpeBaTessl U Karajau3aTopa.

I'maBa Il mocBsimeHa ycTaHOBICHHIO 3aKOHOMEPHOCTEH KaTalIUTHYECKOTO
BOCIJIAMEHEHHSI CMECEil BOIOpOAa M METaHa, B Psilie IKCIIEPUMEHTOB METaH B
CMECH 3aMEHSIJIH STAHOM, STUJICHOM U H-TIEHTaHOM.

BEIMonHeHo 9KCIepUMEHTAILHOE OIIpE/IeTICHNE TeMIIepaTyp BOCIUIAMEHEHUSI
1 dhDEKTUBHBIX SHEPruii aKTHBAIMM BOCIUIamMeHeHus cmeceil (40+70% H,
+ 60+30% CH,)_. ..+ Bosayx Hax Rh B nmanasome Temmeparyp 200+300 °C
mpu o0IIeM JaBjieHud 1 + 2 aTM B CTATMYECKUX YCIOBHSX JJISI TOTO, YTOOBI
YCTAHOBHUTh KaTaTUTHUECKyl0 d(pdextuBHOCTF Rh Kak mepcrnekTHBHOTO
WHUIIAATOpa BOCIUIAMEHEHHSI U BBISBUTH (DAKTOPBI, ONPEIEISIONINe 3HAYCHHSI
3 PEKTUBHBIX YHEPTUH aKTUBAIIMU U BBISICHUTD, CYIIECTBYET JIU B 3TOH CUCTEME
ssiieane OTK.

ITokazaHo, 9TO B peakTope, 0OpabOTAHHOM BOCIIAMEHEHHUSIMH, TEMIIEPATy-
pa 3axwuranus cvecu (70% H,+ 30% meran)  + BO3yX HaJl MOBEPXHOCTHIO
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ponusi cocrapiser 62 °C. Pesynprar yka3plBaeT Ha IMOTEHIMA] HCIOIb30Ba-
HUSI POJUSI B KAUECTBE KATAJIN3aToOpa, YTOOBI 3aMETHO TOHHU3UTH TEMIIEPATYpy
BOCIIAMEHEHHUSI TOIUIMB Ha OCHOBE CMeced Bomoponm — meTad. OOHapyKeHO
KpUTHYECKOE YyclloBHe OOBEMHON peakluu: BOCIUIAMEHEHHE B o00beMe
npoucxomut npu 45% H,, Ho orcyrcteyer npu < 40% H,. Ecim H, < 40%, To
MPOTEKAET TOJILKO TEMHOBAs PEaKIMs; JTO SBJICHUE KaueCTBEHHO OIUCAHO
Hamu B § 5 T'massr |. TTokaszaHo, 4rto 3deKTHBHBIC IHEPTHHU AKTUBALUH KaK
“BepxHero” Tak W “HIKHETO TIPEJeNIOB KaTaJUTHYECKOTO BOCILIAMEHEHHS
cMmecH H, + Metan B juanasoHe nuHeiHOCTH npumepHo paBHbI (2.5+0.6) kkan/
MOJIb; 3TO 03HAYAET, YTO KIIIOUEBbIC PEaKIiH, OTBETCTBEHHBIE 32 BOSHUKHOBEHHUE
“BepxHero” M “HMKHETO” TPEIEIOB KaTATUTHIECKOTO BOCIUTAMEHEHHUS], SIBIISIOT-
s TOYTH HaBEPHOE OJHMMH M TeMH Ke. ITokaszaHo, 9To i Karaimuzatopa Rh/
Pd mporiecc pa3BuTus nenu Handosee BepOsSTHO UMEET FeTEPOreHHYO MPUPOLY,
noToMy uTo 3(p(HeKTUBHAS SHEPTHUsI AKTUBAIIMH COCTABIISICT MeHEe 3 KKaji/MOJIb.
Ocy1ecTBIEHO HKCTIEPUMEHTAIIFHOE OTIPENIeTICHNE TEMIIepaTyp BOCIIAMEHEHHUS
1 >(Q(EKTUBHBIX SHEPTHI aKTUBALMKM BOCILIaMeHeHus cmeceit 5% + 40% H, -
Bo3tyx Hax Rhu (30+70% H, + 70+30% C,H, (um1 C,H,))_ . + osayx Haa Rh
u Pd ipu 1 arm B naTepBasie remneparyp 20 + 300 °C npu cTaTu4ecKuX yCIOBHsX,
4T00BI CPaBHHUTH KaTanuThHueckyro 3¢hdexruBHocts Rh u Pd u ycranoButh
(haKTOphI, KOTOPBIE OMPEACISIOT BETHUUHBI Y3P(QEKTUBHBIX SHEPTHH aKTHBALIUH.
Bbu10 10Ka3aHo, YTO MONTyYeHHbIE BETUUMHBI 3()(DEKTHBHOM YHEPTUH AKTHBALIUH
HAXOJ/IATCS BO B3AUMHOM COTJIACHH W XapaKTePHBI JUIS TOBEPXHOCTHOM MPHPOJIBI
neiicteust Rh; Rh 6onee karamutnaecku aktuseH, yem Pd. YeraHoBiieHO, 9TO IpH
1 arm HITKB cmecn 2D2 + O2 HaJ ISUTEPUIOM POAFSI 3aMETHO HIDKE, UeM Y 2H2
+ O2 Hax ruapuaom Rh; taknm o6paszoM, BoCIITaMEHSIEMOCTD D2 Haza Rh Beie,
uem H, kax u npu nasnenusx 1o 200 Topp. Onpenenensl MaBHbIE 0COOEHHOCTH
KaTaJIATHYECKOTO BOCIUIAMEHEHHSI HAa METaJUIM4eCKOM DPOJWU W MaJiaJuu
B Py CMELIAaHHBIX TOIUIMB. & MMEHHO BOIOPOX + CHHTE3 ra3 W BOIOpox +
yIJI€BOAOPO/ (3TaH, ITUIICH, POIIaH, H-MEHTaH) + BO3/yX C [EJIbI0 YCTAHOBICHHUS
PO TEMHOBOTO MpoIlecca OKHCICHHWs, TPaHUI] OOJlacTeH KaTaauTHYeCKOro
BOCIUIAMEHEHHST ¥ 3aBUCHMOCTEH D(MQGEKTHBHBIX JHEPTUH  aKTHBAILUH
KaTaJIATHYECKOTO BOCIUIAMEHEHHsI OT MPUPOJIBI yrieBojopona. [lokazaHo, 4to
B YCJIOBHSX HAIIMX DKCIIEPUMEHTOB HE XMMHUYECKasl IPUPOJIA KaTaau3aropa, HO
npupoza yriesopopona C, B cmecu ¢ H, sBisercs onpenensiomum (hakropom
KaTaJIMTHYECKOTO BOCIIaMEHeHHs. KaraiuTuaeckue Tpenesbl BOCIIaMeHEHHSI
cunTe3 rasa Haja Rh/Pd kauecTBeHHO OTIIMYAIOTCS OT 3aBUCUMOCTEH JUTSI TOPIOYHX
BOJIOPOJT — YIIIEBOAOPO[: Y KAaTaJUTUYECKOW 3aBHCUMOCTH «HUKHETr0» Ipejerna
€CTh OTYETIMBBIA MaKCUMyM, KOTOPBIA YKA3bIBAET HA CIIOXKHBIA MEXaHU3M
KaTaJIMTHYECKOTO Ipollecca; 3aBUCUMOCTh AppeHuyca He mmeeT mecra. [lo-
ATOMY HWHTEpHpeTanus “BepxHero” W “HIKHETro”’ MPeneyioB KaTaTUTHIECCKOTO
BOCIIAMEHEHHS, JaHHasi B TUTEPAType, JOJDKHA ObITh yTouHeHa. /inTenbHble
BpeMEHa 3aJIep)KKH KaTaJUTHYEeCKOTO BOCIUIAMEHEHHSI CMECH BOAOPON —
H-TICHTAH — BO3AYX (HECATKH CEKyHI) WM OTCYTCTBHE HX 3aBUCHMOCTH OT
HAYallbHOH TEMIIeparyphl IO3BOJISIFOT CJHIENaTh BBIBOJN, YTO KAaTAIUTHYECKOE
BOCIUTAMEHEHHNE CMECH BOJOPOJ — H-TIEHTAH — BO3yX OIMPEIEINIETCs IMPOIIECCOM
MIepeHoca MoJIeKyJ1 yIIIeBOAOPOAa Ha TOBEPXHOCTH Karanu3aTopa. OCyIieCcTBICHBI
IKCIIEPUMEHTAIILHBIE HCCIIEIOBAHUSI BOCIUIAMEHEHHS CMECEel BOIOpOJ — Me-
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TaH — BO3/IyX ¥ BOAOPOJ — METaH — KUCIOPOJI Ha/l MOBEPXHOCTHIO Pt mpm o6mmx
nasneansx 20 — 180 Topp u HawanbHbIx Temmeparypax 400 — 600 °C, yToObI
YCTaHOBUTH 3aBUCHMOCTH KaTaJIUTUYECKUX MPEIEIIOB BOCIIIaMeHeHus Has Pt ot
TEeMIepaTypbl ¥ BBISIBUTH OCOOCHHOCTH 3aKUTaHUA CMECH BOJOPOJ — METaH HaJ
Pt B MOCTOSSTHHOM 3JIEKTPHYECKOM II0JIe B OTCYTCTBHE pa3zpsima. [lokazaHo, 4To
TIpe/iesibl KaTaTuTHIECKOT0 BOCILIIaMEHeH s rpeMyueii cmecu u cmecu (80%H, +
20%CH,) _....ou T O, Ha1 PtpoBOsOKO#i HE 3aBUCAT OT NPHUJIOKEHHOTO HAMPSKEHHS
6e3 paspsna o 1200 B. Yeranosieno, uto ans cmeceit (80%H, + 20%CH,)
+ O, npunoskenue snexrpuyeckoro nons (1200 B) mpuBoauT k ucue3HoBeHHIo Pt-
cofiep KalluX YaCTHII U3 PEaKIIMOHHOTO 00bEMA, 00pa30BaHHBIX MPH PA3TOKEHUN
NaOWITBHOTO OKCH/IA TUTATHHBI B Ta30BOM (ha3e, OTKy/a CICIYET, YTO 3TH YaCTHIIBI
3apsKeHbI. DTO MOYKET MPOU30MTH M3-3a SBICHUS XEMHUHOHU3AIlMH, Habmonae-
MOTO TIPY TOPEHHH YTIEBOAOPOAOB M MOCIEAYIOMIEH aJcopOIH 3apsiKeHHBIX
gacTuIl Ha Pl comepkarime 4acTHIIBL. YCTAHOBJIEHO, YTO NPH TOPEHUH CMECHU
(80%H, + 20%CH,)__ ... * O, yreponHbie HaHOTPYOKH HpaKTUYECKH HE
obpasytorcs B oinume ot emecu (H, + CHy). .+ 0O,

I'maBa IV mocesmena 0COOCHHOCTSIM B3aWMOJICHCTBHS ITOBEPXHOCTEH
OaropofHBIX  METAIOB C  PACIpPOCTPAHSIOMMMCA  (POHTOM  TUIAMEHH.
YcTraHOBIEHBI OCOOEHHOCTH NMPOHWKHOBEHUS (POHTA TUIAMEHHU pa30aBICHHOM
METaH-KUCIIOPOJHOH CMECH B OOBEMBI CIIOKHOM TE€OMETPHH B YCTAaHOBKE
nmaboparopHoro macmrTaba. BpImo mokazaHo, WTO MPOIECC PacIpOCTPAHEHUS
IUJAMEHM B YCJIOBHOM TOMEIICHHH, COJepIKalleM BHYTPEHHEEe MpPOCTPAHCTBO
C JIByMsI OTBEPCTHSIMH M JIETKOBOCIUTAMEHSIOLIUICS MaTepuan BHYTPH, JI€MOH-
CTpPHUpYET OOJBIIIOE pasHOOOpasue PEKMMOB TOPEHHUS B 3aBUCUMOCTH OT T€O-
METPHUH 3TOTO CJIOXHOTO oObeMa. [IoCKONbKY mpeaBapuUTEeNbHBIN YHCICHHBIH
pacueT OXXHMIAEMBIX MOJEJIEH paclpoCTpaHEHHs IJIAMEHH HE BCEIra MOXKET
OBITH YCIEIIHBIM, TO PEANbHBIA JKCHEPUMEHT B J1aOOPATOPHBIX YCIOBHSX,
MIPeINoaraoIiii BO3MOXXHOCTh MacIITabUPOBaHuUs TPOIIecca, IPEACTABIAETCS
Haunbonee nHpopMaTuBHBIM. [IpoBeieHO HccieioBanne oBeneHus Pt B riaMeHu
TOpPEeHHs MEeTaHa B YCJOBHAX TypOyleHTHOro mortoka. OOHAapyXeHO, UTO IpH
OTIPENIETICHHBIX YCIOBHUAX Pl-karanm3arop MOXKET MOAABIATH TOPEHHE U TEM
CaMbIM TIPOSIBIISITH TIPOTUBOIIOJIOKHBINA 2 deKT Onaronaps BeICOKOW 3dexTHB-
HOCTH Pt-TIOBEpXHOCTH, TIOKPHITON cioeM Pl-okcuma B peakimuu oOpbIBa IIEITH.
CrenoBarenbHO, KHHETHUECKUE (HAKTOPhI MOTYT OBITH ONPEIEISIONINME JIaXe
B YCJIOBHSIX BBICOKOH TYpOYJICHTHOCTH. YCTaHOBIICHBI OCOOCHHOCTH OKHCIICHUSI
BOJIOPOJIa M METaHa HaJl IUTATHHOW U MaJlIa{ueM pH Hu3kux nasienusx (70+200
Topp). 3nauenue >pPeKTUBHON YPHEPTUHM aKTHBAIIMK TEMHOBO# peaxiyu Hax Pd
orennBaercs kak E = 4.1 + 1.0 kkaJi/MoIib, 4TO XapaKTepPHO /ISl IOBEPXHOCTHOTO
mporiecca. B Hammx ycnoBHAX TEMHOBYIO PEAKIIHIO HA METAIIIMYECKOM TTaTHHE
He HabOmonmanu. bpUIo Moka3zaHO, YTO CKOPOCTH OOphIBa IETIEH OMpEeAessieT
BEJIMUUHY KPUTHYECKOTO JMaMETpa MPOHUKHOBEHUS uiameHu uepe3 Pt wim Pd
ITHHAPHI; 9PEKTUBHOCTD MOBepXHOCTH Pd B peakiiu 00pbiBa 1 HAMHOTO
BEIIIE, ueM Pt.
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IVIABA |
OCOBEHHOCTH BOCILVIAMEHEHUS
BOJOPOJIA U TEMTEPUS HAJL
METAJIJIMYECKUMU MJIATUHOW,
MAJJIAJAEM, PYTEHUEM U POITUEM

[lepBast m1aBa mpenacTaBIsIeT YUTATENIO ONHMCAHHE (EHOMEHOIOTHYECKHX
0COOEHHOCTEH BOCIJIAMEHEHHS CMeCeil BOZOPOAa ¢ KMCIOPOAOM HIIM BO3LYXOM
Haj 0JaropoIHBIMHU METaIaMHU.

B sTo0li cBs3M cnenyeT caenaTh BakHOe 3aMedaHue. Ilockonbky nccieny-
I0TCS KOJINYECTBEHHbIE OCOOCHHOCTH MPOLIECCOB BOCIUIAMEHEHHUS HaJl KaTa-
JUTUYECKON MOBEPXHOCTHIO, TO CTAHOBUTCS BAXKHO YHPABJIATH COCTOSTHUEM
noBepXxHOCTH. OJJHAKO HEBO3MOXKHO 00€CIEUUTh KOHTPOJIb HA MUKPOYPOBHE
JUISL MAKPOCKOIIMYECKOro o0pa3ua. B nanHOM ncciaenoBaHnu OqMHAKOBbIE 00-
pasubl NPoBOJIOK U (OJIBIH OBLIM M3TOTOBIEHBI U3 OJHUX U TEX XK€ KOMMEp-
yeckux cauTkoB Pt u Pd, a mokpeitus Rh u RU ObutH 0caxieHbl U3 KOMMEp-
YeCKUX 00pa3loB >KMIKHUX PEareHTOB OAHON M Toil ke ¢upmbl. [lockomabky
TEIUIOBBIE MOTEPH Ha KOHLAX 00pasua, rae MPHIOKEHbl KOHTAKThI, UTPAIOT
BaXXHYIO POJIb, 00pa3ubl UCIIOJIB30BAINCH AOCTATOYHONW AJIMHBI M TOJILHHEI
TaK, YTOObI TEIJIOBBIE ITOTEPU HA KOHLIAX HE BJIMSJIN HA PE3YIbTaThl IKCIIEPH-
MeHTOB. Takum 00pa3oM, JUIMHA U AUaMETP MIPOBOJIOK, UCIOIb3yEMbIX HUXKE,
SIBJIIFOTCS] TAKMMH, JUIsl KOTOPBIX YBEJIMUEHUE UX AJUHBI U YMEHBIICHUE 1A~
MeTpa HEe BIUSIM HA BEJIWYMHBI M3MEPEHHBIX NPEIEIOB KaTaJIUTHYECKOTO
BOCIIJITAMEHEHHUSI.

Kpome mozo, no xo0y uznosicenus bonvuioe eHumanue 6yoem yoenamscs npo-
yeoypam oopabomxu Kamaiumuyeckux no6epxHocmell, Komopbole no380NuUNU as-
mopam 000UMbC 60CHPOU3BOOUMOCU PE3VIbMAMNOE.

B sToi#i I'maBe oOHapyx)eHa HEYCTOMYMBOCTH MPOCTPAHCTBEHHOTO pa3-
BUTHS KaTaJMuTUIECKOro Bocmnamenenus B cmecu 40% H, + Bosnyx, a Tak-
K€ yCTaHOBJIEHA TEMIIepaTypHasl 3aBUCUMOCTb BPEMEH 3aJ€PKKH KaTalu-
TUYECKOTO 3a)KUTaHHUSl B HArpeToM peakTope mpu 1 atm B cTaTuyeckoii
YCTaHOBKE OBICTPOro HamyCKa B MPUCYTCTBUHU IJIATHUHOBOH (OJBIH HIH
Pt mpoBonoku. BrnepBbie oOHapyXeH SUEUCTBIH PEXHUM TOPEHUS CMECHU
B npucyTtcTBuHM Pt mpoBonoku B mHTepBasne 270+350 °C. IlokaszaHo, 4TO
3TOT PEXHUM BbI3BaH KaTaJIUTUYECKUM JeiicTBueM Pl-comepkaliux 4acTuil,
BO3HHUKAIOIIMUX MPU PA3JIOKEHUH JIAOMIBHOTO OKCHAA IJIAaTHHBI B Ta30BOi
¢a3ze. BoimonHeHb! SKCIIEpUMEHTaIbHBIE HCCIEAOBAHMS TOPEHUS BOLOPOAA
Hag ¢oasroit Pd u Pt mpu o6mewm naBnenun 10 + 180 Topp u HadaabHBIX
temmeparypax 20+288 °C. Iloka3zaHo, YTO KaTaJlUTHYECKass aKTHBHOCTH
nosepxHoctu Pd Beimie, uem Pt. AktuBHOCTH (osibru Pd mposiBiseTcst kak
B BO3HMKHOBEHHHM JIOKAJIbHBIX LIEHTPOB BOCIJIAMEHEHMs Ha (oibre, Tak
U B TEMHOBOH KaTaJWTHYECKOW peakIUU pacxol0BaHUs TOplOYel cMecH.
[IpoBeneHsl SKCHEpUMEHTAIbHBIE HCCIECJOBAHUS KaTaJUTHUYECKOTO BOC-
aMeHeHus Bogopoaa u neirepus vax Rh, Ru, Pd u Pt npoBosokamu npu
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ob6mewm nasnenun 10 + 180 Topp u HauanbHBIX Temnepatypax 200+500 °C.
Lens cocTosima B TOM, 4TOOBI YCTAHOBUTH 3aBUCHMOCTH KAaTaJUTHYECKUX
MpeneIoB 3a)KUTaHUs HaJ MOBEPXHOCTSIMH OJaropoJHBIX METAaJJIOB OT
TeMIIepaTypbl U YCTAaHOBUTH YMpaBisiomue (PpakTopsl MPU WHULIHUPOBA-
HUU BOCIJIAMEHEHHS KaTaJIUTHYEeCKOW MOBEPXHOCTHIO. BrImomHeHo Ma-
KPOKMHETHYECKOE HCCJIEJ0BaHNEe XMMHUUYECKUX CBOWCTB ABYX Ooiee Jer-
KHX BOJOPOJHBIX M30TOMOB (MIPOTHIl U JeHTEpUil) pAaCTBOPEHHBIX B POJIUU
Y Tajinaju¥, a MIMEHHO, UCCIe0BaHNe BIUSHUSI THIPUIOB U AEHTEPUIOB
0J1arOpoHBIX METAJIJIOB HA BOCIJIaMEHEHHE BOAOpOaa U faeitepus. bruro
mokaszaHo, 4To Ha moBepxHocTax Rh, Ru um Pd, o6paGoTaHHBIX BOCIIa-
MEHEHUSIMU TpeMydell cMecH, o0pa3yroTes 1eGekTsl B (hopMe OTBEPCTHIA,
KOTOpBIE PACIONOXKEeHBI Ha (QUTrypax TpaBieHUsS O0pa3oB; TPaBAIIUMHU
BEIIECTBAMH SABJISAIOTCS aKTUBHBIE TPOMEKYTOUHBIE MPOAYKTHl OKUCICHUS
Bomopoma. OOHaApY»KeHO, YTO Tepen BOCILUIAMEHEHHEM KaTaJuTHUUYeCKas
MPOBOJIOKAa HATrpeBaeTCs HEOJHOPOJHO, BO3HHKAIOT JIOKAJbHBIE I[EHTPHI
BOCINIAMEHEHHU .

Bbvino obuapyoiceno, umo nepeo 60CnaameHenuemM Kamaiumu4eckdas npoGoio-
Ka Hazpesaemcsi HePaAGHOMEPHO; BOSHUKAIOM NEPEUYHbLE JTOKAIbHbIE 04aAcU 60C-
naamMeHeHus; makue ouaz2u no360asAem noay4umy aHaIu3 pacnpeoenéntoll 3a0a-
uy ¢ ucnonvzosanuem ypagnenuti Hasve-Cmorca 0ns cocumaemort peazupyiouyen
cpeodvl 8 AKyCMU4eckoM NPUOIUICEHUU, M. €. C YHEMOM 2a300UHAMUYLECKUX PaK-
mopos. Ckazannoe 0mHOCUMCS MAKICe K AHAAU3ZY OeliCBUSL XUMUYECKU aKIMUe-
HOU CMeHKU peakmopa.

ITokazano, uro Rh sBnsercs Hambonee 3h(HeKTHBHBIM KaTaIH3aTOPOM
TOpEHHUs BOAOPOA; caMmasi HU3Kas TeMIIeparypa BOCIIJIaMeHEeHHS HaOIroaaeTcst
man nmoBepxuocTthio Rh (Rh/Pd) u coctasaser 210 °C. Hax moBepXHOCTSIMH
Ru/Pd, Pt u Pd nabGmiomaeTcsi siBJIeHHE THUCTEpe3HCa; a MMEHHO, Mpeaeln
KaTaIUTHYECKOTO  BOCIUIAMEHEHHWS, W3MEpPEHHBIH HajJg  IPOBOJIOKO,
KOTOpyto He oOpabatwiBanu BocruiameHenusmu (BIIKB — BepxHwmii npemen
KaTaJIUTHYECKOTO BOCIIAMEHEHHS, MOIXO0/ [0 TeMIlepaType CHHU3Y), BBIIIE,
yeM BeJMYMHA Tpejena, u3MepsieMas MpHU YMEHBIIEHWH TEeMIIepaTypbl H3
cocrosiHus Karanutudeckoro Bocmiamenenus (HIIKB — wHmwkHUi mnpenen
KaTaJIUTHYECKOTO BOCIUIAMEHEHHMs, TMOAX0a CcBepxy). Ilokasano, uro Rh —
caMblii d((QeKTUBHBIN KaTamu3arop TOpeHus nedtepus. boiee mpaBWib-
HO TOBOPUTh O 3@KWUTAHWW HaA THApHIAMU/AedTepuIaMu OIaropoaHbIX
METaJIJIOB; TaKUM 00pa3oM, CaMbIil HU3KHI Mpeaea BOCILIAMEHCHUS 2D2 +
O, nan neiitepunom poaus cocrasiser 100 °C; takum oGpasom D, Gonee
peanuonnocnocoben, yem H, nan Rh u Pd. [Tony4ennbie pesyabTaThl yKasbl-
BaOT Ha CYIECTBOBaHME “KMHETHYECKOTO 00parHoro u3otonHoro 3ddexra”,
KOTOPBIA OMpenenseT peaknmuoHuyo cmocodnocts MeH u MeD, toe Me =
Rh, Pd.

KirroueBble ciioBa: 3a)KUTraHue, BOJOPOJ, JACUTEpHUl, BO31yX, OKHCIECHHE,
TUJPUABL, POAUM, PYTEHWH, Naljajui, IMJIaTHHA, KaTaIUTUYECKUE MPEebl,
TEMHOBas peakuus, A4YeucThii, ypaBHeHus Haswe-Crokca, cikxnmMaemast
pearupytomias cpena, CKOpocTHast KHHOCHEMKA, THITEPCTIEKTPOMETD.

49



Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

§ 1. AYEUCTOE I'OPEHUE U 3AJIEP)KKU BOCIIVIAMEHEHUS ITPU
TOPEHUM BJIN3KHUX K CTEXUOMETPUUA CMECEM H,-BO31Y¥YX
HAJ ITOBEPXHOCTBIO Pt

OobnapysxeH staencToiii pexkum ropenus 40%-i cMecu Bomoposaa ¢ BO3ay-
XOM B NPUCYTCTBUM IUIATHHOBOW MPOBOJIOKM W (Gonbru B MHTepBaje 270-
350 °C mpu armocdepHoM aaBieHur. C MOMOIIBIO METOJIOB pyTUHHON u 4D
ONTUYECKOH CIEKTPOCKONHH, TO3BOJISIIOIICH PErucTpUpPOBAaTh HHTECHCHUB-
HOCTBH ONTHYECKOTO CIEKTPa OJHOBPEMEHHO B 3aBHCHUMOCTH OT JUIMHBI BOJI-
HBI, BpEMEHHU M KOOPJMHATHI, ¥ IIBETHOW CKOPOCTHOW KMHOCHEMKH BIICPBBIC
IKCIICPUMEHTAILHO OOHAPYKEHBI STYCHKU TOPEHHS, BBI3BAHHbBIC KaTaJIUTHYC-
CKOH HEYCTOWYHBOCTHIO. YCTAaHOBJICHO, YTO STYCHUCTBIA PEKUM OTPEACIACTCS
KaTaJUTHYECKUM TOpEeHHEeM Bojopona Ha Pt — comepkamux wacTtumax, o0-
Pa3yIOLIMXCsl MPU Pa30oKEHUH HEYCTOMYMBOIO OKCHJA IJIATHHBI B ra30BOH
¢aze. IlokazaHo, 4TO TeMIleparypHasl 3aBUCHMOCTb 3aJIep:KEK BOCIUIAMEHE-
HUS BOAOPO/Ia HaJl INIATHHOBOM MPOBOJIOKO U (hOJIBTO# KaK B HEMOABHIKHOM,
TaK U BO BpAIIAIOLIEMCs ra3e COOTBETCTBYET dHepruu aktuBanuu 19+3 kkan/
MOJIb, OJHM3KOH K JHEPrUM aKTHBALMU PAa3BETBICHUS PEAKIMOHHBIX IIeTei
OKHUCJICHHS BOJOPO/A.

KiroueBnie ciioBa: OKHCICHHE BOAOpPOAA, IUIaTUHOBAS IIPOBOJIOKA, q)OHLFa,
3aACPIKKa BOCINIAMCHCHU, KaTaJIMTUYCCKas HCyCTOﬁ‘II/IBOCTB, OKCH/ IIJIaTUHBI.

Pa3zBuTHE TEXHONOTMH KAaTAIUTHYECKH CTaOMIM3MpOBaHHOTO ropeHust CS
(Catalytic Stabilization) TpeOyeT pa3paboTKu KaTanu3aToOpOB C MOBBIIICHHON aK-
TUBHOCTBIO (Temreparypa goctmwkerns 50% KoHBepCHU ODKHA ObITH MEHbIIIE,
gem 450 °C) u TepMUUeCKOl yCTOWIUBOCTHIO. JIJIst 3TOTO HEOOXOMMO TTOHMMA-
HHE TMPHUPOJIbI KATATUTHYSCKUX MOBEPXHOCTHBIX MPOLIECCOB, 3HAHUE JICTATILHOTO
HU3KOTEMIIEPaTypHOTO TOMOTEHHOTO KHHETHUECKOr0 MEXaHu3Ma U ero B3aumo-
CBSI3M C MEXaHM3MOM TETEPOTCHHBIX XMMHYCCKUX TpeBpaimieHuil. Bo3HukHO-
BEHHE TOMOTEHHOTO BOCIUIAMEHEHHUS! B KaTaJIMTHYECKOM PEaKTope YrpoxKaeT
LEOCTHOCTU KaTalu3aTopa M peakropa (M MOXET BbI3BaTh HX pa3pyllICHHE),
MO3TOMY BO3MOXKHOCTH MPEAOTBPAILICHHSI TAKOTO COOBITHS MPECTABIISIET IIEPBO-
CTeTIeHHbIH nHTepec s au3aiina CS peakropa. Bocmiamenenue B ra3oBoii dase
OIPENIeIISCTCS] B3AMMOCBS3bI0 TeTEPOreHHBIX U TOMOT€HHBIX (PaKTOPOB (Karaju-
THYECKOE PACXOJ0BAHUE TOPIOYETO, PeaKIMu aacopOIu/IecopOIn ¢ y4acTH-
€M PaJIMKaJiOB) U MOJTOMY HAJISKHBIH KOHTPOJIb TOMOTEHHOTO BOCIIAMEHECHUSI
TpeOyeT 3HaHHUs MEXaHW3Ma FOPEHHsI B IPUCYTCTBUH KaTanuzatopa. OcoOeHHBIH
MHTEpPEC TMPEICTABISIOT TYpOMHBI, B KOTOPBIX OCHOBHBIM TOPIOYHM SIBIISICTCS
MPUPOIHBIN Ta3, HO ucnonb3yercss CS — CTUMYIISILHSI TOPEHUS] TIPUPOJHOTO ra3a
BOJZIOPOIOM B MPHCYTCTBUM Karanu3aropa [1]. JloGaBneHne HEOONBLIMX KOJH-
uecTB H, Kk IpuponHoMy rasy ysenuauBaeT 3QpQEKTUBHOCTD KaTaliu3aropa, cTa-
OMIM3HPYET TOPEHUE U MPEAOTBpAIAeT Mybcaluy IiamMenu. [loaTomy 3HaHue
0COOCHHOCTEH KaTaJIUTUYECKOr0 FOPSHHUSI BOIOPOJA SIBJSICTCSI BaXKHBIM ILIATOM
JUIsl TOHUMAHUSI CTUMYJIMPYIOILETO JICHCTBUSI BOAOPO/A MIPU CKUTAHHUHU YIJIEBO-
JOPOIHBIX TOTLHB [1-6].
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B [3] 6bu1H 00HAPYKEHBI CPABHUTEIHHO JTHHHBIC 3aICP)KKH BOCTIIIAMCHEHHS
B cmecu 40% H2 — Bo3ayx Hax Pt ¢onbroit mpu odmiem nasinenun 1 arm. [pu
3TOM OBLIO YCTaHOBJIEHO, YTO BOCIUIAMEHEHHME cmecei H -Bosmyx mpu armo-
cepHOM JIaBJIICHIH HAYMHACTCS ¢ BOSHUKHOBEHHSI IEPBUYHOTO IICHTPA TOPEHHUS
Ha HauboJee XMMUYECKH aKTUBHOM YYaCTKE IOBEPXHOCTH, KOTOPBIA HHUIIHHPY-
eT pacnpocTpaHeHUe IIaMeHu B peaktope. Kpome Toro, kak mokasaso B [7], BBe-
JICHUE TUTATHHOBOH MPOBOJIOKU B PEAKTOP YCTPAHSET SIBICHHE OTPHUIIATEILHOTO
TeMieparypHoro ko3 duimenta (Ipupoga KOTOPOro 0 CHX MOP HESICHA) MpU
TOPEHUH CTEXHOMETPHUYECKON CMECH H-TIEHTaH — BO3JyX, IIPH OTOM ILIATHHOBASI
MPOBOJIOKA HE OKa3bIBaeT HUKAKOTO d(dekra Ha BpeMs 3aJCP)KKH TEIUIOBOTO
BOCIIAMEHEHHS CMECH TIpH 0oJiee HU3KUX TeMIlepaTypax.

W3 M310K€HHOTO BBINIE CIIEAYET, YTO B IOHUMAHUH TPOLIECCOB TOPEHHUSI HaJT
KaTaJIMTHYECKIUMHU MOBEPXHOCTSIMH B HACTOSIIEM BPEMEHU UMEETCS JOBOJBHO
MHOTO “OelbIX MsATeH”.

Januplii maparpad TOCBSIIEH OOHAPYKCHUIO M YCTAHOBJICHUIO NPHYUH
HEYCTOWYMBOCTH MPOCTPAHCTBEHHOTO pacnpocTpanenus cmecn 40% H, —
BO3/IyX B MPUCYTCTBUH IJIATUHOBOW (DOJIBIH UITH MTPOBOJIOKH C UCTIOJIE30BAHUEM
CKOPOCTHOM IBETHOW KMHOCHEMKH, pYTHHHOH onTndeckoii u 4D criekTpockonu,
a TaK)Ke YCTaHOBJICHUIO TEMIIEPAaTypHOH 3aBUCHMOCTH BpPEMEH 3aJIepIKKH
BOCTIIAMEHEHHS yKa3aHHOW CMECH B HAaIPETOM PeakTope MpH 1 aTM B CTaTHUYECKOI
yCTaHOBKE OBICTPOTO TMeperycKa.

3KCHepI/IMeHTaJ'IbHaﬂ 4acTb

Jns sKkCepuMEeHTOB MCHONB30BaIM JBE YCTaHOBKHU. B mepBoil ycTaHOBKe
(ycranoBka 1) asst pervcTpaiMi M3Iy9eHHs HCIIOIb30BAIHCH THIIEPCIICKTPO-
METPBI U CKOPOCTHAsI I[BETHAs (oTokamepa. Hamuuue rumepcrnekTpoMerpa mo-
3BOJTHIIO TIPOBOANTE 4D m3mepenus (perucTpupyrorcs 1-Bpems, 2-THHA BOIHE,
3-UHTEHCHBHOCTD CIIEKTPa Ha JAHHOW JUTHHE BOJIHBI, 4-KOOPMHATA M3y YaroIIe-
ro ¢parMeHTa MCTOYHHMKaA cBeTa). Ha 3To# ycTaHOBKe OBUTH MPOBEICHBI dKCIIE-
PUMEHTHI [0 aHAIHM3Y ONTHYECKUX CIIEKTPOB SYEUCTOTO TOPEHUS BOJAOPO/A Hall
IJIATHHOBOM MTOBEPXHOCTHIO.

Ha Bropoii ycranoske (ycTaHOBKa 2) IS TPaIUIIMOHHOM PETMCTPAIIUH U3y~
YeHUS UCTIONB30Bajcs criekTpomeTp CTD-1 co ckpemEnHoi Juctepcneii ¢ mo-
cnenyromieit 3anuchio crekrpa Bugeokamepoit SONY DCR-SR200E, uyBcTBH-
TenbHOM B uHTepBase miuH BoH 420-900 HM, KOTOPBIi 3aTeM 00padaThIBaIH C
nomoIipio mporpammer Hesperus 3.0. Ha 3Toli ycTaHOBKE IMPOBOIAMINCH KCIIE-
PUMEHTBHI TI0 YCTAHOBJICHUIO TIPUPOJIbI U3ITyUaTeIbHON MoNockl 552 HM, 4acTo
pETUCTPUPYEMOH B ITpOIIeccax FOPEHHSI.

Veranoska 1 (Pue. 1.1, 1.2) [8-11] cocrosia u3 mporpeBaeMoro peaxropa
1, 3JeKTpOMarHUTHOTO Kiamana 2, OydepHoro o0béma 3, OajyioHa ¢ ra3oBOU
cMmechio 4, rurnepcrnekrpoMerpa D, 1nudpoBoi BuaeoKaMepbl 6, MOBOPOTHOIO
3epkaja 7, BHyTpeHHEeH acOecToBO# mM3omsnuu 8, Harperarens 9, BHEIIHEH ac-
oecroBoii u3ossiuu 10, ontrueckoro okHa 11, matunka ganenus 12, AL mpe-
o0pazoBarelisi 1 KOMIbIOTEPA JJIs TOJNYYCHUsT M HAKOIUICHHS JaHHBIX 13, MHJI-
JUBOJIETMETpPA JUIsl CHATHS MOKa3aHWH TepMmonapsl 14, alllOMUHHEBOTO KOJbIA
JUTSL IPEIOTBPAIICHUS IIUPKYISIUK Ta3a 15, cXeMbl HCKPOBOTO BOCIUIAMEHEHUSI
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16, ceeronuona 17. KpacHbiM 1iBeroM Ha Puc. 1.20 moka3zaHa JUHHS, BIOJb KO-
Topoii mpoBoamiack 4D-cnexTpanbHas cremka. [llupuHa 3T0i AMHMN TIOpSAKA
1 mM. CHHUM KpyroM OTMEYEH y3el TaHI'€HIMAJIbHOTO BBOJA Ta3a B PEaKTOP.
[IporpeBaemblii peakTop JTUHOM 25 ¢cM 1 [uaMeTpoM 12 cM ObLIT H3rOTOBIICH M3
HeprKaBeIoIIeH CTalli U CHa0eH TaHT€HIIMAILHBIM Ta30BbIM BXOJOM (OTMEYEH
cuHUM Kpyrom Ha Puc. 1.2 a, 6), pa300pHBIME KPBIIIKAMU U ONITUYECKAM KBapIie-
BBIM OKHOM. B 3KcriepuMeHTax, B KOTOPBIX TPeOOoBaIoch n30eKaTh MUPKYISIIH
rasa, o0yCJIOBICHHON HaJM4YKeM TaHTreHnuansHoro Beoaa (Puc. 1.2), B peaktop
MIEPIIEHUKYISIPHO Ta30BOMY ITOTOKY BBOJIWIIM QJIFOMUHHUEBOE KOJIBIIO BHEUITHUM
nrameTpoM 11.2 cm u BHyTpeHHHM 11 oM.

Tounocts m3Mepenuit remneparypsl coctrapisiia 0.3 K. [yt oTkpeiTHst U 3a-
KPBITHSI Ta30BBIX KOMMYHHKAIIUI HCIIONB30BaIM DJICKTPOMArHUTHBIA KIIAIaH.
OTKa4aHHBIN ¥ HATPETHIN 0 HYXXKHOW TEMITepaTyphl peakTop depe3 KiamaH 3a-
TIOJTHSIIM Ta30BOM cMechio u3 Oy(hepHoro o0beMa BBICOKOTO JaBICHHS 10 HE0O0-
XOIMMOTO JiaBneHus. M3-3a pe3koro nepenaja aasieHuil B OydepHoM odbeMe U
peakTope, B peakTope mocie cpadaThIBaHUs JIEKTPOMAarHUTHOTO KJIallaHa BO3-
HUKAeT Ta30BbIli BUXPh, MPHUBOISIINN K COKpAIEHHIO BPEMECHH YCTAHOBJICHHUSI
OIHOPOIHOTO TeMITepaTypHoro pacrpenenenus [8]. Kak yike ymoMHHAIOCH, IS
MIPEeIOTBPAIEHUS [TUPKYJISINH ra3a B peakTop BBOIWIN ATIOMHUHHAEBOE KOJIBIO
MIEPIIEHNKYISIPHO K MOTOKY Ta3a.

6 N 11 7

Puc. 1.1. Ycranoska 1, pororpadust s3xcriepuMeHTaIbHON YCTaHOBKH

OTMeTHM, YTO TIPSMbIE M3MEPEHUsI JTUHAMHKH W3MEHEHUSI TEMIIeparyphl B
HEHTPE peaKTopa ¢ MOMOIIBI0 TOHKAX TepMOMap ObLIHM BBITOJHEHBI TIPHU 0100~
HBIX ycnnoBusx B [8]. B aroii pabore ObLIO SKCIEPHUMEHTAIBHO MOKAa3aHO, YTO
BpeMs HarpeBaHus ra3oBoii cmecu He npebimano 0.3 ¢, npuuém hopmyna, yau-
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TBHIBAIOIIAs] TOJIHKO KOHBEKTUBHBIN MTPOTPEB ra30BOM CMeCH, JAET 3HAUCHHE Bpe-
MEHH MPOTpeBa MOpsiIKa HECKOIBbKUX JAECATKOB CeKyH [9].

B macrosmieit paboTe maBiieHre B MIPOIIECCE HAMYCKA U TOPSHUSI PETUCTPUPO-
BaJIM C MMOMOIIBIO TeH30pe3UCTUBHOTO mardmka ‘Kapar-JI1’, curaan ¢ kKoToporo
nogaBanu yepe3 ALIIT Ha kommnbroTep. B MOMEHT OTKPBITHS DJIEKTPOMATrHUTHOTO
KJIallaHa BKJTIOYAJICS CBETOANO], M3ITyYeHNE KOTOPOTO PErHCTPUPOBAINA KHHOKA-
Mepoi. DTOT MOMEHT NMPUHUMAJICS 32 Hayalo OTcYeTa Mepruojia 3aJep kKU BOC-
IJTAMEHEHUS, 9TO TIO3BOJISIIO HE3aBUCUMO OT U3MEPEHUH JaBIIEHUS OTPEIEISITh
€ro JUINTENBHOCTh W3 IMOCIEA0BAaTENFHOCTH KaJAPOB U Ka)IOTO OTIEIHEHOTO
BOCIUTAMEHEHHS.

o

Puc.1.2. YeranoBka 1, a) — cxeMa 9KCIIEPUMEHTAIILHOM YCTaHOBKH; 0) — CXeMa peakropa

CKOpOCTH TUIAMEHH OMpEACTsUId 0 H3MEHEHHIO BHAMMOIO pajuyca
cepuuecKoro IIaMeH, U3 KOTOPOIro PaCCUMTHIBAIM BHAMMYIO CKOPOCTh VV .
BenuunHy cTeneHM pacIIMpeHUs NPOIYKTOB TOPEHUsl &; ONpeiessiv, Kak
OMHcaHo BO BBeeHUH MO BETHUHNHE MAKCUMAIILHOTO JaBJICHHUS, Pa3BHBAEMOTO B
npouecce ropenus cmecu B, [6]:

Py

TO:]-_V(ST_]-)

Benmnurny HOpMalbHOW CKOPOCTH pacnpocTpaHeHus U — onpenensim u3
cootnoterust Uy, =V, /er [6].

B peakrop ycranoBku 1 momerianu Pt ¢posery pasmepom 12X6 cM? U TOIIHHO#M
0.3 cm unu Pt poBosioky 15 cM mmnHoit u 0.3 cm Tomuuaoi. [lepen kaxapiM
IKCIIEpUMEHTOM peaktop otkaduBanu 10 107 Topp. JlaBieHue B peakTope peru-
CTPUPOBAJIM 00Pa3IIOBBIM BAKyyMMETPOM, a B OyepHOM 00bEME — 00pa31IOBBIM
MaHOMeTpoM. I"a3sl (BOIOPOI, KHCIIOPO, METAH) MCITOIB30BAIN MAPKH “X4”’, Uu-
crota Pt cocrasmsuta 99.99%.

Peructpammio mporiecca TOpeHHsI OCYIMIECTBISUIN crekTpomerpom CTD-1,
cHaOxEHHBIM 11BeTHOH Buaeokamepoir SONY DCR_SR200E, wnu 4D-criekTpo-
MeTpoM (THIIEPCIIEKTPOMETPOM) Yepe3 OMTHYSCKOE OKHO B OJHOW M3 ChEMHBIX
kpbimiek (Puc. 1.26). OnbITel O CKOPOCTHOH KUHOCHEMKE OBLIH BBIMOJIHEHBI C
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razosbivu cmecavu 40% H, + 60% Bosnyx B unreppaie 270 — 350 °C 6e3 uupky-
JSIUK ra3a. B 1anHoi paboTe MpOBOIUIIH OTHOBPEMEHHO KaK BUICOCHEMKY rope-
HHS [[BETHOM CKOPOCTHOM KrHOKamepoi Casio Exilim F1 Pro (4acrora kampoB —
300 — 1200 c?) gepe3 OKHO W3 ONTHUYECKOrO KBapi@a (MOJy4eHHBIH BHICODAT
3alUChIBAIM B TTaMsITh KOMITBIOTEpA M 3aTeM MPOBOIHIIN €r0 TOKaIpOBYIO 00pa-
0O0TKY), TaK ¥ PErHCTPAIIMIO TUIIEPCIIEKTPOMETPOM Tiporiecca ropenust (Puc. 1.2a),
Y B JIAJTbHEHIIIEM CPAaBHUBAJIN MTOTyYCHHbIC TaHHbIC.

Puc. 1.3. Cnena. IlyTs nyua B runepcnekrpansaoM moaysie BU-MK3

1 — BxogHOH 00BeKTHB, 2 — OJIOK JuadparM co IIeNbio, 3 — KOJIMMATop, 4 — paccenBaroNuit
aneMeHT, 5 — 00beKTHB Kamepsl, 6 — MaTpuia GoTonprHeMHuKa

Cnpasa. Ontrueckas cucrema runepernekrpomerpa BUK

B runepcnekrpomerpax MOTyT HCTIONIb30BATHCS PA3IMYHbIE AUCTIEPTUPYIOIIUE
9NIEMEHTHI: Au(pakIMOHHAs pelIeTKa, roiorpaduyeckas pelieTka, MpHU3Ma,
KOMOMHAIMS TPU3M, KOMOWHANMS ONTHYECKHX KIMHBEB W 1p. OCHOBaHHBII
Ha TpU3Me IU3aiiH ucnoib3oBaics B ciyyae BUJI — ciexkrpomerpos (Puc. 1.3,
clieBa), OCHOBaHHBINM Ha MuddpakumoHHol peméTke — B cnekrpomerpax bBUK
(Puc. 1.3, cnpaga). I'unepcniekrpomerp BUK comepkur BxomaHoi 00bekTHB 1,
Onok 2 quadparm, KOJUTUMATOP 3, COCTOSIIMN U3 IBYX CeKIni 4 1 5. DTu cexkiun
YCTaHOBJICHBI IO/ YIJIOM JAPYT K IPYyTy, ONTHMaJIbHOE 3HAaYEeHHUE yIila TOBOPOTa —
90°. 3epkasio 6 pa3MeIIeHO MEKIY KOLTMMATOPHBIME ceKimsamu 4 u 5. 3a kon-
JUMAaTOPHOW CEeKIMel 5 yCTaHOBIIEH TUCTICPTUPYIOUINHA y3€Jl, BBIMOTHEHHBINH B
BUJE TUPPAKIMOHHON pemeTky 7. Jlanee BAOIb TPAeKTOPUH JIyuei yCcTaHaBIuU-
BalOT 00bEeKTUB 8 1 MaTpuiy (GoTonprueMHUKOB 9.

B nacrosimem naparpade n3mepeHus NpoBOAMIIKCE ¢ Ucnonb3oBaHneM B /-
UK3 runepcnexrpomerpa [12-15] u ero mMoam¢puumpoBaHHOro BapuaHra (B
HEM Bpamiajach (oTompueMHasi MaTpula, U 3a CYET ITOTO CTAIO0 BO3MOMKHBIM
MPOrpaMMHO YIPABISITH YIJIOM 0030pa U, COOTBETCTBEHHO, YaCTOTOH KaJpOB).
Bremnuii Buzx 000Mx yCcTpOCTB, yCTaHOBIECHHBIX Ha TOBOPOTHOM YCTPOMCTBE,
nokasas Ha Puc. 1.4, a koHCTpyKLust (OAMHAKOBAsI U1l 0OOMX YCTPOMCTB) Mpe-
crasnena B [13-15]. Ontuueckas KOMIIOHOBKA THIIEPCIIEKTPOMETpa MPHBE/ICHA B
[14, 15]. BU/I-MK3 runepcnekTpoMeTp UMEeT Jydlliee CHeKTPaIbHOE pa3pelle-
Hue, a MmomuduuupoBanusiii BUJ{-MK3 runepcrnextpoMeTp UMeeT ydinee mpo-
CTpaHCTBEHHOE U TMHAMUYecKoe paspelienue. Vcnons3oBanue cpasy AByX NpH-
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OOpPOB TIO3BOJIMIIO BBISIBUTH HOBBIE OCOOCHHOCTH IpoIiecca FOPEHHs BOIOPOa
HaJl TOBEPXHOCTHIO TIIATUHEI.

Puc. 1.4. PacnosioxkeHHe THIICPCIIEKTPOMETPOB JUISl H3YUCHHS TIAMEH:

1 — runiepcniexrpomerp BUI-MK3, 2 — runepcnexrpomerp BUJI-MK3 (MoauduimpoBanusiii), 3 —
MOBOPOTHOE yCTpoiicTBO, 4 — Buaeokamepa Casio Exilim F1 Pro ma mraruse, 5 — moBopotHoe
3epKaJio ¢ N300pakeHHEM ONTHYECKOr0 OKHA PeakTopa, 6 — mepemyckHoi 00beM,;

0) — OJIOK THIIEPCIIEKTPOMETPOB Ha IOBOPOTHOM YCTPOIicTBE

s neMoHCTpanuu BO3MOXxHOCTeH rurnepcrnekrpomerpa BUJI-MK3 mpu-
BeJIeM 3aBHCHMOCTH MHTEHCHBHOCTH CIIEKTpoB ropenus cmecu 40% H, — Bo3-
JyX, HHAIAAPOBAHHOTO Pt MPOBOJIOKOM, OT JUTHMHBI BOJHBI JJIsI Pa3HBIX TOYCK
(Puc. 1.5) oT momoskeHus HA IMHUK perucTpanuu (KpacHas nuHus Ha Puc. 1.2a)
u ot Bpemenu (Puc. 1.6).

@ 2000 | T
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Puc. 1.5. 3aBHCMMOCTB SMHCCHOHHBIX CTIEKTPOB Topenus cMech 40% H, — Bo3myX, MHUIMHPOBaHHOTO
Pt mpoBostokoif, oT nonoskeHus Ha KpacHol uHuK. Havansnas temneparypa T, =320 °C, Py =1 atm
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Kak ykaszaHO BblIlI€, TIOCKOJIBKY 3aBUCUMOCTb OT BPEMEHHU IS U3y4aeMbIX
MIPOLIECCOB TOPEHHs JIOCTATOYHO IIJIaBHAs, a& CIEKTPaJIbHOE pa3pelieHue
runepcnekrpomerpa BUJI-MK3 B nBa pasa nyutie, 4eM y MOIUGHUITUIPOBAHHOTO
rurnepcriekrpomerpa BUJ-MK3, To sKCIIepuMEHTHI 10 U3YYESHUI0 TOPEHHS CMECH
40% H, — Bo3nyx, 320 °C, 1 at™m, MHUIUUPOBAHHOTO Pt, IPOBOAMIN B OCHOBHOM
rurnepcnexTpomerpom BUJI-MK3 .

y t
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Puc. 1.6. 3aBucumMOCTh OT BpeMeHH crieKTpoB ropenus cvecu 40% H, — Bo3myX, HHUIIMHPOBaHHOTO
Pt nposonoxoit. T, =320 °C, P, = 1 arm

Jist TUarHOCTUKY MBUIEBBIX CTPYKTYP YacCTHIIbI, HCITyCKAaeMbIe TUIATHHOBOM
MIPOBOJIOKOH NpH €€ HarpeBaHUH B aTMOC(EPHOM BO3yXe, OCBEIIAN TUIOCKUM
Ja3epHbIM Mmy4KoM (“Ta3epHblil HOXK), BEIMYMHA MEPETSIKKH KOTOPOTO COCTaB-
nsuta e 6onee 200 MKM.

Jnst BU3yanu3anuu TBEPIBIX YACTHI[ UCIIONB30BaIH TOIYPOBOJHHKOBBIH
nazep A = 532 uM. Cxema u portorpaduu ycraHoBKH 2 npuBeieHbl Ha Puc. 1.7.
3neck: 1 — peakTop M3 HepKaBewIlned ctanu jmHon 15 u quamerpom 13 cwm,
CHAOKEHHBIM ONTHYECKUM OKHOM 8; 2 — MOBOPOTHOE 3epKaJIO; 3 — KOJLTUMATOP
¢ nepxareneM; 4 — cnekrpometp CTDI-1 co ckpeménHoii qucnepcueii; 5 — Bxoa-
Has 1eb crekrpomerpa; 6 — Bugeokamepa SONY DCR_SR200E; 7 — BeixonHOe
OKHO CIIEKTPOMETPA.
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Puc. 1.7. YcTaHoBKa Ui perUCTPALK CIIEKTPOB U3JIy4EHHS METOJJOM OITHYECKON CIIEKTPOCKOIHH.
a) — OJIOK-cXeMa yCTaHOBKH; 0 -T) — oTorpaduu y3iaoB yCTaHOBKH

Pe3yabrarthl M 00cyKaeHNe IKCIIEPUMEHTOB

Ha ycranoBke 1 OBLIO WHCCIEIOBAaHO TPOCTPAHCTBEHHOE pPAa3BHTHUE
Bocriamenenus cmeceit 40% H, -Bosnyx npu nasnenun 1 atm. OTmeTnM, 4TO
TeMIeparypa BocIIaMeHeHus cMeceil H,-Bo3yx mpu 1 arM B peakTtope, coaep-
xareM Pt dosbry Ha ~ 170° MeHblIIIe, yeM B peakTope U3 HepIKaBeIoLIeH cTain
[3]. O6paTrM BHUMAaHHE HA TO, YTO TIEPEXO/T UEPE3 KPUTHIECKOE YCITOBHE BOCIIIA-
MEHEHHS COMTPOBOXKIACTCS CYIIECTBEHHBIM POCTOM TEPUO/a 3aJIePKKH BOCILIA-
MEHEHHS T TOJBKO HaJl KaTaTUTHYECKON MOBEPXHOCTHIO Pt; mpy BoCIUIaMeHEHUH
HaJI HeprKaBerollel cTanbio T He npeBbimaet 0.5 ¢ 1 u3MeHsercs pe3ko B OUeHb
y3KOM TeMIlepaTypHoM uHTepBaie ~ 1 rpanyc. [lepuozst 3anepxku B 40% cmecu
BOJIOPOJI-BO3YX MOTYT JIOCTUTaTh JECATKOB CEKYHJ Kak MpU TeMIeparype
MenbIie yeM 260 °C, Tak u Hajx “cBekeil” MOBEPXHOCTHIO TUIATHHOBOM (POJIBIH.
Cunraercs, 4TO COCTOSTHHE “‘CBEKEl” MOBEPXHOCTH Peau3yercs B KaXJIOM Ha-
4aJbpHOM ([IEpBOM) DKCIIEPUMEHTE, B KOTOpoM Pt He 00paboTaHa mpeaBapuTesb-
HO aKTHBHBIMHU IICHTPaMH BOCIIAMECHEHHSI.

Ha Puc. 1.8 npuBeneHsI 1oCie0BaTeIbHOCTA BHICOU300PaKECHUN Pa3BUTHSI
BocriameHeHus cmecu 40% Bomopona ¢ BO3MYXOM ISl Pa3iIMYHBIX YCIOBHUI
nHunuupoBanus. Kax Buano u3 Puc. 1.8a, maakoe ogHOpoaHOE TaMst HaOIo-
JaeTcsi MpU BOCIUIAMEHEHUH, NHUIIMMPOBAHHOM HCKPOBBIM Pa3psioM IpU KOM-
HATHOW TeMIleparype CTEHOK PeakTopa, B CiIydae MOBEPXHOCTH HEPIKaBEIOIIEH
cranu. Kak nokazano Ha puc. 1.80, ecnu Pt ¢osbra nmomeiieHa B peaktop u3
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HEpJKaBEIOIIeH CcTaid, (PPOHT IUIAMEHHM TaK)Ke MOYTH OHOpoaeH. OaHako B
npucyrctBun Pt mposonoku (Puc. 1.88) HaOmromaercst siuemcras CTPYKTypa
wiamend. [lepen BocruiaMeHeHHEeM W moclie Hero Pt mpoBosioka packansercs
U3-3a KaTalMTHYECKUX peakuuid Ha noepxHoctu Pt. JloGasnenne 15% CO,
roproueii cMecu o0ecredrBaeT MOIHOE MOJIaBICHHE TYEUCTOTO PEXKUMa TOPEHHUSI
(Puc.1.8r), mpu sTom 15% nobaBka resiusi MPakTHYECKH HE BIUSET Ha SUCHCTHIH
pexum ropenus (Puc. 1.81).

Ha Puc. 1.9 npencraBneHbl pe3yibraThl Ka4YeCTBEHHON OIIGHKH CKOpOCTEei
TuTaMEH 1Mo M3MEHEHUIO BUJIMMOTO pajinyca c(hepruieckoro miaMeHu 110 ypaBHe-
HUIO, MPUBEAEHHOMY B DKCIIepUMEHTaabHON yacTu. M3 Puc. 1.9 BumHO, 4TO IpH
HCKPOBOM WHHUIIMUPOBAHUH B Pa30aBICHHOHN yITIEKHCIBIM I'a30M CMECH MTOCTOSTH-
Hasi CKOPOCTh TNIAMEHH JIOCTUTAETCS Uepe3 ONpe/IelICHHBIH TPOMEXKYTOK BpeMe-
HU, COOTBETCTBYOIIUH BpeMeHH (HOPMHPOBAHHS YCTOWYMBOTO (D)POHTA IIIAMEHH
(@IT) [16, 17]. OnHako B MPUCYTCTBHHM IIATHHOBOTO KaTaln3aropa, Kak BHIHO
u3 Puc. 1.9, mocrosiHHAs CKOPOCTH TUIaMEHH (B Tpeaenax OmnuOKN SKCIIePUMEH-
Ta) JIOCTUTACTCs MPAKTHYESCKU Cpasy, T. €. KaTAIUTUIECKOEe ICHCTBUE IIATHHBI
MIPUBOANT K PE3KOMY COKpAIEHUIO BpeMeHH (opmMupoBanus ycroiunsoro OII.
Kpome Toro, U3 3Toro pricyHKa BHIHO, YTO HOpPMaJbHAs CKOPOCTH IUTAMEHH B
MPUCYTCTBUU KaTaJTUTHYSCKOW MOBEPXHOCTH 3aMeTHO Bhiiie (~ 2.6 M/C), uem B
YCIIOBHSX, MCKIFOYAIOIINX JeHCTBHE Karanu3aropa (Opu WHUIMHPOBAHUH HC-
KpoBbIM paspsaom ~ 1.9 m/c, B mpucyrcrBun 15% CO, ~ 1.8 m/c). [Tonyuennsie
3HAYECHUs] HOPMAJIbHBIX CKOpOCTei (0e3 Karanu3aropa) B paMKax MOrPEIIHOCTH
COINIACYIOTCSI C JMTeparypHbIME AaHHbIMU [17]. C mpyroit cTOpOHBI, U3BECTHO,
YTO CKOPOCTh JJAMUHAPHOTO IIAMEHH HE 3aBHCUT OT DHEPIHMH UCTOYHHUKA MHU-
[UUPOBAHUSI, €CIIM SHEPT Ul MHUIIMUPOBAHUs HeBesnKa (Tak Ha3piBaeMoe ciaboe
uHuiprpoBanue [6]). Takum 00pa3oM, MONYYESHHBIH IKCIIEPUMEHTAIBHBINA pe-
3yIIbTaT TPEOyeT OOBICHEHHUS.

OG6partumest K (akram, M3BECTHBIM W3 Juteparypbl. B [2] paccmoTpeHb
HEKOTOpbIE OJKCIEPUMEHTANbHBIE (AKThl, OTHOCSIIMECS K PEaKIUH MEXITy
TUIATHHOM U KUCIIOPOJOM P TEMIIEpaTypax 10 TOUKH IUTaBJICHHs TIaTHHBL B [2]
OBLIO YCTAHOBJICHO, YTO TOHKas TJICHKA TEPMUYECCKH HECTAOMIBLHOTO TBEPIOTO
okcufa niartuHbl (auokcuzaa mnaruael PtO,, nan PtO [3]) obpasyercs B Bosmyxe
WK KHCJIOpOJie TIPH KOMHATHOW Temreparype [4] Ha moBepxHOcTsx Pt mposo-
JIOKH WJIM TOHKOH (DOJIBIH H, C TIOBBIIIEHUEM TEMIIEPATYPHI 10 MPHUOIN3UTEITHLHO
500 °C, yrounmiaercsi, HO TIPH TPEBBIIICHUH 3TOW TEMIIEPATypPhl TUCTIPOIIOPIIHO-
HHUpYyeT ¢ oOpa3zoBaHueM metaiuia [5]. [ToaToMy moTepsi Beca IUIATHHBI B CPE/IE,
coneprKaliieii KUCIopoI, Py MOBbINIeHHBIX Temieparypax (470-540 °C) o0Obsic-
HsieTcs 00pa30BaHNEM JIAOMIIBHBIX JIETYYUX OKCHIOB TUIATHHBI C ITOCIIETYOIIUM
OC&XJICHUEM IUIaTHHBI Ha 0oJiee XOJOJHBIX IOBEPXHOCTSAX B pe3yibrare
pa3nokeHusi OKCHI0B. DTo MokaszaHo Ha wutoctpanun (Fig. 1), npuBeneHHOM
B [2]. Ha Heil mpenacTaBieH IJIATHHOCOAEPKAIINN CIIOW Ha (yTEPOBOUHOM
kuprimde CS peakropa, H3BICUEHHOTO TOCTE MPOIOIDKUTENFHON IKCIUTyaTallHu.
W3 wnnroctpanyu BUIIHO, YTO YepHAsi OKCHJIHAS TUICHKA OCaKAaeTcsl Ha Oolee
XOJIOAHBIX KpasiX, a KpUCTAJUIMYecKas TUIaTHHA OcaXkJaeTcsi Ha Oosee ropsueit
MTOBEPXHOCTH.

DTO 03HaYaeT, YTO MOJIEKYJbl WM KIACTEPhl KaK OKCHJIOB IUIATHHBI, TaK M
METaJTMIECKOH TJIATUHEI CYIIECTBYIOT B TA30BOM (haze Mpu Temmeparype Oomee
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500 °C. IToatomy Pt — coneprkaniue 4acTuibl, TupPyHIUpyoIme B 00beM, co-
JieprKalii TOproYmii ra3 (HampuMmep, B BOJAOPOIO- BO3MYIIHYIO CMECh), HAlpH-
Mep, B mpoliecce HarpeBanusi Pt pOBOJIOKH, SIBJISIFOTCS KATATUTHYECKUMU 1CH-
TpaMH, Ha KOTOPBIX BOCIUIAMEHEHHE BOIOPOIA MOYKET OCYIIECTBISTHCS HEIO-
CPEICTBEHHO B XOJIe PaclpoCTpaHeHus (HPOHTA IITAMEHH.

|
0

@5
LI )

B

Puc. 1.8. IlocnenoBareiabHOCTH BHUICOM300paXeHUII MPOCTPAHCTBEHHOIO Pa3sBHTHs Mpolecca
ropenusi. L{udpbl Ha Kajpe COOTBETCTBYIOT MOCIIE0BATEIBHOMY HOMEPY BHICOHU300payKeHHUS:

(a) Bocmamenenne cmecu 40% H, +60% Bosmyx mpu Temmeparype ctenok peaxropa 200 °C,
uHUIMUpoBanHoe uckpoit; 600 kaapos/c; P = 1 aTMm; miaTnHa B peakTope OTCYTCTBYET;

(6) Bocrmamenenue cmecu 40% H, + 60% Bo3myx mpu Temmeparype cTeHOK peaxtopa 247 °C; Pt
(ospra moMeInieHa B peaxTop;

() Bocramenenue cmecu 40% H, + 60% Bosayx npu Temneparype cTeHok peakropa 316 °C; Pt
IPOBOJIOKA MOMeleHa B peaktop. E€ sicHo BuiHO Ha kaapax 1, 61. M3 9TuX KaJpoB Takke BUIHO,
410 Pt mpoBosioka packasieTcs nepes B3pbIBOM M MOCJIE HEro M3-3a KaTaIMTHYECKUX PeaKklui Ha
HoBepxHocTH Pt;

(r) Bocmamenenue cvmecu 85% (40% H, + 60% Bosmyx) + 15% CO, mpu Temmeparype CTEHOK
peakropa 320 °C B npucytcTBun Pt mpoBosIoKH;

(1) Bocrinamenenue cmecn 85% (40% H, + 60% Bosayx) + 15% He npu Temmeparype cTeHOK
peaxropa 309 °C B npucyrctBun Pt mpoBonoku
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Puc. 1.9. lunamuka yBenuueHus paguyca R ¢ppoHTa 1aMHHApHOTO IJIAMEHH, PACCUMTaHHAsS 110
YBEIMYEHHIO BUAMMOIO pajuyca (ppoHTa niaMeHu u3 nanueix Puc. 1.8: ombiter a; B; . Py = 1 arm,
600 kaapos/c.

CrnenoBarenbHO, IPU TOPESHUH BOJIOPOA, HHULIMUPOBAHHOM Pt mpoBosokoi,
MOXHO OYKH/IaTh BOSHUKHOBEHHUSI HEycTOH4nBOro (poHta riameru (PII), BbI-
3BaHHOTO KaTAIUTUYCCKUMH [IEHTPAMU, PACIIPEIICIICHHBIMH B Ta30Boi (aze. Dta
HECTaOWILHOCTD JIOJDKHA HAOIIOIAThCS B T€X YCIOBHSIX, B KOTOPBIX OTCYTCTBYET
Tepmonnpy3noHHAS HEYCTOWYMBOCTH (COCTaB TOPrOYCH cMecH OJU30K K CTe-
xuomerpudeckomy [6]). Hamomuum, uto Tepmoauddy3noHHas HEYyCTOHYHBOCTh
HaOIIoaeTCs B IIaMEHaX, B KOTOPBIX CKOPOCTH repenadn Temia u auddy3uu
pasnuyatorcs, T. . Le # 1 (Yucno JIstouca Le = D/a, rae D — xoadduiiuent
T dy3ur KOMIIOHEHTA, OMPEIEISIFOIIEro MPoLece ropeHus, o — kodpduuneHt
TEMIIepPaTyponpoBOaAHOCTH). Takas HECTaOMILHOCTh MPUBOIHUT, HAMpPUMED,
K SYCHCTOMY XapaKTepy paclpoCTpPaHEHHUs IUIAMEHH B OCIHBIX BOAOPOJIO-
BO3/YIIHBIX U BOJIOPOJ] — KHCIIOPOJHBIX CMeCsX. B 1aHHOM ke paboTe 0OHapyKeH
W UCCIICJOBAaH SYCHUCTBIA PEXKUM, HE CBsS3aHHBIH C TepMmoauddy3noHHOIM
HEYCTOWYHBOCTEIO.

[IpuBeneHHbIE SKCIIEPUMEHTAIBHBIC JAHHBIC HAXOJSATCS B COIVIACHU C
onbITHBIM (pakToM [2,4,5], ykaswlBarOIUM Ha TO, YTO OKCHIHBIN CIIOW Ha
MacCHMBHOM oOpasiie Pt ¢ MEHBIIMM OTHOIIEHHUEM IOBEPXHOCTH K OOBEMY
SIBIIIETCSL OoJjiee TOHKMM, 4eM Ha Pt mpoBojoke, Ui KOTOPON BelHMYMHA
OTHOILICHUS TOBEPXHOCTH K 00bEMY, O4EBHIHO, OOJIBIIIE, ¥ TOITOMY, KOJIMYECTBO
yactull Pt B o0beMe npu HarpeBe MacCUBHOTO 00pa3iia HEAOCTATOUHO BEIHKO,
4TOOBI BIUATH HA CTPYKTYPY (DPOHTA MITaAMEHH.

Jis Oonee HaMISAHONW WMIUIFOCTPAIMKM CKAa3aHHOMY BBINIE B CIEAYIONICH
CEpUU OTBITOB KCCIICOBANIN TOBEACHUE HATPETON IUIATHHOBOWM MPOBOJIOKU B
OKHCIIUTENBHON atMocdepe (Bo3ayxe) B pasnuunbix ycnoBusix (Puc. 1.10). Ha
Puc. 1.10a mpuBeaeHBI pe3yNbTaThl M0 BU3yaTH3aluu Mporecca HarpeBanus Pt
POBOJIOKU TOKOM 2A. C 3TOM LENbI0 MPOBOJIOKY IMOICBEYUBAIIN BEPTUKAIBHBIM
IUTOCKUM “NTa3epHbIM HOXKOM™ (CM. DKCIIEpUMEHTaNbHYI0 YacTh). M3 Puc. 1.10a
BHJTHO, 4TO IPU HArPEBAHUU C IJIATHHOBON MPOBOJIOKH UCHIAPSIOTCS YIBTPAIUC-
MIEPCHBIC YAaCTHUIIbI, TIPEACTABIISAIONINE COOOW COITIACHO JIUTEPATyPHBIM JaHHBIM
[2-5] okcun maaTuHBI.
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Puc. 1.10. [ToBenenue HarpeToil INIATHHOBOW IPOBOJIOKU B PA3JINYHBIX YCIOBHSX:

a) Harpeanue Pt mpoBonoku (Tox 2A). IlpoBoiioKa MOJCBEYEHA BEPTUKAIBHBIM IUIOCKHM
“nasepHbiM HO’KOM”. 60 Kaapos/c;

6) naMIMUpOBaHHOe HarpeToil Pt mpososiokoit Bociamenenue cmecu 40% H, + 60% Bosyx npu
Temriieparype creHok peakropa 200 °C;

B) Bocmnamenenue cvecu 40% H, + 60% Bo3ayx mpu Temmepatype cTeHOK peakropa 316 °C B
HPHUCYTCTBUH Pt IPOBOJIOKH.

[MTockonbKy perucTpaliys UCIapeHHs OKCHIA IUTaTHHBI C MIPOBOJIOKU OCYIIE-
CTBIISIETCS CO CKOPOCThIO 60 KagpoB B CEKYHY, TO OYEBUIHO, YTO B OIBITE IO
MHHIMMPOBAHUIO BOCIUIAMEHEHHMsI Bojioposia Pt mpoBOJIOKOH B HAarpeToM peak-
TOpE 3a BpeMs Iepro/ia 3aJIep>KK1, COCTABIISBILETO B HAIIUX yciuoBusax 3 + 70 c,
YIBTPaIUCIePCHBIA OKCH]I IUTATHHBI MOXKET PaclpOCTPAHUTHCS JI0 BOCILIAMEHe-
HHS TI0 BceMy 00bEMY peakTopa.

B “xonoguom” peaxrope (Puc. 1.100), T. . npu WHUIUUPOBAHHK BOCILIAME-
nenus cmecu 40% H, + 60% Bosayx HarpeBanuem Pt IpOBOJIOKHM NpH TeMIIEpa-
Type cteHok peakropa 200 °C, okcuI TUIATHHBI 10 BOCIUIAMCHEHUS HE YCIIEBaeT
pPaBHOMEPHO pACIPENeIMThCS MO PEaKTOpy, IOCKOIBKY BpeMs 3aepiKKH
TEPMHUYECKOTO BOCIZIAMEHEHUSI COCTABIISIET YK€ COTBIC JIONU CEKYHIIBI. B cBsi3H ¢
9TUM B JIAaHHBIX YCIJIOBHSIX STUCUCTBIN PEKUM FOPESHHS IIPAKTHIECKH HE IPOSIBIISCTCS
B TOI Mepe Kak B HarpetoM peaktope (cpaBuu Puc. 1.106 u Puc. 1.108).
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BpeMs

v

OCh OKHAa

Puc. 1.11. RGB o6passl runepcreKkrpaibHbIXx W300paxenuil:. a) ropenus 40% Bomopoma B
BO3/yXe, WHUIIMUPOBAHHOIO IUIATHHOBOW MpoBOsokoi, 6) ropenust 40% Bomopoma B BO3IyXe,
HMHUIUMPOBAHHOTO HCKPOBBIM PA3psIIOM

Bompoc o Mexanu3Me y4acTus ynapTpaguclepcHbX yacTtuil Pt B rope-
HHH, a TaK)Xe 00 YCTAaHOBJIEHWH OCOOEHHOCTEH TOPEHHUs BOJAOPOJa B MpH-
CyTCTBHUH TUIATUHBI, peIIayics dKCIEPUMEHTAIbHO C HcToib30BaHueM 4D
CIIEKTPOCKOMHNH, TIO3BOJISIONIENH PETHCTPUPOBATH ONTHYECKUE CTIEKTPHI U3-
JTydeHUs W3 3aJaHHOW TOYKH NMPOCTPAHCTBA Ha yCTaHOBKe 1, a Takxe py-
THHHOW ONMTHYECKOW CIIeKTpOoCcKonuHu Ha ycTanoBke 2. Mcxomasie RGB 06-
pasbl THIEPCIEKTPAIbHBIX H300paKkeHU (KOTOPBIC 3aTeM aHAIU3UPYIOTCS
crenuaibHbIM OJOKOM MPOTPAMM) HCCIEI0BaHHBIX roprounx cmeceii: 40%
BOZIOPOI + BO3JyX MPU MHHUIIMUPOBAHHH HUCKPOBBIM paspsaom [15], 40%
BOJIOPOA + BO3AyX NPH WHUIHUUPOBAHWH MIATHHOBOW MPOBOJIOKOH Ipes-
crasiedsl Ha Puc. 1.11 a, 6.

Ha Puc. 1.11 a, 6 och okHa (OCh X) COOTBETCTBYEeT KPAcHOUN JHHHUU Ha
Puc. 1.2a, a ocbh y COOTBETCTBYET 3aBHCHMOCTH IIpoIiecca TOPESHHUS OT Bpe-
meHu. Kaxmas muausg mo ocu y Puc. 11.1 cooTBEeTCTBYeT OIHOMY Kaapy
HaKoIIeHnd wHPOpMauu Ha (HOTOMPUEMHON MaTpHIle THIIEPCIEKTPOMETpa
(300 xampos/c).

Ha Puc. 1.12a npuBeneHo cpaBHEHHE ONTHYECKUX CIIEKTPOB M3TyUESHUS
BOJIOPOJHOTO TNIAMEHH, HHUIIMIPOBAHHOTO TUIATHHOBOW MPOBOJIOKOH M 3a-
PEruCTPUPOBAHHOTO BOJIb BEPTUKAIBHON JUHUH MO JUAMETPY ONTHYECKO-
ro okHa (kpacHast nuHus, Puc. 1.2a), 1 HCKPOBBIM pa3psaaoM. YKaxeM mpel-
BapHUTEIBHO, YTO TUIAMSA BOAOpPOAA MPHU HUZKHUX MABICHHUAX MPAKTHUECKH
HEBHUJIUMO, TIOCKOJIBKY €TO M3JIydeHUEe 00yCIOBICHO MPENMYIIIECTBEHHO U3-
JTy4YeHUEeM THAPOKCHIbHBIX paankaioB OH A2 —X°I1 B ynbTpaduoaeToBoi
obmactu mpu 306 M [18]. O6pamaror Ha cebs BHUMaHHE OCOOEHHOCTH
cnektpa wiameru (Puc. 1.12 a, 6) B Buaumoii o61acT, a UMEHHO CHUCTEMa
AMHUCCUOHHBIX MmoJIoc B obmactu 570 — 650 uM, KoTOpas memaeT BOAOPOIHOE
I1aMsl BUAMMBIM TIPY TMOBBIIEHHBIX TaBICHUSIX, HAPALY C TUHUSIMH aTOMOB
Hatpus (581 um) u kanus (755 HM), IPUCYIIMMH BCEM TOPSYUM IIaMEHAM
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[18] u B maHHOM ciy4ae M3IydaeMBIMU M3 00JACTH, 3aMIOJTHEHHOM MPOIYK-
tamu ropenus. B [15] Hamu ObuT0 OKa3aHO, 4TO MOJIOCKI B 001acTu 600 HM
B BOJOPOIHOM INIAMEHHM COTIACHO MaHHBIM [19] OTHOCATCS K HM3IyUEHHIO
napoB Boabl. B Tabnuiue 4 u3 padorst [19], uutuposanuoii B [15], mpose-
neHo oTHeceHnue nosoc Puc. 1.12a (uépuas kpusas, cMm. Takxke Puc. 1.4r)
napam BOJIbI, KOTOPBIE MPEACTABISIOT CO0O0H MPOAYKT pEaKIMU OKHUCIICHHUSI
Bojopoaa. Takum o6pa3zoMm, HabIrOnaeMble CIIEKTPAIbHbIE JTUHUU TPUHAM-
JIeKAT TOIBKO MPOIYKTAM PEaKIIHH.

U3 Puc. 1.126 u 1.128B, Ha KOTOPBIX MIPEICTABICHBI CIIEKTPHI TOPEHUS CMe-
cu 40% H, - Bosayx, (T, = 320 °C, P, = 1 atm) B unreppane 550 — 650
HM, 3apETHCTPUPOBAHHBIE MTOCJIE HHUIIMUPOBAHHUSI IIJIATHHOBOH MPOBOJIOKOH,
pa3BEpHYTHIE BIOJb BEPTHUKAJIBHOW OCH X peakTopa, M 3aBUCUMOCTh
MaKCHMallbHOTO 3HAueHWsl WHTEHCUBHOCTH CIIEKTpa JUIsl JUTUHBI BOJIHBI
622 HM OT KOOPJIMHATHI X BJOJb BEPTHKAJIbHOH OCH peakTopa, BHUIHO, YTO
B BBIOpaHHBIH MOMEHT BPEMEHH PErHCTPHUPYETCS JIBa MaKCHMyMa IMpH X=
488 n x = 503 BIONL OCH X, PACIONOKEHHBIE MEXKJY MPOCTPAHCTBEHHBIMH
KOOpJMHATAMH C OTHOCHUTEIbHbIMHU 3HaueHusiMH 485 u 510. D10 03Hauaer,
YTO TOpEHHE B MPOCTPAHCTBE HEOAHOPOJHO, HHAYe WHTCHCHUBHOCTH
CHEKTPAIbHBIX JMHUH HM3MEHSUINCh Obl IJIABHO B CTOPOHY YMEHbBIICHUS
WM YBEIWYCHHUS KOOPIWHATHI; T. €. MeTojoM 4D crnekTpockonuu ymaércs
PETUCTPUPOBATh SIMEWKH TOPEHHUS, KaK 3TO ObLIO CJAENAaHO BBIINIE METOIOM
ckopocTtHoii kuHochéMKH (Puc. 1.8c, e; Puc. 1.10c).

VY skcnepuMeHTaTopa MOKET BOSHHKHYTh BONPOC, HE CBS3aHbI JIM HAOIIO-
JaeMble MAaKCUMYMBI Ha puc. 12B ¢ pa3nuyuHbIMHM IyMaMH, a UMEHHO C IIIy-
MOM CYHMTBIBAHUS, TCMHOBBIM IIIYMOM, OIIMOKOW KBAHTOBAHUS HJIH JIPOOOBBIM
shdexrom.

Cpenu Tux mpobiieM Hanboliee BaxkeH JpoOOBOH A deKT, Tak Kak OH B
HalleM cIy4ae MPEeBOCXOJUT OCTANbHbIE NIYMbI 10 HHTEHCUBHOCTH HA TIOPSIJI-
k. OJIHAKO CIEIMaIbHBIMU OTIBITAMH OBLIO MOKa3aHO, YTO AP000BOH 3P HeKT
HE OKa3bIBaCT CYIIECTBEHHOTO BIMSHUS Ha OCOOCHHOCTH IMOBEJCHUS CIICK-
TpoB, mpencraBineHHbie Ha Puc. 1.12B. [lepBuuHbIE JaHHBIC MPUBEJICHBI Ha
Puc. 1.13.

W3noxeHHOE BBIIIIE MTOATBEPKAACTCS TEM, YTO HEOJTHOPOJIHOCTH CBEUCHMUS,
00yCIOBJICHHBIE KaTaJIUTU4YeCKoi HeyctoiumBocThio @OII, perucrpupyrorcs
HE TOJBKO METOIOM CKOpOocTHOW KnHochéMKkH (Puc. 1.8B), HO u runepcrek-
TpomeTpoM (ToT ke ombiT, Puc. 1.14) HenocpepcTBeHHO Ha runepkyoe. Jleii-
cTBUTENbHO, U3 Puc. 1.14 BuIHO, 94TO NpU U3MEPEHUH MOAU(DUIINPOBAHHBIM
runiepcnekrpomerpom BUJ-MK3 na RGB o6pase ropenus cmecu 40% H,—
Bo3ayx (T, = 320 °C, P, =1 atm) perucTpupyroTcs cBeTible NATHA (ropsune
TOYKH), COOTBETCTBYIOIIHNE siueiikaM ropeHus, HaOmomgaemMbiM Ha Puc.l. 8B,
1.8x, 1.10s.
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Koopawwara x BAoNns oCH OKHa
Puc. 1.12. a) — cpaBHEHHE CIIEKTPOB TOPEHHUSI BOIOPOIA, HHUIIMUPOBAHHOTO HCKPOBBIM Pa3psiIOM.
40% H, — Bosayx, 20 °C, 1 atm (u€pHas KpuBas) M HHUIHHPOBAHHOTO ILIATHHOBOH HPOBONOKOM.
40% H, - Bo3nyx, 320 °C, 1 at™) (kpacHas KpuBas)
6) — cnextpsl ropenns cvecu 40% H, — Bosayx, 320 °C, 1 atm B unrtepane 550 — 650 nm,
3aperrCTPUPOBAHHBIC MOCIIEC HHUIIMMPOBAHUS IIATHHOBOH MPOBOJIOKOMH, pa3BEPHYTHIC B MOMEHT,
cooTBeTCTBYIOIMiT Kaapy 2 Puc. 1.5¢, BIo/b BepTHKAIBHOM OCH X peakropa (KpacHas JHHHUS Ha
Puc. 1.2a)
B) — 3aBUCHMOCTb MaKCHUMAJIbHOTO 3HAYCHHsI HHTEHCHBHOCTH CHEKTpa JUIsl JUIMHBI BOJHBI 622 HM
OT KOOPAMHATHI X BJIOJIb BEPTHKAJIBHOIH OCH peakTopa
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Puc. 1.13. 3aBUCHMOCTH MHTEHCHBHOCTH cBedeHus ropenusi cmecu 40% H, — 60% Bosayx B

nnTtepBaine 550 — 650 HM, 3aperucTprpoBaHHBIE [TOCIIE HHHITMAPOBAHMS IIATHHOBOH IIPOBOJIOKOH,
T,=320°C,P,=1arm

Puc. 1.14. RGB o00pa3 rumepcrekTpaibHoro usobpaxenus ropenus cmecu 40% H, -
BO3/lyX, HWHHUIHHMPOBAHHOTO IUIATHHOBOM IIPOBOJIOKOH, MOJYYCHHBIH TIPU HCHOJIb30BAaHUH
mMonu¢puumposannoro runepcnexrpomerpa BUIA-UK3, T, = 320 °C , P, = 1 ar™, crieKTpaibHbIi

unrepsai 550 — 650 Hm

OcHoBHass 0COOCHHOCTH 3THUX “TOPAYMX TOYEK~ 3aKIIOYAETCSl B TOM, UTO
CHEKTPbI U3TYUYEHHs TOPEHUS BIOJIb U MOMEPEK dTUX TOUEK B 3aBUCHMOCTH Kak
OT KOOPAMHATHI Y, TaK U OT X (BpeMeHHU) BEAYT ceOsi HeCUMOATHO ¥ UMEIOT MaK-
CUMYM BHYTPH 3TOW TOUKH.
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Puc. 1.15. 3aBUCUMOCTb HHTEHCHBHOCTH CIIEKTPOB U3JIyUCHUSI TOPCHUS VIS PA3TMYHBIX 3HAYCHHI
X (Bmonb kpacHo# suauu Puc. 1.2a) s touku 1 (Puc. 1.14)

Ha Puc. 1.15 nmoka3aHsl CHIEKTPBI BAOJIL OAHOHM M3 3THX Touek (Touka 1 Ha
Puc. 1.14) mis pa3nuuHbIX 3HaYeHHH X (BHoib KpacHO# nuHum Puc. 1.2a). Ha
Puc. 1.16 npencraBneHa 3aBUCUMOCTb ITOJIOKEHHSI MAKCUMyMa CIICKTpa JUTsl JAJTU-
HBI BOJTHBI 972 HM OT KOOpAUHATHI X Jist Touku 1 (Puc. 1.14).
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/

130 - | o

120 +

BenuymnHa nnka 972 HM

110

86 88 90 92 94 96
X

Puc. 1.16. 3aBHCHMOCTB OJIOKSHUSI MAKCUMYMa CHEKTpa JUIsl JUTMHBI BOJHBI 972 HM OT KOOPANHATHI
X st rouku 1 (Puc. 1.14)

Ha Puc. 1.17 moka3aHbl CIIEKTPbI TOUKK 1 IS pa3auuHbIX 3HAUYEHHH Y (Bpe-
MEHH).
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Puc. 1.17. 3aBEUCHMOCTH CIIEKTPOB H3JTy4YeHHst ropeHust ot Y (Bpemsi) mist touku 1 (Puc. 1.14)

Ha Puc. 1.18 noka3zaHa 3aBUCUMOCTh MaKCUMyMa HHTCHCUBHOCTH JJISl TMHUH
Bpemenu 972 um (Puc. 1.18) touku 1 (Puc. 1.14) ot y (BpemeHn).
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Puc. 1.18. 3aBucumocTth MakcuMyma WHTEHCHMBHOCTH st HHK 972 um (Puc. 1.16) Toukm 1
(Puc. 1.14) ot y (Bpemenu)
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Kak BuaHO u3 Puc. 1.16 u 1.18, HHTEHCUBHOCTH CIIEKTPOB JJIsl 3TUX TOYEK Be-
oyT cedst HecuMOaTHO. IHTEpEeCHO OTMETHTh, YTO ATH TOYKH CMEIIAIOTCS BIOIb
OCH X B 3aBUCHMOCTH OT BPEMEHH PErHCTPAIliH, TO €CTh KaK SYEHKH, KOTOpPBIE
HM3MEHSIOT CBOE IMOJIOKeHHME Ha Buaeokaapax Puc. 1.88, 1.81, 1.108. 13 momny-
YEHHBIX JaHHBIX CJIEAYyeT TakXKe Ba)KHBIM BBIBOJ, YTO CIEKTpP H3IYUEHHUS sde-
eK OJIM30K K CIEKTPY M3JIy4eHHs ceporo Tena (MaKCUMyMbl HHTCHCHBHOCTH B
MPOCTPaHCTBE HAOMIONAIOTCS OJJHOBPEMEHHO B Pa3HBIX Y4aCTKaX UCCIEyeMOro
CIIEKTPAILHOTO MHTEPBAJA), TO €CTh M3JIy4eHHEe TOYeK (SYeeKk) MeHCTBUTEIHHO
COOTBETCTBYET CBEUEHHIO PACKAJICHHBIX YaCTHUI] KaTaJn3aTropa.

OcTaHoBHUMCS HA OCOOEHHOCTH 3MHUCCHOHHOTO CIIEKTPa TOPEHHS BOJOPO/Ia B
HArpeToOM PeakTope B MPUCYTCTBHUHU TUIATHHOBOM mpoBosioku. M3 Puc. 1.12a (cp.
taoke ¢ Puc. 1.4r u 1.126) BuaHO, 4TO B 3TOM Cily4ae B CHEKTPE H3ITyUCHHUS
BOJIOPOJIHOTO TUIAMEHH TIOSIBIISIETCS JIOMIOMHUTENbHAs! onoca 552 um. Cornac-
HO JIUTEPaTypHBIM JIaHHBIM, IPUPOJIa BOSHUKHOBEHUS N3ITy4eHHs Ha 3TOW JITHHE
BOJIHBI JI0 CHX TTOp HE yCTAaHOBIIEHA. YKa3aHHAas 10JI0CA B SMUCCHOHHOM CIIEKTpe
(Puc. 1.13a) HaOmromaeTcsi P WHTCHCUBHOM TOPEHHMH OOTaThIX cMeceil mpo-
MBIIUIEHHBIX YIJICBOIOPOIOB, T. €. B MpucyTcTBHU yacTuil caxu [20], a Taxxke
MIpY TOPEHUY METaHa B MPUCYTCTBUH HArPETON yronbHOM mbutd. O4eBHUIHO, YTO
B 000MX MEPEUUCIICHHBIX CIy4asX HU BOJOPO/, HHU IUIATHHA B ITPOLIECCE TOPEHHS
He y4JacTBYIOT. [losTOMY /ISt HaCcTOAIIETO NCCIe0BaHMs OBUIO TPUHIIUITHAIEHO
BBISICHUTb, CBSI3aH JIM MCTOYHUK M3TYYCHUS Ha JUTMHE BOJHBI 552 HM ¢ ucnape-
HUEM OKCHJA IUIATHHBI C HATPETOW TUIATHHOBOM MOBEPXHOCTH.

C oroii niesnbto Ha ycraHoBke 2 (Puc.1.2) B peakrop 1 momeranu muIHHAPH-
YeCKyIo Iieyb [uaMerpoM 6 cM u jauHoi 3 cM. B e€ BHyTpeHHee oTBepcTHe T0-
MeIany mpeccoBanuyro tadnetky yrist (antparut, TOCT 25543-886, wacTuibn
cpennuM nuramerpom 55 Mkm), HarpeBamn 3 muHyTH 10 400 °C u Hamyckamu
CTEXHOMETPUUYECKYI0 CMECh MPHUPOAHOro raza ¢ kuciopomaom jgo 150 Topp.
Bocmmamenenne MHAIMUPOBANIN UCKPOBBIM paspsiioM. CIeKTp H3IydeHus, 3a-
PErUCTPUPOBAHHBIA € IOMOIIBIO ONTUYECKOW CIEKTPOCKONMH, NPUBEIEH Ha
Puc. 1.19a. Kak Buano u3 Puc. 1.19a, B 3TOM cliekTpe OTYETIIMBO HAOIHOMACTCS
nojoca 552 HM, HO, KaK yKa3aHo BBIIIE, JUIS HAOMIONEHHS STOH MOJOCHI HYKEH
B Kau€CTBE TOPIOYEr0 YIIIEBOJOPO/, a TAKKE HArPEThIA YroibHbIM mopouiok. B
CIIEYIOIIEM OTBITE YCIOBHUS OCTAJINCh TEMH XK€, TOIHKO METaH 3aMEHIIIN Ha BO-
nopox. [Ipu aTom monoca 552 HM B CHIEKTpe coxpaHmiachk. B oTcyTcTBHE yroib-
HOTO MOPOIIKA B YUCTOM (IIPOMBITOM 3TAHOJIOM) PEaKTOpe 3Ta MOJIoca YKe He
Habmonanace (cp. Puc. 1.4r u 1.126) xak npu HHUIMUPOBAHUH BOCIUIAMEHCHHUS
WCKPOBBIM Pa3psAIOM, TaK W HArpeToi IUIaTHHOBOW MpoBosiokoi. Takum obOpa-
30M, CIOCO0 WHHUIIMMPOBAHUS BOCIUIAMEHEHHS HE CBS3aH C BO3HHKHOBEHHEM
JTAHHOW M3JTy4YaTelbHOMN MOJIOCHI.

OTO mpUBENO HAC K BHIBOAY, YTO OIBITHI P KOMHATHOM TemIieparype u B
HarpeToM peakTope OTIWYAIOTCS METOAWYECKH MPUCYTCTBHUEM AJTIOMHHHEBOTO
KOJIBIIA ISl [IPEIOTBPAICHUS [IMPKYJISAIMK Ta3a B HArPEeBaeMOM peakTope (CM.
DKCIEPUMEHTATbHYIO YaCTh).

ITosTomy B “XomommbIii” peakTop ObLIa BBEACHA TOHKAS AJTIOMUHHUEBAS
(ompra, KOTOpPOW IMOKPBUIM BHYTPEHHHE CTEHKH peakTopa. VHuImupoBaHue
OCYILECTBIISIM HAarpeTol IUIATUHOBOW MPOBOJIOKOW. Pe3ynbrar skcnepuMmeHTa
npuBenéH Ha Puc. 1.1906, a pesynbrar ero nudpoBoii 0OpabOTKH ¢ MOMOIIBIO
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nporpammbl Hesperus 3.0 npusenen Ha Puc. 1.198. M3 Puc. 1.196 BuaHoO, 4TO
npu Bocramenenun cmecu 40% H, — Bosnyx ynaérca nabmonars nosocy 552
HM. OTMeTuM, 4TO BO3HMKHOBeHHe JmHui Mmeau (515, 521, 529, 532 um [21])
CBSI3aHO C TEM, YTO IUIATWHOBAs MPOBOJOKA ObLIa MPHUKPEIUIEHA K MEIHBIM
AIIEKTPOIaM, KOTOPbIE pa30rPeBaIMCh B MECTaX KPEIUICHUS.

Takum 00pa3oM, BO3HMKHOBEHHE AMHCCHM Ha JUIMHE BOJHBI 552 HM ¢
OOJIBIIION BEPOSITHOCTHIO OOYCIIOBJICHO H3JIyYCHHEM TPHMECEe METalIioB,
CollepIKaIIMXCs B aJFOMUHUHU. B030yK/IeHHE aTOMOB MeTalIa OCYIIECTBISIETCSI
[pU PEKOMOMHAIIMKM aTOMOB M PaJMKAJIOB, BO3HHKAIOIINX B MPOIECCE TOPCHUS
Ha ropsiyeilf OBEPXHOCTH aloMHUHusA (TeMneparypa niamenu cmecu 40% H, —
Bo3ayx cocraiser ~ 2200 °C [22]) ¢ BbIieneHHEM 3HAYNTENHFHOTO KOJINIECTBA
sHepruu. Hanpumep, W3BECTHO, YTO IJIATHHOBAS MPOBOJIOKA, MOMENIEHHAS Ha
paccrosiauu 7 cm oT BU paspsiia, MOKET Jake paciulaBUTHCS 3a CUET SHEPTHH,
BBIJICIISIFOLIICHCS TIPH PEKOMOMHAIIMK aTOMOB KHCIIopoia Ha moBepxHocTh (20 —
0, + 116.4 kxan/mons) [23].

E20. 000 pes -+
SOl HED moa =
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LO0-BED wma
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410

| |E
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Puc. 1.19. a) — onTHYECKHI CIEKTpP U3Ty4CHHs [IPH TOPCHUN CTEXHOMETPHYECKON CMECH METaHa B
kucnopoze B npucyrctBuu Harperoit 10 400 °C yronpHoit meutu. P = 150 Topp;

0) — ONTHYECKHH CIICKTP TOPEHHUsI BOAOPO/A B BO3yXE [IPH HHUIIMMPOBAHUH HATPETOM IIIATHHOBON
POBOJIOKOW B mpucytcTBUM TOHKOH (0.1 MM) amroMuHHEBON (OJBIH, MOKPHIBAIOLICH CTEHKH
peakropa. P = 1 arm, Hayanbhast Temneparypa 20 °C;

B) — criekTp 6 mocie o6paboTKH ¢ HCIOIb30BaHHEM MporpamMmHoro makera Hesperus 3.0.

OTa SHEeprus COOTBETCTBYET YAbTPa(HOIeTOBOMY H3IIyUCHHIO HA [UIMHE BOJI-
Hbl 0k0J10 270 HM. MicTOYHMKaMU ke M3IyUYEeHUS Ha JJIUHE BOJHBI 552 HM MOTYT
OBITH MPUMECH aTOMOB IIETOYHO3EMENIbHBIX METAJJIOB B IIPOMBIIIJICHHOM aJIf0-
MUHHH, KOTOPBIH comepxut Fe, Cu, Mn, Mg, Cr, Ni [24] u cienoBbie KonnvecTBa
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IIEIOYHBIX U MIEJIOYHO3EMENIbHBIX METaJIOB, B yactHocTH, Ca [25]. Kak nokasa-
HO B [26], n3mydenue npu 552 HM MOTYT 00€CTIEUNTE BO30OYKAEHHBIE MOJIEKYITbI
CaOH u CuOH (calcium monohydroxide, copper monohydroxide). TTockosbky
MOPOIIKK YTIISi COIEpKaT OOJIBIIOE KOJMYECTBO HEOPraHWYECKHX MpHMeceH, B
TOM YHCJIC METAJUIOB U UX couieit [27], monoca 552 HM Mpu TOpEeHHH YIIisi HMEeT,
OYEBHJIHO, TO YK€ TIPOUCXOXKICHHUE.

[Tonmy4eHHBIN pe3yabTaT O3HAYAET TaKXKe, YTO BBEJCHHE IUIATHHBI B
mjgamsi OKHCIIEHUS BOJOpPOJa HE TPUBOAMT K HM3MEHEHUSM B BHJIUMOM
CHEKTpPE HM3JIYYCHHS] ITOr0 IUIAMEHH MO CPaBHEHHUIO C WHUIMUPOBAHHEM
ANEKTPHUYECKUM pa3psiioM. Ponb miuaTuHbI, TaKuM 00pa3oM, OMpeesieTcs
mporieccaMy  HUCIapeHHus ¢ pa3jokeHus oxcupa Pt,  obGmamaromero
KaTalUTUYeCKUMHU CBOMCTBAMH, KaK M cama ruiarnHa. C 3TUMH IpolieccaMu
HETIOCPEICTBEHHO CBS3aH OOHApPY)XCHHBIH B HACTOSIIEH paboTe SUCHCTHIN
pexuM s uHunuupoBaHHoro Pt ropenus cmecu 40% H2 C BO3IYXOM —
cocTaBa, OJM3KOTO K CTEXHOMETpUYecKoMy. Takum 00pa3oM, B COOTBETCTBHH
CO CKa3aHHBIM BBINIE, B TEUYCHHE IMEPHOJA 3aJCpKKH BOCIUIAMECHEHHS B
ra3oBoi ¢aze o0pa3yroTCs MOJEKYIbl WX KIacTephl okcuma Pl u miaTUHBL
Ipy TeMIleparype IJIATHHOBOW MPOBOJOKU B roprouem rase Beime 500 °C.
Pt-conepixamniye ynbTpajuciepcHbie 4acTUIbI, TUGOYyHAUPYOIINE B peaKIlH-
OHHBIN 00BEM, JEUCTBYIOT KaK KaTaJIUTHICCKUE IEHTPHI, HA KOTOPHIX OCyIIle-
CTBIJISIETCSl OKHCIICHUE BOJIOPO/IA, YTO MIPHBOAUT K CHIILHOMY Pa30rpeBy dTUX
yacTull. Ha BumeochemMke u mpu peructpanuu MertogoMm 4D criekTpockonuu
9TH pacKajiEHHbIE YACTHUIIBl BOCIIPUHUMAIOTCS KaK sTYCUKH TUIAMEHH | TI0 CY-
HIECTBY SIBISIOTCS TAKUMH SYEHKaMU, B 00JIACTH KOTOPHIX TOPEHUE TPOTEKAET
HanboJjiee MHTEHCHBHO. YKaXeM IPH 3TOM, 4TO CKOpocTh nuddysun kara-
JUTUYECCKUX YaCTHI[ B ra3e JIOJDKHA OTMPEENSIiTh BO3MOKHOCTh pealn3alun
SYEUCTOTO TOpPEeHUs. DTO NEHCTBUTEIBHO HaOuojaeTcsi Ha ombiTe. Hampu-
mep, B npucyrcTBun 15% CO, ckopocTh nuddys3un KaTanuTHIECKHX YaCTHIL
YMEHBIIIAETCs, 3TH YAaCTHIBl HE YCIEBAIOT 3a pPAaCIpPOCTPAHSIIOMINMCS
dbponTom ropenus (Puc. 1.8r) u siaencThIil peXKUM TOPEHHSI HE PETUCTPHUPYET-
cs. C mpyroii ctoponsl, no6aBka 15% nérkoro He (Puc. 1.81) He mpuBOIUT K
HCYC3HOBEHUIO PEXKUMA SUEHUCTOTO TOPEHUSI.

Ilepeitném k aHanuzy TeMIEPaTypHbIX 3aBUCHMOCTEN BPEMEH 3aJEPKKU
BOCIJIAMEHEHHST TpPU TOPEHWH BOAOPOJA B MPHUCYTCTBHH IUIATHHOBOM
MOBEPXHOCTH B HArpeTOM peakTope. Bpems 3ajepkku BOCIUIAMEHEHHUS T
SIBJISIETCS OJIHOM W3 CaMbIX Ba)KHBIX MAaKPOKMHETHUECKUX XapaKTEPHUCTHK
TEIJIOBOTO BOCIUIAMEHEHHsI, KOTOpask MOXET ObITh H3MepeHa OTHOCHTEIBHO
MIPOCTBIMHU CITOCOOAMH.

ITpu 3TOM Ba)XKHBIM OIBITHBIM (JAKTOM SIBJISIETCS TO, YTO coriacHo [26, 28], B
yAapHO#l TpyOe u B MalIrHe ObICTPOTO CHKATHS TEIJIOBOE BOCIIAMEHEHHE MEET
o4aroBelii xapakrep. Hamu Takke mokasaso [3, 7], 4To BocIiaMeHeHHe cMeceit
BOJIOPOJIa M H-TICHTA@HA C BO3JYXOM B TIEPEMYCKHON yCTAaHOBKE INpH OO0IIEM
napiieHnu 0.6 — 2 aTM HauMHAETCS C MOSIBJACHMS IEPBUYHOTO ouara Ha HanboJiee
XUMHYECKH aKTUBHOM YYacCTKe MOBEPXHOCTH (CM. BBenenue); Takum oOpazom,
TEIJIOBOE BOCTIIAMEHEHHE BKJIFOYAET CTAMU POrPEBa, 04aroBOro BoCIIaMeHe-
HUSL ¥ PacHpOCTPaHEHUsI IIAMEHU. DTO 03HAYaeT, YTO 04aroBOE BOCILIAMEHeE-
HUE SBIISCTCS MPABUJIOM, a HE MUCKIIOYCHHEM, T. €. ‘‘CAaMOBOCIUIAMEHECHHE KAk
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MIPOIIECC, TIPOTEKAIONTUI OJJHOBPEMEHHO BO BCEM 00BEME peakTopa, BUIUMO, HE
peanu3yeTcs B IPUHIIUTIE.

Ha Puc. 1.20 npencraBnena temreparypHasi 3aBUCHMOCTb BPEMEH 3a/IepiK-
Ky Bocriamenenus js cmecu 40% H, n Bosayxa B peaktope B NIPHCYTCTBHH
u B orcyTcTBHe mortoka rasza (Puc. 1.19) Haa KaTaqaUTHYECKOH MOBEPXHOCTHIO
(Pt dompra mnm Pt mpoBosnoka) B koopauHarax Appenuyca. Kak BuaHO u3
Puc. 1.20, s dexruBHast dHEprus akTUBAIMU E siBIsieTCs MPaKTUYECKH OJHOM
W TOW e BeMUunHOU U 1uist Pt Gosbru u jutst Pt mpoBOJIOKH, Kak NpW HAIWYHH,
TaKk M B OTCYTCTBHE IMOTOKA Taza. DKCIIepHUMEHTaJIbHOe 3HaueHne E cocrapms-
er 19 + 3 kkan/Moib 1 OJIU3KO K BEIUYNHE KOHCTAHTBI CKOPOCTH PEaKIUH pas-
BeTBIeHHs ropenus sogopona H + 0, - OH + H (16.7 xxan/mons [22, 29]).
3TO 03HAYaeT, YTO BEJIMYMHA 3aJICPIKKU BOCIUTAMEHEHUS TIPU MHUITUHPOBAHUH
TOPEHHs BOIOPO/Ia TTOBEPXHOCTHIO INIATHHBI ONPEIeNIeTCsl Hanbosee MeIIICHHOH
CTaJiell KUHETUYECKOro MEXaHHW3Ma, a WMEHHO peaKIWeidl pa3BeTBICHUS —
caMOil MEIJICHHOW cTaJuedl B MOCIIENOBAaTENbHOCTH pEaKUUid, NPUBOAAIIUX K
pacnpoCTpaHeHUIo MIaMeHu. JIeHCTBUTENbHO, BEIMYMHA MEpUOoAa 3aJEPKKU
JUISl HavallbHOM cTamuu mpouecca ropenus T =~ 1/ ¢ [22, 30], rae ¢ — dakrop
Pa3BETBIICHUS, B KOTOPBII B KaUECTBE COMHOKUTEIISI BXOAUT BEJTMYMHA KOHCTAHTHI
CKOPOCTH aKTHBUPOBAHHOW PEAKIIMU Pa3BETBIICHHUS B ClTy4Yae Peakllui OKUCIICHHS
BOZIOpOJIA.

Kaxk u3BectHO [22], koOpauHATa TOYKH TEPECEUCHHUS TPSIMBIX JIHHUI C OChIO
opnuHar Ha Puc. 1.20 npubnusutenbHo 00paTHO MPONOPIMOHATBHA YAaCTOTE aK-
TUBHBIX coyfapeHuil. [IockonbKy BeMUMHA TTOBEPXHOCTH Pt MPOBOIOKKM MEHbB-
mie, ueM Pt ¢onbru, To yacToTa coymnapeHuil ¢ MOBEPXHOCThIO MeHbIe s Pt
poBoJIoku. KpoMe Toro, yacTtoTra CTONKHOBEHHH miisi Pt Goimbru B HEMOIBIIK-
HOM ra3e MeHbIlle, YeM JUIsS TOH ke caMoi (OJNBI'M B IUPKYIUPYIOLIEM Tase.
CkazanHoe mwuntoctpupyet Puc.1. 20.

PestoMupyem KOpOTKO TTOJTyUSHHBIE PE3YIbTaThI.

OOHapyxeH suencThiii pexxuMm ropenust 40%-ii cMecn BOJOpOI — BO3AYX B
MPUCYTCTBHUHU IIATUHOBOW MPOBONOKK H (onbru B uHTepBasie 270-350 °C mpu
armocepHom aasiaeHun. C moMoIpo Meroaa 4D onTHYecKol ClIeKTPOCKOITUH,
MO3BOJISAIONICH  PErUCTPUPOBATh ~ MHTEHCHBHOCTh  ONTHYECKOTO  CIEKTpa
OJITHOBPEMEHHO B 3aBHCHMOCTH OT JIJIMHBI BOJHBI, BPEMEHH M KOOPJAWHATHI, H
IBETHOM CKOPOCTHOW KUHOCHEMKH BIIEPBBIC DKCIIEPHUMEHTAIBLHO OOHAPYKEHBI
SYEHKH TOPEHUS, BBI3BAHHBIE KaTAIUTUYECKON HEYCTOHYUBOCTBIO.

YCTaHOBIIEHO, YTO STYEUCTBIN PEXKUM OINPEEIseTCs KATAINTHYECKUM TOPCHHU-
eM Bozopofa Ha Pt — comeprkampx 4acTumax, 00pa3yromuxcs Mpyu pa3ioKeHUN
HEYCTOWYHMBOTO OKCH/Ia TIATHHBI B Ta30Boi ¢aze. B Teuenne nepmoaa 3aaepix-
KM BOCIUIAMEHEHUS MIPU TEeMIIeparype TIAaTHHOBOM MPOBOJIOKH B TOPIOYEM rase
Boiire 500 °C B ra3oBoii (haze 00pa3yroTCss MOJICKYIIbI MIH KacTepbl okcuaa Pt
Y TUIATHUHBI.

Pt-conepskarue ynpTpajucriepCHbIC YacTUIlbl, TUPPYHIUPYIONIHEe B peak-
LMOHHBIN 00BEM, JEUCTBYIOT KaK KaTaJUTHYECKHE IIEHTPHI, Ha KOTOPHIX OCY-
LIECTBIISIETCS OKUCIIEHNE BOJOPOA, YTO MPUBOANT K CHIIBHOMY Pa3orpeBy dTHUX
yactull. Ha BHIeocheMke 3TH pacKal€HHbIE YacTHUIBl BOCTIPUHHMAIOTCS Kak
STYEUKU TUTAMEHH U TI0 CYIIECTBY SIBJISIOTCS] TAKMMU STYEHKaMH, B 00JIACTH KOTO-
PBIX TOpeHue TpoTeKaeT Hanbonee MHTeHCHBHO. [loka3zaHo, 9To TemmeparypHas
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3aBHCHMOCTb 33/Iep’KE€K BOCIUTAMEHEHHSI BOIOPO/Ia Ha IJIATHHOBOM MPOBOJIOKE U
(bospre KaK B HETIOABIKHOM, TaK M BO BPAIIAIONIEMCS Ta3e COOTBETCTBYET dHEP-
ruu aktuBaiuu 19 + 3 kkan/MoJib, OTU3KOM K SJHEPTUU aKTHBAIIMU Pa3BETBICHHUS
PEaKIMOHHBIX LIENeil OKUCISHHS BOAOPO/A. YCTaHOBIEHO MPUMECHOE MTPOUCXO-
XKJICHHE M3ITy4aTeIbHON MOJIOCkl 552 HM, 4acTO pErucTpUpyeMOi MpU rOpeHUH
ra30BBIX U MBIJIETA30BBIX CMECEH.

log(t),c
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Puc. 1.20. TemneparypHasi 3aBUCHIMOCTb BPEMEH 3aJICPKKH TEPMUYECKOTO BOCIUIAMCHEHHS IS
cmecu 40% H, ¢ Bo3yxoM B peakTope TepenyCcKHOl yCTaHOBKH B MPUCYTCTBMH M B OTCYTCTBHE
MIOTOKA Ta3a NpH jAaBieHnH 1 atM. YEpHbIe TPEyrolbHUKN — BOCIUIAMEHEHHE, HHUIMHPOBAHHOE
IUIATHHOBOW (DOJIBIO¥, MOKOSIIMIICS ra3; YepHbIC KBAJPAThl — BOCIUIAMCHEHHE, HHULIMHPOBAHHOE
IUIATUHOBOW  (pONIBIOM, UMPKYIUPYIOIIMK Ta3; MyCTble KBagpatbl — BOCIUIAMECHEHHE,
HMHHITUAPOBAHHOE TIATHHOBOI MPOBOJIOKOH, MOKOSIITHIACS Ta3.

[MonydyeHHbIe Pe3yNBTAThI MPECTABISIOT HEMOCPEICTBEHHYIO BAKHOCTD IS
Pa3BHUTHS TEXHOJIIOTUH KaTaIUTHYEeCKH cTabrim3upoBanHoro roperns (Catalytic
Stabilization, CS) u pa3paboTku KaTaau3aTopoB C MOBBIIICHHOW aKTHBHOCTHIO.
Pe3ynbTaThl BaXKHBI TAKKe ISl BEPUPUKALIMH TEOPETHISCKUX TIPEICTABICHHUI O
PacrpoCTpaHEHHH TBLIETa30BbIX TIAMEH.

§ 2. BOCINIAMEHEHHUE BOJOPOJIA HA/I Pt 1 Pd ITPU HU3KUX
JABJIEHUAX

B mpensinymiem nmaparpade oOHapykeH sIMEeUCTBIN PeXXUM TOPEHUs BOAOPOAa
HaJ TOBEpXHOCTHIO Pl. [loka3zaHo, 9TO SYCHCTHIN PEKUM OIIPEACIISACTCS KaTaln-
TUYECKUM BOCIUIAMEHEHHEM BOIOpoaa Ha Pt-comepikamux qacTuiax, oopasyro-
IMUXCH IIPU PA3JIOKECHUN JIAOMITLHOTO OKCH /A IUTaTUHEI B I'a3c. Bo BpEMs IIEpHOJa
3a/1ep KU 3aKUTaHNs IPU TEMIIEPAType IIaTHHOBOM IPOBOJIOKH B TOPIOYEM I'a3e
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Boiire 500 °C B ra3oBoii (haze 00pa3yroTcsi MOJIEKYJIbI WIIH KacTepbl Okcuaa Pt u
IIJIATUHBI. Pt-coaepmamlxle YIABTPAAUCTIEPCHBIC YaCTUILIbI, ITOCTYIIAOIINUEC B pCaK-
HI/IOHHBIf/i OGT)CM, HeﬁCTByIOT KaK KaTaJIUTUYCCKUEC HECHTPBI, HAa KOTOPBIX OKUCJIA-
€TCs BOAOPOA, YTO MPUBOAUT K CUJIBHOMY HArpe€By 3TUX YaCTHII.

B stom maparpade paccmarpuBaroTcs (GEHOMEHOIOTHYECKHE 0COOCHHOCTH
TOpPEHUs BOJIOPOJIa HaJl TUIAaTUHOW U MaJlJIaIuEM.

KiroueBbie ciioBa: KaTaquTUYCCKHUN, TOPEHUE, MAJUIAANH, TUIaTHHA, (OJbra,
AKTUBHOCTb, B3pbIB, TEMHOBAsI PEAKIIUs, TPEMYyYasi CMECh.

W3BecTHO, YTO YCTPOWCTBA, WCIONB3YIONINE KATAIUTHYECKOE TOpEeHUE
BOJIOPO/Ia, paboTalOT MpH CPaBHUTENHLHO HHU3KUX TeMIlepaTypax, U OHH B
COCTOSIHUM T€HEPUPOBATh TEMIO s ObIToBBIX HyXk1 O6e3 CO, n smuccun NOX
[31, 32]. Takum 0Opa3oM, cocTaB U JM3aiH KaTaIW3aTOPOB ISl TOPSHHUS BOJIO-
pona craHoBsTCs Be€ Oonee akTyalbHbIMU. [lIsl peakinu ropeHust Bojopo/a Ka-
TAJN3aTOPhl JIOJDKHBI 00J1aJlaTh TAKUMH CBOHCTBaMHU KaK TEpPMHUYECKas yCTOM-
YUBOCTH M 3(PPEKTUBHOCTH. DTH CBOMCTBA JOCTHUTAOTCS MPH MCIIOIH30BAHUU B
KaueCcTBE KaTaln3aTopoB OJaropoJHBIX METAIUIOB. biaropojHbeie MeTamibl 00-
JaJIAI0T BBICOKOH aJcOPOIMOHHON CIIOCOOHOCTBIO MPH HHU3KUX TeMIleparypax
[33, 34]. Hemasuo Borguet u mp. [34] cooburmmu o BBICOKOH aacopOIMOHHOM
€MKOCTH 110 OTHOIIECHHIO K BOAOPOAY M HHU3KOM TeMIlepaType IUCCOLMALMU
H, Ha mannaguu. YcTaHoBIeHME OCHOBHBIX peakumii H, m O, Ha moBepxXHOCTH
KaTam3aropa 0COOCHHO BAYKHO ISl yCTAHOBIICHHS IETATbHOTO MEXaHU3Ma TAKHX
MPOMBIIIUIEHHO BOCTPEOOBAaHHBIX MPOIECCOB KaK M30MpATENbHOE OKUCICHHUE U
noxuranue H,. Akryanen Taxxe BONpOC 00ecreueHns BOJOPOIHOM Oe30MacHo-
ctu Ha ADC ¢ IOMOIIBIO KaTaIUTHYSCKUX pekoMOnHaTopoB [35].

Kpome TOro, KOHTpOJHMpyeMbIE YTEUKH BOIOPOAA M3 JUPHKAOIS MOTYT
WCTIOJIb30BATHCSI Ul TIPOU3BOJICTBA DIEKTPOIHEPTMU C  HCIOJIL30BAHUEM
HU3KOTEMIIEPATYpPHOM KaTaJlUTUYECKON TeXHOJIOruu. M3-3a HU3KOTO J1aBJIEHUS B
cTparocdepe NpUMEHEHHE KaTAIUTHYECKOTO Ipoliecca B cTparocepHoii cucreme
MIPOM3BOJICTBA DJIEKTPOIHEPTHH JAUPIIKAONIS OIpeAenseTcss BO3MOXHOCTHIO
HU3KOTEMITEPaTypHOTO MPEBpalleHust OSIHBIX BOIOPOJAOM CMECEH, OTCYTCTBUEM
3arpsi3HEHHH, BBICOKOH 3(D(HEKTHBHOCTHIO M CTA0MIBHOCTHIO KaTAJIHTHYECKOTO
npeBpaiiienns [36] mo cpaBHEHUIO ¢ OOBIYHBIMU TEXHOJOTUSMH. DHEPTHsl KaTa-
JUTUYECKOW PeaklMy MpeBpalieHus BOJOPOJIa MOKET ObITh MCIIONB30BaHA KaK
JUISL TIOJTYYEHUSI SJIEKTPOIHEPTUH, TaK U B KAUECTBE UCTOYHHKA TEIIA, IPH ITOM
HET HEOOXOIMMOCTH OpaTh JOMOJHUTEIHHOE TOITUBO B cTparocdepy. st Hus-
KOTEMITEPaTyPHOTO KATAIUTHYECKOTO OKHCIICHHSI BOAOPOJA Karaju3aTropbl Ha
OCHOBE OJIarOpOJIHBIX METAJJIOB, TAKUX KaK MaJLIaJUi ¥ TUIATHHA, TIPUBIICKAIOT
BHUMAaHHUE B CBSI3U C BBICOKOM KATAIMTHUYECKOH aKTUBHOCTBHIO M CPAaBHUTEIHHO
MPOCTHIM METO/IOM MX MOATOTOBKH K MCIONIb30BaHM0 [37]. TIOCKOBKY JaBiieHIe
B cTpatocdepe Haxoautces B peaenax mexy 9 Topp u 40 Topp [38], cienyert yun-
TBIBaTh, YTO KHHETHYECKHE OCOOEHHOCTH OKUCIEHUs H, TpH HU3KOM JIaBJIeHUH
1 aTMOC(EpHOM JaBJICHUHU OTIUYAIOTCS JIPYT OoT npyra. CleaoBareinbHo, BaXKHO
3HATh TO pa3InIHe.

OTtmeTuM, 4YTO OJIArOpOJHBIE METalUThl 00pa3yrT OKCHJBI, KOTOpHIE, B
3aBUCUMOCTH OT UX PEAKIIMOHHOHN CIIOCOOHOCTH, OMPENESIOT CKOPOCTh M
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MEXaHHM3M KaTaJUTHYECKOTO IMPOoIlecca; 3TO 3aMETHO YCIOXKHSET MOUCK OI-
TUMAaJIbHBIX yCJI0BUH KaTtanu3a. Hampumep, Pd mpespamaercs B PdO mpu
Temmnepatypax Huxe, yem 820 °C, onnako PtO, e obpasyercs mmxe 500 °C,
NpUYeM JUOKCH]I IJIATHHBI OYeHb HecTabuiaeH. M3-3a Oonblieit cTaOuIbHO-
ctu PdO mo cpaBuenwuio ¢ PtO2, B ciyuae kataiausatopa Pd, akrusHoii dazoii
cuntaetcst PdO. B ciyvae Pt akTuBHO# (a3oit cuuraercs Meramindeckas Pt.
B ropennn metana akruBHocTh PAO Bhimie, yem Pt, uto obecnednBaet Oosee
BBICOKHE CTeTeHu KouBepcuu [39].

MBI HeZIaBHO TIOKa3aJIH, YTO B PEaKIIMU FOPEHHs BOJOpo/ia MeTayuindeckas Pt
JEMCTBYET KaK MCTOYHHK TeIlia, ToJ00HO HUXPOMOBOM CIHMpal, HarpeBaeMoil
BHEIIIHMM MCTOYHHMKOM. Pa3znnmume B TOM, uto Pt HarpeBaeTcsi BHYTPEHHHM
HWCTOYHUKOM, & UMEHHO MOBEPXHOCTHOM AK30TEPMUUECKOMN peaKIuen OKUCIECHUS
BOJIOPO/ia. MBI TakKe IMOKa3aJid, YTO COCTAB MOBEPXHOCTHOTO CIIOSI U3MEHSIETCSI
OT BOCIUIAMEHEHHS K BOCIUIAMEHEHHIO OT JUOKcHa Pt 10 HekoToporo apyroro
cocraBa co cBoiictBamu, ommyaromumucs ot PtO, [10]. Taxxe naGmonanu
suencThie pexxumbl Topenns 40%-i cvecn H, ¢ Bosmyxom B npucytcTeum Pt
npoBosoku B uHTepBasie 270+350 °C [41]. Bbuio YCTaHOBIIEHO, YTO 3TH PEKUMBI
BBI3BaHbl KaTAJIUTHYCCKUM JIeHCTBHEM Pl-comeprkalinx 4acTHIl, BO3HHKAOIINX
MPU pasIoKEeHHH HECTAOMIBLHOTO JMOKCHIA TUTATHHBI B Ta30BOH dase.

Jlaxe ¢ yuéToM M3J10)KEHHOT0, 0coOeHHOCTH BocmnameHenus H, na Pt u Pd
[IPY HU3KUX JIABJICHUSAX OCTAIOTCS HEA0CTATOUHO siIcHbIME. HacTosuii maparpad
MOCBSAIICH JKCIEPUMEHTAILHOMY YCTAHOBICHUIO 3aKOHOMEPHOCTEW TOpeHHsI
BOJIOPO/IA TIPH HU3KOM JaBiieHuu Hax (osaproii Pd u Pt nmpu obuiem naBieHnn ot
10 Topp no 180 Topp u HauansHOU Temmneparype 20 + 288 °C.

BKCHepI/IMeHTaJIbHaﬂ HacTb

DKCHEpUMEHTBI IPOBOJIUIIN CO CTEXHOMETPUUECKOH ra3oBoii cMechio 2H, +
O,. Mcnonb3oBanuck jBa peaktopa. Peaktop | — KBapueBbIi IMJIMHIP BBICOTOM
12 c¢m u guamerpoM 8 ¢cM co cMeHHBIM OKHOM CS| Ha OOKOBOM MOBEPXHOCTH
IWIMHJIPA, BXOJHBIMU OTBEPCTHSIMHU JUTS HAITyCKa M OTKAYKH Ta3a, a TakkKe JIJIs
BBOJIa 3JICKTPOIOB BOCIUIaMEHEeHUsI ra30Boi cmec (Puc. 2.1a). OnTrudeckoe OKHO
Csl (35 MM B muameTpe ¥ 5 MM TOIIIMHOMN) BBIIEPKABAIIO TOIBKO 5 BOCIIamMe-
uvenuit npu pasinenuu 40 Topp; ero motom 3amensin. Peakrop |l — kBapieBbIit
uHap 4 cMm B guamerpe u imHOH 30 CM, HarpeBaeMbId 3IEKTPUYECKOM
MeYblo; TEMIIepPaTypy peakTopa KOHTPOIUPOBAIM MOCPEICTBOM TEPMOTIAPHI.
PeaxTop ObLT cHAOXKEH CMEHHBIM KBapIieBbIM OKHOM Ha Topite (Puc. 2.16). Peak-
Top | cnonb30BaNN [T U3YYECHUS] HHUIIMMPOBAHHOTO BOCIUIAMEHEHUSI, KOTOPOE
ocytecTBisui HarpesanreM Pd wmu Pt donsru Tommmnaoii 0.06 mw, mmuroit 80
MM H mupruHOU 1 MM. TeroBoe BoCIIIaMEHEHNE Ha 3TUX (ONTbrax UCCIICT0BAIN
B peakrope Il. CkopocTHyl0 BHICO3amUCh JAWHAMHKHA BOCIIAMCHEHUS
OCYIIECTBIISUTN ¢ OOKOBOW CTOPOHEI peakropa | u ¢ Topra peakropa Il miBeTHOM
CKOpOCTHOM 1HdpoBoii Bumeokamepoii Casio Exilim F1 Pro (gacrora xampos
600 ¢ '), ayBcTBHUTENBHOM B crieKTpanbHoM auamnasone 420+740 um. Mudpaxpac-
nas kamepa (rerrosmsop) Flir 60 (60 kampos/c, 320x240 pix, MHTEpBaI UyBCTBHU-
TeNbHOCTH 8 — 14 MM) UCIIoNB30BaIach, YTOOBI OIPENENNTE TUHAMUKY H3MEHe-
Hus Temreparypsl ¢ponsru Pt u Pd nepen BocmamenenreM. Bumeosanmcs BKITO-
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YaJl B TPOM3BOJIbHBI MOMEHT Niepe ] MHUIMUpoBanueM. Buneodaiin xpanunu B
naMsTH KomreioTepa. Harpetsiit (B ciydae peakropa |l) u oTkadaHHbIH peakTop
3aI0JIHSIM T'a30BOi cMeChio 13 Oy(epHOro oobemMa J10 HeOOXOAMMOTO JaBICHUSI.
B ciyuae peakropa | donbry ObICTpO HarpeBaju, 4YTOObl BOCIUIAMEHUThH TOPO-
9yI0 CMECh; B ciiydae peaktopa |l m3mepsiin conporusnenne Goasrd BO BPpeMs
TEPMHUECKOTO BOCIUIaMeHeHUs. Temriepatypy (QOJNbIH B XOZA€ BOCIUIAMEHEHHUSI
m3mMepsun ¢ nomotnpio ALl B mporpamme mepenadu cUrHajia Ha KOMITBIOTEP
ObUTa ydTeHa TemIieparypHas 3aBUCHMOCTD YIEIbHOTO COMPOTHUBICHHS METal-
na. Iepen KaabIM dKCIIEpUMEHTOM peakTop otkaunBanu n1o 102 Topp. O6miee
JIaBIICHUE B peakTope M3Mepsuin BakyymmerpoM BJII-2, naBnenue B OydepHOM
o0beMe n3MepsuIi 00pa3oBBIM MaHOMETPOM. Vcronb30Banu ra3bl Mapku ‘x4,
Pt 99.99% u Pd 99.85%.

: a ' -

L Ll L TN
—0 £ | | ¥ _ -
1 .- \ o -

Puc. 1. DxciepuMeHTaIbHBIE YCTAHOBKH:

a) JUTst HCCIeJOBaHUs HHUIIMUPOBAHHOTO BOCIIIAMEHEHHsI. 1 — KBapIieBbIid IHHADP 12 cM BBICOTOMN
u 8 cM B amamerpe, 2 KBapleBas BaKyyMHas KpbIlika, 3 — ontuueckoe okHO Csl , 4 — orkauka,
5 — Pt/Pd ¢osnbra, 6 — narpeBarens, 7 — uH(ppakpacHas kamepa Flir 60, 8 — moBopoTHoe 3epkao.
0) Uil MCCIeOBaHHUSI TEPMHUYECKOTO BOCIUIAMEHEHHs. 1 — KBapIEBbI peakTop auamerpoM 4
cM u guHoE 30 oM, 2 — anekTpudeckas neub, 3 — tepmornapa, 4 — Pt/Pd donsra, 5 — AL, 6 —
ornruaeckoe okHO Csl, 7 — moBopoTHOe 3epkasio, 8 — ckopoctHast kamepa Casio F1 Exilim Pro wnu
uH(ppaxpacHas kamepa Flir 60

Pe3yabrartel u 00cyxaeHune

Temmneparypbl Bocriamenenus cmecu 2H, + O, na Harperoii ¢osbre Pt u Pd
ObLIH OITpesiesieHbl ¢ moMotbio Terutou3opa Flir 60 (Puc.2.1a). TunmuHble 3Kc-
nepuMenTsI pu oomem nasienun 40 Topp npuBeneHst Ha Puc. 2.2 a, 6. Ykaxew,
YTO MOCIIE KayKI0TO MPEAbIIYIEro HHHIUMPOBAHHOTO BOCTIIAMEHEHHS BOJSTHOM
nap JOJKeH OBITh TIOJHOCTHIO OTKayaH W3 peaktopa. VMHaue BoCIUIaMEHEHHUE
MOXKET He Mpou3oiTH. OTHAKO B 3TOM Ciydyae B XOJ¢ HarpeBa (oJeru olIee
JIaBIICHUE B PEaKTOpE YMEHBINACTCS Ha OJHY TPeTh Oe3 B3phIBA, T. €. COMIACHO
CTEXMOMETPHH rPEMyYasi CMECh TMOJHOCTIO NpeBpamaercs B H,O.

VkaxkeM, 4TO MHAMKATOP Temreparypbl TemioBu3opa Flir 60 ssiasiercst 60-
Jiee MHEPLUUOHHBIM 1O cpaBHeHHIO ¢ kKamepoit Casio F1 Exilim Pro. TTostomy
MaKCHMallbHas TeMIIeparypa Texp =194 °C (mokasaHHas B JEBOM BEPXHEM YIIIy
Ka)KI0TO KaJpa) Ha TpeTheM Kajpe Puc. 2.2a cooTBeTCTBYeT Temmeparype $hoib-
I'M HEMOCPE/ICTBEHHO TMepe/l BOCIUIAMEHEHUEM; TeMIlepaTypa Ha IISITOM Kal-
pe (Texp =241 °C) coorBercTByeT Temreparype (OJibrH, HarpeTod MIaMeHeM
rpemyueii cmecu. To ke orHocuTes K Puc. 2.20: MakcuMaibHas TeMIiieparypa
Ha TpeTheM Kajpe Puc. 2.20 (Texp =248 °C) coOTBETCTBYET TeMIepaType (oI
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HETIOCPE/CTBEHHO IIePe]l BOCIUIAMEHEHUEM; TeMIieparypa Ha rsirom kazpe (T, =
339 °C) cooTBeTCTBYET Temreparype GOIbIH, HAarpeToil B MITAMEHH.

Puc. 2.2. Perucrpanysi FHUIMUPOBAHHOTO BOCIUIAMEHEHHSI C TIOMOIIBI0 TeroBu3zopa Flir 60.

a) MHMIMMPOBAHHOE BOCTLIaMeHeHue Haa Harperoi Pd donbroit. 60 kampos/c, T, = 20° C. P, =
40 Topp. Bpemsi B ¢ MMOKa3aHO B MPAaBOM HIKHEM YDy KaXA0Tro Kajapa. KpacHblil TpeyroibHHK
I0Ka3bIBAET MAKCUMAJIbHYIO TEMIIEPATypy B NPSIMOYrOJIbHHUKE, CHHUI TPEYrOJIbHUK ITOKA3bIBACT
MHUHHMAJBHYIO TEMIIEparypy B NpPSMOYTOJbHHKE, KPECT YKa3blBa€T HA TEMIIEPaTypy B TOYKE,
o6o3naueHnoi kpectom. Kosddumment nzmydenust ycranosinen paBubiM 0.95 (HWKHEE J1eBBIi
yroi kajapa). Flir 60 maét BO3MOXKHOCTh YCTAHOBHTH KOI(D(HUIMEHT M3TydeHH s, KOTOPBI MOTOM
MOKHO TI€PEeCUUTATh;

0) MHMIMHPOBAHHOE BOCILIAMEHEHHE Ha HarpeToi Pt omsre. 60 xampos/c, T, =20° C. P, =
40 Topp.

KosddunmeHT uznyueHus B 3TUX DKCIIEPUMEHTaX ObUT YCTaHOBJICH PaBHBIM
0.95 (6nu3kmii k aOCOMOTHO YepHOMY Teay). B atom ciyuae 1Bera aucruiest Flir
60 nHanbonee kKoM(OPTHBI IS IKcIIepuMenTaropa. OQHAKO PEKOMEHTyEMBIM KO-
s¢dunreHToM n3aydYeHus B auanasone 8—14 mm mis Pd ¢doasru seusercs ~
0.05 [12], u mns Pt dponbru— 0.05 + 0.1 [13]. MbI B3sTH OIIEHOYHOE 3HAUCHHE
storo kodddunuenta 0.07 mnst obenx Qonbr. Takum oOpazom, akTHuecKas
temneparypa T mepen Bocruiamenenuem cmecu 2H, + O, ipu 40 Topp moxer

6T omeHena u3 3akona Credana-Bompimana: 0.95 Tph, = 0.07 Tgyy mis
obenx Qomnpr. Torma momyyaem Temrmeparypy Bocmiamenenus 623 °C u Tem-
neparypy ¢onbru B wiamenn 714 °C s Pd donbru; ati ke 3HaueHus ais Pt
tomeru cocraBisror 727 °C u 903 °C coorBercTBeHHO. [lomyueHHas BenmnyHa
TeMIepaTypsl BociiaMeHeHus: Pt ¢ombru Oonbllie, 4eM M3MEpeHHas MUpoMe-
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tpoMm mipu 1 atm B [40] (584 °C). D10 cBszano [42] ¢ pa3muuHBIMU CKOPOCTSI-
MU TEIJIOBBIX MOTEPh U TeTEPOTCHHOTO 0OPHIBA aTOMOB BOJIOPO/IA B HACTOSIIEH
pa6ote tipu 40 Topp u [40] mpu 1 arm (cMm. Huke). OnHAKO, Aake MUHUMAIb-
Has m3Mepennas remmeparypa (584 °C) yxke mocrarodHa, 9T00sI HHUIIMHPOBATH
Bocriamenenue cmecu 40% H, + Bosayx [42]. D10 o3Hauaer, 4To BIMAHME KaTa-
smtraeckoi peakunn H, + O, Ha TOBEpXHOCTH G1arOPOIHBIX METAIIOB B CITyYae
WHUIMUPOBAHHOTO BOCIUIAMEHEHHSI HE3HAYMTEIBHO.

B crenyromux 9SkcriepuMeHTax OBUTH  yCTAHOBJIEHBI 3aKOHOMEPHOCTH
TEPMUYECKOTO BOCIIIIAMEHEHUS 2H2 + O2 (Puc. 2.16). Beuto HaiizeHo, 4to Tep-
Muueckoe Bociuiamenenue Ha Pt m Pd orcyrerByer mo obmiero mamerus 100
Topp. Takum oOpazom, ncrnonb3oBanue onrtudeckoro okna Csl, a Takxe Teruio-
BH30pa, HE MMEET CMBICIIA M3-3a PHUCKA MOBPEKICHUSI YCTPOHCTBA OCKOJIKAMH
Csl mpu Bocmamenennu. OiHaKo, B SKCIIEPUMEHTaxX 0€3 BOCILUIaMEHEHHUs ObLIO
ycTaHoBjieHo, 4to, uto npu 100 Topp 2H, + O, Pd donbra narpesaercs Ha ~
60° (M3MepeHusT TeMIepaTypsl MPOBOIWIN C HCIIOIB30BAHUEM 3aBUCHMOCTH
CONPOTHBICHHS (OJIIBIU OT Temreparypsl, Puc. 2.10); B To ke BpeMms oOiiee
JIaBIICHUE B PEAKTOPE YMEHbBINACTCS HAa OJIHY TPETh 3a BpeMs ~ 3 ¢, yKa3bIBas
Ha TO, YTO OKHCJIEHUE BOJOPOJa MPOILIO MOITHOCTBI0. OTMETHM, YTO 3HAYCHUE
temreparypbl 60 °C coOTBETCTBYeT, OYEBHIHO, OIHOPOIHOMY HArpeBy BCEroO
Marepuana (Qoibru, T. €. SBISETCS HIKHEH TpaHuIeil Temreparypsl Harpesa. Pt
¢donpra Harpesaercs: Tonbko Ha ~ 10°, mpu 3TOM TOproYas cMech HE PacxXojy-
ercs. OTo 03HaJaeT, 4To Npu napienusax menpuie veM 100 Topp n T, < 300 °C,
Pt dosnbra B omimume ot Pd ¢osibru He MpOsIBISIET 3aMETHBIX KaTaTUTHISCKUAX
CBOIICTB.

B mocnemyromux — SKCIEpUMEHTaX  HMCCIEJOBAIM  MPOCTPAHCTBEHHOE
passuTHe BocmnameHenus cmecu 2H, + O, npu nasnenun 1o 180 Topp (me
BhIIIIE U3 CooOpakeHwit 6e3omacHocTH) U Temreparype 290 °C ma Pt u Pd ¢
MCIIOJIb30BAHUEM IIBETHOW CKOpOCTHOHM IudpoBoii kamepsl Casio Exilim F1
Pro. Beuio ycTaHOBIEHO, YTO TepMUYECKOoe BOCIUIaMeHeHue Ha ¢oibre Pt
orcyrcryet npu 180 Topp u 288° C. Panee mbl nokasanu [40, 41], uto Tep-
muyeckoe Bocmamenenue cmecu 40% H, + Bosayx npu 1 atM yske npoucxXomuT
nipu 260 °C B peakrope quamerpom 140 mM. Takum oOpazom, npu Oosiee HU3KHX
JIABIICHUSIX CKOPOCTH T€TEPOTCHHON I'MOEId aTOMOB M PaJIMKAJIOB, & TAKXKE Tell-
JIOBBIX TIOTEPh CTAHOBSITCS 3aMETHBIMH. J[eiCTBUTENBHO, UCTIONB3Ys YPaBHEHNE
Ditamreitna—CmonyxoBckoro X2 = 2Dt (X — cpennuit auddy3noHHbii mpoder
npoOHoIi yacTuIpl 3a Bpemst T, D — koaddunment quddy3un, onuskuii Kk kod¢-

¢
(HULUECHTY TeMIIepaTypOIPOBOJAHOCTH) MBI MOJTy4acM t—l = x¥/x3, Tae MHAEeKCHI
2
1 u 2 oTHOCATCA K peakTOpaM pa3IM4HbIX IMaMeTpoB. B oToi pabore X, = 2 cM,
t
B [40] X, = 7 cwm, Torza t—l = 4/49. Dra BenuumHA eIl MEHbIIE sl aTMOchep-
2

HOTO JIaBlicHUs B peakTope 0oubinero auamerpa [40]. [Toatomy cpenHee Bpems
JOCTHKEHHS YacTULIEH CTEHKH B CIydyae pPeakTopa ¢ MEHBIIUM pPaJUyCcoM IpH
o6mem gasnennu 180 Topp Ha MOpsSAOK MEHbIIE, YeM AJISl PeakTopa paanycoM
7 cm npu 1 arm. CkazaHHOE CIPaBEIIMBO TAKXKE JUIS TETUIOBBIX MOTEPh, €CIIH
OLICHMBATh CKOPOCTh OTBOJA TEIJIa U3 aHAJOTHYHOTO YpaBHEHUS X* = 2 at, r/e
o — KO3 PHUIKUEHT TEMIIEPaTyPOIPOBOJHOCTH.
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TunuyHas NocIe10BaTeIbHOCTD KaJIpOB CKOPOCTHOM KHHOCHEMKH TEIUIOBOTO
BocrameHnenus Ha Qoinbre npu 180 Topp u 288 °C mpencrasiena Ha Puc. 2.3.
B cootBerctun ¢ [40, 41] Pd donsra packansieTcst 10 U MOCe BOCIUTAMEHEHHS
u3-3a KartanuThiyeckux peaknuii Ha Pd moBepxHocTu. Ilepuonm 3amepixku
TEPMUYECKOr0 BOCIUIaMeHeHusI coctapisieT npu 3toM 4 + 0.3 ¢. Emé pa3 or-
METHM, YTO, MOCKOIBKY Pd He mporpeBaeTcs ommopoano (cMm. kaaper 21 — 58
Puc. 2.3), To Temneparypa, U3MEpeHHas 110 CONPOTHBICHHUIO (OJIBIHU, SBISCTCS
HWKHEH IpaHuLel JUisl peaibHOM TeMIIEpaTyphl o4ara BOCIUIAMEHEHMs], KOTOPbII
WHUIIUUPYET TOPEHUE.

l

Puc. 2.3. CxopocTHasi KHHOChEMKa TEPMUYECKOTO BOCIUTAMEHEHUS CMECH ZHZ + OZ, 600 kaxpos/c,
T, =288 °C, P, = 180 Topp

[pu naBnenusx Hike, ueM 180 Topp mpu 288 °C BocmiameHeHHE OTCYT-
crByeT. OnHaKo 0o0Iee JaBICHUE B PEaKTOpe YMEHBINAETCS Ha OJHY TPETh B
TedeHne ~ 3 ¢. DTO 03HAYAET, YTO, COIIACHO CTEXMOMETPUHU PEaKIiu, OKUCIIe-
HUE BOJIOPO/Ia 3aKOHYMIIOCH MOJTHOCTBI0. TakuM oOpa3om, nipu aasieHusx > 100
Topp karanuTudeckas akTUBHOCTh PO MOBEPXHOCTH BBICOKA 1O CPABHEHHUIO C
aKTHBHOCTBIO Pt ponbru. Mi3mMepenue pa3orpesa 1o reMreparypHoi 3aBUCIMOCTH
conporuBnenus B cmecu 2H, + O, mpencrasneno na Puc. 3.4. Kak BuaHo u3
Puc. 3.3, 3.4, akruBHocTh Pd ¢onbru BeIpaXkaeTcss Kak B BO3HUKHOBEHUH
Ha TMOBEPXHOCTH (HONBTU JIOKAJIBHBIX IIEHTPOB BOCIUIAMEHEHHS, U3 KOTOPBIX
pacnpocTtpansiercsi BojiHa roperus (cM. takxe Puc. 2 [40]), Tak u B TeMHOBO#
KAaTaJIMTUYECKON pEeaKLuu MpeBpalieHus roprodeid cmecu. Kak Takke BUIHO U3
Puc. 3.4, TeMHOBOM KaTalMTHUYECKHUI mporecc Habmomaercs u Ha Pd u Ha Pt.
ITpu 180 Topp Ha Pd ¢omnbre (kpusast 1, Puc. 3.4) stor mporecc obecnednBaet
TEPMHUYECKOE BOCITIAMEHEHHE; PAa30TrpeB Jaxe ¢ YIETOM HEOJHOPOIHOCTH IMPO-
rpeBa GOJIbTH T0CTATOYCH, YTOOBI HHUITMUPOBATh ropenue cmecu [22]. TIpu 150
Topp Ha Pd donbre (kpusas 2, Puc. 3.4), a taxxe npu 180 Topp Ha Pt donbre
pasorpes Mpu TEMHOBOHN peakIlMd HAMHOTO HUXKE, U €r0 HEJIOCTATOYHO, YTOOBI
obecnieunts Bocmiamenenue cmecu 2H, + O, [22]. OTmeTnm, 4T0 M3MEpEHHEIH
pasorpes npu TepMUYeckoM BocameHennu cmecu 2H, + O, (~ 1900 °C) xopo-
IO COIVIACYETCs C JUTEePATYPHBIMU JaHHBIMU C YYE€TOM TE€TEpOreHHOW THOCIH
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AKTUBHBIX HCHTPOB HAa CTCHKE W TCIUIOBBIX ITOTEPH B PCAKTOPE CPABHHUTCILHO
masioro auamerpa (4 cm) [12].
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Puc. 3.4. V3amepenue pa3zorpesa o TeMIEepaTypHOU 3aBUCUMOCTH COIPOTHUBIICHUS ()OJIBTU B CMECH
2H, + 0O,

1 - Pd donsra. T =288 °C. P, = 180 Topp. Bocnnamenenue nponsomo,

2 —Pd ¢onera. T =288 °C. P = 150 Topp. Bocriamenenus Her,

3 — Pt ponpra. T, =288 °C. P, = 180 Topp. Bocriamenenus Her.

Pe3tomMupyem KOPOTKO TTOJTydEeHHBIE Pe3yIIbTaTHL.

B skcnepumenTax 1o Bocmiamenenuto cmeceit 2H, + O, man Pd u Pt ponbroit
npu obmem nasnennu 40 + 180 Topp npu T, = 20 + 288 °C, temneparypa
Gonbpry B X0/1€ BOCIUIAMEHEHHS ObUTAa M3MEpEeHa ¢ MOMOIIBIO TEIJIOBH30pa U
M0 M3MEHEHHUIO CONMPOTHBIEHUS (OIbTU. BeIIO MoKa3zaHo, YTO TeMreparypa
HHUIIMEPOBaHHOTO Bocmiamenenus npu 40 Topp Han narpetoit Pd dosbroit
Ha ~ 100° mmxe, wem Han Pt domproit. [lokazano, uyTo maxke MUHUMAaIbHAS
U3MEpeHHas TeMIepaTypa (GoIbru HermoCcpeICTBEHHO Mepe/] BOCTNIAMEHEHHEM
(623 °C) mocratouHa, 9TOOBI HHUIUHPOBATH TOPEHUE 2H2 + Oz' T. €. BIUA-
HHE KaTaJuTUYecKol peakuuu H,+ O, Ha O1aropoaHeIX MeTanax B cilydae
WHUIIMAPOBAHHOTO BOCIUIAMEHEHHUS HE3HAUYMTENBbHO. YCTAHOBICHO, YTO
MPHUCYTCTBHE BOJSHOTO Iapa MpeJoTBpaIacT BOCIUIaMEHeHHE. YCTaHOBIICHO,
9TO B Cllydae TEIUIOBOTO BOCILIaMeHEeHHMs mpu fasieHusx no 180 Topp mu
288 °C karanuTtHueckas akTuBHOCTh Pd dosibru 3amMetHo BhITIE, ueM Pt (hosb-
ri. AKTHBHOCTH Pd (oibru BeIpakaeTcsi B KOHKYPEHIIMHU JBYX MPOILECCOB:
BO3HUKHOBEHHMS JIOKAIBHBIX IIEHTPOB BOCIIJIAMEHEHUS Ha (OJIbre, OT KOTOPBIX
pacmpocTpaHseTCsl BOJIHA TOPEHUS, © TEMHOBOH KaTaJUTHYECKON peaKkInuu
MPEeBpAIICHUs TPEMyUeil CMecH B BOLY.

§ 3. BOCINTAMEHEHHUE BOJIOPOIOBO3AYIIIHbIX CMECE
HA/JZ Pt TIPU ATMOC®EPHOM JIABJIEHUN

B mpenpiayniem mnaparpade ObUIO TIOKA3aHO, YTO TMPH JIABJICHHUSX HIDKE
arMoc(epHOro TemIreparypa HHUIIMUPOBaHHOTO BocruiameHnenus rpu 40 Topp
ma ropstaeit poneroit Pd na ~100 °C mmke, uem Hax doasre Pt. DToT maparpad
MOCBSAIICH OCOOCHHOCTSIM KaTaIMTHYECKOTO BOCIUIAMEHeHHsT Haj Pt mpwu
arMoc(epHOM JIaBJICHHU.
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Karanutudeckas XMMUs OKMCIICHHS BOZOPO/Ia HaJT O1aropoIHbIMU METAILTAMH
OblTa pPacCMOTpPEHA B psijie McCienoBanuii, Hanpumep, [43, 44]. OmHaxo mis
B3aUMOCBSI3aHHBIX TETEPOTCHHBIX W TOMOTCHHBIX MPOIECCOB MPH TOPECHHUU
CYILECTBYET JIUIIb HECKOIBKO paboT (0COOCHHO TPH TOBBIIICHHBIX JaBICHUSX)
JUISL BOJIOPOJa M BOJOPOJCOACPKAIIUX TOIUNB. OJHOPOIHOE BOCIUIAMCHEHHE
OemubIx M Oorareix TomauBoM cmecedt H,/Bosmyx Ham mokpeiThiMu Pt
MMOBEPXHOCTAMH HCCIIeNoBaNy mpu armocdeproM masienun Bui et al. [45] ms
YCTAHOBJICHUS BIUSHUS KOd(QduieHTa u30bITKa TOIUIMBA HA TEMIIEPATypy
3axkuranus. BaxxHo ompenenuTs paboune yciaoBus (IaBjeHHe, HArPeB CMECH,
TeMIIeparypa KaTaTUTHIECKOM CTEHKH, TEOMETPHSI PeaKTopa U BpeMsi KOHTAKTa),
MPH KOTOPBIX Ta30(azHast XMMHUsI HTPAET CYHIECTBEHHYIO POJIb, YIUTHIBAsI PACTY-
Ui HHTEpEC K CHCTEeMaM KaTaJUTHYECKOrO FOPSHHUS C MCIOJIb30BaHHEM JTHOO
BOZIOPO/Ia, 100 00OTAIEHHOTO BOAOPOIOM TorutnBa [46, 47].

Karanutudyeckoe BOCIUIAMEHCHUE U CBSI3aHHBIC C HUM SIBIICHUS TIOTYyXaHUS 1
HECTaOMIIBHOCTH MMEIOT MPAKTHYECKOE 3HAYCHHEe, HApUMEp, TPH T0KUTAaHUN
BBIXJIOITHBIX T'a30B aBromoOwmiieit [48], mpu karamutuyeckoMm aoxuranuu [49],
B XMMHYECKHX peaKkTopax W mpu Karanutudeckom roperuu [50]. Karamurtu-
YeCKoe BOCIUIAMEHEHHUE IPE/ICTABIISIET TaKXKe YUCTO HAy4YHbIH MHTEpEC Kak He
BIIOJIHE MTOHSTHOE KPUTHYECKOE SIBJICHHE, KOT/Ia B CUCTEME TIPOUCXOIHT MEPEX0.T
U3 OJJHOTO CTAIIMOHAPHOTO COCTOSHMUS, TI0 CYIIECTBY YIPABISIEMOr0 KHHETHKON
MOBEPXHOCTHO PEAKIHH, B IPYTO€ CTAIHOHAPHOE COCTOSIHUE, B IIEPBYIO OYEpPe/ib
yIpaBisieMoe MEPEHOCOM MacChl U TOMOTeHHOW KuHeTHKo# [51]. Braromaps He-
JINHEHHOM CBSA3M KMHETUKH, MACCONIEPEHOCA U TEIJIONEPEHOCA TOM KE CUCTEME
CBOMCTBEHHO HE TOJILKO BOCIUIAMEHEHHE, HO M KOJIeDaTeIbHOE U XaOTHYECKOES
noBenenne [52]. Kpome Toro, BocIUIaMEHEHHE MOXET [arTh HHGOPMAIIUIO
0 KOHCTaHTax CKOpocTH. OOBIYHO HCIOJB3YIOTCS [IBE IKCICPHUMEHTAIbHbBIC
METOIUKH, @ MIMEHHO METOINKA HArPEeTOH MPOBOJIOKK MM Harperoro rasa [53].
Kak yka3zano B [54], BocIUIaMEeHEHHE OMPEACISETCS KOHKYpPEHIIMEH CKOPOCTH
peakiuy BOCIUIAMEHCHHS HAa IOBEPXHOCTH U TEIUIOBBIX MOTeph. B [54]
HCIIOJIb30BAIM METOANKY HAIPETOU MPOBOJIOKH.

B [55] nabmionanu pesxum suenctoro ropenus cmecu 40% H,— Bosayx B
npucytctBuu Pt mpoBosioku B uaTepae 270-350 °C (cm. Taxxke § 1). Bouto ycra-
HOBJICHO, YTO ATOT PSKUM BBI3BaH KaTaJIUTHYCCKUM JeiicTBreM Pt comeprkarnx
YacTHIl, OOpa3yIONIMXCA MpPU PA3IOKCHUH JIETy4ero OKCHJAA IUIATHHBI B
ra3oBoii (asze. Kak u3BectHo [2], TOHKas MJICHKA JTAOMILHOTO TBEPIAOTO OKCH/IA
TUIATHHBI 00pa3yeTcs Ha MIATHHOBBIX MOBEPXHOCTSIX B BO3AYyXE HJIH KHCIOPOJIE
IpU KOMHATHO# TeMIeparype W YTONIIASTCS MPHU TOBBIIMICHUH TEMIIEPaTyphl
npumepHo a0 500 °C, u 3arem pasznaraercs. [lotepst Beca miaTtusbl mpu Oolee
BBICOKHX TEMIIEpaTypax 00bsICHsAETCs: 00pa30BaHUEM OKCH/IA TJIATHHBI B Ta30BOM
da3ze, a ocaxIeHUE TIATHHBI HA 00JIE€ XOJIOIHBIX MOBEPXHOCTSX (BBIIIE IIPHUMEP-
mo 500 °C) — ero auCIponOpPIHOHAPOBAHAEM. DTO 03HAYAET, YTO MOJIEKYIIBI HIIH
KJIACTePhI KaK OKCH/IA IUIATHHBI, TaK ¥ METAJUIa IUIATHHBI CYIIECTBYIOT B Ta30BOM
(aze npu Temneparypax Boirre 500 °C.

Jlaxe ¢ y4€ToM 3THX JIaHHBIX PUPO/IA HCTOYHKKA BOoCIIaMenenus H, nan Pt
ocTaeTcs He 110 KoHla scHoi. Takum 06pa3om, onucanue Bocriamenenus H, na
Pt MOBEpXHOCTHIO TOJDKHO YUMTHIBATh KaK HarpeB Pt MOBEpXHOCTH BCIEICTBUE
KaTaJUTHYECKOH peakuuu okucieHus H,, BepoATHO, 10 Temmeparypbl TepMH-
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YEeCKOTO BOCIIAMEHEHUS, TaK U JIeCOPOIMN HOCUTENEH LEeNMu ¢ MOBEPXHOCTH B
pe3yibrare OJHOM M TOW e MOBEPXHOCTHOW peakuuu. Bo3MOXKHO, 4TO BKIaj]
OJTHOTO W3 ITHX MPOIECCOB MOXKET OBITh TOpPA3Zl0 MEHBIE, YeM OT APYIoro.
JleficTBUTEIFHO, BO3TOpaHWE HAOMIOMACTCS TONBKO B TOM cllydae, €CIu
moBepxHOCTE Pt packamnsercs [3].

Oror maparpad TOCBSIIEH YCTaHOBICHHWIO CpPAaBHUTENBHOTO BKIIA/Ia
MEXaHU3MOB a) HWHHIMMPOBAHUS IMOBEPXHOCTHOM peakiuel, Bemymen K
JeCOpOIMK aKTHBHBIX IIEHTPOB, U 0) WHUIIMUPOBAHUS BOCIUIAMEHEHHS 3a CUET
TOJIBKO TETJIOBOTO HarpeBa Pt-TioBepXHOCTHIO.

3KCHepI/IMeHTaJ'leaﬂ 4acTb

OmnbiThl poBOAMIH ¢ Ta3oBbiMu cMecamu 40% H, + 60% Bosmyx mpu 270 =+
350 °C. Mcnonp30oBanm HarpeBacMbIi MITHHAPHICCKIA PEaKTOp U3 HeP>KaBEIOIIECH
CTaJIH UTHHOW 25 cM m muameTrpoM 12 cM, CHaOKEHHBIA ChEMHBIMHU KPBIIITKAMH 1
OINITHYECKHUM KBapIIEBBIM OKHOM B OfHOM 13 Kpbimiek (Puc. 3.1) [6, 7, 9].

Tounocts wm3MepeHmii Temmeparypbl coctaBimsia 0.3 K. Perucrparuio
BOCIJIAMEGHEHHST W PACIPOCTPAHCHUS IJIAMEHH OCYIIECTBISUTH C TMOMOIIBIO
IBETHOM BBICOKOCKOpPOCTHOM Kamepsl Casio Exilim F1 Pro (uacrora kagpos —
600 c?). Bumeodaiin XpaHHIH B KOMITBIOTEPHON MAMATH M BBITOJIHSIN €T0
mokaapoBeiii aHamu3 [12-14]. OTkauMBaeMBIi W HarpeTHIl peakTop OBICTPO
3aMOTHUTA Ta30BOM cMechio M3 OydepHOTO 00BbEeMa BBICOKOTO JABICHHS 10
HEOOXOAMMOTO JaBICHUSI.

[

high speed reactor quartz Fotary
camern window mirror

Puc. 3.1.
a) 9KCIIepUMEHTAlIbHAsl YCTaHOBKa; 0) dosibra Pt B peakTope 10 BOCINIAMEHEHHS;
B) Pt bonpra B peaxrope nocne Bocmiamenenus (pompra ocsemena miamenem 40% H, + Bosnyx)
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Jlis  OTKpBITHS W 3aKPBITHS TIa30BbIX KOMMYHMKALUHA HMCIIOIB30BaJIH
ANIEKTPOMArHUTHBIM KianaH. JlapneHuWe B TMpolecce Hamycka W TOpEHHs
PETUCTPUPOBAIA AATIYMKOM JaBlieHUs. B peakrop momemanu aubo ¢omsry Pt
pasmepom 12 x 6 x 0.03 cm, n1u60 npoBosioky Pt mamuHON 8 cM U auaMeTrpom
0.3 cm. ITpoBosoky Pt ucronb30Baiu Kak Jjisi BOCIUIAMEHEHHUST CMECH, TaK U JJIs
M3MepeHHs TeMIIepaTypbl IPOBOJIOKK B KauecTBe Tuiedya MocTta YUTCTOHA. Tem-
nieparypy Pt ¢posbru Bo BpeMst 3ayKUraHust OI[CHUBAIN € TOMOIIBIO JIBYXJTy4eBOTO
mBetHoro mupometpa (Puc. 3.2, 3.3). Ilepen KaxapIM SKCIIEPUMEHTOM PEAKTOP
orkaumnBaiu 70 0.1 Topp.

OO0miee maBiIeHUE B PEAKTOPE PETHCTPUPOBAI BaKyyMMETPOM, a JaBIICHUE
B Oy(epHOM 00BEME — MaHOMETPOM. VICTIONB30BaT XUMHYECKH YUCTHIC Ta3bl U
99.99% Pt.

Pe3y.]'[bTaTbI Hu oﬁcymeﬂne

HccnenoBany mpocTpaHCTBEHHOE pAa3BUTHE BOCTITIAMEHEHHS TIPEBAPUTEIHHO
npurotoBieHnbx cmeceid 40% H, — Boznyx npu maenenun 1 atm xak nan Pt
(honproif, Tak u Hax Pt mpoBosoko#. HamoMuuM, 9T0 TeMmeparypa TepMHIECKO-
ro BocruiaMenenus cmecei H, — Bosnyx mpu 1 atm B peaktope, comepxaniem Pt
¢domery [3], Ha~ 170 °C MeHbIIIe, 4eM B peakTope U3 HepKaBerome cramm. OqHako
¢ombra Pt B cmecu H, — O, MOXKeT HarpeBaTbes 10 TEMIEPATyPhI, KOTOPast MOXKET
OBITH BBIIIIE TEMIIEPATYPHI BOCIDIAMEHEHHS B peakTope M3 HeprKaBeIomlei cTa,
T. €. TeMIepaTypa CTeHOK PeakTopa He SBISETCS OMPENeISIONM mapaMeTpoM
TEIUTOBOTO BOCTIAMEHEHNS.

{
pyrometer
—

* foi quartz window
Pefoil 2| e R

Puc. 3.2.

Peructpanms wnunmuposanus Bocmiamenenus 40% H, + Bosmyx ¢ombroit Pt gsyximydesbivM
[BETHBIM TUPOMETPOM, YKa3bIBAIOIIMM 3Ha4eHHs TeMiepaTypsl B °C. LleHTp 3akuranus Ha Goibre
noka3aH OebiM Kpyrom Ha xaapax 25, 40. P, = 1 arm. T, =305 °C
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Kak BuaHO Ha Puc. 3.2, TOJIBKO JIOKAJIbHBIN [IEHTP 3a)KUTaHUS PaCKaJISIeTCs 10
Oenoro kaneHus (mokasaH OesbiM KpyroM Ha kazapax 25, 40). ITockonbKy aByX-
Jy4eBOH IIBETHOW MUPOMETP MOKA3bIBACT 3HAYCHHE TEMIIepaTypbl MEXIy JTyda-
MU Ha HUCCIIelyeMOii ITOBEPXHOCTH, U3MEPSIETCS CpellHee 3HAYCHNE TEMITePATYPhI
MEXTY JTy9aMH.

Temmieparypa cocrasisier 584 °C B MOMEHT, HPEALICCTBYIONIUI BOCIIaMe-
HeHno (KOTopoe mpoucxoauT B 41-M Kaape). DTo 3HAUEHHE, OYEBHMIHO, SBIIA-
eTcsl HWKHEH TpaHuIel (pakTudeckod TeMIiepaTypbl EHTpa 3akuranus. Jlei-
CTBUTEJIBHO, C MCIOIb30BaHHEM TAOIHUIIBI IBETOB METAIIOB (Hampumep, WWW.
ecolain39. ru) remmeparypa aktusHOTO TieHTpa It 40-ro Kaapa Puc. 3.2 moria
ObITh ipuMepHO oreneHa kak ~ 800 °C, TemriepaTypa KpacHOH ropsaeil 4acTu
¢donbru Ha Puc. 3.1.6 cocraBnsier ~ 730 + 800 °C. Bce BenMUMHBI TeMIIepaTyp
HAXOJIATCSI B XOPOILEM COIVIACHH JIPYT C JPYTOM.

Kpome Toro, MunnMasnbHoro 3HadeHus remmeparypsi (584 °C) yxe gocrarod-
HO JUIst Bocmnamenenus cmecu 40% H, + Bosnyx [22].

Takum 00pa3oM, Ha OCHOBaHHH MOTYYCHHBIX PE3YJIBTATOB MOXKHO MPHHTH K
BBIBOZY, 4TO Pt JelicTByeT Kak MCTOYHUK TeIlia, ToM00HBIH POBOLY, HAarpeBae-
MOMY BHEITHMM HCTOYHUKOM. OJIHAKO B paccMarpuBaeMoM ciiydae Pt Harpesa-
€TCsI C TIOMOIIIBIO0 BHYTPEHHETO UCTOYHHKA, 8 UMEHHO TIOBEPXHOCTHOM KaTaIuTH-
YECKOW peaKiuu.

Jiist Goee THIATETHHOTO H3YUEHHSI POJIM IOBEPXHOCTHOM PEaKIIUK B CIICAYIO-
el cepur HKCIIEPUMEHTOB UCIIONB30BaIH Pt MPOBONIOKY Kak Ui BOCIIaMEHE-
HUSI CMECH, TaK U JUIS U3MEPEHHs TEMIIePaTyphbl MPOBOJIOKK B KadecTBE IUieda
mocrta (Puc. 3.3 b). OnHOBpEeMEHHO BBIMOIHSUIN [[BETHYIO CKOPOCTHYIO ChEMKY.
TunuuHble MOCIENOBATENFHOCTH KaIPOB BBICOKOCKOPOCTHOW CHEMKH PacIpo-
cTpaHeHus: (PPOHTA IIAMEHHU B Ta30BOM CMECH, HHUIIMHPYEMOU TPOBOJIOKOH Pt,
nokaszanel Ha Puc. 3.3a. Kak BugHO M3 3-T0 Kajapa prcyHKa, B mpucyTcTBuu Pt
MIPOBOJIOKK HAOIIONACTCS STYCUCTas CTPYKTypa QPOHTA TUIAMEHH B COIJIACHU C
nanHbiMu [34], ipu 9ToM Pt IpoBoIIoKa packaiseTcs 0 U MOCIIe BOCIUIAMEHEHHUS
BCJIEZICTBUE KATATMTHYECKUX PEaKIii Ha moBepxHOCTH Pt.

Ha Puc. 3.4 npexcraBnena ocuuiorpaMMa OJHOBPEMEHHOH perucTpanuu
CUTHAJIOB OT JIaTYMKa JIABJICHUS U MPOBOJIOKU Pt B kauecTBe 1uieua Mocra. Kak
BHUJHO Ha Puc. 3.4, oOlee naBieHUEe B peakTope AocTUraeT 1 aTM K MOMEHTY
Bocrutamenenus. [Tockonbky (cMm. Puc. 3.3 a, kaapsr 1, 2; cm. Taxke § 1) mpoBo-
noka Pt, ananornano Qonbre Pt, HarpeBaeTcs HepaBHOMEPHO, BETMUHNHA TEMIIe-
parypbl, ©3MEpEeHHas C MOMOIIBI0 Pt IPOBOJIIOKH, SIBISICTCS HYKHEH TpaHUIeH
WCTHHHOMW TEMIIepaTyphl JOKATBHOTO IEHTPA 3a)KUTaHHsI, KOTOPBIH BOCILIAMEHSI-
€T TOPIOUYI0 CMeCh. JIeficTBUTENBHO, /ISl MPOTpeBa MPOBOJIOKH TPeOyeTcsl onpe-
JIeTICHHOE BPEMsl, TIOATOMY 3HAYCHUS TEMITEPATYPhI, TOTYYCHHBIE ’THM METOJIOM,
3aHWKEHBI.

O1eHUM HIDKHEE TPAaHWYHOE 3HAYEHUE TEMIIePATYPhI, OCTATOYHOE JIJIsl BOC-
IJIaMEHEeHus Toproyeii cMecu. M3 mpeacTaBiIeHHbIX 3aBUCUMOCTEN TeMIIepaTypbl
OT BPEMEHH MPOM3BOJILHOW €JIMHUIIBI, Pa3HUIA MEXIy HAauyaJIbHOW TeMIlepary-
poii u Temneparypoii 3axuranus npu 5900 mc cocrasisier ~ 0.1 npous3BoIBHOK
enuHuIbL. [ToaToMy HIDKHEEe IpaHUYHOE 3HAYCHUE TEMIIEpaTypbl MOXKET OBITh
orerero kak 20 °C (0.1/0.01) ~ 200 °C, HwxHHIi mpejeN TemIieparypbl BOC-
mwiamenenus: cocrapisier 500 °C. DTo 3HaYeHHME XOPOIIO COIIACYETCS ¢ paHee

83



Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

TIOJIYYCHHBIMA. JTO TAKXKE COITIACYETCSI C BBIBOJOM, CACIIAHHBIM BBIIIE, 4TO Pt
JIEHCTBYET KaK MCTOYHUK TEIUIa, MOJOOHO MPOBOJIOKE, HATPEBAEMOUW BHEITHUM

HNCTOYHHUKOM.

Puc. 3.3. a) BBICOKOCKOPOCTHAsI PErHCTPalldsl [[BETa HHHUIIMUPOBAHHKS H PACTIPOCTPAHCHHS IIIAMCHH
B 40% H, + Bo3mymHo#i cMecH ¢ m1aTHHOBOI posostokoit, 600 kanpos/c. Ludpsl B Kax10M Kaape
COOTBETCTBYIOT MOCJICIOBATEIIBHOMY HOMEPY BHICOU300pasKCHHUS;

0) NpUHIMITHAILHAS CXeMa DKCIEpUMEHTaIbHOM ycranoBku: (1) peakrop, (2) snekTpoHarpeBarelb,
(3) rerumomzomsinus, (4) knamansl, (5) cmecurens, (6) mmdposas Buacokamepa (MM MHUPOMETP B
ciyuae ¢onbru Pt, Puc. 3.1), (7) onrruueckoe okHo, (8) narunk nasnenust, (9) cucrema coopa JaHHbBIX,
(10) undposoii Bossr™etp 1 (11) u3mepuTesbHbII MOCT, Pt POBOIOKA — OJIHO 3 IJIEY MOCTA

Crienyer oTMETUTH, YTO 3a/CP’KKH BOCIUIAMEHEHHSI T JJISI SKCIIEPUMEHTOB,
npezcTaBieHHbIX Ha Puc. 3.5, 3ametHo ommuuarotces: T (280 °C) =35¢,t(300°C) =
10¢,t(320°C) =7.5c. TakuMm 06pa3oM, Kak y»xe ObLIO CKa3aHO BhIIIE, T AOCTUTAET
HanOOJIBIIETO 3HAUCHHS B CITydae caMmoro repsoro sxcrnepumMenta nmpu 280 °C naz
“cBexeill” moBepxHOCThIO Pt, mpu 3TOM Temmnepatypa Bocriamenenus Ha 20 °C
HIDKe (KpacHasi KpuBasi). B ciienyrommx 3KCIepuMeHTax W3yvaid 3aBUCHMOCTh
MOBEPXHOCTHOTO cOCTOsiHUS Pt mpoBosioku (HaumHasi co “cBexero”) oT 4ucna
npoBenEHHBIX BociameHeHnid. Kak BugHo Ha Puc. 3.6, HanOosbiiee 3HaYeHUe
nepuoAa 3aJepKKU BOCIIAMEHEHHs HaONIofaeTcsi B MEPBOM JKCIIEPUMEHTE,
3HAUEHHA T ISl MOBEPXHOCTH Pt, 00paboTaHHOW BOCINIAMEHEHHSIMU, 3aMETHO
kopoue. Takxe BUAHO, 4TO Ha “cBexeil” moBepxHocTH Pt B MOMeHT 4.5 ¢ cmech
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40% H,-Bo31yx Onm3Ka K BOCIUTAMEHEHHIO; NPUOIU3HUTENLHO K 9TOMY MOMEHTY
MIPOMCXOANT BOCIIaMEHEHHE Ha 00paboTaHHOH MoBEepXHOCTH Pt.

B unreppaie Bpemenn mexay 4.5 ¢ u 14 ¢ TOBEpXHOCTh HEKOTOPBIM 00pa3oM
M3MEHSET CBOE COCTOSHNE, 3aTeM MTPOUCXOANT BOCTIIAMEHEHHE.

P, atm T, arb. units

L ——
t, ms

Puc. 3.4.

OIHOBpEMEHHas PETUCTPALNS JaBICHNsI (KpacHast KPUBAs) M TEMITEPATYPBI IIPOBOIOKOIT Pt (CHHsIst
kpusas), T, = 320 °C, P, = 1 arm. CTpesnka MokasbiBaeT Hayano Hamycka rasa

T, arb units
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Puc. 3.5. 3aBucHMOCTb TeMIIEpaTyphl OT BpEMEHH TIPH HHUIIMHMPOBAHHOM BociiamMenennu 40% H, +
Bo31yx Pt nposonoxkoit. 1 - T =280 °C, 2T =300 °C, 3-T,=320 °C. P, = 1 arm. Jl1s1 ynoGeTa
KPHBBIE COBMEIIICHBI, TOCKOJIBKY BPEMEHA 33/IeP>KKH BOCIUIAMEHEHHUS OTINYAIOTCS IPYT OT JipyTa
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T, arb units
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Puc. 3.6. 3aBucumocts 3anepxku Bociutamenenust 40% cmecu HZ-B03IIyX Haj Pt mpoBonoko# ot
KonuyecTsa Bocriamenennit (1-5). Py = 1 arm. T, = 304 °C

Kpome Toro, kpuBas 1 pacmosioxeHa HIDKe APYTUX. ITO 03HAYAET, UTO 3a-
BUCUMOCTD COMPOTHRIICHHUS OT TeMIIeparypsl y “cBexeir” Pt u oOpaboTraHHOM
Pt, 1. e. y marepuanos “cBexeii” Pt mpoBosioku u o6padoranHoii Pt-nposoio-
KM, 3aMeTHO pa3nuyaercs. Kak mokazano B § 1, nepesa 3axuraHuem MoBepX-
HOCTb Pt MOKpBIBAaETCS CI0EM OKCHA TUIATHHBI; MOCJIEC BOCINIAMEHEHHS 9aCTh
CJIOsl B BUJIE YJBTPAAMCIIEPCHBIX YacTUI] OKcuaa Pt BeimessieTcst mpu Harpe-
BaHUM M PACIPOCTPAHSIETCS MO 00bEMY pPeakTopa. ITO TOBOPHUT O TOM, YTO
MOCJIe TIEPBOTO BOCIIIAMEHEHHS CJIOH OKCH/IA IUIATHHBI CTAHOBUTCS HACTOJIb-
KO TOHKHM, 4TO HE YCIIeBaeT BOCCTAHOBUTHCs. TakuM 0Opa3oM, mepBoe BOC-
MIAMEHEHHUE MPOUCXOUT HAJ TOJCTHIM CIIOEM OKCHJIa IUIATHHBI, CIeyIOIIne
BOCIUIAMEHEHHSI TIPOUCXOAT HaJl TOBEPXHOCTHIO JPYroro coOCTaBa, KOTOPBIH
HYX/IaeTCsl B JajbHEHIIIEM HUCCIIEOBAHUHU C TIOMOIIBI0 METOJOB, HAPUMeED,
Osxe unu XPS crieKTpoCKOIHH.

[ToxBoMS UTOT, MOKHO ClIeJaTh BBIBO/, UTO B PEaKIUU TOPEHUS BOIOPOIa
MeTaunyeckas Pt qeficTByeT kak MCTOYHHK Teria, MoA00HbIH BOIbHpamMo-
BOI MPOBOJIOKE, HarpeBaeMoi BHEUIHUM HMCTOYHHKOM. OJHAKO B paccma-
TpuBaeMoM ciiydae Pt HarpeBaeTCsi ¢ MOMOIIBI0 BHYTPEHHEr0 MCTOYHHUKA,
a HMMEHHO MOBEPXHOCTHOW KaTanuTHuyeckoil peakuuu. Creayer Takke
YUHUTBHIBaTh, YTO COCTaB IOBEPXHOCTHOIO CIIOS HM3MEHSETCS BO BpeMs
Bocnnamenenus ot Pt oxcuna (PtO,) x apyromy cocraBy, HpOsBIss CBO¥-
cTBa, omnuHkbie oT PtO,.
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§ 4. TIOBEPXHOCTHBIE PEXKUMbI KATAJIUTUYECKOI'O
BOCIIVIAMEHEHUMS 'OPIOUUX I'A30B HA/Zl BJIAT'OPO/IHBIMH
METAJIJTAMUA

B npeapinyiiem naparpade mokazaHo, 4TO XUMHYECKHI COCTaB TTOBEPXHOCTH
TUIATUHBI U3MEHSETCS TPU BOCIUIAMEHEHHSX OT okcuna Pt k HekoTopomy Ipy-
TOMY COCTaBY, YTO IOJpa3yMeBacT BO3MOKHOCTb BO3SHMKHOBCHHUS Pa3UYHBIX
MOBEPXHOCTHBIX PSKUMOB KaTaJIUTHYECKOTO BOCIUIAMEHEHHS B 3aBUCHMOCTH OT
cTerneHu 00paboTKU MOBEPXHOCTH BOCIIIAMEHEHHSIMHU.

[IInpokoe UCTOIb30BaHUE BOAOPO/IA B KAYECTBE TOILUTHBA C HEOOXOIUMOCTBIO
TpeOyeT pemeHus mpoodIeM, CBI3aHHBIX C 0€30MMaCHOCTHIO TPOU3BOJICTBA, TPAHC-
MOPTUPOBKU M XpaHeHHs Bogopoaa. OIHON U3 OCHOBHBIX OMACHOCTEH SBIISCTCS
cly4aiiHOe BOCILZIAMEHEHHE, MMOCKOJIBbKY BOJOPOJ MMEET ropaszno Oosee mupo-
KHE TpeJesibl BOCIUIAMEHSIEMOCTH, YeM OOJIBIIMHCTBO OOBIYHBIX TOILIHB [56].
B03MOXHBIM HCTOUHHKOM BO3TOPaHHs SIBIISICTCS TOpsiYasi MOBEPXHOCTh. TakuM
00pa30oM, Ba)KHO IMETh BO3MOXKHOCTB BBISIBIIATH U IIPEIOTBPAIIATh YCIOBHUS, TIPH
KOTOPBIX MOYKET MPOMCXOIUTh BOCIIAMEHEHHE, KOTZIa CMECh BOJOPOJIA M OKHUC-
JIMTES TIOJIBEPraeTCsl BO3ICHCTBHIO HATPETOW OBEPXHOCTH MPHU BXOJE B TPYOY,
0aJIOH WM MHYI0 EMKOCTh Uil XpaHeHus. OJHAKO BOIOPOI TPYIHO BOCILIA-
MEHHUTb TOJIBKO CIKaTHEM, MO3TOMY HCIOJIB3YEeTCs HEKOTOPBIN JTOTIOTHUTEIbHBIN
BOCIUIAMEHUTEIIb, HAIIPUMEp, 3anajibHas cBeua [57]. CiaenoBarenbHO, KOHCTPYK-
IIUsI YCTPOMCTB cropanus TpedyeT HH(POPMAIIMU O BOCIUITAMEHEHUH TOpsueii 1mo-
BEPXHOCTBIO.

Karanutuyeckoe TOpeHHE BOAOPOJA MPEACTABISIET HHTEPEC, MOCKOJIBKY
YCTPOWCTBA KaTAIUTHYECKOTO CXKUTaHHSI BOJOPO/Ia pabOTalOT IPH CPABHUTEIILHO
HU3KUX TeMIepaTypax u MoryT paborars 6e3 Beiopocos CO, u NO, [58]. [lns pe-
akuuu ropenus H, ucrnonb3oBanue Karajau3aropoB JOKHO FapaHTUPOBATh, YTO
okucnenue H, mpousoinér 6e3 ciyuaiiHoro B3pbia. Cka3aHHOE B IOJIHON Mepe
OTHOCHTCSI K OJTaropoJiHBIM MeTajlllaM B KadecTBe Karaiu3aropoB. Kpome Toro,
undopmanus o peakiuax H, u O, Ha MOBEPXHOCTH KaTalu3aTopa BaKHA i
MOHMMaHHUSI MEXaHM3MOB MHOTHX KOMMEPUYECKH BaKHBIX MPOLIECCOB, TAKUX KaK
CENIEKTHBHOE OKMCJIEHME M TOPEHME M 3aKUTaHue cMecel, conepxamux H,.

Karanurnyeckue npeoOpa3zoBaTeny SBISIFOTCS OCHOBHOM cHCTEMOM 00paboT-
KU BBIXJIONHBIX Ta30B B aBTOMOOWJISIX U IPYTUX YCTPOWCTBAX; OHU UCIIOJIB3YIOT
OKHUCITUTEIbHO-BOCCTAHOBHUTEIILHBIN MPOLIECC /IS YMEHBILICHUS! TOKCUYHBIX BbI-
OpocoB. JlJsi CTUMYJISIIMK PeaKiiy B KaUueCTBE KaTaIUTHYSCKUX MaTepPUaJIOB HC-
MOJB3YIOT OaropoaHbpie MeTauisl. OJJHaKO KaTain3aTopbl Ha ocHoBe Pt HenocTa-
TOUHO 3(hHeKTUBHBI 17151 pabOThI ¢ MeTaHOM; Pd-Kkaramn3artop MOKeT 00eCIIeunTh
6oree BBICOKYIO KoHBepceuio Metana [59]. Pd 6osee mpuroseH 1 peKOMOMHATO-
poB Bozopoza B ADC, MOCKOJIbKY KaTaTUTUYECKUE YACTHUIIBI B KAYECTBE LICHTPOB
BOCIUIAMECHEHHS1, 00pa30BaHHbIC PA3JIOKEHUEM JICTY4ero OKCHA, HE MOSBIISIOT-
cst B Ta30Boii dase, uto BeirogHo oriuyaer Pd ot Pt [16]. DkcniepumenTanbHoe
3Ha4eHue 3(Q(HEKTUBHOI SIHEPIHU aKTHBAIMH MPOIIECCa OLICHUBACTCS PA3THYHbI-
MU MeTomaMu Kak ~ 3.5 1.5 kkan/Moiib, 4TO XapaKTepHO JUIs OBEPXHOCTHBIX
npoueccoB [60]. DTo yka3bIiBaeT Ha 3aMETHYIO POJIb TEMHOBOW PEAKLIUH PacXo-
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nosanus H, n O,, Habr01aeMoli HEMOCPEICTBEHHO NPU HU3KHX JABJIEHUAX [60].
Bo3HUKHOBEHME TaKOW peaklui CHUKAET BEPOSITHOCTh CIy4YalHOTO B3phIBa.

HenaBHo Bo3pomuiicsi MHTEpEC K TONYYSHHIO BOJIOPOJA C MCIOJIE30BAHUEM
nporiecca pudopmuHra yrieBomoponos [61], rme meraH sBISETCS OTHHM U3
OCHOBHBIX MCTOYHHKOB, a Rh mim Pt sBASFOTCS OCHOBHBIMH KaTajin3aTopaMu
KOHBEPCHH YIIICBOIOPOIOB B Bomopon [62]. ABroTepMuteckuit pudopMuHT Kak
CPEJICTBO TIOJTyUSHHSI BOAOPOJIa MPUOOPETAET aKaJeMHYECKHIIA 1 UCCIIeIOBATEIh-
CKMH mHTepec Omaromapsi CBO€H TEPMOIMHAMHYECKH HEUTPaIbHOW MpUpOne U
JOCTHXKUMbBIM yCIOBHSM dKCIUTyaramnuu [63].

Bbu1 nipoBesieH psij SKCIEPUMEHTAIBHBIX UCCIICIOBAHUI IS UCCIIEIOBAHUSI
BOCIJIAMEHEHHS BOZOPOJa TopsYeid MOBEPXHOCThIO. MBI COCPEIOTOYMMCS, Ha
HAaIll B3IUIsL, HA OCHOBHBIX M3 HUX. Kak ynomuHanoce Beimie, BapHari u ero
koytern [64] uzyuanu karaliuTHYEeCKOe TOPEHHE M BOCIUIAMEHEHHE BOIOPOA C
WCTIOJIb30BAHUEM JIETATIbHBIX KHHETHYECKUX MEXaHU3MOB, KaK JIJIsl IOBEPXHOCT-
HBIX, TaK ¥ JUIA Ta30(a3HbIX peakiwii. Jloiumand u ap. [65] nsyuanu karamu-
THUYECKOE BOCIUIAMEHECHHUE TOIIMB Ha Pa3IMYHBIX KaTATUTUYSCKUX MaTepraliax.
Hcnonbk3ys 4yicIeHHOe MOJISTMPOBAHUE, OHH ITOKA3aJd, YTO OJMH U3 PEarcHTOB
MOYTH MOJHOCTBIO MOKPHIBAET MOBEPXHOCTH MEpe] BoCIIaMeHeHHeM. B cepun
IKCIIEPHUMEHTOB C OYCHb TOHKMMH KaTaJUTHYECKUMHU NPOBOJIOKaMU PUHHEMO U
ap. [54] onpenensiin KPUTHUECKYIO TeMITepaTypy BOCIUIAMEHEHUS BOIOPOIHBIX
cMeceil B 3aBHCHMOCTH OT coctaBa cMmecH. Kamuadak u np. [66] npencrasumu
aHaJIN3 KaTaJUTHYECKOrO BOCIUIAMEHEHUSI C UCIIOIb30BaHUEM YIIPOIEHHON MO-
JIeIT TeTEPOTeHHON XUMHHU. DTUMH aBTOPAMH MOCTYIHPYETCS OHOPOIHBIN MPO-
IpEB KaTauu3aropa, 4To, Kak BUIHO U3 HAIIMX IKCIIEPUMEHTOB, HE COOTBETCTBYET
JEHCTBUTEIHHOCTH. Takum 00pa3oM, MpUBEAEHHBIC PE3YIbTAThI TOKA3BIBAIOT OT-
CYTCTBHE YHHBEPCAJIbHOCTH KOHIICIIIMU TEMIIEPATYPhI 3a)KUT'aHUsI U HEOOXO/H-
MOCTh 00JIee TITyOOKOro MOHUMaHus MpodsieMbl. [103TOMY 0COOEHHOCTH BOCTLIA-
MeHeHust H2 Haj GnaropoHbIMU METAITAMHU OCTAIOTCSl HEJIOCTATOYHO SICHBIMHU.

JanHblii maparpad nocBsIIeH SKCIIepPIMEHTAILHBIM UCCIISJOBAHHSM BOCILIA-
MEHEHHsI BOZIOPO/ia M CMECH BOJOPOJIa U MpoIaHa ¢ Bo3ayxoM Haja Pd mpososo-
KOt ¥ (hOJIBrOH Ipu OOIIKX JaBieHusAX 1 + 2 aT™M 1 HauaabHOU TeMieparype 60 +
270 °C c ucnonb30BaHHEM BBICOKOCKOPOCTHOM KnHemaTorpaduu Juis yCTaHOB-
JIEHHs1 0COOEHHOCTE! BOCIUIAMEHEHUS Ha TIOBEPXHOCTH OJIaropoHOro MeTala.

BKCHepI/IMeHTaJIbHaﬂ HacTb

OnBITBI MPOBOJIMIIA CO CTEXHMOMETPHUUECKUMHU IO TOPIOYEMY Ta30BBIMH
cmecamu (H, + 30+70% CH,) _ =+ Bosnyx m 40% H, + Bosmyx.
Hcnonb30BaHHBIE B JKCIIEPUMEHTAX pEakTop TMPEACTAaBIsLIT  CO0OH
HarpeBaeMBIi MIITHHIP U3 HEPKABEIOMICH CTalu JITUHON 25 ¢M 1 tnamMeTpom
14 cM, cHaGKEHHBIN ChbeMHBIMHU KPBIIIKAMH U OTITHYECKUM JICHKOCAIT(PUPOBBIM
OKHOM B ofHOM n3 Kpsimiek (Puc. 1 [67]). OTkauaHHEBIH U HATPETHIH 10 HYKHOM
TeMIIepaTyphl pPeakTOp 3amoJHAIN Ta30BOM cMechio M3 OydepHOoro odbema
BBICOKOTO JiaBieHus 10 1 atm. KaTanutnueckoe BocrniaMeHeHUE 00ecTieunBaIn
npososokoit Pd (tommumoit 0.3 MM u maumoit 80 mm) mmu ¢omsroit Pd (Tom-
muHo# 0.06 MM, mupunoit 30 MM u mmuHOM 80 MM, HaIlOJIOBUHY CBEPHYTOM
B TpyOKY, CM. pHUCYHKH HIKE). OIBITHI 10 00HAPYKEHHUIO IEPBUYHBIX 0YaroB
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BOCIUIAMEHEHUS Ha KaTaJIUTHUYECKON IMPOBOJIOKE C MOMOIIbIO CKOPOCTHOM
KuHeMaTorpaduu MpOBOAMIM TpH oOmeM AaBieHWH 1 aTM ¢ TOMOIIBIO
IBETHBIX BBICOKOCKOpPOCTHBIX Kamep Casio Exilim F1 Pro (wactora kaapos
600 ¢') m PHANTOM co ckopocteio mo 10 000 ¢! 94yBCTBHUTENBHBIX B
cnektpanbHoM auarnazone 420 + 740 um. To4HOCTH U3MEPEHUH TeMIIePaTyphI
cocraBimsuia = 0.3K. Ilepen KaxJIpIM SKCIIEPUMEHTOM PEAKTOP OTKAYMBAIIH
no 1072 Topp. Obiee maBieHre B peakToOpe KOHTPOIHUPOBAIN C TOMOIIBIO
BaKyyMMeETpa, a JaBjeHne B Oy(epHOoM 00beMe KOHTPOITHPOBAIIH C TTOMOIIHIO
MaHoMmeTpa. Mcmonb30Bann XuMHIeCKn qucThie rassl 1 99,85% Pd.

Pe3yabrarsl U 00cyxkaeHue

wire
- -

o il

a) BBICOKOCKOPOCTHAs ChEMKAa KaTaJUTHYECKOro BocmiameHenus cmecu 40% H, + Bosmyxa
Ha Pd mpoBosioke, KaJp CleBa — BHEIIHUI HCTOYHHK, OOCCIICUMBAIOIIMN HATPEB MPOBOJIOKH JI0
Temmeparypsl Bocrnamenenus. 600 kaapos ¢, T, =60 °C, P = 1 arm;

b) BeICOKOCKOpPOCTHAS CheMKa KaTaIUTHYECKOTO BOCILIAMEHEHHS CMECH

(70% H, + 30% C_H,) ..., T Bo31yx Hax nposonokoii Pd, 600 ¢*, T = 61,5 °C, P, = 1 arm;

C) BBICOKOCKOPOCTHASI ChEMKa KaTATMTHYECKOTO BOCILIAMEHEHHSI CMECH

(70% H, + 30% C,H,) ..., + Bo3ayx Haj mposonokoii Pd, 600 ¢*, T, = 61,5 °C, P, = 1 arm;

d) BLICOKOCKOPOCTHAST CheMKa KaTaTMTHYECKOTO Bocriamenenus cveck 40% H, + Bosyx Haji mpoBomokoii
Pd, 1200 ¢*, T, =154 °C, P, = 1 arm. beJible Kpyru BbIIENISIOT TIEPBUYHBIE O4ary BocruiaveneHus. [leppbiit
KaJip COOTBETCTBYET MOMEHTY BOSHUKHOBECHHSI IEPBUYHOTO O4Yara BOCIUIAMEHEHHUSI

Puc. 4.1.

Tunuunsie IMOCJIEA0OBATCIIBHOCTU KaJApPOB KaTAJIUTHYCCKOIO BOCIIJIAMCHCHUS
npu 1 arm: a) 40% cmecu H, + Bosayx nax nposonokoii Pd, 6-B) cmecu (70%
H, + 30% C,H,) + Bo3ayx Haj npososnokoit Pd mpu 61.5 °C u ) 40% H, +
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Bo3ayX Haz ¢omeroii Pd mpu 154 °C npuBenens: Ha Puc. 4.1. B cooTBeTCTBHE C
nanabivE [16, 67], mpoBonoka/donbra u3 Pd packansercs: 1okpacHa 10 U Mocie
BOCIUIAMEHEHUS M3-3a KaTATMTHYECKUX peakinii Ha moBepxHoctu Pd. Temmeparypa
Bocriamenenust Ha Pd mposonoke nuske ans cmecu (70% H, + 30% CH)
+ BO3/yX, 4eM Ha (onbre Pd st Gonee nerkosocnnamensiommeiics cmecu 40% H,
+ BO3IyX HM3-32 BBICOKOI CKOPOCTH OTBOJIA TEIlIa OT TOPSUEro MepBHYHOTO ovara
BOCIUTAMEHEHUSI, OTIPEIeIIsIeMON ceYeHHEM MPOBOTHHUKA TETUIA, KOTOPBIHA 3aMETHO
BhimIe 171t ponbru. Kak BUHO Ha pECYHKE, IIPOBOJIOKA HAIPEBAETCsl HEPABHOMEPHO
(cpaBumTe Kamper 1-3 ¢ meBbIM Kaapom Ha Puc. 4.1a; JoKanTn30BaHHBIE HAYallh-
HBIE OYard BOCIUIAMEHEHHUSI XOPOIIO BHIHBI Ha COOTBETCTBYIOIIMX KaJpax Ha
Puc. 4.1b-d. Kak BUIHO, MECTOMOIOKEHHE MEPBUYHOIO IIEHTPA BOCIUIAMEHEHHUS
MEHSETCsI OT BOCIUIaMeHeHHs1 K BoctuiameHenuto (Puc. 4.1b, ¢ kaxp 2). Pesynsrar
COIIACYETCs C TeM, YTO MbI MOTY4YHiIn B [5]: 00bEMHBII TPOIIECC BOCIUIAMCHEHUSI
cmeceit H,-Bo31myx 1 yIIeBOZOPOI—BO3ayX NMPU aTMOCHEPHOM JABJICHUM Ha4u-
HaeTCsl C BOSHUKHOBEHUSI TIEPBUYHOTO OYara Ha HanOoJiee XUMUYECKH aKTHBHOM
ydJacTKe NOBEpXHOCTH. Bce IKCIeprMeHTHI 10 BBICOKOCKOPOCTHOM PEerucTpaniu
KaTaJINTUYECKOro BocIuiameHenus cmecu 40% H, + Bo3nyx Han ¢omeroii Pd ¢
nomotbio kamepsl PHANTOM nokazanu, 4Tto MepBUYHBIN OYar BOCIIAMEHEHHUSI
BO3HHKAET Ha TOBepXHOCTH Karamuzaropa (Puc. 4.2a, 4000 c™); B mocmemxyro-
IIMX DKCIIEPUMEHTAX IMPU TEX e YCIOBHUSX MECTO BO3HUKHOBEHHS ITEPBUYHOTO
mentpa Mensercs (Puc. 4.2b). CremyeT OTMETHTE, YTO BBICOKOCKOPOCTHAS ChEM-
Ka Pa3BUBAIOMIEIOCS KATAIMTHIECKOTO Bocuiamenenus cvecu 40% H, + Bosmyx
Ha ¢ombroit Pd (10000 c) moka3biBaeT qBrKEHHE Ta3a K HEHTPY peakTopa I1mo-
CJIe KacaHus CTEHOK peakrtopa. OOpaTiM BHUMAaHHUE HA JIBIKCHHUE YACTHI] ITHLTH,
COPBaHHBIX CO CTEHOK, K TIeHTPY (Kaapsr 32, 36), ¥ OCIIE My FOIIHIA CHITLHBIN HArPEB
MPOIYKTOB peakiuu u3-3a cxarus (3ddext Maxe [68]).

=
=
—h
F..c
L i

a) BBICOKOCKOPOCTHASI BUIEOCHEMKA KaTaTUTHYECKOro Bociiamenenus cvecu 40% H, + Bo3myx

Puc. 4.2.

naz poneroii Pd, 4000 ¢, T, =150 °C, P, = 1 atm. ITepBpiii HOMep Kaapa COOTBETCTBYET MOMEHTY
BO3HUKHOBEHHSI TIEPBUYHOTO OYara BOCIUIAMEHEHHsI

b) ¢ororpapuu wHHMUMHpOBaHMs TUlamMeHn Pd KaramuzaropoM Ul JBYX MOCIEAYHOLINX
JKCIICPUMEHTOB, CJCTaHHBIE C TIOMOIINBI BBICOKOCKOPOCTHON CBEMKH KAaTAJIUTHYCCKOTO
Bocnnamenenus cmeck 40% H, + Bo3myx Haz donbroi Pd, 10000 ¢, T0 =150 °C, PO =1amm

C) BHICOKOCKOPOCTHAS ChEMKA PAa3BUBAIOIIETOCS KaTATNTHIECKOr0 BocrameHenus cmecu 40% H,
+ Bo3tyx Haz domwroii Pd, 10000 ¢, T, =150 °C, P = 1 arm. [1epBbIit HOMep Kapa COOTBETCTBYET
MOMEHTY BOSHUKHOBEHHSI TIEPBUYHOTO OYara BOCILIAMEHEHUS
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OT0 03HAYAET, YTO MHUIIUUPOBAHHE TPOIIECCa TEPMUIECKOTO BOCTNIAMEHEHHUS
BCETJa OIpeesIeTcd HaJudieM aKTUBHBIX HEHTPOB Ha MOBEPXHOCTH, CBOM-
CTBa KOTOPBIX ONPEICISIOTCS KaK MOBEPXHOCTHBIMH Je(EKTaMHU, WMEIOIUMH
M30BITOK CBOOOMHOM PHEPIHH, TaK M WX KaTAIWTHYECKHUMH CBOWCTBaMH; MpO-
LIeCC BOCIUIAMEHEHUS BKJIIOYAET CTAUH PA30TPeBa, JJOKAIHHOTO BOCIUIAMEHEHHS
W pacTpoCTpaHeHHS IJIaMEHH. XUMHUYeCKass aKTHBHOCTh PA3JIMYHBIX YYaCTKOB
MTOBEPXHOCTH MEHSETCS OT OJJHOTO BOCIJIAMEHEHHs K apyromy. OCHOBHas 0co-
OEHHOCTBH Tpollecca BOCIUIAMEHEHHSI 3aKII0YAeTCsl B TOM, YTO BOCIUIAMEHEHHE
MIPOMCXOANT Ha OTAENBHBIX y4acTKaX MOBEPXHOCTH MPHU OJHOPOIHOM Temrepa-
Type OBEpXHOCTH peakTopa. CienoBaTenbHO, TOPEHNE IPOUCXOAUT Ha TOBEPX-
HOCTH OZHOPOJIHO MPOTPETOTO PEAKTOpa Jake B YCIOBHSIX IMOYTH OJHOPOIAHOTO
MporpeBa ra3oBoil CMECH.

Crnenyer OTMETUTH B 3TOW CBS3H, UYTO BOCIJIAMEHEHHE TOPIOYEH CMECH B Ha-
IPETOM PEaKTOpe B BHXPEBOM IOTOKE, HAMPOTHUB, SIBISICTCS OAHOPOAHBIM [8].
Ecau B ycTaHOBKE OTCYTCTBYET BUXPEBOM IOTOK, KaK 3TO UMEET MECTO B YCIIO-
BHSAX JIaHHOW PabOThI, TO BOCIUIAMEHEHHE HEOAHOPOIHO, T. €. PEKUMBI TEPMHU-
YECKOTO BOCIIJIAMEHEHHUSI KaueCTBEHHO paznnyarorcs. O4eBHIHO, YTO STH pe-
JKUMBI HE OTPENEISIIOTCS KHHETUKOW peaKIny, KOTopas OCTaeTCs HEM3MEHHOM;
(bakTHYECKH, OHH PETYIUPYIOTCA TOJIBKO Ta30BOM TUHAMHKOU. Dmo osHauaem,
YUMo eciu Uccieo06amenb NPUMEHsem, Hanpumep, Memoo nepenycka, oH 0oi-
JHCEH NPOGeCmU OnpeoesenHble OYEeHKU 2eOMEeMPUY NOMOKA 8 YCIMAHOBKe, Ymo0vl
UCKTIOUUMb (YAKMOopbl, KOMOpble MO2YM NPenamcmeosams noIyueHulo mpeoye-
MbIX pe3yibmamog. Imu Gakmopvl He Mo2ym Oblmb c8e0eHbl K CPAGHEHUIO Xd-
DPAKMepHbIX 8peMer OOHOPOOHBIX XUMUYECKUX U 2A300UHAMUYECKUX NPOYECcos,;
6 9MoM cyuae HeoOX00UMO YUUMbIEAMb 2eMePOSEHHbLE PeaKyUl.

§ 5. BOCILIAMEHEHHUE BOJOPOJIA U JENTEPUSI HAJ
BJIATOPOJHBIMU METAJIJIAMHY IPU HU3KUX JABJIEHUSIX

OcHOBBIBasICh Ha pe3yJibTaTax, MOJIyYCHHBIX B MPEIBIIYINUX Taparpadax,
MOYHO CAEJaTh BBIBOJ, YTO MOTYYSHHON HH(OPMALIUH TeTeph JOCTATOYHO, YTO-
OBl 1aTh KaYeCTBEHHOE OIMCAHWE MEXaHW3Ma BOCIIAMEHEHHS Ha KaTaJIuTHYe-
CKOH moBepxHOCTH. B 3TOM maparpade Takxke omucanbl 0COOEHHOCTH TOPEHHS
JeTepusi 0 CPaBHEHUIO ¢ BOAOPOJOM HaJl OJaropoiHbIMU METaJIJIaMU.

Kak MBI yka3piBanu BbILIE, Pa3BUTHE TEXHOJIOTMH KaTaJUTHYECKH CTaOu-
JU3UPOBAHHOTO ropeHust TpeOyeT pa3pabOTKH KaTalnu3aTopOB C MOBBIIICHHON
AKTUBHOCTBIO U TEPMHUYECKOW CTAOMIBHOCTHIO. DTO B CBOIO Ouepenpb Tpedyer
MMOHUMAaHUS MPHUPOJBI KaTATUTHUECKUX IOBEPXHOCTHBIX MPOIECCOB, 3HAHMS
MOAPOOHOTO HU3KOTEMIIEPaTypHOTO0 TOMOTEHHOTO KHHETHYECKOTO MEXaHu3Ma
1 €r0 B3aUMOCBSI3M C MEXaHU3MOM I'€TepOTreHHBIX XUMUYECKHUX MPEBPALEHUH.
BocnnaMeHneHne B KaTaTUTHYECKOM PEaKTOpe YrpoxkKaeT IeTOCTHOCTH peaKTo-
pa 1 pabodero NpocTpaHcTBa, MOATOMY BO3MOKHOCTH MPEAOTBPAILICHHS TAKOTO
COOBITHSI MIPEICTAaBISACT MEPBOCTENICHHBIA WHTEpEC ISl KOHCTPYKIUH peak-
Topa. BocniameHnenue B ra3oBoii (haze ompeaensieTcsl B3aUMOCBSI3bIO TeTepo-
TEHHBIX U TOMOTEHHBIX (PaKTOPOB (KaTaTUTHUECKHUH PACXO/T TOTLIIHBA, PCaKI[UH
agcopOuuu/necopOuun ¢ yyactiueM panukano). CieqoBaTeabHO, HAJICKHBIH
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KOHTPOJIb TOMOT€HHOTO BOCIIIIAMEHEHUS TpeOyeT 3HaHUSI MEXaHW3Ma FOPEHUs B
MPHUCYTCTBHM Karanu3aropa. UToObl CTUMYIHPOBATH PEAKIUIO, B KAYECTBE Ka-
TAJTUTUYECKUX MATEPHAIIOB UCTIONB3YIOTCSl OJIArOPOJIHBIE METAIUIBI, TAaKUEe KaKk
Pt, Rh, Ru u Pd. Karanusarops! Ha ocHoBe Pt HemocTaTtouHo 3P PeKTUBHBI TTPH
OKHCIIEHHHM MeTaHa, ofHako Pd-karammsarop obecrieunBaeT 0ojiee BBICOKYIO
KOHBepcHio MeTana [59].

Braropomabie MeTasibl M0—pa3HOMY BIHSIFOT HA BOCIIAMEHSIEMOCTh CMeceit
BOJIOPOJI-METaH. bbII0 TIOKa3aHO, YTO TeMIepaTypa BOCIUIAMEHEHHUS CMECH
40%H, — Bo3tyX Haj METaIIOM Pd (70 °C, 1 arm) na ~ 200° mMeHbIIe, YeM HaJI
moBepxHocThIO Pt (260 °C, 1 arm) [69]. Kpome Toro, Pd BocramensieT crexnome-
Tpudeckue cmecu (30 +60% H, + 70 + 40% CH,) + Bosayx (0 = 1, koo duuuent
SKBUBAJIEHTHOCTH 0 — J107151 TOIUIMBA B cMecH ¢ Bosayxom: OH, + 0.5 (O, + 3.76
Nz)); MeTaimnueckas Pt He moxeT BocrutamennuTs ux 10 450 °C, 1. e. Pd 6omee
s dexruBen, yem Pt. Tarxke ObUIO TOKa3aHO, YTO SYEHCTasl CTPYKTypa (GpoH-
Ta MJIAMEHU TPU BOCIUIAMEHEHHH Bojopoja Hax Pd He HaOmomaeTcst B OTIHYIHE
ot moBepxHocTH Pt. Takum o6pasom, Pd Gosee mpuromeH s pekoMOMHATOPOB
Bonopona Ha ADC, mockonbKy, B ominyne oT Pt, B ra3zoBoii (aze He MOTYT
MOSIBIISITHCSL KaTAIMTUYCCKHE YaCTUIBl B KAYeCTBE IIEHTPOB BOCILIAMEHEHUSI,
00pasyoNMXcst MPH Pa3IoKeHUH JIeTydero okcuaa [16]. DxcmepumenTanbHoe
3HaueHne dPPEKTUBHON YHEPTUN aKTHBAIIMH KATAIUTHYECKOTO BOCILIAMEHEHHUSI
Han Pt cocraBmsier ~ 18 kkan/monb ¥ ONU3KO K SHEPrHM aKTHBAIMU PEaKIMU
passeTsienus H + O, [22]; snauenue sueprun axtusauuu Haj Pd cocrapniser
~ 3.5 KKan/Monb, 94TO XapaKTEepPHO JUIA MOBEPXHOCTHBIX mporeccoB [69]. Do
YKa3bIBa€T Ha 3aMETHYIO POJIb TEMHOBOH peakuuu norpednenus H, u O,, Taxke
HazbIBaeMOH “‘OecruiaMeHHBIM TOpPEHHEeM™ , KOTopas HaOmrofaeTcs mpu HU3KHAX
nasienusx [70]. TIpoTekaHue 3TO# peakiMu, OYEBUIHO, CHHKACT BEPOSTHOCTh
CIIy4aliHOro B3pbIBA.

B nureparype omnmcaH P  OKCIIEPUMEHTAlIbHBIX HCCICIOBAHHNA 10
W3YUYCHHIO BOCIUIAMEHEHHUSI BOJOpOJIa Topsdell IMOBEPXHOCTHIO. YHIIbSMC
u ap. [71] mpemtoxuau Momenah KaraJuTHYECKOTO TOPEHHS BOAOPOAA TIPH
BBICOKHX Temrieparypax. BapHari [64] u3y4an karaiuThveckoe TOpPEeHHE M
BOCTIJIAMEHEHHE BOJIOPO/Ia HA OCHOBE JICTAbHBIX KHHETHYECKHX MEXaHI3MOB KaK
MOBEPXHOCTHBIX, TaK U ra3o(asHbix peakiuit. loitumans u ap. [65] uccienoBanu
KaTaJIMTHYECKOE BOCIUIAMEHEHHWE TOIUIMB Ha Pa3IMYHBIX  MarepHanax
Katanmu3aropa. VMU ToKa3zaHO C TOMOIIBIO YHCICHHBIX pacyeToB, YTO Iepe
BOCIJIAMEHEHHEM CTEIeHb MOKPBITHSI TTOBEPXHOCTH JUISL OJIHOTO W3 PEarcHTOB
Onm3ka K enuHMIE. B dKcriepuMeHTax ¢ O4YeHb TOHKHMH KAaTAIUTHYECKUMH
npoBojiokamu PunHeMO u np. [54] ompenensiii KPUTHYECKYIO TEMIIEpaTypy
BOCIJIAMEHEHHS BOJIOPOJHBIX CMeCei B 3aBUCHMOCTH TJIABHBIM 00pa3oM OT
COOTHOIIICHHUS] KOMITOHEHTOB cMecu. Kanunyak u ap. [66] mpeacraBunm aHamus
KaTaJIMTHYECKOTO BOCIUIAMEHEHHS C HCIIOJIb30BAaHMEM YIIPOLICHHOW MOJENN
reTeporeHHon XuMur. OJTHAKO MTOCKOJIbKY OOIBIUHCTBO KOHCTAHT CKOPOCTH JIJISI
JIeTajJbHBIX MEXaHU3MOB, OUEBHJIHO, HE OBLIO OINPEIETICHO YKCIEPUMEHTAIBHO,
TO OXHWAaTh NMPOTHOCTHYECKUX CBOMCTB OT TakUX pacdéroB He cluenyeT. Bo
BCceX paboTax pa3orpeB KaTalUTUYECKOW MPOBOJIOKH B PEAKIMUA CUUTAICS
OJIHOPOJIHBIM, YTO TPOTHBOPEYUT HAIIUM JKCIEPUMEHTAIBLHBIM JAHHBIM. DTH
PE3YNIbTaThl CBHJICTEIBCTBYIOT O HEOOXOMUMOCTH OoJiee TTyOOKOTO MOHUMAaHUS
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poOIIeMBbI, TIOCKOJIBKY MMEIOIINECs] pacu€THbIC JaHHBIE JIaKe KaueCTBEHHO He
OIMCHIBAIOT DKCIIEPUMEHT.

W3BecTHO, 9TO BOmOpOA M AeiTepwii 00pasyroT ¢ mayiagueM OWHapHbIE
MHTEPMETAIUTMIECKUES THAPHUIBI/ACHTEpUIbl, TakuM 00pa3oM MpeaMETOM
WCCIIEIOBaHUs B JaHHOW paboTe ObLIH, TI0 CYIIECTBY, 0COOEHHOCTH BOCIIIIaMe-
HEHHS Ha TOBEPXHOCTIX THAPHUIOB OJIAropolHbIX METaIUIOB. B oTinune ot MHO-
I'MX W3BECTHBIX THJPHUJOB METAIIOB, IPOMCXOJAUT OYCHb HE3HAuWTEIbHAs Ma-
KpocKonuieckasi aedopMmarys permeTkd naiaaus, 1 MeXaHH4eCcKrue CBOMCTBa
THJIPU/IA OUYeHb IOXOXKM Ha CBOMCTBA YHCTOrO Meraiia. /1o HacTosIero BpemMe-
HH aKTHBHBIC HCCIICIOBAHUSI CUCTEMbl THAPHI/ICHTEPH MaIais MpOBOIH-
mck outy 150 net. [list Tol crcTeMbl ObUTH OMYOIMKOBAHBI MHOTOYHCIICHHBIE
0030psI [72]. B 1957 romy Oblin 3aperucTpUpOBaHbI MEPBbie AUPPAKIIMOHHBIC
kaptunbl § — PdH u B — PdD [73]. Beur oOHapykeH “o0paTHBIi W30TOMHBIN
adderr” [74], T. e. Gonee TKENbIE M30TOMBI BOAOPOIA UMEIOT 00JIEe BHICOKYIO
KPUTHUYECKYIO TeMIieparypy. AHaloru4Hble “oOparHble W30TOMHbBIC 3()(eKTh”
TaKkKe OOHApyXeHbl s ckopocTedl auddy3uu H30TOIOB BOJAOPOAA Yepes
pemeTky nawtanus. [Ipy HU3KUX TeMreparypax H30TOIbI BOJOPO/Ia TPOSBISIOT
“o0OparHblii u30TOMHBIA 3(dexr” (Oonee TsvKenbie U30TONBI MU(GOYHAUPYIOT
ObicTpee, YeM ux 0oJiee JISTKUE aHaJIOTH).

Hacrosimuii maparpad MOCBSINEH 3KCIEPUMEHTAIbHBIM HCCIIEIOBAHUSIM
TOPEHHUS BOJOPO/JA U ICHTepHsl MPU HU3KUX JABICHUAX HaJ mpoBosiokamu RN,
Ru, Pd u Pt ipu o6miem maBienun ot 10 1o 180 Topp u HauaapHOM TeMItepaType
200+500 °C. llenbio SKCIIEPHMEHTOB SBISUIOCH YCTAHOBJIEHHE 3aBUCHMOCTH
MPEeIeTIOB KaTaJTUTHYECKOT0 BOCIUIAMEHEHUS HaJl IOBEPXHOCTSMH OJIarOPOIHBIX
METAJUIOB OT TEMIeparypbl H BBISBICHUE OINPEICISIONNX  (aKTOPOB
3aja4d BOCIJIAMEHEHHsI Ta3a KaTaJuTHYeCKOW TOBEpXHOCThI0. [IpoBeeHo
MaKpPOKHHETHYECKOE HCCIICIOBAHNE XHMHYECKUX CBOWCTB JIByX HW30TOIIOB
Boziopoza (MpoTusi U AeHTEpus), pACTBOPSHHBIX B POAWY U MAUIAIUH, & UMEHHO
W3yUYeHHE BIMSHUS THIPUIOB U ICUTEPUIOB OIArOpOIHBIX METAJNIOB Ha TOPEHUE
BOZOPOAA U AEUTEPHUS.

BKCHepI/IMeHTaJIbHaﬂ HacTb

DKCIEPUMEHTBI MPOBOJIMIIN CO CTEXHOMETPUICCKHMHU Ta30BBIMUA CMECSMH 2
H,/D, + O,. Peaktop npezcrapisn coboit KBapleBblii peakTop MaMeTPoM 4 cM 1
ol 30 M, HarpeBaeMBIii ¢ TIOMOIIBIO 3ekTporeun (Puc. 5.1); temmeparypy
KOHTPOJIUPOBAIM TepMoTapoii. Peakrop OblT cHAOKEH ONTHYECKUM KBAPICBHIM
OKHOM Ha Topie. PeakTop HCIOIb30BAIM JUIS H3YYEHUs] TEPMHUYCCKOro/
KaTaIMTHYECKOTO BOCIUIAMEHEHNs, obecrednBaeMoro mpoBojokamu Pd u Pt
(rommruaoit 0.3 MM u mmHoit 80 MM), a Takke obpasmamu Rh u Ru, xoTopsie
OBLTH M3TOTOBIIEHBI ITyTEM DIIEKTPOXMMUYECKOTO OcakaeHus ciaoes Rh wmm Ru
tonmuHoM 15 MM Ha mipoBonoky Pd (tommusoit 0.3 MM u amuHo# 80 mm). Pd
OB BEIOPAH TIOTOMY, YTO €T0 KOd(PPHUITUEHT TEIIIOBOTO paCIIMpeHNs Hauboee
630k K koaddurmentam Rh u Ru [75], mockonbKy MeTalmMyecKuii pyTEHMiA
XPYITOK H €T0 HEJIb3s PACTSIHYTh B ITPOBOJIOKY; IPOBOJIOKA METAITHYESCKOTO POJTUSI
CPaBHUTENIBHO Joporas. TOUHOCTh U3MepeHui TeMiieparypsl coctanisiia = 0.3K.
Peructparnuro BoCIIIaMEHEHHSI U PACTIPOCTPAHCHUS TNIAMEHH OCYIIECTBISUTH C
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MOMOIIIBIO [[BETHO# cKopocTHO# kamepst Casio Exilim F1 Pro (vactora kaapos —
600 ct), auyBcTBUTENBHOM B crieKTpanbHoM auamazone 420 — 740 mw.

OO011yI0 THTEHCHUBHOCTD XEMIITIOMHHECIICHIIMU B PEAKTOPE PETUCTPUPOBAIH
¢ momorpeio doroauoma FD — 24a (Puc.5.1, 12). Bumeo3anuch BKIOUANIA B
MIPOM3BOJIGHBIM MOMEHT TIepe]] HAIyCKOM CMecH B peakTop. Bupmeodaiin co-
Xxpassuid B mamsitu mugpooit kamepsr Casio Exilim F1 Pro wiu Nikon 1J2 u
3aTeM TEePEeHOCHIIM Ha KOMITBbIOTep Ul mocieayromero ananmusa (Puc. 5.1, 7).
OTkavyaHHBIN ¥ HATPETHI PEaKTOp 3alONIHIIM Ta30BOH cMechio 3 OydepHoro
0o0beMa BBICOKOTO JIABICHHS JI0 HEOOXOAUMOTO JaBICHHUsI, IPU BOCINIAMCHEHUH
W3MEPSUTH CONPOTUBIICHHE TPOBOJIOK. [IpeaenbHoe NaBlieHHE KaTalTuTHIECKOTO
BOCIJIAMEHEHHSI paccMaTpuBain Kak cpemnee naienue P Topp; mpu P + 0.02
P Bocrutamenenue npoucxomut, npu P — 0.02 P oHO He MpOMCXOIUT, MPHU MPO-
YHX PaBHBIX YCIOBHSX. BpeMst oTKauku Mex 1y SKCIiepuMeHTaMu cocTaisiio 30
MUHYT. [Ipenen karaauTH4eckoro BOCIUIAMEHEHHUSI U3MEPSUTU TPU TTOBBIIICHUH
napieHus ¢ maroM 2 Topp 70 TeX Mop, MoKa He MPOMCXOJHMIIO BOCIUIAMEHEHHUE
(pu MOBBILIIEHUH TEMIIEPATypPhl M3 COCTOSIHUSI OTCYTCTBHSI BOCIUIAMEHCHUS,
BIIKB), 1 npu CHW)XCHHH JaBJICHHS C TEM K€ IIaroM, MoKa BOCIUIAMCHEHHE
Oonbiie He HAOMIOIANOCH (MIPH CHIKCHUH TEMIIEPATyphl U3 COCTOSHUS KaTaju-
tryeckoro Bociuiamenenus, HITKB).

==/
Puc. 5.1.

Cxema OJKCIEPHMEHTAIbHON YCTAHOBKH JUISL HCCIEIOBAHHSA TEPMHIYIECKOTO/KATaIUTHIECKOTO
BOCIUIAMEHEHHSI Haj MPOBOJIIOKOH u3 OiaropoxHoro meraiia. (1) snekrpuueckas meus, (2)
KBapleBblii peaktop auamerpom 4 cm u jmuaoi 30 oM, (3) BakyyMmHbIi BBOJ, (4) BakyyMHbIH
knamnad, (5) Bpamaromeecst 3epkano, (6) Tepmomapa, (7) mMumumBOIBETMETp TepMomapsl, (8)
KoMIbroTepHas cucrema Ha 6aze AL, (9) uudposas kamepa Casio Exilim F1 Pro unm Nikon 1J2,
(10) kommsrorep, (11) mpososioka u3 Gnaropoguoro Merasia, (12) gporommon FD-24a, (13) Bxox
TS Ta3a, K MAaHOMETPY, K HacoCy.

MukpocTpykTypy mieHok Pd mcciaenoBany ¢ MOMOIIBIO TTOJIEBOTO IMHUC-
CHOHHOTO CKaHHUPYIOUIETO 3JIEKTPOHHOIO MHUKPOCKOIA CBEPXBBICOKOIO pas-
pemenust (SEM) Zeiss Ultra Plus (I'epmanus), OCHAIIEHHOTO MyJIbTOM PEHT-
rerosckoro mukpoananuza INCA 350 Oxford Instruments. Cpexrroro Temie-
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paTypy NMpOBOJOKH BO BpEeMs 3a)KHTaHUsl PETHCTPUPOBAIIN CHCTEMOH cOopa
naHabeiX Ha ocHOBe ALLIL ¢ yueToM TeMImepaTypHOU 3aBUCUMOCTH YACIBHOTO
CONPOTHBIICHUS MeTasuia. [lepel KaabpIM dKCIIEPUMEHTOM PEakTOp OTKAYH-
Bamu 10 1072 Topp. OO1ee maBieHre B peakTope KOHTPOIHUPOBAIN C TTOMO-
b0 Bakyymmerpa (puc. 5.1, 10), a naBnenue B 6ypepHOM 00beMe KOHTPO-
JUPOBAIM C TIOMOIIBbIO MaHOMeTpa. Mcmonb30Bail XUMUYECKH YUCThIC Ta3bl,

99.99% Pt u 99.85% Pd.

A. Bocnnamenenue 6000pooa Hao poouem, pymenuem, naiaouem u niamuHoul

bein onpeneneHpl BEpXHUM U HUKHUM MPeIesibl KaTaJIuTUYECKOrO BOCIUIA-
menenuss BIIKB u HITKB Ttepmudeckoro/kaTaquTHYECKOTO BOCIUIAMEHEHHUS
cmecu 2 H, + O2 max Pt, Pd, Ru/Pd u Rh/Pd B xoopaunarax P — T [22]. Dkc-
MEPUMEHTHI TI0Ka3aJid, YTO MPU OTCYTCTBUHM BOCIIAMEHEHHMsl BOJM3W Ipejerna
KaTaJIMTHYECKOTO BOCIIAMEHEHHs 00IIee JIaBICHHE B PEaKTOPE CHIDKAeTCs Ha
OJIHY TpeTh 03 B3PHIBA; T. €. peaKIys MPoJoIDKaeTces 10 e€ 3aBepiieHus. BaxHo
OTMETHUTb, YTO MOCIIE MPEBLIYINET0 BOCIUIAMEHEHUS BOJSTHOM Map JIOJKEH ObITh
MOJTHOCTBIO OTKa4aH W3 PeakTopa Mepei CICAYIOUIMM JKCIIEPUMEHTOM; B MPO-
TUBHOM CJTy4ae BOCIUIAMEHEHHE MOXKET HE TIPOU30MTH.

Kak mokazano B § 4 (Puc. 4.1) u B coorBeTcTBUM ¢ gaHHbIME [16, 70],
mpoBosioka Rh/Pd packansiercss mokpacHa 10 U MOCie BOCIUIAMEHEHHS M3-3a
KaTalMTUYECKUX peaklMii Ha TOBEPXHOCTH Karanmusaropa. Kak BHIHO W3
Puc. 4.1, npoBosioka HarpeBaeTcsi HepaBHOMepHO (cpaBHUTE Kampbl 1-3 ¢
neBbIM KajapoMm Puc. 4.1a; HadanbHbIEe OYaru BOCIUIAMECHEHHsSI XOPOIIO BHJI-
el Ha Kazape 3 Puc. 4.2 6,8). Kak BHIHO, paclonoKeHHe MEPBUYHOTO Ka-
TaTUTUYECKOT0 IEHTPA MEHSETCS OT BOCIUIAMEHEHHS K BOCIUIAMEHEHHIO.
CrnenoBaTenbHO, MOCKOIBKY IS IPOTrpeBa BCel MPOBOJIOKHU TpebdyeTcs onpe-
JIEJICHHOE BpEeMsl, 3HAUCHHUS TEMIIEPaTyphl, MOJyUCHHbIC B pPe3yJbTaTe Hu3Me-
HEHUsI CONMPOTHUBIICHHUS, 3aHMKEHBI U COOTBETCTBYIOT CpPEJIHEH TeMIiepaTrype
MpoBOJIOKKM. Pa3zHuIa B TeMreparype MOBEPXHOCTH OJaropojHOTO MeTala
B MOMEHT, IPEIICCTBYIONUN BOCINIAMEHEHHUIO,  TEMIIEPaType MEPBHYHOTO
oJara BOCIJIAMEHECHHS Ha MOBEPXHOCTH TPU BOCIIAMEHEHHH OlleHeHa B [16,
70] u moxxet nocturars > 200° nipu 1 atm [70]; npu Gosiee HU3KKUX TABICHUIX
OHa JI0JDKHA OBITh MEHBIIE M3-32 00pbIBA IIETICH B IEMNHONW PeaKIUU TOPEHUs
U ToTeph Teruia (CM. HUKe).

Panee MbI mokasanu, uto Bocramenenue cMecu 2 H, + O, nan Pt nposonokoi
B peakTope, aHAIOTHYHOM HCIIOJIB30BAHHOMY B 9TOM Iaparpade, He IPOUCXOIUT
npu obmiem fasiennn ke 180 Topp mpu 288 °C [70]. Panee mbl coobrmanu
[16, 76], uto Tepmuueckoe/ KaranmuTHUECKOoe BocmIamMeHenue cmecu 40% H, +
Bo3yx nipu 1 at™ Han Pt yxxe nporcxoaut npu 260 °C B peakrope nuamerpom 140
MM. TakuMm 0Opa3om, Tipu Oosiee HU3KHX JABICHUSX HAPSIY C KaTAIUTHYECKOM
AKTHBHOCTBIO M COCTOSIHUEM TTOBEPXHOCTH CJIEJYeT YYHUTHIBATh I'€TEPOTCHHBIH
OOpBIB IIeTIeil Ha CTEHKaX peakTopa, a Tarkke TerioBbie notepu. B [70] Obuio
nokaszano, 4ro npu obmiem gasinenun 180 Topp cpemHee BpeMsi TOCTHIKEHUSI
YacTHUIlel CTEHKU B PEaKTOpe C MEHBIIIUM PaJInyCOM HAMHOTO MEHBIIIE, YeM JIJIsI
peakropa ¢ pagmycoMm 7 cM nipu 1 arm. Takum oOpa3oM, poiib TETEPOTrCHHOTO
oOpbIBa IIeTel BO3pacTaeT ¢ yMEHbIIEHHEM auaMeTpa peakropa. To ke camoe
OTHOCHUTCSI U K TIOTEPSIM TeTIa.
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Puc. 5.2.

Wsmepenne xemuwnromMuHectenuu B peakmun 2H, + O, ¢ momorpo (oToanosa u CpeaHero
3HAYCHUs] PA30rpeBa IO 3aBUCHMOCTH CONPOTHBICHUS OT TEMIepaTypbl KaTaIHTHYECKON
ITPOBOJIOKH C UCIIOIb30BaHHEM KOMITBIOTEPHO#H crcTeMbl cOopa naHHbIX Ha ocHoBe AL,

a — mpososioka RN/Pd, (1) Bocrmamenenue, 3apeructpupoannoe Qoromuonom FD-24a, T,
= 233 °C, P, = 139 Topp; (2) cpennss Temmeparypa nposomnoku, T, = 233 °C, P, = 139 Topp,
Hpou301LIo Bocrnamenenue; (3) cpenuss Temmeparypa nposonoku, T, = 231 °C, P, = 135 Topp,
BOCIIAMCHEHHS HET

b — mposomnoka Ru/Pd, (1) BocruiameneHue, 3aperucTpupoBaHHOE ¢ MOMOIIBI0 (hoToarona FD —
24 a, T =310 °C, P, = 99 Topp; (2) cpennss Temneparypa nposoza, T, = 310 °C, P, = 99 Topp,
Hpou3ouLIo BociiamMenenue; (3) cpennss Temmeparypa mposox, T, = 310 °C, P, = 95 Topp,
BOCIJTAMEHEHHMS HET

Usmepenne nuHamuku Bocmiamenenus 2H, + O, ¢ wucnomb3oBaHneMm
TEMIIEPaTypPHOH 3aBHCHMOCTU CONPOTHBICHHUS C IMOMOIILI0O KOMITBIOTEPHOM
cuctemsl cbopa manubix Ha 6a3e AIIT mposomok Rh/Pd u Ru/Pd mokasano Ha
Puc. 5.2 a,b coorBercTBeHHO. COTIIACHO OMUCAHHBIM BBIIIE YKCIIEPUMEHTAM,
AKTUBHOCTbH KaTAIMTUYECKOM IIPOBOJIOKH BBIPAXKAETCS B BOSHUKHOBEHUH JI0-
KalbHBIX 0YaroB BocIiaMeHeHus Ha mpoBonoke (cMm. 83 u Puc. 2 [19], rme Ha
KaJpax 9eTKO HaOIIOMa0TCs JIOKAJbHBIC OUYaru BoCcIIaMeHeHus Ha oibre Pt,
u Puc. 2.2), u3 KOTOPBIX pacpoCTpaHsIeTCs BOJHA TOPSHHSI. ITO BhIPAKAETCS
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Tak)ke B TEMHOBOM KaTaJUTUYECKOM peaklUu pPacXxoJOBaHUs CMeCH
2H, + O,. Katanutudeckuil mpouecc npeBapuTeIbHOTO HAarpeBa MPOBOJIOKH
o0OecrieurBaeT pa3orpeB, KOTOPOTO JOCTATOUHO JJIs BOCILIAMEHEHHS CMECH
[16, 40, 77]. Kak yka3aHo BEIIIE, 3HAUEHHUE TEMITEPATYPHI TPOTPEBa 3aHUKEHO,
MMOCKOJIbKY IPOBOJIOKA HEPABHOMEPHO HArpeBaeTCs BO BpEMsI BOCIIIAMEHEHU S
(Puc. 4.1).

Py, Torr b

AT
150- Al

w- SR

Puc. 5.3.

OO0nacTu TepMHYECKOr0/KaTaIuTHIECKOTO BOCIUIaMeHeHns cMeceit 2H, + O, Ha mposonokax u3
01aropoHBIX META/UIOB B KOOPAWHATAX JAaBIeHUe-Temreparypa. CTpenka, HarpaBlIeHHas BBEPX,
COOTBETCTBYET IPOLUCAYPE MOBBILICHUA TEMIIEPATYPhl U3 COCTOAHUA OTCYTCTBUA BOCIIJIAMCHECHU S
(mozxon cHuzy, BITIKB), a crpeinika, HarpapjieHHas BHU3, COOTBETCTBYET CHI)KCHHIO TEMIIEPATYPbI
U3 COCTOSIHHUSI KaTalUTHYeCKOro Bocmuiamenenust (moaxon csepxy, HITKB). Crnpasa or kaxmoi
KPHUBOH NIPOMCXOIUT BOCIUIAMEHEHHE, CIeBa — BOCIUIAMEHEHHE HEe IPOUCXOAUT

OGnactu camoBocmiamenenus cmeced 2H, + O, Haj KaTaluTHYECKMMH
poBoJIoKamMu TipencTasiensl Ha Puc. 5.3 B koopamnarax P-T. Kak BuaHo Ha
pucynke, Rh sBnsercs Hambonee aKTHBHOW IOBEPXHOCTBIO, MOBEPXHOCTU
Ru 1 Pd mMeHee akTHBHBI, KaTaluTHYECKasi aKTUBHOCTh MOCJIEAHUX HMPUMEPHO
OZIMHAKOBA.

O6parum BHHMaHHE, 4YTO Haj mpoBojokamu RU, Pt u Pd mabmiomgaercs
sBIeHUE rucrepe3uca. [IpegenbHoe 3HaueHNE BOCIIIAMEHEHHUSI, U3MEPEHHOE
HaJ POBOJIOKOH, KOTOpast He 00pabaThiBajgach BOCIUIAMEHEHHUSIMH (IIPH T10-
BBIIICHUHU TEMIIEPATyPbl K3 COCTOSIHUS OTCYTCTBHs BoctuiaMmenenus, BIIKB),
Boilie, yeMm 3Hauenne HIIKB, uamepeHHoe npu CHIDKEHUH TEMIIEpaTyphl U3
COCTOSIHUS KaTaJTUTHYECKOTO BOCIUIAMEHEHHUSI; TO e CaMO€ OTHOCHUTCS K T1e-
puonaM 3aep>KKH BocTuiameHeHus. [lepuonbl 3aaepKKu, U3MEpEeHHbIE TPU
CHUKEHUU TEMIIepaTypbl U3 COCTOSIHUS KaTaJIUTHUYECKOTO BOCIIAMEHEHUS,
HE MPEBBILAIOT HECKOJIbKUX CEKYH[, XOTsI OHU, U3MEPEHHBIE MPHU MOBbILIE-
HUAM TEMIEPaTypbl U3 COCTOSHUS OTCYTCTBHUS BOCIUIAMEHEHHUS, AOCTHUTAIOT
120 c. bonee Bricokuil npenen Bocmnamenenus BIIKB, monydenssiii my-
TEeM MOBBIIICHHUS TEMIEPAaTyphl U3 COCTOSIHUSL OTCYTCTBUS BOCIIJIAMEHEHHS,
SBIISIETCS OOPaTUMBIM U MOXKET OBITh TOCTHTHYT CHOBA MOCJE HECKOIbKHUX
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BOCIJIAMEHEHUH WM myTeM 00paboTku peakropa BozayxoM umin O,. DTo
03HAYaeT, YTO COCTOSIHUE MOBEPXHOCTHU OJIaropoJHOTO MeTaJlia v, BEPOSITHO,
ee cocTaB (CM. HIIKE) U3MEHSIIOTCS B IPOIIecce BoCTUIaMeHeHus. [I0CKOIbKY
npejen BOCIUIAMEHEHHUS BO3BpallaeTcss K CBOEMY IIepBOHAYaIbHOMY
3HAYCHUIO IIOCJE ONpEeaeICeHHOW O00pabOTKH, COCTOSIHHE TOBEPXHOCTHU
MOXHO BOCCTaHOBUTh. Takum 00pa3om, mpejien BOCIIaMEHEHHU S TOCTOSHHO
yMEHbIIAeTCsl Mociie IEPBOTO BOCIUIAMEHEHHSI, 0K HE JOCTUTHET CamMoTo
Hu3koro 3HaueHuss HIIKB, koTopoe MoXkeT OBITh M3MEPEHO MPHU CHUKEHHUH
TEMIIEPaTypbl OT COCTOSIHUSI MEPBOTO KaTalUTHYECKOTO BOCIUIAMEHEHUS;
00paboTka Bo3myxoM uiaK O, BOCCTaHABJIMBAET MPEJIEN BOCIIIAMEHEHHUS J10
ero nepBoHavdanbpHoro 3HaueHuss BIIKB. Ilpupona storo siBneHus tpedyer
JaJIbHEHIIEro N3y4eHHusl.

HaGmrogaemoe siBIeHHE THCTEpe3nca O3HA4YaeT, 4YTO KaTaJIuTHYecKas
MOBEPXHOCTh HM3MEHSIET CBOE COCTOSHHME IIOCJIE BOCIUIAMEHEHHS B
cootBercTtBum ¢ [16, 40, 77, 78]. Mexay TeM, Kak BHIHO Ha PHUCYHKE,
noBepxHocTh RN He meMoHCTpHpyeT 3TOro ABJICHHUS; MPEAe/IbHBIC 3HAYCHUS
BOCIIJIAMEHEHUS, M3MEPCHHBIE C MOMOIIBI0 00EUX MPOUeayp, MPaKTHYECKU
paBHbI. Kak yka3aHo HUXKe, 5TO MOXKET OBITh CBS3aHO C TE€M, 4YTO, XOTS MPH
600 + 800 ° C na nosepxnoctu Rh o6pasyercs okcunnas nnenka Rh,O,, Ho
npu nossimeHnn Temmnepatypsl 1o 1000 ° C okcuaHas mieHKa Ha MOBEPXHO-
ctu Rh cHoBa pasmaraercs ¢ oOpasoBaHMeM MeTajlla; TAKUM 00pazoMm, Io-
BEPXHOCTh HE MEHSET CBOW COCTAaB.

beita m3ydena mopdomorus mposoniok Rh, Ru u Pd mo u mocme 50
BociuiamMeHennii (nmpu HavaneHoM gaBienud 100 Topp). Pt mpoBosoky He
HCCIIEIOBAIIH, TOCKOIBKY ITOCIIE BOCIIAMEHEHHSI OHa OBICTPO MOKPHIBACTCS OK-
cunom PtO, [16]; Takum 0Opa3oM, H3MEHEHHE BHENTHETO BUIa MOBEPXHOCTH HE
MOXeET OBITh HaJIC)KHO HHTEPIPETHPOBAHO. Pe3ynbTarhl HCCIIEIOBaHUS METOJOM
AJIEKTPOHHOM CIIEKTPOCKONNY TpeAcTaBieHs! Ha Puc. 5.4.

Kax BugnO, HE0OpaboTaHHBIE 00pa3IIBHI MPEACTABIISIIOT COO0 ITOBEPXHOCTD
co cnemamu mnpokatku (Puc. 5.4, mepBeie MukpodoTorpaduu ciesa,
BOCIJIaMeHeHUI He O0B1I0). B 06pasiiax, 00paboTaHHBIX BOCIIIAMEHEHHUSIMH,
pasBuBatotcs aedextsl B Buae orsepceruii (Puc. 5.4, mocie BocriaMeHeHHi).
Wx rybuna qocturaet < 1 pm B ciaydae npooiok Pd u Rh/Pd. Otu nedexrsr,
MO-BUJAMMOMY, COCPEJIOTOUYCHBI Ha (PUTYypax TpaBJICHHUS, TPaBsIIUE BEIICCTRA,
OYEBHUJIHO, SIBJISIIOTCSI AKTUBHBIMH ITPOMEKYTOYHBIMH TPOIYKTaMU OKHCIICHUS
H,. Kak BuaHO Ha pUCyHKe, B3aUMOJEHCTBUE PEAKIMU 2H2 + O2 ¢ Pd u Ru
Hanbojiee BRIPAXKEHO MO CPAaBHEHMIO C TIOBEPXHOCTHIO Rh, 3T0 MOXeT OBbITH
NPUYMHON OTCYTCTBHSI SIBICHUSI THCTEpe3uca IPU TOPEHWUH BOAOPOJA HaJ
poauem.

B [77] wactunsr PAO nabmromany ¢ mMOMOIIBI0 CKOPOCTHOW I[BETHOM KHMHE-
marorpaduu. YacTuibl 00pa3yroTcsi B Mpolecce OKHCIEHHs MoBepxHOCTH Pd;
OHM YaCTHYHO pasnaratorcs a0 Pd u O, npu Temnepatype MpomyKTOB TOPEHHS.
D10 o3Havaert, uro karanusarop (Pd) pacxomyercs B peakiiny XAMHYECKOTO TPaB-
JICHUs, CKOpEE BCETro, C aKTHBHBIMU MPOMEXKYTOUHBIMH MPOIYKTaMH TLIAMEHHU;
OJIHAKO CKOPOCTBH 3TOTO Ipoliecca 3aMETHO MeHblle, 4eM B ciaydae Pt. Kak uz-
BeCTHO [78], CBe)KEMOMyUeHHBIN PYTEHUI B MEJIKOIMCICPCHOM COCTOSHHUHU J10-
BOJIbHO MHTEHCHUBHO Pearupyer ¢ KHCIOPOIOM, HAarpeBasch JI0 KPACHOTO Kalie-
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HUsl. HarpeB Merammnueckoro pyTeHus B atMocepe KUCIopoaa 10 TeMITepaTy-
pe1 1000 °C npuBomuT Kk 006pa3oBanuio TBepaoro okcuaa RUO, Ha TOBEPXHOCTH.
[Ipu temneparypax Boitre 700 °C HaOmOmarOTCs MOTEPU Beca MeTajlia HM3-3a
oOpazoBanus JeTydero okcuaa RUO,; Takum o6pasom, RU Takxke pacxomyercs B
rporiecce TOPeHHsI.

No igmnition Aftox igmnitioxas

R / ™A

Puc. 5.4.
SEM wmmkpodororpaduu MOBEpXHOCTH MPOBOJIOKH: HMCXOTHOHW MPOBOJIOKH, 0OpaboranHo# 50
BOCIIAMEHEHHSIMHU IPOBOJIOKH. CTPEIIKH YKa3bIBAIOT HA (DPUI'YpbI TPABICHUS

Kak mokaszano B [79], ponuii mpu HarpeBaHWM Ha BO3Jyxe oOJamaeT
cBoeoOpa3HbIM nosenenueM. [Ipu temneparype or 600 no 800 °C na ero
NOBEPXHOCTH oOpasyercs okcuanas mienka Rh,O,. Korma Temmneparypa
nosbimaetcs ¢ 800 mo 1000 °C, okcuaHas MiIeHKa HA TOBEPXHOCTH POIHS
CHOBA pasJiaraeTcsi Ha MeTaJul U KUCIOpoA. DTO o3Havaet, uto Rh pacxony-
€TCsl B HAUMEHBIICH CTENEeHU B PEaKIMH C MPOMEKYTOYHBIMHU MPOIYKTaMHU
mporecca TOPeHHs; 3TO COIIacyeTcs ¢ dKCIEPUMEHTOM, MPEICTaBICHHBIM
Ha Puc. 5.4.

Bpliie Mbl yIIOMHHAIH, YTO CYIIECTBYIOT IPUHIUITHAIBHBIC PACXOKICHHS
B aHaJIM3€e MPoOJIeMbl BOCIUIAMEHEHHS TOPIOYUX Ta30BbIX CMECEH ¢ TOMOIIBIO
KaTaJUTHYEeCKOW MPOBOJOKU. B pabore [65], B skcnepuMeHTax mo ompese-
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JICHUIO TEMIEepaTypbl KaTaJIMUTUYCCKOrO BOCIUIAMEHEHHS, roprodas CMech
MEIJICHHO TeKJa MPU aTMOC(HEPHOM IaBJICHUH BOKPYT KaTaJlUTHYECKOW Mpo-
BOJIOKH MJIM B HAIPaBJICHUU KaTATUTHYCCKON Goabru. Temmneparypy KaTaiu-
3aropa MOBBIMIAIN TYTEM CTYIIEHYATOTO yBEIWYCHHS TOKA, MOAaBaeMOTo Ha
KaTajmu3arop, T. €. KaTajiu3arop HarpeBalcsi BHEIIHUM HCTOYHUKOM. OqHAKO
B [80] pacueTs! TemmepaTypbl KaTaJIUTHYECKOTO BOCINIAMEHEHHSI OBLITH COTIO-
CTaBJICHBI C JIAaHHBIMH, [TOJYYCHHBIMH 0€3 BHEIIHET0 HCTOYHUKA HarpeBa [65],
4T0 HeBepHO. Kpome Toro, B yCIIOBHUSX MMOTOKA TEMIIEpaTypa BOCIIIAMEHEHHUS
cmeceit H, — O, nax donbroit Pd cuuskaercs ans 6onee 6exubix cmeceit [65];
9Ta 0COOEHHOCTH coracyetcs ¢ pacyetamu [65, 80]. MeI jke mokasaiu, 4To B
CTaTUYECKUX YCIOBHUSIX B HAIPETOM XMMHUYECKOM peakTope ¢ mpoBosokoii Pd
BHYTpM TeMIlepaTypa KaTaluTHYeCKOro BocmiaMeneHus cmecu H, — O,, Ha-
000pOT, YBEJIMUNBACTCS C YBEIMUCHHUEM KOHIIeHTpaluu H2 B roproueit cmecu
[76]. B [65], paccmoTpen moapoOHBI MEXaHU3M aJCOpPOIHH-IeCOPOIUU U
MOBEPXHOCTHOTO OKHCIICHHUSI BOJAOPO/AA Ha IUIATHHE, MPUBEICHBI KOHCTAHTHI
23 sneMeHTapHbIX peakiuii. OueBUIHO, YTO 3TH KOHCTAHTHI MPEACTABISIOT
€000 ckopee OIeHKH, KOTOPBIE, KaK 0OBIYHO, CHIEIaHBI U3 O0IIHUX CO0OpaXke-
HUil, a He SKCIIEPUMEHTAIbHbBIC BEIUYHMHBI, TO3TOMY JIOCTOBEPHOCThH pacye-
TOB BeChMa COMHHTEIbHA. BO BceX pacCMOTPEHHBIX BhIllle paboTax, a TaKkKe
B [54, 66] npeamnonaraercs, 4To TeMIEpaTypa MpOBOJOKH IPU KaTaJIHUTueCKOM
BOCIUIAMEHEHHH OJIHOPOJIHA; 3TO MPOTUBOPEUUT IKCIIEPUMEHTY, IPUBEIEHHO-
My Ha Puc. 4.1. 3tu dpakTbl HEOOXOJUMO YUUTHIBATH IPH HHTEPIIPETAINH 3a-
KOHOMEPHOCTEH KaTaJIuTHUECKOTO BOCIIAMEHEHHS.

b. Haonwoenue Kunemuueckozo oo0pamnozo uzomonnozo iggpexma npu
paseemenento — yennom socniamenenuu 2 H,+ O, u 2D, + O, nao Rh u Pd

Kak ObuTO yKa3aHO BbINIE, CYIIECTBYET “00paTHBIN W30TOMHBIN ddexT”,
oOHapykeHHbII B [74], npu koTopoM Ooiiee TsDKEIbIE H30TOIBI BOIOPOIA
nMerT 0osiee BBICOKYIO KPHTHUYECKYIO TEMIIepaTypy, KpomMe Toro, Oojee
TsKeJIble N30TONbI UMD QyHAUPYIOT OBICTpEe, YeM uX OoJiee JIerKue aHaJOoTH.
Hwxe ommcano oOHapykeHHE “KHHETHYECKOTO OOpaTHOTO M30TOITHOTO
s dekra”, KOTOPHIN 3aKIOYaeTcs B TOM, YTO KAaTAIUTHYCCKUE ITPEIIEITbI
BocmiamMenenus cmecn 2D, + O, man npelitepunamu Rh u Pd mHmxe, dem,
coorBercTtBenHo, BIIKB u HIIKB cmecu 2H2 + OZ. Kpome Toro, rumpusl
Rh u Pd oka3zanuch MeHee peaKilMOHHOCIOCOOHBIMH, YeM COOTBETCTBYIOIIHE
JeuTepubl.

Beimie  Obuto  mokaszaHo, uto Rh  sBusercs nambonee 3(hGheKTUBHBIM
KaTaJnu3aTopoM BOCITIaMEHEHUS 2H2 + OZ, CaMbIil HU3KUH Tpees KaTaIuTude-
CKOTO BOCITAMEHEHHsI IOCTHTAeTCsl MPU HCIIOIb30BaHUK TPOBOJIOKH Rh, mu-
HUMaJIbHBIE TeMIepaTypbl 000X MPEAETIOB KaTAIUTHYECKOTO BOCILUIAMEHEHHUSI
s Ru u Pd ma ~ 100° BeImIte, ueM poust, KaTaJuTHYeCcKas aKTHBHOCTh RU u
Pd mpumepHo omuHakoBa. OOpaTiM BHHMaHHE, YTO SIBJICHHE THCTEpe3uca
HaOmonaercs Haj npoBosokamu Ru, Pt u Pd, a umeHHO mpesenbHOe 3HAUYCHHE
Bocrutamenenus BIIKB, nsmepennoe uHa mpoBosoke, koropasi He 06padbarsiBaiach
BOCIUIaMEeHeHUsIMH  (TIpolieypa MOBBIIICHHS TEMIEPAaTypbl M3 COCTOSHHUS
OTCYTCTBHSI BOCIUIaMEHEHHUsI), Bbilie, yeM 3Hauenne HITKB, u3mepenHoe ¢ mo-
MOIIBIO MIPOIEAYPhI CHIDKEHHUSI TEMIIepaTypbl U3 COCTOSHHS KaTaJIHTHYECKOTO
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Bocrutamenenus. Ilpenen Bocmamenenusi obparum: mocie oOpaboOTKH peak-
Topa Bo3ayxom uian O, Tpenen BOCIUIAMEHEHHUs BO3BPAINACTCA K 3HAYEHHIO,
COOTBETCTBYIOIIIEMY MPOIEype TOBBIIICHUS TEMIIEPATypPbl W3 COCTOSHHS
OTCYTCTBHS BOCIUIAMEHEHHS. DTO O3HAYAET, YTO KaTaJUTHYeCKas IIOBEPXHOCTh
M3MEHSET CBOE COCTOSTHHE MOCTIe BOCIIaMEHEH sl B cooTBeTcTBHH ¢ [16, 69, 77].
Mexay Tem, kak BumaHo u3 Puc.5.3, noBepxHocth Rh He nemoncTpupyer 3Toro
SIBJICHUSI; TIpeJieNIbHbIe 3HAYCHUS] BOCIUIAMEHEHUS, M3MEPEHHBIE C TMOMOIIBIO
o0eHx TpolLeayp, paBHBl B Ipefeiax MOrPEIIHOCTH 3KCIEPUMEHTAIBHON
MPOIIEYPhI.

Hwxke npejicraBieHbl OKCIEPUMEHTANBHBIC  WCCIEOBAHUS  TOPEHHUS
BOZIOpOJa M JIefTepusi MO HU3KUM JaBieHHeM Ha mpoBojokax Rh u Pd mpu
obmrem gapnennu ot 10 o 180 Topp u HavaneHbIX TeMneparypax 90 + 500 °C,
B YaCTHOCTH, JUIs CPAaBHEHHUS 3aBHUCHMOCTEH TIPE/IeOB KaTalluTHYECKOTO
BOCIUTAMEHEHUsI HaJl MOBEPXHOCTSAMH THIPUIOB/IEHTEPUIOB OIAropoIHbIX
METaJIOB OT TeMIepaTypsl. B 3Toit yacTu naparpacda B koopaunarax P — T [22]
OINIPE/IENICHbI MPEIENbl KaTaJUTHIECKOTO BOCIlaMenenus cmeceit 2D, + O, B
cpaBHeHuH co cMecamu 2H, + O, Han Pd u Rh/Pd. 3aBucuMocTH mpHBEIEHBI
Ha Puc. 5.5 u 5.6. Kak Bunno u3 Puc. 5.5 u 5.6, misg 1ocTHXKEHUS KaTalluTHYe-
CKOTO BOCIIAMEHEHUsI Haj HeoOpaboraHHO# mpoBosiokoit Rh/Pd HeoOxomnma
ompeseneHHas nporenypa. CHayana MpoOBOJIOKY BBIACPKUBAIOT B PEakTope,
sanonnenHoM 500 Topp D, B Teuenne 2 4 npu 200 °C. 3arem peakrop 3anoJ-
Ha0T cMechio 2D, + O, mpu 3a7aHHBIX JaBIEeHMH W Temmeparype (Touku 1,
2), a 3ateMm vepe3 10 MUHYT mocje BBOJA ra3a peakTop OTKauuBaioT. Torna B
TOYKe 3 MPOUCXOIUT KaTaJIUTHUYECKOE BocCIIaMeHeHue. [Ipu 3ToM aaBieHue U
TEMIIepaTypa KaXJO0ro TOCIEAYIOIIEr0 BOCIUNIAMEHEHHS 3aMETHO CHIIKAFOTCSI.
DTO 03HAYaeT, YTO MaTepHa MPOBOJIOKU TOTJIIOTHI ACHTepUil B KOTUIECTBE,
JOCTAaTOYHOM JUIsl BOCIDIAMEHEHUSI; B JIAHHOM cJy4ae, OUYeBUJIHO, 00pa3oBaCs
neitepun poaus. O6paTiM BHHMaHHE Ha TO, 4To naeirepun Rh cpaBrurensHo
cTabueH.

Kak Bumao m3 Puc. 5.5, nmeiitepun Rh sBisercss mambornee aKTHBHOIM
TOBEPXHOCTBIO Kak Juis Boctulamenenus 2H, + O, tak u 2D, + O,; nu1s nocnen-
Hell cMecH MOXKHO TOJNY4YUTh Karamurudeckoe BocruiameHenue npu ~100 °C.
Cwmech 2H2 + O2 Hajx gerrepumom Rh Bocrmamensercst mpu 6oitee BBICOKHX
Temmneparypax, Takum obpaszom, D, Gonee roprou, yem H, Han neiirepunom Rh
(“xuHeTHYECKHMI O0OpaTHBIA M30TONHBINA 3pdexr”). ObpariM BHUMAHHE, YTO
sSIBJICHHE TUCTepe3nca He HabmromaeTcs Ha mpososioke Rh / Pd. Dto o3Hauaer,
YTO KaTalUTUYeCKasi IOBEPXHOCTh 3aMETHO HE MEHSIET CBOE COCTOSIHHE U COCTAB
MOCIIe BOCTIIAMECHEHUISI.

Hefitepun  pomuss  coxXpaHsSeT CBOM CBOHCTBAa Tmocie  o0OpaboTku
Bocriamenenusamu 2H, + O,. Mbl He Halmonam Kakoro-mbo 3aMeTHOTO
oomena D na H ¢ oOpa3oBannem ruipuia, MOCKOJIBKY MPEes BOCIIAMEHEHHUS
mo6oit emecu (2H, + O, u 2D, + O,) nocne Bocrnamenenus 2H, + O, coxpansin
CBOE€ 3HAYEHNE B TE€UCHNE HECKOIBKHUX JHEN IS JII000 3aJaHHOH TeMITepaTyphl
W3 UCCIIeyeMOro HHTepBaa.

3aBUCHMOCTH TPEIEIOB TEPMUYECKOTO/KaTAIUTUIECKOrO0 BOCIUIAMEHEHHUS
cmeceit 2D, + O, no cpasuenuto co cmecsamu 2H, + O, nax Pd nposonokoit
npuBesieHb! Ha Puc. 5.6.
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Fr.
e ARNPd 2ZH3 + O3 over
Rh hydride
150+
@ RhPd
4 @ noigoition m%:.,.?l
ignition Rh deoteride
1004
() Rh/Pd 2Hz + O2
over Rhdeuteride
50 = T‘nc
100 150 200 250 ato
Puc. 5.5.

O6nacTu KaTanMTHYECKOro Bociuiamenenns cmeceit 2H, + O, u 2D, + O, man nposornokoit Rh/Pd
B KOOpJMHATAX JiaBjieHne-Temieparypa. Cripaa OT Kax/J0i KPHBOM MPOUCXOUT BOCIIIAMECHEHHE,
clieBa — BOCIUIAMEHEHHE HE MpOHCXoAuT. Touku 1-5 o3HawaroT mopsmok oOpaboTku “cBexeit”
nposostoku Rh/Pd miast momydenus Bocrutamenenus. [lepen Touxoit 1 mpoBONOKyY BBIACP/KHBAIH B
peaxkrope, 3anonHerroM 500 Topp D,, B Tedenne 2 1 mpu 200 °C

P,
Yo oFt e
over
Pd hydride
G Pd XHy+ O3
aver Pd denteride
@ Pd 1Dy«
owver Pd deateride

no igaition ™) 203+ 02
. ]M’fr P
-¢- ignition - deuteride

IS,

1=

100

Puc. 5.6.

O6nacTu KaTaTUTHYECKOro BocmiamMeHenns cmeceit 2H, + O, u 2D, + O, nan nposonokoii Pd B
KOOpJMHATax JaBieHue-Temreparypa. CripaBa oT KakJ0il KpHBOW NPOMCXOIUT BOCILUIAMCHEHHE,
clieBa — BOCIUTAMEHEHHE HE MPOUCXOMUT. Touku 1-5 yKa3bIBarOT MOPSIOK 00paboTKH “‘cBEXKeH™
npoBostoku Pd st momydenust BocrmameHenust. [lepen Toukoit 1 mpoBONOKY BBIICP)KHBAIH B
peaxkrope, 3anonHenroM 500 Topp D,, B Tedenne 2 4 mpu 200 °C

Kak BumHO 13 Puc. 5.6, 1515 noiny4eHHus KaTaTuTHYECKOTO BOCIITIAMEHEHUS HaJl
HeoOpaboTaHHOH MPoBOIOKOH Pd HEOOX0AMMO BBITIOIHHUTE MPOLEAYPY, aHAIIO-
ru4YHyto npoueaype s npososioku Rh/Pd (cum. Puc. 5.5). OxoHuanue mporeaypol
o3HayaeT, uto Pd mormotun neidTepuil B KOJMYECTBE, JTOCTATOYHOM, YTOOBI BBI-
3BaTh BOCIUIAMEHECHHUE T'a30BOM CMECH; B 3TOM cllydae oOpas3oBajcs IeHTepun
nayutaaus. [evitepun Pd Takke cpaBHHTENBHO cTadmiieH. OH COXpaHSET CBOU
CBOMCTBa mocie 06paboTku aecsaTkamu Bocmiamenenuid 2H, + O,. Kaxoro-nmm-
00 oomena aromoB D Ha atombr H ¢ oOpa3oBaHueM ruapuaa He HaAOIIONATIOCH;
TpeJen BOCIIIAMEHEHHUs 110 IaBlIeHuio moboii cmecu (2H, + O, u 2D, + O,) no-
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cie Bocriamenenus 2H, + O, coxpaHsn cBoe 3HaY€HHE B TEYEHUE HECKOJIBKUX
THEH Tpu 000 3aTaHHON TeMIIepaType U3 UCCIIeTyeMOro HHTEPBAIA.

Kak BumgHo w3 Puc. 5.6, meiitrepun Pd Taxke sBiasercs Hambosee
3 QEKTUBHBIM KaTanu3aTopoM Bociiamenenus 2H, + O,, Torma kak ca-
Mas Hu3Kas Temmeparypa Bocnnamenenus 2D, + O, man neitepunom Pd
coctanisieT 110 °C npu o6mmem nasiennn < 200 Topp. Kak u B ciiydae ¢ aeii-
tepuaom Rh, cmech 2H, + O, nan neiitepunom Pd Bocninamensercs npu 6onee
BBICOKOH Temmeparype. OOpaTuM BHHMaHHE, YTO SIBJICHHE TUCTEPE3UCa YKe
HaOromaeTcst Haja jaedtepuaoM Pd; mpenesibHble 3HAYEHHsS BOCIJIAMEHEHHS
Kak 2H2 + Oz' TaK " 2D2 + Oz' W3MEpPEHHBIC C TTOMOIIBIO MPOIEIYPHI TO-
BBILLICHUSI TEMIIEPATYPbl U3 COCTOSIHUSL OTCYTCTBHs BociaMmeHeHus BIIKB,
BBIIIE, YeM 3HAYCHHUS, W3MEPEHHBIC C MOMOMIILIO MPONEAYPHl CHUKCHHUS
TeMIIepaTypbl U3 COCTOSAHUS KaTaiuTudeckoro socninameHenuss HITIKB. Ilpe-
nen Bocnnamenenus BIIKB ob6parum: nocie o6pabotku peakropa O, mpenen
BOCILUIaMEHEHUs BO3BpallaeTcs Kk HauBbiciieMy 3HadeHuto BIIKB, coorser-
CTBYIOIIEMY MPOLEAYpEe MOBBIMICHUSI TEMIIEpaTypbl M3 COCTOSIHUS OTCYT-
CTBUSI BOCIUIAMECHEHHMSI, T. €. KaTallMTUYECCKas MOBEPXHOCTh M3MEHSET CBOE
COCTOsIHUE TTocie BociuiaMmeHeHus. OJIHAKO SIBJICHUE THCTEpEe3rca BhIPaKeHO
cna6o: mpu 300 °C 3nagenus BIIKB u HITKB npaktuuecku coBnaaaror.

HanbGornee MHTEPECHBIM PE3yNIBTaTOM SBIAETCA TO, 4To cMmech 2D, + O, nan
netirepunavu Rh u Pd siBnsercs Gonee roproueit, yem cmeck 2H, + O,. Kpome
toro, ruapuasl Rh u Pd oka3sanuch MeHee akTHBHBIMH, Y€M COOTBETCTBYIO-
mme gedTtepunbl. [lomydeHHbIE pe3ynbTrarhl YKa3blBAIOT Ha CYNIECTBOBAHHUE
“KHUHETUYECKOr0 OOpaTHOrO M30TONMHOro 3(dexra”, KOTOPHIA BIMACT HA pPeak-
moHHy0 crocobrocts MeH u MeD, e Me = Rh, Pd. Tem ne menee, BbIsB-
JieHHass 0cOOEHHOCTh He O0yCIIOBJIEHAa BOCIUIAMEHEHHEM T'a3a, MOCKOJIBKY KOH-
CTaHTa CKOPOCTH pasBeTBjieHHs Lenu B npouecce D, + O, (D + O,— OD + O;
k=9.10" exp (-7500/T) cm*/monek.c) meHblie, 4eM npu Bociiamenenun H, + O,
(H+ O,— OH + O; k= 2.10" exp (-8450/T) cm*/moreK.c) 1 CKOPOCTh peaKiuu
OKHCJICHHsI ICHTEpHsI COOTBETCTBEHHO MEIICHHEE, YeM OKHCIIeHHsI Bojiopoza [81].

Crnenyetr oOparuTh BHUMaHHE Ha DKCIEPHMEHTAJIbHbIE 3aKOHOMEPHOCTH,
XapaKTepHBIC ISl CTATHYECKUX YCIOBHH, KOTOPBIE CIEyeT yUUTHIBATh B XOJIE
pacueToB. Bo-mepBbIX, Kak MMOKa3aHO BHIIIE, CIEAYET MPUHUMATh BO BHUMAa-
HHE€ TeTepOTeHHBIA 00PHIB IeNeil Ha CTEHKaX peakTopa, Cle0BaTeIbHO, Cie-
JyeT YYUTBIBATh Pa3BETBIEHHO-IEMTHON MEXaHU3M BOCIIJIAaMEHEHUS B Fa30BO
(aze [22]. Bo-BTophIX, clieAyeT yUYUTHIBATh 00paTHMOE W3MEHEHHUE COCTOSI-
HUSl KaTaTUTHYECKON MOBEPXHOCTH TOCJIe BOCIUIAMEHEHHSI, TOCKOJIBKY 3TO
BBI3BIBAET M3MEHEHUS 3HAYCHUI NIPEJIEI0B KATaTUTHIECKOTO BOCIIAMECHECHHSI
W MIEPUOJIOB 3aJIePKKH KaTaTUTHUYECKOTo BocIiameHeHus. Kpome toro, Ha-
OnroaeMoe BO3HUKHOBEHHUE JIOKATbHBIX 0YaroB BOCIUIAMEHECHHS Ha KaTalH-
THYECKOU MPOBOJIOKE, KOTOPbIE HHUITMUPYIOT paclpocTpanenne GpoHTa rmia-
MEHHU B 00BbEMeE, MO3BOJISET UCIOIB30BaTh AHAJTUTHYECKOE PEIICHHEe 3a1a4qu
0 JIOKaJhbHOM BOCIIJIAaMEHEHHH, OCHOBAHHOE Ha TETUIOBOM B3PBIBE ILIOCKOTO
IT-06pa3Horo meHTpa pasorpesa (ropsiueil TOYKH) B Pa3BETBIECHHO — IEMHOM
ra3oBoi peakuuu [82].

Crenyer Takke OTMETHUTh, YTO TpeJesl KaTATUTHYECKOTO BOCILUIAMEHEHHUSI
oveHb vyBcTBHUTENeH K mpupome aromoB (H wiam D), koTopsie BCTpOEHBI B
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KPUCTAINIMYECKYIO pPEmIeTKy OJIaropofHOro MeTajia, M, COOTBETCTBEHHO,
OHM JIOJDKHBI TPUCYTCTBOBAaTh HAa KAaTaJUTHYECKOW ITOBEPXHOCTH, KOTOpas
VHUIMHPYET peaknnio. Takas 0COOEHHOCTh XapaKTepHa AJIsl [IETTHOTO MPOoIiecca,
MIO3TOMY pEakius Ha TIOBEPXHOCTH ObUIa MOAETMpPOBaHA HIDKE Kak IIeTrHas.
Kpowme Toro, Mbl crieliMalibHO POBEPHIIN, YTO MOJIEIUPOBAHUE C UCIIOIb30BAHUEM
€IMHCTBEHHON IPOCTON 3K30TEPMHUUECKON peakini AppeHryca Ha IOBEPXHOCTH
HE MOXEeT OOeCHeunTh pe3ysibTaTbl, TONY4YeHHBIE HIDKE IPH YHCICHHOM
MojienupoBanuu. Kpome Toro, CiiefyeT y9uThIBaTh BOSHUKHOBEHHUE JIOKAJTBHBIX
0YaroB BOCIUIAMEHEHHMsI HA MPOBOJIOKE U TEMHOBYIO KaTAJIMTHUYECKYIO PEAKLUIO
npu pacxonosanuu cmecu 2H, + O,

Panee mpr oOpamanu BHMMaHHE Ha TO, YTO MPHU TEKYIIEM COCTOSHHUH
JKCIIEPUMEHTA JTI000€ CpaBHEHHE PEe3yNIbTAaTOB YMCICHHBIX PACYETOB C JKC-
MePUMEHTATbHBIMU JAaHHBIMH SBISETCS HAJEKHBIM TOJIHKO B Ka4€CTBEHHOM
acrieKkTe, HalpuMep, TP Ka4eCTBEHHOM MOJIEINPOBAHUH BPEMEHHBI X 3aBHUCH-
MOCTEH IKCIEPUMEHTATHbHO U3MEPEHHBIX CKOPOCTEH, KOHIEHTpAUui u T. 1.
N3ydeHune neTaqbHOr0 KUHETHYECKOIO MEXaHU3Ma BHOCHUT JOTIOJHUTEIbHY IO
HEOMPEIEICHHOCTh B MOJCIUpoBaHue. BOsbinas 4acTb KMHETHYCCKUX IMa-
paMeTpoB HEAOCTATOYHO TOYHA, YTOOBI JIeNaTh pa3yMHBIE BBIBOJBI C TIOMO-
LIbl0 pacyeToB. Bonmpoc o mosiHOTE ncosib3yeMoro Habopa peakuuil Bceraa
OCTAaeTCsl OTKPBITHIM, T. K. BAXKHYIO PEaKIHUI0 MOXKHO yIMYCTHTh U3 BUY WU
npocTo e€ He 3HaTh. bonee Toro, mockonbKy ang ypaBuenuii Hasre-CTokca B
CXKMMAaeMO pearupymrolleil cpene, KOTOpble 04EHb YaCTO UCIOJb3YHOTCS IS
MOJICIMPOBAaHMS TOPEHUS B MPUOIMKEHUM Majoro ymcia Maxa, He cylie-
CTBYET TEOPEM €INHCTBEHHOCTH, COOTBETCTBHE MEXIY PACUETHBIMH BEITHYH-
HaMH U SKCIIEPUMEHTAIbHBIMUA HE CBHUJIETEIHCTBYET O COOTBETCTBUH MEXKIY
pacueToMm u 3KcnepuMeHToM. CrenoBaTenbHO, MOTYT CYIIECTBOBATh APYTrue
Ha0OpHI YIPABISIIONIMX MAPaMETPOB, OMHUCHIBAIOIINX OJHH M TE K€ 3aBUCH-
moctu [16].

MBI mOmBITANIMCh KaueCTBEHHO NPOMIIIIOCTPUPOBATH POJb HEKOTOPBIX
YHOOMSHYTHIX (PAaKTOPOB MPH PacCMOTPEHUH BOCINIAMEHEHUS TOPIOYEro rasza
KaTaJUTHYECKOM HArpeTOM MPOBOJIOKOM MM XMMHYECKU aKTUBHOU CTEHKOM
peakTopa Npu YMCIEHHOM MOJIECIIMPOBAHNUHU C UCIOJIb30BAHUEM CUCTEMBI yPaB-
Hennit HaBpe-CTOKCa i1 COKMMaeMOW pearupyroei cpeasl B MprUONMKeHIH
Masoro urcia Maxa. Llens cocrosima B TOM, YTOOBI HHTEPIPETHPOBATH BO3-
HUKHOBEHHE PEKMMOB TEMHOBOH pEakIMU M BOCILUIAaMEHEHHUs, 00pa3oBaHUe
JIOKQJIbHBIX OYaroB BOCIIJIAMEHEHMS HAa KaTAIUTUYECKOM POBOJIOKE B Cllydae
BOCIUIAMEHEHHU, a TaKXe Ha OJHOPOAHO XMMHUYECKH aKTUBHOW CTEHKE ITH-
nuHIpryeckoro peakropa (cm. Ipuiokenune). Katanurndeckas mpoBoIoKa
Obly1a cMOJIeTMpOBaHa MPSIMOYTOJIBHON 00IacThIO B CEpEeMHE peakTopa, Kak
rmokazaHo Ha Puc. 5.7, 11 TUIMHAPUYECKOTO peaKkTopa 3a1ady penraiy B -
auHIpHYecKkux koopauHarax (Puc. 5.8). [TapameTpsl, HaYaIbHbIC U TPAHNY-
HbIE YCJIOBHS NPUBEACHBI B MPUIOKEHNUN. Pe3ynbTaTel pacuera KUHETHKH C
ucmonb3oBanuemM maketa FIexPDE 6.08, 1996-2008 PDE Solutions Inc. [83]
(cm. TIpuaoskenue) mokasansl Ha Puc. 5.7.

Kak BUAHO M3 pHUCYHKA, HAM yJajJ0Ch KQU€CTBEHHO YY€CTh OCHOBHBIC Ha-
OmroaeMple 0COOEHHOCTH KaTaJUTHYECKOTO BOCIUIAMEHEHHWS: B TEMHOBOU
peakuu CKOpOCTh Pacxoa MCXOJHOIO peareHTa MEJJIEHHEE, YeEM BO BpeMs
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BOCIIIAMEHEHUS, TAKXE UIUTIOCTPUPYETCA BO3HUKHOBCHUC JIOKAJbHBIX OYa-
rOB BOCIVIAMEHECHHS Ha KaTAJIUTHYECKOW MPOBOJIOKE B Cliydae BOCIJIAMEHE-
Hus. JIMHaAMHKa pOCTa MEHTpPa BOCIUIAMEHEHHS TOTHOCTBIO COTIIACYeTCS C
9KCITIEPUMEHTOM, CM. DKCIIEpUMEHTATBHBIN Kaap u3 [16] u BerunciaeHHoe pac-
npeaenenue temieparyp npu 0,0392 c¢. Takum 00pa3om, KaueCTBEHHAsT MO-
ACJIb MO3BOJIACT MOJYYUTh KaK PCKUM BO3HUKHOBCHHSA INEPBUYHBIX JIOKAJIb-
HBIX I[EHTPOB TOPEHHS HA MPOBOJIOKE C TMOCIEAYIONAM JIOKAIbHBIM BOCIIIA-
MCHCHHEM, TAK U PCIKHUM TEMHOBOM KaTaJIMTHYECKOMN peaKkuru pacxoJ0BaHuUs
ncxonuoro pearenra C.

a
b
¢
d

growth direction

] i 03 1]
=] W e
a7 378 a0 iod,s

Puc. 5.7.

YucneHHOe MOACINPOBAHNUE BOCIUIAMEHEHHUS Ha KaTAIMTHYECKON ITPOBOJIOKE

a) M3MeHeHHe 6e3pa3MepHOi TeMITepaTyphl AJIsi TEMHOBOH peaKInu

b) m3menenne Ge3pasMepHOl KOHIIEHTPAIIMH HCXOAHOTO pearenTa C 1t TeMHOBO# peaktmu T, =1,
C) u3MeHeHue Oe3pa3sMepHOil TemMieparypbl T Ui BOCIUIAMCHEHHSI

d) dororpadust pacrymero uentpa BociuiameHenuss Ha Pt-¢osbre ([16], Puc.11.3); npyrue
rapamMeTphbl IPHUBE/ICHbI B TEKCTE

e) u3meHenue GespasmepHoii konnenTpauun C s TemuoBoi peaxuuu T, =2. Ilkans 6e3pasmepHoit
TEMIEpaTypbl U KOHICHTPAIMH [I0Ka3aHbl CIIPaBa; Uil TCMHOBOW PEaKIMH LIKAIIbI 6e3pa3MepHOi
KOHIIEHTPAIMH TTOKa3aHbI HIDKE pHCYHKa D)

Kak BujiHO U3 pricyHka 5.8, pacu€r mo3BoJisieT KaueCTBEHHO Y4eCTh OCHOBHBIC
nabmomaemeie (Puc. 5.8 a, cm. Taxke Puc. 2 BeeaeHnust) 0cOOEHHOCTH TepMUYe-
CKOTO BOCIJIAMEHEHHsI B Harpetom peakrtope. Ha Puc. 5.8 6) wutoctpupyercs
BO3HHKHOBCHHE JIOKAIBHBIX OYaroB BOCIUIAMEHEHHUSI Ha CTEHKE peakTopa, Mpu
9TOM M3MEHEHHE CKOPOCTH KAaTaTUTHICCKOW PEaKIMy Pa3BUTHS [IENICH TIPUBOIUT
K U3MEHEHUIO MECTa JIOKaJIM3alluy IEPBUYHOTO 0Yara BOCTIAMEHEHHS.
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2 3

Puc. 5.8.

a) BHJCOM300paKeHNs HAYaJIbHBIX 04aroB CaMOBOCIUIAMEHEHHS B CTEXHOMETPHUUYCCKUX N- CMECsAX
H-IICHTAH-BO3/IyX B YETBIPEX ITOCIIEI0BATEIBHBIX SKCIICPUMEHTAX MPH Temieparype cteHok 1 650;
2 643; 3 645; 4 649 °K. 600 xampos/c, P, = 1 atm. Lindpsl Ha KaK10M H306paykeHHH COOTBETCTBYIOT
HOMepY IKCIepHMEHTa

0) YHCIICHHOEC MOJCIMPOBAHME BOCIUIAMEHCHHsS B IMJIMHAPUYECKOM peaktope. I3MeHeHue
0e3pa3MepHON KOHLIEHTPAIMKM aKTMBHOTO MPOMEKYTOYHOTO MpoaykTa N mpu T, = 2. Macuirad
0e3pa3MepHON KOHIIEHTPALMH aKTHBHOT'O IIPOMEKYTOYHOTO MPOAyKTa N rmokasaH cnpasa. § = 0.15,
0.12,0.09 (Puc. 5.80, 1, 2, 3), b, =0.22, 0.18, 0.14 (Puc. 5.86, 1, 2, 3), cm. [Ipuinoxenue

Kparko 0000111mM mosty4eHHbIe pe3ysbTarhl. McciieoBano ropeHne Bojopoa
u peditepust Ha ipoonmokax Rh, Ru, Pd u Pt mpu o6mem nasnennu mo 200 Topp
1 HayaabHbIX Temmeparypax 10 500 °C kak s yCTaHOBICHHUS 3aBHCHMOCTH
MpeIeToB KATAINTHYECKOTO BOCIUIAMEHEHUSI HA TMOBEPXHOCTIX OJIAarOpPOIHBIX
METaJUIOB OT TEMIIeparyphl, TaK W JUIS BBISBICHUS ONPEICISIONNX (HaKTOPOB
MpoOIeMbl BOCINIAMEHEHHSI Ta3a C TOMOIIBI0 KAaTATUTHYECKON MOBEPXHOCTH.
BristBeno, uro mpu obpabortke mosepxuocreit Rh, Ru m Pd Bocmmamene-
Husvu 2H, + O,, Ha HUX BO3HHMKAlOT NE(EKTHl B BUJE OTBEPCTHH, KOTOPHIE
pacronokeHsl Ha (UTypax TpaBICHUS;, TpPAaBsIIHE BEIIECCTBA SIBISIFOTCS
AKTUBHBIMH TIPOMEXKYTOYHBIMH MPOTYKTaMK OKUcIeHus H,.

B0 obuapyoicero, umo nepeo 6ocniameneHuem KamaiumuiecKkast Bpo6onoKd Ha-
2pesaemcst HepaGHOMEPHO; GOSHUKAIONT NEPBUUHBLE TOKATbHbLE 042U BOCNIAMEHEHUS,
maxue oyazu NO360NII0M OCYUWeCmEUMb AHATU3 PACHPEONEHHON 3a0aUU ¢ UCNOTb-
306anuem ypasrenuti Hasve-Cmoxca o cocumaemoui peacupyiouseli cpeobl 6 axy-
CIMUYECKOM NPUOTIUICEHUL, M. €. C YUEMOoM 2a300uHamuyeckux pakmopos. Cxazanmoe
OMHOCUMCSL MAKIICe K AHATU3Y OeLICIBUsL XUMUYECKU AKIMUGHOL CIEHKU PeaKmopa.

bouto mokazano, uro Rh seiusieTcss HamOosee >(P(EKTHBHBIM KaTaan3aropoM
Bocruiamenenus 2H, + O,, camas Hu3Kas Temneparypa BociiaMeHenus ans Pd-mpo-
Bostoku ¢ mokpeiTreM Rh (Rh/Pd) cocrasmma 210 °C, ms Ru/Pd u Pd — 300 °C, mst
Pt-rposomoku — 410 °C mpu obmiem masnennu 10 200 Topp. Ha mposomokax Ru/
Pd, Pt u Pd nabmonaercs siBieHue THCTEpE3Nca; a UIMEHHO, NPEIeTbHOE 3HAUEHUE
BocrtameneHns BITKB, m3mepeHHOE Haj TPOBOJIOKOM, KOTOpas HE oOpaboTaHa
BOCIUTAMEHEHHUSIMH (TIPOIIETyPa MOBBIIICHHUS TEMIIEPATYPhI 3 COCTOSHHUSI OTCY TCTBHS
BOCIUITAMEHEHHSI), BBIIIE, Ye€M 3HAYCHHE, M3MEPCHHOE C MOMOIIBIO MPOIIEIYPhI
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CHIDKEHHSI TEMIIEPaTyphl U3 COCTOSHMUS KaTanuTideckoro BociuiameHenus (HITKB).
Be1t0 mokazano, uro Rh siBisercst Harboiee 3 HeKTHBHBIM KaTaau3aTopoM BOCTLIa-
menenus 2D, + O, B 5TOM cilydae camasi HU3Kast TEMIIEpaTypa BOCIIAMEHEHHS Ha/l
mposostoxoii Pd ¢ mokperrrem Rh (Rh/Pd) cocrasmsier 100 °C. CortacHo ckazaHHOMY
BBIIIIE, TOUHEE CJIEAyET TOBOPHUTH O BOCIIAMEHEHHH HaJ| THAPHIaMH/ IeHTeprIaMu
0J1aropoIHBIX METAJLIOB; TAKUM 00pa30M, CaMblii HU3KUI MpeJiesl BOCIIIAMEHEHHS
2D, + O, nan neiirepunom pomus cocrassier 100 °C; takum obpasom, D, Gonee
roprod, yeM H,, Han nopepxnoctsimu Rh u Pd. TomydenHble pesynsTaThl yKasbisa-
0T Ha CYII[ECTBOBaHKE “KMHETHYECKOr0 00PaTHOTO H30TOITHOTO 3(h(eKTa”, KOTOpHIit
onpeesIseT peakionHyto criocoorocts MeH u MeD, rre Me =Rh, Pd.

IIpunoxenune

Mpb! prOIKEHHO TIPOMILTIOCTPUPOBAIN HAOMIOaeMble 3aKOHOMEPHOCTH C
TTOMOIIIBGI0  YHMCIIEHHOTO MOJEIMPOBAaHUS Ha OCHOBe ypaBHeHHH Hare—Crokca
IUTSL COKMMAEMOM pearupyrolnei cpesl B IPHOMMKEHNH MaToro uriciia Maxa [84],
npeutokeHHBpIX B [84-88]. Armmpokcumariust Manoro gmcia Maxa IONydaeTcs
n3 ypaBHeHwit HaBbe—CTokca mIsI CXKHMAeMOH Cpembl IYTEM  Pa3JIOKCHUS
KaXKII0# TepeMeHHOi B psin mo crenedsm YM?, e y — mokasaresb ajuadarsl, a
M — umcmo Maxa. [l Kaxmoi TepeMeHHOH COXpaHsIeTCs WIeH HU3IIEro ITo-
psnka, 3a MCKIFOYEHHEM JaBlieHHs P, KoTopoe menmuTcs Ha JBE COCTABIISIOIIHE:
TepMoMHaMuYeckoe nasienue P (), omHopomHoe B NPOCTPaHCTBE, M THIPO-
muHamMu4eckoe nasnenue P,(X, Y, 1): P(x, y, t) = P (t) + yMp, (x, y, t) + O(M?),
rne P, Beruamcnsercs, kak B [88]. Ilnotnocts p, Temmeparypa T, nasnenue P u
koHIeHTparus C pacCUnTHIBAIOTCSI B COOTBETCTBUY € MX HAYAIbLHBIMU 3HAYCHUSIMU:
Py Tor Py = p, T, C, OTa cucteMa mpeicTaBIeHa HUKE W OMUCHIBAET PAcIIpOCTpa-
HEHWE TUTAaMEHH B JIByMEpHOW OONacTH. YpaBHEHHS MOKAa3aJl Ka4eCTBEHHOE
comiacwe ¢ okcriepumMenTamu [16, 86]. bespasmeprnie ypasaernst Hase-CTokca 1ist
C)KIMaeMOM pearupyromiei cpepl B IPUONMKESHUH MaJIoTo Yrcia Maxa IpUHIMAIOT
cremyrormumit Bun. Mamekcrl t, X, Y o3radaroT quddepenimposanue 1o t, X, V.

pT =P (a)
pe + (pv)y + (pw)y =0 (b)
p(u; + uv, +uvx)+%=%+5c(vzv+§l(y)) (©)
p(v, +vu, +vux)+%=F—1r+Sc(V2u+§Kx) (d)
p(T, + VT, +ul, ) =2 P — (V‘”[P;;P"”Py] = V2T + B, W (e) (1)
p(C, +vC, +uC, ) = V2C — pW (f)
W = (1 - C)exp(C-¢/T) (9)
Py — Z;—f = q(C, — VAW, (h)
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e V2= (..)yy + (.. )xx — ABymepHbiii oneparop Jlamnaca, K¥ = v, + u, -
B3kas guccumamms, P = d?P/dt?, d(...)/ds, d(.)/dt — wmarepmanbHas
MPOU3BOIHAS, U W V—KOMIIOHEHTBI CKOPOCTH B HAITPABJICHUSIX X, Y COOTBETCTBEHHO,
p — IUIOTHOCTB, | — TeMIIeparypa.

Xumudeckast peakius npezcrasiena B cucreme (1) ommoii peakimeir Appe-
HUyca nepsoro nopsiyka. C — koHmeHTpanus pearenra, 1-C — creneHs npespaiie-
uus, { — 6e3pasMepHbIii K03 UIEenT, mpornopimonansaeii E/R. be3pasmeprbie
mapamerpsl — kputepuit [Imuara Sc¢ = v/ID, D — xosdduiment muddysun
(0.3 cm?/c ipu 1 arm [89]), kuHemaTnueckast Bs3kocTh rasa v (107° cm?/c [89]),
Y — COOTHOIIICHHE TEIIOEMKOCTEH MPH TOCTOSHHOM JIABIICHUH M TTOCTOSTHHOM
oObeme; [, XapakTepu3yeT yAeNIbHOE TEILUIOBBIIAEICHHE, 3 — KHHETHYECKUM
KO3 GUIINEHT, TPOMOPIHOHANBHBIA BTOpoMy umciy Jlamkénepa. HawambHbie
sHauenus cnexytomue: p, = 0.001 r/em® [89], T, =1, P, = p T, (=10.5,y=1.4, B
=0.2, B, =0.3, Cp =0.3 xan/rrpan [89] u C, = 0, coorBeTCTBEHHO. DTH 3HAYEHHS
HCIIONIB30BAJINCH JUISI pacueToB, MpuBenEHHBIX Ha Puc. 5.7. Uucio Jlprou-
ca paBHo Le =1, uro npenmonaraer papenctso SC = Pr, e Pr = p C_v/k, A —
TETUIONPOBOAHOCTD ¥ CP — TEIIOEMKOCTh ITPH IMOCTOSIHHOM JiaBiieHud. [1kanbt
JUTMHBI ¥ CKOPOCTH oTpefensiiores kak [5 = Dtgy, u Uy = l;/ty, COOTBETCTBEHHO.
Torna uucno Peitnonsaca pasuo |, U /v = 1/Sc. Yucno ®pyna Fr = UZ/gly,
rIe § — yCKOpeHue CBOOOTHOTO MaJieHHsl, MPUHITOEC PaBHBIM HyIr0. Yucio
Maxa pasno M = Uy /co; ono npunsato papubiv 0.025, rie ¢, — cKOpoCTh 3ByKa.
OueBuHO, uyto eciii M = 0, To Kosebanust JaBieHus: orcyTcTBYOT. [Ipu M — 0
MCXO/IHOE 3HAYEHHE CPEIHEr0 NaBJeHHs P CTAHOBMTCSA HAMHOTO BBIIIE, YEM
cpennee 3Hauenue p U’ s xoneGanuil JaBieHus mpu cpeaHeM jaaBineHuu P
IToe cxopocTteit ompemenseTcss dTUMHA (UIYKTyanwsiMA. Ecim mcrmons3yeTcst
CTaHJAPTHOE MPEJICTABICHIE JaBICHUs, TO OObIYHAS 3aMeHa MepeMEeHHBIX P =
P, P NpuBOUT K TosBIeHNI0 Kodpdunuenta 1/M? B unene grad p B ypapHeHHH
ummybea [88]. TIpuHATO, YTO 3HAYCHUS AABJICHHS YIOBJICTBOPSIOT BOIHOBOMY
ypasuennto (mocmenuee ypasuenue (h) us cucremsr (1)), koTopoe MOXKeET OBITH
MOJYYEHO M3 ypaBHEHUI HENPEephIBHOCTH W MMITYJILCA C YYETOM BHYTPEHHHX
HCTOYHHMKOB DHEPIMH W TpeHeOpexeHneM uineHamu mopsiaka 1/M* [90]. Vpas-
uerne (h) cucremsr (1), onmuceIBaroOIIee BOJHBI B ABHKYINEHCS HEOIHOPOTHOMN
CpeJie ¢ HICTOYHUKOM TerllIa, ClelyeT U3 ypaBHEeHHI HENPEPBIBHOCTH U UMITYJIbCa

__la
(q B Ugpo
BUjty). J{yist TOro, 4T00bI KOJTMYECTBO YPaBHEHHUH COOTBETCTBOBAJIO YMCIY HEM3-
BecTHBIX, ypaBHenue (D) uckmrouaercst u3 cucremsl (1) mpu manpHelinemM aHa-
TH3e.

N3—3a npoTrexanusi HOBEPXHOCTHOW XUMHUUYECKOU pEaKIIMK Ha KATAIMTUYECKOM
MPOBOJIOKE BO3HMKAET €CTECTBEHHOC KOHBEKTHBHOE TEYCHHE, KOTOpPOE
yuuThiBaeTcsl ypaBHeHussMH HaBbe-Crokca. TakuM oOpazom, BMECTO MPOCTOM
peakmuu AppeHnyca OBIT TPOAaHATU3UPOBAH CICIYIONIUH HAOOp peaKIni.
CkopocTh peakiuu B 00beMe OblUla MPEACTaBICHA 3JIEMEHTAPHBIM [CTTHBIM
mexanusmom: C — 2n (W) u n + C — 3n + npoayKThl; W, MOKHO NpeHeOpedb
[91]. B atom cityuae ypaBHenus T, § ObUTH 3aMEHEHBI ClICIYIOMUMHE: (Ha9aaIbHOE
yciioBHUe /ISl KOHIEHTpanuu ctanopurcs C = 1).

~ 1 — mapaMeTp, BO3HHKAIOUIMH MPU MPUBEACHUH K Oe3pa3MepHOMY
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p(C; +vCy +uC, ) = V2C — BonW
V2C + 2,nW

p(n, +vn, +un, )
W = Cexp((-C/T) obOvemHas peakuus

Wy = Cexp(£,—¢,/T) MMOBEPXHOCTHAs peaKuus

Karanmutrdeckas mpoBosioka Oblia MpeICTaBlIeHa MPSIMOYTOIBHONW 00IACTHIO
B CepellMHe peakTopa, Kak rmokazano Ha Puc. 5.7. Xumudeckas 5K30TepMHUecKast
peaKIIus pa3BUTHI PEaKIIMOHHBIX IIETICH IPONCXOINIa Ha TPaHHIIaX “TIPOBOJIOKA
rpaHUYHBIC yCIOBMS Ha “mpoBosioke” mpuHsmu Bua T,= & bW, (Beizenenne
Tenna), N, = 6fW, MOBEPXHOCTHOE MPOAOKEHHUE HeneH, He 00A3aTeNbHO pas-
serienue), C, = 0.2C (agcopOuus MCXOMHOTO peareHTa); 8 — MacIUTaOHbIH
K02(GUIMEHT, KOTOPBIA ONPE/eNisul TOJILKO MPOJOJIKUTEIBHOCTL pacueToB. Ha
CTEHKax peakrtopa ObUTO ycTaHOBIEHO 3HaueHue N = 0 (rereporeHHbIH 0OPHIB
uerm), C, = 0, T, = T, . [lapamerpsl npunumanuck § =7.5 (mopsaxa sHepruit
aKTHBAllMM peakuuii oobemMHoro passersienus H, u D,), { =1,5 (oenka 3Haue-
HUS TIONy4eHa B cebikax [16, 76]), p = 0.15, B, = 0.22, xoopdumment quddysuu
D, = 0.9. Hauanbnas Temneparypa raza Obiia 3ajana ¢ ycnopusamu: T, = 1 mis
TEMHOBOM peakuuu, T = 2 Ui BOCILIAMEHEHHS.

B ciydae 1MAMHIPUYECKOTO HATPETOTO PEaKTOpa SK30TEPMUIECKasT PEaKIUs
Pa3BUTHS PEAKIIMOHHBIX TICTICH TPOUCXOINIA HA CTEHKAX PeakTopa, rpaHuuHbIC
ycJ10BUs Ha cTeHke npuHsanu Bua T,= O bW, (Beiaenenue temna), n, = oW,
nosepxnHocTtHoe mponomkenue nener), C, = 0.2C (amcopbuus MCXOAHOTO pe-
arenra); 6 — macmTabnbiit ko3punuent, C =0, T, = T . [Tapamerps! npunuMa-
muck { =7.5 (mopsiaka SHepruii aKTHBAIlMKM Peakinii 00bEMHOTO pPa3BETBICHUS
H,uD,), =15, p=0.15,0.12, 0.09 (Puc. 5.86, 1, 2, 3), B, = 0.22, 0.18, 0.14
(Puc. 5.86, 1, 2, 3), koappunuent updysun D = 0.9. Hauanpnas temnepa-
Typa rasza T, = 2. 3anady pemaau B HMIMHAPUYECKUX KoopauHaTax. OTMeTnM,
4TO WMCIIOAB30BaHHEIN TporpamMmubii maker FIeXPDE 6.08 mpemycmarpuBaet
ABTOMATUYECKOE BBIMOIHEHUE MPEOOPA30BaAHKsI CUCTEMbI YPAaBHEHUH B YaCTHBIX
MIPOM3BOIHBIX BTOPOTO TIOPSJKA W TPAHUYHBIX YCIOBHH B OCECHMMETPUYHYFO
3ajady B HWJIHHIPUYCCKUX KoopauHarax [83], mosTtomMy HaOOp YyIpaBIsSIOIINX
ypaBHEHHH TIPUBEJEH B JICKAPTOBBIX KOOPJIUHATAX.

Pemrenrie 3amauu OCYIIECTBISUIA METOJIOM KOHEUHO-3JIEMEHTHOTO aHaJ-
3a ¢ mcmojib3oBanueM mporpammuoro makera (FIexPDE 6.08, 1996-2008 PDE
Solutions Inc. [83]).

BroiBoanl k I1aBe |

OOGnapysxen pexum suerctoro ropenus cmecu 40 % H,-Bosnyx B mpucyTt-
ctBum Pt mpoBonoku B mHTepBatie 270 — 350 °C. [lokazaHo, 4TO 3TOT PEKUM 00-
YCJIOBIICH KaTaJIMTUYECKUM JIeHCTBHEM Pt-comepiKamyx 4acTur, 00pa3yronmxcs
NP Pa3lIOKCHNUH JIETY4Yero OKCHU/Ia IUIaTHHBI B Ta30BOH (ase.

[TokazaHo, 4TO TeMIeparypa HHHLIUUPOBAHHOTO BOCINIAMEHEHHUS MpPH
40 Topp nan marperoit ¢oasroit Pd na ~100 °C Humxe, yeM Han (osbroi
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Pt. Hanwume BoxmsHOrOo Tmapa mpeaoTBpamaeT BociulaMeHeHue. Jlaxe
MUHHMAaJIBHOTO 3HaueHHsl Temmepatypbl Gonbru (623 °C) mocraroyHo ams
BocriaMenenus cMecu 2H, + O,; T. e. BIMsAHNE KaTaIMTHYECKOH peakiun H,
+ O, ¢ necopOumell akKTHBHBIX MPOMEXKYTOYHBIX MPOJYKTOB C TIOBEPXHOCTH
0JIArOPOJHBIX METAJJIOB HE3HAYMTEIBbHO B Cly4ae HWHUIUHPOBAHHOIO
BocmuiameHeHus. st repmudeckoro Bociiamernenust npu 180 Topp u 288 °C
mang Pd domproit karaauTudeckas aKTHBHOCTH IMTOBEPXHOCTH BBIIIE, YEM
y Pt donabru. AkruBaocts Pd ¢onbru mposiBiasieTcs Kak B BOSHUKHOBEHUH
JIOKaJIbHBIX 04aroB BOCILJIaMEHEHUS Ha (DOJIbI'E, OT KOTOPBIX PACIIPOCTPAHACTCS
BOJIHA TOPEHUS, TAK U B TEMHOBOW KaTaJINTHUYECKOW PEaKIMU PacX00BaHHUSI
roproueii cMmecu 6e3 BOCIIJIAMEHEHUSI.

Bbu10 mokazaHo, YTO B peakldy TOPEHHs BOIOpoaa MeTajuindeckas Pt mei-
CTBYET KaK MCTOYHHUK TEIUIA, MOJOOHBIN, HAIPUMED, BOJIL(HPAMOBOI TPOBOJIOKE,
HarpeBacMoi BHENTHUM HCTOYHHKOM. OIHAaKO B paccMaTpuBaeMoM ciydae Pt
HarpeBaceTCsl ¢ MOMOIIbI0 BHYTPEHHET0 MCTOYHHMKA, 2 UMEHHO IMOBEPXHOCTHOM
KaTaJIUTHYeCKOHN peakinu. Heo0XoauMo TakKke yUUThIBaTh, YTO COCTAB IMOBEPX-
HOCTHOTO CJIOSl U3MEHSETCS BO BpeMs BocIiaMmenenus ot okcuaa Pt (PtO,) k apy-
TOMY COCTaBY, IPOSIBIISIONIEMY CBOKCTBa, OTIM4HbIE OT PtO,.

BblTo mccieoBaHO TOpEeHHe BOAOpOJa M Jeirepwsi Ha mpoBojokax Rh,
Ru, Pd u Pt mpu obmem masmernn n0 200 Topp ¥ HadalbHBIX TEMIEpaTrypax
1m0 500 °C kak i1 yCTaHOBJICHHUS 3aBHCHMOCTH MPEIEIOB KaTaJIUTHYECKOIO
BOCIUTAMEHEHHSI Ha TOBEPXHOCTSIX OJaropojHbIX META/UIOB OT TEMIIEPaTyphl,
TaK M JUIsl BBIABICHUS ONpECAomuX (HakTOpOB 3a7a4y BOCIIAMEHEHUS ra3a
Ha KaTaJINTHYECKOM MIOBEPXHOCTH. YCTAaHOBIIEHO, 4TO moBepxHOCTH Rh, RU 1 Pd,
o0paboTaHHbIC BOCIIaMeHEeHUsAIMU 2H ,t Oz' UMEIOT 1e(PEKThI B BHJIC OTBEPCTHH,
KOTOPBIC PACIIOIOKEHBI HA PUCYHKAX TPABJICHHMSI; TPABSIIIIUE BEIICCTBA SBJISIFOTCSI
AKTUBHBIMH TIPOMEXYTOYHBIMH MPOAyKTaMH OKucienus H,. OOHapyxeHo, 410
nepes1 BOCTIIaMEHEHHEM KaTaIuTHIeCKas IPOBOJIOKA HArpeBaeTCst HEOTHOPOIHO;
BO3HUKAIOT HaYaJIbHbIC 0Yard BOCILIAMCHEHUSI.

bboino obuapysceno, umo nepeo socniameHeHuem Kamaiumuieckdas npogoo-
Ka Hazpesaemcs HepasHOMEPHO, B03HUKAIOM NepeuYHble JIOKAIbHbIE 04dsl 80C-
njameHeHus;, maxKue oudeu NO360JAI0N OCYWeC8UmMsb aHAIU3 PACHPeOeléHHOll
3a0ayu ¢ ucnonvzoganuem ypaenenuti Hasve-Cmoxca 0nsa cocumaemoli peazu-
pyoueti cpedbl 8 aKyCmu4eckom NPUOIUNCeHUU, M. e. C Y4EMom 2az300unamuye-
ckux paxmopos. CkazaHnoe OMHOCUMCS MAKdICe K AHATU3Y 0elicmeus Xumude-
CKU AKMUBHOL CMEHKU PeaKmopd.

ITokazano, uro Rh sBiusercs nHambomee >(hGPEKTHBHBIM KaTaaH3aTOPOM
Bocrtamenenus 2H, + O,, camas Hum3Kas Temmeparypa BOCILIAMEHEHHS IS
Pd-miposomoxku ¢ mokpeitnem Rh (Rh/Pd) cocrasuma 210 °C, mis Ru/Pd u
Pd — 300 °C, mis Pt-nposonoku — 410 °C mpu obmiem nasnennn menee 200
Topp. O6HapyxeHo, uTo Ha npoBosokax Ru/Pd, Pt u Pd nabmonaercs siBnenune
TECTEpe3nca; a UMEHHO, MpeJlelIbHOe 3HAYCHHE BOCIUIAMEHEHUSI, U3MEPEHHOE
Ha TIPOBOJIOKE, KOTOPYHO HE 00padarThiBajiM BOCIUIaMEHEHHUsIMU (Tporeaypa
MOBBIIICHHUS TEMIIEPATYPbl U3 COCTOSIHHS OTCYTCTBHS BOCILIAMEHEHUSI, BEPXHUI
Mpezen KaTanuTrHaeckoro Bocriamenenns BITKB), Beiiie, ueM 3HadeHne, H3Me-
PEHHOE C IMTOMOIIIBIO MPOLIEAYPhI CHUKECHUS TEMIIEPATyPhl U3 COCTOSHHSI KaTau-
THYECKOTO BOCIUIAMEHEHUS (HYKHUM MpeesT KaTaTuTHYECKOTO BOCIUTAMEHEHHSI
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HITKB). Bsiio mokaszano, uto Rh sBisercss Hanbosee 2 (eKTHBHBIM KaTaln3a-
TopoM Bocrtamenenus 2D, + O,, B 5ToM ciryyae camast HU3Kas TeMIepaTypa Boc-
wiamenenus Han Pd npososnoke ¢ Rh nmokpeituem (Rh/Pd) cocrasmsier 100 °C.
Vka3zaHo, 4to Oosiee KOPPEKTHO TOBOPHUTH O BOCIIAMEHEHHH HaJl ruiapumamu/
JeirepuiaMu OJIaropoIHBIX METAJIIIOB; TAKMM 00pa30M, CaMblii HU3KHH Mpee
BOCIUIAMEHEHUS 2D2 + O2 Haja nedTepuaom poaust cocrasisut 100 °C, T. e. D,
sABnsieTcs Goniee JlerkopocaMensomumcs, yeM H,, no cpasuenuto ¢ Rh u Pd.
[Mony4eHHbIE pe3yNIbTaThl yKa3bIBAIOT Ha CYIIECTBOBAHUE “KHHETHYECKOTO 00par-
HOTO M30TOMHOTO AP QeKTa”, KOTOPhIA ONpeeseT PEaKIMOHHYI0 CIIOCOOHOCTD
MeH u MeD, rne Me =Rh, Pd.

[TokazaHo, 4TO WHUIMUPOBAHHE TIpOIEcca TEPMHUYECKOTO BOCIIaMeHe-
HUs BCErJa ONpeJeNsieTcs] HaJuYHueM pPEeakIMOHHOCIIOCOOHBIX IEHTPOB Ha
MOBEPXHOCTH, CBOMCTBA KOTOPHIX ONPEIEISAIOTCS KaK MOBEPXHOCTHBIMU Jie-
(dbekramu, UMEIOIUMHU U30BITOK CBOOOIHON YHEPIHH, TaK U UX KaTalluTHYe-
CKHMH CBOWCTBaMH; IpOIeCcC BOCIJIAMEHEHUS BKIIOYACT CTaJUU pa3orpesa,
JIOKAJIBHOTO BOCIUIAMEHEHHUS M PACIPOCTPAHCHHS IUIAMEHH. XHMHYECKas
AKTUBHOCTh PAa3JUYHBIX YYaCTKOB MOBEPXHOCTH MEHSETCS OT OJHOTO BOC-
namMeHeHus K apyromy. OcHOBHass 0COOEHHOCTH MPOoIecca BOCIUIAMEHECHHMSI
3aKJII0YaeTCs B TOM, YTO BOCILIAMEHEHHE MIPOUCXOJUT Ha OTACIbHBIX Yy4acT-
Kax IMOBEPXHOCTU IMPHU OIHOPOJHON TeMIleparype TMOBEPXHOCTH pPeakTopa.
CrnemoBatenbHO, TOPEHUE BO3HUKAET HA MOBEPXHOCTH PEaKTOpa JJaxe B yCIo-
BUSIX MOUYTH OJHOPOAHOIO IPOTpeBa roproveii razoBoi CMecH. YCTAHOBIIEHO,
YTO KauyeCTBEHHAas MOJeJb, OCHOBaHHAs Ha ypaBHeHUsx HaBbe-Crokca s
C)KMUMaeMOU pearupyromiei cpebl, MO3BOJISIET MONYIUTh KaK PEKUM BOZHHUK-
HOBEHUSI TIEPBUYHBIX 0YaroB BOCIUIAMEHEHHSI Ha TIPOBOJIOKE C MO CIENYOIIIM
JIOKaJTbHBIM BOCIUIAMEHEHHEM, TaK U PEKUM TEMHOBOW KaTaTUTHYECKOU pe-
aKIIMK Pacxojia UCXOJHOTO pearcHra.
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I'masa I1. 3akoHOMepHOCTH TOpeHust cMeceit Bogopoa—yriesoaopoa (C1 — C6) — Bozmyx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

IVIABA I
3AKOHOMEPHOCTH TOPEHMSI CMECEM
BOJOPO/I-YITIEBOJOPO/I (C, - C,) -
BO3JIYX U YIVIEBOJOPOI-BO3/IYX HAJT
MOBEPXHOCTSIMM BJIATOPOIHBIX
METAJLJIOB

OOHapyXeHo, 4TO TeMIlepaTypa Hpezena KaTaJIuTHIECKOro BOCIUIAMEHEHHS
BIIKB nax moBepxHOCThIO naymaaus npu 1.75 atm mist cmecerr 30% wmeran +
70% Bomopon + Bo3myx (0 = 0.9, T = 317 °C) u 30% npomnaun + 70% Bomo-
pon + Bo3ayx (0 = 1, T = 106 °C), usmepeHHast ¢ IOMOIIbIO METO/Ia “MOAX0/a
CHHU3Y” CHIDKAETCS MPH MOCIEAYIONMX BOCTNIAMEHeHHIX TeX ke cMmeceld. BIIKB
BO3BPALLIAETCS K HICXOAHOMY 3HaYEHHIO IT0ciie 00pabOTKH peakTopa KUCIOpoaoM
WJIM BO3IYXOM, T. €. UMeeT MecTo Tuctepesuc. Temneparypa HIIKB cmeceit 30%
(C, C,C,C,)+70%H, + Bo3ayx (6 = 0.6, 1.1, 1.2, 1.2 COOTBETCTBEHHO) HaJ
MOBepXHOCThIO0 maymaaus cocrapisier 19 + 35 °C npu 1.75 arMm; rucrepesuc
orcyrctByer. [Tokaszano, uro Gemnas (0 = 0.6) cmech 30% sran + 70% Bomo-
pon + BO3ayx mMmeeT camyro Hu3Kyro temrieparypy HIIKB: 24 °C mpu 1 arwm.
D¢ dexTrBHAS 3HEPrHUs AKTUBALUH [UIs BOCIUIAMEHEHUS CMecell Hajl nayjiagueM
cocrapiser ~ 2.4 + 1 kxan/monb. OOHApYKEHO, YTO Pa3sHECEHHE BO BPEMEHH
nosoc nsnydenns CH u Na ipu ropennn ecmecu 30% nponan + 70% H, + Bo3ayx
(6 = 1), 0OycioBIEHO BOSHUKHOBEHHEM T'HPOIHHAMUYECKON HEYCTOWYHBOCTH
IUTaMEHH IIPU €0 CONPUKOCHOBEHHH C TOPLIOM LIMJIMHAPHYECKOTO PEAKTOPA.

YcTaHOBIEHO, YTO TEMIIEPaTyPhl BOCIIAMEHEHHSI CMECEH BOAOPO — KHCIOPO
1 BOJOPOX — METaH — KUCJIOPOJ HaJ HarpeBacéMbIMH BHEIIHUM HCTOYHHUKOM
MPOBOJIOKAMH 3 MAJUIa (¥, IUTATHHBL, HUXpOoMa U KaHTaua ((hexpaiist) npu ooiiem
nasnernn 40 Topp yBenM4YMBAaIOTCS C YMEHBIIEHHEM COJEp)KaHUsl BOAOPOIA B
CMECH; TOJIbKO HarpeTas najuiaueBas IPOBOJIOKa MPOSBIISET 3aMETHBIH KaTallu-
tuaeckuil 3¢ dext. KauecTBeHHBIN YMCICHHBIA pacyeT MO3BOJIMII HPEANIOTIOKUTD
BAKHYIO POJIb JIONOJIHUTENLHOM peakuuu passetsienus H + HO, — 20H, B ko-
TOpOii MasloakTHBHbIN paaukan HO, samensiercs na OH.

KitoueBpie crioBa: BoCIIaMeHEHHE, BOIOPOJ, METaH, dTaH, MpOIaH, OyTaH,
H-TICHTaH, TeKcaH, N300yTeH, OKUCICHNe, POIUH, Malllaini, TIaTHHA, KaTalu-
TUYECKHE TPEeITbl, YIIIEPOAHbIe HAHOTPYOKH, CKOPOCTHASI CheMKa, THIIePCIIeK-
TPOMETD.

W3BecTHO, 4TO METaH M KUCIOPOA Ha HAIPETOH IJIATUHOBON MPOBOJIOKE MO-
I'yT BBIACIATH 3HAYUTEIBLHOE KOJMYECTBO TeIUla B TeMHOBO# peakuuu [1]. UH-
Tepec K MpoLeccaM KaTaTUTHYECKOTO OKHCIICHUS U X MEXaHW3MaM IOCTOSIHHO
pacTeT B CBSI3U C LIMPOKUMHU MEPCIIEKTUBAMH UCIIOIb30BAHUS 3TOW TEXHOIOTUU
[P TOPESHUH B CUCTEMaX F€HepaIiu IEKTPOdHePTun [2—4], 1is CHIKEHUSI KOH-
LEHTPALK METaHa B BO3/1yxe [5]; mpu HCIOIb30BaHUHU KaTaTUTHIECKUX HEHTpa-
JIN3aTOPOB B TPAHCIIOPTHBIX CPEICTBAX JJIsl CHHKECHUS BEIOPOCOB BPEIHBIX I'a30B
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[6]. Bompoc obecriedenst BOAOPOIHOM O€30IIaCHOCTH Ha aTOMHBIX 3JIEKTPOCTAH-
LHUAX C MCIOJb30BAHMEM KaTAJUTHUECKUX KaMep JOKHTaHHUS SBISCTCS TaKKe
BechMa akTyansHBIM [7]. CymecTByeT Takke OOJBIION HHTEPEC K KaTajauTHYe-
CKOMY MapIHaibHOMY OKHCIICHHIO IS MOJIyYEHHUS! MTPOMEKYTOUHBIX BEIIECTB,
UTPAIOIIUX KIFUEBYIO POJIb B CHHTE3€ IIEJIEBbIX KOMMEPUYECKUX COCTUHCHU.

§ 1. I3YYEHHUE T'OPEHUSI CMECEM BOJOPO/I-BO31YX
U BOJIOPOJ-METAH-BO31YX HAJI IOBEPXHOCTBIO
METAJUIMYECKOI'O MAJLJIAAUS ITPU COBMECTHOM
HCIIOJIb30BAHUM T'MITEPCIEKTPAJIBHOI'O CEHCOPA U
CKOPOCTHOM IBETHOM KHHOCBEMKH

MexaHu3M OKHCJICHUS BOAOpOJAA ¥ YIVIEBOJOPOJIOB Ha OIArOpPOIHBIX
MeTallaXx K HACTOSIIEMY BPEMEHH HEJIOCTATOYHO MOHAT. DKCIIEPHMEHTHI
M0 W30TOIMHOMY oOMeHy [8] mokasamm, 9TO0 TP XEeMOCOpPOIMH MeTaHa Ha
OJarOpOAHBIX MeTauTaX o00pa3yloTCs aiACcOopOMpPOBAHHBIC pPATUKAIBI METHIT
WA METWJICH, UX B3aUMOJICHCTBHE C aJCOPOMPOBAHHBIM KHCIOPOIOM MOXKET
MPUBECTH WM K TPSIMOMY OKHCIICHHIO B YIJICKUCHBIA Ta3 M BOJAY WIH K
BO3HHUKHOBCHHUIO asicopoupoBanHoro Gopmanbaeruaa [9]. o cux mop npupomaa
AKTHBHOW MOBEPXHOCTH B IEJIOM HEeHM3BecTHA. B ciydae maymiaausi OKHUCIICHHE
MOYKET TIPOUCXOAUTH HA caMoM MeTajuie, Ha moBepxHoctr okcuma Pd (1), win
JKe Ha TMOBEPXHOCTH, YACTUYHO TOKPHITOH COPOMPOBAHHBIM KHCIOPOJIIOM,
npudéM ogHoBpeMeHHO. COnIacHO JaHHBIM PEHTTEHOBCKOW (HOTOIIEKTPOHHOM
cexkrpockoruu (XPS) [10], uem MeHbIIe pasMep KPUCTAIUINTOB TAIAIMs, TEM
¢ OombIe#i BEpOSTHOCTHIO OHU CYIIECTBYIOT B OKCHIHOHW (opme. OTMETHM,
4TO B pe3yibTare OMNpeAeiEHHOW CTENeHH MPEeBpAIleHUs pearcHTa MOXKET
BBIJICJIUTHCS 3HAYUTEIBHOE KOJHMUYECTBO TEIUIA. DTO MPHBOIUT K 3HAUUTEIHHOMY
MOBBIIICHUIO TEMIIEPATYPbI, TAKUM 00pa3oM, CTa0MIBHOCTh KaTanu3aropa Mpu
BBICOKHX pabouux TeMIieparypax MoKHA ObITh yureHa [2]. [Ipu moBbiieHHN
TEMIIEpPATypPhl SHEPT U AKTUBAIINK OKHUCIICHHsT MeTaHa Ha Pd karanu3arope pe3ko
n3Mmensiercsi. Temrmeparypa, TAe 3TOT Hepexojl MPOUCXOIHT, sBIsieTcss (QyHKIHU-
eif cocraa karanuzartopa [11]. OTMeTrM, 4TO OIarOPOIHBIE METAIIBI 00OPa3yIOT
OKCH/IbI, KOTOPbIE, B 3aBUCHMOCTH OT WX PEaKI[MOHHOH CITOCOOHOCTH OIpees-
IOT CKOPOCTh M MEXaHHM3M KaTalUTUYECKOTO MPOIECcca; 3TO 3aMETHO YCIIOXKHSI-
eT TMOKCK ONTUMAJIBHBIX yCIIOBHH Katanu3a. Hampumep, Pd nmerko mepexoaut B
PdO npu temneparype nmxke, yem 1100 K, onnako PtO, yxe pasnaraercs npu
temmeparype Beitre 825 K. M3-3a 60mbireii cradunsaoctr PAO mo cpaBHEHHMTO ¢
PtO, B ciiyuae conepskaniero Pd karanusatopa akTUBHO# (a3oif siBseTcs, ckopee
Bcero, PdO, B To Bpems Kak B cirydae Pt karammsaropa akTuBHOM (a30ii ABIIETCS
Pt. AkrusHocts PdO Bbiimie, uem Pt; 310 obecrieunBaeT 60siee BHICOKHUE CTETICHH
npeBpamienns npu ucrnoiap3oBanun PAO. Konrpomns mammums PAO B rasoBoit
(baze, HEOOXOMUMBIN /ISl YCTAHOBIICHHS MEXaHH3Ma KaTallu3a, OCIOKHEH TeM,
4TO CIIEKTPOCKOMYeckue ganusie 0 PAO pa3po3HeHHBI U POTHBOPEUNBEI [12 —
14]. 13 Takux paboT MOKHO OTMETHTH [15], B KOTOpOIi MTPpeACTaBIEHB! CIIEKTPHI
usnydenus PdO, nomydennslie npu nuponuse nonumepHbix kommiekcos (PtCL)
npu Bo30yXaeHUU Ha jyuuHe BojaHBI 355 HM. TakuM 00pa3om, IMOSIBICHHE U

118



I'masa I1. 3akoHOMepHOCTH TOpeHust cMeceit Bogopoa—yriesoaopoa (C1 — C6) — Bozmyx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

ydacTHe XUMHYECKH aKTHBHOM MOBEPXHOCTH B Ta30BOM TOPEHHUH 3HAYUTEIHHO
YCIIOKHSIET TMOHMMAaHHE Ipolecca He TOJBKO M3-32 BO3HUKHOBEHHSI HOBBIX
YTIPaBISIOMINX TAPAMETPOB, HO U CIIOKHOCTEHN MTPH aHATUTUYECKON PETUCTPAIUH
MOJIEKYJI MJTH YaCTHII KaTaln3aropa.

HanomMHuuM, 4T0 THIIEPCTIEKTPOMETPHI, KOTOPBIE UCIOIB3YIOTCA B 9TOH IJIaBe
1 KOTOPBIE PACCMOTPEHBI BBIILIE, SIBJISIOTCS TPUOOPAMH, IO3BOJISIOIIUME OCYIIIe-
CTBJIATH AUCTAHIIMOHHYIO PETUCTPALNIO OTPAKEHHOTO, PACCESTHHOTO U U3JTyUYeH-
HOT'O CBETA U MOJyYSHHUE ero CIIeKTPpa B HIMPOKOM [Hana3oHe JuinH BoiH [16,17].
4D runepcnekTpoMeTp AaéT BO3MOXKHOCTh M3YYEHHS BPEMEHHBIX XapakTepu-
CTHK TIPOIECCOB, MPOUCXOIAIINX Ha y3KOH MOJIOCE MCCIeTyeMOi TOBEPXHOCTH.
4D pa3MepHOCTh 00pasyeTcs KOOPJMHATOW MeCTa X, CIIEKTPaIbHOI KOOpAWHa-
TOH — JJTMHOM BOJHBI A, HHTEHCUBHOCTBIO CIIEKTpaIbHOU TuHUH | 1 BpemeHem 1.
B pa6ote [18] Gbuta mpoaeMOHCTPUPOBAHA BO3MOKHOCThH U3YUEHHS ITPOLIECCOB
TOPEHHUS W B3PBIBAa C TIOMOIIBIO AMCTAHIIMOHHOTO THIEPCIEKTPaIHLHOTO 30H -
pOBaHHA.

B kagecTBe MeTOZa MMCTAHIIMOHHOTO M3YYEHHSI PA3IMYHBIX IPOIIECCOB B Ha-
CTOsIIIEH KHHUTE MCIOJIB3YETCsl TaK)Ke CKOPOCTHAsE KHHOChEMKa. B paborax [19,
20] mpuUMEHsIICS METOJ CKOPOCTHOM IIBETHOH (POTOCHEMKH [UIsl U3yUYCHUS] UHU-
LMUPOBAHHOTO MCKPOH BOCIUIAMEHEHHS BOIOPOI0-BO3AYIIHBIX M ITEHTAHO-BO3-
OYUIHBIX CMeced. DTOT METO]l MO3BOJISIET BU3YaIM3HPOBATH PACTIPOCTPaHEHHE
(bpoHTa MIIaMeHN U OOHAPYKUBATH 0COOEHHOCTH MPOIIECCOB TOPEHUS, B YACTHO-
CTH, TIEPEXO/I TNIAZKOTO (PPOHTA TUTAMEHH B SIYEUCTYIO CTPYKTYY.

Jannbril naparpag MOCBSINEH BBISBIEHUIO 3aKOHOMEPHOCTEH TOPEeHHS BOIO-
pona m cMecell BOIOpoJia ¢ METAaHOM HaJl METAUNIMYECKUM MaJIaJneM, B TOM
YHCIie C UCIOIB30BAHUEM ONTHUKO-AIIEKTPOHHOTO KOMIUIEKCAa Ha OCHOBE THIIEp-
CIIEKTPAJILHOTO CEHCOPA U CKOPOCTHOM IIBETHOM KHHOCHEMKHU.

BKCHepI/IMeHTaJIbHaﬂ HacTb

OKCIIepUMEHTHI TPOBOMIM B HArpeBaeMOM TOPHU30HTAIBHOM IIHIHMHIPH-
YECKOM PEaKTOpe W3 HEepyKaBeroIel cTaau JUIMHOM 25 ¢cM u quamerpoMm 12 cm,
000py/TOBaHHOM TaHT€HIINAJIHHBIM Ta30BBIM BXOJIOM, Pa300pHBIMH KPBIIITKAMH H
OIITHYECKHAM KBapIIEBLIM OKHOM B oxHoM m3 mokpeituii (Puc. 1.1). B skcnepu-
MEHTaxX, B KOTOPBIX TPeOOBAIOCh M30ekKaTh MUPKYISAINN Ta3a, 00yCIOBICHHON
HAJMYHEM TaHreHImanbHoro BBoaa (Puc.1.1), B peakTop mepreHanKyIsapHO ra-
30BOMY TIOTOKY BBOJIMITH aTFOMHHUEBOE KOJIBIIO BHEITHUM JuameTpoM 11.2 cM u
BHyTpeHHUM 11 cMm.

TouHocTh U3MepeHuii Temmeparypbl cocranisiia 0.3 K. OTkauaHHbIN U Ha-
TPETHIN 10 HY)KHOHU TeMITepaTyphbl PEakToOp OBICTPO 3aIOTHSIA Ta30BOM cMe-
cbio U3 Oy(epHOTO 00beMa BBICOKOTO JaBIICHUS 10 HEOOXOTMMOTO TaBICHHUS.
J1st OTKPBITHS M 3aKPBITHS TA30BBIX KOMMYHUKAITUH UCIIONB30BAIIN IEKTPO-
MarHUTHBIN KjamaH. M3-3a pe3koro mepenana gaBieHuil B OydhepHoM oObemMe
U peakTope, B peakTope BOSHUKAET ra30BBIM BUXPb, MPUBOASIINI K COKparie-
HHTO BPEMEHHU YCTaHOBICHUS OJHOPOTHOTO TEMITIEPATyPHOTO pacIpe/IeICHHS .
Js mpenoTBpamennst MUPKYISIAH Ta3a B PEakTOp BBOAIIIHA ATIOMHHHUEBOE
KOIIBIIO TIEPIEHAMKYISIPHO K MOTOKY ra3a (cM. maparpad 1 I'massr ). J{aBie-
HH€ B TIPOIIECCE HAIMTyCKa W TOPEHUS PETUCTPHUPOBAIHN C IOMOIIBIO TEH30PE3H-
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ctuBHorO marumka ‘Kapar-JI’, curaan ¢ kotoporo noxasanu depe3 ALl na
koMmmbioTep. Pd mpoBosoky (B psiae onbiToB — Pt mpoBosioky) muHO# 80 MM
u quameTpoM 0.3 MM B BUJIe CIIMPAJIA MIOMEIIAIN B PEaKkTop. DTy IPOBOJIOKY
HCIOJIB30BaJIN OJis1 MHUIUUPOBAHUA BOCIINIAMECHCHUSA ropmqeﬁ cMmecu. Takxke
MIPOBOJIOKY MOJKIIFOYATN B Ka4eCTBE TIeda MOCTa YUTCTOHA, YTO MO3BOJISIO
KOHTPOJIMPOBATh €€ CpeHIol TeMieparypy. [lepell KakJpIM ONBITOM peak-
top orkauuBaiu 1o 0.1 Topp. OOuiee naBaeHue B peakTope U JaBlieHue B Oy-
dheprOM 00BEME KOHTPOIUPOBAIA MAaHOMETPOM. VCIonp30BaIn XUMUYECKH
gucTeie ra3el 1 99.85% Pd.

Puc. 1.1. Biok-cxema 3KCIIepUMEHTAIBLHON YCTAHOBKH, BH C Topia (a) u BuI c6oky (6). KpacHbiM
[[BETOM yKa3aHa JIMHUsI, BIOJIb KOTOPOi mpoBoamiack 4D-criekrpanbhas chemka. [lupuna stoit
muaun mopsiaka 1 mm. (1) peakrop, (2) snekrpomarauTHbiil Kinamas, (3) Oydepusiii 00b6éM, (4)
0aiIoH ¢ ra3oBoi cMeckio, (5) runepcnekrpomerp, (6) unudposas Bugeokamepa, (7) moBOpOTHOE
sepkaiio, (8) BHyTpeHHssi acOGecroBas uzossinus, (9) Harpearens, (10) BHewHsisi acOGectoBas
n3osits, (11) ontrdeckoe okuo, (12) narunk gaBnenusi, (13) ALIIT mpeoOpa3zoBareiib 1 KOMIIBIOTED
I7T51 Oy I€HUS U HAKOIUICHUS TaHHBIX, (14) MUIIMBONIBTMETp AJIs CHSITHS IIOKa3aHUH TePMOIIaphI,
(15) anroMuHEEBOE KOJBIIO VISl IPEIOTBPAICH s IUPKYIsiuu ras3a, (16) Pd crnimpass, (17) mocr
Vurcrona. CHHAM KPyroM OTMEYEH y3€eN TaHTeHIHAIBHOTO BBOJIA Ta3a B PEaKTOP

Perucrpanuto Bocramenenus u pacnpoctpanenuss @I ocymecTsisiiau uepes
orrtuueckoe okHO runepcrnekTpomerpamu BUI-UK3, BUK (cm. Tmasy 1), a Tak-
K€ IBETHOM ckopocTHOM kuHOKamepoi Casio Exilim F1 Pro (wactora xamgpos
—1200 ¢! mpu paspemennu 336 x 96 nukceneit, 600 KagpoB B CEKyHIy TIPU pas-
peurennun 432 x 192 nukceneit nian 300 KaapoB B CEKyH Ty MPH pasperneHun 512
x 384 nukceneit) unmn PHANTOM (uacrora kaapos — 4000 ¢ mpu paspernenun
1300 x 800 mukceneit). ITonydeHHbIe JaHHBIE 3AIMCHIBAIN B IAMATH KOMITHIOTE-
pa, ¥ 3aTeM MpOBOIMIM UX 00paboTKy. MCroib30Bain THIEPCIICKTPOMETPBI KaK
BHIMMOTO 1 OKHEro nHppakpacHoro auamnaszona (400 -970 um BUJ-UK3 [5])
tak u runepcerekrpomerp BUK B quamazone mun BosiH 970 -1700 HwM.

Hanomuuwm, uro ontuyeckas cucrema runepcnexkrpomerpa bBUK ananoruuna
ontuyeckoi cxeme runepcnekrpomerpa BI/I-MK3, Tonbko B KauecTBE CIIEKTPO-
JICTTUTEIIS] UCTIONB3YeTCs MU(PAKIIMOHHAS PELIeTKa.

120



I'masa I1. 3akoHOMepHOCTH TOpeHust cMeceit Bogopoa—yriesoaopoa (C1 — C6) — Bozmyx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

Pesyabrartsl u 00cyxaenue

Ha Puc. 1.2a npuBeneHsl THIUYHBIE PE3yNbTaThl OMHOBPEMEHHOM perucTpa-
MM M3MEHEHHs JaBiicHUs (a) M M3MEHEHHs compoTuBieHHs Pd mpoBoIOKH
(Puc. 1.26, B) npu Bocrnamenenuu cmecu 40% H, Bosayx npu 128 °C npu P
= 1 arm. Kak BumnHo u3 Puc. 1.2a, o0miee naBieHue B peakrope gocrturaet 1
aT™M JI0 MOMEHTa BOCIUTAMEHEHHSI, T. €. BOCIUNIAMEHEHHE MPOUCXOAMT MOCIIE 3a-
BepIIeHUs] Hamycka Tasa. [lockoibKy mamianueBas MPOBOJOKAa HE MpOrpeBa-
eTcsl OAHOPOIHO 3a CYET TEIUIOOTBOOJA B MecTax MalKd, TO e 3aBUCHMOCTb
COIPOTUBIICHUS] OT BPEMEHHM HECKOJBKO OoJjiee 3ama3aplBacT MO CPaBHEHUIO C
KpUBOH JaBJIeHUsl. BepTUKaIbHBINA OTPE30K 3TOH 3aBUCUMOCTU COOTBETCTBYET
HW3MEHEHUIO COMPOTUBICHHUS B MOMEHT BOCIUIAMEHEHUSI.

KanubpoBky mo Temmeparype MNPOBOAMIN, H3MEHSSA TeMIEparypy
peakTopa. OgHako TeMmeparypa, usmepsiemas nocpenctsom Pd mpoBonokw,
SIBJIICTCS] HUKHEH TpaHHIled peanbHOW TeMIepaTyphl oyara BOCIJIaMEHEHUS
[21]. OcHoBHO# pe3yabTaT SKCIIEPUMEHTA COCTOUT B TOM, YTO TeMIIeparypa
peaktopa npu Bocminamenenuu cmecu 40% H, — Bosnyx man Pd (108 °C, 1
aTM) o Kpaiineil mepe Ha ~ 160° MeHbIe, yeM Haj noBepxHocThio Pt (260 °C,
1 atm, 40% H, — Bo3ayx) [21]. OTMeTuM, 4TO pa3orpes, PErHCTPUPYEMBIii
Ha Pd nposonoke (360 °C, Puc. 1.2a) HenocTaToueH A TSPMUYECKOTO HHHU-
uuupoBanus Bocnaamenenus cmecu 40% H, — Bosayx [21], Takum obpasom,
BKJIaJl MOBEPXHOCTHBIX KaTaJTUTHUYECKUX PEaKuil B IpsIMOC HHUIIMHPOBAHHE
rOpeHus BOJopo/ia HaJ MaljaJueM, B OTINYHE OT TJIaTHHBI, BeChbMa 3aMeTeH.
HanomHuMM, 4YTO ponb KaTalUTHYECKHX MpoleccoB Ha Pt moBepxHOCTH
3aKJII0YaeTCs B OCHOBHOM B pa3orpeBe IMOBEPXHOCTH JI0 TeMIEpaTypbl
BOCIIJITAaMEHEHUS;, POJb OMHUCCHUU AaKTUBHBIX LEHTPOB C TIOBEPXHOCTH
HE3HaYUTeNbHA.

[IpocTpaHcTBEHHOE pa3BUTHE BOCIUIAMEHEHUS M PACTIPOCTPAHEHUS IJIaMEHH
B 40%-ii cmecu H, —Bosyxa u (80% H, +20% CH,)__ + Bo3/yx MCCIIe0BaIM
na Pd mpososnoxoii (Puc.1.26,8). TouHo Tak e, kKak B ciyuae Pt, Pd packansercs
70 ¥ TIOCJI€ BOCIUIAMEHEHHSI M3-32 KaTaJUTHUYECKUX PEaKUUi Ha MOBEPXHOCTH
Pd. BunHo, uro B mpucyrctBuu Pd mpoBoJOKH, siuencTas CTPYyKTypa (poHTa
IUTaMEHH He HaONoaeTcs 1Mo CPaBHEHHIO C pe3yJbraTaMi, MOJyYeHHBIMH Ha
noBepxHocTH Pt [22]. Dto npoucxoaut u3-3a Gonblueit crabmibroctn PdO 1o
cpasHeHuto ¢ PtO,, pacnanaromumcsa yxe npu 500° C, u sBnsiomerocs BechMa
HECTaOWIIbHBIM COeIMHEeHHEM [22].

YroObl BBISIBUTH BKJIAQJ MMOBEPXHOCTHBIX peakiuil (BKIOUYas T€, KOTOPbIC
OTBETCTBEHHBI 3a HarpeBanue Pd npoBoOJOKH), HSKCHEPUMEHTAIBHO
ONpEACNIUIN TEMIEPaTypHYIO 3aBUCHMOCTh KOHIEHTpAallMH BOAOpOAa Ha
npenene BoCIUIaMEHEHHs. lIpenensl KaTalUTHYECKOTO BOCIUIAMCHCHHSI
crexuoMeTpuueckux cmeceit 6 + 40% H, + Bosayx (o6o3HaueHHBIE
kpectukamu) u (20+60% H, + 80+40% CH,) _ '+ Bo31yX NMpeaCTaBIEHbI
Ha Puc. 1.3a. Kak Buano, Pd mpoBonoka uHunuupyer ropeaue cmecu 40%
H, — Bo3nyx B peakrtope, koTophlii HarpeT Tonbko no 70 °C. (s cpaBHe-
HUSI, BOCIUIAMEHEHHUE TOH ke cMecu Pt mpoBosiokoit TpeOyeT HarpeBaHus 10
260 °C [21]. Kpome TOTO, KaKk BHAHO M3 PHUCYHKA, MHHMMAalbHas KOHIICH-
Tpauus H, Ha npenene cocrapiaseT npubAM3UTENLHO 5%, 4TO OY€Hb OIM3KO
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K KOHIIEHTPAIlMOHHOMY TIpefieny BocmiameHeHus H, mpu armocdepnom
JaBJI€HUH NPHM WHULMUPOBAHUM UCKpoi [23, 24]. Dto o3nauaer, uto CH,
B cmecax H, — CH, — Bo3ayx pearupyer ToibKO B ra3oBoil (ase, a He Ha
moBepxuoctu Pd. OTmeTm Takke, uro Pt mpoBosIoka TOTO %K€ camoro pasmepa
npu Temieparypax peakropa a0 450 °C He HHUIIMUPYET TOPEHHUE HU OJTHOH 13
cmeceit (20+60% H, + 80+40% CH,) _ '+ Bo3ayX.

HaoGopor, Pd npososnoka ununuupyer ropenue cmeceit (30+60% H, +
70+40% CH,) _ .+ Bo3myx (kpyxku Ha Puc. 1.3a). OmHako ropeHue cmecu
(20% H,+80% CH,) . +Bo3ayx npu Temneparypax 10 450 °C uHUIHMHpOBATH
Pd mpoBostokoii He yaamoch, BEPOSTHO, TIOTOMY YTO KOHIIEHTPAITHSI H2 B CM€ecH
(2.2%) oxa3anmach HWKE, YeM KOHIICHTPAIMOHHBIA MpPEAeNT BOCIUIAMEHECHUSI
Boziopoza [23,24].

P,MIIa c

B 8 8 & %

]

#

Puc. 1.2. a) ojHOBpEeMeHHasi pErMCTpalis pa3orpeBa U cpeaHeil temmeparypsl Pd crimpanu npu
VHUIMUPOBAHUH TTaJUIaiueM BociuiaMeHeHus cmecu 40% H, ¢ Bo3yxom. T0=128 °C, P0=1.O8 arM;
6) MoCIen0BaTENBHOCTh BUACOKAIPOB MHUIMMPOBAHHOTO Bocmiamenenus cvecu 40% H, c
Bosayxom. T =120 °C, P =1.25 arm, 600 kampos/c;

B) IOCJIEI0BATEILHOCTh BUICOKAPOB MHUIIMHUPOBAHHOTO BOCILUIAMEHEHHSI CTEXHOMETPHYECKOI
cmecw (80% H, + 20% CH,) + Bo3zyx. T,=190°C, P =1.17 arm, 600 xanpos/c

CTEXHOM

3aBucHMOCTb 1011 H, B roproynx cMecsx OT TeMIeparypbl B KOOpAMHATaX
Appennyca npencrasiena Ha Puc. 1.30. Kak BUIHO W3 pHCyHKa, 3Ta 3aBHCH-
MOCTb MOXET OBITh alMPOKCUMHUPOBaHA NPsAMOit TnHUeH (Ko3dHIneHT Koppe-
nsiimu 0.98). JlanHbie ObLTH 00paboTaHbI ¢ UCTIOIb30BaHUEM TakeTa Statistica 9
nporpammel (Statsoft).

N3 Puc. 1.30 MbI MOYKEM MPUITH K 3aKJIFOYCHHUIO, YTO 3aBUCUMOCTB JIJISl CMECEH
H, — CH, — Bo3myx onpezensercs Tonbko noneii H, B cMecu. Mbl OrpaHuYHINCh
40% H, B cmecu, moToMy 4TO MOCI€E NANbHEHIIETO YBEIMYEHHsI COAEPIKAHUS
H,, peakuus okucnenus Bogopoza samenusercs [24]. ITo stoit npuunne Bemu-
yrHa YQQEKTUBHON DPHEPTUM aKTHUBAIMHU, TIONyUYCHHAs HUKE, SIBISIETCS TOJBKO
OLICHKOM.

PaccmoTpum  mpupomy TOMYYEHHOW TMPUOTU3UTEIHHOM 3aBHCHUMOCTH.
VYkakeM, 4TO 3TO MPHOJIMKEHHUE JTOCTATOUHO rpy0oe; HO HUKE OHO TMO3BOJIUT
HaM JIOCTaTOYHO IOCIIEIOBATEIFHO CHCTEMaTH3UPOBATh JKCIIEPUMEHTAIbHBIC
pe3ynbTaThl Ui TIPENeNIOB  KaTalUTUYeCKOTO  BOCIUIAMEHEHHsSI  Hall
UCCIICIOBAaHHBIMH  OJIaTOPOJHBIMUA METaJIaMH. B OTCyTCTBHE TIpOIIECCOB
HEJTMHEWHOTO Pa3BETBICHUS JISI CTEXHOMETPUIECKON CMECH 2H2 + 02, HIDKHAH
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npezesn BociuiaMeHeHns (OTMEUYeH HIDKHUM UHICKCOM |lim) mpu HU3KUX [1aBJIeHH-
X coctapiseT (cM. BBenenue):

2k; (02)1im = k4, T.e. (02)im = 2(H2)uim = ka/k,

rae K, — KOHCTaHTa CKOPOCTH I€TEPOreHHOT0 OOphIBA AKTHBHBIX HEHTPOB
ropenus (cnabo 3aBucsias OT TemnepaTypsl) U K, — aKTHBUPOBAHHAs KOHCTAHTA
ckopocth passereienus (16.7 kkan/mons [25]).
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200+ \
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Puc. 1.3. @) sKcrieprUMeHTAlbHAS 3aBUCUMOCTh TEMIIEPATYPhI BOCIUIAMEHEHHUS HA KOHIIEHTPAIMOHHOM
TIpeJiesie OT COICPKAHIIS BOIOPOJIA B CMECH, KPECTHKU OTHOCSTCS K CMECH BOLOPOZ-BO3/IYX;
0) 3aBHCHMOCTH &) B KOOp/IHATaX AppeHnyca

1

Takum oOpa3oMm, MbI TOJy4aeM 3aBUCUMOCTh Appenuyca In(H,) i, om =
C TIOJIO)KUTENBHBIM HakIoHOM. OUeBUHO, TETEPOTEHHAs MPHUPO/IA MpoIiecca
Ha Pd 3amerHo ycrmoxkHseT aHaigu3. OJHAKO MOXHO IMPEANOIOKHUTH, UYTO
B KAaTaJMTHYECKOM OKHCIEHMH H, CKOPOCTH peakuuu 3aBHCHT, TJIaBHBIM
00pa3omM, OT KOHLEHTpauuu H,, KoTopass MOXKeT ObITh BBRIPAXKEHA JUIS CTALMO-
HapHOTO COCTOSHUS KaK OTHOIIEHHE HEKOTOPBIX NBYX I(P(HEKTUBHBIX KOH-
cranT [25].

DKcrepuMeHTanbHOE 3HaYeHHe d(()EeKTUBHONM YHEPTHH aKTHBAINH ITPOIiecca
cocrapiser E = 3.5+1 kkan/Mosib, KOTOPOE XapaKTEPHO IS TMOBEPXHOCTHBIX
nporieccoB [25]. Otmernm, uto BenuunHa 3(HGEKTUBHON SHEPIHH aKTHBAIMU
OM3Ka K HEPIHU aKTUBAIMK ajcopOimu — aecopOiu Bogopoaa Ha Pd [26].
OpnHako, 4TOOBI 00ECTIEYNTh BOCILIAMEHEHHE, JOJKEH MPOU30NTH IMKIT peak-
IIMif, B KOTOPBIX OCYIIECTBIsICTCs pa3BeTBicHue [24]. Axrtusuposannas (E =
16.7 xxan/mons [25]) romorennas peaxius passerienus H + O, — O + OH
SIBJISIETCS] CAMOM MENIJICHHOM 31eMeHTapHO peakuuel nukia. [ToaTomy nMeHHO
SHEpPrusl aKTUBAIlMM PAa3BETBIEHUS [IOJDKHA OIPENeNITh TEeMIIepaTypHYIO
3aBHCHMOCTH OpYTTO-TIPOIIecca, KaK 3TO MPOUCXOIUT B CIIydae METATHIEeCKON
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Pt xak xaramuzaropa ([21], cm. Taxoke I'masy |). Dto o3mauaer, uro B ciydae Pd
pas3BETBICHNE MOKET HUMETh TE€TEPOTEHHYIO MPUPOJLY, TOTOMY 4TO d((EKTHBHAS
SHEPTUs aKTHUBAWHU Oim3Ka K ~ 3.5 kkan/monb. [TonydeHHas mpuOIU3UTEIbHAS
BennmunHa E Hapsiy ¢ pesynmeratamu, npeacraBieHHbiME Ha Puc. 1.3a, 0,
MOXKET OBITh WCITOJB30BaHA B MPAKTHYECKOM MPUMEHEHHUH JUIS OIECHKH
BocItamMensemocTtu cmeceit H, — CH, — Bo3yx B IpUCYTCTBHM METAILTHYECKOTO
nasiaaus.

W3 Puc. 1.26, B BUAHO, 4TO NpH MHUIMHUpOoBaHuU Pd mpoBomokoit ropenune
COIPOBOXK/IAETCSI OPAHIKEBBIM CBEYCHHEM KaK Ui BOAOPOIHOMN, TaK U BOIOPOI-
METaHOBOH CMECH, TP OTOM JUIsi TOCIJIEJHEH CMecH yKa3aHHOE CBEYCHHUE
pacrpocTpaHsieTcss HEOJHOPOJHO M HE3aBUCHMO OT cdepuieckoro (GpoHTa
mIaMeHH. bBBima caemaHa TOMBITKA YCTAHOBUTH MPHUPOLY OTOTO CBEUEHHS
THITEPCIIEKTpaNbubIM MeTomoM. Ha puc. 4a, 6, B NMpHUBEIEHBI ONTHYECKUE H
UK crekTpbl u3nyvenus riamenu sogopona u cmecu (80%H, + 20%CH,)
+ BO3IyX, 3apErHCTPHUPOBAHHOTO BOJb BEPTHKAIBHON JTHHUU IO JHAMETPY
ONTHYECKOro OKHa (KpacHas nunus, Puc. 1.1a).

VkakeM TIpeaBapUTEIbHO, YTO IIaMs BOIOPOJAA TPH HU3KHUX JABICHHUIX
NPaKTUYeCKd  HEBUIMUMO, [OCKOJIBKY  €ro  HM3JydeHHe  OOyCIIOBICHO
MPENMYIIIECTBEHHO M3IydEeHHEM THAPOKCHIBHBEIX pamukamoB OH AZX —X?I1
B yabTpaduoneroBoir obmactu npu 306 HM [24]. B cnekrpe ropeHus
CTEXHOMETPUYECKO CMEeCH MEHTaHa C BO3MYXOM HaOFOIAI0TCS MHTEHCHUBHbBIC
JMHUM aTOMOB INEJIOYHBIX MeTauioB Hatpust (581 um) m kamus (755 Hwm),
MPUCYIIME BCEM TOPSYMM TuIaMEHaM [24] ¥ MOJI0CH MapOB BOABI B WHTEPBAJIE
900- 970 um [27, 28]. B UK crekTpe HaOMIOMAIOTCS MIMPOKUE TIOIOCH BOJIBI
mexay A= 1300 um u 1600 aM. Oxono 1400 HM perucTpupyeTcss OTHOCUTEIIBHO
y3Kkas mojioca paaukaga OH* [29].

OTMeTHM, YTO CHEKTpHI, TpuBenéHHble B [28] m B Hacrosmeii pabore,
PETHCTPUPOBAIA B OJHOM M TOM JKE€ PEAKTOpE C MOMOIIBI OTHOH U TOH XKe
TUTIIEPCTIEKTpanbHON Metonuku. U3 Puc. 1.4a, 6 ciaemyeT, 9TO OCHOBHBIMHU OCO-
OeHHOCTSIMHU CTIeKTpoB iamMenu 40% H2 + BO3/1yX, MHULIUUPOBAHHbBIX NaJlIaau-
€M B BUAMMO 00J1aCTH, TT0 CPABHEHHUIO C OIITHIECKUMH CIIEKTPOB M3ITyUEHHUS BO-
JOPOIHOTO TUIAMEHH, MHAIIMMPOBAHHOTO MIATHHOBOM MPOBOJIOKON M MCKPOBBIM
paspsaom ([28], Puc. 13 a) sBisrorcst:

a) OTCYTCTBHE CHCTEMBI SMHCCHOHHBIX Toioc B obmactu 570 — 650 M,
orHecéHHBIX B [30] k H,0*. DT0 MOKET OBITH CBA3AHO C TEM 0OCTOATEILCTBOM,
4TO B JaHHOW paboTe HMCIOJIb30BAIIM OINTHYECKOE OKHO W3 Jeikocarupa,
a He kBapma, kak B [28]. Jle#ikocarnup, B OTIHYKME OT KBapiia, HE COMEPIKHUT
moBepxHocTHBIE OH-rpymmbel. Takum 00pa3oM, BO3HHKHOBEHHUE TTOJIOC BOJBI B
obmactu 570 + 650 HM MOXeT OBITH 00YCIOBJICHO aJICOPOOTIOMHUHECIICHITUEH
BOJIBI HA KBaplle; Ha JIeHKocarndupe Takoi mporecc HeBO3MOXKEH;

0) MOBBIIIEHHAs WHTEHCUBHOCTH T0JI0C Boabl B obmactr 900 — 970 uM mo
CPaBHEHHIO C MHTEHCUBHOCTSIMH JIMHHH IIETOYHBIX METAJUIOB.

D70 yKa3biBaeT Ha BO3HUKHOBEHHUE JIOTIOJIHUTEIBHOTO HCTOYHHUKA BO30YMKIEH-
HbIX Mosiekya H,O. Panee mbl nokasanu [31], uto kaTanuruyeckas akTHBHOCTb
MMOBEPXHOCTH TMaJUIaJNA B PEAKIMK TOPEHHS BOAOPO/IA BEIIIIE, YEM ITOBEPXHOCTH
IUTaTHHBL, 8 IMEHHO HapsIy C HHUIIMUPOBAHUEM Ta30BOTO TOPEHHS, IMEET MECTO
ObICTpasi KaTaTMTHYSCKAsl PeaKilnsi OKUCICHUSI BOJOPO/Ia Ha TOPsUeii TTOBEPXHO-
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ctu Pd. IMeHHO 3Ta peakiiys MOKEeT MPUBOIUTH K 00Pa30BAHUIO TOTIOTHUTEIb-
HOTO KOJTMYECTBA BO30YXIEHHBIX MOJICKYJ BOJIBI.

PestoMupyem pe3ynbTarhl, MOyYeHHBIE B HACTOSIIEM Maparpade.

DKCNEepUMEHTAILHO TI0Ka3aHO, YTO TEeMIIepaTypa BOCIUIAMEHEHUS CMECH
4O%H2 —Bo3ayx Hag Metautrnueckum Pd (70 °C, 1 atm) ma ~ 200 °C meHbIIe, 4eM
Han nmoBepxHocThio Pt (260 °C, 1 arm). Kpome Toro, Pd mpoBosioka nHHIIUHPYET
Bocmiamenenne cmecet (30+60% H, + 70+40%CH,) _ -+ Bosayx; Pt
MIPOBOJIOKA TOTO K€ pazMepa HE MOXKET WHHUIMUPOBATH BOCIUIAMEHEHHE ITHX
cmeceit 1o 450 °C. Drto o3nauaer, uto Pd mpoBosoka Kak karamu3arop Oosee
s¢dextuBHa, yeM Pt mpoBosioka.

Bbuto mokazano, 4to suercTas CTpyKTypa ppoHTa INIaMEHH [TPH BOCIIaMEHe-
HuK Ha Pd poBoIOKe He HAOIFOIASTCs 110 CPABHEHHIO C PE3yJIbTaTaMH, MOTyYeH-
HBIMH Ha moBepxHOCTH Pt. TTosTtomy Pd Gonee mepcreKTHBEH Tt BOMOPOIHBIX
pexomOuHaTOpoB B ADC, MOCKOIBKY KaTaIUTUYECKUE YaCTUIIBI HE TTOSBIISTIOTCS
B Ta30BOH (ha3ze, KaK 3TO UMEET MECTO IPH MCIOIb30BaHuH Pt.

DKkcrnepuMeHTallbHOE 3HaYeHUE d(D(EKTHUBHOM YHEPTUH aKTUBAIIMH MpoIecca
oreHeHo kak 3.5%1 kKkan/Moiib, 4TO XapaKTepHO [UIs MOBEPXHOCTHOTO TIpoIecca.
OTO yKa3blBaeT Ha 3HAYMMYIO POJIb TEMHOBOW peakuuu pacxonosanus H, u O,
Ha Pd, HabmromaemMoil HemocpeICTBEHHO MPU HU3KUX AaBieHusx. Hamuuue 3Toi
peaxIuy YMEHbBIIAeT BEPOSTHOCTH CITyYaiHOTO B3phIBa 110 CPaBHEHUIO ¢ Pt.

YcTaHOBIIEHO, YTO B MPUCYTCTBUM JielKocandupa cucreMa SMUCCHOHHBIX
nonoc H,0* B obmactu 570 — 650 HM OTCYTCTBYET, JaHO BO3MOMKHOE
00BsICHEHUE JTOrO sABICHUA. [IpemiokeHOo OOBSICHEHHE BO3HUKHOBEHUS
JIOTIOTHATEILHOTO UCTOYHHKA BO30YKJIEHHBIX MOJICKYJ BOJBI, U3ITy4arOIINX
B o6mactu 900- 970 Hwm.
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Puc. 4. a) criextp usinydenns ropenus cmecu 40% H, + Bosayx, runepcnexrpomerp BUJ-UK-3,
30 kaxpos/c;

6) 3aBUCHMOCTH HHTEHCHBHOCTH CTIEKTPOB M3Tydenus ropenns cmecu (80%H, + 20%CH,)
BO3/lyX OT BpeMeHrH, runepcrnexrpomerp BUJI-MK-3, 300 kaapos/c;

B) 3aBHCHMOCTh HMHTCHCHBHOCTH CIEKTPOB H3IydeHMs ropenus cmecu 40%H, + Bosgyx or
Bpemenn, runepcnekrpomerp BUK , 300 kanpos/c. CriekTpbl n3nydyenus ropenns cmecu 40%H, +
BO3/IyX B 9TOH CIEKTPAIBHON 00JaCTH Ka4E€CTBEHHO HE OTIIMYAFOTCS.

C yBenuueHHEM HOMEpa CIEKTPa BpeMst pacTéT
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§ 2. BOCILIAMEHEHUE CMECE#1 BOJOPO/ - YITIEBOJOPO/I
(C1-C6) - BO3YX HAJl HOBEPXHOCTBIO MAJLJIATUS
MPU JABJIEHUSIX 1+2 ATM

CMeceBble TOIUTMBA BOJIOPOA — YINIEBOAOPOJ IMPHUBJICKAIOT BHUMAaHUE Kak
aJIbTepHATHBHBIC BUJBI TOIUIMBA JISi TIPOU3BOJACTBA SHEPTUU IO JBYM OCHOB-
HBIM npuurHaMm. [lepBas nmpuunHa OTHOCHUTCS K 100aBKaM BOAOPOJa K METaHy C
LEJIBIO YITyUYIICHUS] XapaKTePUCTHK, PACIIMPEHUs AUana30Ha UCIONb30BaHUs U
YMEHBILIEHHUS BEIOPOCOB 3arpsi3HSIONINX BEHICCTB MPH MCIOIB30BAaHUN OCIHBIX
cMeceil B cranmoHapHbix [32] 1 MoOomibHbIX [33] cuctemax. Bropas mpuumHa
CBsI3aHa C MEPCIEKTUBON HCIONB30BaHKs BOJOPOAA B TOIUIMBHBIX dJIEMEHTaX M
YCTPOWCTBAaX, HCIONB3YIOMNX Topenue [34] npu pa3BUTHH BOIOPOIHOI SHEpre-
THKH.

OueBuIHO, YTO MCIHOJNB30BaHME TOPEHMsS 3apaHee MepeMelIaHHBIX CMecei
SBIISIETCS. ONHUM M3 MHOTOOOCHIAIONIMX METONOB BBIMOJIHEHUS CTPOTHX
TpeOOBaHMIi 110 OrpaHUYIEHNIO HexesnareabHoi smuccur NO, ipu npou3BoCTBe
SHEPrHH, B T. 4. B JIBUTATeNIsIX BHyTpeHHero cropanus [35, 36]. YmeHbiieHue
TEMIIepaTypbl TOPEHUs], KOTOPOe 00eCIeunBaACTCS IPH HCIIONB30BAaHUN OCTHBIX
cMeceH, MOXKET 3HaYUTeNbHO yMeHbIIMTE smuccuio CO, u NO,, onnaxo Tpely-
IOTCSI IOTIOJTHUTENIbHBIE HCCIICAOBAHMS, YTOOBI PEIIUTh BOMPOCHI, IPEMSTCTBYIO-
LIMe IUPOKOMY PAacIPOCTPAHEHHUIO 3TOH TexHoioruu. Hanpumep, 6onee Hu3KHe
TEMIIEpaTypbl TOPEHUs 3apaHee MepeMElIaHHBIX CMECEH MOTYT IMPHUBECTH K
MOAABJICHUIO PEaKINi OKUCIICHHUS, YBETUUEHHIO HexenaTeabHoi amuccun CO u
MOHIKCHUIO CTa0MIBHOCTH Kamep cropanust [37].

[IpuponHbie ra3el, IMpencTapisromue co0Ool, Mpekae BCEro, MeTaH, MOTYT
CoZiepKaTh OT HECKOJIBKHX MPOLEHTOB 10 18% npyrux ra3os, B 3aBUCUMOCTH OT
MmectopokaeHus [33, 37]. DTUMH pUMECSIMH SBISIOTCS 00BIYHO YIIICBOIOPOIBI
C, n C, — sran u nponan. M3MeHeHHUs cOCTaBa NPMPOIHOIO ra3a MOTYT BbI3BaTh
U3MEHEHHUs B XMMUH ero ropenus u smuccur NO, .

Karanurudeckoe BOCIIIaMEHEHHE MOXKET MPOSIBUTH CBOU IVIaBHBIC MPEUMY-
IIECTBA MPHU HMCIOJIL30BAaHUU OSTHBIX TOPIOYMM TOIUIHMB [38], MOCKONBKY ¢ UC-
MOJIb30BAaHUEM KaTaln3aTopa MOKHO HHUIMHPOBATH TopeHue Oojee OemHBIX
cMmeceld, yeM OOBIYHOM cBeuoil 3akuranus. [Ipu sTom HeT HHUKAakUX 3(dexToB
TYLICHUS [IPH MEKTPHYECKOM MPOOOE, KaK MPH MCIOIb30BAaHUHN IEKTPOIOB CBE-
YH 32)KUT'aHUs, ICTOYHHUK BOCIIJIAMEHEHHSI MOJKHO TIOMECTUTH B MPOU3BOJIHLHOM
MecTe B Kamepe cropanus. JJisi KaTamuTHYeCKOro BOCINIaMEHEHHS He TPeOyIoTCsI
ANEKTPOIbl U CUCTEMA MOKHUTa, CIIE0BATENBHO, SPO3HS JIEKTPOAOB HE MOXKET
HMETh MECTa, MO3TOMY BpeMsi (YHKIHOHHUPOBAHUS KAaTaTUTUYECKOW CHCTEMBI
BOCTIJIaMEHEHHS Oy/IeT 3HAYUTEIBHO OOJIbIIIe, YeM Y YCTPOUCTBA, HCIIONB3YIOIIe-
ro cBeuy 3aKuranus. K coxxanaeHuto, 3To He KacaeTcsl Majulaans, KOTOPbIH mojI-
BepraeTcs TPaBJICHUIO B TulaMeHH Bogopoaa (cm. [maBy 1). Ponuii 3HauntensHO
Oonee cTOEK.

CymecTByeT HEOOXOAMMOCTH B pPa3pabOTKe Karajlin3aropoB, KOTOpHIE
obecrieynBarOT OKHCIeHHE npu HU3KUX Temmeparypax (< 300 °C), mns Ho-
BOTO IOKOJEHUS BBICOKOA()(EKTHUBHBIX JBUTaTelied BHYTPEHHEro cropa-
uus [39]. TIpobGnembl CTaOMIBHOCTH KATaIM3aTOPOB OBLIM HMCCIICIOBAHBHI,
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Harpumep, B padore [40]. Bbio mokazaHo, 4To majiaJAueBblil KaTaanu3arop Ha
OCHOBE OKCHJIa aJIIOMHHHS HecTaOUIIeH IpY KOHBepcHun MeTaHa. JlobaBieHne
IJIATHHBI K 9TUM KaTaJin3aropaM 00ecreynBaeT 3HaYNTEIbHO 00JIee BRICOKYIO
crabunbHOoCcTh. C pyroit ctoponsl, Pd — Pt kaTanu3zatopsl oOpaTuMo oTpas-
JSIOTCS TIapaMH BOJBI, T. €. MOCJE YAalleHUs] BOJBl MX aKTHBHOCTH BOCCTa-
HaBIUBAETCA. IIpH 3TOM CHIDKEHHE aKTHBHOCTH Pd/A|203 HE HaOIromaercs
JUTsL BCEX TOIUIMB, B PE3yJIbTaTe TOPCHHS KOTOPHIX 00pa3yIOTCs Mapbl BOBIL.
Bonopon Becbma crabuibHO okucisercs Ha Pd/ALO,. Ilpu sTom crenensb
KOHBEPCHH 3TaHA HEMHOTO YMEHBIIIAETCS CO BpEMEHEM, HO HE B TaKOW cTere-
HU, KOTOpasi HAONIOJaeTCsl TPH KOHBEPCUH METaHa.

Baaropomusie Metassl Pt u Pd Bawstfor Ha BOCIUTaMEHSIEMOCTh TOIUIMB Ha
OCHOBE METaHa M BOJOpPOJa TO-pa3HOMY. bbUIO MoKazaHo, 4TO TeMmIeparypa
Bocriamenenus cvecu 40% H, — Bosayx na mamnaauu (70 °C, 1 arm) Ha ~
200 °C memnsIire, yem Ha moBepxuoctu Pt (260 °C, 1 arm) [31, 41]. Kpome Toro,
Pd unumuupyer ropenue crexuomerpuueckux cmeceit (30+60% H, + 70+40%
CH,) + Bosnyx (0 = 1, HamomuuM 4Tto O sBsAETCA J0Jel TOIIMBA B CMECHU C
Boszyxom: OH, + 0.5 (O, + 3.76N,)); meraminyeckas NiaTiHa He HHULMHPYET
ropenue 3tux cMmeceit g0 450 °C, T. e. MeTa/UTMUeCKUi mayutaauii 0onee 3 dek-
TUBEH, 4eM Pt. Bbuo Takke mokasaHo, 4To si9encTast CTpykTypa GpoHTa IIaMeHH
IIPU BOCINIAMEHEHHH Ha ITOBEPXHOCTH NAILTA s He HAOII0IaeTCs IO CPABHEHHIO
C pe3yJbTaraMy, IMOJy4YeHHbIMU Ha TIoBepxHOCTH Pt. Takum oOpa3om mauiauii
MpeCTaBISIETCs 00ee MOIXOSIIUM JUIsl HCIIOIh30BaHHSI B BOJOPOIHBIX PEKOM-
ounaropax Ha ADC, MOTOMY YTO KaTaTUTHUECKUE YACTHUIIHI KaK IIEHTPBI BOCILIA-
MEHEHHS!, BOSHUKAIOIINE IPU TEPMHUUECKOM Pa3IOKEHUU JTa0UIILHOTO OKCH/IA, He
MOT'YT HOSIBUThCS B Ta30BO# (aze [42].

DkcnepuMeHTalbHOEe  3HaueHHe A(PQEeKTUBHONH  SHEpruM  aKTHBALUH
mporiecca BOCIUIAMEHEHHUST BOJIOPOJ0-BO3AYIIHBIX CMECEH HaJl OBEPXHOCTHIO
METaLTMYECKOr0 Majuiaausi oueHeHo Kak 3.5x1 kkai/Moib, 4TO XapaKTepHO
JUIsl IOBEPXHOCTHBIX MPOIIECCOB. DTO YKa3bIBAET HA 3HAYUMYIO POJb TEMHOBOI
peaxIuy OKUCICHHUsT BOJOPO/Ia, HAOIIOIAEMOM HaJl ITOBEPXHOCTHIO MaJIans IPpH
HI3KHX HaBieHusx [31]. OueBuaHO, YTO MPOTEKAHUE ITOW PEAKIMU YMEHBINACT
BEPOSITHOCTh CITYYaifHOTO B3pbIBA MO CpaBHEHHIO C Pt.

ITaparpad mOCBSIIEH YCTaHOBICHHIO OCOOCHHOCTEH TOPEHUS TOILUIUB,
coxepskamux cmecu Bopopon — ymiesonopon (C, — C,, a umenno CH,, CH,,
C3H8, C4H10, C5H12, C6H14) ¢ 0 =0.6 + 1.2 HaJ MOBEPXHOCTHIO MAJTAIUS TIPU
obmem maeienun 1 + 2 arm. llenbro Hacrosiiero maparpaga ObUIo Kak ycTa-
HOBJICHHE 0COOCHHOCTEH pacrpocTpaHeHus (pPOHTa IUIAMEHH B CMECSX, TaK U
TEMIIEPAaTYPHOH 3aBHCHMOCTH Ipejielia BOCIIAMEHEHHUs] HajJ TOBEPXHOCTHIO
nasaus.

MeTtoauka IKCIIEPUMEHTA

DKCTepUMEHTHI BBIIONHAIN ¢ Ta30BbiMu cMecamu 30% yriesogopon (C, —
C,) + 70%H, + Bosmyx npu 6 = 0.6 + 1.2, u nasnenuu 1 + 2 arm. B sxcnepumen-
TaxX UCIOJIL30BATM HATPEBAEMbIN IMIMHIAPUYCCKUN peakTop U3 HepikaBeroleit
cTau JUIMHOM 25 cM u quamerpoM 14, cHaOKEHHBIM ONTHYCCKUM CanUpPOBBIM
OKHOM B ofiHOM u3 TopIioB (Puc. 2.1).

128



I'masa I1. 3akoHOMepHOCTH TOpeHust cMeceit Bogopoa—yriesoaopoa (C1 — C6) — Bozmyx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

e

6
11 = \ ) — 7
= 13
I = | 8
12— = e

-
IS

7
len

1

2

2
5 -

“,
,

\\\'\ 4

Puc. 2.1. Cxema >KCHEpPUMEHTAJIBHON yCTAaHOBKH: 1 — peaxkTop W3 HepxaBeromel cramu, 2 —
JNIEKTPOHATPEBATeNb, 3 — TEIUIOBast W30JALMs, 4 — Kiamadbl, 5 — OydepHbIii 00beM BBICOKOTO
JaBiieHus1, 6 — onruyeckoe OkHO, 7 — nudpoBas KMHOKamepa, 8 — mamiaaueBas crupaib, 9 —
manometp, 10 — cucrema peructpanu, 11 — mudposoit MmummBoneT™MeTp, 12 — MOCT YHUTCTOHA,
13 — runepcriekrpomerp 400-1000 uwm, 14 — runepenexkrpomerp 1000-1700 um

Bosee neranbHOE OMMCaHWE YCTAHOBKH MOXKHO HaiTH B [43, 44]. TouHOoCTh
n3Mepenus Ttemrneparypbl cocraBisuia 0.3K. Perucrpanmio BocruiamMeHeHUsI
W PacHpoOCTpaHEHHUs] TUIAMEHH OCYIIECTBISUIA C  TIOMOIIBIO  IBETHOM
BBICOKOCKOpOCTHOHM Kamepwl Casio Exilim F1 Pro (wacrora kaapos — 600 c).
Buneodaiin coxpaHsim B TaMsATH KOMIIBIOTEpPA, 3aTeM MPOBOIWIMA €ro To-
KazpoByl0 00paboTKy [42]. CrHeKkTpoCKOMUUeCKne H3MEPEHHs IPOBOIUINCE
C HCIOJb30BAHUEM THIIEPCHEKTPOMETPOB, ITO3BOJSIOIIUX  OJHOBPEMEHHO
U3MEpsATh  CIEKTPalibHbIe W TPOCTPAHCTBEHHbIE  KoopauHaThl  [45].
l'unepcrnekTpoMeTp PEerucTpupyer y3Kyr TOJOCY Ha HCCIENyeMOM OOBEKTe.
OnHOBpeMeHHast PEeruCTpaIys OCYIIECTBISIETCSI C UCTIONB30BAHNUEM JIByMEPHOM
Marpuilbl (OTONPUEMHHUKA, BIOIb OMHON KOOPAMHATHI KOTOPOH H3MEpseTcs
MPOCTPAaHCTBEHHAs] KOOPIMHATA, B TO BPeMsl KaK CHEKTpajbHas KOOPIMHATA
(nyMHA BOJTHBI) M3MEpSIeTCsl BIOJb APYroil KoopauHaThl. M300paxeHue y3Koii
MOJIOCKI Ha HCCIEIyeMOM OO0beKTe (GOPMHUPYETCS OrpaHHYHBAIONICH MICITHIO
nradparMeHHoro OJoka rurmepcrekTpoMeTpa. [10CKONbKy AaHHBIE OepyTcs C
MaTpuIibl (OTONIPUEMHHKA TUIIEPCIIEKTpOMETpa ¢ YacToToi kaapos g0 300 I,
TO PErHCTPHUPYETCS] BPEMEHHAS 3aBHCHUMOCTH CIIEKTPOB H3JIyYeHHMs Mpolecca
roperusi. B 3ToM maparpade kak BHICO3aUCh TOPSHUS, TaK M PETHCTPAIUs
mpolecca TOPEHHUsT TUIEPCIIEKTPOMETPOM BBITIONHIIMNCH OIHOBPEMEHHO, M
IIOJIyYECHHBbIE JaHHbIE BIOCIEACTBUM cpaBHMBand. ['mnepcnexrpomerp BU/I-
WK3 [17] ncnions3oBainu it usmMepennii B nuamazone mmud BoaH 400-1000 v,
a runepcrektpomerp BUK ucnonb3oBanu ans uamepenuid B nuamazone 900—
1700 um [46].

129



Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJ| 6J1aropoiHbIMU MeTaJlJIaMH

OTkauyaHHBII W HarpeThlii peakTop OBICTPO 3aMONHSIIA HCCIeTyeMOH
razoBoil cMechlo U3 OypepHoro oobema 10 HeoOXoAUMOTo JaBienus. [Ipenen
BOCIIJIAMEHEHUS OTPEeNsNIA KaK CpeJHee M3 JBYX ONU3KUX TeMIlepaTyp
MpY JJaHHOM JIaBIIGHWH; TIpU OoJiee BBICOKOH TeMIieparype BOCIIaMEHEHHE
MPOUCXO/IMIIO, TpH Ooyiee HU3KOM BOCIUIAMEHEHHE OTCYTCTBOBaiO. Jlist
6BICTpOFO OTKPBITHUA MW 3aKPbITHA Ta30BbIX KOMMyHI/IKaIII/Iﬁ HUCITOJIB30BaJIN
JJEKTPOMArHUTHBIA KianaH. [[ius perucTpauuu JOaBIEHUS IPU HaIlyCKe
U TOpPpCHHUH rai3a HUCIIOJIb30BaJIn €MKOCTHOM JaTYUK OaBJICHUA. B pEaKTop
roMeliadd najjaagueByo crupanb u3 npoBosiokd 80 mMm mimaoi u 0.3
MM B AUaMETpeE. 3Ty cypajb HCIOJbB30BaIM KaK 4 HWHUOUHUPOBAHUA
BOCIIJIaMECHCHU A I‘OpIO‘IefI CMECH, TaK U Jid OLCHKH BCJIMYMHBI pa3orpeBa
MIPOBOJIOKH, KOTOPYIO HMCIIOJIB30Bald Kak TUIEY0 MOCTOBOM cxembl. [lepen
KKJBIM JKCIepuMeHToOM peakTop oTkaumBanu g0 0.01 Topp; mnocie
KaXXJ0Tr0 BOCIUIAMCHCHHUA OTKA4YKy peakTopa OCYHECTBIIAIN B TCYCHUC
1.5 gacoB juist ynaneHus OOiblIel yactu napoB Bojbl. OOmmiee naBieHHE B
peakTope perucTpupoBalid BaKyyMMETpPOM, JaBieHue B OydhepHOM oOBeme
KOHTPOJIMPOBAIH O0pPa3OBBIM MaHOMETPOM. lcrmonp30Banu XUMHUYECKH
yucteie razsl u Pd 99,85%.

Pesyabrartsl u 00cyxkaeHue

TunuuHbIe MOCIIEIOBATENFHOCTH KaJPOB BUICOCHEMKHU MPOCTPAHCTBEHHOTO
pasBUTHS BOCIUIAMEHEHHS, WHHUIUHMPOBAHHOTO MAaJUIAJMCBON TIPOBOJIOKOH W
PacnpoCTpaHeHus IIAMEHH MTPEIBAPHTENBHO MOArOTOBIEHHBIX cMmeceit 30%CH,
+70%H2+B03,Z[YX u 30%C2H6 +70% H,+Bo3myx mpu 0 = 0.6+0.9, u naBnenuu
1,75 at™ nipesicTaBineHsl Ha Puc. 2.2 a, 0. TouHo Tak e, Kak B ciydae Pt [31, 41,
42], nayutaaueBas MPOBOJIOKA PACKAIISETCS /10 M TOCIIC BOCIUIAMEHEHHS U3-3a Ka-
TaJUTUYCCKUX PEaKIUi Ha MOBEPXHOCTH MeTaJUTMYeckoro namianus. Kak Buj-
HO W3 PUCYHKA, B OCTHBIX CMECSX HAOMIOMAaeTCs sTUeUCTast CTPyKTypa (QpoHTa
IaMeHu. TepMoauddy3noHHas HEYCTOMYNBOCTH OCTHOTO TOTUTMBOM ITTIAMEHH
MIPUBOIUT K BOSHUKHOBEHUIO SIUEHCTHIX CTPYKTYD [43, 44].

!E
=
!

Puc. 2.2 @) CKOpOCTHas pErucTpaiys WHUIWMPOBAHUS TOPEHHS MAJUIAJHEBON CHOHUPABI0 U
pacnpocTpaHenus miaMenu B cmecsx a) 70% CH, +30% H.+air, 6 = 0.7, P = 1,75 atm, 270 °C,
600 s; 6) 30%C,H, +70%H_+air, 0 = 0.6, P = 1,75 arm, 390 °C, 300 ¢*. Uucia Ha KaK10M Kajpe
COOTBETCTBYIOT MOCJICIOBATEIIBHOMY HOMEPY BHICOU300PasKEHUS BO BPEMsI BOCILIAMEHEHHSI
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Ha Puc. 2.3 mnpuBeneHbl pe3ynbTaThl OIHOBPEMEHHOW pPErHCTPALUH
VM3MEHEHUS JABJICHUS M W3MEHEHHs CONPOTHBIICHUS MaJIaJNeBON MPOBOJIOKH
(mpomopIMOHAIEHOTO CaMOPa30rpeBy) BO BpeMsi BOCIUIAMEHEHHUsI cMmeceil a)
30% Csz +70% H,+ Bo3nyx, 0 = 0.6, 39 °C u 6) 30% CGH14 +70% H,+ Bo3ayx,
0=1.2,P=1,75 arm, 36 °C. ITockomeky Pd ¢onbra HarpeBaercsi HEOTHOPOIHO
[42], To 3aBHCHMOCTH COINpPOTHBICHUS OT BPEMEHH, KOTOpas MPEACTaBIISACT
OTHOCHUTETIFHYIO TEMIIEpaTypy, HECKONbKO ‘“‘3ama3ipIBaeT” 10 CpPaBHEHHUIO
C KUHOCBHEMKOM. M3JIOM Ha 3TOM 3aBUCMMOCTH COOTBETCTBYET HM3MEHEHUIO
COTIPOTHUBIIEHUSI B MOMEHT BocTulaMeHeHHst. O4eBHUIHO, 3HAYSHHIE TEMIIepaTyphbl,
M3MEpPEHHOE C TIOMOIIBIO TaJUTaJIeBOTO COMPOTHUBICHUS, SBISETCA HIDKHEH
FPAaHMULIE HWCTUHHOW TEMIEpaTypbl LEHTpPa BOCIUIAMEHEHMS, KOTOPBII
WHUIIMHPYET TOPEHNE ra3a, MOCKOJIbKY TpeOyeTcsl OpeieIeHHOe BpeMsi, YTOOBI
HarpeTh MajuIaJJueByI0 CIIMPAIb [EITHKOM.

[TynkrupHas kpuBas Ha Puc. 2.3 nmokaspIBaeT H3MEHEHHE B CONPOTHUBICHUH
TaJIaMeBOM CMpasiu npu Hamycke B peaktop cmecn 30% + 70%H, + Bosmyx.
Taxum 06pa3om, IepBbIii MAKCIMYM B 3aBUCHIMOCTH COTIPOTHUBIICHUS OT BPEMEHU
IIPY TOPEHUHN OTHOCHUTCS HE K MPOIIECCY BOCIUTAMEHEHHs], a K B3aUMOJICHCTBHIO
BOJIOPOJIA C TTOBEPXHOCTHIO MAIIaIns.

P,aT™m AT, OTH. 1

| P.aT™ AT, 0TH.

0

£

L=

Bl

AIL C

Puc. 2.3. OnHOBpeMeHHasi perucTpanusi U3MEHEHHsI JaBJICHHs M COMPOTUBICHUS MajlIaueBoit
CIMPAJIH BO BPeMsl BOCIUIAMEHEHHSI

a) 30% Csz +70% H,+Bo3ayx, 0 = 0.6, P=1.75 arm, 39 °C

6) 30% CH,, +70% H,+ Bosmyx, 6 = 1.2, P = 1.75 atm, 36 °C. 3anepKka BOCTLIAMEHEHHS
T obo3HaueHa Ha pucyHke. [lyHkTupHas kpuBas Ha Puc. 2.30 — HM3MEHEHHE COMPOTHBICHHUS
HaJlIaueBol criupany npu Hamycke B peakrop cmecu 30% Ar +70%H, + Bosayx o 1.75 atm

Kak BumnO n3 Puc. 2.3, obmiee naBnenue B peakrope gocturaer 1.75 atm 110
MOMEHTA BOCIUIAMEHEHHS, T. €. BOCIUIAMEHEHUE TPOMCXOUT MOCIIE 3aBEPIICHHS
HaIycKa rasa B ciydasx a) u 0). [lepuon 3aepKKu BOCIUTAMEHEHHMS T JUISl CMECH
30% C,H, + 70% H, + Bo3myx cocrasmsier ~ 2 ¢; T cocrabnser 8 ¢ mpu 24 °Cu P =
1 arm. Takum 00pa3oM, TOpEeHHE ITOTO TOIUTMBA MOXKET OBITh HHUIIMUPOBAHO IO~
BEPXHOCTBIO MAJUIa U TPU KOMHATHOW TemIieparype 0e3 BHEITHETO (PU3MIeCKOro
crumynmposanust. IIpu atom cmeck 30% C,H, + 70%H, + Bo3myx ¢ 6=0.6 nmeer
HanbosIee HU3KYIO TeMIiepaTypy npeneia Bocruiamerenus: 24 °C npu 1 atm.
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beuto nokasano, uro cmecu 30% CH, + 70% H, + Bosnyx n 30% CH, +
70% H, + Bo31yX OOHapyXMBAIOT JIBa 3HA4YEHUs TEMIEPATYpPHOTO Ipeena
BocmiameHeHus. bonee Beicokoe 3Hauenue (BITKB) moxeT ObITh JOCTHTHYTO
C TOAXOMOM To Temrmeparype “cuusy”’, 6omee Hmskoe (HIIKB) mocruraercs
npu o0paboTke peakTopa BoOCIIaMeHEHHsSMH. CKa3aHHOE WIITIOCTPUPYIOT
3aBUCMMOCTH Bocmiamensemoctu cmeceir 70% CH, + 30%H,+ Bosmyx
(Puc. 2.4a) u 30% CH, + 70% H, + Bosxyx (Puc. 2.46) or konuyecTBa
MoCJeI0BaTeNbHBIX BocIiaMenennit mpu P = 1.75 arm.

Kax BumHO W3 pucyHKa, TeMmImeparypa BOCIJIAaMEHEHHS B “‘CBeXeM’
peaktope (MOAXOM CHU3Y: MpPEkKAE BOCIUIAMCHEHHH B peakTope He ObLIO)
coctaisier ~ 315 °C mpu 6=0.9. Ilpu srtoii Temneparype cmecu ¢ 6 < 0.9
IIPU TOM K€ JaBJICHUHU B “CBEXKEM™ peakTope He BocmuiaMmeHstorcs. OTHaKo BO
BpeMsi 00pabOTKH BOCIJIAMEHEHUIMH, TEMIIepaTypa Mpe/eia BOCIIaMeHEeHUs
3aMeTHO yMmeHblnaercs u cocrasnser 274 °C npu 6 = 0.7 mocne 7 Bocmia-
MeHeHUH. Bbulo mokaszaHo, 4TO mMmpoliecc 00paTuM: mociie o0paboTKu pe-
akTopa kucnoponom (1 arm O, B TeueHue 2 MHH) Hpejie] BOCIIaMEHEHUS
BO3BpallaeTcs K cBoeMy HadainbHOMY 3HaueHuto ~ 315 °C. [TogoOHbIe 3aBu-
CHMOCTH HalJIOaIUCh TaKKe B Cliydae Bocmiamenenuii cmecu 30% C,H, +
70% H, + Bo3znyx (Puc. 2.46).

Temmeparypa mpenena KaTallMTUYECKOTO BOCIUIAMEHEHHSI B «CBE)KEM»
peaktope coctapnseT ~ 108 °C npu 0=1. Bo Bpems nocienyomux Bociiame-
HEHHUU TOTO XKe COCAMHCHHUA TEMIIEpaTypa npeacijia BOCIIIaMCHCHUA YMCHb-
maetcs u cocrasisietr 30 °C nocne 7 BocnnameHneHuit. [Iponecc takxe odpa-
TUM: nocie 06paboTku peakTopa kucmopoaom (1 arm O, B TeueHue 2 MUH)
npesien BOCIJIaMEHEHUs! BO3BPAIAETCS K CBOEMY HadyallbHOMY 3HAUCHHUIO ~
108 °C.

Taxum oOpazom, HaOromacMoe SBIICHUE TPEICTABISET COOOM THCTEPE3UC;,
€ro HpH‘II/IHOﬁ MOTYT SABJIATHCA O6paTI/IMI)Ie N3MCHCHUS IMOBEPXHOCTHU ITaJLIa AU
W, CJIeJI0BATEIbHO, aKTHBHOCTH KaTain3aTopa.

OTtMeTnM, 9TO 00paTUMbIC U3MEHEHUS TIOBEPXHOCTH TAJUIA U HAOIFOMAI0TCS
TOJIBKO JIJIsI TOILIUB H2 — METaH U H2 — TIPOIIaH; Il IPYTUX HUCCIEA0BAHHBIX
cMmeceii addekT rucrepesrica OTCYTCTBYET.
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Temneparypa ,"C
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Puc. 2.4. 3aBHCUMOCTB BOCIUIAMEHSIEMOCTH CMecel

a) 30% CH, +70% H_+Bo3xyx, 6 = 0.7-0.9;

6) 30%C_H, +70%H_+Bo31yx 0 =1, oT KONMUECTBa TOCIENOBATENBHEIX BOCIIaMeHennid. P = 1.75
aTM. 3al'[OJ'[HeHH]>Ie KPYKXKHU — BOCIINIAaMEHECHHUE, ITYCTBIC KPYKKU — BOCINIAMEHEHUS HET

DT0 03HAuUaeT, YTO MPE/IS)T BOCIUIAMEHEHUS HaJl TAJIJIaJIuEM OIPEIeeseTCs
TaK)K€ OCOOCHHOCTSMHU KHHETHUECKOTO MEXaHHM3Ma OKHCIICHUS YIJICBOIOPOJIA.
TeMmrmiepatypsl Ha Mpejee BOCIUIAMEHEHHUSI [Tl STUX CMECeH MpH 00IeM J1aBie-
Huu 1,75 arm nipeacrasnensl B Tadmurie 1.

Tabnuya 1
[Ipenensr Bocmmamenenus s cmeceit 70% H2 + 30% (sz C 4-C6) npu 1.75 atm

Toprouce 30% C,H, +70% H, [30% C,H,,+70% H, | 30% C,H , +70% H, | 30% C,H,, +70% H,
0=0.6 0=11 0=12 0=12
Temmneparypa Ha
HIDKHEM TIpejierie
KaTaJuTHYECKOro 20 28 24 36

BOCILIAMEHEHHS,
°C

Hdnsa omenkn >(PpGEeKTUBHON HDHEPTUH aKTHUBAIUH OpPyTTO-PEAKIIUH IS
cMecei, KOTOpbIe He MPOSIBISIIOT 0COOCHHOCTEH, CBA3aHHBIX C 0OPaTUMBIMH
W3MCHCHHSIMH aKTUBHOCTH KaTallu3aropa, ObLIN MOJYYEHBI TeMIepaTypHbIe
3aBUCUMOCTH TICPHOJIOB 3aJCPXKKH BOCIUIAMEHEHHUsS. DKCIIEPUMEHTANbHbIC

133



Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

3aBHCHMOCTH IE€PHOIOB 3aJCPKKH BOCIUIAMEHEHHUS OT TEMIEpaTypbl B
KoopauHaTax AppeHuyca mis Bocmiamenenus cmeceit 30% (C,H,, C,H,,
C5H12, C6H14) + 70% H, + Bo3nyx mpexncraenensl Ha Puc. 2.5. Kak BugHoO
u3 Puc. 2.5, 311 3aBHCHMOCTH MOTYT OBIThH alllPOKCHMHPOBAHBI MPSIMOHN JTH-
uueit (koaddunuent xoppessiuuu 0.98). lanupie Obut 00pabOTaHbI C HC-
MoNb30BaHMEM TakeTa mporpamm Statistica 9 (Statsoft). ITomyuennoe wus
Puc. 2.5 skcnepumeHTaibHOe 3HaYeHHE d((HEKTHBHOW DHEPTUU aKTHBAIMH
OpyTtTo-mporieccoB cocrapisier E = 2.4+1 kkan/mMoib, KOTOpOE XapaKTepHO
JUTs MOBEPXHOCTHOTO Tiporiecca [25].
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Puc. 2.5. DxcriepuMeHTaIbHBIE 3aBUCUMOCTH [IEPHUOIOB 3a/IeP)KKU BOCIUIAMEHEHHSI OT TEMITEPATy PbI
B KoopanHaTtax Appennyca npu P=1.75
Crnommneie kpyxku — 30% C,H, +70% H, + Bo3myx, 6 = 0.6;
ITycreie kpysxku — 30% C,H, +70% H,+ Bo3nyx, 6 = 1.1;
Tpeyronsruku — 30% CH,, +70% H,+ Bo3nyx, 6 = 1.2;
Kupuerit kpyxok — 30% CH,, + 70% H, + Bo3ayx, 0 = 1.2

DTO 3HaueHHWe OYEeHb OJM3KO K BEJIMYMHE, MOJIYYECHHOH B MHpEAbLIyleM
naparpade u3 3aBUCUMOCTH coxepkanus H, B cmecax H, — Bosmyx u H, +
CH, + Bo3ayx ot temneparypsl (3.5+1 kkan/monb). OTcrona MOKHO TIPHHTH K
3aKIIIOYEHHI0, YTO TeMIepaTypHas 3aBucumocts ana cmeceit 30% (C,, C,, C,,
C,) + 70% H, + Bo3myx ompenensercst TONbKO cofepxkanueM H, B cmecH, kak
5T0 nokasaHo ans cmecu H, — Bosnyx u H, — CH, — Bosayx B [41]. D10 MOxeT
03HAa4aTh, YTO ITOJTyYCHHBIE OLEHKH Y3 PEKTUBHON SHEPTHU AKTHBAIIMU OTHOCSTCS
K OJJHOMY H TOMY JK€ IPOIECCY, BEPOSTHO, Pa3BETBIICHHS WM MPOIOJIKECHUS
neneit [41]. DTo o3HawaeT, YTO peakius Pa3BUTHSA LIEMEH MMEET TeTEPOTEHHYIO
npupony. Kpome Toro, camas HW3Kas TemIieparypa Ipejeia BOCIUIAMEHEHUS
CMECH BOIOPOI — BO3AYyX Ha MOBEPXHOCTH mayutaausi cocraisier ~ 70°C st
cmecn 40% H, + 60% Bo3myx. [TockonbKy TeMrepaTypa Ipesena BociiaMeHe-
Hus ans cmeceit 70% Bomopon + 30% yrmesomopon (C,-C,) + Bosmyx na ~ 40°
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Hiwke (cMm. Tabmuiry 1), To 3TO yKa3bIBaeT Ha BAXKHYIO POJIb PEAKIIHiA C ydacTHEM
MOJIEKYJT YIIICBOIOPO/Ia Ha MOBEPXHOCTH MaLIAIN.

Ha Puc. 2.6 npuBeneHsl pe3ynbraThl MOKaIpOBOH 00pabOTKH KHMHOCHEMKH
uHuIMEpoBanHoro Pd Bocramenenus cmecu 70% H, + 30% C,H, + Bosayx (0 =
1,P,=173 arm). U3 Puc. 2.6 BuaHO, 9TO NMpy nHUIHHpOBaHUU Pd mpoBookoit
70 KacaHusl IUITaMEHeM CTeHOK peaktopa (kaaper 10 — 19) npoucxogut
MPOCTPAHCTBEHHO HEOMHOPOIHOE FOPSHUE TOPIOYEH CMECH, 3aTeM MPU KacaHUU
IUIaMEHeM 3aJIHe# CTeHKH peaktopa (kotopas HaxoauTcs Ommke kK Pd crimpainn),
MPOUCXOIUT PE3KOe BO3PACTAHWE HHTCHCHBHOCTH TopeHust (kaiapei 23-26).
Bunno, yTo mocne 3aBepiieHus mporiecca TOpeHHs B 00bEME MPOFOIIKACTCS
JIOTOpaHKe TOPIoYEi CMeCH Ha Majlia{ieBOi CIIUpaIIH.

Beila chenaHa  TMOMBITKA  YCTAHOBUTH — MPUPOLY  OTOTO  CBEYCHHS
rUnepcreKTpaibHbiM MeTozoM. Ha Puc. 2.7 a, 6, B npuBezieHbl ontuyeckue u MK
ceKTphl u3nydenus cmecu 60% H,+ 40% C,H, + Bosayx (0 = 1), sapeructpu-
pOBaHHbBIC BIOJb BEPTHKAJIBHOW JMHHM MO TUAMETPY ONTHYECKOrO OKHA. DTO
MPUOIU3UTENBHO COOTBETCTBYET KpacHOW uHuK Ha Puc. 2.1a.

Puc. 2.6. CKopocTHast peruCTparust Mpoliecca NHUIMHPOBAHHS TOPEHNMSI MMAJITaIHeBON CIIMPAILIO 1
pacnipocTpanenus miamenu B cmecu 70% C,H, +30% H, + Bosayx, 6 = 1, P= 1,75 arm, 35 °C, 600
c. Ludpsl Ha KaKI0M KaJpe COOTBETCTBYOT IOCIICI0BATEILHOMY HOMEPY BHICOU300paKCHHUS BO
BpeMsI BOCIUTAMEHEHHS.

B criekrpe Puc. 2.7a HaOmona0TC MHTEHCUBHBIC JTMHUN aTOMOB IIETOYHBIX
metasuioB Harpus (581 um) u kamus (755 um), IprCyIHe BCeM TOPSYNM ITaMEHAM
[24] m mosock! MapoB BOIBI TMOIOCH TIapoB Bomsl B mHTepBaie 900-970 um [27,
28]. B UK cmekrpe HaOIIOMAIOTCSA IIHPOKHE MONOCH BoAbI Mexkay A= 1300
oM u 1600 mM. (Puc. 2.78). MBI cenanu TONBITKY YCTAHOBUTH OCOOCHHOCTH
BO3HHKHOBEHHSI BO BPEMEHHU W MIPOCTPAHCTBE AKTHBHBIX MPOMEIKYTOIHBIX YACTHIT
CH (431 um [24],) u 590 um (munans aromoB Na), 4TOOBI BEISIBUTE 0COOCHHOCTH
BO3HHKHOBEHHSI BO BPEMEHHU U MIPOCTPAHCTBE AKTHBHBIX MPOMEIKYTOIHBIX YACTHIT
U pasBHUTHs camopasorpeBa. M3BecTHO, 4TO M3ayueHHEe aroMOB Na BBI3BAHO WX
TEPMHUYECKUM BO30YXICHHEM [24], KOTOpOe OCYIIECTBISCTCS TIPH TEMIIEparype
miamenn He Hwke 1200 °C [45]. U3 Puc. 2.76 BHAHO, YTO B Hayaje IpoIecca
(ciextp 25) peructpupyercs cunee cBeuenne CH (criexrpamphas momoca 431 aM
HE pa3pelieHa 13-3a CTOIIKHOBHUTEIBHOTO YIINPEHHUS IPU HadalibHOM JaBieHnu 1.9
ar™ [24]), makcumyMm juarr Na peructpupyercs 3aMeTHO moske (crexTp 27).
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BaBUCHMOCTL OT BPEMEHH (1-6 Kajpbi)

WHTeHCHBHOCTD, Npouse. ag
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Puc. 2.7. a) 3aBUCMMOCTb MHTEHCHBHOCTH CIIEKTPOB M3IyueHus ropenus cmecu 60% H, + 40%
C,Hg+ Bosyx (0 =1, P, = 1.9 atm), runepcniexrpomerp BUJI-MK3, 70 xaapos/c;

6) 3aBMCHMOCTh HHTEHCHBHOCTH CIIEKTPOB M3IydeHus ropenns cmecu 60%H, + 40%C H, + Bo3yx
or spemenn (0 =1, P, = 1.9 arm), runepcnekrpomerp BUJI-MK3, cunssa obnacts cnekrpa, 70
KaJipoB/c, uépHasi BepTHKaIbHAS JINHKS OrpPaHUYHBACT 00JIACTh HCKAXKCHHH CIICKTPA, HAXOISILYHOCS
CTpaBa M CBA3aHHYIO C PE3KUM YBEIMYCHHEM 4yBCTBUTEIBHOCTH NPHOOPA;

B) 3aBMCHMOCTh MHTEHCHBHOCTH CHEKTPOB H3lyueHus ropenus cmecu 40%H, + Bosmyx or
Bpemen, runepcnekrpomerp BUK, 300 kaapos/c. C yBenuyeHnEeM HOMEpa CIIeKTpa BpeMs pacTér
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OO6parnM BHUMaHWE Ha TOT (akT, YTO HAOIIOMaeMoe pa3HECeHUE N3ITYICHHUS
CH u Na Bo BpeMeHH coracyercsi ¢ pe3yiabraram, noiydeHusiMu B [50] mpu
MIPOXOXKJACHUN METaHO-BO3/IYITHOTO IJIAMEHH Yepe3 Majioe OTBEPCTHE B INIOCKOM
NPENSTCTBUH, T. €. MPU TypOy/Iu3anuu ra3oBoro motoka. M3 Puc. 2.8 (B3sToro
u3 [50]) BuaHO, 4TO 10 MPEMATCTBUSI KIMEET MECTO CHHEE CBEUCHUE B PEaKTOpe,
00ycnoBieHHOe n3ny4enueM paaukanos CH, pamukansl C, B perucTpupyeMbIx
KOJIMYECTBaX HAONIONAIOTCS TOJBKO IIOCIE TEpBOr0 MpemnsTcTBus. [lpu
perucTpanuy U3Iy4eHUs] PacIpOCTPAHSIONICTOCS TUIAMEHH C MCIOJIb30BaHHEM
CTEKJISTHHBIX cBeTO(GUIBTPOB B oOmacTy JuinH BosH 435 uM, 520 aM u 590 M
OTYETIMBO BHIHO, YTO KaK pajukanbl C, B PETHCTPUPYEMBIX KOJIMYECTBAX, TAK
W OCHOBHOE TEIUIOBBIZICTICHUE B Tpoliecce cBedeHusi Na HaOIFoatoTes mocie
MEPBOTO MPEMATCTBYS, T. €. TIOCIe TYpOYyIH3alliH ra30BOTO MOTOKA. YKa)keM, 4To
panee [51] Hamu OBITO DKCHEPHUMEHTAIFHO M TEOPETHUECKH YCTAHOBIEHO, YTO
IIPU KaCaHHUH TUIAMEHEM CMECH METaH-BO3/IyX TOpIla IMJINHAPHUECKOTO peaKTopa
UMeeT MecTo TypOynu3aius GpOHTa TOPEHNs!, BEI3BAHHAS BOZHUKHOBEHHEM T'H/I-
pOIMMHAMUYECKON HEyCTOHIMBOCTH. TakuM oOpa3oM, HaOII0JaeMoe B HACTOS-
meit padbore pasnecenue monoc manydeHuss CH u Na Bo Bpemenn o0ycIoBICHO
BO3HHKHOBEHHUEM T'UJIPOIMHAMUYECKON HEYyCTOMYMBOCTH TUIAMEHH TIPU KacaHUH
UM TOpIa MUIHHIPHIECKOTO PEaKTopa.

DTOT pe3ynpraT O3Ha4aeT, YTO HCIIOJIb30BAHHAS METOJUKA JKCIIEPHMEHTA
MO3BOJISIET Pa3eNIUTh BO BPEMEHHM M MPOCTPAHCTBE “XomomHoe” W “ropsuee”
r1aMEHa B OTHOM KCIIEPUMEHTE. DTO Pe3yNbTaT TakKe BaKeH JUTA BepU(UKAIIH
MoJIeTIel TOpeHHsI MeTaHa. YKa)KeM Ha MOBBIIIICHHYI0 HHTEHCUBHOCTH ITOJIOC BOJIBI
B o0nactu 900 — 970 HM 10 CpaBHEHHMIO C MHTEHCUBHOCTSAMU JIMHHUN HICIIOYHBIX
METaJUIOB, MPH 3TOM, cOTacHO Puc. 2.7a, monockl BOJBI HAOMIONAIOTCS TIPH
3aBEpIICHUU Ipollecca TOPEHUs], KOIJia JIMHUS HATpUS yKEe TPAKTHUSCKH He
Habmonaercst B cnekrpe (Puc. 2.7a, cnekrp 5). Kak ykazaHo B mpepLaynieM
naparpade, 3T0 W3Ty4eHHE MOXET OBITh CBSI3aHO C KAaTAIUTHUYCCKOW peakiueit
OKHCJICHUSI HEJIOpearnpoBaBIluX BOAOPOJA U, BOBMOXKHO, TIPOIIaHa Ha ropsyei
nosepxHoctu Pd.

PestoMupyem KOpOTKO pe3yibTarhl, MOyYeHHbIE B 3TOM maparpade.

DKCIEepUMEHTAILHO TI0Ka3aHO, YTO TeMIlieparypa Ipejesia BOCIUIAMEHEHHSI
BIIKB nax moBepxHOCThIO naymiaaus mpu P=1.75 atM, u3mMepeHHas moaxomaomM
CHHU3Y BBEpX 110 Temrieparype, s cmeceit 30% meran + 70% Bogopoa + Bo3ayx
(6=0.9, T=317 °C) u 30% nponan + 70% H, + Bo3nyx (0 =1, T=106 °C) 3ameTHO
TIOHHIKAETCSA TOCTIE TTOCIENyoIuX Bocmamenenuit 1o T=270 °C mia H, - CH,—
Bo3ayX ¥ 10 T = 32 °C mist cmecu H2 - C3H8— Bo3myx. BIIKB Bo3Bpamaercs x
HAYaJIbHOMY 3HAYCHUIO TTOCIIe 00pabOTKH PeaKkTopa KUCIOPOJAOM HIIH BO3IYXOM,
T. €. umeeT MecTo sABnenue rucrepesuca. HIIKB cmeceit 30% (C,, C,, C,, C,) +
70% H, + Bo3myx (6=0.6,1.1,1.2, 1.2, COOTBETCTBEHHO) HaJI TIOBEPXHOCTHIO M€-
TaJUInYecKoro naaaus cocraniser 25+35 °C npu P=1.75; a¢ ekt rucrepesuca
orcyrcTByeT. O6HapysxkeHo, uto Oemnas cmech 30% C,H, + 70% H, + Bosnyx
(6=0.6) nmeet camyro HU3KYIO TeMIleparypy npeesna Bociiamenenus: 24 °C npu
1 atm. Onenka 3h(heKTHBHOM SHEPriH aKTUBAIIMK BOCILIAMEHEHHS cMecei Hall
Pd cocraisier ~ 2.4 = 1 kkan/mMoib, KOTOpas XapakTepHa /sl IOBEPXHOCTHOTO
nporecca. [Tokazano, 4To ucrob3oBanue Pd 03BosIsIeT BOCINIAMEHSITh TOPIOYHE
30% yrneBomopon + 70% H, B Bo3myxe npu 1 + 2 aT™ MpH HaYaJIbHON KOMHATHOM
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Temreparype 6e3 HCIOIb30BaHUs BHEIIHMX HCTOYHUKOB SHEPIHHU. YCTAHOBJIEHO,
4T0 OOHApY)KEHHOE B HACTOsIIeH pabore pasHeceHue monoc manydenus CH u
Na Bo Bpemenu mpu ropenun cmecu 30% nponan + 70%H, + sosayx (0 =1)
00yCITOBJICHO BO3HHKHOBEHHEM THIPOANHAMUIECKOM HEYCTONYMBOCTH ITAMEHH
NPH KaCAaHWHU UM TOPIIA [IHIMHIPUYECKOTO PEaKTOpa.

§ 3. BOCILIAMEHEHUE CMECE#1 BOIOPOJ-KUCJIOPOJ U
BOJIOPOJI-METAH-KHCJIOPOJ HATPETBIMHU ITPOBOJIOYKAMHU
MPU HU3KOM JIABJEHUU

Bomnopon npeactarisier cob0ii epCreKTUBHBIA BO30OHOBISIEMBI HCTOYHUK
SHEPTHUH JUIA OyAyIIero, IPOIYKTHl TOPEHHS KOTOPOTO HE 3arpsI3HAIOT OKPYKaro-
myro cpexy. OmHako Hapsmoy ¢ oOeCIeUeHHEeM PEHTA0EeTBbHOCTH BOIOPOIHOTO
TorutiBa (CM. BBIIIE) JODKHBI OBITH PEIICHBI BOIPOCHI B3PBIBOOE30IMACHOCTH
MTPOM3BOJICTBA, TPAHCTIOPTUPOBKH U XpaHeHHs Bogopoaa. OmHON 13 HAOOIBIINX
OITAaCHOCTEW SIBIISIETCS CIIy4allHOE BOCILIAMEHEHHE, TTOCKOIBKY BOIOPOJ UMEET
HaMHOTO 0oJiee MIMPOKHE TMPEeNbl BOCIIIAMEHIEMOCTH, YeM OOBIYHbIE TOTLIH-
Ba [52]. AHanu3upys PUCK CIy4aiflHOrO BOCIUIAMEHCHHUS B CIIydae HEKOHTPOJIH-
pPyeMoOi yTeUKH BOIOPO/IA, KaK 3TO MOXKET TMPOM30UTH BO BPEMs CTOJIKHOBEHHS
TPAHCTIOPTHBIX CPEJICTB HITH TIOJIOMKH TPYOOITPOBO/Ia, MOYKHO YBEpEHHO Ha3BaTh
HanboJee BEepOATHBIA HCTOYHUK BOCIUTAMEHEHHS — TOPSAYYIO TIOBEPXHOCTH. [lo-
9TOMY Ba)XKHO WMETHh BO3MOXKHOCTH IPENCKa3aTh M TAKMM O0pa3oM IpenoTBpa-
TUTH CUTYAIIHIO, TIPYU KOTOPO MOXET MPOU30HTH BOCIUIAMEHEHHE, KOT/Ia TOPIo-
Yasi ra30Basi CMECh KOHTAKTUPYET C TOPSYEi TOBEPXHOCTHIO.

Hcnonb3oBanne Bomopoaa Kak TOMIIMBA TpeOyeT COCOOHOCTH TPEAcKa3yeMo
OCYIIIECTBHUTH €Tr0 BOCIUIaMeHeHue. [Ipobiema ¢ 3ampaBkoil mBUTATENed HCKpPO-
BOTO BOCIJIAMEHEHHUSI BOAOPOIOM COCTOHUT B TOM, YTO CMECH BOIOPOJ — BO3MYX,
BXOJIAIIIAsl B KaMepy CrOpaHus, CIIOCOOHA BOCTUITAMEHUTHCS Cpa3y MPH KOHTAKTE C
ropsaeli MOBEPXHOCTRIO, HAITPUMeED, BITyCKHOTO KilarmaHa. B An3enpHbBIX qBHUTrare-
JISIX C TIPSIMBIM BITPBICKOM TOTUTHBA TIpo0ieMa MpeBapuTEIbHOTO BOCIUIAMEHEHHS
He Bo3HMKaeT. OFHAKO BOJOPOMA TPYAHO BOCIUIAMEHHTH MPU CHKATHH, TpeOyeTcs
JOTIONTHUTENBFHOE yCTpoicTBO Muunuuposanus [53]. TlostoMy au3aiH HCKPOBOTO
BOCIIJTAMEHEHHS B JIBUTATENSAX JODKEH OBITH OCHOBAH Ha aHAJIHM3€ WH(POPMAIIH O
BOCITAMEHEHNH aKTMBHOM (KaTaJUTHIECKON TN TOpsUeii) IIOBEPXHOCTHIO.

MHOT0 dKCIIEPUMEHTAIBHEIX paboT [54] MOCBAIIEHB! HCCIIEI0BAHMIO BOCIIIA-
MEHEHHS BOJOPOIA TOPSYCH MMOBEPXHOCTHIO. BOJBITMHCTBO M3MEPEHHA OBLIO
OCYIIECTBIIEHO JIJIsl TAa30BBIX cMecell mpu atMochepHOM naBieHuu. Vamepenus
TeMIepaTypbl MMOBEPXHOCTH, TpeOyeMo# Ui MHUIIMMPOBAHUS BOCIUTAMEHEHHS
BOZIOpOJIA (T ,) B BO3/IyXe MM KMCJIOPOJIE TIPpH 1 aT™, KaK NpaBHIIO0, HAXOMAHIUChH
B MHTEpBAJe ‘ot 640°C [5] x 930 °C [55]. Beanunna T ~ 70°C naGmonanacs
st emecu 40% Bogopon — 60% Bo3myx Hax HOBerHOCTL}O najuiaus, T. €. MPH
3HAUUTEIRHOM KaranutuueckoM sddekre [56, 57, cm. § 1]. Cremyer oTMeTHTS,
YTO B HEKOTOPBIX paboTax 3aBUCHUMOCTH T , OT cozmepxkanus H, npakrudeckn
orcyrcTByer [54, 58], Ho B Apyrux pa60Tax Harpumep, [59], 3Ta 3aBUCHUMOCTH
HaOIIomaeTCs.
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ME1 paHee mokas3ais, 9T T . ipr 40 Topp Ha HarpeToi nauaaueBoi Gonbre
ma ~ 100° mmke, yeMm Ha HarpeTon mraTuHOBO# (osere [31]. Jlns Termosoro
BOCIUTAMEHEHHS ObLIIO HAlACHO, 4To TIpu HaBieHusx g0 180 Topp npu 288 °C ka-
TaJIUTUYIECKasi aKTHBHOCTh TIOBEPXHOCTH MAJUIAANS BBIIIIE, YeM MOBepXHOCTH Pt
[31]. Mebr mokazanu B [41], 4TO 3aBUCHMOCTH T,y OT COLEPXKAHUS BOLOPOAA [UIst
cmeceit H, — CH, — Bo3yx mpu Temneparype peaKTopa OIIPEICNIAETCS TOIBKO
conepmaHHeM H, i CMECH; TaKHM 00pa3oM, 3aBUCHUMOCTB T, OT [H,] cymectny-
eT. Pe3ynbrarsl BCEX HAIIHX OTHITOB OJIHO3HAYHO HOKaSBIBaI-OT 4TO TeMIepaTypa
ropsiueil MOBEPXHOCTH, TpeOyemasi Uil BOCIUIAMEHCHUS, HE SIBJISIETCS TOJBKO
CBOMCTBOM ra3a, HO TaKKe 3aBUCHT OT psiia (PaKTOpOB, TAKUX KaK COCTAB CMECH
U JIaBJIeHHe, IPUPOJIA U COCTOSHUE TIOBEPXHOCTH, OMPEACIIIEMOE PEIBICTOPHEH
MOBEPXHOCTH, H T. [I.

Dt0T naparpad MoCBsIIEeH YCTAHOBICHHIO 3aKOHOMEPHOCTEH BOCIUIAMEHEHHUS
cMeceil BOIOpOI — KHCIOPOA W BOJOPOJ — METaH — KHCJIOPOM MPU HHU3KHX
JMaBJICHUAX HarpeThiMu TmpoBojokamMu Pd, Pt, muxpoma m kanrtama (dexpa-
Js1), C IeNbI0 YCTAHOBJICHHS 3aBHCHMOCTH TEMIIEPATyphl BOCILIAMCHEHHS
OT KOHIEHTPAIl[Md TOIUIMBA, OICHKMA BKJIaJa KaTaJUTHYCCKHX CBOWCTB
MCIIOJIb30BAHHBIX MAaTePHATIOB U BBISBICHUS OCOOCHHOCTEH KHHETHYECKOTO
MeXaHU3Ma MPH KaTaiuse.

BKCHepI/IMeHTaJIbHaﬂ HacTb

DKCIMEepUMEHTBI MPOBOJIMIIA CO CTEXUOMETPUUYECKIUMH T'a30BBIMU CMECSIMHU
2H,+0,, (20% H, + 80% CH,)__ .+ O,, (40% H, + 60% CH,)__ + O,
(50% H, +50% CH,)__ .+ O,, (60% H2 + 40% CH4)mme + 0, (80% H, +
20% CH,)....... T O,. B pane sxcnepumentos CH, 3amensnu asotom N,. Pe-
aKTOP MPEICTABILI COOOM KBapueBbIH HUAUHAP 12 cM BBICOTOH UM 8 cM B
auaMerpe, cHaOXEHHBIH cMeHHBIM OKHOM CS| Ha oOpasyromied HUIMHIpPA,
BXOJHBIMH OTBEPCTUSIMHU JIIsl HAIyCcKa Tra3a, OTKAYKH M JJIEKTPOJOB, Ha
KOTOPBIX pacIioyiaraji Toipkurarny mposonoky (Puc. 3.1). Ksapressrit
pPEaKTOp MCIONB30BANIH JUISl M3yYEHUS WHUIMAPOBAHHOTO BOCIIJIAMEHEHHUS,
KOTOpPO€ OCYIIECTBISUIA MPH HATPEBaHUU MOJUPOBAHHBIX mMpoBosiok Pd, Pt,
muxpoma u kanrama (0.3 mm B amamerpe m 80 MM mmuHo#). Onrudeckoe
okuao Csl (40 MM B nmamerpe W 5 MM TONIIHHOM) BBIAEPKHUBAIO TOIBKO
5-6 BocmiaaMeHeHu# npu HadanbHOM gaBieHuu 40 Topp, mociie 3TOro ero
samensnu HoBeIM. MHdpakpacuyio kamepy Flir 60 (60 xamgpos/c, 320 x 240
PiX, HHTEPBAIl YyBCTBUTENBHOCTH 8 — 14 MKM) MCIIOIB30BaJIH JJIs OTIPEIeIIe-
Hust T, [IPOBOIIOYEK BO BpeMsi BOCILIaMCHEHHs. Buieosamuck BKiodany B
HpOI/ISBOJ'IBHBII/I MOMEHT Iepejl HHUITHUPOBAHUEM.

Buaeodaiin coxpaHsuii B TaMsITH KOMITBIOTEPA, 3aTe€M BBITIONHSIIA €ro
MTOKaIPOBYI0 00paboTKy. OTKa4aHHBIN peaKkToOp 3aIOHUIA Ta30BOW CMEChIO M3
OydepHOoTro 00BEMa 10 HE0OX0TUMOTO JAaBieHUs. [I[poBOTOKH OBICTPO HATPEBAIIH,
4TOOBI MHUIIMUPOBATH BOCIUIAMEHEHHUE Tra30BOi cMecH. [lepe KaxkIpIM OMBITOM
peaxrop otkaunBaim 10 10 2 Topp. OOImee 1aBiIeHue B peakTOPe KOHTPOIHPOBAIH
BakyymmerpoM BUT-2, naenenue B OydepHOM 00BEME PErHCTPUPOBATIH
00pa3IoBBIM MaHOMETPOM. VCIIONIb30BaIi XUMHYECKH YUCThIC ra3bl, 99,99% Pt
u 98,5% Pd, xommepueckue HUXpoM U KaHTa ((pexpas).
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4
T

1

Puc. 3.1. DkcriepuMeHTalIbHASL YCTAHOBKA ISl HCCIIS0OBAHIS HHUIIMHPOBAHHOTO BOCILIIAMCHEHNSI.
1 — xBapreBblil UIHHAP 12 ¢M BhICOTON M 8 CM B IHaMeTpe, 2-KBapiieBasi BaKyyMHas KPBIIIKa,
3 — oxno Csl, 4 — x Hacocy, 5 — Pt wiu Pd ciupains, 6 — marpesarens, 7 — UK kamepa Flir 60, 8 —
MMOBOPOTHOE 3ePKajo

bbutl M3MepeHbl TeMIepaTypbl BOCIUIAMEHEHHUS HCCIEAYEMbIX CMecei
HArpeThIMH MpoBoJoKamu. [IpenBapuTenbHO OBUIO MOKAa3aHO, YTO 3aMEHa
METaHa Ha a30T HE OKa3blBACT 3HAYMMOIO BIMSHMS HA BenuuuHy T, B
cormacuu ¢ [21]. Tunuunsie pesynbraThl MK BUaCOCHEMKH HpH 06meM
HauanbHOoM aaBieHun 40 Topp mpencramieHsl Ha Puc.3.2. Vkaxewm, 4To
UHAMKAIUs TeMrepaTypsl kamepoit Flir 60 Heckonbko 0TCTaéT BO BpeMeHHU
13-33 HHEPUMOHHOCTH JaTNKA TEMIEPATyphi; TOITOMY MAaKCHMAIbHAS TeM-
neparypa T, =306 °C (mokasana B JIEBOM BEPXHEM YTy KaXkJOTO Kajapa)
Ha 3-M # 4d-m kaapax Puc. 3.2 coOoTBEeTCTByeT TeMmiepaType MPOBOJOKH
HEMOCPEICTBEHHO Iepe]] BOCIUIaMeHeHneM. TemmepaTypa Ha 5-m Kajape
(Texp = 380 °C) cooTBeTCTByeT TeMIlepaType MPOBOJOKH, HATPETOH MiIaMe-
HeM. DTO 3HAa4YCHHE TEeMIepaTypbl 3aHUKEHO, MOCKOJIbKY BOCILIAMEHEHHUE
MpoTeKaeT OBICTPO, OJHAKO TEMIIEPaTypy B MEpPHOJE 3aJePKKH BOCIIaMe-
HEHHUSI MOXKHO U3MEPSATh TOYHO M BOCIPOU3BOANMO. KoapdunueHT uznyue-
HUsl, YCTAHOBJICHHBII Ha mpubope, B 3TUX 3kcnepuMenTax ob1 0.95 (6mm3-
KHii K a0COJTIOTHO YEPHOMY TEIy).

PexomennyemMbiM KOdQQUIIMEHTOM H3TydeHUss B auamna3zoHe 8-14 mwm
JUTST TIOJTMPOBAHHOM TammagueBoit npososoku sBistercss € ~ 0.07 (http://
www.zaoeuromix.ru/) u & ~ 0.07-0.1 (http://www.thermalinfo.ru/) nns
Pt mpososioku. Beuto mpunsTo 3Havenue € ~ 0.1 mas Pt w Pd mposomnok,
€ ~ 0.1 nns xantana u € ~ 0.15 mast HuXpomoBoit npososoku (http://www.
thermalinfo.ru/). Mctunnas Temmeparypa BOCIUIAMEHEHHS Ha MPOBOJIOYKE
HemocpencTBeHHo mepea B3pbiBoM npu 40 Topp MoxkeT ObITH OLIEHEHA M3
3akoHa Credana-bonpumana: 0.95 Te“xp 0.07 sTl n- Pe3yInbpTaThl IpuBe-
nenbl Ha Puc. 3.3. Kak BugHo u3 PucyHka, 3aBUCUMOCTh T OT [H,] nme-
eT mecto; Pd mokas3biBaeT camyio BBICOKYIO KaTanHaneCKon aKTUBHOCTD
(3HaueHUs T, ABISIOTCS Hanboee HU3KMMHU) B cooTBeTcTBHH C [31].

140



I'masa I1. 3akoHOMepHOCTH TOpeHust cMeceit Bogopoa—yriesoaopoa (C1 — C6) — Bozmyx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

QL

Puc. 3.2. UK — kMHOCHEMKA WHUIIMMPOBAHHOTO BOCIUIaMeHeHus Harpetoit Pd mpoomokoii. 60
kajpos/c, T, = 20 °C. Cmecs (60% H, — 40% wmetan)  — kucnopon. Py = 40 Topp. Bpems
B C JIaHO CHH3y CIpaBa Ha KaXIOM Kajape. KpacHbIN TpeyroibHHK IOKa3bIBAET MaKCHMAIBHYIO
TEMIIepaTypy B MPSIMOYTONBHHUKE, CHHUI TPEyrONbHHUK MOKA3bIBACT MUHHMAIBHYIO TEMIIEPaTypy
B IPSMOYTOJBHUKE, KPECT YKas3blBaeT Ha Temreparypy B Touke. KoadduimeHT uzimydeHus
ycranosiner paBubiM 0.95 (HHKHHIH JTeBBIN yron Kaapa)

Tignan + 0 1
1000+ s o 2
? o + 3
- t > o4
9200 $ o
800— ) o
700 —
[ 1 i L 8-
20 2 40 60
%H,

Puc. 14. DxcniepuMeHTalIbHBIE 3aBUCHMOCTH Tign Ha MPOBOJIOYKAX OT copepkanus H, B cmecH,

1-Pd, 2 - Pt, 3 — auxpom. 4 — xaHTan, 5 — KPECTHKM — BhIYMCIIEHHS ¢ BenuunHamu K = 4.10%

exp (-3500/T) cm®/ (mMosb/c) Uit MHUIIMUPOBAHUS HATPETOM MOBEPXHOCTHIO Pd (HUKHsIsS KpuBast),
nk, . =2.10%exp (-5000/T) cm¥ (monn/c) nust Pt (BepxHsis kpuBas)

0Cat

Ienpb ynciaenHOro pacuéra cocTosia B TOM, YTOOBI ONPECIUTh MPE/CIbHbBIC
YCIIOBHsl BOCILIAMEHEHHMS [0 TEMIIEPATyPe B 3aBUCUMOCTH OT cojepxanus H, B
roproueid cMecu mpu Temmeparype crenok 300 K. Momens oTpaxkaeT dKCIepu-
MEHTAJIbHBIH (PaKT, 3aKITIOYAIONIMNACS B TOM, YTO HA HAYATbHBIX CTA/IUSIX TPOLIEC-
ca TOpeHHUs pa3BUTHE TIEPBUYHOIO O0Yara pa3orpeBa MPUBOIUT K pacripocTpaHe-
uuro pponra miamenu [42] co ckopocthio U.

141



Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

Bbla Takke ydTeHa MOBEPXHOCTHAS peakilnsi MHUIMUPOBaHUS 1ernu (reHe-
paiusi akTUBHBIX IIEHTPOB TOPEHMs), & TAK)Ke 0COOCHHOCTH MEXaHHU3Ma Pa3BeT-
BJICHHO-LIETIHOT'O OKUCJIEHUS BOIOPOAA. PelylilupOBaHHbII KHHETHUYECKUM MeXa-
HH3M OKHMCIIEHHS BOAOPOJA B PalilOHE BEPXHETO MPEAEIIa BOCIITIAMEHEHUS MOKET
OBITh MPEICTABIICH CICAYIONIM 00pa3om [42]:

H, + 0, - 20H (0) k, = 1.92.10"exp(-21890/T) cm*/(moib.c)
OH+H, - H,0+H (1) k, = 4.63.10%exp(-2100/T) cm*/(moib.C)
H+0,->0H+0 (2) k, = 1.99.10"exp(-8460/T) cm*/(moib.C)
O+H,->0H+H (3) k, = 1.88.10"exp(-6897/T) cm®/(mob.c)
H+0,+M—-HO,+M (4)k,=6.47.10"(T/298)°8 cm®/(momnp’.c)
H+ HO, - 20H (5) k, = 1.69.10* exp(-440/T) cm*(mob.c)
H, + HO, - H,0, + H (6) k, = 3.10%exp(-14400/T) cm®/(momb.c)
OH+0-H+0, (7) k, =9.29.10* cm®/(momb.c)

0+ HO, - OH + 0, (8) kg = 3.25.10" cm*/(moib.C)

OH + HO, —» H,0 + 0, (9) k, = 2.89.10" exp(250/T) cm*/(monb.c)
2HO, - H,0, + 0, (10) k,, =2.10* cm®/(momb.c)

H,0,+M — 20H + M (11) k;, = 1.3.10" exp(-22750/T) cm®/(momnp?.c)
H+H+M->H,+M (12) k, = 2.2.10% cm®/(momnp?.c)

beima mccienoBana IByMepHas IUTOCKAs 3aj1ada. XapaKTepHBIE MacHITaObl
mpomecca  ObUIH  BbIOpaHBI  cremyrommM  obpasom:  to = (kY[H,]o) 7Y,
xXo = (D3/kP[Hz10)"/?, Uy = xo/ty = (Dsk{[Hz]o)"/*(MacmraGer  Bpewme-
HH, JJIMHBI M CKOPOCTH COOTBETCTBEHHO, D, — kosdduuuent nuddysuu H,).
bespasMepHbie epeMeHHbIE ¥ apaMeTphl ONMPEACISUIA CISIYIOMUM 00pa3oM:
T = t/ty, E=X/X9, N=Y/Yo, ©=Y/Yo, Y, = [KoHUEHTpauus i-ro kommnoHenra)/
[H,],  d=D/D, (D, — ko3¢ dunment muddysun i-ro komnonenta). CkopocTsh 1
KOOP/IMHATBI PacHpoCTpaHsiomerocss (GpoHTa miaMeHu onpenensiu depes D,
@=U(Dsk{[Hz]0) "%, £=x/(Dsk{[Hz]0)"*/%, n=y/(Dsk?[Hz]0) /%, 3nece
U, X1y —COOTBETCTBYIONINE Pa3MEPHbIE BEMUUMHBI, K, —IIpe1oKCIOHEHIMATbHbIH
daxrop peakunn (1). Kospduuuentsr auddysun (D/D,, i=0-6) 5, o, 6,, J,
=1, §,, d,, 8, B BOIOPOA-KUCIOPONHON cMecu oTHocaTes k OH, O, H, H,, O,,
HO,, H,0, coorsercTBenno. Cucrema ypaBHEHHMi i TPUBEIEHHOTO BbIIIE
MexaHu3Ma peakiu npuauMaet popmy (M, N = 0+6 OTHOCATCS K pearupyroumm
gactuuam OH, O, H, H,, O,, HO,, H,O, COOTBETCTBEHHO):
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aY; 2%y; | 9%y;
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ot &

oT 0T T

5= oy (E + 6_) +1/(pC )Zm.n QnknYmYn )
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CKOpOCTh TEIJIOBBIZICTICHHS B 3BEHE peakiHoHHOW mnernu [42] 3amaéres
nocrnequum  ypaBaeruem cuctemsl (). 3mece Cp — cpenmss  ymenbHas
TEII0EMKOCTh TIPH MOCTOSHHOM JIABJIeHUH, O, = §, — TeMIEpaTypONpPOBOIHOCT
ISl OKOJIOCTEXMOMETPUUECKUX cMecel u 8, = O, ans Oennbix cmeceit [42], T —
temneparypa (K), p -rutotHocTh cmecu r/cm?, B3sitast u3 [60]. VaenbHbie Termio-
emxoctu Q, 1 ko3 durments uddysun Obun B3aTH 3 [42]. f — Monbhas nons
HAYaJILHOTO KOMITOHEHTA.

VYpaBuenue peaxius — auddysus s atomoB O Kak pUMeEp MPUBEICHO HUAXKE:

M _ <62Y1 62Y1)+kyy k.Y, Y, — kY, Y, — koY, Y,
a T a a2 aT] 21244 34113 74011 81115
PGI_LICHI/I}I CUCTECMBbI (l) y,[[OBJ'IeTBOpHIOT Cﬂe,[[yIOI_LII/IM FpaHI/IllHLIM yCJ'IOBI/IﬂM JJIA

pacrpocTpaHeHHs INIaMeHH ciipaBa HasteBo (L — Oe3pa3mepHoe paccTosiHie MEXITY
OCBIO PEaKTOpa U CTEHKOW PeaKTopa, Ha OCH 3aJIaHbl YCIOBHSI CUMMETPHUH):

Yz(@ﬂ)—’o (i#—'3,4), T(g,n)—>300K, é_)ioo' Y3 (iﬁl)—’ sz' Y4(§ﬂ1)—’ fOz

E—> —oo; 0Y3(En)/On—0, dY,(En)/dn—0
& — o; (dY;(En)/on),—0, T(§L)=300K

Ipu perrernu cucremsl (I) HaganbHbIE (QPOHTHI HCXOIAHBIX KOMIIOHEHTOB
Y,[H,] u Y, [O,] no xoopnunate B Hy;neBOi MOMEHT BpPEMEHM OIpENEIAIn
COTJIACHO COCTaBY CMeCH. JIJIsl YMCIICHHOTO PEIIeHHs UCIIOIb30BaIach KOHEYHO-
pa3HOCTHas anmpokcumalts cuctembl (1) Ha paBHOMEPHOM CeTKe IeKapTOBBIX
KoopauHar. JIByxiraroBas HesiBHas cxeMa oOecreuuBajia BTOPOH MOPSIOK
armpokcumarui cuctemsl (1) o pocTpaHCTBEHHOW W BPEMEHHOM TEPEMEHHBIM
[61]. Pacmpemenenne WCXOMHBIX KOMIIOHEHTOB B CEUYEHHMSAX, MapajlIeNbHBIX
ueHTpanLHoﬁ IUIOCKOCTH KaHaJa, aHHPOKCI/IMI/IPOBaJ'II/I CIeyIonmM  00pa-

som Yz =-—1/m(arctg(§4+m)),Y, =-— 1/n(arctg(§+n)) HauaJIbHBIN

¢dponT TeMl‘IepaTprI ObUI ompeneneH Kak T Tlgn(eXp(E"+n) ——=—=) [42], tne T -
arnpuopHasi (mpoOHasi) oleHKa. DTH HadalbHbIC q)pOHTH COOTBeTCTByIOT no
CYILIECTBY MHUIIMUPOBAHUIO PACIIPOCTPAHCHHUS TUIAMEHH BHEITHUM HCTOYHUKOM.
Br1OpanHbiit GpoHT TeMIIepaTypbl HE BIUSIT HA 3HAUYCHHSI CTAIIHOHAPHON CKOPOCTH
pacnpocTpaHeHus I1aMeHu. B pacuerax nucnons3osanu 500 Touek pazoueHus mo
koopauHare X U 70+350 Touek pasOueHHs Mo KOOpAMHATE 1|. AIMPOKCHMAIHSI
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omeparopa Jlaruraca ocymecTBisuiach mo cxeme "kpect'. Takke ¢ TOYHOCTHIO
BTOPOTO TMOpS/IKA aNMpOKCUMHPOBAINA TPAaHHYHBIC YCIOBHS Ha CTCHKE W
TUIOCKOCTH CUMMETPUU PEAKTOPa, IPU 3TOM YaCTHBIC TIPOU3BOHBIE IT0 BPEMEHH
AIMMPOKCUMHUPOBAIM  OJHOCTOPOHHHMH  PA3HOCTSIMH,  00ECIICUHBAOIIUMH
TOYHOCTB ITEPBOTO MOPsi/IKa. B pacuerax ncnonb30Baiv Takue BETIMYNHBI IIATOB I10
MPOCTPaHCTBEHHOW U BpeMEHHO# KoopAnHATaM, KOTOpPbIE HE H3MEHSUIN PEIICHHE
HWCXOJHOM 3ajaud TpHu JajbHEeWllleM yMeHbllleHuH 1ara. VIHTerpupoBaHue
BBITIOJTHSUTM 110 SIBHOM CXeMe C HCIOJIB30BaHUEM MPOLENYphl “TIPSTUKTOP-
KoppekTop”. V3MeHeHWe pacrpeneNieHus KOHICHTpAIi © TeMIIepaTyphl
n300paxasoch Ha dKpaHe JUCIUIes, YTO MO3BOJISIIO KOHTPOIMPOBATh PACUETHBIE
napamMeTpsl B TEUEHHE CUETa U ONPEICISATh BPEMS €r0 OKOHYAHUSI B IHAaJIOTOBOM
pexxume. B xoie nHTErpUpoBaHUs MO0 TOCTUTAJICS PEKUM PACIPOCTPAHCHUS
BceX (DPOHTOB KOHLEHTpaumii Y, ¢ OIMHAKOBOH CKOPOCTBIO, JMOO IIPOIECC
XHUMHUYECKOTO TpeBpalieHust 3atyxain. CUuTanoch, 4YTo peskuM Oeryiiel BOJTHEBI
peaxIyy JOCTHIHYT, KOTJa Cpe/Hee 3HaueHHe CKOPOCTH HE HM3MEHSUIOCh Ha
paccrossain 100 xapakTepHbIX pa3MepoB (poHTa IUIAMEHH. DTO CpeaHee
3HAYE€HNE OTPENETSUIM KaK PacCTOSHUE Ha IEHTPAIbHOW “TINIOCKOCTH KaHaua,
Ha KOTOpOM Oe3pa3MepHasi KOHIICHTPAIUsl aTOMOB BOJOPO/a YMEHBIIIATIACh B €
pa3 (e = 2.71828...). IIpu HEOOXOMUMOCTH TIPOBOIUTD [UINTEILHBIC BBIYKCIIE-
Hust (BOJIM3M IPEIENIOB PACIPOCTPAHEHMsSI IUIAMEHH) HCIIOJIB30BAIN CIIEIYI0-
nyro npornenypy. Ilockonbky Oeryias BoJIHA MPU MCHOJNB3YEMbIX B pacueTax
3HAUEHHSX OIPEEIISIONINX NapaMeTpoB 3aHnmaina He Oonee 50 y30B ceTkwy,
TO TIpH MPHUOJIMKEHUN BOJHBI K JIEBOI IpaHMUIE pacueTHOW OONIacTH, KOTJa BCe
M3MEHEHUs] KOHIEHTpanuil u temmeparypbl npoucxoauian B 100 ieBbIx y3iax
ceTku (crpaBa ObUTM TONBKO HYJIEBbIE 3HAYEHHS), 3HAYEHHS Y, U3 JIEBOH MOTOBUHBI
CETKH MEPEHOCHIIN B TIPABYIO MOJIOBUHY U ITPOJIOJKAIN pacdeT. JIocTOBEpHOCTh
TAKOTO METO/Ia MPOBE/ICHHS pacyeTOB ObLIa KOJIMYSCTBEHHO IIpOBepeHa B [62].
OueBuaHO, YTOOBI 0OECIICUNTH BOCIIAMEHEHUE, JOJDKEH MPOU30UTH ITUKIT
peakiuii, B KOTOPOM TIPOUCXOJMUT pa3BeTBiIcHUE (YBEIHMUCHUE YMCIa aKTHBHBIX
1enTpoB) [63]. UToOb monu3uTh T, , a MMEHHO IIPe/ies BOCIIAMEHEHHU S, CKOPOCTh
Pa3BETBICHHUS JIOJDKHA BO3PACTH [é?’], HarpuMep, 3a cYeT pean3aluu JOMOITHHU-
TEJNILHOW PEeaKIMu Pa3BeTBICHUs. B yCIOBUSIX HaIllETo SKCIIEPUMEHTA 3TUM Ilia-
oM MOXKET ObITh peakius (5), B KOTOPOi OTHOCHUTEIBHO MAJIOAKTHBHBIN pajinKal
HO, npespammaercs B aktuBHbIA pagukan OH, T. €. NPOMCXOMUT pa3BETBIICHHE,
nononHuTenbHoe K peakiun (2). Kak nokasano B [63], yuér peakimu (5), mo-
3BOJISIET OOBSICHHUTH pacluIupeHre 00JIACTH BOCIUIAMEHEHUSI B MIPUCYTCTBHH aTO-
MOB H, reHepupyemMbIX BHEIIHUM HCTOYHUKOM. B Halem ciiydae HCTOYHHK aTo-
MoB — peakuus (0) mHMUIMHPOBaHUSA Leny, notomy uto K, (a, E) ysenuuupaercs
B TIPUCYTCTBUU TOPSYETO KATAIN3aTOPa, 3Ta CKOPOCTh OMPEACISIETCS HUKE Kak
K, . (@ -ipenakcnonent, E — sHeprus aktusauuu). Yem Bbille KaTaniuTHIECKas
aKTHBHOCTb MeTaJlla, TeM Oonbine Benuyuna K, . YuceH sl sKcnepiumMeHT co-
CTOSUT B TOM, YTO BEIHYHHY Kocqr > ko AT BCEX DKCIIEPUMEHTATBHBIX TOYEK
KaxJioi kpuBoil Ha Puc. 3.3 pa3pICKMBAIN MOCPEACTBOM MApHOTO JTMHEHHOTO
perpeccruonHoro aHamusa [64] ¢ mapamerpamu a u E, Tak, 9toOBI pacyeTHas KpH-
Basi Obl1a OJIMIKE BCETO K DKCIIEPHUMEHTAILHON. DKCIIEpUMEHTAIBHBIE TOYKH Ha
Ka)JIOW KPUBOH OBUIM CPEJIHUMH IKCTIEPUMEHTAIILHBIX 3HAYCHUH TeMIIeparyphl,
BBIIIIE KOTOPBIX TOPEHHE NPOM3OILIO0, a HHMXKE KOTOPBHIX TOPEHUs He ObLIo.
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PacuetHpie TpoduIM XMMHYECKOH TemIepaTrypbl KOMIIOHEHTOB W CKOPOCTH
riamenn U Ut OJIHO# W3 DKCIIepUMEHTaIbHBIX TOYEK NMpHBEACHBI Ha Puc. 3.4.

Ha Puc. 3.4 oTTeHOK 3e/€HOro IBeTa ONPEACsAeT IMPOCTPAHCTBEHHOE
pacnpeeNeHne KOHUEHTPaui Y,, I[P 5TOM IPaHHIbl MEXKYy OTTEHKAMHU SABJISI-
FOTCSI M30KOHIICHTPALMOHHBIMH (JIs1 pactpeie/ieHUs] TEMITEpaTypbl — H30TepMa-
MH), 0oJiee TEMHBIH [[BET COOTBETCTBYET OOJbIIEMY 3HAYCHUIO KOHIICHTpPAIMU
(Temmepatypbl) B mpeienax U3MEHEHHsI MEXKIY H30KOHIICHTPAIIMOHHBIMH JINHHUS-
mu (u30oTepmami). [IpOMEKYTOK MEKIAY COCEIHHMMH H30KOHIIEHTPAIIMOHHBIMU
(M30TEepMUYECKUMHU) JTMHUSIMHA COOTBETCTBYET M3MEHEHHIO KOHIICHTPAIUH (TeM-
neparypsi) Ha 30%. Ha KaX[0M U3 NMPUBEICHHBIX ABYMEPHBIX pacIipeieieHuit
Bepx “Kkazapa” sBISETCS CTEHKOM KaHaja, a HU3 “Kajapa” — IeHTPaIbHOM MII0CKO-
cThI0. Pe3ynbrarsl BeIUMCIeHUI puBeaeHb! Ha Puc. 3.3 (kpectukn).

Kax Bugno n3 Puc. 3.3, yuér anementaproii peakuun H +HO, — 20H (5)
MO3BOJISIET JaTh OOBSCHEHHE AKCIEPUMEHTAIFHO OOHApyKEHHOH 3aBHUCHMO-
CTH T OT KOHUEHTpauuu H, u moiy4uTh YIOBIETBOPUTENBHOE COINIACHE C
BKCHepI/IMeHTaHLHHMI/I ILaHHBIMI/I npu Benuuunax K, . (a, E) ana xaranmutude-
ckux marepuanos: K . = 4.10%? exp (-3500/T) cm®/ (monb/c) mis namiaaus u
k. . =2.10%exp (- 5000/T) cm®/ (Monb/c) TS TUTATHHEL.

OCat

E1| TIME = 400.040 <I-

Puc. 3.4. PacuetHble NPOGUIN XUMUYECKUX KOMIIOHCHTOB M TEMIIEpaTyphbl B 3alaHHBII MOMEHT
BpeMeHH (KOT/a SICHO, Hadaach peakiys win Het) Bbiiie (2) u Huke (b) T g Bepx kaoro kanpa —
CTCHKA PEaKTopa; HU3 — 0Ch peakropa. PPOHT IIIAMEHH [IEPEMEIIACTCS] 3 ueHTpa B 00¢ cTopoHsI. P
=40 Topp, Temreparypa crenku — 300 K. a) Hawansnas T = 680 K, BocriameHeHe nMeeT MecTo;
0) Hauanbhas T = 670 K, Bocrutamenenust HeT. U — CKOPOCTb TJIAMEHH, POM3BOJIBHBIC €THHHIIBI
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C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

OTMeTHM, 9TO BEIMYMHA YHEPTUU aKTUBAIMH OPYTTO-TIpoIiecca s Topsiaei
MMOBEPXHOCTH TaTazaus (~ 7 KKaJ/MOJIb) BBIIIIE, YEM JIJIS XOJIOTHON TOBEPXHOCTH
nawiaaus (2.4 xkan/mMoine), a 1uis ropsiueii moBepxHocTH miatudbl (~ 10 kkan/
MOJIB), HA000POT, HIKE, YEM JIJIsI XOJOAHOM MoBepXHOCTH matuHbl (1944 kxan/
MOJIB), YTO MOKET OBITH OOYCITOBIEHO KaK MCIIONB30BAHUEM PEAYIIMPOBAHHOTO
MeXaHHM3Ma TOPEHUS BOIOPOA, TaK M MOTPEITHOCTIAME PH M3MEPEHUH TEMITe-
parypsl. YCTaHOBJIEHHE TIPUPOJIBI TOTO PACXOKICHUS TPEOyeET TabHEMHIIETO 1C-
CITeIOBAHUS.

8 4. BIMSIHUE BJIAT'OPOJHBIX METAJIJIOB HA
TEPMOAKYCTHYECKHE KOJIEBAHUA U IT'PAHULIBI OBJIACTH
OTPULUATEJBHOI'O TEMITIEPATYPHOT'O KOO®PUIINUEHTA
IPU TOPEHUY CMECEM n-IEHTAH-BO3/YX

[peapiaymuii maparpad ObUT MOCBSAIEH KaTaATUTHYECKOMY BOCIIAMCHEHHIO
BOJIOPO/1a, OKHCIIEHHE KOTOPOTO pacCMaTpUBAETCS B Ka4eCTBE MOJEIBHOTO MPO-
necca. MexaHu3M BOCIIIaMEHEHHS YTIIEBOJIOPOIOB BKIIIOYAET B CeOsl 3HAYUTEIb-
HO O0ITbIIIeE YMCIIO TIEMEHTAPHBIX CTaAN, KOHCTAHTBI CKOPOCTH MHOTHX U3 HHUX
HE ObUIH SKCIICPUMEHTAIBHO H3MePEHbI. BOnbIast CI0KHOCTh MEXaHU3Ma OKHC-
JICHHSI YTICBOIOPOAOB O0yCIaBIUBACT Ppsifl clieM(PUISCKUX SIBICHHH, KOTOpPBIE
HaOTI0A0TCS! TP UX TOPCHUH.

Wzyuenne mporecca BOCIJIAMEHEHHS YIIEBOJOPOIOB HMEET OYEBHAHYIO
Ba)KHOCTb, HO ITOJTHOH SICHOCTH B OTHOILICHUH 3araJI0YHbIX SBICHUH, MPUCYIIHX
3TOMY MPOLECCY, A0 CHX MOp He BHECeHO. K HUM OTHOCATCS cTaaniiHOE BOCIUIA-
MCHEHHE M OTpHULATeNbHBII TemneparypHblii koapduiment (OTK), nabmonae-
MBbI€ TIPU CPAaBHUTEIBHO HU3KKX TeMneparypax. OTK — ato yBennuenue Bpeme-
HU 337epP’)KKH TEPMUYECKOTO BOCIUIAMEHEHHS C MOBBIILICHUEM TEMIIEPaTyphl pe-
aKToOpa B ONpe/IeIICHHOM HHTEpBaje TeMIeparyp. OTO BbI3bIBACT HEKENIATEIbHbIC
SIBJICHHS B JIBUTATENISX BHYTPEHHEro cropanus [65, 66]. Her exuHoro mMueHus
0 MOAPOOHBIX MEXaHU3MaxX OKUCIICHHS YIJIEBOIOPOAOB B 3TOM TEMIIEPATYPHOM
nuanasone, a takxke o npupone sisneHust OTK. Kak n3BecTHO, clioi MmiaTHHEL
Ha TIOBEPXHOCTH PEAaKTOpa OKa3blBaeT CTUMYJHUpYIOILIee JCHCTBIE HA PEaKLUH
OKHUCIICHHUSI BOIOPOJIAa U YIIIEBOAOPOAOB [67], 4To 00YCIOBIEHO TeTepOreHHBIM
pa3BHTHEM pEaKIMOHHBIX 1eneil [68]. BO3HUKHOBEHHE 3THX T€TEPOTeHHBIX pe-
aKIUi yBEIMYMBACT BEPOSITHOCTH BOCIUIAMEHEHHsSI Ta30BOM CMecH Ha IMOBEpX-
HOCTH Y 3aMETHO BJIHMSET Ha BPEMs 3a/IePXKKH BOCIJIAMEHEHHS; T. €. COCTOSIHUE
MOBEPXHOCTH PEAKTOpa SIBISETCS ellle OMHUM (HaKTOpOM, ONPEEIISIONINM MPOo-
CTPaHCTBEHHYIO KaPTHHY BOCIIJIAMEHEHUSI.

OOpatum eie pa3 BHUMaHUE Ha TO, YTO MPOCKTUPOBAHUE U IKCTUTyaTallHsl
COBPEMCHHBIX PEAKTOPOB, TAKUX KaK ra3oBble TYpOWHBI MIIU CTAllHOHApHBIC
U MOOUJIbHBIE YCTAaHOBKHU JAJisi MpeoOpa3oBaHMs TOIUIMBA, TPEOYIOT Halexk-
HBIX KHHETUYECKHUX MOZEJICH AJis yNpaBieHUs] IMHAMUKOHN MPOIECCOB rope-
HUs. SIBIEHUE OTPHUIATEIBLHOTO TEMIIepaTypHOro koddduuuentTa mpuBOJUT
K CHIDKCHHUIO TeMIIepaTyphl CMECH IPH MOBBIIICHUH TEMIIEpaTypbl Ha BXOJE
B Kamepy cropanus [69-71]. Takoe moBeneHUe XapaKTEPHO JJIsl BBICIIMX yT-
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neBomoponoB [70, 71]; cymiecTBYIOT OrpaHHYeHHBIE aHHBIE TI0 OKHUCICHHUIO
MeTaHa. B MpakTHYeCKHUX YCIOBHAX pPabOThI JABHraTelsi XapaKTePUCTHKU
BOCIUIAMEHEHHsI YTIICBOJOPOAHBIX TOTUIUB MOKHO Pa3[eNiuTh Ha [[Ba Kilacca:
TOILJIMBA C OJIHOCTAJAUHBIM CAMOBOCIUIAMEHEHHEM, TaKHEe KaK apOMaTHYeCKUE
COCJIMHEHHUS C KOPOTKOW aJKUIIBHOM 1ENbI0 U CHUPTHI, U TOIUIMBA C JIBYXCTAa-
JTMIAHBIM CaMOBOCIIJIAMEHEHHEM, TaKhe Kak N-mapaduHbl, HEHACBIIICHHBIC U
OUKIAYeCKUe yriieBomopoasl, nmpudeM sipieane OTK oOsrano HabmromaeTcs
npu Temneparype Huxe 850 °K. Korga nmpoucxonuT AByXCTaJHifHOE BOCIIA-
MEHEeHHE, BOCIUIAMEHEHHE Ha MEPBOU CTAJMHU UIPAET CYHICCTBEHHYIO POJIb,
MOCKOJIbKY BOCIUIAMEHEHHE Ha BTOPOW CTaMK 3aBUCHUT OT BBIJCJICHHUS TeIlia
M IPOMEKYTOUHBIX YaCTHI], 00pa3yIoIInXcs Ha nepBoi ctaauu. Kpome Toro,
PEKUM OTPUIATEIBHOTO TEMIIEPATYPHOro KOA(PHIIMEHTA ISl BEJIUYUH 3a-
JIePXKKH BOCILUIAMCHEHHUsI OXBAThIBACT MMEHHO TOT TEMIIEpATypHBINH auara-
30H, KOTOPBI UMEET OTHOIICHHE K JCTOHAIIMU JBUTATENS M CBA3aHHBIM C HEl
siBieHusIM ropeHus [72, 73]. TIoCKoIbKY YIIIEBOAOPOABI C JBYXCTaIUHHBIM
BOCIUIAMEHEHHEM O0BIYHO COCTABIISIOT 00JIee MOJTOBHHBI HCIIOIb3YEMbIX TOII-
nuB [74], npoiieccsl B ABUTATENE, ONPEAeIsieMble KUHETHKON TOPEHHsI, TaKHe
KaK BOCIJIAMEHEHHUE OT CXKATHUs, TaKXkKe OyIyT MPOUCXOIUTH B JBE CTAIUH; 32
cTaauell HU3KOTEMIIEPAaTyPHOTO TEILIOBBIACICHHS TOCIEAYEeT CTaausl BHICO-
KOTEMIEPaTypPHOTO TEIJIOBbIACICHHS. 31€Ch Ba)XXHO OTMETHTb, YTO TOILINBA
C ABYXCTaJMUHBIM BOCIIAMEHEHHEM 00JIaat0T 3HAYUTEIbHBIMHU [TPEUMYIIIE-
CTBaMH TIPU PETYIUPOBAHUHM TOPEHHUS M PACIIMPEHUH paboyero auamna3oHa
BOCIIaMeHeHusT oT cxatust [75, 76]. CremoBarensHo, BakKHO pa3oOparhbes
B npupoae OTK, uToObI pa3paboTaTe HOBBIE CTPATETHW KOHTPOJIS AJS OM-
TUMAJIbHOW 3KOHOMHUH TOIUIMBA M CHIDKCHHSI BHIOPOCOB 3arpsi3HSIONIMX Be-
mectB. B [77] uncieHHO Mccae0Baty JHHAMUKY TOPEHUS B CTPATHPHUIIUPO-
BaHHOW CMECH H-TeNTaH/BO3yX, U MOKA3aJH, YTO OOTaThle CMECH C paccioe-
HUEM TOIUIMBAa MOTYT JE€MOHCTPHPOBATH JETOHAIIMOHHBIC U AKyCTHYCCKUE
siBieHus. OJIHOMEpPHOE MOJCIUPOBAHUE OBLIO BBIMOJIHEHO MPH HM3YYCHUU
CaMOBOCIUTAMEHEHHSI U PACIPOCTPAHEHHUS TUIAMEHH CMECH H-TeNTaH/BO3IyX
B HIMPOKOM JHara3oHe Temmeparyp, Bkiaouas pexum OTK B ycrnoBusx mo-
BBIMICHHOTO JaBiicHUs. COTIacHO PTOMY MOACTHUPOBAHHIO, YCTOMUUBOE pac-
MPOCTPAHEHHUE IJIAMEHH B TIEPEMEIIaHHONW CMECH, Ha KOTOPOE BIHSCT XHUMU,
onpenenstomas OTK, nemoHCcTpupyeT ABYXCTaAUHHOE MTOBEACHNE, BKITIOUYAS
KaK Topsure, Tak U XojonaHoe miamena [78]. Takum oO6pa3oM, B CHIIy pasHO-
00pasusi pearupyoIuX CUCTEM U YCIOBHI Pa3BUTH XUMHUYECKUX PEaKIUil B
HUX, OTPEICTUTh MEXaHNU3M BOCIUIAMEHEHHSI CUCTEMbI KpaifHe CI0XKHO.
Hampumep, Bce KMHETHYECKHE HCCIICNOBAaHHs, OCHOBAaHHBIC HA W3MEPECHHUH
BPEMEHH 3aJIeP)KKH BOCIUIAMEHEHUSI, TIOKA3bIBAIOT, YTO OJHOPOIHOE BOCILIAME-
HEHHE CMECH TPH OTHOCHTEIbHO HHM3KHX TEMIIepaTypax sIBISETCS CKOpee HcC-
KJIFOYEeHHEM, YeM mpaBuioM (cM., Hampumep, [79-82]). HauanbHbiit ouar Boc-
IUTAMEHEHHUS] BO3HUKAET Ha TIOBEPXHOCTH PEAKTOPA; B KAXKJIOM ITOCIIEAYIOIIEM
IKCIICPUMEHTE MPH OJHHUX U TEX JKE YCIOBHIX MECTO BOSHUKHOBEHUS HAYaIbHO-
ro o4yara U3MEHseTCs. JTO O3HAYaeT, YTO MHUIIMUPOBAHHE MpoIecca TepMHuYe-
CKOTO BOCIIAMEHEHHsI BCET/Ia OMpPEACISICTCS HATHMYMEM aKTHBHBIX IICHTPOB Ha
MOBEPXHOCTH, CBOWCTBA KOTOPHIX OMPEACISIOTCS KaK MMOBEPXHOCTHBIMH Ie(ek-
TaM{, UMEIONMMH M30BITOK CBOOOMHOM SHEPTHH, TaK M MX KATATUTHYCCKUMU
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CBOMCTBaMH; TIPOIIECC BOCIIJIAMEHEHHS BKITIOYAET CTaIMU Pa30rpeBa, JTOKaIbHO-
T'O BOCIUIAMEHEHHUS U pacipocTpaHeHus iaMeHu. OcHOBHast 0COOEHHOCTh MPo-
1ecca BOCINIAaMEHEHHS 3aKJII0YAeTCs B TOM, YTO BOCTJIAMEHEHHE TTPOUCXOANT Ha
OTAENBHBIX y4acTKaxX IMOBEPXHOCTH TPHU MOCTOSHHON TeMIEepaType MOBEPXHO-
cTH peaktopa. CrenoBareiabHO, TOPEHHE MTPOUCXOANT Ha TIOBEPXHOCTH PEaKTopa
JTake B YCIOBHAX OHOPOHOTO IIPOTPEBA ra30BOK CMECH.

Crnenyer OTMETUTH B 3TOW CBS3H, UYTO BOCIIAMEHEHHUE TOPIOYEH CMECH B Ha-
IPETOM pPEaKkTOpe B BHXPEBOM IMOTOKE, HAIPOTHB, SIBISIETCS OMHOPOAHBIM [82].
[Ipu 5TOM B IPUCYTCTBUH OBEPXHOCTH B BHJIE a9PO30JIsi BOCIUIAMEHEHHUE TTPO-
MCXO/IMT Ha YacTHIax aspo3oss [81].

Panee MBI IpoOBENM IKCIIEPUMEHTHI IO BBISBICHHIO (PAKTOPOB, OMPENEsIo-
HIMX KaTATUTHYECKUH 2P PEKT MOBEPXHOCTH Ha BOCIIAMEHEHHE YTIIEBOJJOPOJIOB
[69]. list aTOTO B HArpeTHIil peakTOp BBOMMIIH IIATHHOBYIO MTPOBOJIOKY THAME-
tpom 0.3 MM u gyinHoit 0.5 M. Beuto mokaszaHo, 4To npu 00Jiee BBICOKUX TEeMIIe-
parypax BAOJIb IPOBOJIOKH BO3HUKAIOT MHOXKECTBEHHBIE 0Yaru BOCIUIAMEHEHUS
(cm. BBenenne). be3 mpoBOJIOKK HA MOBEPXHOCTH peakTopa Mpu TeMIeparypax
B nnTepBajne OTK oOpa3yeTcs TONbKO OUH JIOKAJIBHBINA EHTP BOCTIIAMEHEHHUS.

OcuunnorpaMMbl AaBiISHUS ISl BOCIIJIAMEHEHHS TIPU OAMHAKOBBIX YCIO-
BHUSX B OTCYTCTBHE M B MPUCYTCTBUM KAaTAJIUTHYECKOW MOBEPXHOCTH ITOKa-
3aiM cienyiomiee. B oTcyTcTBHE KaTrann3aTopa BOZHHKAET XOJOAHOE TIaMs,
COIPOBOKIAOIIEECST HEOOIBIITNM Pa30rpeBOM (€CiIM TaKOBOW BOOOIIE UMEET
MECTO), KOTOpOe OBICTPO MpeBpalnaeTcs B ropsuee miams. Ouaru Bocriame-
HEHHS Pa3BUBAIOTCS OY€HBb OBICTPO, UYTO (DaKTUYECKH O3HAYAET HAYaJIO0 TOps-
Yero BOCIIAMEHEHUS, B TO BpeMs KaK CTaJIMifHOe BOCIUIAMEHEHHE U XOJOJ-
HOE TUIaMs MPEAMIeCTBYIOT CTaAlH ropsiaero BociuiaMmenenus. HecmoTps Ha
TO, YTO KHHETHKa MPOIIecca, perucTpupyemas mo AaBICHHUIO, YKa3bIBaeT Ha
BOCIUIAMEHEHNE CMECH B XOJIOJHOTUIAMEHHOM PEXHUMeE, KOTOPOE MPOSIBIAETCS
KaK Majblii CKauoOK JABJIEHHUsS, MPEIIECTBYIONMNA OCHOBHOMY IOBBIIIEHUIO
JABIICHUS ¥ TIOSBIISIIONIMIACS paHbIIe, YeM OYar BOCIUIaMEHEeHHs, 3aUKCHUPO-
BaHHBIA BUJEOKaMEpOM, KaJpbl BHICOCHEMKH HE MOKAa3bIBAIOT HAJIWYUS XO-
JIOHOTO TJIAMEHH.

Cnenududeckuit 2ppexT, okazpIBaeMbIil BBEICHUEM B PEAKTOP KaTaIUuTH-
YECKOU MMOBEPXHOCTH B BH/IE MJIATHHOBOM MPOBOJIOKN HAa BOCIUIAMEHEHHE, HE
OTPAHUYMBAETCSI CKOPOCTHOM ChEMKOW M perucTpanueil qapieHus. B pasHbix
TEeMIIepaTypPHBIX 00JACTAX ATA KaTAIUTHIECKAst TOBEPXHOCTH BIUSET HA BOC-
MJIaMEHEHHE T0-Pa3HOMY, a UMEHHO IPHU HHU3KOH TeMIlepaType KaTajiuThde-
CKasi TIOBEPXHOCTh HE OKa3bIBAE€T 3aMETHOTO BIHMSHUSA Ha BPeMs 3aIEpPKKH
BOCIUIAMEHEHH S, HO B TEMIIEpaTypHON 001acTH, B KOTOPOI 00BIYHO HabII0a-
erca OTK, Hannune 3TOH MOBEPXHOCTH MOJHOCTHIO YCTPAHSET 3TO SIBJICHUE
[69]. B aToMm citydae IEeHTp KaTalu3upyeMOro BOCILIAMEHEHHUsS PACIOIOKEH
BJIOJIb TIOBEPXHOCTH MPOBOJIOKH, T. €. OH CIY>KUT MCTOYHHKOM BOCIJIaMEHe-
Hus, pyu 60Jee BBICOKHX TeMIleparypax HaOII0JaeTcss HeCKOJIbKO IIEHTPOB
BocruiameHeHud. [lockonbKy 3a7ep)kka BOCIIJIAMEHEHHS] B 9TOM cllydae Be-
neT ceds Tak, Kak OyATO HET pasHUIBI MEXY XOJOJHBIM IUTAMEHEM U TOpsi-
YUM BOCIUITAMEHEHHEM B TeMIlepaTypHoil obmactu, coorBeTcTBytomeir OTK,
MOXXHO 3aKJIIOYWTbh, YTO KaTaJUTHYECKas MOBEPXHOCTh YCTpaHSAET Ompeie-
JICHHYIO CTAJHI0O KHHETHYECKOro MexaHu3ma (CTaauio WHrHOMPOBAHMS) I10-
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CJIE MOSIBJICHUSI XOJIOJHOTO TIaMEeHH. DTOT (akT, HO-BHIUMOMY, OYeHb BaXKCH
JUTSL BBISICHEHHSI TIPUPOJIBI IPOMEKYTOUYHBIX IPOIYKTOB PEaKIMU, BEPOSATHO,
Bei3biBatonux sinenne OTK. OnmHako ocraercss HESICHBIM, KaKUM 00pazom
IUTATUHOBAS MPOBOJIOKA, JIOKAJTHU30BAaHHAS B HEOONBIIOM 00BEME PEaKTopa,
OKa3bIBAET TAKOE 3aMETHOE BIIMSHHUE Ha 0OBEMHBIN MPOIIeCC.

Jannbiii naparpad nocBsnEH yCTaHOBICHNIO OCOOCHHOCTEH BIHSHUS OJ1aro-
ponubix metayuio (Pt, Pd) Ha pexumbl roperns B odmactu OTK.

BKCHepI/IMeHTaJIbHaﬂ 4acTb

Bocniamenenne cMeceill H-TICHTaH-BO3/IyX HCCIIEIOBAIIN B CTATHYCCKOM pe-
akTope ¢ ObicTpeM HamyckoMm cMecu (Puc. 4.1). TlpensapuTenbHO cMeIIaHHast
TOTUIMBO-BO3MYIITHAS CMECh TOCTymnasna U3 OyQepHO eMKOCTH Yepe3 2JIeKTPo-
MarHUTHBIN KJIAlaH B PEaKTOpP, KOTOPBIA MpeBAPUTEIBHO OTKAYNBAIN U Harpe-
BaJIH JI0 HEOOXOIUMOU TeMIIeparyphl.

10 o

Puc. 4.1.

[pyHUMIHATBHAS CXEMa SKCIIepUMEHTaNBHON yeraHoBKH: (1) peakrop, (2) snekrpoHarpesarelb,
(3) rernounsonsinus, (4) knanansl, (5) cMecuresb, (6) IpeAOXpaHUTEIBHBIH KIIaMaH ISl CHUKCHHS
nasienwsi, (7) cvemuas kpbimka, (8) momycdepuueckas BcraBka, (9) marumk nasmenws, (10)
Cucrema cGopa naneix Ha Oase AL, (11) umdpoBoe u3MEpUTENBHOE YCTPOMCTBO ISt
tepmonapsl, (12) cxema uckpoBoro 3axuranus, (13) npososioka u3 GnaropoaHoro meramia, (14)
nudpoBas BUIeOKaMmepa

Peaktop W3 HepikaBerwlled CTajld, BHyTPEHHUM auamMeTpoM 12 cM u
JUTHHO# 25 ¢M, cOCTOsI U3 ABYX MOJyC(HEepUUECKUX YacTe U y3KOH IUIIHH-
IpUYecKoil yacTh Mexay HuMH. KoHCTpyKius HarpeBaTens oOecriedmBaia
paBHOMEpPHOE pacrpejiesieHHe TeMIepaTypbl B 00beme peaktopa [83], koro-
poe KOHTPOJIWPOBAIN C IOMOIIBIO TOABMKHON TepMOTapHl, pa3sMenIeHHOI
Yy BHYTpEHHEH MOBEPXHOCTH peakTopa. B psge IKcmepruMeHTOB MPOBOJIOKH
Pt win Pd (mmamerpom 0.3 MM m mmunoit 40 cM) pacronaraiu mepreHIu-
KYJISIDHO OCH peakTopa B €ro IeHTPaJbHON YacTH. DKCIePUMEHTHI MPOBO-
JIUITUCH CO CTEXHMOMETPUYECKHMH CMECSMH H-TIEHTaH—BO3[yX B JIHala3oHe
naBieHuit 2—3 arM. BpemeHHas mikana JaBleHUs PErHCTPHPOBANACH IIhe-
30onekTpuueckuM mpeodpasosarenem Karat-Cl (4 xI'm), curaam ¢ KOToporo
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nomasaics yepe3 ALIL B kommproTep. B psige sxkcnepuMeHTOB peakTop ObLI
OCHAIIICH ONMTHYECKUM Car(UpPOBBIM OKHOM Ha OJHOM u3 TopiuoB (Puc. 4.1).
3ajiepKK1 BOCIUIAMEHEHHUSI IOTIOJHUTEIBHO ONPEACIISIIA C UCIIOJIb30BAHHEM
BBICOKOCKOPOCTHOH IBeTHO# Buaeokamepbl Casio Exilim F1 Pro (uacro-
ta Kaapos 600 c?). Bugeodaitn coxpaHsii B MaMATH KOMITBIOTEPA, a 3aTEM
OCYIIECTBIISUTH TIOKaJpOBYyt0 00paboTky. [lepen KaKIpIM SKCIIEPUMEHTOM
peakTop BaKyyMHpPOBald BakyyMHBIM Hacocom 2HBP-5] mo 1072 Topp.
JlaBiieHre B peakTope M3MEPSIId C MOMOIIbI0 BAaKyyMMETpa H CTAaHIApTHOTO
BakyymMMeTpa. J[Is OTKPBITHS W 3aKpBITHS Ta30MPOBOJIOB HCIIOIBH30BAICS
ANIEKTPOMATrHUTHBIN KianaH. VMcnoiab30Bai XMMHUYECKH YHCTHIH H-TICHTaH
“Mepk”, 99.9% Pt u 99.85% Pd.

Cepuu SKCIIEpUMEHTOB BCeria HAYMHAIM C HU3KUX Temmeparyp. [Ipu no-
CTH)KCHUH HEOOXOAMMOW TeMIlepaTypbl CTEHKH I'a30BYI0 CMECh IMOJIaBalld B
peaktop uepe3 3 MuH. [I0BEpXHOCTBH peakTopa COCKaOJIMBAIIM, €CITU BO3HU-
KaJla HeoOXOJIMMOCTh YHAJIUTh OJIATOPOJHBIMN METalll CO CTEHOK peakTopa.
3ajiepKK1 BOCINIAMEHEHHUSI U3MEPSUIH C MOMEHTA TMPEKpaleHus [o1aun ra3a
JI0 MOMEHTa JOCTH)KCHUS MaKCHMaJIbHOTO 3HAYCHUS JaBICHHS. 3allepKKU
BOCIIJIAaMEHEHUST ONPEEISUIH TaK)Ke HEe3aBUCUMO C MOMOIIbIO [BETHOH BHI-
COKOCKOpoCcTHOH Buaeokamepnbl Casio Exilim F1 Pro or okoHuaHus momaun
ras3a, OLIEHEHHOTO 10 COOTBETCTBYIOIEH KPUBOM NaBJIE€HUS, 1O MOMEHTA I10-
SIBIICHUS] TIEPBUYHOTO Ouara BOCIJIAMEHEHHUS! Ha KaTaJTUTHYECKOH MPOBOJIOKE
[81] ¢ wacroroii kampos 600 kaapoB B CeKyHIy. BBIIO TOKa3aHO, YTO BpeMe-
Ha 33JIep’KKU BOCIIJIAaMEHEHUS, U3BMEPEHHbIE KaK C MCIIOJIb30BAHMEM MaKCH-
MaJbHOTO JIaBJICHUSI C TMOMOINIBIO JaTYUKa JABJICHUS, TAK U BOZHUKHOBCHHSI
XEMHJTFOMUHECIICHIIMH C TOMOIIBI0 TU(POBON KaMephl, OY€Hb OJIM3KU JPYT K
JPYTY, MMOCKOJIBKY BpeMsl 3a/ICPKKH BOCIUIAMEHEHHSI HAMHOTO 0OJIbIIIe BpeMme-
HU TIOBBIIICHUS IABJICHUS, IIOPTOMY JIOCTATOYHO UACHTHQHUIIMPOBATH MOMEHT
BOCIIJIAMEHEHUS KaK MMMKOBOE JaBJICHHUE.

Pe3y.]'l]>TaTbI Hu oﬁcyme}me

[IpenBapuTeNbHO C MOMOIIBIO MPSMBIX U3MEPEHUI TEMITEPaTyPhI B IIEHTPE
peakropa (10 cm B muamerpe u 10 cM B AIHMHY) TOHKHMH TepMmorapamMu 25
MKM 1pu atMmocdeproM gaBiaeHun U 800-980 K Obut0 mokazaHo, 4TO BpeMst
nporpesa ra3zoBoii cmecu He npesbimaet 0.3 ¢. DTo cornacyeTcs ¢ pe3ynbTa-
tamu [83], mosyueHHBIMU Ha TOH JKe YCTAHOBKE; 3TO BPEMSI HAMHOTO MEHbIIIE
BpEMEHH, MOJIYUYCHHOTO 10 YPaBHEHUIO, YUNUTHIBAIOIIEMY TOJIBKO KOHYKTHB-
HBIN TEMI000MEH.

Iepen sxcmepumenToMm 3 (Puc. 4.2a) BHYTPEHHUIN TOBEPXHOCTHRIN CITOH
peakTopa ToauuHo# 0.5 MM OblT Mexanuuecku yaaieH. Ha Puc. 4.2a cpaBuu-
BarOTCsI HAOOPHI DKCIIEPUMEHTAIBHBIX JIAHHBIX 0 BPEMCHH 3aICPXKKH BOCIIIA-
MEHCHHUS JIsl CTEXUOMETPUIECKOW CMECH H-TIEHTAaH—BO3/IyX B PEaKTOpe B OT-
CYTCTBHE U B TIPUCYTCTBUHU KaTallMTUUYEeCKOW moBepxHocth Pt. Kak BuHO U3
Puc. 4.2a, B 06:1aCTH TTOJIOKUTEIHHOTO TEMIIEPATYPHOTO KOA(DPUIIHEHTA TIPH
0oJiee HU3KHUX TeMIlepaTypax KaTaJuTH4YecKas IOBEpXHOCTh Pt mpakTuyecku
HE BIIUSICT Ha BpeMsl 3aJICPKKU BOCIIIAMEHEHHUSI, T. €. Ha MPOIecC BOoCIIame-
HeHus. OgHako B 00JaCTH OTPHUIATEIIFHOTO TEMIIEpATypHOTo KOd(DPUIHeH-
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Ta POJIb KATAIMTUYCCKOW MOBEPXHOCTH Pt CTAaHOBUTCS OYEHb 3HAYMTENHHOM
B cornacuu ¢ [69]. OnHako He Bech Pt ymansieTcst U3 MOBEPXHOCTHOTO CJIOS
nocne cockabnuBaHus. HaganbHbIN “CBEXHiT” TOBEPXHOCTHBIM CIOH HMEeT
0oJiee AIUTEIbHOE BpeMs 3aJiIepKKu BociiameHeHus, T. . OTK Ha HeoOpabo-
TaHHOW TTOBEPXHOCTH HaOJItoaeTcs ¢ OoJiee JIINTEIHLHBIM BpEMEHEM 3aJIePiK-
KW, 4eM Ha MEXaHWYECKH OUHIIEHHO.
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TemmepaTypHasi 3aBUCHMOCTb BPEMEHH 3a[ICP)KKM BOCIUIAMEHEHHS T JUISI CTEXHOMETPHUECKOH
CMECH H-TICHTaH—BO3[yX MpPH HauadbHOM JaBieHur 3 atM. L{udpbl B 0003HAYCHUIX yKA3bIBAIOT
MOCITEIOBATENFHOCTD IKCIIEPUMEHTOB; a) KaTaJuTHYeCKas MOBepXHOCTh Pt, 6) karamurmaeckas
nosepxHocTh Pd. Bcerapka: suemcTwiii pexum ropenus cvecu 40% H, + 60% Bosayx mpu
Temreparype creHok peakropa 316 °C; IIpoBomoka Pt momemnieHa B peakTop M3 Hep)kaBeroleit
cranu [84].

Ha Puc. 4.3 noka3zaHbl THIIMYHBIC OCIMIJLIOTPAMMBI JaBJICHUS MIPH 3a)KUTa-
HUH B OHUX U T€X XK€ yCIOBHIX B OTCYTCTBUE U B npucytctBuu Pt u Pd. Otn
OCIIMJUIOTPAaMMBI COKPAIIEHBI ISl TOTO, YTOOBI yBEIUIUTH BPEMEHHOE pa3pe-
HIeHHE KosieOaHMii: HAyCK ra3a u 00JbInas 4acTh 3aJCPKKH BOCIIIAMEHEHUS
He okazaHsl. CiieryeT OTMETUTD, YTO Ha OCIILIOTpaMMax AaBieHUs Ha0Iro-
JAI0TCS CTaJIUH TPOIecca BOCTUIAMEHEHUS TIPH OTCYTCTBUHU KaTAJIUTHIECKOM
nmoBepxHOCTH Pt B peakTope, TOr/Ia KaKk MpH HAIWYWHU KaTtanuzaTopa Pt xomoz-
HOE TuTaMsi HEMEJUICHHO MEePEeXOAuT B ropsdee. Bpems 3amepiKKu X0I0ZHOTO
riaMeHu (Korna BO3SHHKAET XOJOAHOE IIaMsi) B HAIIUX YCIOBHSX TOBOJBHO
6au3Ko K 00muM 3aaep:kkam (pasuuna e mpessimaet 0.15 ¢ mpu Gonee HU3-
KHMX TeMIeparypax), cM. takxe [69]. Karanuzupyemsrii Pt mepBudHBIi 1eHTp
BOCIUTAMEHEHUS HaXOJUTCA Ha TOBEPXHOCTH MPOBOJIOKH, T. €. CIIYKUT HCTOU-
HHUKOM BOCIUTAMEHEHUS.

Crenyer OTMETHUTD, UTO 3KCIepuMeHTsI ¢ Pt 1 Pd ommnuaroTcst TomsKo Mare-
pHuaNoM MpoBOJIOKH U3 Omaropoanoro Mmetasuia. [Ipornenypa n reomeTpus ycTpoi-
CTBa B DKCTIEPUMEHTAX OJTHAKOBHI, HAUYaJIbHBIE TEMIIEPATyPhI OY€Hb OJIU3KH IPYT
K apyry. Takum 06pa3zoM, BOCTIPOU3BOANMOE HAOII0AaeMOE BOSHUKHOBEHUE WITH
OTCYTCTBHE XUMHUCCKUX KOJICOaHMI 00yCIIOBICHO XMMHUIECKOHM MPUPOAON KaTa-
JU3aTopa.
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OciiorpaMMbl - I3MCHEHHSI JaBJICHUS IIPH BOCIUIAMCHEHHH CTEXHOMETPHUYECKUX CMeceil
H-TIEHTaH—-BO3yXx B obOmactu OTK a) mpu OTCYTCTBHHM KaTaJWTHYCCKOM MOBEPXHOCTH, 0) B
NPUCYTCTBUH Pt MPOBOJNOKH, B) MpH OTCYTCTBHH KaTAlMTHYECKON MOBEPXHOCTH (BHYTPEHHHI
MIOBEPXHOCTHBIH CJION MpeBapUTENIbHO yAAIEH), I') IPU HAJIWYUK TPOBOIOKH Pd

OOparnM BHHMaHHE, YTO MPOIECC BOCINIAMEHEHHS CMeced yTIIeBOJOPOA—
BO3yX MpH aTMoc(hepHOM JaBIeHNH HAYMHAETCS ¢ BOSHUKHOBEHHS HAYaJIbHBIX
04aroB Ha HamOoJjee XMMHYECKH aKTHUBHBIX yJacTKaxX MOBEPXHOCTH, KOTOPBIC
WHUIMHPYIOT PacIpoCTpaHEeHUE Moychepunaeckux GpoHTOB miamMeHn. Jlokamu-
3alys odara OMpEeeIseTCs COCTOSTHHEM MOBEPXHOCTH PEaKTopa W TeMIepary-
poii. lanabIe (haKTOPHI OMPENEIIIOT TCOMETPHIO B3aUMOIeHCTBHS (DPOHTOB TITa-
MEHH C aKyCTHYECKHMH BOJHAMHU. JTO, B CBOIO OYepe/ib, BIHIET Ha KOJHIECTBO
Y WHTEHCHBHOCTH KOJeOaHUIl JaBIeHHS, MOCKOIbKY OHM BO3HHMKAIOT C CAMOTO
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MOMEHTA 3apOXKJIeHHS IJIAMEHU B CHIIy OOpaTHOM CBsI3H, BBI3BAHHOH B3aUMO-
JeHCTBUEM MEXAY (POHTOM IIAMEHHM KaK UCTOYHHKOM TEIUIA M aKyCTHYECKH-
MU BOJHAaMH, MHOTOKPATHO MPOXOISIIMMH 4Yepe3 3TOT GpoHT (CM., Hampumep,
[85]). Kpome Toro, Ha Puc. 4.3a mpeacTaBieHbl pe3yabTaThl IO COCKOOIEHHOM
MMOBEPXHOCTH, HO, KaK BIIHO U3 Puc. 4.2a, He Bech Pt ynanseTcs U3 moBepxHocT-
HOTO CJIOS ITOCIIe MEXaHHYECKOTO YJIAJICHHS, TIOOTOMY COCTOSTHUSI TOBEPXHOCTH
Ha Puc. 4.3a 1 4.3¢c HECKONBKO OTIMYAIOTCS IPYT OT JIpyTa.

[MockonbKy BpeMst 33/Iep>KKH BOCIUTAMEHEHHS B 3TOM cllydae BeJleT ce0s Tak,
Kak ecIii ObI He OBUIO PAa3HUIIBI MEXTY XOJIOJHBIM TNIAMEHEM U TOPSYMM BOCILIA-
MEHEHHEM B TeMIepaTypHoii obmacty, coorBercrytomieii OTK [69, 86], MmoxHO
CJ/IeNaTh BBIBOJI, UTO KaTaJMTUIECKas TIOBEPXHOCTh Pt ycTpaHseT onpeieneHHyo
CTaMI0 MEXaHH3Ma BOCIJIAMEHEHHSI, BEPOSITHO, PEaKInio HHruoupoBanus [84],
MOCIIE MOSIBJICHUS XOJIOTHOTO TIAMEHH.

Kak BunHO 13 Puc. 4.3a, ropsiuee BoCIJIaMEHEHHE ITPH OTCYTCTBUU KaTalUTH-
yeckoii moBepxHoctu Pt B oomactu OTK compoBokaeTcst TepMOaKyCTHIECKUMHU
KOJIEOaHMSIMU; X MaKCHMAIlbHAsi aMIUTATY/Ia JIOCTUTAETCS IPUMEPHO B CEpe/InHE
obmactr OTK mo Temmeparype. Kak MbI 0TMedann BBIIIE, TEPMOAKYCTUUCCKIEC
KoJIeOaHMsI BOZHUKAIOT C CAMOTO MOMEHTA 3aporkIeHus iamenu. [Ipu Heboub-
oM juiiHe chepruueckoro (PPoHTa IIAMEHHU B Hayajle rOPSHHs aMILIUTYy/Ia Tep-
MOAKyCTHYECKHX KOJeOaHuH Takxke OyJeT TOBOJILHO Maja. B Hammx ycioBHsx
Iporiece pa3BUTHI KoJeOaHUH MOXKET OBITh pa3pellieH BO BPEMEHH ITyTEM MOBbI-
IICHUS] YaCTOTHI M YyBCTBUTEIHLHOCTH JaTuuka nasieHus. Ha Puc. 4.4a nokasza-
Ha TUMTUYHAS OCIIMIJUIOTPaMMa C TIOBBIIICHHOW YyBCTBHTEILHOCTBHIO M YAaCTOTOH,
JIOCTYIIHOM IS JaTYMKa JAaBJICHHs, UCIIOb3yeMoro B pabore. Ha puc. 4.40 mist
CpaBHEHMsI MIPEJICTAaBICHA OCIIMIIIOrpaMMa, 3arucantas 6e3 ycuienus. Kak Buj-
HO n3 Puc. 4.4a, Xopomio BUAHO yCHIEHNE KOJIeOaHWd Ha YYACTKE TIOBBIIICHUS
JIaBIICHNSI.

OTmeTHM, 9TO STOT aHAJIN3 HEe BXOJMII B 3a71a4y JJAHHOTO naparpada, KoTopeIii
HAIpaBJIeH Ha BISIBIICHUE YCIOBHH, TP KOTOPBIX KOJICOAHMST HAOIIOMAOTCS HITH
He HaOIIOaroTCH.

Yacrora konebanuii coctariser okoso 500 ['11; 310 3HaYeHHE TPUMEPHO CO-
OTBETCTBYET INEPBOI MoJIe KOJIEOaHUH IMOJIOT0 cOoCya ¢ pasMepamu, OTH3KUMH
K pa3Mepy peakTopa, UCIOJIb30BaHHOTO B gaHHOM maparpade [87]. Omnako B
MIPUCYTCTBUM KaTaJUTHYECKOW TMOBepxHOCTH Pt KomeGaHust He HaOmIOmaroTCs
(Puc. 4.36). CortacHo npusiuiy Panes [88] miist konebanuii napienus, 00ycios-
JICHHBIX BBIJICIICHUEM TeIlla, TePMOAKyCTHUECKasi HEeCTaOMIbHOCTh Pa3BUBACT-
csl, KOTZia BhIJIeJIEHHE Teruia KojieOneTcst B (ha3e ¢ MOBHIINICHHEM JaBJICHUS ras3a.
3TO 03HAYAET, YTO B MPUCYTCTBUH Pt TEIJIOBbIICNICHHE U YBEINYCHUE JIABIICHHS
IIPU TOPEHHUU TPOMCXOAIT He B (paze. DTO comiacyercs ¢ NMPUBEJCHHBIM BhIIIE
YTBEP)KACHUEM O TOM, YTO KaTaJuTH4ecKas MOBEPXHOCTh Pt ycrpaHsieT ompe-
JEIICHHYIO CTaIUI0 TOPEHHs (CTaaui0 WHTHOWPOBAHUS) TOCTIE BO3HUKHOBEHHS
XOJIOZIHOTO TIAMEHHU. DTOU CTajuell MOKET ObITh, HAIPUMED, Pa3JIOKECHUE HEKO-
TOPOT0 MEUICHHO PearnpyroIIero NpoMeKyTOUHOTO TIEPOKCH/Ia HA TOBEPXHOCTH
Pt ¢ oO6pazoBannem Oosee peaKIMOHHOCTIOCOOHOTO TTOBEPXHOCTHOTO PaIUKaa,
nanpumep O w/unmu OH, KoTOpEIi 3aTeM MOXKET JecopbupoBarscs. Takoi Mexa-
HU3M ObLT TipeutokeH B [89] mmst pasmokeHus MEPeKHCH BOIOPOJA HA TLIATH-
He. Ero ocymiecTBieHne MPUBOANUT K U3MEHEHHIO CKOPOCTH BBIJICIICHHS TETLIa
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MpY TOpSYEM BOCIUIAMEHEHUHU. [[eTallbHbIM MEXaHU3M ATOW CTaJuU OKUCIIECHUS
YTJIEBOJIOPOJIOB, OYEBUAHO, TPeOyeT MaTbHEUIIero pacCMOTPEHUS, TOCKOIbKY
AKCIIEPUMEHTAIBHBIC JAHHBIC O PEAKITUAX ra3000pa3HBIX ATKIIMIEPOKCHIOB Ha
MMOBEPXHOCTH IJIATUHBI HA CETOJHSAIIHUN JIEHb BECbMa OTPaHUYEHBI.
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Puc. 4.4. OcumuiorpaMMa H3MEHEHHs! JABJICHUS TTPU BOCIIIAMEHEHUH CTEXHOMETPHYECKOIT cMech
H-nieHTaH—-Bo31yX npu 615 °K B npucyrcrBuu Pd mpoBomoku

Kazanoce Obl, TOHKas poBosioka Pt 3anuMaeT HeOONbIOH 00BEM U HE MOXKET
BIIMSATH Ha Tporecc ropeHus B raze. Onnako nzsectHo [90], uto mpu Temmnepary-
pe 6onee 500°C MomeKynbl WM KIIACTEPhl KaK OKCHA TUIaTHHBI, TaK U MeTajia
IUTaTHHBI IEPEXOIAT B ra30ByI0 (azy. DKCepuMeHTaIbHO MOKa3aHO Ha MpHMe-
pe okucnenus H, npu 1 arm B [22], uTo karanutuueckuit sdekr yactun Pt,
pacnpocTpaHsOLMXCS B 00beM peakTopa (cM. BcTaBKy Ha Puc. 4.2a), mpuBoaut
K PE3KOMY COKpPAaIIeHUIO BpeMeHH 00pa30BaHusl yCTOWYMBOTO (PPOHTA TIIAMEHHU.
Hopmanbhass ckopocTh (poHTa IUIaMEHH B NPUCYTCTBUM KaTaJUTUYECKHX
4acTHll B 00beMe 3HAUUTEIIbHO BhIIIE, YeM 0e3 KaTaau3aropa.

Karanurnaeckuii a¢ppext Pt B 310l pabote noutu ananoruyex s¢dekry, onu-
CaHHOMY BBIIIIE.

Takum 00pa3oM, XMMH3M IIpolLecca 3aKI0YaeTCs B TOM, YTO TOHKasl TICHKa
NaOMIIBHOTO TBEPJOTO OKCHJA IUIATHHBI 00pa3yeTcsi Ha MOBEPXHOCTHU IIATUHBI
Ha BO3/yXE WM B KUCIOPOJAE NMPH KOMHATHOM TeMIeparype M yTOJMIIASTCS IpH
MOBBIILIEHUH TemmepaTypbl mpumepHo a0 500 ° C; 3arem 3Ta ri€Hka pasiaraercs.
3TO 03HAYAET, YTO MOJIEKYJIbI MJIH KJIACTEPHI KaK OKCHA IJIATHHBI, TAK ¥ MeTaja
IUTaTHHBI CYILECTBYIOT B Ta3oBod (haze mpu Temmeparypax Oomee 500 °C.
CrenoBarenbHO, YacTHIBI, coiepkamme Pl, KoTopele pacmpoCTpsSHSIOTCS MO
00beMy BO BpeMsl TOPEHHS, SIBISIOTCS KaTaIUTUIECKUMH LEHTPaMHU, Ha KOTOPBIX
MOXET MPOUCXOIUTh KaTaJUTHYeCKas peakius B MPOLECCE PacHpOCTPaHECHUS
(poHTa TIIAMEHU ¥ CUIIBHO BIIMSTH HA MEXaHH3M TOPEHHSL.
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B crenyrorieii cepum SKCIEpUMEHTOB MTPOBOJIOKY Pt m3BIekanu u3 peakropa u
CHOBa U3MEPSUI 3aBUCUMOCTh Jiorapru(mMa BpeMeHH 3a/IEP’KKH BOCILIAMEHEHHS
0T OOpaTHOHM TeMmepaTypsl I CTEXHOMETPUYECKOH CMeCH H-TIEHTaH—BO3IyX
B obmactu OTK. Oxazamoch, uro ¢enomen OTK Bce emé orcyTcTBOBAI.
O4eBHIHO, ATO CBSI3aHO C KaTATMTHYECKNUM JelicTBueM Pt-comeprkammx gacTuil,
OCa)XJCHHBIX Ha cTeHKax peakTopa [90] mocie npenpiaynux BOCIIIaMeHEH .

Yr1oObl BOCCTAHOBHUTH MCXOIHBIH MaTepHan MOBEpXHOCTH (HeprKaBerolast
CTallb), BHYTPEHHHI TOBEPXHOCTHBIN CIIOH peakropa Tommuuoi 0,5 MM cHOBa
ObL1 Mexanudecku ynaieH. Ha Puc. 4.2b cpaBHHMBaroTCs 3KCIIEpHUMEHTAIbHbBIC
JAHHBIE O BPEMEHH 3aJIePXKKH BOCIIJIAMEHEHHS JUJIsl CTEXHOMETPHUECKOH CMECH
H-TICHTAaH—BO3/[yX B PEaKkTOpe B OTCYTCTBHE U B MPUCYTCTBHU KATAIUTHUECKON
moBepxHocth Pd. Kak BuaHo m3 Puc. 4.26, kak B 007aCTH MOJOKHATEIHHOTO
TEMIIEPaTypHOro  Kod(pHIMEeHTa, TaKk W B O0JAaCTH OTPHUIATEIHHOTO
TeMIeparypHoro  kodddQuimeHTa  MOBEPXHOCTh  KaramuThueckoro  Pd
MIPaKTHYECKN HE BIMSAET HA BpeMs 3a/IeP>KKH BOCIIAMEHEHHS, T. €. Ha TPOIIeCC
BoCIUIaMeHeHus1. [lomydeHHbli pe3yabrar coriacyercss ¢ gaHubiMu [91]. B
paboTe ObLIO MOKa3aHO, 4TO B MpHCYTCTBUHU (onbru Pd sdencras cTpykrypa
¢ponra nnamenu cmeceit H, — CH, — Bo3ayx He HabmonaeTcs, M0 CPABHEHHIO
C pe3yabTaraMu, TONyYeHHBIMH Ha MoBepXHOCTH Pt. DT0 cBs3ano ¢ OGOnbIIei
crabunbHocThio PAO 1o cpaprenuio ¢ oxcuaom PtO,, koTopelit ouens HecTabu-
JIeH W paznaraetcs npu temmeparype 6omee 500 °C (cm. Breime). Ha Puc. 4.3c,
d moka3aHbl OCIHJUIOIPAMMbI JaBJICHUs /ISl BOCIUIAMEHEHHS TMPU TEX IKe
YCJIOBHSX B OTCYTCTBHE C) M MPHCYTCTBUHU ) TOBEPXHOCTH KATAIMUTHYECKOTO
Pd. Kax Buauo w3 Puc. 4.3C, BHyTpeHHSS TOBEPXHOCTH peakTopa Oblia
BOCCTaHOBJICHA IOCIIE MEXaHWYeCKol 00pabOTKH; ropsiiee BOCINIaMEHEHHE KaK
B OTCYTCTBHE, TaK U B MPUCYTCTBHH KaTaJIMTHYECKOW MoBepxHOCTH Pd B 00nactn
OTK compoBoKIaeTCsl TEPMOAKYyCTHUCCKUMHU KOIEOAHUSIMH; UX MAaKCUMAaJIbHAS
aMIUIuTyna nocturaercs B cepenune oomactu OTK. D1o sBisercs 10MOTHATETh-
HBIM YKa3aHHEM Ha TO, YTO B IPUCYTCTBUH KATATUTUICCKON ITOBEPXHOCTH, KOTO-
pas He BCTyMaeT B 3aMETHYIO PEaKIUIO C KUCIOPOIOM IIPH TeMIepaType riaMe-
HU U HE TEHEPUPYET KaTaJUTUYECKUE [EHTPbI, PaCIPOCTPAHSIIONIUECS B 00BEM,
BosHmKaeT siBiieane OTK.

O6001mnM OCHOBHBIE IKCTIEPUMEHTAIILHBIE PE3YIbTATHI.

A. B o0acti mojoKUTEIbHOr0 TeMIepaTypHoro ko3 guiuerra npu oosee
HU3KHX TeMIlepaTypax MOBEPXHOCTh Pt kaTammzaTopa mMpakTHYECKH HE BIUSET
Ha BpeMs 3a/Iep’KKH BOCIUTAMEHEHUs, T. €. Ha Ipouecc BocruiameHeHns. OaHaxo
B 00JacTH oTpuiarenbHoro temrmeparypraoro kodpgunuenra OTK poip kara-
JINTUYECKON MOBEpXHOCTH Pl craHoBHTCS O4YeHB 3HaunTenbHON: sBiaeHne OTK
HCYE3aeT.

B. MoxHO cienaTh BBIBOJ, YTO KaTaJUTHYECKas MMOBEPXHOCTh Pt ycTpanser
OTIPENIETICHHYIO CTaINI0 MEXaHN3Ma BOCIUIAMEHEHUS], BEPOSATHO, PEAKIINIO HHTH-
OMpoBaHUs MOCIIE BOSHUKHOBEHUS XOJIOAHOTO IIJIAMEHH.

C. B npucyrctBum Pt BbIZIcTIeHHE TeIUIa ¥ MOBBIIICHHE JIaBICHUS BO BPEMsI
TOpEeHHs TPOUCXO/AT He B (paze. DTo comtacyercsi C MPUBEICHHBIM BBIIIIE YTBEP-
KJICHWEM O TOM, YTO KaTaJIWTHYecKas MOBEPXHOCTh Pt ycTpaHser ompeneneH-
HYIO CTaJIHI0 ropeHus (CTaauio MHIHOUPOBAHHKS) TOCIIC BOSHUKHOBEHUSI XOJIO-
HOTO IUTAMEHU. JTOH CTaIueit MOXET OBITh, HAIIPUMED, PA3I0KEHUE HEKOTOPOTO
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MEJIEHHO pPearupyromero mpoMeKyTOYHOTO MEePOKCHIa Ha MOBEpXHOCTH Pt ¢
o0Opa3oBaHueM 0Oollee PeaKIMOHHOCIIOCOOHOTO MOBEPXHOCTHOTO pajyKaa, Ha-
npumep O u/umu OH, KOTOpBIii 3aTeM MOXKET 1eCOPOUPOBTHCS.

D. Tonkas mpoBosioka Pt 3aHnMaeT HEOOIBIIONH 00bEM U HE MOKET BIUSTEH HA
nporiecc ropenus B raze. OqHaxo npu temreparype Boiie 500 °C MONeKyIbI HITH
KJIACTephl KaK OKCHJA IUIAaTHHBI, TaK U METaJUIa TUIATUHBI HAaXOJSATCS B Ta30BOM
(baze. Panee MbI moKa3anu, 4TO 3TH YaCTHUIIBI TTOMAAAI0T B 00BEM peakTopa ImyTeM
G dy3un 1 KOHBEKIIMU U JISHCTBYIOT KaK KATAIUTHYECKUE IICHTPHI, Ha KOTOPBIX
MIPOMCXOANT BOCTNIAMEHEHHE TIPU PacIpOCTpaHeHUH (DPOHTA TIIAMEHH; PEaKIIH
9THX [IEHTPOB CUJILHO BIUSIOT HA MEXaHU3M TOPEHHSI.

E, OrcyrcrBue Bnusiaus Pd Ha OTK 00yciioBieHo 60ibliieid CTaOHIbHOCTHIO
PdO no cpasnenmio ¢ PtO,; 9To siBNsIeTCS IOMOTHUTENBHBIM J0Ka3aTeIbCTBOM
TOTO, YTO B MPUCYTCTBUH KATATUTUYCCKOW IIOBEPXHOCTH, KOTOpast HE BCTYIAET B
3aMETHYIO PEaKIHUIO C KHCIOPOOM TIPH TEMITEpaType MIaMeH! U He TEeHEPUPYET
KaTaIUTUYECKUE IIEHTPHI, PACIIPOCTPAHSIONINECS B 00bEM, BOZHUKAET SBICHHUE
OTK.

B nanpHeiiniem aHanmm3e Mbl XOTENW OIMMPATHCS HA HAJCKHbIE KUHETH-
yeckue maHHble. OnHAKO aHaIW3 TOAPOOHOTO0 KMHETHYECKOTO MeXaHW3Ma
OKHUCJICHHSI H-TICHTAHA SIBISICTCS] MPEXKJICBPEMEHHBIM HM3-33 HEJOCTATKa WH-
dopmanuu (cm. HIke). Kpome Toro, B crarbe [92] paccMoTpeH moapoOHbIit
MEXaHU3M aJcopOnnu-1ecopOInn U MTOBEPXHOCTHOTO OKHCIEHUS BOJOPOAA
Ha IJIATHHE, TIPUBEJICHBI dJIeMEHTapHbIE KOHCTAHTBI 23 dJIeMEHTapHBIX peak-
unii. O4eBHAHO, YTO ITO, CKOPEE, OLIEHKH, YeM dKCTIEpUMEHTAJIbHbIE JaHHBIE,
MM03TOMY HaJIe)KHOCTh MEXaHH3Ma KaTalln3a COMHUTEIbHA. Takke B pacyeTax
Temreparypa Bociiamenenus cmeceit H, + O, nax dombroit Pd cumxaercs
1ist 6oiee OEIHBIX CMeceit; 3To mpoTuBopednT 3kcnepumenty [93]. Cnenoa-
TEJILHO, HET HAJIE)KHBIX KHHETUYECKUX JIAaHHBIX O KuHethke H, + O, max Pt,
0COOEHHO ¢ yJacTHeM H-TICHTaHa.

VYKaxxeM, 9TO YMCIIEHHBIE MCCIIEOBAHUS, BKIIIOUasi KHHETHYECKNE MEeXaHH3-
MBI, HOCSIT B 3HAYUTEILHOW CTEIIEHU CIICKYJSITHBHBIN XapakTep; UX IEeHHOCTh Ya-
CTO mpeyBennuuBaeTcs. JlelicTBUTeNnbHO, 1I000e cpaBHEHHE, HAIIPUMED, KCIIe-
PUMEHTAILHO OOHAPYKEHHOTO PACIpOCTpaHeHUs] (POHTA IUIAMEHH C Pe3yJbTa-
TOM YHCJIEHHOTO MOJICJIMPOBAHNS 3aCITy’KUBAET JOBEPHSI TOJIBKO B KAYECTBEHHOM
acreKTe, a UMEHHO 10 M3MEHEHHIO CKOPOCTH TEPEMEIIEHUs TPAHUIBI MEXKITY
WCXOJIHBIM M aKTHBHO PEarupyrolluM ra3oM, a Takxke 1mo GopMe 3TOH rpaHHIIbI
Y TI0 CTETIEHH €€ “TIIaJKOCTH WM BO3MYILEHUS €Tr0 CTPYKTYphl. PaccMoTpenue
JETAIbHOM KWHETHKH B pacueTax CO3/[aeT JOTIOTHUTEIbHYIO HEOTPEIEeTICHHOCTD,
MOCKOJIBKY OOJIBIIMHCTBO KMHETHYECKHX MapaMeTpoB (HampuMep, MpendKCIo-
HEHT M DHEPIUsl aKTUBALMH ISl KQKIOH CTaaiy peakiii) HeJOCTaTOYHO TOY-
HBI, YTOOBI JIeNIaTh JIOCTATOYHBIE BBIBO/ILL. [10THOTa KHHETHYECKOTO MEXaHU3Ma
BCETJa HaXOMUTCS O]l BOITPOCOM, TIOTOMY YTO OTPEAENICHHAS BaXKHAS PEAKITHS
MOJKET OBITH yIyIIeHa U3 BUAY. DTO TeM OoJiee BEpHO JIJIsl OKUCIEHUS H-TICHTaHa,
a TaKXKe I Peakinii aIKIIIEePOKCHIa, oTBeTCTBeHHBIX 3a siBneHue OTK. bonee
TOTO, HE CYIIECTBYET TEOPEM SAMHCTBEHHOCTH ISl ypaBHeHN HaBre—CTOKCa B
pearupyrouiei cxxuMaeMoi cpezie; TakuM 00pa3oM, JTF000€ COOTBETCTBUE MEXKITY
pacyeTHBIMHU U IKCIIEPUMEHTAIbHBIMU BEJTMUYMHAMH HE SIBIISICTCSI apIYMEHTOM B
MIOJIB3Y COTJIACHSI MKy PacueTOM M IKCIIEPUMEHTOM, IMOCKOIBKY MOTYT CyIie-
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CTBOBAThH JIPyTrHe HA0OPhI YIPABIISIONIMX ApaMETPOB, OITUCHIBAIOIIUX TE ¥KE IKC-
neprUMeHTaIbHbIe JaHHbIe [42].

CkazaHHOE MOXKHO MTPOMIUTIOCTPUPOBATh HA MPUMEPE MEXaHU3Ma OKHCIICHUSI
MeTaHa. i MareMarHueckoro aHalii3a cHavaja peAylHpYIOT MEXaHU3M,
KOTOPBII BKJIFOYAeT B ce0sl BCE BO3MOYKHbBIE PEaKIUH; PEaKIUN UCKITFOUAOTCS C
MOMOIIIBIO PA3JIMYHBIX AITOPHUTMOB, HAITPUMEP, TporpaMmmHoii cpessl «Chemical
Workbench». OnHako B juTeparype BOIPOC O €AMHCTBEHHOCTH ONTUMAIbHOTO
nporecca peayKIUd C HCIOJIb30BAHUEM OIPEACICHHOTO AITOPUTMa CTPOTo
He JoKa3aH. TakuM o0pa3oM, CyIIECTBYEeT HECKOJBKO IMOXOXKHX AJTOPUTMOB,
BEIYIIUX K pa3IMYHBIM MEXaHH3MaM. JDTO 03HAYAET, YTO YIPOIIEHHUE, BEPOSITHO,
HETIOJIHOTO MeXaHHW3Ma SBISIETCS HECTPOTUM MPOIIECCOM, KOTOPBIM MOXKET
MPUBECTH K HEJOMYCTHMOM ommuoOke. Hanmpumep, OTHUM M3 CaMbIX MOMYJISPHBIX
SBJISETCS MEXAaHW3M OKHCIIEHWs MeraHa, u3BecTHbl kak GRI-Mech; omna
W3 €ro BepcHi cOoCTOMT M3 325 JeMeHTapHbIX CTaJAud W 53 KOMIIOHEHTOB.
OnHaKo STOT MEXaHW3M HE ONHCHIBAET HEKOTOPBIC ACHEKTHI TOPEHHS METaHa,
Takue Kak 00pa3oBaHUE CaXKH. XOTS B MEXaHHU3ME NPUCYTCTBYIOT METaHON M
alleTUJICH, 9TOT MEXaHHW3M HE MOXET OBITh MPUMEHEH K ONMUCAHHUIO TPOIIECCOB
uX okuclieHHus. Takum 00pa3oM, MEXaHHW3M HE MOXKET TOYHO ONKCATh BaXKHBIC
OCOOCHHOCTH OKHCJICHHS MeTaHa. JTO 03HA4daeT, YTO MEXaHW3M He oOiajaer
MPOTHOCTUYECKOW CHIIOH, IMOCKOJIbKY OH HENPABUIILHO OMKCHIBAET W3BECTHHIC
3aKOHOMEPHOCTH JTOT0 Tporecca. MOXHO cenars BbIBOJ, YTO COBPEMEHHBIE
pe3yNIbTaThl, OCHOBAaHHBIE HA pacyeTax, MOTYT CIY)XKHTh B JIy4llleM Ciydae
TOJIBKO JIJISI KAY€CTBEHHOH MIUTIOCTPALUK SKCIIEPUMEHTAIBHBIX AaHHbIX [94]. B
emie OoNbIIel CTEeH! TO OTHOCUTCS K MEXaHHM3MY OKHCJICHUS H-TIEHTAaHA B
MIPUCYTCTBUH KaTaau3aropa.

B cBsi3u ¢ BbIIeCKa3aHHBIM, MbI HCTIOJNB30BAM Ka9eCTBEHHBIN MOJXOJ, a
HMEHHO MPOCTEUIINI KUHETUUYECKUM MEXaHWU3M, TOJBKO JJIs HWJUIIOCTpaluu
IKCIIEPHMEHTA; aHAIW3 JIETAbHOH XWMHUYECKOH KUHETUKH He OylIeT HMETh
HAyYHOW IICHHOCTH, IIOCKOJIbKY OH OyJeT CBeleH K I0I00py HECKOIbKHX
COTEH KMHETHYECKHX MapameTpoB. MBI NPEINpUHSITN TONBITKY KaueCTBEHHO
MPOMJUTIOCTPUPOBATH BIMSHUE XUMHUECKOTO MEXaHU3Ma M TEIUIOBBIICIICHUS Ha
MPOCTOM TpUMEpE TOCIEA0BATEIILHOCTH JIBYX LEMHBIX XUMHUECKUX PEaKIuii
C TOMOIIBIO YUCICHHOTO MOJICIMPOBaHMS. VCcIonb30Banu crucTeMy YpaBHEHHH
HaBpe—Ctokca i CxKMMaeModl pearwpyronieid cpeipl B TIPUOIMKESHUH
Mmasoro umcia Maxa, mpexactaBieHHyio B [42, 93, 94], xoropas omnmchiBaeT
pacrnpocTpaHeHHe IIaMEeHHU B IBYMEPHOH 00IacTH.

Beutl mpoaHanu3upoBaH CleAyrolMi Habop peakiuil. [Iporecc ropeHwus
JUIsL OTIPE/ICIIEHHOCTH OBUI MPEJICTABICH 3JIEMEHTAPHBIM IIEITHBIM MEXaHU3MOM:
C— 2n(w,), n+C — 2n+ nl + npoxyktsl (koHCTaHTa ckopoctH B, Q=f,);
nl + C — n + npoayxrer (B, Q=P,), Q — TennosbineneHue B cTaauu. Bropyro
PEaKIMIo MOXKHO paccMaTpyBaTh Kak WIUTFOCTPATHBHBIN MPOIIeCC, BKIIFOYAOIINN
MOJIEKYJISIPHBIC KJIACTEPhI, COIEPIKAIUe KaTainu3aTop. Y TOYHHM, YTO MpPHU pac-
CMOTpPEHHH TIpOIlecca CTAIIMOHAPHOTO PACIPOCTPAHEHHs TUIAMEHH peaKIuen
3apoxaenus mend WO MokHO mpeHeOpeus [95]. Cuctema ypaBHenuit HaBbe—
Croxkca nipencrasnena B [Ipunokennu k I'mase |, § 5. HanomuauMm e€, 94T00bI 1M0-
CTOSIHHO HE OTChUIaTh uutarens kK [mase |. Ilpu paccMoTpeHnn maHHOW 3amMavm
00o03HaueHwus, IpUBeeHHbIC B [71aBe |, coxpaHeHbI.
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pT =P (a)
pet (pv)y + (pw)x =0 (b)
P 1 1
p(ut+uvy+uvx)+y—1;'2=E+SC(V2v+§Ky) (c)
Py 1 1
p(v, +vuy+vux)+W=E+Sc(vzu+gl(x) (d)
-1 (y—1)|Pc+uPy+vP
p(Te +vTy +uly, ) = =P — [ T Ao ver 4 pw + 8w, () ()
p(C; 4+ vCy + uCy ) = V2C + wy — BonW — fnlW, 0]
p(n, +vn, +un, ) = Vn + wy + 2BnW + fniW, (@)
p(nl, + vnl, + unl, ) = V?n + BonW — pniW, (h)
W = Cexp(C-¢/T) (1)
Wy = Cexp(¢,—C,/T) @
vZp
Ptt—m=Q(Cp—1)(51Wt+ﬁ2W1t) (k)

rae V= (..)yy + (..)xx — JBYXMEpHBIH namnacuan, K' = v, + U — Bs3Kas
muccunanus, M — uucno Maxa, P(x, y, t) = P (1) + YM ?p,(X, y, t) + O(M?)-
craruueckoe nabneHue (paccumraHo kak B [96]), p,(x.y,t) — nunammdeckoe
nasnenue. P, = d?P/dt?, d(..)/dt — marepuanbHas npoussoaHas, U U V —
KOMITOHEHTBI CKOPOCTH B HAIPABJICHUSIX X, Y COOTBETCTBEHHO, P — IUIOTHOCTb,
T — Temneparypa. C — koHIeHTparms peareura, 1-C — cTeneHsp npeBpamieHus,
{ — Oe3pasmepHbIii K0d(D(DHUIMEHT, MpomopuroHaabHbl E/R. BespasmepHbie
mapamerpsl — kputepuii IImuara Sc = v/ID, D — xosddurment muddysnn
(0.3 cm%c ipu 1 atm [60]), v — kuHemaTmueckast Ba3kocThb raza (107 em?/c [60]),
Y — COOTHOIIIEHHE TEIJIOEMKOCTEH MPU MOCTOSIHHOM JIABICHUH M TTOCTOSHHOM
oObeme; [, XapakTepu3yeT TEIUIOBBIIEIECHUE B PEAKUMH, 3 — KHHETHYECKUM
KO3 GUIINEHT, TPOMOPIHOHATRHBIA BTOpoMy 4dmciy Jlamkenepa. HawambHbie
sHauenus cienyromue: p, =0.001r/em®[60], T, =1,P =p T, (=10.5,y=1.4,$=0.2,
B, =0.3, xan/rrpan [60] u C, = 0, cooTBercTBeHHO. DTH 3HAYEHHS ObLIM
HCIoJIb30BaHbl 1 pacuetos (Puc. 4.5). Yucno Jlbiouca pasno L, = 1, uto
npennonaraer paseHctBo SC = Pr, rie Pr = p C_v/A, A — TemnonpoBoaHOCTh 1
C, — TeIIOEMKOCTb NPH MOCTOSHHOM AaBieHun. Ilkanbl fmuHBL 1 CKOPOCTH
OTIPEICIISIIOTCS  KaK lé =Dty, m U, = | g It , coorBeTcTBeHHO. Torma wmcno
Peitnonbaca pasno U, | /v=1/Sc. Uucno Maxa pasno M =U /c;; oHo mpuHuMa-
ercs paubiv 0.025, e ¢ — ckopocTh 3Byka. Ecnm ucnonb3yercs ctannapTHoe
MPEJICTaBJICHUE JaBJICHUS, TO OObIUHAS 3aMEHA MEPEMEHHBIX P = Pop MIPUBOIUT
K nosiBiieHn 0 Kodddunuenta 1/M 2 B uiene grad p B ypaBHeHHH uUMITyIIbca [97,
98]. IlpunsTO, 4TO 3HAYCHHS TABJICHHS YIOBJICTBOPSIOT BOJTHOBOMY YPaBHEHHUIO
(mocnennee ypaBuenue (K) u3 cucremsi (a)-(K)), koTopoe MOKET OBITH MOITYUYSHO
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W3 YpaBHEHHUH HETMPEPHIBHOCTU U UMITYJIbCA C YIETOM BHYTPEHHUX MCTOYHHKOB
MUTaHus ¥ peHeOpekeHneM wieHamu mnopsinka 1/M* [97, 98]. st Toro, 4To6bt
KOJIMYECTBO YPaBHEHUIT COOTBETCTBOBAJIO KOJIMYECTBY HEU3BECTHBIX, ypaBHEHHUE
(a) uckmrouaercst u3 muokectsa (a)-(K) mpu gaspHeieM aHamuse.

[TapameTpbl ObLH NOOXKEHBI Caytommmu & =4, §, =7.5, b0 = 0.1, p = 0.15,
B, =0.22, b, =0.3. Kospdpunuents mudpdysuun D, =D 1=0.3, T, =T—- T,

3amady pemiand MeToIOM KOHEYHO-3JIEMEHTHOTO aHAJIN3a C TTIOMOIIBIO TTAKeTa
(FlexPDE 6.08, 1996-2008 PDE Solutions Inc. [99]). Pe3ynsrarsr pacuera Tep-
MoakycTudeckux konebanuii B cucreme peakiuii (b)-(K) mokaszausr Ha Puc. 4.5.
BBepxy nokasaH pacueT TemreparypHoro mois. BHU3y moka3aHbl KpUBbIC 3aBU-
CHUMOCTH JIaBJICHHsI OT BPEMEHH, PACCUMUTAHHBIC B TOYKE BEPXHEH YacTH peak-
Topa (0003HaYEHBI KBaJPATOM), COOTBETCTBYIOIIUE CTEIICHHU MPEBPAIICHHS, YKa-
3aHHOW B BEpPXHEH 4acTH pucyHKa. KaXKIbIid cTOIOET] COOTBETCTBYET Ha9aIbHOM
Oe3pa3MepHOi TeMIIepaType CTCHKH, YKa3aHHOW B HIDKHEH 9acTH pUCyHKa. Bua-
HO, uTO Tipu T = 6 KoeOaHus pu rOpeHUur Hanboiee MHTEHCUBHEL, a IpU 1 = 3 U
T = 9 konebaHusi MeHee MHTCHCUBHBI, STH 3aBUCHMOCTH KaueCTBEHHO COTJIACY-
FOTCSI C DKCIIEPUMEHTOM.

Kak Tarke BHJHO M3 PUCYHKA, B3aUMO3aMEHa JSHEPIHil aKTHUBAIMU JIBYX
paIUKANBHBIX pEeakiuid NPUBOIAWT K 3aMETHBIM H3MEHCHHUSM B pEeXHMax
TEPMOAKyCTHUECKUX KoneOaHMidl. IJTO, CKOpee BCero, CBSI3aHO C TEeM, 4YTO
TEIIOBBIIETICHUE U POCT JiaBiieHus npu =4, § =7.5 BO BpeMst TOPEHUs TIPOKC-
XOIAT B OOJIbIIEH cTeneHu He B (ase, yeM 1pu § =7.5, §; = 4 3a cueT u3MeHeHus
3aBUCUMOCTEH TETJIOBBIJCIICHHS TIPU TOPEHUH BO BPEMEHHU.

CrenyeT OTMETUTb, YTO aHAITN3 €IMHCTBEHHON XMMHUYECKON PeaKIlny MPH HC-
kiroueHrn BTopoi (P = 0), 4To IKBHBAJICHTHO €€ MOJHOMY WHTHOMPOBAHHUIO, HE
MPUBOIUT K 3PQEKTy, KOrJa NpH MOBHIINICHAN HAYAIbHOW TEMIIepaTypbl HHTCH-
CHUBHOCTH TEPMOAKyCTUYECKMX KOJI€OaHM CHadaja BO3PACTAET, a 3aTeM YMEHb-
mraercsi. ITO 03HAYAET, UTO TaKasi IPOCTasi MOJIEIb MIO3BOJISIET KA9€CTBEHHO MPO-
wutrocTpoBath sBieane OTK.

CrenoBarenbHO, SICHO, UTO JIOCTOBEpHAsI KWHETHYECKast MOJIEIb JIOJDKHA YIH-
THIBaTh BO3HUKHOBEHUE TEPMOAKYCTHUECKUX KOJICOaHWIA; MCKIIOUEHHE Ompe-
JICJICHHOM CTaJuu KHHETHYECKOro MexaHu3Ma (BO3MOXKHO, IMOBEPXHOCTHOTO
XapakTepa) JOJKHO MPHBECTH K ncuesHoBenuto pexnma OTK. OueBuaHo, 4TO
YCTaHOBJICHUE JIETAIbHOTO MEXaHW3Ma FOPEHHsI, YIIOBIETBOPSIOIIECTO YCIOBHSIM,
MOJTYYEeHHBIM B HACTOsIIEH pabore, TpeOyeT He TOIBKO JIOTOITHUTEIBHON JKCIIe-
pPUMEHTaILHON MH(OpMAIIMK, HO U YBEIHYCHHUsI 00beMa BBIYUCICHUI C HCIIONb-
30BaHHEM 3HAYMTEIILHO OOJBIINX BBIYMCIUTEIBHBIX MOIIHOCTEH s Iepebopa
BCEX BO3MOYKHBIX BAPUAHTOB CTAJIUI PEAKIINH.
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Puc. 4.5. PesynbraThl YHCIEHHOTO pacdyeTa CHCTEMBI CKMMAaeMbBIX Oe3pa3MepHBIX PEaKTUBHBIX
ypaBuennit Hape—Ctokca B mpubmmxeHnn Masnoro yncia Maxa. [logpoOHoe 00bsicHeHNnE pUCYHKA
MPUBEACHO B TEKCTE

KpaTko nonbIToXuM NOTy4YeHHBIE PE3YIBTaThI.

HccnenoBanbl 0COOCHHOCTH BOCIIAMEHEHHS MPEIBAPUTEIBHO CMEIIaHHBIX
CTEXMOMETPUUYECKUX CMECEil H-TNIEHTaH-BO3AyX B CTaTUYECKOM pEaKTope ¢
OBICTPBIM HAITyCKOM CMECH B NMPHCYTCTBUU MeTaindeckux Pt u Pd B obmactu
oTpuIaTenbHoro TemneparypHoro koadpunuenrta (OTK). [Tokazano, 4To B OTCYT-
cTBHE OJaropomHbIx MeTamuioB B o6nactu OTK BO3HHKaIOT TEPMOAaKyCTHYECKHE
kojebanus. OnHako B MPHUCYTCTBHM MOBEPXHOCTH Karamuzaropa Pt, xoropas
pearupyeTr ¢ KUCIOPOJAOM IIpH TEMIIEpaType IJIaMeHM U TeHEepUpyeT KaTallu-
TUYECKHE LEHTPHI, PACIpOCTPAHSIOIIUECS B 00BbEM, TEPMOAKyCTHUECKUE pe-
UMbl TEPMUYECKOTO BOCIUIAMEHEHMs Hcde3aroT. [lpyrumu cioBaMH, KaTaiu-
THYECKasi MOBEPXHOCTh Pt ycTpaHseT ompeneneHHyI0 CTaaui0 UHTHOMPOBaHUS
KMHETUYECKOT0 MeXaHW3Ma I10CJI€ BO3HUKHOBEHHS XOJOAHOIO IIJIaMEHH U
spinennss OTK ucuesaet; 9TOM cTaaueil MOXeT OBbITh, HAPUMEp, Pa3lOoKEHHE
HEKOTOpPOTO TMPOMEXKYTOYHOTO MEAJIEHHO pearupyromero Mepokcuaa Ha
noBepxHocTH Pt ¢ oOpa3oBannem Oojee peakIMOHHOCIIOCOOHOTO pagukana. B
NPUCYTCTBHM KaTaJIUTHYECKOW MOBepXxHOCTH Pd, KoTopas He pearupyer mpu
TeMIIepaType MIaMEHH U He TeHEepUpYeT KaTaIMTHUYECKHE LIEHTPHI, pacpocTpa-
Hstomyecs: B 00beM, BozHukaet siBneHne OTK.

OOHapyKeHHBIE 3aKOHOMEPHOCTH JOJKHBI OBITH YYTCHBI NMPH YUCICHHOM
mozaenuposanuu seienust OTK. Apyrumu cnoBamu, konebanus u sisnenne OTK
JIOJKHBI UCUE3HYTh B pacyeTax Mocie HCKITIOUEHUS ONpeieIeHHON peakiuu iIu
CepUH IIAroB peakiuy U3 MEXaHW3Ma. JTa CTaJus JOJKHA BKIIOYATh MOBEPX-
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HOCTHYIO PEaKII0 aKTUBHOTO ITPOMEKYTOYHOTO MPOAYKTa TOPEHHS Ha TOBEPX-
HOCTH Pt, B KOTOpOI1 M3 MaJIOAKTUBHOTO 00pa3yroTcs 6osiee aKTUBHBIE TPOMEXKY-
TOYHBIE TIPOYKTHI.

8 5. ABJIEHUE OTPULATEJIBHOI'O TEMIIEPATYPHOI'O
KOB®OUIIUEHTA ITPH TOPEHUM CMECEM BOJIOPO/I -
IMPOITAH - BO31YX HA/l MIOBEPXHOCTbBIO Pd

CymiecTBOBaHHE 00JIACTH OTPHUIATEIILHOTO TEMITEpaTypHOTO KO3 PHUITHEHTA
B PEaKIMSIX OKHCIICHUS YITICBOJOPOJIOB TpEAIoaraeT CylnecTBOBAHUE aHaJo-
THYHON 00JacTH MPH KATAIUTHUECKOM OKUCICHHU CMecel BOJOPOJI-YIIICBOJIO-
PO, BHI3BAHHOW W3MEHEHHEM COCTOSHHSI MOBEPXHOCTH OT BOCIUTAMEHEHUS K
BOCIIaMEHEHHUI0, KOTOpoe onucano B ImaBe 1. DkcniepuMeHTansHOe HabIIOMe-
HHE TaKO¥ 00J1acTh OyAeT ONMUCAaHO HIDKE.

UccnenoBanue BOCIIAMEHEHHSI TOTUIUB, TIABHBIM 00Pa30M yTIIEBOAOPO/IOB
WM CMecel BOAOPOJ-YINIEBOJOPOJA, HMMEET OYCBHJIHOE MPAKTHYECKOE
3HAYeHUE, HO JaXKe B HACTOSIIEE BPEMs HET MOJIHOM SICHOCTH OTHOCHTEILHO
HEOOBIYHBIX SIBJICHUH, COMPOBOXKIAKOMIMX 3TOT Tporecc. OTHUMHU U3
HanOoJee TII0X0 U3YUYCHHBIX SIBJICHHUH SIBISIOTCS CTAIMHHOE BOCIIIIAMCHEHHE
U OoTpHIarenbHbie TeMreparypusie kKodddunuentsr (OTK), mabmromaeMble
MIPU OTHOCHUTEIBHO HU3KHX Temreparypax [42]. Hamomuum, uro OTK — s10
YBEIUYCHHE BPEMCHH 3aJICPKKH BOCIUIAMEHEHHSI C POCTOM TEMIIEPATyphl B
OTpEJICICHHOM HMHTepBaje Temreparyp. Kak o0cyxaanochk B mpelblaylieM
maparpade, 3TO SIBICHHWE BBHI3BIBACT HECTAOWIBHYIO pPadOTy IBHTATENCH
BHyTpeHHero cropanus [66, 100]. Her emxmnoro MHEHHMS O TOAPOOHBIX
MEXaHH3MaX OKHCIICHUS YTIEBOJOPOJOB B 3TOM JMANa30HE TeMIIeparyp, a
taxxe o npupose asiaenus OTK. B § 4 370i1 r1aBsl MBI TOKa3aJId, UCIOIB3YS
CTATHYECKUH peakTop ¢ OBICTPHIM HAITYCKOM CMECH, YTO MPH TeMIlepaTypax
< 660 °K karamuTHdeckas MoBEpXHOCTH Pt He 0Ka3bIBaeT 3aMETHOTO BIHSHUS
Ha BpeMs 3aJepPKKH BOCIJIAMEHEHHS] MPU TEPMHUECKOM BOCIIJIAMEHECHUHU
CTEXMOMETPHUCCKON cMecH H-TieHTaH-Bo3ayxX. OJHAKO B TeMIepaTypHOM
005acTH, B KOTOPOH 0OBIYHO HAOIIOZAETCS OTPHUIATEIBLHBIA TeMIIEpaTyPHBIH
kodpunmenT, Haguunue moBepxHocTH Pt mckmtouaer BosHMKHOBeHHEe OTK
[69]. BoisiBieHHast 0COOCHHOCT, TTO-BUAMMOMY, SIBIISIETCS KJIFOUEBOM IS 1MO-
aumanus seieaus OTK.

brnaropognHble MeTayUIBl TIO—Pa3HOMY BIHUSIOT Ha BOCIUIAMEHIEMOCTb
cMmecel BOAOPOJ-YIIIeBOI0po/. Brllie moka3aHo, 4To TeMIeparypa BOCIUIa-
menenus cmecu 40% H, — Bosayx max merannom Pd (700 °C, 1 arm) Ha ~
200° menbmie, ueM Hajg moBepxHOCTRIO Pt (260 °C, 1 atm) [31, 91]. Kpome
Toro, Pd Bocnnamensier crexuomerpuueckue cmecu (30+60% H, + 70+40%
CH,) + Bosayx (0 = 1, koapduruenT S5KBUBANCHTHOCTH O — 10N TOIJIMBA B
cmecu ¢ Bosgyxom: O H, + 0.5 (O, + 3,76 N,)); merannuueckas Pt ne Moxer
BocmaaMeHuTs ux a0 10 450 °C, T. e. Pd Gomee sdpdpexTusen, yem Pt. Mur
TaK)Ke MOKa3aJH, YTO SYCUCTAas CTPYKTypa GpoHTa IJIaMEHU NP BOCIIame-
Hennn Pd He HaOmOmaeTcs M0 CPaBHEHHUIO C pe3ysbTaTaMH, MOJTYYEHHBIMU
Ha moBepxuHoctu Pt. Takum o6pasom, Pd Gomee ynoBieTBopsieT TpeGOBaHUAM
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U1 peKoMOmHATOpOB Bogopoaa Ha ADC, mOCKOJIBKY B Ta30BOH (paze HE MOTYT
MOSIBJISITHCS] KATATATUYECKHE YACTHUIBI B KAYECTBE IEHTPOB BOCIIJIAMEHEHHUS,
oOpaszyromuecs: IpH pa3lioKEHUHU JIETY4ero OKCHIA, KaK 3TO MMEET MECTO
s Pt [42]. DkcnepumenTanbHoe 3HadeHHe (GGEKTUBHOW SHEPTHH aKTH-
BalMy Tporecca onennBaercs B 3.5 £ 1 kkaja/Moib, 9TO XapaKTEPHO IS
MOBEPXHOCTHBIX MPOIECCOB. DTO YKa3blBaeT Ha 3aMETHYIO POJb TEMHOBOI
peakuun pacxopoBanus H, u O,, HabnronaemMol HENOCPEACTBEHHO TPH HU3-
kux gasineHusx [31]. OOHapykeHO, YTO BEpXHUU Mpeaes KaTaauTHYeCKOro
BociuiaMeHeHud no temneparype BIIKB Haa moBepXHOCTHIO Mamiagus Mpu
1.75 arMm, U3MEpEeHHBIH METOAOM YBEIWYEHUS TeMIEpaTypbl U3 COCTOSHUS
oTCyTCTBUs BocruiameHenwus, juisi cMmeceit 30% meran + 70% Bomopon +
Bo3ayx (0 =0.9, T=317 °C) u 30% npomnan + 70% Bomopox + Bo3ayx (0 =1,
106 °C) ymenbIIaeTcst mocjae Mmocjiaeayomux BocmiaMmenennii 1o HITKB, u
coctaBisier 270 °C st cmecu Bogopoa-meTad u 32 °C aiis cMecu BOJOPO-
npomad. Ilpemen BosBpamiaercss k 3HadeHmio BIIKB mocie oOpaboTku
peakTopa KHCIOPOJIOM WIIM BO3JyXOM, T. €. BO3HHKaeT d((deKT rucrepesuca.
Taxum 06pazom, HITKB cooTBeTcTBY€ET OBEpXHOCTH peakTopa miu Pd, o6pa-
6orannoi BoctutameneHusamu,; BIIKB cooTBeTcTByeT “cBexeil” moBepXHOCTH
peakropa wiu Pd.

Kak BUIHO 13 BBIIIIECKA3aHHOTO, OIAaropoiHble METAIITBI BIUSIFOT Ha SIBJICHUE
OTK wu Taxke BBI3BIBAIOT d(QQEKTHI rHCTEpe3nca IpH TopeHun cmeced H, —
YIIEBOAOPO. DTH (aKThl IAIOT OCHOBAHHS OXKHJIATh BO3HHKHOBEHUS SIBICHHUSI
OTK u rucrepesuca B HU3KOTEMIIEPATYPHOI 00acTH IpU ropenuu cmecen H,—
YIIEBOIOPO/] HA/l TOBEPXHOCTHIO KaTaIN3aTopa.

Hacrosmmuii maparpad mocBsimeH OOHapyKEHHI0O W yCTaHOBJIEHHUIO
npupoasl HuzKoremmneparypHoro seieHus OTK wm obmactu tmcTepesnca
npu ropernn cmeceir (70+40%) Bomopon- (30+60%) mpoman — BO3IyX C
0 = 1 max Pd npu o6mem maBinenuu 1+2 atm. Ilenpio maparpada sBiasercs
YCTAHOBIIGHWE 3aBUCUMOCTEH TepHoaa 3aJepKKH BOCIUIAMEHEHHUS OT
BpEMEHU W 3aBHCHMOCTH MPEJEJOB KAaTalMTHYECKOTO BOCIJIAMEHEHHUsS Ha
noBepxHocTH Pd oT Temmeparypsl.

BKCHepI/IMeHTaﬂbHaﬂ HacTb

DKCIepUMEHTHI TIPOBOAMIN ¢ Ta3oBeiMu cMmecsamu (70+40%) Bomopon +
(30+60%) mpoman + Bo3ayx (0 = 1) max Pd mpu obmem gaBmenun 1 + 2 atm.
B skcnepuMeHTax MCIONb30Bajld HarpeBaeMbld IMUJIMHIPUYECKUN pEeakTop
M3 HEpKaBeIIeH cTaau juiuHou 25 cMm u auamerpoMm 14 ¢M, oCHAICHHBII
ChEMHBIMU KPBIIIKAMH W ONTHYECKUM JICHKOCAN()UPOBLIM OKHOM B OJHOWM
u3 kxpeimek [91]. TounocTs m3Mepenuit Temmeparypsl cocrasisiaa 0.3 °K.
Peructpanuio BoOcCIIaMEHEHUsT M PacIpOCTPAaHEHUsS TUIAMEHH TPOBOJIUIN
C TIOMOIIBIO IBETHOH BBICOKOCKOPOCTHOH kamepnl Casio Exilim F1 Pro
(uactora kampos — 600 ct). Bungeodaitn coxpaHsim B IaMATH KOMITBIOTEpa
M BBIMOJHSIIA €T0 MMOKaapoBy0 00paboTky [42]. OTkayaHHBIH M HarpeThIi
peakTop OBICTPO 3aIlOIHSJIN Ta30BOH CMechbio W3 OydepHOro oObeMa BBHI-
COKOTO JIaBIICHUs J0 HeoOXoauMmoro jamicHusi. HamomHHM, 4TO Tpenen
KaTaJUTHYEeCKOT0 BOCIUIAMEHEHHUs OBLT ONpeselieH Kak cpejHee 3HaYeHHE
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JIBYX TeMIIepaTyp MpH 3aJaHHOM JaBJIeHNH, HanpuMep, 17 BIIKB: npu Gonee
HU3KO TeMIepaType BOCIJIAMEHEHHE OTCYTCTBOBAJIO, MPU 00JIee BHICOKOH —
BOCIUIAMEHEHHE TPOUCXOMMI0. [l OTKPBITHS U 3aKPBITHS Ta30BbIX KOM-
MYHHUKAIUH HCIOJIH30BAIN AIIEKTPOMArHUTHBINA KiamaH. JlaTduk JaBIeHUs
pEeTUCTPHUPOBAI JaBlICHUE B MpPOIECCe HAIycKa U TOpeHHUs rasa. B peakrop
mometanu ¢ponsry Pd mouaoi 80 mwm, mupuaoi 1 MM u Toammuaoi 0.06 Mm.
@osnpra Pd ucnonb3oBanach Kak s BOCIUIAMEHEHHS TOPIOYEH CMECH, Tak
W Ui OIICHKH pa3orpeBa MPOBOJOKH B KayeCTBE IUIeYa MOCTa YHTCTOHA.
[Mepen kaxapiM dKcriepuMeHToM peaktop oTkaunBanu jno 0.01 Topp; mocie
Ka)X/IOT0 BOCIUIAMEHEHHsI OTKAyKy MpPOIO/DKalu B TeueHue 1.5 gacos, uTo-
OBl OTKa4aTh OOJBINYIO0 YacTh BOAsSHOTO mapa. OO6Inee JaBiIcHHE B PEAKTOPE
KOHTPOJHMPOBAJIH C TIOMOII[BIO BAKYyMMETpa, a JaBjieHne B OypepHoM oObeme
KOHTPOJHMPOBAJIH C TIOMOII[bI0 MaHOMETpa. MICIonb30Baain XUMUYECKH YUCThIC
ra3el 1 99,85% Pd. M3mepeHuss METO0M PEHTTEHOBCKOH (hOTOIEKTPOHHOMN
cnexktpockonuu (XPS) mpoBoaumuck ¢ momorisio ycrpoiictea Kratos AXIS
Ultra DLD. MukpocTpyKkTypy mieHok Pd ucciemoBaiu ¢ OMOIIbIO MOJIEBOTO
OMHCCHOHHOTO CKaHHUPYIOLIETO 3JIEKTPOHHOTO MHKPOCKOIMA CBEPXBBICOKOTO
paspemenus Zeiss Ultra Plus (I'epmanwust), OCHAIIEHHOTO TIPHUCTaBKOM
pentreHoBckoro mukpoanaituza INCA 350 Oxford Instruments.

Pe3y.]'l]>TaTbI Hu oﬁcyme}me

3aBHCHMOCTH COTIPOTHUBIICHHS TPOBOIOKK Pd OT BpeMeHH IPpH BOCTIAMEHEHUH
cmeceit C,H, + H, + Bosnyx nmokasansl Ha Puc. 5.1 a, b. 3aBucumocT cootser-
CTBYIOT MOCJI€/IOBAaTEIbLHBIM 3HaUeHUsIM Temneparypsl Huxke BITKB. Kak Bujino
3 Puc. 5.1 a, 0, meproas! 3a1ep kKN BOCTNIAMEHEHHUS T CHadajga YMEHBITAIOTCS
C TIOHW)KEHHEM TeMIIepaTyphl, HO 3aTeM 3HA4YeHHWS T YBEIMYMBAIOTCS IO TeX
op, moka He mocturaetcss HIIKB. Takum oOGpa3om, MBI HaOMIOmMaeM SBICHUE
OTK, HeCcKOmBKO TOXOKEE Ha U3BECTHOE B aureparype [42]. B Hamem ciydae
obnapyxenHoe Hamu sBiaeHue OTK wmmeer oueBmmHoe oObscHenme. OHO
BBI3BaHO M3MCHEHHUSMH B COCTOSIHUM TIOBepXHOCTH Pd.

3asucumocts nomu H, ma BIIKB B uccnemyembix cMecsax B KOOpAMHATax
Appennyca ananornano [91] npencrasnena Ha Puc. 5.1¢. Kak Buano u3 Puc. 5.1¢,
3aBUCHMOCTH MOJKET OBITH AIPOKCHMHpPOBaHA TIPAMOM JmHMei (Kod(hpuIiinenT
koppersitiuu pased 0,978, nanHpie 00padOTaHbI ¢ HCIIOIB30BAHUEM IIPOrPAMMHOIO
makera Statistica 9 (Statsoft)). DxcriepumenransHOe 3HaUeHKE Y()HEKTUBHOMN SHEP-
MU aKTHBAILIUK Tporiecca cocTapisierT E = 2.2+1 kkan/Mosib, 94T0 XapaKTepHO JUis
MOBEPXHOCTHOTO TIporiecca [25]. Cremyer OTMETHTS, UTO 3HadeHke 3()(HEKTUBHON
SHEPTMH aKTUBALMK OJIM3KO K 3HAYEHHIO, MOJy4EHHOMY M3 3aBUCHMOCTH J1oin H,
Ha BIIKB ot Temnieparypsl B koopHarax Appenuyca uist cmeceit H, — Bo3nyx u
H, — CH, - Bo3zyx [91]. D10 Takske CBHAETENLCTBYET O TOM, YTO OOHAPYKEHHOE
seierre OTK ompenensercs cocrosaumeM mosepxuoctu Pd.

B cBsi31 ¢ 3TUM OBLITO TIPOBENICHO U3YYEHHE COCTOsIHKS TToBepxHOCTH Pd. Hc-
XOIHBIN ob6pasen ¢onbru Pd cpaBuuBamu ¢ o6pasitoM, odpaborannsiv 70 Boc-
IJIAMEHEHHUSMH, C TIOMOIIBI0 PEHTTEHOBCKOH (DOTOAIEKTPOHHON CTIEKTPOCKOTTHHI
U CKaHUPYIONIEH AJIEKTPOHHOU MUKPOCKOIIHH.
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Puc. 5.1

Vi3mMeHeHue conpoTuBieHus Pd IpoBOJIOKK BO BpeMsi KaTaJIUTHYECKOrO BOCIUIAMEHEHHS

a) cmeck 60% C,H, +40% H, + Bo3nyx; HauambHas Temmeparypa 1 — 174 °C, 2 — 168 °C, 3 -
165 °C, 4-98 °C, P=1.75 arm

6) cmech 40% C,H, + 60% H,+ Bosnyx; nauanbHas temneparypa 1 — 104 °C, 2 - 102 °C, 3-58 °C,
4-45°C,5-38 °C, P=1.75 arm. 3aziepkka BOCIUIAaMEHEHHS T yKa3aHa Ha PUCYHKE

B) 3aBucuMocTh nonu H, ma “Bepxmem” mpesene karanutuueckoro Bocriamenenust BIIKB B
HCCIIEyeMBIX CMECSAX B KoopIuHaTax Appernyca npu P=1.75 atm

Kak mokazano B [101], mpu u3ydeHHH YaCTHYHOTO OKHCJICHHUS METaHa Ha
xaranuzatrope PA/ALO, nuku npu Gonee nHuskux sueprusx casasu (335 aB)
XapakTepHbl [ MeTajuindeckoro Pd, mpu stom wactuus PdO, npossnsroTcs
HECKOJIBKO BhIIiie, Ipu 336—337 5B. 3-3a criocoba mpuroToBICHUS KaTaan3aTopa
1 XpaHeHus (T. €. BO3JecTBHS Bo3ayxa) Pd meMoHCTpHpyeT HEKOTOPYIO CTETEHb
oKMcyeHus Ui Bcex oOpasros mpu 500 °K, Ho muku mMetammmdeckoro Pd mpu
335 3B 1OMHHHUPYIOT MpH 3TUX OOJiee HU3KUX Temrieparypax. [Ipu moBbIeHUN
temnepatypbl 10 600 °C u cHoBa g0 650 °C curHanm XPS, xapakTepHbIHd st
gactuni PdO,, mpu 336.0-336.2 5B craHOBUTCA NOMHUHHPYIOIIUM IS GOJIb-
IIMHCTBA pasMepoB dactuil. Kpome Ttoro, merammueckuii Pd (335 »B) takike
BHOCHUT 3HAUUTENbHBIH BKJIAJZ B crieKTpbl XPS, U JaHHbIEC MMOKA3bIBAIOT, YTO IS
MPOIOJDKEHUST PEaKIIUK TIOCIIE MTEPBOHAYATIBHOTO 00pa30BaHUs OKCHIa HE00X0-
IMa cMech kak Metasuna Pd, Tak u okenma Pd. Tlpu Temmeparypax seimre 700 °C
OKCH/THbBIC YaCTHI[bI BOCCTAHABINBAIOTCS 0 MeTaundeckoro Pd. CormacHo BbI-
IecKa3anHoMYy, KaK BHIHO Ha Puc. 5.2, o6paborannsiii obpasen Pd comepxut
60npimee kommuectBo PAO, wem mcxomubrit obpaser. Yacturpr PAO BozHukaror
B pe3yibTare ra3000pa3HOro OKHMCJICHHs, a 3aTeM CHOBa pasnaraiorcs jo Pd u
O, mpu 900 °C [102]. Dro0 o3Hauaert, uTo Kak okcuj Pt, Tak u mertamn Pt B Buze

164



I'masa Il. 3akonoMepHOCTH ropeHus cmeceit Bogopoa—yriesogopos (C1 — C6) — Bo3ayx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

MOJIEKYJT HMJTH KJIACTEPOB CYIIECTBYIOT B Ta30BOii (hase mpu Temieparypax dosee
900 °C. OrMeTHM, YTO MaKCUMaJIbHasl TEMIIepaTypa IJIaMeHH BOJIOPO-IIPOIIaH—
Bo3ayx pocturaet 1600 °C B HaIlIMX YCIOBHUSX.

A Pd 3dg,, Pd 3dy),

Intensity
|larb. units

1

-2
Binding energy, eV

335 340
Puc. 5.2.

®orosmuccuonnble crektpbl Pd 3d,, n Pd 3d,,, nomyuennsie as (1) ucxonnoii onsru Pd u (2)
donbru Pd, o6paborannoii 70 Bocimamenenusvu cMeceit (30+60% H, + 70+40% CH,) + Bosayx.
Dueprust ¢potona cocrasisier 460 5B

-

Pesynbrarel  WccieqoBaHMS ~ METOJOM  OJIEKTPOHHOH — CHEKTPOCKOIUH
nipecTariieHsl Ha Puc. 5.3. Kak BuiHO, MCXO/IHBIM 00pa3ell mpeacTaBiseT co00it
MOBEpXHOCTh co cienamu npokarku (Puc. 5.3a). B oOpasie, o6paboraHHOM
BOCIUIAMEHEHHUSIMH, pa3BUBaroTCs nedektsl B Buae otseperuii (Puc. 5.36). bouio
YCTaHOBJICHO, YTO MX IIyOuHa pocturaer 1 pum. OTu gedextbl uMeroT GpopMmy
¢uryp tpaBnenus (Puc. 5.3B); TpaBsiime BelIecTBa, OYCBHUIHO, SIBIISIFOTCS
AKTUBHBIMH TIPOMEXYTOUHBIMH MpoyKTamMu okucnenus H, u CH,.

Puc. 5.3.

Mukpogororpaduu nosepxuoct ¢onsru Pd a) wmcxomnoit doneru Pd, b), ¢) obpaborannoit
¢onbru Pd

[Iporecc TpaBieHUs MOXKHO JIETKO BU3YaJIH3UPOBATH C IIOMOIIBIO CKOPOCTHOM
nBeTHOM kmuemartorpaduu (Puc. 5.4). Kak BHIHO Ha PHCYHKE, OpaHKEBBIA
MOTOK YaCTHIl JABIJKETCS BBEPX OJHOBPEMEHHO C PACIPOCTPAHSIONUMCS
¢ponrom mnamenu. ToT (akT, YTO YACTHIIBI MOAHUMAIOTCS BBEPX, YKa3bIBaeT
Ha TO, YTO YaCTHUIIBI ropsiune. M3 mocienoBaTenbHOCTH KaIpOB XOPOIIO BUAHO,
YTO OTH YaCTHUIIBl BOBHUKAIOT B HEMOCPEJCTBEHHOW ONM30CTH OT MOBEPXHOCTH
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METaJUTHYECKOTO namnaansa. TakuM o0pa3oM, MBI MOXKEM 3aKIFOYUTH, YTO MBI
Habmonaem gactuisl PdO, KOTOphIe BO3HUKAIOT B MPOLIECCE OKUCICHHUS TOBEPX-
HocTH Pd; onm wactuuno pasnaratorcs 1o Pd u O, npu Temneparype npomayKToB
ropenusi. DTo 03Ha4aeT, uTo Karanusarop Pd pacxomyercst B peakiiuu XMMHUYECKOTO
TpaBIIEHUs C AaKTUBHBIMH ITPOME)KY TOYHBIMH TPOTYKTaAMH TNTAMEHH. DTO JOIKHO
OTPAHWYHTH MPUMEHEHHUE MaJUTa sl B CTAIMOHAPHBIX YCTPOMCTBAX 3aKUTAHNS.

Puc. 5.4.

BBICOKOCKOPOCTHAsT IBETOBAsl PETHCTPANs HHHUIMHPOBAHUS TMaUIaJHeBON TPOBOJIOKON U
pacnpocTpaHenus miamenu B cmecsax 60% CH, +40% H,+sosayx, 0 = 1, P = 1,75 arm, 174 °C,
600 c*. Ludpsl B KaXKI0M KaJpe COOTBETCTBYIOT [OCIEA0BATEIBHOMY HOMEPY BHICOU300paKeHHS
BO BpeMsI KaTaTUTHIECKOTO BOCIUIAMEHEHHS

Kax BuaHo w3 BelmeckazaHHoro, socmiamenenne BOmm3u BIIKB wHan
[MOBEPXHOCTBIO Mautagusi O0OCCICUMBACT TPABICHHE M COOTBETCTBYIOIICE
yBeInueHue 1iomaau nosepxaoctu Pd (cm. Puc. 5.3b,¢). D10 mpuBOIUT K yCKO-
PEHHIO MOBEPXHOCTHOM peakuuyu okucnenus H, u, cre1oBarebHo, K yCKOPEHHIO
Bcero mporecca. Kaxxaoe mocieayroriee BOCILIAMCHEHHUE BBI3bIBACT JaJIbHEH-
1Iee YBEJIUYCHHUE IJIOIAN MOBEPXHOCTH KaTaau3aropa, 03TOMY 3HAYCHHUs 3a-
JICPKKH BOCIIAMCHEHHSI YMEHBIIAIOTCS B 3aBUCHMOCTH OT TEMIIEPATYPhI; 3aTeM
3HAYCHHUS T YBEJIMUUBAIOTCS JI0 TEX 10D, [T0Ka HE TOCTUracTCsl "HIKHHUE" mpees
KaTtanuTrdeckoro Bocmamenenns HITKB.

B sTom maparpade mokaszano, uro npu roperns (70+40%) somopon- (30+60%)
MIPOIaHOBO3AYIIHEIX cMecel (0 = 1) Hax mamTaaueM Ipu CyMMapHBIX JaBJIeHHU-
sx 1 + 2 aT™ nepuojsl 3aJePKKH BOCIUIAMEHEHHS T CHayajga YMCHBIIAKOTCS C
[IOHIKCHUEM TEMIIEPATyPhl; HO 3aT€M 3HAUCHHUS T YBCIMYMBAIOTCS 10 TEX I0P,
[10Ka He JOCTUTHYT IIPe/Ies BOCILIAMEHEHMS, T. €. Bo3HuKaeT siBjacHue OTK. Do-
(eKTHBHAs DHEPrHs aKTHUBALMHU IIpoliecca cocrasisger E = 2.2 £ 1 xkan/Mois,
YTO XapaKTEPHO JIJIsl IOBEPXHOCTHBIX MmporeccoB. Takum oOpasom, seieHue OTK
TECHO CBA3aHO ¢ cocTosHneM moBepxuoctr Pd. O6Hapy»xeHo, 94To B 00pasiie, 06-
paboTaHHOM BOCILIAMEHCHHUSIMH, 00pa3yIoTcs 1e(EKThI B BHIEC OTBEPCTHI, KOTO-
pbIe OPHEHTUPOBaHKI 110 GUrypaM TpaBicHHs. B mporecce 00pa3yroTcst 4aCTHIIbI
PdO, xoTopsle BO3HHMKAIOT B IPOIECCE OKHCIEHUs moBepxHOCTH Pd; oHm pas-
naratorcs 1o Pd u O, npu Temneparype npoaykTos ropenus. Takum obpasom,
OTPHIIATCIIbHBIN TeMIIepaTypHbIid K03(M(MUIMEHT IPU TOPEHUU CMECEH BOIOPO/-
[IPOIIaH — BO3AYX HaJl IaJIaJueM IPU CyMMapHOM JaBjieHud 1 + 2 atM 00yCIIOB-
JIEH yBEJIMYEHHEM IUIOIAAN MOBEpXHOCTH Pd 3a cueT peakmuu XMMHUYECKOTO
TPaBICHUS C AaKTHBHBIMH IIPOMEKYTOYHBIMH IPOAYKTAMH TOPEHHSA. TO
MPAKTHYCCKU UCKJIFOYACT IPUMEHEHHUE MMaJIaIus B YCTPOHCTBAX 3a)KMTaHUSI.
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§ 6. BOCILTAMEHEHUE CMECEHM BOJIOPO/I - METAH
1 BOJAOPO - U3OBYTEH C KUCJIOPOAOM HAJl Rh U Pd
TP HU3KUX JABJIEHUAX

B mpenpyiynmx naparpagax ObUIM PacCMOTPEHBI OCOOCHHOCTH KaTallUTH-
YEeCKOT0 BOCIUIAMEHEHHS YIIIEBOAOPOJOB M MX cMeced ¢ BomopoaoMm. OpHako
(bakTopbl, ONMpeNeNsIoNe TPAHKUIBI 00JacTel KaTaJIUTHYSCKOTO BOCIIAMCHE-
HUSI CMeceil BOJIOPO/I-yIJIEBOAOPO/, 3HAHUE KOTOPBIX BAKHO, HAITPUMED, IS pe-
IICHHS BOIIPOCOB B3PHIBOOE30IIACHOCTH, OCTAIKMCh B IMPHUBEICHHOM BBIIIE pac-
CMOTPEHHH He3aTpOoHyThIMHU. KpoMe Toro, B 3ToM maparpade ycTaHaBINBarOTCS
3aKOHOMEPHOCTH MPOTEKaHHMs ITPOIIecca B YCIOBHAX TEMHOBOI peaKIivu U, COOT-
BETCTBCHHO, HETOJTHOTO CTOPaHHMsI TOTLIHBA.

Kak xopomro u3BecTHO, peakius MeTaHa ¢ KHCIOPOJOM MPOUCXOANT Oe3 u3-
Jy4eHHs Ha ropsueii IIaTHHOBOM MPOBOJIOKE B KayecTBe KaTanusaropa [1]. Dto
SIBJICHHE BBI3BAJIO OOJIBIION MHTEPEC K M3YyYCHHUIO TPOLECCOB KATATUTUYECKOTO
OKHUCIICHUSI C YYETOM HX MOTEHIUAIbHOTO MPOMBIIUICHHOTO NpuMeHeHus. Ha-
HpUMeEp, 3TO SBJICHHE MEPCIEKTUBHO ISl HCIIOJIB30BAaHMS B CHCTEMaX BhIPA0OT-
KU DIIEKTpOdHEpruu [4], 1u1st CHIKEHHs BHIOPOCOB METaHa B IIaxrax [5] u B aBTo-
MOOMJIBHBIX CHCTEMaX KOHTPOJIsI CTOPEBIIMX Ta30B [6].

CmMecu BOIOPO—YIIICBOIOPO] IPHUBIICKAIOT BHUMAHUE B KAYECTBE alIbTepHA-
TUBHBIX BHJIOB TOIUTMBA ISl BBIPAOOTKHU 3JIEKTPOIHEPTUH T10 CIACAYIOIIUM JBYM
npuunHam. [lepBas OTHOCHTCS K BO3MOXKHOCTH JJOOABIICHHSI BOIOPOJIAa K METaHy
C IIEJBIO MOBBINICHHS MPOM3BOJUTEIBHOCTH U COKpAIEHHs] BBIOPOCOB 3arpsi3-
HSIOIMX BEIECTB NMPH SKOHOMUYHOM Ckuranuu [6]. Bropast nmpuunHa cBsizaHa
C OMACEHUSIMU T10 MOBOJY BO3MOYKHOTO YMEHBIIICHUSI OCIIEACTBHI ITI00aIbHOTO
MOTETUICHHS 33 CYET UCIIOIb30BaHUsI BOZOPO/IA KaK B TOIUIMBHBIX AIEMEHTAX, TaK
U B YCTPOICTBAX, HCHONB3YIOMUX roperne [34]. OTMeTUM, OJJHAKO, 4TO ITa MPH-
YHHA UMEET CMBICI TOJBKO B CIIydae CIPABEUIMBOCTH KOHIICTIIIMU TII00aIbHOTO
noteruieHus. Kak yka3aHo BO BBEICHHH, 9Ta THIIOTE3a B OOJIBILCH CTCIICHU CBSI-
3aHa C JKeJaHHeM psijia OIOPOKPATHYECKHUX CTPYKTYP 3apaboTarh OOJbIIE ICHET.

brnaroponHble MeTayulbl TaKkKe MOTYT KaTadH3UPOBAaTh PEaKUUH TPH
XMUMHYECKOM OCakAeHWH U3 mapoBoit ¢azel (CVD) mpu cuHTE3e yriiepon-
HBIX HAHOCTPYKTYp. DTH CTPYKTYpbl OBUIM, HanmpuMep, CHHTE3MPOBAHBI Ha
Hanoyactunax Pd na cy6crpare AlLO, [103]. [loGasnenue Bogopoia MM Kuc-
JIOpOJia K aleTUIICHY CHJIBHO BIIMSICT Ha MPOIYKTHI POCTa HAHOCTPYKTYp Ha Pd
[104]. Ha naHowacTHiiax mayutaus MeTtoaoM katamutudeckoro CVD moryt
OBITh CHHTE3UPOBAHbI PA3JINYHBIC YIIICPOIHBIC HAHOCTPYKTYPbL. MHOTOCTCHHBIC
yrieponabie HaHOTPYOkn (MWCNT) u ymieponubie HaHoBonokHa (CNF) Bbi-
pamBaiy U30UpaTesibHO B 3aBUCUMOCTH OT TEMIIEPATYPhI ITPU UCIIOIb30BAHUH
alleTHJICHA B Ka4ecTBe NMpeKypcopa yriepoxaa [105].

CyliecTByeT CpaBHHTEIBHO MHOTO CIOCOOOB BO3JCHCTBHS OJaropoiHbBIX
METaJIJIOB Ha BOCIUIAMEHSEMOCTh CMeCeil BOIOpo—MeTaH. bbljio mokas3aHo, 4To
TemIeparypa Bocmiamenenus cmecu 40% H, — Bosayx Hajx merammuueckum Pd
(700 °C, 1 arm) Ha ~ 200° meHbIue, yeM Haj noBepxHocThio Pt (260 °C, 1 atm)
[31, 69]. Kpome Toro, Pd Bocmmamensietr crexuomeTrpuueckue cmecu (30+60%
H, + 70+40% CH,) + Bo3ayx (0 = 1, ko3 duuueHT S5KBUBaJIEHTHOCTH O — 10715
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Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

TOIIMBA B cMecH ¢ Bosayxom: O H, + 0.5 (O, + 3.76 N,)); meramiuueckas Pt ne
MOXeT BocIutaMeHuTh ux 110 10 450 °C, T. e. Pd 6omee adpdexrusen, uem Pt. Dkc-
MeprUMEHTaIbHOE 3HaYeHHe Y(P(PEKTUBHON HEPIHU aKTHUBALMH TpoIecca ore-
HuBaetcs B 3.5+1 Kkaj/MoJb, YTO XapaKTePHO [UIsi OBEPXHOCTHBIX MPOIECCOB.
OT0 yKa3blBaeT Ha 3aMETHYIO POJIb TEMHOBOM peakiuu pacxonopanus H, u O,,
HaOITI0aeMOoi py HU3KUX JaBieHusx [31].

DKCIepUMEHTaIbHO MMoKa3aHo, uto Temneparypa BITKB wax Pd mpu P=1.75
arm s emeceit 30% meran + 70% Bomopon + Bo3ayx (0 =0.9, T=317°C) u 30%
nponan + 70% H, + Bosayx (0 =1, T=106°C) 3ameTHO CHIKaeTCs MOCIE TO-
cnemyromux Bociiamenennit 1o T=270 °C nns emecu H, — CH, n 1o T=32°C
nns emecu H, — C H,. TIpesien KaranuTuyeckoro BOCIIIaMEHEHHUsT BO3BPAILACTCS
K MCXOHOMY 3HaueHHMI0 mocie obpabotku peakropa O, Wiiu BO3IyXoM, T. €.
BO3HUKAeT spjeHue ructepesuca. Ilpenen Bocmnamenenus cmeceit 30% (C,,
C, C,, C) +70% H, + Bosnyx (6 =0.6, 1.1, 1.2, 1.2, coorseTcTBenHO0) Haa Pd
cocranisieT 25+35 °C nipu P=1.75 at™; addekr rucrepesuca oTcyTcTByeT. bbiio
obnapy»xeHo, uto 6ennas cmech 30% C,H, + 70% H, + Bosayx (0 =0.6) umeer
caMyl HU3KYH TeMmIieparypy npenena Bocmiiamenenus: 240 °C mpu 1 arwm.
Orenka 3((EeKTUBHOM DHEPTUHM AKTHBAIIMK BOCIIAMEHEHHs cmeceil Hax Pd
cocTapisieT ~ 2.4 +1 kkayi/MoIib, 4TO MPUCYIIE TOBEPXHOCTHBIM Mporeccam [91].

DtoT maparpad MOCBSIIEH 3KCIEPUMEHTAIBHBIM HCCICIOBAHUSIM TOPCHHUS
cMecell BONOpPOA-METaH M BOAOPOA-M300yTE€H MPH HU3KOM J[aBJICHWH Ha
moBepxHocTsax Rh u Pd mipu o6miem masiennu ot 80 mo 180 Topp u HauambHBIX
temneparypax 200-500 °C. Llenpio sBIsSIE€TCS YCTaHOBJICHHE 3aBHCHUMOCTH
MpPeNesIOB KaTaTuTHYECKOTO BOCITIAMEHEHHS HaJl OJIarOPOHBIMU METAJUIaMH OT
TEMIIEpPaTyphbl U ONpEICICHHE BO3MOKHOCTH CUHTE3a YIIICPOAHBIX HAHOTPYOOK
U3 3THX Ta30BbIX IPEKYPCOPOB.

BKCHepI/IMeHTaJIbHaﬂ HacTb

DKCNEepUMEHTHl  TIPOBOJIWIIM € TPEJBAPUTEIBHO  PUTOTOBICHHBIMH
CTEXHOMETpHUECKUMHU Ta3oBbiMu cMecamu 2H, + O,, ((20+80%) H, + (80+20%)
yraesogopoxn),, + O,. Mcrosib30Banm KBapleBblii peakTop IuaMeTpoM 4 cM 1
ol 30 M, HarpeBaeMBIii ¢ TIOMOIIBIO 3aekTporeud (Puc. 6.1); Temmeparypy
KOHTPOJIUPOBAIHM TepMOTapoii. Peakrop OblT cHAOKEH ONTHYECKUM KBApICBHIM
OKHOM Ha Topie. PeakTop HCIOIb30BaIM Ul H3YYECHHS TEPMHYECKOro /
KaTaJuTHYECKOTO BOCTIAMEHEHHsI, 00eCIIedHBaeMOT0 poBoJI0Koii Pd (TommuHo#M
0.3 mm u mmunO#M 80 MM) u domsroit Pd (tommunoi# 0,06 MM, mupuHOi 1 MM
u mHoi 80 MM), a Takke obpasmamu Rh, kKoTopble OBIIM TONYUYEHBI ITyTEM
JIIEKTPOXMUMUIECKOTO ocakaenust ciosg Rh tommmuuo#t 15 MM Ha mpoBoioky
Pd (rommruna 0.3 mm, mmwnaa 80 mwm). ITammaanii GsIT1 BEIOpAaH IIOTOMY, UTO €T0
KO3 GUIIMECHT TEIUIOBOTO paclIupeHusl Hamboiiee OMM30K K KodddumumeHty
teruroBoro pacmmpenus Rh [106].

OOIIyt0 MHTEHCHBHOCTh XEMHJTFOMHHECIICHIIMN PETUCTPUPOBAIN C TTOMOIIBIO
¢doromnona FD-24, uysctButensHoro B auamnazone 450-900 M. KuHochEMKY
OKCIEPUMEHTA TIPOBOIMIN C TTOMOITB0 1idypoBoit kamepsl Nicon 1J2 (Puc. 6.1).
Buneozanuch BKIIIOHaIIM B TPOX3BOJIbHBIN MOMEHT Mepe/l MHUIIMUpOBaHHueM. Bujieo-
(haitsr coxpaHsUTH B TTaMSITH KOMITHIOTEPA M BBITIOTHSIIN €TO TIOKAIPOBYI0 00paboTKYy.
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2 |7

H

Puc. 6.1.

Cxema OJKCIEPUMEHTAIBHOM YCTAQHOBKHM ISl HCCICHOBAHHS TEPMHUUYECKOTrO/KaTaTHTHUESCKOTO
BOCILIAMEHEHHS! Ha POBOJIOKE a), 0). (1) anekrpuueckas neub, (2) KBapLeBblil peakTop AHaMeTPOM
4 cm u gmmanoi 30 e, (3) BakyymHBIH TI0BO, (4) BakyyMHBIH KitaraH, (5) Bpalaromieecs 3epKaro,
(6) Tepmonapa, (7) MHUTHBOIBTMETP JJIst TepMoTapsl, (8) koMrbroTepHast ciuctema Ha 6ase ALIII,
(9) uudposas kamepa Nicon 1J2 unu Casio Exilim F1 Pro, (10) kommbstotep, (11) npoBosoka u3
Gmaroporaoro metaia, (12) doronuon FD-24a, (13) k maHOMETpY, BXOA AJIst ra3a, K Hacocy, 14 —
MaHOMETp

OTkayaHHBIE M HArpeThlil peakTop 3alofHSIM Ta30BOMl CMEChi0 U3
OydepHOro 0ObemMa BBICOKOTO JaBJICHHSI 10 HEOOXOAMMOTO JIaBJICHHMS; BO BpEeMs
BOCIJIAMEHEHHS W3MEpsUIM  YIENbHOE CONPOTHBICHHE IPOBOJOK. [lpenmernsr
karanutuieckoro BocmiameHeHns BIIKB u HIIKB npu 3agaHHOM JaBieHUH
ompenessuii Kak cpenHee aapinenue P Torr, mpu P + 0.03P BocruiameHenwue
npourcxoaut, npu P — 0.03P oHO He MPOUCXOAUT MPH MPOYUX PABHBIX YCIOBUSIX.
Bpems oTkauku Mexy SKCIIepuMeHTaMu cocTapisuio 30 MUHYT.

Cpennsist TemIrieparypa IpOBOJIOKH BO BpeMsI 3a)KHTaHHsI PETHCTPHUPOBAIIAC
cucreMod cOopa maHHbIX Ha ocHoBe AIIl ¢ yyerom TemmeparypHOi
3aBUCUMOCTH JJIEKTPUYECKOTO COMPOTHBICHUST MeTaia. MHKpPOCTPYKTYpEI
YIIIEPOHBIX OCTATKOB Ha MMOBEPXHOCTSIX OJIATOPOAHBIX METAIIIOB UCCIISIOBAIIH C
MTOMOIIBIO MOJIEBOTO YMHUCCHOHHOTO CKaHUPYIOIIETO 3JIEKTPOHHOT0 MUKPOCKOIa
cBepxBbicokoro paspernenus Zeiss Ultra Plus (I'epmanusi), ocHaieHHOTO
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myssTOM peHTrenoBckoro mukpoananusa INCA 350, Oxford Instruments. Tlepen
KakIbIM SKCIIEPUMEHTOM peakTop oTkaunBanu 10 102 Topp. Obinee naBieHne B
peaxkTope KOHTPOJIUPOBAJM ¢ ToMoIIbio Bakyymmerpa (Puc. 6.1a, 10), a maBie-
Hue B Oy(depHoM 00beMe KOHTPOIUPOBAIH C TIOMOIIBI0 MaHOMeTpa. Mcmonb3o-
BaJIMCh XUMUAYECKH YucThIe ra3el U 99,85% Pd.

Pesyabrartsl u o0cyxknaeHue

Bbutn  ompenesieHbl  TEMIEPATyphl  TEPMHUYECKOTO/KATaIuTHYECKOTO
BocmiamMeHenus cmeceit 2H, + O, u ((20+80%) H, + (80+20%) yrnesono-
pomoB) + O, nan Pd u Rh/Pd. TunuyHbie sKCIepUMMEHTHI TTOKA3aHbI Ha

CTCXHMOM

Puc. 6.2 a, b, Ha KOTOPBIX MOKA3aHBI SKCIIEPUMEHTHI BBIIIC Mpeaea BOC-
IaMeHEeHHsI 1Mo mpoBoay Pd u HHXKe mpeaena COOTBETCTBeHHO. Kak BHUIHO
u3 Puc. 6.2b, mpoBosoka packajseTcs JoKpacHa gaxe 0e3 BOCIIaMEHEHHUS
BONMH3W TIpenesia BOCIUIAMEHEHUS, T. €. IPOUCXOAUT OecIutaMeHHas “TeMHO-
Bas” PEaKIUs OKUCICHUS.

i 3§ 3. ¢

Puc.6.2.

a) skcriepument (80% H, + 20% CH,) + 0, sbite BITKB, nposos Pd, 30 kanpos/c, 310 °C, 139

CTEXHOM

Topp (MaHOMETp BBIKIIOYEH, TTOTOMY YTO €r0 MaKCHMAIbHBIN AHATIA30H M3MEPEHHsI COCTABISET
100 Topp);

6) oxcriepument (80%H, + 20% CH))
70 Topp;

C) M3MEpeHHe XCMIIIOMUHECIECHIMH C MOMOLIBI0 (OTOAMOMA, W PasorpeBa MO 3aBHCHMOCTH

+ O, nmwxe HITKB, nposos Pd, 30 kanpos/c, 310 °C,

CTEXHOM

YAEJILHOTO CONpOTHBJIEHHs OT Temneparypsl B (80% H, +20% CH,)_ '+ O, ¢ ucrionb3oBanrem
KOMITBIOTEPHO# cucTeMbl cbopa nanubix Ha 6aze AL, wax Pd mpoBomnokoit, (1) Bocmiamenenue,
3aperucTpupoBaHHoe ¢ omonibio horoanona FD-24a, T = 233 °C, P, = 139 Topp; (2) cpenuss
Temmeparypa npososioku, T, = 233 °C, P, = 139 Topp, Bocriamenenue npousomno; (3) cpeuss
Temneparypa nposonoku, T, =310 °C, P, = 70 Topp, BocuiaMmeHeHus HET
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KuneTnky pazorpeBa perucTprHpOBaIH € IIOMOIIBI0 KOMITBIOTEPHON CHCTEMBI
cobopa mamHpix Ha Oaze ALlll, wcmomp3ys TemmepaTrypHy0 3aBUCHMOCTH
YAEIBHOTO conmpoTupieHus npososioku Pd mpu ropenun (80% H, + 20% CH,)
weuoy T O, (Prc. 6.2¢). CornacHo Puc. 6.2¢, akTHBHOCTb KaTaTuTHIECKOH MPOBO-
JIOKH TIPOSIBIISIETCS] KAK B BOSHUKHOBEHUH TEPEX0/ia BOCIUIAMEHEHHUSI C TMOBEpPX-
HOCTH B 00bEM peakTopa, Tak U B OECIUIAMEHHOM “TEeMHOBON” KaTaJIUTHYCCKOM
PEaKIMy OKUCIICHHSL. DK30TePMUUECKUI KaTa U THIECKUH ITpoliecc 00ecrieunBaeT
pasorpeB, KOTOPOTO JOCTATOYHO JJISi BOCILUIAMEHEHHS CMECH TpU 33JaHHOM
nasnennu (kpusas (2)). TIpu 6oiiee HU3KOM JaBIIEHHH Jaxe O00BIIEero pa3orpesa
HEJ0CTATOYHO, YTOOBI BBI3BaTh BocIulaMeHeHue (kpuBast (3)), TOCKOJIBbKY
CMECh HaxXOJHMTCs JalieKo 3a mpejeiaMu o0llacT BocruiameHeHus. O4eBUIHO,
YTO 3HAUEHHE pazorpeBa 3aHIKEHO, MOCKOJIBKY IPOBOJIOKA HEPaBHOMEPHO
HarpeBaeTcs BO Bpemst BociuiameHenus [69] (cm. Takxke [iasy ).

OOnacTH  KaraJuTHYECKOro BOCIIaMeHeHuss cmeced 2H, + O, wman
MIPOBOJIOKAMHM M3 OJIaropofHbIX METaUIOB INpeicTaBieHbl Ha Puc. 6.3 B
koopauuarax P-T. Kak Bumano m3 Puc. 6.3, Rh sBiasercs manbonee aKTHBHOI
MMOBEPXHOCTHIO, TMOBepXHOCTH Pd Menee akruBHa. OOpaTwTe BHHMAaHHE, YTO
ABJIEHHE THCTEepe3nca npu Bocramenennn 2H, + O, HabmomaeTcs TOIbKO Ha
Pd nposomoke. TlpenensHoe 3HaueHwe BocmiameHenust BITKB, wm3mepentoe
Ha TIPOBOJIOKE, KOTOpas He 0oOpadaThiBajiach BOCIUIAMEHECHHSIMH, BBIIIE, YEM
3Ha4YEHUE, U3MEePeHHOE MpH noaxoe cBepxy Buu3 (HITKB); To %e camoe 0THOCHUT-
sl K meproaam 3aaepkku Bocruramenenus. BIIKB sBisiercst obparuMbiM: mocie
00paboTKH peakTopa Bo3yxoM uin O, npejien BoCIaMeHeH)s: BO3BPAIaeTCs K
3HAUEHHIO, COOTBETCTBYIOLIEMY MOJXOLY MO TEMIIEPaType CHU3Y BBEPX.

Py, Torr :\ oPd  2H+0y
Né b 4 ARhPd 2H3+0;

' T ORhIPd20%CH4 +80%H2),..,* 02
'h\'a/‘F/ ® Rh/Pd(40%CH4 +60%H2) ...+ 02
I L oRh/Pd(50%CH4 +50%H )., 702
+ | WPd (20%CH4+80%H),.. 02

150k \ 4

L
=

100 =

50 ™ Ti.uc
250 300 350 400 450 500
Puc. 6.3.
O6nacTu KaTanuTHYECKOro Bocriamenenus cmeceit (H, + CH,)) -+ O, ma npoBonokax u3

OI1aropoJIHBIX METAJUIOB B KOOPAMHATAX JaBjieHue-TeMieparypa. CTpelka, HalpaBlIeHHas BBEpX,
coorBercTByeT BIIKB, a crpenxa, nanpaBnennas BHu3, HIIKB. CmpaBa oT kaxaol KpuBol
MPOMCXOUT BOCIIIIAMEHEHHUE, CII€Ba — BOCIIIAMEHEHHE HE TIPOUCXOUT
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B ciyuae emeceit (H, + CH,) _ + O, npenenbHble 3HaueHus BIIKB, nusmepenHble
Hat Pd mpoBOIIOKO# MOTBEMOM TI0 TEMITIEPATYpPe CHU3Y BBEpX, CHAYasla yMEHBIIIAKOTCS.
3arem ¢ poctom Temrneparypbl BIIKB yBenmmaumBaeTcss n 00macTs KaraauTHYECKOTO
BOCIUTAMCHEHNSI TIPUHNUMAET XapakTepHyto V-o0pazHyto dopmy. Takas V — obpasHas
(hopma, BeposiTHO, ompenernsieTcs cieayronwM. C MOBBITICHHEM TEMIICPaTyphI 3HAUCHIE
Tpeziesia BOCIUIAMEHEHHSI TIEPBOHAYAILHO YMEHBIIIACTCS U3-32 YBEJIMUCHHSI CKOPOCTH
AKTMBUPOBAHHOM CTaJ OOBEMHOTO pPa3BETBICHUS WIM IMKJIA OSJIEMEHTApHBIX
CTajIvii, TPUBOMAIINX K pasBeTicHMo [24]. TTo Mepe MaNbHEHIIETO TOBBIIICHHS
TEeMITIepaTypbl CKOPOCTh TEMHOBOM PEaKIMM Ha TOBEPXHOCTH YBEIMUYMBACTCS, YTO
MPUBOIMT K YBEIMUYEHHUIO CTETICH KOHBEPCHH TOIUINBA; TAKMM 00pa3oM, CoNepikKaHue
TOIUTMBA B CMECH YMEHBIIIACTCS U, CIIE/IOBATENBHO, 3HAYCHHUE TIpeielia BOCILIAMEHEHHSI
yBeTMUMBaeTCs st bonee 6eHoit emecu. Kpome Toro, Tombro emecu (80% H, + 20%
CH,).ouon T O, (60% H, +40% CH)__ + 0O, (50% H, +50% CH,))_ + 0O,
BocIaMenstioTcs Ha rpososioke RN/Pd, 1 Torbko cmeck (80% H, +20% CH,)_  ~ +
O, BocrnamensieTcst Haz posoiokoit Pd (umu (osbroit). B ycnosusix Harmeit paboTsI
JPYTHE CMECH PACXOMYFOTCS TOIBKO B “TeMHOBOI” peakimn (cM. Puc. 6.2, 6).

OO6paruM BHUMaHHWE, 4YTO SBICHHWE THUCTEpE3nca I BOCILIAMEHEHUS
(H, + CH,).....o. T O, oTcyTCTBYeT. UTOOBI BEpHYTH Ipesies BOCIIIAMEHEHHUS K
WCXOTHOMY 3HAaUEHHIO, COOTBETCTBYIOIIEMY TTOIXOy CHH3Y BBEpPX, HEOOXOIMMO
PAcTBOPUTDH MIIM MEXaHWYECKH YIAIUTh IJICHKY, OCRKACHHYIO Ha TIPOBOJIOKY U3
0JIarOpPOTHOTO METaslIa.

Crnenyroniass 4acth mnaparpada MOCBSIIEHa YCTAHOBICHUIO MOP(OIIOTUH
0caJKa, 0CaXIEHHOTO HA TOBEPXHOCTH OJ1ar0pOTHOT0 METalIa C UCTIONB30BaHUEM
cmecu (80% H? +20% C,H,) _ .+ O, B KaueCTBe OCHOBHOTIO TIPEKYpCOpa.

[IpenBapurenbHBIi aHamTU3 00pa30BaBIICHCS MIEHKN HE BBISIBUI KaKUX-THOO
3aMETHBIX CTPYKTYP B IPOIYKTE OKHCJICHUS, OCKAEHHOM Ha TMOBEPXHOCTb
OaropomHOrO MeTasia, kKak B pexxumax Bociuiamenenus (140 Topp), Tak u B
pexume “TemHoBoit” peakuuu (70 Topp) mpu ropenuun cmvecu (H,+CH,)_  +0,,
[TosTromy Obl1 BBIOpaH “TeMHOBOI” pexum peakuuu rnpu 140 Topp B cmecu
(80% H, +20% C,H,)__ ...+ O,, KoTopas He BOCIIAMEHSETCS B YCIOBHAX JIaH-
HO¥ pa0oThl. PesynsraTel SEM uncciieoBaHus 4epHOTO Ocaka, 00pa3yroierocs
B pe3ylibTaTe peakii Ha IOBEPXHOCTH OJaropogHOr0 MeTailia, MOKa3aHbI
Ha Puc. 6.4. Kak BuJIHO, yIJIepOAHbIE HAHOTPYOKH 0OpasyrOTCsS B PEKUME
“TemHOBOI” peakiuu. [Ipu cuHTE3e yreponHBIX HAHOTPYOOK TaKUM METOIOM
OJaropoHBI  MeTayl WUrpaeT OJHOBPEMEHHO pOJb KaTalu3aropa pocTa
HAHOCTPYKTYp W HArpeBaTeIbHOTO DIIEMEHTA; JUIsl 3TOTO HEOOXOANMO HAITMYHUE B
ra3oBOil cMecu BOJOpPO/A.

Ha Puc. 6.4a mnpexacrasiaeubl wmukpodororpapuun SEM  HaHOTPYOOK,
06pa3oBaBIIHXCs Ha TIpoBoitoke Pd, cHauasa 06paboTanHO#M 2 BOCIUIAMEHEHUSMH
(80% H, + 20% CH,) .+ O, n nocnexyiomeit oopadorkoit (80% H, + 20%
C,Hp) .owew T O, B pesknMe TEeMHOBOH peakiuy B TedeHHe Tpex pas. Tpu pasa
03HAYalOT TP JAEHCTBUSA MO 3aMOJHEHMIO peaKTopa rasosoit cmechio (80%H, +
20% C,H,) crexuom + O, no 140 Topp B Teuenue 15 ¢ u oTKauke.

OTa mocnenoBarebHOCTh MPOLENYP TPUBOJUT K 0OPa30BaHHIO YIIIEPOIHBIX
HaHOTPYOOK cpenHero auamerpa ~ 30 HM €O CpaBHHUTEIBHO HEOOIBIION
nucriepeueit (Puc. 6.4a). Ha Puc. 6.4b npencrasnenst mukpodororpapuun SEM
HaHOTPYOOK, chopmupoBaHHbIX Ha mpoosioke Rh / Pd, obpaborannoii (80% H,
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+20% C,H,) + O, B TeueHue Tpex pas. Kak BUIHO U3 prcyHKa, HAHOTPYOKH
CTEXHOM 2
MMEIOT IIMPOKOE PacTpe/ieNICHUE 1Mo pazmMepaM. MoKHO yBHIIETh HAHOTPYOKH Jiia-
meTpoM 710 100 HM, a Tarke HaHOTPYOKH nuamerpom okono 10 um. Ha Puc. 6.4cC
nokazanbl MuKpodotorpadpun SEM HaHOTpYOOK, HaHECEHHBIX Ha (ONIBIY
Pd, obpaborannyio (80% H, + 20% C,H,) + O, B TeueHue Tpex pas. ITH
3/ crexuom 2

HAHOTPYOKH, KaK MPaBUIIO, UMEIOT CPEIHHUHN AUAMETP MEHbIIIE, YeM B CIydasx a) U
B), OJIHAKO pa3HHIIA B IMAMETPAX JOBOJIBHO 3aMeTHa. OJIHAKO, OCHOBHOM MPUHITHIT
OCaXKJICHUS TIPEJICTABISICTCS MIEPCIICKTHBHBIM, & UMEHHO UCIIOIBb30BaHIE HArpeBa
MOJITIOKKU M3 OJIAaropoJJHOTO MeTallia 3a CYET KAaTATUTUYECKOH peakluh CMECH,
coJieprKalllel TPeKypcop, Ha 3TOM Ke TOIOKKE.

Puc. 6.4.

SEM wmukpogoTorpadun HaHOTPYOOK

a) mposoJioka Pd, cHauana odpaborannas 2-ms Bociiamenenusamu (80% H, +20% CH,) crexuom +
O, u obpaborannas (80% H, + 20% C,H,) .+ O, B Teuenue Tpex pa3, P = 140 Topp, T = 310°C;
b) nposonoka Rh/Pd, o6paborannas (80% H, + 20% C,H,) + 0, B Teyenue Tpex pas, P=140
Topp, T = 230°C;

¢) dombra Pd, obpaborannas (80% H, +20% C,H,) .+ O, B Teuenne Tpex pas P = 140 Topp, T = 310°C
Tpu pa3za 03HaUarOT TPU MPOLETYPHI 3alIONTHEHUSI peKTopa ra3oBoii cMechio 10 140 Topp B TeueHne
15 ¢ u oTkauKH

CTEXHOM

CymMMupyeM KOPOTKO Pe3yJIbTaThl.

ITokazano, uro npu obmiem nasienun 10 200 Topp 001acTH KaraIuTHUECKOTO
Bocriamenenust cmeceir 2H, + O, Ha nosepxnoctsax Rh u Pd mmpe, yem y
cmeceit (H, + CH)__+ O, CMeCI/I conepxanme 6omee 50% CH,, a Tarke
(80%H, +20% CH,) cTexiom + O, He BocmIaMeHsoTes. 10 Hanps{My}o CBSI3aHO
c 06pa3013aHHeM yrnepo;:[co;:[epmamen IUICHKH Ha TOBEPXHOCTH OJIArOPOIHOTO
MeTaiia. TOIUIMBO B CMECSIX pacxojyeTcs B TEMHOBOHM peakiuu. [Ipu cuHTese
YIJIEPOAHBIX HAHOTPYOOK TAaKUM METOIOM OJNAropofHBIA METal Hrpact
OTHOBPEMEHHO POJIb KaTajau3aropa pocTa HAHOCTPYKTYp M HArpeBaTelbHOTO
9JIEMEHTa; [UISl ATOTO0 HEOOXOMMMO HAJIMYKME B Ta30BOM cMecH Bopopoma. Bbeuio
T0Ka3aHo, 4T TeMHOBas peakius B cmecH (80%H, +20% CH,)__  + O, npusoaut
K 00pa30BaHHUIO YITIEPOAHBIX HAHOTPYOOK auamerpoM B auamnazone 10 + 100 um.
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BoiBoarwl k Itase ||

OKCHEPUMEHTAILHO TI0KAa3aHO, YTO TEMIIEpaTypa BOCIUIAMEHEHUS CMECH
40% H, + Bosayx nan merammyeckum Pd (70 °C, 1 arm) na ~200 °C Hike, yem
Haj noBepxHocThio Pt (260 °C, 1 atm). Kpome Toro, npoBonoka Pd nxuimupyer
Bocriamenenue cmeceit (30-60% H, + 70-40% CH,)_ -+ po3ayX; mpoBoio-
ka Pt Toro »e pasmepa He MOXKET BOCIUTAMCHHTH 3TH CMECH MPHU TEMIIEpaTypax
peaktopa Hmwke 450 °C. D1o o3Hauaer, 4uto npoBosoka Pd 6onee a3 pekTrBHA TpH
WHUITUMPOBAHUK BOCIUIAMEHEHUsI, ueM TpoBosioka Pt. Sluercras cTpykTypa hpoH-
Ta MJIAMEHHU TPH BOCIUIAMEHEHUH B MPUCYTCTBUU TPOBOOKH Pd He HabmomaeTcst
B OTJIMYHE OT PE3y/ILTATOB, MOMYUYCHHBIX Ha moBepxHoctH Pt. Crniemosarensro, Pd
Oornee MOAXOMUT Uil PEKOMOMHATOPOB BOJAOPOJa HAa aTOMHBIX JIEKTPOCTAHIIHSIX,
MOCKOJIbKY KAaTaTUTHYECKUE YaCTHIIBI HE TIOSBIISIOTCS B Ta30BOil (base, B OTIIHUME
ot Pt. DxcriepumenTanbHOE 3HaUeHNE AP HEKTUBHON SHEPIHH aKTHBAIIMN OIIEHEHO
kak (3.5 = 1) kkan/Momb, YTO XapaKTepHO IS MMOBEPXHOCTHBIX MPOIECCOB. DTO
YKa3bIBaeT Ha 3HAYUTENLHYIO PONb TeMHOBOH peakiuu H, u O, Ha noBepXHOCTH
Pd, HaGmogaeMoli HETIOCPEICTBEHHO TIPH HU3KHX JaBjieHusX. Hannuue sToi pe-
aKIMU CHIDKAET BEPOSITHOCTH CIIyYallHOTO B3PbIBa IO CPABHEHMIO C TOBEPXHO-
creio Pt. OOHapyxeHo, YTO B PUCYTCTBHM JIHKOCanpupa OTCyTCTBYET CUCTEMa
nonoc uznydenns H,0* B quanasone 570-650 HM, n ObLI10 1aHO BO3MOXKHOE 00b-
sicHeHue 3Toro 3¢ ¢ekra. OObSICHEHO MOSBICHUE JOMOJHUTEIBFHOTO HCTOUHHKA
BO30Y/ICHHBIX MOJICKYJT BOJIbI, M3Ty4atoux B quana3one 900-970 um.

OKCHEpUMEHTAIBHO ~ TIOKa3aHO, YTO  TeMIleparypa  BEpXHEro mpeaena
karaauTraeckoro Bocmiamenenus BITKB wax Pd mipu P = 1,75 at, usmepertas meto-
JIOM TIOJTbeMa CHI3Y TI0 Temrieparype st cmeceit 30% meran + 70% Boopon + Bo3myx
(6=0.9, T =317 °C) u 30% nponan + 70% H, + Bozayx (0 = 1, T = 106 °C) 3ameTHO
CHIDKAETCsl TocIie mocneayrommx Bocramenenuii 1o T =270 °C s emecn H,— CH,
ujo T =32 °C nna cmecu H, — C,H,. BIIKB Bo3BpaIaercst K iCXOIHOMY 3HaYEHHIO
nocyie 06padoTky peakropa O, MM BO3IyXOM; T. €. BOSHHKAET SBICHUE THCTEPE3UCA.
Hwxkanit npenen karanmutudeckoro Bocruiamenenust HITKB cmeceit 30% (Cz, C, C,
C,) + 70% H, + Bozmyx (0 = 0.6, 1.1, 1.2, 1.2 coorsercTBenHo) Haz Pd cocrasmser
25 — 35 °C mpu P = 1.75 arm; ekt rucrepesrca oTcyTcTBYeT. bbuto 0OHapyskeHo,
uto Oemnas cmech 30% CH, + 70% H, + Bosnyx (0 = 0.6) noxasbisaeT camyro Hu3-
Ky Temrieparypy mpesena Bociuiamenenust: 24 °C npu 1 arm. OueHka 3(h(heKTHBHOIM
SHEPTHH aKTHBAIMH BOCILIAMEeHEeHHsT cMeceit Hax Pd cocrasmsier ~ 2.4 + 1 kkasi/Morb,
YTO XapaKTEepHO JIIsl IIOBEPXHOCTHOTO npotiecca. Takium 00pa3oM, ucronb3oBaHue Pd—
KaTaJlM3aTopa TO3BOJISET BOCIUIAMEHATh cMeck H, — ymesomopon npu 1-2 arm npu
HaYaIbHOM KOMHATHOM TeMIeparype 6e3 BHEITHUX HCTOYHHKOB SHEPIHH.

YcTaHOBNIEHO, YTO TEMIIEpaTypbl BOCIUIAMEHEHHSI cMeceil BOIOPOA—KHCIOPO
U BOIOPOJ—METAH-KUCIIOPO/] TIPU HU3KOM JIABJICHUH HAJl HATPETHIMHU TPOBOJIOKAMH
u3 Pd, Pt, Huxpoma u kanrana npu 40 Topp yBeNMYMBAIOTCS C YMCHBIICHHEM
KOHIeHTpalmu H,; mpu >ToM Tonbko Harperas nposonoka u3 Pd mposBiser
BBIPAKEHHOE KATATUTHUYECKOE JIciicTBrE. UNCICHHbIC pacueThl MO3BOMIIH BLIIBHUTH
BO3MOJKHYIO POJIb JIONIOJIHMTENBHOM pekimu pasgetsienus H + HO, — 20H, B xo-
TOpOii MaioakTHBHbIA pamukan HO, 3amensercs 6onee aktuBHbiM OH.

HccenenoBanbl 0COOCHHOCTH BOCIIIAMEHEHUS TPEABAPUTEIHLHO CMEITAHHBIX
CTEXHOMETPHUYECKUX CMECcel H-TICHTaH-BO3yX B CTATHYECKOM PeaKkTope ¢ Obl-

174



I'masa I1. 3akoHOMepHOCTH TOpeHust cMeceit Bogopoa—yriesoaopoa (C1 — C6) — Bozmyx
U yIVIEBOJOPO/I-BO3/IyX HaJl TOBEPXHOCTAMHU OJIATOPOHBIX METAJIIOB

CTPBIM HAIyCKOM CMECH B MPHUCYTCTBUU MeTauindeckux Pt u Pd B obGmactu
orpuiarenbHoro temmeparypaoro kodddurmenta (OTK). ITokazano, 4to B
oTCcyTCTBHE Omaropoansix MetauioB B obmactu OTK Bo3HHMKaioT Tepmoaxy-
ctudeckre konedbanns. OJHAKO B MPUCYTCTBUH MOBEPXHOCTH KaTtanuszaropa Pt,
KOTOPBIH pearupyeT ¢ KHCIOPOAOM TpU TeMIEepaTrype IUIAMEHH U TeHEepUpyeT
KaTaJIUTHYECKHE IEHTPBI, PACIPOCTPAHSIONINECs B 00bEM, TepMOAKyCTHYe-
CKHE€ PEXMUMBI TEPMHUYECKOTO BOCIUIAMEHEHHS MCYe3aroT. J[pyrumu cioBamH,
KaTaJTUTHYECKasi TOBEPXHOCTh Pl yCTpaHsSeT onpeeNeHHyIo CTaauio HHruou-
pOBaHUS B KHHETHYECKOM MEXaHU3ME I0CJI€ BOZHUKHOBEHHS XOJOAHOTO TIjIa-
MeHH u ncdesHoBeHus spiennss OTK; aToil craameit MoxeT ObITh, HAIIPUMED,
pasnokeHne HEKOTOPOTO MPOMEKYTOYHOTO MEJIEHHO pearupyroniero mepox-
cuma Ha moBepxHocTH Pt ¢ oOpazoBanmeM Oojiee peaKIMOHHOCTIOCOOHOTO pa-
nukana. B mpucyrcrBuu karagutudeckoi nosepxHoctH (Pd), kotopas He pea-
TUPYET MpHU TEMIEPAType TIaMEHHN U He TeHepUPYeT KaTaTUTHIECKUE IIEHTPHI,
pactmpocTtpasnstontuecs B 00beM, Bo3uukaet sisnenne OTK.

OOHapyKeHHbIE 3aKOHOMEPHOCTH JIOJDKHBI ObITh TIPUHSTHI BO BHUMAHUE TIPH
yncneHHoM moxenupoBanun siBneHuss OTK. Jpyrumu cioBamu, konebaHus u
apneare OTK momKHBI MCUE3HYTh B pacyeTax Mocie WCKIIOUEHUsS ONpereieH-
HOM peakuuu win Habopa peakuuii u3 mMexanuszma. Craaus JODKHA BKIIIOYATh
MTOBEPXHOCTHYIO PEaKINI0 aKTMBHOTO MPOMEKYTOYHOTO MPOIyKTa TOPEHHUsS Ha
MTOBEPXHOCTH Pt, mpy KOTOPOil M3 MATOAKTUBHOTO COETMHEHHSI 00pasyroTcs 60-
Jiee aKTUBHBIE TPOMEKYTOUHBIE MTPOTYKTHI.

BbUt0 00HApY)KEHO, YTO MEPHOI 3aJePXKKHU BOCIUIAMEHEHMS (MHIYKIIMH) TpH
ropennu cmeceii (70-40% Bomopox + 30-60% mporan) + BO3MyX HaJl MajuiaqreM
pu 0011IeM JiaBlieHnH 1—2 aTM cHayajia yMEHbBIIASTCS C TOHKEHUEM TEMITEPaTyphl,
a 3areM yBeinuuBaercs 10 noctwxenus HITKB, T. e. Bosnukaer ssierne OTK. D¢-
(bexTuBHas sHeprus aktuBaiwu E nporecca cocrasisier 2.2 1 kkaj Mosib ™, 4TO Xa-
paKTepHO ISl TOBEPXHOCTHOTO Tiporiecca. CrieroBaresibHO, 00HAPYKEHHOE SBIICHHE
OTK omnpenensiercst cocrosianeM noBepxuoctr Pd. B o6pasiie, 06paboraHHOM BOC-
TUTAMEHEHUSIMHU, OBUTH 0OHAPYKEHBI Ie()eKTHI B BHE OTBEPCTHI, KOTOPbIE OPUCHTH-
poBaHsI 110 (hurypam tpasienus. B atom nporecce dactuip PAO o6pasyrorest pu
oKHciIeHuH noBepxHocTu Pd u pasnaratorcs 1o Pd u O, npu Temmeparype npoyKToB
ropenust. Takum obpaszom, Pd pacxomayercsi B peakiii XUMHYIECKOTO TPABJICHUS C
AKTHBHBIMH ITPOME)KYTOYHBIMH TPOLYKTaMU TOPEHUSL. DTO TI0 CYIIECTBY HCKITIOYAET
MIPUMEHEHNE TTAJUIA/INS B YCTPOICTBAX 3a)KUTAHHUS.

Beuto mokazano, 4yro npu cymmaphbix jgaBieHusx g0 200 Topp obGiactu
KaTaJIUTHYECKOrO BOCIIaMeHeH s Ha moBepxHocTsix Rh u Pd mmpe amst cmeceit
2H2 + O2’ HeM Ui cMecei (H2 + CH4)CTexn0M + 02 u (HZ + C4H8) CTEXHOM + 02’
cmecH, coaepxaiiue o6onee 50% yriieBoaOpOIOB, HE BOCILIAMEHSIOTCS. Takoe
MOBE/IEHNE HANpsMYIO CBS3aHO C 00pa30BaHUEM YIIEPOICOAEpPIKAIIEH TIICHKH
Ha TOBEPXHOCTH OJIAarOpOJHOTO MeTajuia. TOIIMBO B CMECAX DPACXOAyeTcs B
pe3yibraTe TEeMHOBOH peaknuu. [ Ipu mogyyeHnn yriiepoaHbIX HAHOTPYOOK TaKuM
METOZIOM OJIarOpOHBIN METAJT UTPAET OJJHOBPEMEHHO POJIb KaTalIu3aTopa pocTa
HAaHOCTPYKTYp M HarpeBaTelIbHOTO 3JIEMEHTA, IS TOCIEeIHEro HeoOXOomnMo
HaJHM4YHUE B Ta30BOM CMeCH BOJIOPO/Ia M KUCIIOPO/a. bbiio moka3zaHo, 4To TEeMHOBAS
peaxuus B cmecu (80% H, + 20% C,H,) _  + O, npuBoaut k 00pa3oBaHHIO
YIJIEPOAHBIX HAHOTPYOOK ¢ quameTpoM B auarna3zone 10—100 um.
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IJIABA 111
OCOBEHHOCTH F'OPEHUSI CMECEM
BOJOPOJI-METAH-BO3/1YX HAJ
MOBEPXHOCTSIMM BJIATOPOJIHBIX
METAJIJIOB

I'maBa Ill mocBsimeHa yCTaHOBICHHIO 3aKOHOMEPHOCTEH KaTalMTHYECKOTO
BOCIJTAMEHEHHS, B OCHOBHOM, cMecell H, — MeTaH; B psjie 5KCepUMEHTOB METaH
OBLI 3aMEHEH Ha 9TaH, TWIEH U H—TICHTaH.

Jlanee aBTOpBI OymyT IOCTOSHHO aKIEHTHPOBATh BHHMAaHUE YHTATENs Ha
OIMCaHUH TPOLETYp 00pabOTKH MPOBOJIOK U (POIIBT M3 OJATOPOIAHBIX METAJIIOB,
KOTOpBIE OBUTH TIPOBENICHBI /IS 00€CIeYeH s BOCTIPOM3BOIMMOCTH N3MEPEHUH,
OIMCAaHHBIX B 9TOW KHHTE.

HamomuuMm BakHOe 3amedanue, caeinaHHoe B Hadane [aBel |. [Tockombky
KOJINYECTBEHHbIE XapaKTEPUCTHUKH MPOIIECCOB BOCIIAMEHEHUSI KaTaTuTHYECKON
TIOBEPXHOCTBIO UCCIEAYIOTCS HUKE, CTAHOBUTCS BaYKHBIM KOHTPOJIHPOBATH CO-
CTOSTHHE TIOBEPXHOCTH. OIHaKO 00ECIIeYNTh KOHTPOJIb Ha MHUKPOYPOBHE ISl Ma-
KpooOpasiia HeBO3MOXKHO. B HacTosIeM McciieloBaHiN OHU U T€ e 00pa3Ibl
HPOBOJIOK U (hOJIBT OBLIM U3TOTOBJIEHBI U3 OJHOTO U TOrO *e ciauTka Pt (u Pd), a
nokpeiTHst Rh 1 RU GbUTH HaHECEHBI U3 OHKX H TEX K& KOMMEPYECKHX 00pa3IioB
KHUIKHX PEarceHTOB OJHUM M TEM )K€ IOBEJUpPOM. [10CKOJIBKY TerionoTepu Ha
KOHIIaX 00pas3la, I/ie MPUKPEIUICHbl KOHTAKThI, HI'PAIOT 3aMETHYIO POJIb, UCTIOIb-
30BaJIK 0OPA3Ibl JOCTATOYHOM (M OJMHAKOBOM) AJIMHBI M TOJIIMHBI, YTOOBI TeTl-
JIONOTEPH HE TOBIIMSUIH Ha PE3YJIbTaThl SKCIIEPUMEHTOB. TakuM 00pazoM, [UTMHA
U IMaMEeTP UCIIOIb3yEeMBIX HIDKE IPOBOJIOK TAKOBBI, YTO YBEJIMUCHNE MX JUTHHBI
Y YMEHBILICHUE TUaMeTpa He BN Ha 3HAUYCHUS] H3MEPEHHBIX MPEIEIIOB KaTa-
JUTHUYECKOTO BOCIIIIAMEHEHHSI.

DKCIIEpUMEHTAJIbHOE  ONpENeNICHHe  TeMIleparyp  BOCIUIAMEHEHUS U
>(b(heKTUBHBIX SHEpruif akTHUBALMM BOCIIaMeHeHus cmecedt (40+70% H, +
60+30% CH 4)mmOM + BO3IyX mpoBoAwiM mpu 1 + 2 aT™M B Iuama3oHe TeMIle-
paryp 20+300 °C B craTM4ecKkux YCJIOBUSAX B YCTaHOBKE OBICTPOTO HAITyCKa.
HccnenoBanue ObUIO HANpaBIEHO KAaK HA YCTAHOBICHUE KaTAIUTHYECKOH -
¢dexruBHOCTH Rh Kak MepcreKTHBHOrO HHUIMATOPA IUIAMEHH, TaK U Ha BbISIBIIC-
HHE (HaKTOPOB, ONPEIEISIONNX 3HaUeHNS Y(P(HEKTUBHBIX YIHEPIHI aKTUBALIUH, a
TaKKe Ha BBIACHEHUE TOTO, cymecTyeT ju siBneane OTK npu BociiameneHun.

[Toka3zaHo, 4To B peakTope, 00paboTaHHOM BOCIUIAMEHEHHUSIMH, TEMIIEpary-
pa Bocramenenus cmecu 70% H, + 30% metan + Bo3myx Ha/l MOBEPXHOCTHIO
poxust cocrapnsieT 62 °C. [TomyueHHBII pe3ynbTaT yKa3plBaeT Ha MOTEHIUAI
UCIOJIBb30BAHMS POAMEBOTO KaTajau3aropa I 3HAUYUTEIBHOTO CHWKEHUS
TEeMIIepaTypbl KaTaJUTHYECKOTO BOCINIAMEHEHHS TOILJIMB Ha OCHOBE cMeceil
BOJIOpPOJIa M MeTaHa. BBIsSBICHO KpUTHYECKOE YCIIOBHE I 00BEMHOM peakinu
BOCIUIaMEHEHHSI TOIUTHB BOJOPOJ — METaH: 00BbEMHBIH MPOIECC MPOUCXOAUT
npu 45%H,, no on orcyrcreyer npu < 40%H,. Eciin H, < 40%, npoucxoaut
TOJBKO MEJJICHHAsI MOBEPXHOCTHAS PEAKIUsl, ITO SIBICHUE Ka4e€CTBEHHO OIH-
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HaJl HOBEPXHOCTSAMHU OJIATOPOIHBIX METAJLIOB

chiBaeTCs HammMu pacuetamu B [aBe 1 § 5. BeisiBieHo, uto 3¢ dekTuBHbIC
snepruu aktuBanuu kak BITKB, tak u HITKB cmeceit H2+ METaH B JuUara3oHe
JUHEHHOCTH npuMepHo paBHbI (2.5 + 0.6) Kkan/MoiIb; 3TO 03HAYAET, YTO KITFO-
YeBBIC PEAKIINH, OTBETCTBEHHBIC 32 BOSHUKHOBEHHE “BepxHEro” U “HUKHETo”
MpEeIeNIOB KaTATUTHYECKOTO BOCIUIAMEHEHHS IIOYTH HAaBEPHOE OJHH U TE XKe.

ITokaszano, 4to mis karanuzaropa Rh/Pd mpouecc pa3Butus mnemu, ckopee
BCETo, UMEET TeTEPOTCHHBIH XapakTep, MOCKOIbKY 3(h(heKTHBHAS SHEPTHs
aKTHBAIMK COCTaBiIseT < 3 KKaja/MOIb. DKCIIEPUMEHTATBHOE OTpECIeHIE
TeMIleparyp BOCIUIAMEHEHHMS W J(QQPEKTUBHBIX DHEPrUd  aKTHBAIUH
Bocnmamenenus cmeceit 5+40% H,- sosayx u (30+70% H, + 70+30% C,H,
(1 C,H,)).,ccnon T BO30YX Hanm Rh u Pd npu 1 atm nposonunu B auanasoHe
temneparyp 20 + 300 °C B cTaTHYECKUX YCJIOBHUSAX C IIEJIBIO CPaBHEHHS
karamuTuaeckorr sddexTuaoctt Rh m Pd u ycranoemenus ¢akxTopos,
OTIpEACNAIOMNX 3HaueHHs] dPPEKTUBHBIX dHEPTHil akTHBauu. [lokazaHo,
YTO TOJY4YeHHbIe 3HauYeHHsI d(P(YEKTHBHOW DHEPIUU AKTHBAIIMH HAXOMATCS
BO B3aMMHOM COIJIACUM M XapaKTepHBI JJIsi MOBEPXHOCTHOIO Xapakrepa
neiicteus Rh; Rh 6onee xaranurnuecku aktueeH, ueM Pd. Beutn onpeenens
KIII0YeBbIe 0COOEHHOCTH KAaTAIMTUYECKOTO BOCIUIAMEHEHHSI HAa MeTajuinye-
CKOM POJIMU W TMaJUTaJInd B CEPUM CMEIIaHHBIX TOIUIMB. & UMEHHO BOJIOPOJ
+ CHUHTE3-Ta3 U BOAOPOXA + YIIIEBOAOPOX (3TaH, 3TWJIEH, IIPOIIaH, HeHTaH) +
BO3/yX, YTOOBI YCTAHOBHUTH T'PAHHUIBI 00JacTel KaTaJUTHYECKOTO BOCILIA-
MEHEHHUSI, 3aBUCUMOCTH d(Q(QEKTUBHBIX YHEPTUN aKTUBALUU BOCIUIAMCHCHHUSI
OT IPHUPOJIBI YTIIEBOAOPO/ U POJIb MPOIIECCOB TEMHOBOTO OKHCIEHUS. Brisic-
HUJIOCH, YTO B YCJIIOBHSIX HAIIUX SKCIIEPUMEHTOB ONPECNISIIOMNUM (PaKTOPOM
KaTaJUTHYEeCKOTO BOCIJIAMEHEHUS! SIBIISIETCS HE XMMHUYECKas MpUpoja Kara-
JM3aTopa, a copepxanue yrnepogopona C2 B cmecu ¢ H,. [Ipenensr karanuru-
YEeCKOro BOCIIaMeHEeHHs cuHTe3-ra3a Haa Rh/Pd xauecTBeHHO OTIMYAIOTCS
OT 3aBUCUMOCTEH JJIsl TOPOYUX BOAOPOA-yIrieBoaopoa: 3apucumocts HITKB
MMEET OTUETIIMBHIA MAaKCHMYyM, 4YTO YyKa3blBaeT Ha CIIOKHBIH MEXaHH3M
KaTaJIATHYECKOTO Mpolecca; 3aBucuMocTh Appenuyca In[H,]. -~ om 1/T
OYEBUJIHO, HE BbITIONHSETCs. CleoBaTeNbHO, CIeyeT YTOYHUTh HHTEpIpe-
tanuio BIIKB u HIIKB, npuBeneHHyr B aureparype. bonbuiue mnepuojbl
3aJIepKKU KaTaJTUTUYECKOT0 BOCINIAMEHEHHUs cMeceil BOJOpOJ— H-TICHTaH
(mecsATKM CEKyH) U OTCYTCTBHE 3aBUCHMOCTH MEPHOIOB OT HAYaJIbHOU TEM-
neparypbl MO3BOJSIOT CIeNaTh BBIBOJ, YTO KATAIMTHYECKOE BOCIIIIAMEHEHHE
cMecei BOIopo/i— H-TICHTaH ONpeeseTcsl IEPEeHOCOM MOJIEKYIT YIIEBOJ0PO-
Jla Ha MOBEPXHOCTH (M MO MOBEPXHOCTH) KATATUTHYECKOW TPOBOJIOKH.

C T1enpl0  YCTaHOBICHHS 3aBUCHMOCTH TPEJICIOB  KAaTAJIUTHYECKOTO
BOCIIaMeHeHHusT Haj Pt or Temmeparypbl W BBISBICHHS OCOOCHHOCTEH
BOCIUTAMEHEHHS CMecel BOJOpPOA-MeTaH HaJ Pl B MOCTOSHHOM 3JIEKTPHUYECKOM
ToJie TIPY OTCYTCTBHU pa3psiia MPOBEACHBI KCIIEPUMEHTAILHBIE UCCIIEIOBAHUSI
TOpEHHsI CMeceil BOJOPOJI-METaH MPH HU3KUX JABJICHUSX HaJl TOBEPXHOCTHIO
Pt npu cymmapubix nasnernsx ot 20 go 180 Topp u HauabHBIX TeMIeparypax
400+600 °C. Iloka3ano, 4To mpenensl BocriameHenus cmecedd 2H, + O, m
(80% H,+20%CH,)_ +0O,nan Pt npoBonokoii He 3aBUCAT OT MPUIIOKEHHOTO
Hanpspkenuss o 1200 B 0Oe3 paspsima. YeraHoBieHO, 4TO Ui cMecei
(80% H, + 20% CH,).., + O, npumenenue snexrpuyeckoro nons (1200 B)
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Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

MIPUBOANT K MCUE3HOBEHHWIO M3 PEAKIMOHHOTO 00bEeMa YaCTHII, COAEpPIKAIINX
Pt, obpa3zoBaBImIuXcsS B pe3yibTaTe Pa3ioKeHHS JICTY4ero OKCHIA IIIATUHEBI B
ra3oBO# (¢ase, YTO yKas3pIBaeT HA TO, YTO ATH YACTHIIBI 3aPSHKEHBI. DTO MOXKET
OBLITh CBSI3aHO C SIBJICHHUEM XEMHWOHH3alnu, Ha6JIIOIIaeMBIM mpu CropaHuu yr-
nesonoposos. [Tokasano, 4yro npu cropanuu cmecu (80%H, + 20%CH,)
O2 YIJTIEpOIHEIC HAHOTPYOKH MPAKTHICCKA HE 00Pa3yIOTCS B OTINYHE OT CMECH
(H2 + C4H8)CTexu0M + 02'

KirroueBble ciioBa: KaTAIMTUYECKUM, BOCIUIAMEHEHME, ITPee, PO, ajuia-
JIA{, TIJIaTUHA, BOJOPO/I, METaH, KUCIOPO/, BO3/1YyX, KHHETHKA, XEeMUUOHU3AITH.

§ 1. IPEJIEJIBI BOCINIAMEHEHMSI CMECEN
BOJAOPOA-METAH-BO31YX HAJ META/VIMMECKUM POJAUEM
IPU JABJIEHUU 10 2 ATM

CMelaHHbple TOIUTMBA BOJIOPOJI-YIIIEBOJIOPO]I MPHUBICKAIOT BHUMAHHUE B Ka-
YecTBE albTEPHATHBHBIX BUJOB TOIUIMBA JUISI TIPOM3BOJICTBA SHEPTHU MO JIBYM
OCHOBHBIM TpuunHaM. [lepBasi mprunHa CBsS3aHA C MOBBIICHHEM 3()()EKTHBHO-
CTH CMEIIAHHOTO TOTUTUBA METaH-BOJOPO/I, YTO MPUBOJUT K YIYUIICHHIO XapaK-
TEPUCTHUK YCTPOUCTB, MCIOIB3YIONINX TOPCHUE, YBEINICHUIO JUTUTSIBHOCTH HX
WCTIOJIb30BAHUSI H CHIDKCHUIO BHIOPOCOB 3arpsI3HSIONIMX BEIICCTB MPH UCIIOJNb-
30BaHMU OC/IHBIX TOPIOYMM CMECEl B CTAllMOHAPHBIX M MOOWIILHBIX CHCTEMaX.
Bropast npuurHa cBsi3aHa ¢ pa3BUTHEM BOJIOPOJHON YHEPTETHKU M MEPCICKTH-
BOW MCHOJIB30BaHMA H, B TOIUIMBHBIX JJIEMEHTaX M YCTPOHCTBAX, HUCIIONB3YHO-
mux ropenwue [1, 2].

C xoMmMmepluanu3alueil HOBBIX BOJOPOJHBIX TEXHONIOTHMH Tipobiiema
BOIOPOIHOM 6€30IMacCHOCTH TIPpHOOpeTaeT Bce OombIee 3HaUeHUE. V3BeCTHO, UTO
B3PBIBOOMACHBIE KOHIEHTpanuu H, B cMecu ¢ BO3ayxoM cocTaBisioT ot 4% 1o
75 006.%, Takum 00pa3som, TPaHCIIOPTUPOBKA U XpaHeHue H, omacHel B mMpokoM
JMamma3oHe ero KoHieHrtpanuid. B [3] mokasaHno, 4To MO Mepe yBeIHUCHHS
COJIEp’KaHHS METaHA B CMECH BOJIOPOJA-METAH BEPXHUU KOHIICHTPAIIMOHHBIH
npezenl TOPSHUS TaKOM CMECH 3aMETHO YMEHBIIAETCs; 3TO JeNlaeT CMech
HamMHOTO Oe3omacHee [4], T. €. cMecH MeTaH-BOIOPOX 0OJIE€e TEPCIIEKTHBHEI
sl ucmosib3oBanus. B [5] ycraHOBIEHO, YTO MPUPOAHBIA Ta3 M BOIOPOI
MOTYT OBITh CMEIIAHBI B JIBUTATENIC HEIMOCPEJCTBEHHO BO BPEMsl €ro padoThI.
MeranoBogopoaHas cMech «Xatran» 6pi1a npemiokena B CIIA [6]. Iudpa B
XaWTaHOBOW MapKUPOBKE O3HaYaeT MO0 Bojoponxa B cmecu: HY-5 = 5% (mns
Oen3nHOBBIX aBromoOmimeit) u HY-7 = 7% (mas Iu3enbHBIX aBTOMOOWIIEN).
O6wemnas nons H, B cmecu Mosket nocturars 10 20% u naxe 10 32%, Kak 310
OBLTO OCYIIECTBIIEHO B Ta30BOM jaBurarenae Cummins-Westport. Teopetndecku
W OKCIEPUMEHTAILHO OBUIO MOATBEPXKACHO, 4YTO J00aBJICHUE BOJOPOJA
3HAUUTEIHHO TOBBINIACT JKOJIOTHYECKYIO0 O€30MacHOCTh M DKOHOMHYHOCTb
nsurarens [7].

[IpoOnemMbl 6€30aCHOCTH MPOU3BOACTBA, TPAHCITOPTHPOBKH U XPAHCHHUS
BOJIOPOJIHO-YTIIEBOJOPOJHOTO TOIUIMBA HEOOXOJWMO peliath J0 Hayaja
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WX IIHPOKOTO HCIONb30BaHUA. OMHONH M3 OCHOBHBIX TPOOJEM SIBIsSETCS
ciaydyaiinoe Bocmiamenenue [8]. OgHUM H3 BO3MOXHBIX HCTOYHHKOB
BO3TOPaHUS SIBISIETCS TOPsYasi MOBEPXHOCTh. TakuM 00pa3zom, HEOOXOIUMO
WMETh BO3MOXKHOCTH MpPEJOTBPAINATh W KOHTPOJIUPOBATH YCIOBUS, HPH
KOTOPBIX BOCTUIAMEHEHHUE MPOUCXOJIUT, KOTJIa TOproYasi CMeCh MOJBEpraeTcs
BO3JIEUCTBUIO TOpsiuedl MmoBepxHOCTH. KaramuTuueckoe ropeHue 4ucToro
BOJIOPOJIa TAKXKE MPEACTABISIET HHTEPEC, MOCKOIbKY KOTIIBI, HCIIOJIB3YIOIHE
9TOT NPHHIIUI, Pa0OTAIOT IPH OTHOCUTEIHLHO HU3KUX TEMIIEPaTypax U MOTYT
T€HEPUPOBATH TEIIO IS OBITOBBIX HYXk ]l 0€3 CymecTBeHHbIX BeIOpocos CO,
u NOXx [9]. KatanuzaTopsl ropeHus JOJDKHBI 0071a1aTh CIIOCOOHOCTRIO Ha-
KalIuBaTh KUCJIOPOJ ¥ TEPMOCTAOUIBLHOCTBIO; OHH JOJKHBI 00eCTeunBaTh
OKHCJICHUE TOTUIHBA 0€3 B3phIBa. DTO JOCTUTAETCS C MCIIOJIb30BaHUEM OJa-
ropoaubix MetanaoB [10]. BaaropoaHbie MeTaIbl O-Pa3HOMY BIHSIOT Ha
BOCIIJIAMEHSAEMOCTb CMECEi BOJOPOI-MEeTaH. DKCIIEPUMEHTAIbHO YCTAHOB-
neno, uto Pd ponbra Bocnnamensier cmecu (30+60% H, + 70+40% CH,) _
+ BO3/yX, B TO BpeMs kKak Pt ¢onbra He Bocmiamensiet atu cmecu 10 450 ° C.
Ouenka BennunHbI 2Q(HeKTUBHON YHEPTUN aKTHBALMH MTPOI[ECCa COCTABISAECT
3.5 £ 1 kkan/mMoib, 4TO XapaKTePHO IJIs TMOBEPXHOCTHBIX mporeccos [11].
Taxoke 5TO yKa3pIBa€T HAa 3aMETHYIO POJIb TEMHOBOW peakuuu okucinenus H,
Ha KaTaju3arope, HaOJrolaeMoll HETIOCPEJACTBEHHO MPU HU3KHUX JIABICHUSIX
[12].

OO0napyxeHo, 4TO M3MEPEeHHAas NMPH HarpeBaHWM peakTopa TeMIlieparypa
npejiena KaTaauTHaeckoro Bocriamenenus cmecei 30%CH,+70%H,+ Boznyx
(6 =0.9) ipm naBnennu 1.75 aT™M Ha MOBEPXHOCTH MaJIaIus, HaJ KOTOPOH 10
3TOTO HE MPOBOIMUIIN BOCIUIAMEHEHUH, coctaniser 317 °C. Drta temneparypa
YMEHbIIIAeTCs MOCIE MOCIEIYIONIMX BCIBIIIEK U MPU OXJAXKJICHUN peakTopa
coctaisier 270 °C. Ilpexen BocmiaMeHEHUs BO3BpalIaeTCs K MCXOJAHOMY
3HAYEHUIO Tociie 00padOTKM peakTopa KUCIOPOAOM HIIH BO3JyXOM, TO €CTh
Bo3HHKaeT 3¢ ekt rucrepesnca [13]. Beuro mokasano [14], 9To nmpu cropaHuu
BOJOPOJI-TIPOTIaH — BO3AYIIHBIX cMecei (0 = 1) Hax mamnanuem mpu oOmux
naBieHusX 1 + 2 aT™M meprobl 3a/IepKKU KaTaIuTHYeCKOTO BOCIUIAMEHEHHMSI
T CHa4yaJia yMEHBIIATCS C MOHWKCHHEM TEMITepaTypbl; HO 3aTeM T 3HAYCHHUSI
YBEJIMYUBAIOTCS 110 TeX IOp, MOKa HE JOCTUTACTCA “HIDKHUN~ Tpemen
katanutuueckoro BocrameHenus HIIKB, T. e. cymecTByeT siBI€HHE OTpU-
narenbHoro temmeparypuoro kodddurumenra (OTK). Beuto mokasano, dWTo
siaerre OTK cuibHO CBsI3aHO ¢ cOCTOsiHUEM moBepxHOoCcTH Pd.

Lenpro paboThI SBISAIOCH IKCIIEPUMEHTAIBHOE OINpeIelIieHue TeMIIepaTyp
1 o1ieHKa 3P (GEKTUBHBIX JHEPTUil aKTUBALIMU KaTaTUTHYECKOT'O BOCIIJIaMeHe-
Hus cmeceit (40+70% H, + 60+30% CH,)__ + BO31yX HaJ IOBEPXHOCTHIO
metamudeckoro poxausi (Rh) mpu naBiaenusx 1 + 2 atM B TemmeparypHOM
nuanazone 20 + 300 °C B cTaTH4ecKHX YCIOBHSX, YTOOBl YCTAHOBUTH KaTa-
JUTHYECKYIO AP PeKTHBHOCTh RN Kak mepcrnekTHBHOr0 MHUIMATOPA TOPCHHUS
W BBISIBUTH (DAKTOPHI, OMpeieNsrone 3HadyeHus: 3pPEKTUBHBIX dHEPTHHl aK-
THUBAIIMH, a TAKXKE BBISICHUTS, cyniecTByeT Jin sisneHue OTK npu xaranurnye-
CKOM BOCITJIAMEHEHUH B UCCIICyEMbIX YCIOBHSIX.
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JKcnepuMeHTATbLHASA YaCTh

DOKCIIepUMEHTHl TMPOBOJWIM B CTaTHUYECKUX YCIOBHSIX C Ta30BBIMH
crexuomeTpuueckumu cmecamu (40+70%H, + 60+30%CH,)  + Bo3ayx
Haja noeepxHocThio Rh mpu 150 + 300 °C. CrexmomeTpudecKuil cocTaB
paccUMTHIBAIM JJS CYMMBI TOIUIMB. B JKCHEpHMEHTaX HCHOIb30BaN
HarpeBacMblii IWIMHIPUYECKUH pPEakTop M3 HEepKaBeolleld CTaju
muuHOM 25 cM m pmamerpoM 12 cM, CHaOXEHHBIM ChEMHBIMH KPBIIIKAMHU
U ONTHYECKUM canupoOBBIM OKHOM B OAHON W3 kpbimek [12]. TounocTs
HW3MEpEeHHUsl TeMIIepaTypbl BHYTPCHHEH MOBEPXHOCTH PEAKTOpa COCTaBIsija
0.3 °C. OTkauaHHBII W HarpeThli pPeakTOp OBICTPO 3aMOJHSIM Ta30BOH
cMechio U3 OydepHOro oObeMa BBICOKOTO [ABICHUS IO HEOOXOIUMOIO
naBieHus.  Jlusi  OTKPBITUS W 3aKPBITUS  Ta30BBIX  KOMMYHHUKAIIHH
HCIIONIb30BaJId 3JIEKTPOMAarHUTHBIA KiamaH. Perumcrpannio BOCIUIAMEHEHHSI
W pacupocTpaHEHHUs I[JJaMEHHM TPOBOAMIM C TOMOIIBIO  IBETHOM
BbICOKOCKOpocTHOU kamepsl Casio Exilim F1 Pro (wactora xagpos — 1200
c!). Buneodaiin coxpaHsuin B MaMsiTH KOMIOBIOTEpa M MPOBOIWIH €ro I0-
KaapoByio 00paborky [13]. JlaBneHue B mporiecce HAMyCKa ra3a U TOPCHUS
peTUCTpUPOBAIN MPEIU3NOHHBIM fnaTtunkoM nasineHus KAPAT J[U, curnan
¢ kotoporo noaasanu Ha ALl mpeoOpa3oBarens u kKommbtotep. s ocynie-
CTBJICHUS] KaTAJIUTUYECKOTO BOCIIAMEHEHHUsSI HCIOJIb30BaJIM MPOBOJOKY Pd
(tommrunoit 0.3 MM u qyuHON 80 MM), MOKPBITYIO cioeM Rh tommuHo# 15 MM.
Cro#t Rh ObLI MONTyYeH 3IIEeKTPOXMMUYECKUM OcaxKaeHneM Ha Pd mpoBoIIoKy.
Bribop Pd B kadecTBe MOAIOKKH OBUT OOYCIIOBJIEH TEM, YTO KOA(PPUIHECHT
TeroBoro pacmupenust Pd Haunbonee 6nuzok k Rh [14]. Takum ob6pasowm,
npoBosioka Rh/Pd ucnonp3oBanack s BoCIIIaMEHEHHs Ta30BOW CMECH, TIPU
3TOM TEMIIEpaTypy MPOBOJIOKH U3MEPSIIIH, BKIIIOYas €€ B Ka4yeCTBE MIeua MocTa
YutcTona u xanuOpys mpeaBapUTeNbHO MO Temneparype. CUrHaJI oJaBajiu
Ha ALII npeobpazoBatens u xommnbiorep. [lepea KakAbIM 3KCHEPHUMEHTOM
peaktop otkauuBaiu g0 0.1 Topp. BepxHuid mpenen KaTaaUTHUYECKOTO
BocmameHenus: BIIKB ompenensanu kak 3HaueHUE TeMIIEpaTypbl MEPBOTO
BOCIIJIAaMEHEHUS TIPU 3aJJaHHOM JaBJICHUU TPH MOJXO0JIE CO CTOPOHBI HU3KUX
TeMIiepaTyp B He 00pabOoTaHHOM BOCITIaMEHEHUsIMU cocye. HkHui npeaen
karanuTuueckoro Bocriamenenus HIIKB ompexpensnu kak cpeanee Mexmy
JIBYMS 3HaUCHHUSIMH TEMIIEPATypbl, TPH O0IbIIEM U3 KOTOPBIX BOCIIJIaAMEHEHHE
HaO0JI0/1aJ10Ch, a TPU MEHBIIIEM — OTCYTCTBOBAJIO B 00paOb0TaHHOM BCIIBIIIIKAMHU
cocyne. BpeMs 3agepKku BOCIUIAMEHEHHSI T M3MEPSUIM KaK BpeMs MEXIY
OKOHYAaHHEM HaIlyCcKa raza ¥ Ha4aJloM BOCIUIAMEHEHHS 110 KPUBOH JaBICHHUS.
OOmiee naBneHUE B PeakTope KOHTPOIHMPOBAIH C MOMOIIBIO 00Pa3OBOTO
BaKyyMMeTpa, a 1aBieHue B OyhepHoM 00beMe KOHTPOIHPOBAIH C TIOMOIIBIO
o0Opa3oBoro MmaHomeTpa. Mcnonp3oBanu xumMudecku uucThie ra3sl u 99,85%
Pd.

Pe3yabrartnl u 00cyxaenue

Bce akcrepuMeHTHI 110 BBICOKOCKOPOCTHON PETUCTPAIIHN KaTATUTHYECKOTO
BOCIIJITAMEHEHHUSI CMECH BOJOPOA-METaH-BO3MyX Haja moepxHocThi0 Rh/Pd
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(1200 ¢') mokasanw, YTO HaAyadbHBIA OYAr BOCILIAMEHEHHS BO3HHUKAET Ha
moBepxHocTH nmpoBosoku ([13], Puc. 1.1); B mocieayromux 3KCIIepUMEHTax B
TEX K€ YCIOBUAX MECTO BO3SHUKHOBEHHS HCXOAHOIO IIEHTPA U3MEHSETCS, 110~
JOOHO KaTaJIUTHYECKOMY BOCIIAMEHEHHUIO Ha TIOBEPXHOCTH Pd, n3ydeHHOMY
panee [15].

Puc. 1.1.

BBICOKOCKOPOCTHAs [IBETHASI PETUCTPALIUSI BOCIUIAMEHEHHS M PACIPOCTPAHEHHS [UIAMEHH B CMECH
70% H, + 30% CH, + Bo3ayx HaJ POBOJIOKO#H Rh/Pd, 1200 ¢, P,=1.7arm, T =71.1°C. lludps
Ha KaXJIOM KaJpe COOTBETCTBYIOT IMOCJIEN0BATEIbHBIM HOMEPAM BUICOU300paKEHUH BO BpEMs
BOCIIJIAMEHEHUS

Takum 00pa3zom, TepMuUeckoe/KaTaTUTHUYECKOE BOCIIIaMEHEHUE Hal OJa-
TOPOJIHBIM METAJIOM OIpEeeNsieTcs] peaknusIMu aJcopOUpPOBAHHBIX aKTHB-
HBIX IIEHTPOB Ha MOBEPXHOCTHU. VX CKOPOCTh 3aBUCHT KaK OT KOHICHTPAIHH
MMOBEPXHOCTHBIX JIE(PEKTOB C U3OBITKOM CBOOOTHOM SHEPTUH, TaK U MIPUPOJIBI
Karanu3atopa. Bechk mporiecc BoCIuIaMeHEHUNS COCTOUT W3 CTaAWil mporpe-
Ba MPOBOJIOKU KaTATUTHYECKON peakIuel, JOKaJIbHOTO 3a)KUTaHUs HarpeTou
MMOBEPXHOCTHIO M PACIPOCTPAHEHUS IIJIaMEeHH. XUMHUYeCcKasi akTHBHOCTD pa3-
JTUYHBIX YYaCTKOB MOBEPXHOCTH MEHSETCS OT OJJHOTO BOCILIAMEHEHUS K JIPY-
roMmy.

3aBHCUMOCTH JIABJIICHUS OT BPEMEHH ITPH KaTaATUTHYE CKU HHUITUUPOBAHHOM
BOCIUTAMEHEHUH BoO3nymrHo cmecu 45% H2 + 55% CH4 + BO3IyX MpH
P, = 2 arm nan nosepxHocTeio Rh/Pd mpu tpex temmeparypax (201 °C,
189.8 °C, 181.4 °C) noka3ausl Ha Puc. 1.2. HamoMHuM, 4TO BEpXHHUI IIpeae
Karanutudeckoro BocruiameHeHus BIIKB — ato MuHnManbHas temneparypa,
IIPU KOTOPOH MPOUCXOAUT BOCIUIAMEHEHNE Ha HEOOpaOOTaHHOM BCIIBIIITKAMHU
KaTaJIMTHYE€CKO# IOBEPXHOCTH, TO €CTh B “cBexeM” peakrope [15]. 3Hauenwue
mpejena OIIpenenseTcss B CEPUH MOCIEAOBATEIBHBIX JKCIIEPUMEHTOB,
MPOBOJIUMBIX C BBIOPAHHBIM IIIarOM I10 JABJICHUIO WU TeMIlepaType MIpH
HarpeBe peaxkTopa.

ITocne toro, kak BIIKB gocturnyt, nanbpHeiiue 3KCnepuMEHTHI TPOBO-
ISAT TIPU TOHMKEHUW TeMIepaTtypsl Huxke Temnepatypsl BIIKB B yxe o6pa-
0oTaHHOM BCIBIIKaMU peakrope. OMBITH MPOAOIKAIT 0 TEX ITOop, MoKa
He OymeT, NOCTUTHYT HWXHUW Tpeen KaTalUTHYeCKOrOo BOCIIaMEHEHUS
(HITIKB).

187



Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

12k P.‘, atm
1E

wk

3 2
;]

TE

E.— |
5_

4=

43

3

% T 5 TR T

Puc. 1.2.

H3MeHeHne naBIeHUS MPH KaTaJIUTHYECKOM BOCIIaMECHEHUH cMecH 45% H2 + 55% CH4 + BO3/1YX
Hag nposonokoit Rh/Pd B 3aBucumoctu ot Bpemenn. Py =1.75arm. 1-T, =201°C, 2-T =189.8 °C,
3-T,=181.4°C.

Takum o6pazom, HITKB cooTBeTcTBYeT moBepXxHOCTH Karanuzaropa Rh, 06-
paborannoit Bembimkamu; BITKB coorBeTcTByeT “cBexkeMy” peakTopy, B KOTO-
POM paHee BOCIUIAMEHEHUS He IPOUCXOAMIIO.

TunuyuHbIe 3aBUCUMOCTH, COOTBETCTBYIOIIHE TOCIEA0BATEIbHBIM 3HAYEHUSIM
temneparypsl Hmwke BIIKB, mokaszaner Ha Puc. 1.2. Kak BunHo u3 Puc. 1.2, me-
pHOIBI 33a7ep>KKM BOCIUIAMEHEHHUSI T CHayajla YMEHBLIAIOTCS C IHOHIKCHHEM
temreparypbl. Kak uzBectHo, sBineHue OTK mnposiBaseTcss B yMEHbLICHUU
BPEMEHH 3aJePKKH CaMOBOCIUIAMEHEHUS] TNPH YMEHBIICHUH TEMIIEPaTyphI
peakTopa B HEKOTOpoM uHTepBajie Temmneparyp (cm. Imasy Il, § 4). Takum
o6pasom, Mbl HaOromaem sieiieane OTK, momo6Hoe onucanHomy B [13, 14]. Tlpu
JanbHEeHIIeM YMEHbLICHUH TEMIIEPATyPbl 3HAYCHUS T yBETHUUBAIOTCS 10 TEX M1OP,
noka He gocruraercss HITKB (mpu Gonee BBICOKHX TeMIeparypax MpOUCXOAUT
BOCIUIAMEHEHHE, Mpu 0oJiee HU3KUX — BOCIUIAMEHEHHE OTCYTCTBYeT). SIBieHue
OTK BBI3BaHO M3MEHEHHEM COCTOSIHUS ITOBEPXHOCTH poxusi. Kak mokasaHo B
pa6ote [15], Ha moBepxuHoctu Omaropomubix mMerawioB (Rh, Pd, Ru), o6pabo-
TaHHO BOCIJIAMEHEHUSIMH, TIPOSIBISIOTCS edekTsl B popme otBeperhii (Puc. 5
u3 [15]), . e. miIoma b NOBEPXHOCTH U COCTOSIHHE TOBEPXHOCTH M3MEHSIOTCSI
OT BOCIIJIAMEHEHHS K BOCIJIAMEHEHHIO, IIPU 3TOM ITOBEPXHOCTh POIUS SIBISETCA
HauboJee yCTOWYMBON K AePEKTaM.

JInst yCTaHOBJIEHUs TIPAaHHUIl KaTaJuTUYeCKoro Bocmiamenenus H, — CH,
cMmeceir Ham Rh ObUIM JKCIEPHMEHTANbHO OIPEACICHBI TEMIIepaTypHbIC
3aBHCHUMOCTH KOHIIEHTPALlMM BOAOpPOJA KaK Ha BEPXHEM, TaK M Ha HIKHEM
npezese KaTaTuTHIeCKOrO BOCIUIAMEHEHHsI. DKCIIEPUMEHTAIbHBIE 3aBUCUMOCTH
conepsxanust H, B cmecu npu 1.7 atm oT TeMIniepaTyphbl Ha BEpXHEM (3aI0THEHHbIE
KPYXKKH) M HIDKHEM (KpYXKH) Mpefeliax KaTaauTHYeCKOrO BOCILIAMCHEHUSI
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CTEXHOMETPHUECKUX H, — METaHOBO3MYIIHBIX CMeceH, HaJl oBepxHOCThIO RN/
Pd nipencrapnens Ha Puc. 1.3 a.

W3 Puc. 1.3a BUAHO, YTO B peakTope, 00paOOTAaHHOM BOCIIJIAMEHEHHUS-
mu, HITKB no temneparype cmecu 70% H, + 30% CH,+ Bo3myx Hajx nmosepx-
HOCTBIO ponust coctapisier 62 °C. [{ns cpaBuenus, HIIKB Toii e cMmecu Haj
MOBEPXHOCTHIO Mayutaaus coctanisger 270 °C npu atoM ke nasienuu 1.75 atm
[16]. Pesysbrar yka3piBaeT Ha BO3MOKHOCTH HCIOJIB30BAHUS POJMEBOrO Kara-
JU3aTopa IS 3HAYUTEIBHOTO CHIDKEHHUS TEMIEepaTypbl BOCIUIAMEHEHUS TOII-
JIMB Ha OCHOBE cMeceil Bomopoa-merad. Kpome Toro, Rh karamusarop Hanbomnee
crabunen B mamenu H,+O,, gem Pd, Ru u Pt (cm. T'masy I, § 5). Kax Buano
n3 Puc. 3a, uMeeT MeCTo KPUTHUYECKHI XapaKTep OCYIIECTBICHHUS O0ObEMHOM
peakmun: 00EMHBIH TTPOIIece, COMMPOBOKTAIOIIHIACS BOCIUIAMEHEHHEM U PE3KUM
POCTOM JaBJieHus, mpoucxoaut npu 45% H,, Ho on orcyTeTyet npu < 40% H,.
ITpu conepxannu H, < 40% npoucxoaut ToJIbKO MeJIEHHas TOBEPXHOCTHAS pe-
aKIMs, TIPH KOTOPO# PE3KHiA POCT IaBJICHUSI M BOCITIAMEHEHHE OTCYTCTBYIOT: Rh/
Pd npoBosioka ocTaercst SpKo-KpacHOW B TEUCHHE HECKOIBKUX MHHYT. XapakTep
9TOTO KPUTHYECKOTO SIBIICHUSI TPEOYeT MalbHEHIIero H3yYeHUsI.

iy - air
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Yl a In(lyy,) b
™
s
i
- ik
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hh“‘« wt
i -3
T, % 10T
Al : -
10a 200 Li 15 Am
" H 3 < 40", no ignition In{fnzl < -0,8 no ignition
Puc. 1.3.

a) JKCIepPUMMEHTAIIbHbIE 3aBUCHMOCTH cojlepkanus H, B cMecy Ha npesiesie BOCTUIaMEHEHUs Hal
nposonokoit Rh/Pd ot Temneparyper; 3anonaennsie kpysxku: BIIKB cmecn H, ~metan-osayx Han
Rh/Pd,; kpyxxu: HITKB cmecu H, -meTan-o3nyx nag Rh/Pd , P, = 1.7 atm

06) 3aBHCHMOCTH AppeHuyca:

3aM0JHEHHBIE KPY/KKH — 3aBUCHMOCTH Jjlorapudma nomu H, na BIIKB cmecn H, —meran-Bosayx
KaTaJIMTHYECKOr0 BOCIUIAMEHEHHs OT 0OparHoil Temmeparypbl Haa Rh/Pd; kpykku — 3aBUCHMOCTH
norapupma nomu H, na HITKB cmecu H, -MeTan-Bo31yX KaTaquTHUECKOTO BOCIUIAMEHEHHUS OT
obparHoii Temneparypsl Hax Rh/Pd

3aBucUMOCTH cofiepikanus H, B roproumx cmecsx OT TeMmrmeparyphbl B
koopauHatax Appennyca (060CHOBaHIE 3TOM 3aBUCHMOCTH MpHUBEIEHO B [11]
u B ipeapiayineii ['mase) npeacrasiaens: Ha Puc. 1.3 (6). Kak BuaHo n3 Pucynka,
3TH 3aBUCUMOCTH npH cofepxkanun H, > 50% moryT ObITh anmpoKCUMHUpPOBa-
HBI IPSIMBIME JTHHAAMHA (K023 dunuenTs koppemsuuu > 0.98). Janusie obpa-
GaTeIBaIN C TIOMOIIBIO TIpOrpaMMHOTO TakeTa Statistica 9 (Statsoft). Puc. 1.3
(6) mokaseiBaeT, uTo d((EKTUBHBIE DHEPTHHM AKTHBAIMK KaK BEPXHETO, Tak
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¥ HIDKHETO MpejenoB okucienus cmecu H,+ CH, B nnanasone nuneitHocTH
npubau3uTenbHO paBHbl (2.5 + 0.6) KKan/MoJb; 3TO 03HAYAET, YTO KIIFOUEBBIC
peakiiu, OTBETCTBEHHbIC 32 BO3HHMKHOBCHHE BEPXHErO M HU)KHETO IMPEIEIOB
BOCILJIAMEHEHHS, TOJDKHBI ObITh, CKOpEe BCEro, oMuHakoBbl. OOpaTuM BHUMA-
HUE, 4TO JUIst 00ecreYeH sl BOCIIIAMEHEHHS IOJDKEH ObITh peaan30BaH Habop
peakiuii, B KOTOPBIX MPOUCXOAUT pa3BUTHE lierel (YBeInIeHNEe HIIH COXpaHe-
uue [15] xomuuectBa cBOGOAHBIX BanenTHocTel) [11]. CnemoBarensHo, sHEP-
IS aKTUBAIIMK PA3BUTHS IEMU TODKHA OMPEICIIATh TeMIIEPaTyPHYO 3aBUCH-
MOCTh BCETO MpoIliecca, Kak 3T0 HAOII0IaeTCsl B aHAIOTHYHBIX IKCIIEPUMEHTaX
¢ Pt karamuzatopom [17]. Takum ob6pasom, B ciryuae karanusatopa Rh/Pd mpo-
[[ECC Pa3BUTHS LEIH UMEET FeTEPOTeHHYIO MPHPO/LY, MOCKONIBKY 3D heKTHBHAS
9HEPTHs aKTUBAIIMK COCTABIISET MEeHee 3 KKaJ/MOJIb.

Hannure BEepXHEro ¥ HMKHETO MPEIEIIOB KaTATUTHIECKOTO BOCIIIIAMCHEHHS
MOYKHO HHTEPIIPETUPOBATh, UCTIONB3Ys pe3ynbrarhl § 5 [assl 1. [Ipu noBbIIEHUN
TeMmeparypsl i pu 0opabdoTie Rh/Pd mpoBosouku Bomopocoaepskaieii ra3oBoi
CMEChIO Ha MOBEPXHOCTH MPOBOJIOKU 00pa3syercs 3(p(HeKTUBHBII KaTamru3arop —
ruapun poaus. 1lpu nocrmxkenun temneparypsl, coorBeTcTByrowmeid BIIKB,
CMeCh BOCIUIAMEHSIETCSI HAJ CIIOEM THIpUAa POIMs. 3areM, MPH MOHWKCHUH
temneparypsl, focruraercs HITKB Han tem ke rugpuaom poaus. Toraa To, 4yTo
SHEPrHU AaKTHBAI[MA BEPXHEr0 M HIDKHEro mpenesia O4eHb OJHM3KH, CBA3aHO C
TEM, YTO BOCIUIAMEHEHHE Ha 000MX Mpeesax MPOUCXOMUT Ha/l OHOU U TOM ke
MOBEPXHOCTHIO THAPHIA POIIHSL.

VkaxkeM, 4TO Mbl NpowLIrOCTpupoBaid B 8 5 ImaBbl 1 BO3HHKHOBEHHE
MPEIeNIOB KaTaJIUTHYSCKOTO BOCIIAMEHEHHSI IT0 TEMITEPaType ¢ UCIIOIb30BaHHEM
Oe3pasMepHBIX ypaBHeHUH HaBpe-CTokca sl COKUMAEeMOHW pearupyromiei
cpensl B MpHOMMKeHUH Majioro uucia Maxa [16]. Mbl HalmOMHHAM XOJ 3TOTO
WJUTIOCTPAaTUBHOTO pacuéra. CKOpPOCTh peaknuu B oObemMe Oblia ImpecTaBieHa
3JIEMEHTapHBIM LeMnHbIM MexanusMoMm: C — 2n(w) u n + C — 3n + npoayKThL.
B stom cityuae ypaBuenusi (6—-10) u3 [16], Obuin 3aMeHEHBI Ha CIEAYIOIIHE:

p(C; +vC, +uC, ) = V2C — BonW
p(n, +vn, +un, ) = V2C + 2B,nW
W = Cexp(L—/T) oObémHas peakuus

Wy = Cexp(C,—C,/T) mOBEpXHOCTHAS peaKIys.

B, — KuHETHMYECKUH KO3()YULHMEHT, TPONOPLUMOHANIBHBIN YnciTy Jlamkenepa.

Karanurrdeckyto mpoBojIoOKy HMUTHPOBAIN IPSMOYTOJIBHOM 001aCThIO B Ce-
penuHe IpsSIMOYTOJILHOTO PeaKTopa.

B mpuBeneHHBIX ypaBHEHUSIX HWKHHE HHICKCHI ‘X7, “y”’, ““t” o3Hauaior
muddepeHIpoBaHre MO0 COOTBETCTBYIOUIMM TIEPEMEHHBIM, U U V — KOMIIOHEH-
Thl CKOPOCTH B HAIIPaBJIEHHAX X U Y, COOTBETCTBEHHO; { U { — Oe3pasmepHble
ko3 dureHTsI, TponopunoHanbHbie E/R 11 00beMHOI 1 TOBEPXHOCTHOI pe-
akiuil (£ — SHeprus aKTHBAalUM COOTBETCTBYIOLICH peakiyu). P — IIIOTHOCTS,
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T — Temneparypa, C — KOHIICHTpAIHMsI UCXOTHOTO BEIIECTBA, N — KOHICHTPAIIUS
MPOMEKYTOUHOTO TIPOIyKTa (6e3pa3MepHbIc BETHUUHBI).

XuMu4ueckass 3K30TepMHUYECKasi IIEMHAs PEakKiis MPOTeKaeT Ha TPaHHIlax
“NpoBOJNIOKK”, TrpaHWYHbIE ycIoBus Ha Heil umeror sun '/, = adf,W, (B,
XapakTepusyeT TemloBblIeNeHHe, 0=1 s romoreHHoil mosepxuoctu), ™/, =
adPW, (moBepxHOCTHOE pa3BUTHE peakIHOHHbIX neneii), ©/, = 0.2C (agpcopbuus
UCXOJHOTO peareHTa); O — MacmTaOHblii Kod(dUIMEHT, omnpeaesonmi
JUTUTENILHOCTD BhIUMCIeHU. Ha ctenkax peaktopa N = 0 (rereporeHHblid 00-
peB), U=0,v=0,%/ =0,/ =0,/ =0, r1eX— 6e3pasmepHas KOOpIUHATA.
IMapameTtps! coctaBisumu { = 7.5 (6nu3kue K PHEPTHU aKTHBAIIUK PEAKIIUH 00b-
eMHoTo pasBeTsaenus npu okucnenuu H, [8]), § = 1.5 (onenka Benuuune! sHEp-
TUY aKTHBALMU TIOBEPXHOCTHOTO mpouecca, cM. Boime), B = 0.15, B, = 0.22. Ha-
YasbHas TEMIIEpaTypa rasa ONpeeNsiach HCXOAHbIMU yenoBusamu: T, = 1 s
TEMHOBOU peaKIIuH, TO = 2 1 o0ecrieueHrs BOCIUIAMEHEHUS.

Pemienne 3amaqu OCYIIECTBISIIOCHh METOIOM KOHEYHO-3JIEMEHTHOIO aHaI-
3a ¢ MCMoaBp30BaHKeM mporpammuoro makera FlexPDE 6.08, 1996-2008, PDE
Solutions Inc [20]. Pe3yasrarsr pacuyera mokasansl Ha Puc. 5.7 § 5 Tmaser 1. Kak
BUJ/IHO M3 PUCYHKA, YUUTBHIBAIOTCS M KAY€CTBEHHO COIIACYIOTCS C DKCIEPHMEH-
TOM OCHOBHbIC HaOJIIOIaeMble 0COOCHHOCTH KaTATMTUYECKOTO BOCIUIAMEHEHHSI:
B TEMHOBOIl peakiiu CKOPOCTh MOTPEOICHUSI HCXOJHOTO peareHTa Me/JICHHee,
4YeM BO BpeMsi BOCIJIAMEHEHHSI U B PEaKI[MK HarpeBaeTCsi BECh MaTepual MpoBo-
noku (Puc. 5.7a § 5 I'maBel 1); BOBHMKHOBEHHE JIOKAJIBHBIX 04aroB BO3TOPaHHs
Ha KaTaJIUTHYEeCKON MpPOBOJIOKe B ciyudae Bosropanus (Puc. 5.76 § 5 I'maswr 1),
a TaKKe IMHAMHUKA pOCTa O4ara BO3ropaHus (Cp. IKCIIEPUMEHTAIbHBIN Kaap H3
[19] u Bruncnennyto T Ha Puc. 5.7 8§ 5 I'naer 1 ipu 0.0392 ¢). Takum obpa3zom,
KayeCTBEHHAsl MOJIENb, MpeiokeHHast B [15] u ucnosnbp30BaHHAs B HACTOSIICH
paboTe, MO3BOJISIET MOTYYHTh KaK PEKUM BO3HUKHOBEHHS IEPBHYHBIX 0YaroB 3a-
JKUTaHHs Ha TPOBOJIE C MOCIIEAYIOLIMM JIOKAIBbHBIM 3)KHUTAHUEM, TaK U PEKHUM
TEMHOBOU KaTaJMTUUECKOM PEeaKIMy pacXo0BaHHs HCXOIHOTO PearcHTa.

Pe3tomMupyeMm mostyueHHbIe pe3y/IbTaThl.

YcraHoBIEHO, YTO B peakTope, oOpadOTaHHOM BCIBIINIKAMH, TeMIleparypa
Bocriamenenus cmecu 70%H, + 30%CH, + Bo3ayx HaJ NOBEPXHOCTBIO POAUs
cocraBisier 62 °C. Pesynbrar ykaszpiBaeT Ha BO3MOXXHOCTH HCIIOJNB30BaHUS PO-
JIMEBOTO KaTallM3aTopa JJisi 3HAYUTEIbHOTO CHIKCHUS TEMIIepaTyphl BOCILIaMe-
HEeHHUS TOIUTUB Ha OCHOBE cMeceil Bomopon-meTaH. OOHapyKeH KPUTHYCCKHi
XapakTep OCYIIECTBICHNSI 00bEMHOM peakinu: 00bEMHBIN MPOLIECC TPOUCXOHUT
npu conepxanuu 45% H,, Ho orcyTtcTByeT npu conepxxanuu H, < 40%. Eciu H,
< 40%, nporCXOIUT TOJBKO ME/IJICHHAS TOBEPXHOCTHAS PEaKIIUs.

Oo0napyxeHo, 4T0 3()()EKTUBHbIC SHEPrHMHM AKTHUBAI[MM KaK BEPXHEro, TaK
¥ HIKHETO npeenoB okucnenus cmeceir H,+CH, B obnmactu nuneiHOCTH
saucumocteit In(H,), - 1/T mpumepno pasnbl (2.5 + 0.6) xxan/mons; 310
O3HAYaeT, YTO KIIFOUEBbIC PEAKIMH, OTBETCTBCHHbBIC 32 BOSHMKHOBEHHE BEPXHETO
Y HWOKHETO MPEIEIIOB BOCIUIAMEHEHHMSI TIOYTH HaBEPHOE OJJMHAKOBBHI.

Bouto mokazano, uyro s karaauzaropa Rh/Pd nporecc passurus remnu umMeet
TeTePOreHHYIO TIPHPOLLY, MOCKOIBKY 3D (EKTUBHASL SHEPTUsI AaKTUBAIIMK COCTaB-
nsieT MeHee 3 KKaji/MOJIb.
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§ 2. MPEJIEJIBI BOCINIAMEHEHUS CMECEM BOJTOPOI-BO3JIYX
HAJI METAJLJIMYECKUM Rh U CMECEWM
BOJOPO/] - 5TAH/3THUJIEH - BO3AYX HAJI Pd 1 Rh
NP ATMOC®EPHOM JIABJIEHUU

B mpenmpimymem maparpade paccMOTpeHBI 00MacTH  BOCIUIAMEHEHHS
BOAOPOAa B MPUCYTCTBUHU MPOCTEHIIECH YTIIEBOMOPOTHON TOOABKH — METaHa U
YCTaHOBJICHO, UTO B peakTope, oopadoTanHoM BoctutamenermsiMu, HITKB cmecu
70% H, + 30% CH, ¢ BO3tyXOM HaJl HOBEPXHOCTBIO pojus cocTapnser 62 °C.
Pesynbrar yxa3eiBaeT Ha BO3MOKHOCTP MCIIOJIb30BAHUS POAMEBOTO KaTaln3aTopa
JUTS 3HAYUTENTEHOTO CHIDKEHHSI TEMIIEpaTyphbl BOCIUTAMEHEHHSI TOTIIINB Ha OCHOBE
cmecelt Bogopoa-MeTad. OOHapy»KeHO, U9TO CyMIECTBYET KPUTHIECKOE yCIIOBHE
UIT 00BEMHOTO BOCIUIAMEHEHHS HaJ POJUEBBIM KaTaln3aTopoM: OOBEMHBII
npouecc npoucxoaut npu 45% H,, no on orcyrcreyer npu < 40% H,. Eciu H,
< 40%, mpoTekaeT TOILKO MEAJICHHAS TIOBEpXHOCTHAS peaknus. [lokazaHo, 9To
s¢eKTUBHBIE dHEPrUK akTHBaruK kak “Bepxuero” (BITKB), tak u “HmxkHe-
ro” (HIIKB) npezenos H, + MeTan B uanasoHe JUHEHHOCTH MPUMEPHO PAaBHEI
(2.5£0.6) xkan/mMoip;, TakuM 00pa3oM, KIIFOUEBBIE PEAKIIMH, OTBETCTBEHHBIE 32
BO3HHKHOBEHHUE “BEepXHET0” W “HIDKHETO” TIPEAENIOB BOCIIAMCHEHHS IOUYTH
HaBEpHOE OJHU | Te e. B aToM maparpade 3akOHOMEPHOCTH, TIOTYIECHHBIE TS
MeTaHa, CPaBHHBAIOTCS C 3aKOHOMEPHOCTSIMH sl JT00aBOK dTaHa/3THIIEHA K
BOZIOPOTY.

J1 IIIpOKOTO MCIIOB30BAaHMS BOIOPO/Ia B KA4ECTBE TOIUIMBA HEOOXOIUMO
pemmnTs psix mpoOiieM 0OE30MacHOCTH IMPOW3BOJCTBA, TPAHCTIOPTHPOBKH M
xpaHeHus: Bogopoma. OmHOM W3 OCHOBHBIX TPOOIEM SBISETCS HEMITaTHOE
BOCIUTaMEHEHHE, TIOCKOJIBKY BOIOPOJI MMEET Topas3/io Oojiee IMIMPOKHUE MPEIeIThl
BOCIUTAMEHSEMOCTH, YeM YTIEBOJAOPOABI, OOBIYHO WCIIONB3yeMbIE B KadeCTBE
tormkB [8]. OmHMM W3 BO3MOXKHBIX HMCTOYHHKOB BOCIUIAMEHEHHUS SIBISCTCS
ropstaasi MOBEPXHOCTh. TakuM 00pa3oM, HEOOXOAMMO HWMETh BO3MOXKHOCTD
MpeI0TBpAIaTh WIN HAAEKHO KOHTPOIMPOBATh YCIOBHSA, MPH KOTOPBIX CMECH
BOZIOPOJIa M OKHCIUTENSI KOHTAKTUPYET C Topsiuell MOBEPXHOCTHIO, OCOOCHHO
€CJI TTOBEPXHOCTH 00JIaaeT KaTaTuTHIECKIMH CBOMCTBAMH.

Karamutnyeckoe ropeHne BOmOpONA TPEICTABIAET HWHTEPEC, ITOCKOIBKY
YCTpOICTBa, HampuMep, KOTIBI, WCIONB3YIONIME 3TOT NPHUHIWI, padoTaroT
MIPH OTHOCHTENFHO HU3KUX TeMIIeparypax W MOTYT TeHEpHUpPOBAaTh TETUIO IS
ObITOBBIX TIpHokeHuit 6e3 Biopocos CO, u NOX [9]. B peakiuu ropenus so-
JOpofia KaTalln3aTopbl JOJDKHBI 00MagaTh TEPMHUUECKOW CTaOMIIBHOCTBIO; JIOJI-
JKHBI OBITH 00ECIICYEHBI YCJIOBHS, YTOOBI OKHCICHHE BOIOPOMIA MPOUCXOIMIIO
0e3 B3pBIBa. DTH TPeOOBAHUS MOTYT OBITH YIOBICTBOPCHBI IPH HUCITOJIB30BAHIH
OJ1aropoIHBIX METAILIOB, KOTOPBIE, KpOME TOTO, 3 dekTuBHO nomtomart H,u O,
[IPH CPAaBHUTENBHO HU3KUX Temmeparypax [10].

B xauecTBe anpTepHATHBBHI HapsiAy C BOIOPOJOM ITOBBIIEHHOE BHHUMAaHHE
MPUBIIEKAIOT OoJiee Oe30TMacHble CMECEBBIE  BOIOPOTHO-YTIIEBOAOPOIHEIE
TOIUTHBA, TPEJEIbl BOCIUIAMEHSIEMOCTH KOTOPBIX CYIICCTBEHHO YiKe, 4eM B
ciydae Bojgopona. [1oaToMy mcmonbp30BaHWE TOPEHHS 3THX CMeECeH SBIseTcs
MEPCTIEKTUBHBIM ~ METOZIOM  Y/IOBIIETBOPEHHSI COBPEMEHHOW IMOTPEOHOCTH
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B orpanudeHuu BbiOpocoB NOX B IpPOM3BOACTBE DHEPIHH, B TOM 4YHCIE B
JIBUTATEJIsIX BHYTpeHHero cropanus [11, 21, 22].

Mpl paHee MoOKa3alu, 4TO TEMIIepaTypa KaTraJuTHYEeCKOrO BOCIUIAMEHEHHUSI
cvecu 40% H, — Bosnyx Han merammmdeckum Pd (70 °C, 1 arm) na ~ 200°
MeHBIIE, YeM Haja ToBepxHocThio Pt (260 °C, 1 arm) [11], T. e. Pd 6omee
s¢dexruBen, uem Pt. Takum obpaszom, Pd Gornee ymoOeH IS MCITOIB30BAHUS
B pexombuHaTopax Bogopona B ADC Takke W IMOTOMY, 4TO B Ta30BOH (aze He
TOSIBJISIFOTCSI KaTaJIUTUYECKUE YACTHIBI METallIa, 00pa30BaHHbBIE Pa3JIOKCHUEM
JIETy4ero OKCHJa, B KauecTBE IICHTPOB 3a)KHTaHHs, KaK 3TO MMEET MECTO B
ciydae Pt [23]. DkcniepumenTansHoe 3HaueHNe 3()()EKTHBHOM SHEPIHH aKTHBA-
[IMH KaTAJTMTHYECKOTO BOCIIIaMeHeH s Bomopoa Ha Pd cocrasmiser ~ 3.5 kkain/
MOJIb, YTO XapaKTepPHO IS MOBEPXHOCTHBIX mporeccoB [11]. Dto ykassiBaer
Ha 3aMETHYIO POJIb TEMHOBOW KAaTAJIUTHUYECKON pEeaKkiMy OKHUCICHUS BOIOPOJA,
TaKke Ha3bIBaeMOM “‘OecruiaMeHHBIM TOpEHHEM' , KOTOpOE€ HAaONIomacTcs B
HAIMX YCIOBUSIX MPH HU3KKX HaBieHusx [12]. OcyriecTBaeHUe Takoi peakium
CHIDKAET BEPOSTHOCTh HEIITATHOTO BOCILIAMEHEHHs 3a CYET PacXOJOBaHHS
BOJIOPOJIA M, COOTBETCTBEHHO, BBIX0O/Ia CMECH M3 00JIACTH BOCIIIIAMEHEHUSI.

Topenne Bomopoma Hajx moBepxumoctsmu Rh, Ru, Pd um Pt npum o6mmx
nasnennsix 10 200 Topp u HavanbHBIX Temneparypax o 500 °C uccnenosanu B
[15] ¢ menbro Kak ycTaHOBICHHUS 3aBHCHMOCTEH MPENesiOB BOCIIIAMEHEHHS HaJl
MOBEPXHOCTSIMH OJIAarOPOJIHBIX METAIIOB OT TEMIEpaTyphl, TaK U yCTAHOBJICHHSI
yIpaBIsOMUX  (akTOpOB  Mpoliecca 3aXKUraHWs Tra3a  KaTalIuTHYECKOH
MOBEPXHOCTHIO. Bbuto mokazaHo, uto Rh sBiusiercst HanbGonee 3¢pdeKkTHBHBIM
Katanu3aropoM BocmiameHenus 2H, + O,, npu 5ToM caMasi Hu3Kas TeMIieparypa

2 2!
3axkuranus Ha0monaercs Ha Rh u cocrasnser 210 °C, nns Ru u Pd — 300 °C, qnst

Pt—410 °C.

Bpaborax [13, 16] noka3zano, uro npu ropernu (70 +40%) Bogopoa— (30 +60%)
MPOTIaH — BO3MYNIHBIX cMmeced (0 = 1) Ham mamumaanem mpu OOIMIMX JaBICHHUIX
1 + 2 arMm nepuofbl 3aJep)KKH BOCIUIAMEHEHHUSI T CHavaja YMEHBIIATCS C
MOHM)KEHUEM TEMIIepaTypbl, 3aTeM 3HaYeHHsI T YBEIUYUBAIOTCS JIO TEX IOp,
MOKa HE JIOCTHTaeTcsl Tpeliesl BOCIUIAMEHEHHMs, T. €. HaOlltomaeTcs sBICHUE
otpuiarenbHoro temmneparypHoro kodddummenra (OTK). DddexruBhas
SHEPTUs aKTUBAIMH TIPOIIECcCca COCTABISET EQM = 2.2 + 1.0 xkan/MoJb, 4TO Xa-
paKTepHO TSI IOBEPXHOCTHOTO Tporiecca. Takum obpasom, serenne OTK remno-
CPEJICTBEHHO CBSI3aHO C COCTOSIHUEM MOBEPXHOCTH KaTalln3aropa.

B pabGore ocymiecTBIeHO dKCIIEPUMEHTAIBHOE ONpPE/IEICHIE TeMIIepaTyp
BocIIaMeHeHUs M () PEeKTUBHBIX YHEPTUH aKTUBAIIUU BOCIUIAMEHEHHSI cCMeCeit
(5% + 40% H,) - Bosayx u (10% + 20% D,) — Bo3ayX Haj MOBEPXHOCTHIO
METaJUIMYECKOTO POJIUS U CTEXHOMETPUYECKHX 10 Troprouemy cmeceit 70%
H, + 30% wmeran u (30 + 70% H,+ 70+30% ostan (unm sTuiIEH)) ¢ BO3MY-
XOM HaJI METAJUTHYECKUMHU POAMEM H MAJIaJIUEeM MPHU AaBICHUIX 1 + 2 aT™ U
HavyanbHOU TemmepaTrype 20 + 300 °C B craTH4eCKHUX YCIOBUSAX JJIsI CDABHEHHUSI
karamuTuaeckor sdpdextuaoctd Rh u Pd m mias ycranosimenus GpakTopos,
ONPEACNSIOMNX  3aKOHOMEPHOCTH  WHUIMHPOBAHUS  KAaTAIUTHYECKOTO
BOCIIJIAaMEHEHUS, a TaKXke JUisl BbIsiCHeHHMs Hanwums sBieHus OTK mpu
BOCIUTaMeHEeHHH Bopopoaa Haa Rh.
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JKcnepuMeHTATbLHASA YaCTh

OKCHEepUMEHTHl  NMPOBOJMIM € Ta30BBIMH  CTEXHOMETPHUECKUMH
cvecamu (5% + 40% H,) — Bosmyx u (10% + 20% D,) — Bosmyx Han
MMOBEPXHOCTHIO METAJUIMYECKOTO POl M CTEXMOMETPHUECKUX IO TOPHYEMY
(cTexnomMeTpHYeCKUil COCTaB PaCCUMTHIBAIM JJIsl CyMMBI TOILTHB) cMeceit (70%
H, + 30% wmerana) u (30 + 70% H_+ 70+30% sTana (uau 5THIEHa)) C BO3IyXOM
HaJI MOBEPXHOCTSMH POAXS U MaJUIaAMs MpU AaBieHusX 1 + 2 aTM 1 Ha4aJbHOM
temneparype 20 + 300 °C B cTaTu4ecKuX yclIoBusiX. MCIonb30Banu HarpeBaeMbli
HWIMHAPHYECKUH PEAKTOP U3 HEPKABEIOIEeH CTali AITMHOHN 25 ¢M 1 TnaMeTpoM
12 cM, cHaOXEeHHBIH CHEMHBIMU KPBIIIKAMUA W ONTHYECKUM JICHKOCA(QUPOBBIM
OKHOM B OZIHO# m3 Kpbiiek [12]. TouHOCTh M3MEpEHUs TeMIepaTypbl COCTaB-
msma 0.3 °C. PerucTpanuio BOCIUIAMEHEHHST W PAaCHpPOCTPAaHCHUs TUIAMEHH
OCYIIECTBIISUTN C MTOMOIIBIO I[BETHOW BBHICOKOCKOPOCTHOM kKamepsl Casio Exilim
F1 Pro (uacrora xampos — 600 c?). Buneodaiin coxpaHsuii B aMsTH KOMITbIO-
Tepa M 3aTeM TMPOBOAMIN €ro MoKaapoByto 00padboTky [13, 16]. OTkauaHHBIH 1
HarpeThlid peakTop ObICTPO 3aMoHSIN ra30BoOi cMechlo U3 OydepHOro odbema
BBICOKOTO JIABJICHUS 10 HEOOXOAMMOTO JaBieHHs. JlJisi OTKPBITUS W 3aKpBITHS
ra30BbIX KOMMYHHKAIIMH MCIIONB30BaIM AJICKTPOMAarHUTHBIN KiamaH. J(aBienue
B IpoIlecce HaIycKa Tra3a W TOPEHHs PEeruCTPUPOBAIH MPEUU3UOHHBIM AaTdu-
koM nasnenust KAPAT JIW. JInst ocyliecTBICHHS TepMUYECKOTro/KaTaauTHye-
CKOTO 3a)KUTaHMs UCIONb30BaK mpoBoiioky Pd (tommuuoit 0.3 MM U uinHOI
80 mm), a Taroke oOpaser; Rh, KOTOpBIil OBUT MOMTYYEH HICKTPOXUMHUUSCKHM OCa-
xnenueM cinos Rh Tommuuoii 15 MM Ha npoosioky Pd (tommunoit 0.3 MM u
amaoi 80 mm). Pd ObuT BBIOpaH, T. K. €ro KO3 (QHUIMESHT TEIUIOBOTO PACIIUPEHIUS
naubosnee 6muzok k Rh [24]. TIposomoku Pd mnu Rh/Pd ucnonb3oBanucs st
BOCTIJIAMEHEHHS Ta30BOI CMecH, TIPY 3TOM TEMIIeparypy MPOBOJIOKH U3MEPSUIH,
BKJIIOUas e€ B KauecTBe Iieya MOCTa YUTCTOHA M KaJuOpys MpeaBapUTEIbHO
o temmneparype. Ilepen KaxapiM dKCIIEpUMEHTOM peakTop orkauuBanu 1o 0.1
Topp. “Bepxumii ” npenen Bocmiamenenusi BIIKB ompenensuin xak cpenHee
3HaUEHHE JBYX TEMIIEpaTyp MpH 33AaHHOM JaBICHUH TPH TOAXOJE CO CTOPOHBI
HU3KUX TEMIIepaTyp B He 00pabOTaHHOM BOCIIAMEHEHHSIMH COCyne: pu Ooree
HU3KOH TeMIieparype BOCIUIAMEHEHHE OTCYTCTBOBAJO, MPH 0ojee BBICOKOH —
BOCIUTaMeHeHue npoucxoauwno. “Hwxamii” npenen BocruiameHenwuss HITKB
OTIPEIEISUIM aHAJIOTHYHO, HO TPH TIOIXOJE CO CTOPOHBI BBICOKHX TEMIIEPaTyp
B 00paboTaHHOM BOCIUIAMEHEHUsIMU cocyie. OOmee AaBlieHHE B pPEakTope
KOHTPOJIUPOBAJIM C TIOMOIIBIO O0Opa3lOBOrO BaKyyMMETpa, a MJaBJCHUE B
OytdepHOM 00BEME KOHTPOIMPOBAIM C MOMOLIBIO OOpPa3OBOTO MaHOMETpa.
Hcnons3oBainu xuMmuuecku ynctbie razsl 99.8% D2 n 99,85% Pd.

Pe3yabrartnl u 00cyxaeHue

DKCMEPUMEHTHI 10 BBICOKOCKOPOCTHOM peructparmu (600 c!) karanutuye-
CKOT'0 BOCIIAMEHEHHs cMecH Ha npumepe cmeceit 40% H, — Bosayx u (70% H,
+ 30% CH,),,...., — BO3IyX HaJ moBepxHOCThbI0 mposonoku Rh/Pd nokazanmu,
YTO TEPBUYHBIH IICHTP BOCIUIAMCHEHHs BO3HHMKACT y MOBEPXHOCTH MeTallia
(Puc. 2.1); B mocnenyromux KCIEPUMEHTaX B TEX JK€ YCIOBUSIX MECTO BO3HHUK-
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HOBEHHMS [[CHTpa U3MEHSIOCh aHAJOTHYHO KATaIUTHYSCKOMY BOCIUIAMEHCHHUIO
Ha noBepxHoctu Pd [9].

Puc. 2.1. BBICOKOCKOPOCTHAS ChEMKA KaTAJIUTHYECKOTO BOCIIIAMEHEHUS CMECH

a) 40% H, + Bosyx Haz noepxHocThio poaus, 600 ¢, T =80 °C, P, = 1.7 arm. 6) 70% H, + 30%
CH, + Bo3tyx Ha 1 oBepxHOCTHIO ponust, 600 ¢, T =80 °C, P = 1.7 arm (Bce Kapbl yBeMUeHbI B 4
pasa 1o CpaBHEHHIO C PUC. ; B CEPEMHE KAK/I0T0 KaJpa XOpOIIIo BUIHA pacKajiéHHas crmpais Rh/
Pd)). TlepBbiii Kaap COOTBETCTBYET MOMEHTY BOSHMKHOBEHHS [ICPBUYHOTO OYara BOCIIAMEHEHHSI

Takum 00pa3om, BoCIUIaMeHEHUE HaJl TOBEPXHOCTHIO OJIATOPOHOTO METaIIa
CBSI3aHO C PEAKLHUSIMHU aJCcOPOUPOBAHHBIX AKTUBHBIX LIECHTPOB Ha MIOBEPXHOCTH,
TIOBEJICHUE KOTOPBIX OMPENEIseTCs] Kak MOBEPXHOCTHBIMU JIe(eKTaMu ¢ U30bIT-
KOM CBOOOIHOM PHEPTHH, TaK ¥ PHPOION KaTaau3aTopa; BOCINIAMEHEHUE BKITIO-
YaeT CTaJuM MPOrpeBa, JOKAIBHOTO 3QKUTaHUsI M PACIPOCTPAHEHHS TIAMEHH.
XuMHuUecKass aKTHBHOCTh Pa3lIUYHBIX YYaCTKOB MOBEPXHOCTH HM3MEHSETCS OT
OJIHOTO BOCIUTAMEHEHHS K IPYTOMY.

3aBUCUMOCTH compoTuBieHuss mnpoBosioku Rh/Pd ot Bpemenun mpu
KaTalMTHYECKH HHULIMMPOBAHHOM BocriaMenenun cvecu 40% H, — Bosmyx npu
P, =1.75 arm ipu temneparypax 98 °C, 80 °C, 68 °C npencrasnensl Ha Puc. 2.2.
DTH 3aBHCUMOCTH COOTBETCTBYIOT IIOCJICIOBATEIbHBIM 3HAYCHUSIM TEMIIEPATYPHI,
IIPH KOTOPBIX TOPIOYasi CMECh HAMyCKaeTCsl B 00paOOTaHHBIN BOCIIIIAMEHEHHSMHU
peaktop n0 1.75 arm nmwke BITIKB [13]. Kak Buano u3 Puc. 2.2, nepuons 3a-
JIeP’KKU BOCIUTAMEHEHHMSI T CHa4YajIa YMEHBILACTCS C TIOHM)KECHUEM TEMIIePATY B
3areM 3HaUCHUS T YBETUIUBAIOTCS, TToKa He qocturaetcs HITKB. Hamomanm, uto
HIIKB cooTBETCTBYET IOBEPXHOCTH PEAKTOPA WK ITOBEPXHOCTU KATAIU3aTOpPa,
obpaboranHoii BocrutameHeHusimi; BITIKB cooTBercTByeT “cBexeMy” peakTopy,
B KOTOPOM JI0 3TOTO HE MPOMCXOIMJIO BOCIIaMeHeHHW. Takum oOpasom, Haj
TIOBEPXHOCTHIO POIMS MbI HAOJFOIaeM SIBICHUE OTPHUIIATEIBHOTO TEMIIEPATYPHOTO
ko3 dunmenra OTK, nomobuoe onucanrHomy B [13].

Ssnenne OTK, oueBHAHO, BRI3BAHO M3MEHEHHEM COCTOSHHS TTOBEPXHOCTH
ponusi. Kak mokaszano B [15], B oOpa3iax, 00pabOoTaHHBIX 3a)KMTaHUSIMH, MPO-
sBisitoTCs Aedextl B Buae oreeperuit (Fig. 5 [15]). [iyOuna 3tux oTBepcTHit
nocturaet 1 MM B ciryuae Pd. DTu nedektsl pacnonararorcst Ha GUrypax Tpasie-
HHSI; B PEaKIMAX TPABICHHUS, OUYCBHUIHO, YYACTBYIOT aKTHBHBIC TPOMEKYTOUHbBIC
IPOAYKThI OKUCICHUsI BOmopona. UToObI BBISBUTH BIMSHHE XMMHUYECKOW MpHU-
ponbl kak katanusaropa (Pd u Rh/Pd), Tak u yrmeBomopoaa Ha MOBEPXHOCTHBIE

195
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MIPOLIECCHI, HCIOIB30BANIN Ia3bl METAH, dTHIICH U 3TAH B CMECSX C BOZOPOIOM H
SKCIIEPUMEHTAIBHO ONpPEAEIIIN TEMIIEPAaTypPHbIE 3aBUCUMOCTH KOHLIEHTpaLUuU
Boznopozaa Ha HITIKB.
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Puc. 2.2. I3meHeHue Temineparypsl npoBosioks Rh/Pd npu BociulaMmeHeHHN cMecH
40% H, + Bo3nyx; HauanpHas Temmneparypa 1 — 98 °C, 2 - 80 °C, 3 - 68 °C, P = 1.75 atm. 1
3a/ICPIKKH BOCIUIAMCHCHHSI TIOKA3aHO HA PUCYHKE

OKcnepUMeHTalbHbIE  3aBHCHUMOCTH  Temmeparypel Ha HIIKB s
CTEXMOMETPUYECKUX cMecelt H, — sTan-Bo3ayx (3amonHeHHble Kpyxku) u H, —
3TUIIEH-BO3YX (IycThle KpY:KKH) Ha mosepxHoctd Pd or comepxanus H, B
cmecu nipu 1.7 atm npencrasiens! Ha Puc. 2.3a.
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Puc. 2.3. a) SKCIIepUMCHTalIbHAS 3aBHCMMOCTh Temreparypsl Ha HITKB na mosepxuoctu Pd or
coziepxkanust H, B cMecH; 3anoHeHHble KPYKKH: CMech H, — 9Tan-Bo3jtyX, mycThie kpyxku: H, —
9THJICH — BO3/LYX

0) 3aBucumoctu Puc. 2.3a B koopauHarax Appenuyca. DHPEKTUBHBIC SJHEPIHH AKTHBAIIUK E
roprouee H, —aran — 1.25 +0.50 kxan/mosis; roprouee H, — stusen — 2.8+1.0 kkan/monb

Ha Puc. 2.4a npencrasnenst 3aBucumocty HITKB Ha mosepxuoctsax Pd u Rh/
Pd or conepxanus H, B cmecax: H, — Bozayx na Rh/Pd (3anonnennbie kpyskku),
H, — Bosnyx na Pd (kBaaparsr), H, — stunen — Bosayx na Rh/Pd (nmomysxuprbie
kpyxku) ipu P = 1.7 arm. Kak Bugno u3 Puc. 2.4a, HIIKB cmecu 2D, + O, Han
JIEUTEePUIOM POIHs 3aMETHO HIDKE, YeM Y 2H2 + O2 Haja ruapuaoM Rh; Takum
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obpasom, BocriamensieMocts D, Han Rh Bbime, yem H,. O1o cormacyercs ¢ pe-
syieraramu § 5 T'massr |.
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Puc. 2.4. a) skcriepuMeHTalIbHBIC 3aBHCUMOCTH TeMieparypsl Ha HITKB Ha noBepxHocTsix Pd u Rh/
Pd ot conepxanus H, B cmecu; 3anonnennsie kpyxku: H, — Bosayx max Rh/Pd, mpsamoyronsaukmu:
H, — Bosayx man Pd, monyxupnbie kpyxku: H, — stunen — Bosayx mag Rh/Pd, xpyxku: D, —
Bo3yx Hajx Rh/Pd, P; = 1.7 arm. YtoGbl MONMYyYHTH BOCIPOM3BOAMMEIE PE3YNLTaThi, MEpeN
BocmiameHenneM cmecu D, — Bosayx Han Rh/Pd nposonoxy Beinep:xusanu B HarperoM no 150 °C
peakrope, 3anonnensom 500 Topp D, B Tedenue 1 u.

6) sasucumoctn Appennyca HITKB cmeceit 2H, + O, (Figs. 6, 7 [9]) or Temmeparypsr.
npsmoyrosibuuky Han Pd E, =39 £1.0 KKaJs1/MOJb;

pom6sr Hax Rh/Pd — E3¢¢=3.% + 1.1 kxan/morb;

3aBucuMocTH cosiepxkanus H, B cmecu na HITKB ot remneparypsi na Rh/Pd:

3an0JHEHHbIE KPYKKH — H, — oTrnen — Bosayx E| " =2.4 + 1.0 xxan/mMoJib;

xpyxkn — 40% H, — Bosnyx E | =3.5 & 1.1 kxan/monb

W3 Puc. 2.3a BUIHO, 4T0 cMech H,-3Tan-BO3ayX BOCIIaMeHseTCs Ipu Oosee
HH3KMX TEMIIEPATypax, 4eM cMech H-3Tuien-so3ayx, To ecTh 5Tan 0onee s hek-
THUBHO B3aHMOJICHCTBYET C aKTHBHBIMHU LIEHTPAMH Ha KaTAIUTHYECKOH MOBEpX-
HOCTH masutaaus. Puc. 2.4a mokaspiBaer, uto nmoBepxuoctsh Rh/Pd Bocrmamenset
cMmech H, — Bo3yX 1Ipu TemnepaTypax HUsKe, 4eM oBepXHocTh Pd. DTot pesyns-
Tat cornacyetcst ¢ Fig.4 u3 [15], tne ycranosneno, uro Rh sensercs Hanbonee
aKkTUBHOH moBepxHOCThIO B peakuuu H, + O,; Ru u Pd nosepxHocTn MeHee
akTHBHBI Tpu o0mux nasneHusx < 200 Topp. CiemyeT OTMETHUTH, YTO IpH
JaBleHusIX > 1 aT™M npu mocienoBaTebHBIX KaTATUTHYECKIX BOCIIAMEHEHHSX
cmeceit H,-yrnesonopoa-so3nyx naja Rh/Pd B6musu HITKB npu tex ke ycnoBusx
MEPUOA 3a/IePKKU BOCIUIAMEHEHHUS! YBEIMYHBACTCS, TO €CTh YBEIMYHBACTCS
HITKB. DT0 MOXHO IpEeIOTBPAaTUTh MyTeM BocmiameHenus cmecu 40% H, —
BO3JyX IEPE]I KaXIbIM KaTaJUTHIECKUM BOCIUIAMEHEHHEM cMecel H, — yrieo-
nopon — Bo3ayx. Kak ykazaHo Bblllie, M3MEHEHHE KaTalUuTHUYECKOH aKTUBHOCTH
0JaropofHOr0 MeTajia ONpeAessieTCss N3MEHEHUEM COCTOSIHUSI €r0 TIOBEPXHO-
ctu. Takum 00pa3oM, MOBEPXHOCTH ponusi Ooinee 3(h(HEeKTUBHO MHTUOHMpYETCs
YIJIEBOAOPOAOM, Y€M MOBEPXHOCThH MaJIagusl; 3TOT YIIEBOJOPOI YHAIsSETCs C
HOBEPXHOCTH TIpH €€ 00paboTKe BocIIaMeHeHHeM cmecu H,— Bo3yx.
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3aBUCHMOCTH COJIEpKaHKs BOJOPO/Ia B HCCIICIOBAHHBIX CMECSIX OT TeMIepa-
Typbl B KoopauHarax Appenunyca [11] npencrasnenst Ha Puc. 2.30 u 2.46. Kak
BUJ/IHO W3 PHUCYHKOB, 9TH 3aBUCHMOCTH alMPOKCUMHPYIOTCS MPSMBIMU JTHMHHS-
mu (k03hdunuentsl koppemsiuu > 0,98). JlaHHbIe 00pabaThIBAIK C TOMOIIBIO
mporpaMmHoro maketa Statistica 9 (Statsoft). ITpusenennoe B [11] o6ocHOBaHHE
MCIIOJIb30BAHUS TAKMX KOOPMHAT OCHOBAHO HA TOM, YTO B OTCYTCTBHE BOIOPO/IA
B CMECEBOM TOpIOYEM BOCIUITAMEHEHHME Ha KAaTalM3aTope B HCIIOIb30BAHHOM B
paboTe WHTepBaie JABJICHUI M TEMIEpaTyp HE MPOMCXOAUT; UMEHHO MPOIEece
OKHCIICHHUS BOZIOPO/Ia 00ECIeYNBACT HATPEB KaTaln3aropa 3a CU€T MOBEPXHOCT-
HOH 3K30TEpMUYECKON PEaKIIMH.

U3 Puc. 2.36 BuaHO, uTo 3ddexruBHas sneprus akruBarmu HITKB cmecu
H, — otan — Bosayx cocrasnser 1.25 + 0.5 kkan/Mosb; OHa 3aMETHO MEHbIIE
s¢pdexrupHoit sHeprun axtupaiuu HITKB cmecn H, — stunen — Bosayx (2.8 +
1.0 kkan/mMoIb), T. €. TPH KATATUTHYSCKOM BOCIUIAMEHCHUH YIJICBOIOPOIbI Ha
MOBEPXHOCTH PACXOAYIOTCS KKl MO CBOEMY CIEIM(DUIESCKOMY MEXaHU3MY
[13]. dns obecriedenusi BOCIIIaMEHEHHS JOJDKHA OBITh peajr30BaHa COBOKYII-
HOCTh peakiuii (3B€HO IeNHn), B KOTOPBIX MPOUCXOAUT pa3BeTBicHUE (yBeH-
YeHHe 4YKcia CBOOOMHBIX BasieHTHOCTEH) [6]. AktuBupoBannas (E = 16.7 kkain/
monb [8, 26]) romorennas peakuus passersiaenus H + O, — O + OH spaisercs
caMoii MeIUICHHOM cTauell B 3BeHe IIeTTH OKUCIICHHUS Bogopoa. CiieoBaTeNbHO,
SHEPrHs aKTHUBAIMKM PAa3BETBICHUS OJDKHA OMPENENATh TEMICPATYPHYIO 3aBH-
CHMOCTh BCETO MPOIIeCcca, Kak 3TO HAOIIOIAeTCs B aHATIOTHYHBIX IKCIIEPUMEHTAX
C IOBEPXHOCThIO MeTaiuIn4eckoit Pt [17]. DTo o3HavaeT, 4To B ciIydae KaTalnuTh-
4yeckoi moBepxHocTH Pd peakiiusi pa3BeTBICHHS UMEET T€TEPOTCHHYIO TIPHPOLY,
MOCKOJIBKY 3G (PEKTUBHAS SHEPTHsI AKTHBAIIMH COCTaBIseT < 3 KKaa/MoJb. Takum
obpasom, TMoNydeHHBIE B pab0Te dKCIIEpUMEHTATbHBIC JAHHBIC YKA3bIBAIOT HA
TO, YTO KATATUTHYECKOE BOCIUIAMEHCHHUE UHUIMUPYETCS 3K30TEPMHUYESCKON IM0-
BEPXHOCTHO# peakiueil OKUCIICHHs BOJOPO/Ia Ha KaTalu3aTope, YIIEBOJI0PO/L Ha
MOBEPXHOCTH PACXOIYETCS B PEAKIMAX C YIACTHEM MPOMEIKYTOUHBIX MTPOLYKTOB
OKHUCIICHHUS BOJIOPO/IA, HE PUBO/IAIINX K PA3BETBICHHIO IIETICH, U 3aT€M FOPCHHUE
TIEPEXOTUT B OOBEM.

Ha Puc. 2.46 npuBeieHbI 3aBUCUMOCTH AppeHuyca Jiorapudma cofeprkaHusl
H, B cvecu na HIIKB or oGparHoil Temneparypsl Haj nosepxHocthio Rh/Pd
ans cmecu H, — stunen — Bo3nyx. Benuunna s3¢pdexTrBHON SHEPruK aKTHBALMK
cocrasisieT 2.4 £ 1.0 xkan/Moib, 3Ta BeIMYMHA MeHbIe, ueM Hax Pd, uto yka-
3bIBaeT Ha OOJIBINYIO KaTaIUTHYCCKYHO 3()(EKTUBHOCTD POMIUSI IO CPABHEHHIO C
MaUIaIMeM.

Bennunna 3¢ ¢eKTHBHOW SHEPTHH aKTHBAIlMU W3 3aBUCHMOCTH Jiorapupma
conepkanus H, B cmecu na HITKB ot o6patHoii TemmepaTypbl Ha IOBEPXHOCTH
Rh/Pd mis cmecn H, — Bo3myx cocrasnster 3.5 + 1.1 KKaJI/MOJIb. DTO 3HAYECHUE
OJIM3KO K 3HAYCHUIO, B3ITOMY U3 3aBHCUMOCTH AppeHuyca JJIsl HUKHETO npejiernia
10 JaBJICHUIO KATAIUTUYECKOI0 BOCILIAMEHEHUS CMECH 2H2 + O2 na Rh/Pd: 3.6 +
1.1 kxan/monsb (Fig. 6 [15]). Benuunna 3¢ dekTHBHO# SHEPTUH aKTUBAIINH, OTTpe-
nenennoit qg HITKB 1o naBieHuo cMecu 2H2 + O2 ma Pd (3.9 + 1.0 xxan/mons,
Fig 6 [15]) Tarxke ymoBIETBOPUTEIBHO COTIACYETCS C MOMYYCHHBIM U3 3aBHCH-
MOCTH AppeHuyca Uil HIKHETO Mpejieia KaTaTHTHIeCKOT0 BOCIUIAMEHEHHUS T10
JIABJIEHUIO CMECH 2H2 + O2 ma Pd ~ 3.5 £ 1.1 kxan/monb. ITonydeHHbIe 3HAYEHIS
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3¢ }eKTUBHON SHEPIUU aKTUBAIMK B3aUMHO COIVIACYIOTCS M CBUJICTEIbCTBYIOT
B M0JIb3y TOBEPXHOCTHOW MPUPOBI MPOIEcCca Pa3BETBICHUS HA MMOBEPXHOCTH
Rh, kak MbI ipeanonoxuiu panee B [15]; npu atom Rh Gonee karanuriuecku
aKTUBEH, yeM Pd.

CymMMupyeM  KOPOTKO MOJY4YCHHBIC pe3yJbTarhl. DKCIEPUMEHTAIBLHO
OIpe/Ie/ICHbI TEMITEPATy Pl BOCIIAMEHEH S U 3)(DEKTUBHbBIC SHEPTHH AKTUBAIIUH
cvmeceit (5% + 40% H,) — Bo3lyX HaJl MOBEPXHOCTHIO METAIMYECKOTO
PO M CTEXMOMETPHYECKHX TI0 roprodemy cmecedl 70% H, + 30% meran n
(30 = 70% H, + 70+30% stan (uau 5THIIEH)) C BO3IYXOM Hajl TIOBEPXHOCTS-
MU pOIMs W MAJUTaAMs MPU JaBieHUsX 1 — 2 aT™M W HadalbHON TeMmeparype
20 — 300 °C. TlokazaHo, 4TO MOBEPXHOCTh METALUTMUECKOTO POJIUS SIBISIETCS
Oonee 3(hQEKTHBHBIM KaTaIM3aTOPOM HM3YUCHHBIX IPOIECCOB TOPEHHS, YeM
MOBEPXHOCTh METATMYECKOTO Mauiaausl, BeIHMIUHBI d(PPEKTUBHBIX dHEPTHil
AKTHBALMK BOCIUTAMCHEHHMS 3aBHCAT HE TOJBKO OT MPHPOIBI KaTalnu3aropa, HO
U OT XMMHYECKOW TPHPOJIbI YIIEBOAOPOAa B HCCIIENYyeMOil cMecH. 3HaueHHUs
3¢ deKTHBHON SHEPTUH AKTHUBAIMK B3aUMHO COINIACYFOTCSI M XapaKTepHbBI IS
MOBEPXHOCTHOM MPHUPOJIBI Ipoliecca pa3BeTsieHus Ha noepxuoctu Rh. TTomy-
YEHHbIC JaHHbIC YKA3bIBAIOT HA TO, YTO KATATMUTHYECKOEC BOCIUIAMCHCHUE WHH-
[UUPYETCS IK30TEPMHUICCKON MTOBEPXHOCTHOW peakiliell OKUCIICHHsI BOIOPOa
Ha KaTaiu3atope, YIIEBOMOPOI Ha TMOBEPXHOCTH PACXOAYETCS B PEaKIUsIX C
y4acTHEM MPOMEKYTOUHBIX MIPOTYKTOB OKUCICHHUS BOJIOPO/IA, HE MPUBOASAIINX K
Pa3BETBICHUIO LIETICH, U 3aTeM TOPEHHE TIEPEXOAUT B 00BEM.

VYCTaHOBICHO, YTO B HE 00pabOOTaHHOM BOCIUIAMEHEHUSIMH HCCIISIyeMOi
CMecH peakTope Temieparypa BocmiameHenus cmecu (70% H, + 30% wme-
TaH)_ -+ BO3MyX Haj IOBEPXHOCTHIO Malaaus Npu AaBneHud 1.75 atm
cocrarisier 310 °C, a Haj moBepxHocThio pomus- 105 °C. B obpaboranHOM
BOCIJIAMEHEHUAMH PeakTope Temrneparypa Bociiamenenus cmecu (70% H, +
30% metan)_  + BO3/yX HaJl IOBEPXHOCTHIO NaJUIaaus Mpu AapjieHuu 1.75 atm
cocrarisier 270 °C, a Ha ToBepXHOCTHIO pojusi — 62 °C. [TonyueHHBIH pe3yabrar
yKa3bIBaeT Ha MEPCIEKTHBHOCTh MCIIOIB30BAHUS POAMEBOTO KaTajau3aropa Uit
CYILIECTBEHHOTO MMOHM)KSHHUS TEMITEPATyPhl BOCIUIAMEHEHHSI TOPIOYMX Ha OCHOBE
MeTaHa U BOJOPO/Ia.

§ 3. OCOBEHHOCTHU BOCILIAMEHEHMSI CMECEM BOJOPOJIA
C YINIEBOJOPOJIAMM (C,, C,, C,) HAJI POAUEM U HNAJUIAIUEM
IPU JABJIEHUSX 1-2 ATM

Beltire 0bUT0 MOKa3aHO, YTO MOJYUYEHHBIC B MPEAbIAYIeM naparpade 3Ha-
yeHus 3G PEKTUBHON SHEPTHH aKTHBAIIMH BOCILIIAMEHEHHUS CMECeH BOJIOPO —
3TaH/3TUIICH HAXOASTCS BO B3AMMHOM COTJIACHH M OTPaKAOT MOBEPXHOCTHBIN
xapakrep medicteus Rh; Rh 6onee karanmutuueckn akruseH, yeM Pd. Takxke
YCTAHOBJICHO, YTO PEaKIIMOHHAS CIOCOOHOCTH OJIaropogHOTO MeTaia o0-
YCJIOBIIEHA U3MEHEHUSIMU COCTOSIHUS €ro MOBEepXHOCTH. TakuM obpa3om, Ha
TTOBEPXHOCTH POIHS YTIIEBOMOPOA amcopoupyercst 6onee 3GpHEKTHBHO, YeM
Ha MOBEPXHOCTHU MAIJIAIHsI; STOT YIICBOJOPOJ YIATISETCS ¢ TTOBEPXHOCTH BO
BpeMs €€ 00paboTKH MmyTeM BoCIiaMeHenus cMecu H, — Bosmyx.
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B sToM maparpade 3akoHOMEPHOCTH, oTydeHHble B 881, 2, cpaBHUBAIOTCS C
3aKOHOMEPHOCTSIMU Il CMECEeii TIpOTaHa U H-TIeHTaHa.

Hapsity ¢ BOIOpOIOM, BOIOPOIHO-YITICBOIOPO/IHBIC TOILIHBA, & TAKKE CHHTE3-
ra3 TPUBICKAIOT IMOBBIIICHHOEC BHUMAHHE B KaueCTBE AaJbTCPHATHBHBIX BHJIOB
TOIUIMBA, B CBSI3M C TEM, YTO HCIOJB30BAHHE MX TOPEHHS B JHEPrETHYCCKUX
YCTaHOBKax SIBJISICTCS MEPCIEKTHBHBIM METOJIOM Y/IOBJICTBOPEHHUS COBPEMEHHOMN
NOTPeOHOCTH B orpanrdeHry BbIOpocoB NO,, BKIIIOYast MBHUraTenn BHYTPEHHETO
cropaunus [22]. Kpome TOro, 3TH TOIUIMBA UCHIOIB3YIOTCS B TPOLIECCAX MOTyICHHUSI
[IEJICBBIX POMEKYTOUHBIX PEAreHTOB JUIS MPOMBIIIICHHOTO OPraHUYeCKOro
cunTe3a. IIporpece B TEXHONOTMH KaTAMTHUECKH cTabmim3upoBanHoro (catalytic
stabilization, CS) ropenust Tpedyer pa3pabOTKH KaTaan3aropoB ¢ YIIyUIIEHHONW aK-
THBHOCTbIO, TIOHUMAaHUSI TIPOLIECCOB, MPOTEKAIONIMX HA KATATMTHYECKOH MOBEPX-
HOCTH, 3HAHUSI HU3KOTEMIIEPaTypHOU ra30()a3HOil KMHETHKU U €€ B3aHMMOCBS3H C
rereporeHHpIMU  Tipotieccamu. OcoOblii MHTEpEC MPEICTaBIIACT OCYIIECTBICHHE
TOPEHHsI CMecel BOJIOpo/] — MeTaH C ucrosb3oBanueM CS st TypOuH, paboTarommx
Ha mpupomaHoM rase [27]. Kak m3BecTHO, 1pu (DYHKIIMOHUPOBAHUH PEaKTOPOB, B
nporiecce paboThl KOTOPBIX TEILUIOOTBO/ OT AKTHBHOM 30HBI OCYIIECTBISIETCS TEII-
JoHOCHTENeM B kumismieM coctostamu (boiling water reactor, BWR), co3narorcst BbI-
COKOE JIABJICHUE U TeMIIepaTypa. DTO MOXKET MPUBECTH K OTKa3y peakropa. Takum
00pasoM, HEOOXOIMMO ylaleHue M30bITOYHOTO KonmyecTsa H,, B wactHoCTH, U151
YCTpPaHEHUsI HEIUTATHBIX SIBJICHUH B SIIEPHON MMPOMBILIIIEHHOCTU. BOJIbILION HHTEpEC
MPEJICTABIISICT TAKKE HCIOIB30BAHNE KAaTaIn3aToOpPOB M3 ONAropoHbIX METAILIOB
IS JIOKUTaHKsT BOZOPOJa Ha atoMHbIX anektpoctanimsix (ADC) [28]. Otmernwm,
YTO OKHCIICHHE METaHa Ha OJaropoqHbIX MeTalaX M3ydeHO Hemocrarodno [29];
MPHUPOJIa TOBEPXHOCTHBIX MPOIECCOB IO CYIECTBY HEU3BECTHA.

OCOOCHHOCTH ~KAaTaJIMTUYECKOTO0 BOCIUIAMEHEHHs CMeceil Bomopoma ¢
YIJIEBOZOPOIAMH M CHHTE3-T'a3a C BO3AYXOM HaJl TOBEPXHOCTHIO METAJTHYECKOTO
Rh B coBpeMeHHOI uTeparype Masio u3yueHsl. TeMrepaTypbl BOCIIIAMEHEHHS 1
3¢ PEeKTUBHBIE YHEPTHN aKTHBAIIMH MIPEEToB BocmuiameHenus cmeceit (40 +70%
H, + 60 +30% CH,) _ ... * Bo31yx Haa Rh skcrnepiuMeHTanbHO ONpeaesisg npy
1 arm mpu 20 + 300 °C [9]. Hax moBepxXHOCTBIO, 00pabOTaHHOM BOCIIIAMEHE-
HUAMH, Temrneparypa Bocriamenenus cvecn 70% H, + 30% meran + Bo3ayx
majx Rh (62 °C) yka3piBaeT Ha epCIIEKTUBHOCTE HCIIONb30Banus R st cHimke-
HUSI TEMIIEpaTypbl BOCIUIAMEHEHHUS TOILIMB HA OCHOBE BOJOPOIHO-METaHOBBIX
cmeceit (cm. § 1 aroii [aer). Temmeparypbl BociuiameHeHus: 1 3G deKTUBHbIC
SHEPruM aKTHUBAIlMU BOCIIaMeHeHus1 cmeceit 5% + 40% H2- Bo3myx Hag Rh u
(30 +70% H, + 70 = 30% C,H, (u C,H,)) _.... * Bo3nyx Han Rh u Pd Obuin
3KCIIEPUMEHTANIbHO ompeesiersl npu 1.75 atm B auanasone 20 + 300 °C. beuio
mokasaHo, 4to Mmetayuinueckuii Rh 6onee addexrusen, yem Pd; saddexrrBHbIC
SHEPruy aKTHBAI[MH BOCILIAMCHEHHsS 3aBHCST KaK OT MPUPObI KaTalan3aropa,
TaK ¥ OT XUMHUYECKOH MPUPOIbI YIIICBOAOPOIA U HE MPEBBIMAT 4 KKasi/MOIb
(cM. 8§ 2 aroii I'massr). OnpeieeHs! peIeTbl KaTATHTHYECKOTO BOCTIIAMEHEHHS
crexuomerpuueckux cmeceit (20 + 80% H, + 80 + 20% CH,) + O, nan Rh u Pd
npu 0 + 200 Topp u 200 + 500 °C [30].

AwHasorndHble JaHHbIC U1 MeTaunueckoro Pd B kadecTBe Karanm3aropa
TaKKe JIOBOJIBHO (pparMeHTapHbl. BbiIo MoKa3aHo, 4To 3GQeKTHBHAS dHEPIUs
aKTHBalluK npouecca cxuranus (cmecu 70+40% H, + 30+60% C,H,) -BO3IyX
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Han Pd npu o01mmx naBnenusix 1-2 atm cocrasisier E = (2.2 + 1) kxan/mons [31],
YTO XapaKTEePHO JJIsi HOBEPXHOCTHOTO mporiecca [25]. Bbuio ycTaHOBIEHO, 4TO B
MaTepualie Karajan3aTopa, 00paboTaHHOM BOCILUIAMEHEHUSIMHU, BOSHUKAIOT (UTy-
psI TpaBnenus [15]. Dto o3nauaet, uto Pd pacxomyercst B peakinu XMMHUIECKOTO
TPaBJICHUS C AKTHBHBIMHU IPOMEKYTOYHBIMH MPOIYKTAMU TOpeHus. bbiio moka-
3aHO, YTO Mepe]] 3aKUIaHHEeM KaTaJMTHYECKas IPOBOJIOKA HArPEeBAaeTCs HepaB-
HOMEPHO; Ha MMOBEPXHOCTH BO3HUKAIOT JIOKAJIBbHBIC OYard BOCIUIAMCHEHHS; MIPU
MOCJIEI0BATEIbHBIX BOCIUIAMEHCHHUSIX 3TH OYark H3MEHSIOT MECTO JIOKaTHU3aIliu
Ha MOBEPXHOCTH OT OIHOTO BOCIUIAMEHEHUsI K cienyromiemy [31].

VYkaxkeM, dYro B O3THX pabotax 3((EeKTUBHBIE OSHEPTUHM aKTHBAINH
KaTaJUTUYECKOTO BOCIIAMEHEHHUSI CMECEBBIX TOILIHB OMPEACISIN C YIETOM
TOTO, YTO MMEHHO BOJOPO] 0OECHeYnBAET KaTaJMTHYECKOE BOCIJIAMEHCHUE
Ha OJaropogHOM MeTajlie, MOCKOJIbKY B HAIIUX YCIOBUSAX KATaJIUTHYECKOE
BOCIIAMEHEHHE YHUCTBIX YIJIEBOJIOPOIOB HE MPOHMCXOAUT. B 3TOM ciydae
NPUHUMANK CIEAYIOIyI0 NpUOIMKEHHYI0 3aBUCHMOCTh cojiepxkanus H, B
CMECH OT TeMIleparyphl Tpejaeia KaTaJuTHYeCKOro BocrurameHenws [11].
D710 MpUOIIKEHNUE JOCTATOYHO Ipy0Oe; HO OHO MO3BOJISIET HAM JOCTATOYHO
MOCIeI0BAaTeIbHO CHUCTEMATU3UPOBATh  JKCIEPUMEHTAIbHBIE — PE3YJIbTaThl
JUIsS TIPENeNIOB  KAaTAIMTHYSCKOTO BOCIIAMEHCHHsS HaJ HCCIICIOBAaHHBIMU
OnmaroposHbIMU MeTajuiamu. s ctexuomerpudeckoit cmecu 2H, + O, mpenen
BOCIIaMEHeHHs (BEIMYMHBI HA Tpeiesie OTMedeHbl nHaekcoM ‘lim’) nmpu Hu3-

KHX JaBieHusx coctaBasier 2k, [0;]im = ka4; 1.€. [02]1im = % =k, [k,
rae K, — KOHCTaHTa CKOPOCTH TeTeporeHHoro oOpeiBa (crabo 3aBUCHT OT
TeMIepatyphl), a K, — KoHCTaHTa ckopocTu passeTBieHus. Takum oGpasom,
noyiyyaeM MpPSMOJHMHEHHYI 3aBHCUMOCTh Appenuyca In[H,];, on1/T
C IOJOXHUTEIbHBIM HakIOHOM. OUYeBHIHO, YTO TIE€TEPOrCHHBIH XapakrTep
mpouecca B HNPUCYTCTBUM OJaropofgHOr0 MeTayjla 3HAYUTEIbHO YCIIOXKHSET
ananu3. OgHako, B [25] moka3aHo, 4To eciiu NpU KaTaIUTHYECKOM OKUCICHUH
H, ckopocTh peakuuu 3aBUCUT TIIaBHBIM 00pa3oM OT KoHUeHTpauuu H,, To ona
MOJKET OBITh BBIPAKEHA KAK OTHOLICHHE HEKOTOPHIX ABYX 3(P(EKTUBHBIX KOH-
CTaHT Ul CTALIMOHAPHOTO COCTOSIHUS, T. €. IPSAMOJIMHEHHAS 3aBUCUMOCTb, I10-
JydeHHasl BBIIIE, COXPAHSICTCS.

OTMeTnM, YTO 17151 IOHMMAaHUS MEXaHU3Ma KaTaJIUTHIECKOro IIpoLecca HeoO-
XOOUMO YCTaHOBUTb OCOOCHHOCTH BJIMSIHUS YIVIEBOLOPOJA Ha KaTaJUTHUYECKOE
OKHCJICHHE CMECEBOro TomIuBa. Llenbio aToro naparpada sipisiercs: BbISIBICHHE
KITIOUEBBIX 0COOCHHOCTEN KaTaJIMTUYECKOTO BOCIUIAMEHEHHS HA METAJUINYECKUX
POAMH M MAJUIAANHU B PALY CMECEBBIX TOIUIMB CHHTE3-Ta3 + BO3AYX M BOZOpPOL +
YIJIEBOIOPOA (3TaH, STUIICH, POMaH, NEHTaH) + BO3/yX, YCTAHOBJICHUE TPAHUIIL
o0yacTell KaTaJluTHYECKOr0 BOCIUIAMEHEHHMSI M 3aBUCHUMOCTEH 3(QEKTUBHBIX
9HEPTuil aKTHBALMK BOCIUIAMEHEHUS OT IPUPOJIBI YIJIEBOAOPOA, a TAKKE POJIH
polecca TeMHOBOTO OKHCIICHHUS.

BKCﬂepI/IMeHTaJIbHaﬂ HacTb

OnbITHl TPOBOJWIIA C Ta30BBIMU CTEXHOMETPHUYECKHMH cMmecsimu 5 + 40%
H, — Bosnyx u (30 + 70% H, + 70 + 30% C,H, (wmu CH,))). ..., ¥ BO3AyX HaJ
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Rh u Pd (crexmomeTpuueckuii cOCTaB pacCUUTHIBAIM 110 CyMME TOIUIUB) TPH
150 + 350 °C. B skcriepuMeHTax UCIIOB30BAIH HArpeBaeMbIil IIMITUHIIPUICCKIH
peakTop M3 HEp)KaBerollel cranu JIuHOH 25 cM u auamerpom 12 cwm,
CHAOKEHHBIH CheMHBIMH KPBIIIKAMH ¥ ONTHYECKUM JIEHKOCa(PUPOBBIM OKHOM
B o71HO# u3 kpsitiek [11]. TounocTh n3mMepenwuii Temmeparypsi cocranisiia 0.3K.
Perucrpanmio BoCIIaMeHEHHsI U PACIIPOCTPAHEHUS TUNIAMEHH OCYIIECTBIISUTN C
ITOMOIITBIO IIBETHOM BBICOKOCKOpOCTHOM Kamepsl Casio Exilim F1 Pro (gactora
kajgpoB — 600 c?). Bumeodaiin xpaHuin B MaMsATH KOMIIBIOTEPA U TPOBOAMIN
ero mokaapoByro o0padotky [11]. OTkauaHHBI W HArpeThIid peakTop OBICTPO
3aIOJHSIIA Ta30BOM cMeChio U3 OydepHOro o0beMa BBICOKOTO JIaBJICHUS 10 He-
00xomuMoro naBieHust. JJiss OTKPBITHSI M 3aKPBITHSI Ta30BBIX KOMMYHHKAIHHA
HCIOJB30BAIM 3JIEKTPOMArHUTHBIN KianaH. J[aBieHue B Mpoliecce Hamycka
raza u TOPEHUS PETrUCTPHUPOBANH MPEIU3UOHHBIM HaTdukoM aaBieHus KAPAT
JIU. Jlist oCyIeCTBICHHS KaTaJuTHYECKOTO BOCIIaMEHEHHs UCTIonb30Bamu Pd
mpoBostoky (TommuHoi 0.3 MM 1 mrHO#M 80 MM); B psijie OMBITOB Ha MPOBOJIOKY
MIPOBOIMIIH DIIEKTPOXUMHUIECKOe ocaxkaenue ciaos Rh Tommmmoi 15 mm. Beibop
Pd B xauecTBe MOMIOKKH OBUT OOYCITOBIEH TEM, UTO KOD(PDHUIIMEHT TETLIOBOTO
pacumpenust Pd Haubonee 6nuzok k Rh [24]. Temneparypy 1poBOJIOKH U3Mepsi-
T, BKJIIOYasi €€ B Ka4ecTBe IUieua MOCTa YUTCTOHA U KaJTHOPys MpeBapUTEIb-
HO 1o Temneparype. [lepea KaabM SKCIEPUMEHTOM PEaKTOp OTKAYUBAIH JIO
0.1 Topp. IIpenensl kKaraaIUTHYECKOTO BOCINIAMEHEHHSI OTIPEIEIISUIN KaK cpeTHee
3HauEHHE JIByX TEMIIeparyp MU JaHHOM JIaBIICHHH,

a) BIIKB: npu Gosee HU3KOH TeMIieparype BOCIUIAMEHEHHE OTCYTCTBOBAJIO,
npu Oosiee BBICOKOW TeMIIepaType MPOMCXOJMIO BOCIIAMEHEHHE, TIPU TPOYHX
PaBHBIX YCIIOBHSX; TEMIIEpaTypy MHOBbIIaNU cryneHsmu mo 10° mo mepBoro
BOCTLJIAMEHEHH,

0) HITKB: mpu 6osiee BICOKOH TeMIepaType MPOUCXOAMIO BOCINIAMEHEHHE,
npu OoJiee HU3KOW TeMIeparype BOCIIAMEHEHHE OTCYTCTBOBAJIO; TEMIIEPATYPY
CHIDKAI cTyrneHsMu 1o 10°.

Ouesuano, uro BIIKB Brimie, wem HITKB. Kaxxnoe 3nauenne mpezena xkara-
JUTUYECKOTO BOCTNIAMEHEHHS Ha MPUBEJCHHBIX HIDKE TpaduKkax, mpeacTapisier
co0oi cperHee apupMeTHIECKOE IIECTH IKCIIEPUMEHTAITLHBIX 3HAYCHUH.

OO6miee maBiIeHHE B PEaKTOpPEe KOHTPOJIHUPOBAIU C MOMOIILI0 BaKyyMMETPa,
a nmapneHue B OydepHOM 00BEME KOHTPOIHPOBATIH C IOMOIIBIO MaHOMETpa.
Hcronp30Baiu XuMudeckn yrcThie rassl 1 99.85% Pd.

Pe3y.]'leaTbI Hu oﬁcyme}me

Hanomuum, yto BITKB u3mepstoT mpu 1noaxo/ie CHU3y BBEpX IO TEMIIepaType
(mpu  HU3KHX TeMIeparypax BOCIUIAMCHEHHE HaJg He 00pabOTaHHBIM
BOCIUTAMEHEHHUSIMH METaJUIOM OTCYTCTBYET, TPW TOBBIIICHUH TEMIepaTypbl
mporcxoaut Bocrutamenenue) [15]. Korma mocturaercs BIIKB, nanbHeiimme
BOCIUTAMEHEHUS HaJ METaJJIoM, YK€ 00padOTaHHOM BOCIUIAMEHEHHUSMH, TpO-
HUCXOJAT TIpU MOHMWXeHUU Temriieparypbl Huke BIIKB no tex mop, moka He
nocruraercs HITKB (mmoaxom «cBepXy BHU3»).

Ha Puc. 3.1a npuBeeHbI SKCIIEPUMEHTAIBHBIC 3aBUCMOCTH TEMIIEPATYPhI
na BIIKB u HIIKB rasosbix cmeceif H, — stan — BosaymHas cmech (KHpHbIE
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kpyxKu), H, — stunen — Bosmymnas cmech (kpyxku) Han Pd mpoBonmokoit u
cmecu cuntes-rasa (H, — CO) ¢ Bosyxom (kBaaparei) Hajg Rh/Pd ot conepsxanus
H, B cmecn ipu P = 1.7 arm. Kpectuku Ha cumBosax o6o3nagaror HITKB.

YrtoObl BBISBUTH BIMSHHE XHMHYECKOW MPHUPOIBI KaK KAaTaIH3aTopa, Tak H
yIJIEBOZIOPO/Ia Ha TIOBEPXHOCTHBIE MPOIIECCHI, UCIIOIb30BAN KaTtajau3aTopsl Pd
u Rh/Pd (cM. SKCIIepUMEHTAIbHYIO YacTh), @ TAKXKE STHICH M 3TaH B CMECSX C
BOJIOPOJIOM; Jlajiee OMPEessUTH TeMIlepaTypHbIe 3aBUCHMOCTH KOHIICHTpPAIMU
BOJIOpO/Ia Ha MpenesiaX KaTaJuTHYeCKOoro BociuiameHenus. Puc. 3.la mokassi-
BaeT, UTO CMeCh H,-3TUIIeH-BO3/lyX BOCIIIAMEHAETCs TIpH OoJiee HU3KMX TeMITe-
parypax, 4eM cMech H,-3TaH-BO3/1yX, TO €CTh 9THIIEH Ooliee JIETKo pearupyer ¢
AKTUBHBIMHU [ICHTPAMH Ha KATATUTHYECKOM MOBEPXHOCTH TajlIa(us. 3aBUCUMO-
ctu jonu H, B 3THX cMecsX OT TemiepaTypbl B KOOpAMHaTaX AppeHuyca (kak
obocHoBaHO BhIIe, cM. Takxke [11]), mpencrasnensr Ha Puc. 3.16. Kak BumaHo
U3 PUCYHKa, 3aBUCHMOCTh MOXET OBITh alMpOKCUMHPOBAHA MPSIMbIMHU JTHHUSIMU
(ko3 durentsr koppessun > 0.98).

a o Hy-CyHigPd 07 Wiy 6
Mpeaes .
300- socnraeneins 19¢ W2 CpH P Ae/#
WHy-CO Rupd 05+ Py
1 A+ g - 4
+ da - . 444
w- 1 -
bt L eeMy-Cylig
* . el 49 Hy-CyHy P
100 — TN Y A AL Hy-CyHgRVPd
+ “ . )
e S o 1 £ Hy-Cy Hy RWPY
- 3 . e )
* %y a L vt e?
n - IR WU T W— o ra— 5118 ! i i -
10 W N W % @ N 1.3 : 15 3 s

Puc. 3.1. a - sxcnepumenTasbHble 3aBucuMocTd Temnieparypsl BITKB u HITKB rasoseix cmeceit H, —
5TaH-Bo3/yX (KupHble kpyxku), H, —otunen-osayx (kpyxiu) an Pd , H, — CO — Bosnyx (kBaaparsr)
naz Rh or coneprxanust H, B cmecn. P0 =1.7 arm. Kpecrrku Ha cumBonax obo3zHagaror HITKB

6 — 3aBucumoctu Appennyca BIIKB u HITIKB: — cmecu H, sTunen — Bosayx (kpysxku, Han Pd,
nycTele TpeyroibaukH, Haa Rh); — cmecn H, otan — Bosnyx (skupHble kpyxku, Han Pd; sxupubie
TpeyronbHuKH, Hag Rh)

Janusle obOpabarsiBaiii ¢ TIOMOINBIO IIporpaMMHOro makera Statistica 9
(Statsoft). Puc. 3.16 mokasbiBaet, 4yT0 3(h()EKTHBHAS SHEPIHUsS aKTHBALUU OKHUC-
nenus cmeceit H, + sran cocrapnser 1.25 + 0.4 kkan/mons kak Han Pd, Tak u
max Rh; oma 3amerHo MenbIie 3(h()eKTHBHON SHEPTUM aKTHBAIMHM OKHCIICHHS
cmecu H, + stunen (2.8 £ 0.5 kkan/moins) kak Han Pd, Tak u mag Rh. ITostomy
B YCJOBHSX HAIIUX SKCIICPUMEHTOB OIHHM U3 OINPEACIAIONUX (HAKTOPOB
KaTaJUTHYECKOI0 BOCIIIAMEHeHHs sBjisercsa mnpupona C,-yrmesomopona B
cvecu ¢ H,, a He Xummueckas Npupona KaTaausaropa. YKakeM, 4To Ui
obecrieyeHus BOCIUIAMEHEHHSI IOJDKEH ObITh Peaan30BaH UK peakiuii (3BEHO

IIEMH), B KOTOPBIX MPOUCXOIUT Pa3BETBICHUE (yBEIMYECHHE YKCIIa CBOOOTHBIX
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BasieHTHOCTeN) [8]. AktuBupoBanHas (E = 16.7 kkan/monb [8]) romorenHas pe-
aknmsi pa3BeTBieHus H + O2 — O + OH saBisercst caMOi MEUIEHHON cTaguen
3BeHa 1enu. CreoBaTeNnbHO, DHEPIusi AKTHUBALMM pPA3BETBICHHS JIOJDKHA
OIIPEIEIISITh TEMIIEPATYPHYI0 3aBUCHMOCTB BCETO ITpoIiecca, Kak 3To HalmonaeTcs
B aHAJIOTHYHBIX dKcriepuMenTax ¢ Pt [15]. Takum oGpasom, B ciaydae Pd u Rh
peaxIys pa3BeTBICHUS UMEET, CKOpee BCET0, TeTePOreHHYI0 PUPOILY, TOCKOIBKY
a¢PeKTUBHAS SHEPTHS aKTHBAIIMK COCTABIAET < 3 KKaj/MOITb.

W3 Puc. 3.1a BUIHO, NpH BOCIUIAMEHEHHH CHHTE3-ra3a HaOIOArOTCsl Kak
BEPXHUi, TaK ¥ HIKHHUI MPEAesbl KaTATUTHYECKOTO BOoCIUIaMeHeHus: Haa RN,
OJIHAKO OoraThie BOJIOPOJIOM CMECH BOCIUTAMEHSIFOTCS MEHEE aKTHBHO, YeM CMe-
cu Bonopoxt — C, — ymieBoopon. Kpome Toro, Puc. 3.1a nokaseisaert, 4To 3a-
BHUCHMOCTH MPEIE/IOB KaTaIUTHYECKOr0 BOCIUIAMEHEHHs CHHTEe3-Ta3a Haa Rh or
TEMIIePaTyPbl KAYECTBEHHO OTIIMYAIOTCSI OT 3aBUCUMOCTEH ISl TOPIOYEro BOJIO-
pona-yrneroaopona: 3aBucumocts HITKB umeer oTu€TinuBbIi MaKCUMyM, 4TO
yKa3blBaeT Ha 0oJiee CIIOKHBIN MEXaHM3M KaTaJUTHYECKOTO MpoIiecca; MpsimMo-
JIMHEHHAast 3aBUCUMOCTbD, OYEBUIHO, HE BBITTOHICTCSI.

OT1o o3HawaeT, 4yTo ciexyeT yrouHuTh mHTepnpetanuio BIIKB n HIIKB,
npuBeacHHY0 B padore [15]. O6paTtum BHHUMaHME, 4TO, cornmacHo [15], mpu
MOBBINICHUN TeMIIeparypsl u 00padorke Rh mpoBosoku Bomopoacoaepxanie
ra3oBoii cMechio Ha moBepxHOCTH Rh 00pasyercs s dexTuBHBIN KaTamu3zarop
Ha OCHOBe rujapuaa ponusi. Korna gocturaercst remmeparypa, COOTBETCTBYIO-
iast KBepXHEMY» MpeJIeNTy, CMECh BOCIIAMEHSIETCS HaJl CIIOEM THAPHIA POJIHSI.
3areM, 10 Mepe CHUIKEHUSI TEMIIEPaTyPbl, JOCTUTACTCS HIKHUI Ipees Kara-
JUTHYECKOTO BOCIUIAMEHEHUS HaJ TeM JKe CJoeM rujapuaa poaus. Toraa To,
YTO DHEPIMU aKTUBAIMM BEPXHETO W HWKHETO MPEJENIOB OYCHb OJIM3KH JIPYT
K JIPYTY, CBSA3aHO C TE€M, YTO BOCIUIAMEHEHHE Ha OOOMX IpaHMIAX MPOHCXO-
JIUT HA OJTHOM U TOH ke moBepxHOCcTH. OJTHAKO, JUIS PEaKIMH KaTATHTHIESCKOTO
OKHCIICHUS] CHHTE3-Ta3a W YITICBOJAOPOIOB C JUTMHHBIMH IICTISIMH CIIEYeT YUH-
THIBaTh U3MCHEHHUE TPUPOJIBI TOBEPXHOCTH 32 CUET Pa3IMYHON COPOLMOHHOM
CIIOCOOHOCTH CBEXKEro u 00pabOTaHHOTO BOCIJIAMEHEHUSMHU THUAPHUIA POIHUS
B oTHOIIEeHUH MoJiekyll CO, HCXOJTHBIX YITIEBOJIOPOJIOB M MTPOJYKTOB FOPECHUSI.

Ha Puc. 3.2a npuBeneHsl KCHEpUMEHTAIbHBIE 3aBHCUMOCTH TEMIIEpATy-
pr1 BIIKB u HIIKB rasosbix cmeceit H, — nponan- Bo3iyX (KMpHBIE KPYKKH,
nan Rh), H, — nponan- Bosnyx (kpyxxku, Han Pd) u H, — n-menran- Bosayx
(Tpeyronbhuku, Haj Rh) ot conepxanus H, B cmecu npu Py = 1.7 arm. Kpectuku
Ha cuMBotax obo3navaror HITKB.

Kak BugHO u3 Puc. 3.20, 3Hauenue 3phexkTHBHOI SHEPrHH aKTUBAIINN 3aBU-
CUMOCTH Jiorapudma coepikaHus H2 kak Ha BIIKB u HIIKB kak man Pd, Tak u
Hax Rh mi1st Becex cMeceii pu oOpaTHoii Temmneparype cocrasisier 1.2 + 0.3 kkain/
moib. Takum o6pasom, s cmeceit H, ¢ ymeBonoponamu C,, C; sdpdexrnpnas
SHEPTHUsl aKTHUBALMK 00OUX MPEENIOB HE 3aBHCUT OT XMMUYECKOW MPUPOJIBI KaK
YIJIEBOIOPO/Ia B CMECH, TaK U KaTainu3aTopa.

B cnenyromieli cepun onbIToB ObIIIO 0OHAPYXKEHO, YTO 3HAYCHUS TIEPHOJIOB
3aJIep)KKH KaTaJUTHYeCKOTO BOCIUIAMEHEHHsI BOJIOPOIHO-TIPOIIAHOBBIX CMeceit
cnabo 3aBHCAT OT HauaslbHO# Temmneparypsl (Puc. 3.3).
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Puc. 3.2. a — sxcniepuMenTanbHble 3aBucuMoctd Temneparypsl BIIKB u HITKB rasossix cMecei
H, — nponan- Bo3nyx (upHbie kpyxku, nan Rh), H, — nponan- Bosnyx (kpyxku, nan Pd) n H, -
H-TIEHTaH- BO3/yX (Tpeyromsauku, Haz Rh) ot conepxanus H, B cmecn. Py = 1.7 atm. Kpectuku Ha
cumBonax obosHauarotr HITKB.

0 — 3aBUCHMOCTH APPEHHYCA KBEPXHETO» U KHIKHET0» [PEJICIIOB KATAIMTHYCCKOrO BOCIUIAMCHCHHSI.
cmeck H, — nponan- Bo3ayx (xpysxxu, Han Rh);

cmech H, — nponan- Bo3yx (mycThie kpyxku, Haz Pd);

cmech H, — n-nientan-Bo3jtyx (TpeyrosbHukH, o nposonoke Rh/Pd)

MOXHO NPEATIONIOKHUTE, YTO TIEPUOL 33ACPKKU B 3THX TOPIOYMX CMECSIX Opee-
JIEH 110 MEHBIIEH Mepe JByMsI IPOLIECCaMH, KOTOPbIE MOXKHO KaueCTBEHHO Mpe/cTa-
BUTH B BHJIC CyMMBI JIBYX CJIaracMbIX, OJJHO M3 KOTOPBIX 3aBUCHUT OT TEMIEPATYpPhI U
orpeensieTcs OIM30CThI0 CMECH K MPEIeNTy KaTaIUTHISCKOrO BOCIIaMeHEHusI (¥c-
THHHBIN NepUo 3aepKKH). Bropoe cnaraemoe ¢1abo 3aBUCUT OT TeMIIEpaTypsbl, U
IIPY 3TOM HAMHOTO OoJbIe IepBoro. TakuM cnaraeMbIM, KOTOPOE C1a00 3aBUCHUT OT
TEMITepaTypbl, MOKET ObITh CKOPOCTD TiepeHoca (I dy3Hs/KOHBEKIHUS) OTHOTO U3
PCarcHTOB K MOBEPXHOCTH KaTaju3aropa. TakuMm o0pa3oM, CPaBHUTEIILHO AJMHHBIC
MIEPHOABI 3a/ICP’KKH KaTATMTHYECKOTO BOCIUIAMEHEHHS U OTCYTCTBHE MX 3aBUCHMO-
CTH OT HaYaJIbHOW TeMIepaTypbl MO3BOJISIIOT CEIATh BBIBOJ, UYTO KaTaJIUTHYECKOE
BOCILIAMEHEHHE CMeceil BOZOPOA-TponaH (H-TIeHTaH) OMpPe/IesIeTCs CKOPOCTBIO Tie-
peHoca MOJIEKyN YIIIEBOAOPOa K MOBEPXHOCTH KaTaJIUTUYECKON ITPOBOJIOKH JIHOO
13 00beMa, IMOO MO MOBEPXHOCTH K HEKOTOPOMY aKTUBHOMY LICHTPY.

CymmHpyeM KOPOTKO MOJydeHHBIC pesynbTarsl. [IokazaHo, 4TO B yClOBHAX Ha-
LINX SKCHEPUMEHTOB ONpPEIEIIIONIM (DaKTOPOM KaTATUTHYECKOTO BOCILIAMEHEHUSI
cMeceil BOIopoaa ¢ 3TaHOM U STUIICHOM SIBILSIETCSI HE TOJIBKO XMMHYECKasl IIPUpoza
Karajm3aropa, Ho M Xumu4eckas npupoza C, — ymieBozopozia B cMecu ¢ H,. Tpene-
JIbI KATAIMTHYIECKOTO BOCIUIaMEHeH sl ciHTe3-raza Hax Rh/Pd kauectBenHo oTimiya-
FOTCS1 OT 3aBUCUMOCTEH JUTsl TOPIOYEro Bojioposa-yrieBogopona: 3aucumocts HITKB
OT TeMIIepaTypbl UIMEET OTYETIMBBIA MAKCUMYM, UTO YKa3bIBACT Ha OOJiee CIIOKHBIN
MEXaHU3M KaTaJUTHYECKOIrO TpoLecca; MpsIMOIMHEHHAsT 3aBUCUMOCTh HE BBINOJIHS-
ercst. [losromy cnenyer yrounuts unteprperauuto BITIKB u HITKB, npusenexHyto B
JIMTEpaType U y4ecThb ancopouuto Monekynn CO, HCXOIHBIX YITIEBOIOPOIOB U POIYK-
TOB TOPEHUSI HA KATATUTUYECKON MTOBEPXHOCTH. OTHOCUTENBHO JUTUTEBHBIE IEPHOMBI
3a/IePIKKH KaTATMTUYECKOrO BOCIUITAMEHEHHST CMECEi BOJIOPO — H-TICHTaH (IeCATKH
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CEKYHJI) ¥ OTCYTCTBHE 3aBUCHMOCTH TEPUOJIOB OT HAYaJIbHOM TEeMIIEpaTyphl MO3BO-
JSTFOT C/IENIaTh BBIBOJ, YTO KATAJIMTUYECKOE BOCIIAMEHEHHE CMecel BOIOPOI — TIPO-
TMaH/H-TIeHTaH OIPEENAETCsl B OCHOBHOM CKOPOCTh MEPEHOCA MOJIEKYJT YITICBOIOPO/Ia
Ha TTOBEPXHOCTh KaTaJUTUUECKOW MPOBOJIOKH. Takum 00pa3oM, Mpu OKUCIICHUH BO-
JIOPOJTHO-YIIICBOIOPOIHBIX CMECEH B CITydae METaHa OCHOBHBIM (DaKTopoM, orpeie-
JISTFOLITAM  KaTaJINTHYECKOE BOCIUIAMEHEHHE, SIBJISETCS PEeaKisd OKHUCIICHHUS BOIOPOIa
Ha KaTaJIMTHYECKON MOBEPXHOCTH. [Ipy yBeNMYeHNH Yiciia aroMOB YIJiepoyia B yIiie-
BOJIOPOJIE 3HAYUTENBHYFO POJTb HAYMHAIOT HI'PaTh (PAKTOPBI, CBI3aHHbIE C XUMHIECKOH
CTPYKTYpPOH, TO €CTh PEaKIIMOHHOW CIIOCOOHOCTBIO YIIICBOIOPO/IA TIPH KATaIUTHYIC-
CKOM OKWICIICHHH; ¥ 3aT€M CKOPOCTh OKUCIICHHS YIKe ONpeIeNsieTcsl IEPEHOCOM MOJIe-
KyJI YIJIEBOIOPO/Ia Ha MOBEPXHOCTh (UK T10 MMOBEPXHOCTH) KaTaIu3aTopa.
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Puc 3.3. Tleprosbl 3a1€PKKH KaTaJIUTHUECKOTO BOCIUIAMEHEHHS CMECEH BOIOPOJ] — MPONaH —
BO3JLyX U BOJIOPOJ — H-TIEHTAH — BO3IYX.

a) (50% H, + 50% C,H,) ... + Bo3ayx Hag Rh, 1 -T=129.5°C, 2 -T=125°C, 3-T= 111 °C,
4- T=101°C.

6) (60% H, + 40% C,H,)
4 -T=155°C.

B) (50% H, + 50% C.H,,)

+ Bo3nyx Haxg Rh, 1-T=193.3°C,2-T=185°C,3-T=173.4°C,

CTEXHOM

+ Bo3nyx Hagq Rh, 1 -T=945°C,2-T=79.7°C,3-T=70.1°C

CTEXHOM
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§ 4. OCOBEHHOCTH BOCIUIAMEHEHMSI CMECEM BOJIOPO]I -
METAH HA/L Pt ITPU HU3KUX JABJIEHUAX B IOCTOSIHHOM
JIIEKTPUYECKOM ITIOJIE ITPU OTCYTCTBHUU PA3ZPAIA

['pannub 061acTi BOCIIaMEHEHHSI MOTYT ONPEEISIThCS MOSBICHUEM HOBOM
TBepAoH (pas3bl BO BpeMsi TOPEHUSI, Ha KOTOPO MOXKET MMPOUCXOIUTH OOPBIB Peak-
LUOHHBIX LIEMei; B TOM clly4yae, HalpuMep, IPaHHLbl 00IaCTH BOCIUIAMEHEHUSI
cyxatotcs. Takum 00pa3oM, BO3MOKHASI POJIb 3apsKEHHBIX YacTHIL IpH (Pa3000-
pa3oBaHUM MOXKET OBITH 00YyCJIOBJIEHA F€TEPOTEHHBIM XapaKTepOM IMIPOIECCOB C
y4acTHEeM STHX YacTHUII.

Kak xopo11o u3BeCTHO, OKHCIICHHE METaHa MOXKET MPOUCXOUTH B TEMHOBOI
peaKLuK Ha ropsueii IIIaTHHOBOM MPOBOJIOKE B KauecTBe Kataiu3aropa [32]. Dto
SIBTICHUE TIPEJCTABIsIET OONBIONW MHTEpEC MPH M3yUYEHHWH TPOLIECCOB KaTaju-
THYECKOTO OKHMCIICHHS C YYETOM MPOMBIIIICHHOTO MPUMEHEHUs B ONMMKaiiemM
Oynymem. Hanpumep, oHO IEpCIEKTUBHO JIsI HCTIOIB30BaHMS B CUCTEMax BhIpa-
0oTku 3nekTposHeprun [33], i CHUKEHUST BHIOPOCOB MeTaHa B maxTax [34] u
TSl KOHTPOJISL BBIXJIOIHBIX T'a30B aBTOMOOMIIeH [35].

Bnaropomuble MeTaibl TakkKe MOTYT KaTalH3MpOBaTh PEaKkIUU MPU XUMH-
4eCKOM OCaxJIeHWH u3 mapoBoii ¢a3sl (CVD) npu cuHTE3e yIIIepoaHBIX HaHO-
ctpykTyp [36]. Pexum suenctoro ropenus cmecu 40% H, — Bo3nyx B mpucyt-
ctBuu Pt npoBonoku B uuTepBaie 270-350 °C Bnepbie HaOmonamm B [17]. DtoT
peKUM 00yCIIOBIIEH KaTaTUTHYCCKUM JACHCTBHEM YacTull, coAepkamux Pt, 06-
Pa3yIOLIMXCs TIPU Pa3IoKeHNUH JIETY4Ero OKCH/Ia IJIaTHHBI B ra30Boi daze. Yib-
TpanucnepcHsie Pi-comeprkaline 4acTHIIbI BBIACTSIOTCS IPH HAarpeBaHUH B COOT-
BetcTBHH ¢ [37]. YacTuiisl, mpoHHKaromue B 00beM peaktopa myteM nuddys3un
1 KOHBEKIIWH, TEHCTBYIOT KaK KaTaJJUTUYECKHUE IICHTPHI.

Bnaroponubie MeTayibl BIMAIOT Ha BOCIUIAMEHSIEMOCTh CMeCei BOIOpOA—
MeTaH. DKCIIEPUMEHTAIBHO TTOKa3aHo, YTO TeMIIepaTypa Ipe/iena BOCIIaMEHEHHSI
uaa Pd mpu P = 1.75 atMm, usmepeHHass METOIOM BOCXOJISIIETO TTOTOKA MO TEM-
neparype (Ipu MOBBIIICHUH TEMIIEPaTyPbl U3 COCTOSIHHS OTCYTCTBHSI BOCILIaMe-
uenwus), mis cmeceit 30% meran + 70% Bomopon + Bosayx (0 = 0.9, T = 317
°C) 3aMETHO CHMYKAeTCs MOCIe MOCIEAYIOIMX Bociuiameneruit 1o T = 270 °C
nns cvecu H, — CH, — Bosayx. IIpenen BocmiaMeHeH s BO3BPAIIAeTCsl K MCXOJI-
HOMY 3HA4Y€HHIO 1ocie 00paboTku peakropa O, UM BO3AYXOM, T. €. BO3HUKAET
siBiieHre rucrepesuca [16]. Bpuio mokasaHo, 4TO B peaktope, 00paboTaHHOM
BOCILUIAMEHEHUAMH, TeMIeparypa Bocriamenenus cmecu 70% H, + 30% meran ¢
BO3/IyXOM HaJl IOBEPXHOCThIO pojus coctapisieT 62 °C. Pe3ynbrar ykaspiBaeT Ha
MOTEHIIMAN MCIONb30BaHMsI POANEBOIO KaTajau3aropa JUisl 3aMETHOTO CHUYKCHHUSI
TEeMIIepaTypbl BOCIUIAMEHEHHS TOTTUB Ha OCHOBE CMecel BOJOpO/a U MeTaHa
(cm. 8 1 9T0i1 I1aBHI).

BrIsIBIEHO KpUTHYECKOE YCTIOBUE Il OOBEMHOM PEaKIUK: BOCIIJIAMEHEHNE B
00béme npoucxoaut npu 45% H, + 55% CH,, o ono orcyrcrayer nipu < 40% H,
+60% CH,. Eciiu H, < 40%, npoucxoauT TOIbKO MEUIEHHAs TEMHOBAs PEaKLis
uAET Ha MOBEPXHOCTH KaTtanuzaropa. BrisiBieHO, 4yTo 3((EKTHBHbIE YHEPTUH
AKTHBALMK TIPEJENIOB KAaTaJMTUYECKOTO BOCIUIAMEHEHHs IIPU OKUcieHun H, +
MeTaHa cocTaBisiorT (2.5 £ 0.6) kkam/Monb; 3TO O3HAYAET, YTO KIHOYEBHIC pe-
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AKIIWH, OTBCTCTBCHHBLIC 3a BO3HHMKHOBCHHUEC IIPCACIIOB BOCIUIAMCHCHMUS, IMOYTHU
HABEPHOE OJIMHAKOBBI ISl 00OMX Mpe/IesIoB. BbUIO MOKa3aHo, YTO ISl KaTasu-
3atopa Rh/Pd mporecc mpoaomKeHnst Wik pa3BIeTBICHHS IIEMH, CKOpPee BCETo,
MMeeT T'eTEePOTeHHBIN XapakTep, MOCKONIbKY d(h(heKTHBHAS YHEPTUsl aKTHBALIUH
coctapisieT < 3 kkan/moib (cM. 8 1 3T0it riaBs).

OtoT nmaparpad MOCBSIIEH YKCIEPUMEHTAILHOMY HCCIICIOBAHHIO BOCILIAME-
HEHUS CMecel BOIOPO/I-METaH MMPU HU3KOM JIaBJICHUH HaJl TOBEPXHOCTHIO Pt mpu
nasiennu ot 20 1o 180 Topp u HauanbHbIX Temneparypax 400 + 600 °C ¢ uenbro
YCTAHOBJICHUSI 3aBUCUMOCTEH MPEIEIOB KaTaIUTHISCKOTO BOCIUIAMEHEHHUS HAll
MOBEPXHOCTHIO Pt OT TeMIiepaTypbl U BBISIBICHHST 0COOCHHOCTEH BOCILIaMEHE-
HUS CMECEH BOIOPOA-MeTaH Haja Pt B TOCTOSHHOM DJIEKTPUIECKOM TTOJIE B OTCYT-
CTBHUE pa3psija.

3KCHepHMeHTaJ’IbHaﬂ 4acThb

DKCIEpUMEHTBI TIPOBOIWIM C TPEIBAPUTEIHHO TMPUTOTOBICHHBIMU CTEXHO-
MeTpHYeCKUMH rasoBbiMu cMecsavu 2H, + O,, (80% H, + 20% CH,)) .+ O,
(cTeXHOMETPHUIO PacCYNTHIBAIN ISl CYyMMBI TOTUTHB). KBapiieBblii peaktop aname-
TpoM 4 cM 1 amHoM 30 cM HarpeBa ¢ IIOMOIIBO dekTponedn (Puc. 4.1); Temrre-
paTypy KOHTPOJMPOBAIH € TIOMOIIBIO TepMOMaphl. TOYHOCTh M3MEpEHHH Temiiepa-
Typbl cocraBuiia £ 0.3 °C. Peaktop ObUT CHAOKEH ONTHYCCKUM KBapIIEBHIM OKHOM
Ha Toprie. MomuOaeHOBEIH AneKTpos auaMetpoM 1 MM i mmmHOH 40 cM pa3memnianmi
B/I0JIb OCH peakTopa. BHemHui mumuHapruaeckuii snekrpon mmHoi 300 MM, U3ro-
TOBJICHHBIN U3 MEIHOH (hOJIBTH, TUIOTHO MPHJIeTall K BHEITHEH ITOBEPXHOCTH PEAKTO-
pa. K koHIly MOJMOICHOBOTO ANIEKTpoia OblIa MpUIasHa y3Kast MEeTIIs U3 IIaTHHO-
Boii ripoBostokw yrrHOM 50 cM u tuamerpom 0.3 mm (Prc. 4.1).

Ha BHYTpeHHHUH 2JIEKTPOJ MOJABAM MOCTOSHHOE CTAOMIM3UPOBAHHOE Ha-
npsokenne 0 + 1200 B ot ncroynnka nuranust B5—24A. DaekTpoabl COSAMHSIIN
yepes koumencarop (3 M®) u pesnctop (50 kQ), curHaN ¢ KOTOPOTO IIPH HEOO-
XOJMMOCTH TIepe/IaBalli Ha aHaJOro-IU(POBOil Mpeodpa3oBarelb U COXPaHsITH
B MaMSTH KOMITBIOTEPA, OCYIIECTBIISIS KOHTPOIb TPOO0sT MEXKIY AIICKTPOIAMHU.
PeakTop UCIONb30BaH TS H3yUCHUS TSPMUIECKOT0/ KATATUTHIECKOTO BOCTLIA-
MeHeHus1, obecrieunBaeMoro Pt mpoBosiokoil. Buieo3anuch BKIIFOYAIH B IPOU3-
BOJILHBIIl MOMEHT TIepeJT HaITyCKOM roprovero rasa. Mcrnonb30Bany BETHYIO BbI-
cokockopocTHyro kamepy Casio Exilim F1 Pro (gacrora xaxpos + 1200 kaapos
B CeKyHIy). Bumeodaiin coxpaHsuii B mamMsTH KOMIBIOTEpA W BBIMOIHSIINA €TI0
TTOKaIPOBYI0 00paboTKy. OTKauaHHBIN M HATPETHIA PEAKTOP 3aTOTHSIIN Ta30BOMH
CcMechio U3 Oy epHOro 00beMa BEICOKOTO JIABICHUS IO HEOOXOMUMOTO JTaBICHUS.
IIpenen karanutudeckoro Bocruiamenenus BITKB usmepsiin mpu noBbllIEeHUN
napiieHus ¢ maroM 2 Topp 70 TeX Mop, MoKa He MPOMCXOJIMIIO BOCIUIAMEHEHHUE
(momxoa CHHU3Y BBEpX, NMPH TOBBIIICHUH TABJICHUS U3 COCTOSHHS OTCYTCTBHS
BocIutaMeneHus). [lepes KaxIpIM SKCIIEPUMEHTOM PEaKTop OoTKaunBaiu 10 107
Topp. Ob1iee naBieHue B peakTope KOHTPOIMPOBAIH C TIOMOIIIBIO BAKYYMMETPA,
a maBjeHue B OypepHOM 00BeMe — ¢ TIOMOIIIbI0 MaHOMeTpa. Kcrons3oBamu xu-
MUYECKH YncThie ra3nl 1 99.9% Pt.

MHUKpPOCTPYKTYpPBI YIIIEPOIHBIX OCAJIKOB Ha TIOBEpXHOCTH Pt mccnemopanu ¢
MTOMOIIIBIO MOJICBOTO YMHUCCHOHHOTO CKaHUPYIOIIETO 3JIEKTPOHHOTO MUKPOCKOTA
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I'maBa Ill. OcobennocTr ropenus cmeceil BOZOPOA-METaH-BO3AYX
HaJl HOBEPXHOCTSAMHU OJIATOPOIHBIX METAJLIOB

cBepxBbicokoro paspernenus Zeiss Ultra Plus (I'epmanusi), ocCHaIeHHOTO
KOHCOJIBIO penTreHoBckoro mukpoananmsa INCA 350, Oxford Instruments.
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DKcIeprMeHTaIbHAsl YCTaHOBKa: 1 — Tepmorapa, 2 — 1meds, 3 — peaktop, 4 — I[BeTHasi CKOPOCTHasI
BHICOKaMepa, 5 — BHyTpeHHU# Pt-a1ekTpon B hopme y3Koii meTiu, 6 — BHEITHUI MEIHBIN SIIEKTPOJ,
7 — M30IMPYIOLIMI KBapLEeBbI HUIHHAD, 8 — BHyTpeHHUI MO snektpon, 9 — onTHYeckoe OKHO

Pe3yabrartnl u 00cyxkaenue

OO6acTy KaTaIMTHIECKOT0 BOCTIIIaMeHeH s (0003HaYEeHHbIE 3HAKOM +) cMeceit
2H,+0,u (80%H,+20%CH,) '+ 0O, nanposojoke Pt mpescTapieHbl Ha
Puc. 4.2 B xoopaMHaTax JaBlieHue — Temeparypa. Kak BUIHO U3 PUCYHKa, TIpe-
JIeTIbHBIC JaBJICHHS BOCIIAMEHEHHS Uil 00OMX Tra30BbIX TOIUIMB HE 3aBUCAT OT
MPUIOKEHHOTO Hanpspkenus 1o 1200 B.

!"] , Torr
150~ 3
+
100
S0+ T,°C 1,°C
400 450 500 550

Puc. 4.2.

O06acTH KaTaJuTHYCCKOTO BOCIIAMEHEHHUS! (0003HAYEHBI 3HAKOM +; 3amojHeHHbIC KpyxKH, 0 B;
kBanparel, 1200B) man nposonoxoii Pt: mikuss xpusas — 2H, + O,; Bepxuss xpusas (80% H, +
20% CH,) + 0,. O6macTu 1I0A KPUBBIMU COOTBETCTBYIOT TEMHOBOH PEaKIHH

CTEXHOM
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Jns cmecu (80% H, + 20% CH,) -+ O,snauenue BIIKB cnavana
YMEHBIIIAETCS C MOBBIICHUEM TEMIIEPaTYPhI, & 3aTeM IPEAe] BOCIIIIAMEHEHHS
YBEJIMYIUBACTCS IO TeX TOP, TMOoKa 00JacTh CAaMOBOCIUIAMEHEHUS HE MPUMET
xapaktepuyio V-obpasuyio ¢opmy (Puc. 4.2). V - ob6pasmas ¢opma
ompezensiercs ciaeayomumM. C moBEIIIEHUEM TemIieparypsl 3HadeHne BITKB
MIepBOHAYATHFHO YMEHBIIIACTCS U3-3a YBEIIMUYCHUS CKOPOCTH aKTUBUPOBAHHOM
peakmuu 00BEMHOTO Pa3BETBJICHUS WU OIMPENCICHHOTO aKTHBUPOBAHHOTO
IUKIIa DIeMeHTapHbIX peakiuii [8]. ITo Mepe maapHEHIIEro MOBBIIIEHUS TEM-
IepaTypbl CKOPOCTh TEMHOBOH pEaKIUU Ha TMOBEPXHOCTH YBEIUUUBACTCS,
9TO MPUBOAUT K YBEITMUCHHUIO CTEIICHU MPEBPAIICHUS] TOPIOYCH CMECH; Ta-
KUM 00pa3oM, coaepkaHne TOTUIMBA B CMECH YMEHBIIIAETCS U, CJICIOBATEIb-
Ho, 3HaueHue BIIKB yBemmumBaeTcs, MOCKOJIBKY CMECh CTAaHOBHTCS Ooyee
OeHOW TOpPIoYUM.

OpnHako OMpeNeIeHHbBIE OCOOCHHOCTH Pa3BUBAIONIETOCS BOCILIAMEHEHHS
3aBUCST OT NPUIOKEHHOTO HanpsbkeHust. Ha Puc. 4.3 npeacraBieHbl TUITHYHbIC
KaJIpbl CKOPOCTHOM CHEMKH KaTaIMTUIECKOTO BOCTIIaMeHeHus cmeceit 2H, + O,
(@) u (80% H, +20% CH,) .+ O, (b, ¢) nan Pt npoBosoKoii Mpu pasIuuHbIX
3HAYEHUSIX MMPUIIOKCHHOTO HATIPSKEHUS.

X OCAEER-
L JLACACHEN-
- RS -

Puc. 4.3.

a) BHICOKOCKOPOCTHAS ChEMKA KaTaIUTHYECKOro Bocmiamenenus cMecu 40% H, + Bosnyx man Pt
npososnokoit. 1200 kampos B cexynny, T, =525 °C, P, = 135 Topp. 1200 B.

b) BBICOKOCKOpOCTHASI CheMKa KaTannTquCKoro BocrmaMeHeHm cmecu (80% H,+20% CH,)_
+ O, nan Pt mposonokoit. 1200 kanpos B cexynuy, T, =525 °C, P, = 135 Topp. 0 B.

c) BLICOKOCKOpOCTHaﬂ BUJIEOCHEMKA KATAJIMTHYECKOTO BoCIIameHenus cmecu (80% H, + 20%
CH) + O, nan Pt mposonokoit. 1200 kanpos B cexyny, T, =525 °C, P, = 135 Topp. 1200 B.

4/ crexuom

HepBLIﬁ Kajap COOTBCTCTByST MOMEHTY BO3HMKHOBCHUA HJIaMeHI/I

OOparuM BHHUMaHHWE, YTO MOCIIEJOBATEIBHOCTH KaJIPOB KaTaJIUTHYECKOTO
BOCIUIAMEHEHHsI BOIOPOJa B OTCYTCTBHE TIOJSI U B MPHIOKCHHOM MOJIE HE
OTJIMYAIOTCS. DTO 03HAYAeT, YTO TBEPJbIC YACTHIIbI, BOSHUKAIOIIUE IPU TO-
peHHH, KOTOpbIE 00pa3yrOTCs MPH Pa3jioKEHUHU JICTY4ero OKCHIA TMJIATHHBI
B ra3oBoii (haze [17] mo merammmueckoii Pt, mpoBoasaT siekTpryecTBO. ITO
cornacyercsi ¢ JuTepaTypHbIMU AaHHbIME [38], cormacHo koTopeiM o~ PtO,
SBJISICTCSI TIOJTYITPOBOJHMKOM N-THIIA C BBICOKON 3JIEKTPONPOBOIHOCTHIO (Kak
u cama Pt).
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U3 Puc. 4.3 MOXKHO OLIGHUTh OTHOCHUTEIBHBIC BUIMMbIE CKOPOCTH Pacipo-
CTpaHCHHMsI TUIAMEHH B DKCIIEPUMEHTax & — C 110 BPEMEHHU, B TEUEHHUE KOTO-
pOro MHTEHCHBHOCTh XEMUJIIOMHHECIEHIIUH JOCTUraeT Makcumyma [8]. U3
Puc. 4.3 Buano, uto miaams Bogopoaa (Puc. 4.3a) pacrpocTpaHseTcs ¢ Hau-
0oJbIIel CKOPOCTHIO, MOCKOJIBKY MaKCHMallbHas MHTEHCHBHOCTH XEMHIIIO-
MUHECIICHIIHH JIOCTUTAEeTCs yKe Ha TpeTbeM Kajpe. Kak BuiaHo u3 Puc. 4.36
IJIamsi CMEeCH BOJIOPO/I-METaH B OTCYTCTBHE MPHIIOKEHHOTO AJIEKTPHUUYECKOTO
MOJISi UMEeT BUAMMYIO CKOPOCTh, MEHBIIIYIO, YeM Iuiamsi Bomopoaa (Makcu-
MajibHasi HHTEHCUBHOCTh XEMUJIIOMUHECIIEHIIUN JIOCTUTACTCS HA MATOM KaJl-
pe) B COOTBETCTBUU C JIMTEPATYPHBIMH JaHHBIMU [8], yKa3bIBalOLIMMHU Ha TO,
YTO IJIaMsi CMeceil MeTaH-KUCIOPO]] PACTIPOCTPAHSIETCSI C MEHBIIUMHU CKOPO-
CTSIMH, YeM I1JIaMsi BOJIOPOI-KHCIOPOI.

W3 Puc. 4.3c BUIHO, 4TO puiaokeHue sekrpuueckoro mosist (1200 B) npu-
BOJIMT K MCUYE3HOBEHHIO TBEP/BIX YACTHUI[ U3 PEAKIIMOHHOTO 00beMa, T. €. ITH
YaCTHIIBl 3apsHKEHBI. ITO MOXKET OBITh CBS3aHO C SIBJICHHEM XEMUOHH3AIUH,
HaOJII0JaeMbIM MIPH TOPEeHUH yrieBonoponos [39]. Hampumep, monoxuTennb-
HbIE MOHBI M DJIEKTPOHBI, 00pa3yromuecs BO (ppoHTe MMIIaMEeHH, MOTYT OBITH
3axBadyeHbl Pt cojepxamuMu 4acTHIIAMH, U MTOCJIEIHNAE TIPUOOPETAIOT 3apsi]
[40, 41]. Kak BuanO u3 Puc. 4.3B, BOJOPOA-METaHOBOE IJIaMsl B TPUCYTCTBHH
ANEKTPHUYECKOTO OIS UMEET BUJAMMYIO CKOPOCTh JJa)Ke MEHBIIYI0, YeM IpH
ero OTCyTCTBUHU (MakcHMajbHass HMHTEHCHBHOCTb XCMHJIIOMHHECIICHIIUHU J10-
CTUTAeTCS Ha ceapbMoM Kaape). Mel mokasanu B [17], uro Pt-comepikarime
YacTHIIBl, PACIPOCTPAHSIONIMECS B 00beM peakTopa B pe3ylbTaTe Mpoliec-
COB IEpPEeHOCca MACChl, ICUCTBYIOT KaK KaTallMTUYECKUE IIEHTPHI, HA KOTOPHIX
MPOUCXO/IUT BOCIUIAMEHEHHE TPU PaclpoCTpaHeHUH (poHTa riaMeHu. Ta-
KUM 00pa3oM, IIPH MPHIIOKEHUHU DIIEKTPUIECKOTO MOJIS KATaTUTHIEeCKUE [[eH-
TPBI IPHOOPETAIOT 3apsl ¥ YIAISIOTCSA U3 00beMa, 4TO JOKHO MPUBECTH K
YMEHBIICHHUIO CKOPOCTH IJIAMEHHU.

TakuMm 00pa3oM, HHTEPIPETAIs TOCIEIOBATEILHOCTEH KaipoB, TPUBEICH-
HBIX Ha Puc. 4.3, cornacyercsi ¢ TUTepaTypHbIMH JAHHBIMH.

Hanee uccnenoBanu Mopdosoruto ocaaka Ha Pt ¢ mcrmonb3oBaHHEM cMeCH
(80% H,+20% CH,),.., + O, B xauecTse npexypcopa. SEM ananus nosepxuoctu
MIPOBOJIOKU HE MOKa3bIBACT KAKUX-JINOO YITIEPOJAHBIX CTPYKTYP Ha MOBEPXHOCTH
OmaropomHoro Metauia, kak npu BocruiameHenun (140 Topp), Tak u mpu
“remuoBoit” peakuuu (70 Topp) emecu (H,+CH,) .+ O,. Pesynbraret COM-
HCCIIEIOBAHUS TOBEPXHOCTH OJIaropoJHOTO MeTauia, 00paboTaHHOH B YCIIOBHSIX
000uX PEKUMOB TOpEHNs, TOKa3aHbl Ha Puc. 4.4. DneMeHTHBIN aHAH3 TPUBEACH
B TaOmure 1.

Kax Bunno u3 Tabmuiiet 1, moBepXxHOCTH 00pab0TaHHON MPOBOJIOKHU COMEPIKUT
GorbIie ymieposa, yeM HeobpaboTannas. Onuako u3 Puc. 4.3 (3, 4) BuaHO, uTO
yIJIePOIHbIE HAHOTPYOKH MPAaKTHUSCKH HE 00pasyrorcs, (IOKa3aHO CTpeKaMu
Ha Puc. 4.3 (3)) B otmuue ot emecu (H, + C,H)) _ -+ O, nyist koTopoit cuHTe3
YIIEPOIHBIX HAHOTPYOOK MpOTEKaeT d((EKTUBHO B TeMHOBOM™ peknme (CM.
§ 6 miassi ).

OOpatuMm BHHMaHUe, 4TO HeOOpaboTaHHBIH 00paserl mpejcTaBisieT co0oit
MOBEPXHOCTH O cienamu npokarku [Puc. 4.3 (1)]. B o6pasue, obpaboran-
HOM BOCIUIAMEHEHHSIMH, pPa3BUBAIOTCS AePeKThl B BHAe oTBepcTuil [Puc.4.3
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(2-4)]. Otu nedekrsl, Takke, Kak onucaHo B § 5 I'maBbl 1, pacnoiokeHbl Ha
burypax TpaBlieHHUs; TPaBAIIME BEIIECTBA, OUYEBUIHO, SIBISIOTCS aKTHBHbI-
MU TIPOMEKYTOUHBIMH MPOJYKTaMH OKHCJIEHHs H,, aHaloruyHoe TpapjieHue
panee HaOmonanochk st moepxHocreid Rh, Ru u Pd [15] npu ux o6paborke
ropenuem H,.

1 — SEM mukpodororpadus HeobpaboranHoit Pt-ipoBosoky;

2 — SEM muxpocororpadus mposonoku Pt, o6padorannoii 20 Bocrmamenenusavu cvecu (80% H, + 20%
CH,) .ot O, (P =140 Topp) u 20 o6paboTkamu TemHoBo# peaxuueit (P = 100 Topp), T = 530 °C;

3, 4 — mukpodororpadus 2) npu 6OJBIIEM YBEIUYEHUH.

Benble kpyxkkn Ha Mukpodororpadusx 1, 2 ykaspiBaroT TOYkH aHanmu3za. CpeiHHe 3HAYCHHS
npuBeneHs! B Tabmuue 1

Tabnuya 1.
[ToBepXHOCTHBIN AJIEMEHTHBIN aHau3 00pa3uos 1 u 2.
Processing option : All elements analysed (Normalized)
Mean 1 4.05 6.25 10.29 79.41
Mean 2 4155 13.12 6.80 38.53
Spectrum C Al Cu Pt

Bce pesysbrarsl IpUBe/ICHbI B aTOMapHbIX %

CyMMHupyeM TMOTyYeHHBIC PEe3YJIbTATHI.

IToxazano, 4TO mpexensl BocmiiameHeHuss cmecedd 2H, + O, u
(80% H, + 20% CH,)_. .. + O, max Pt mpoBonmokodl He 3aBHCAT OT
MPHIOKEHHOTO HanpspkeHust 0e3 paspsiia no 1200 B. [Tokaszano, uto ams cMeceit
(80% H, +20% CH,) _ .+ O, npunoxenue s1ekrpudeckoro nons (1200 B)
MPUBOJUT K UCUC3HOBEHUIO U3 PEAaKIIMOHHOTO 00beMa YacCTHIl, COACPIKAILIIX
Pt, oOpa3oBaHHBIX pa3jI0KEHHUEM JIETY4ero OKCHJa IUIATHHBI B Ta30BOil
(aze. Takum 00pa3oM, 3TH YACTHUIIbI 3aPSKCHBI. ITO MOXKET OBITh CBSI3aHO
C SIBJICHHEM XEMHUOHHU3allMH, HAONIOAaeMbIM MPU TOPEHUH YIJTICBOIOPOIOB.
[Tokasano, 4yro npu ropenuu cmecu (80% H, + 20% CH,) _ =+ O,
yIJIEPO/IHbIC HAHOTPYOKHM MPAKTHUECKH HE 00Pa3yOTCs B OTIIMYHE OT TOPEHUS
cmecu (H, + C,H +0,.

8) CTEXHOM 2

BuiBoasl k Itase 111

IToxa3zano, 4To B peakTtope, 0OpabOTaHHOM BOCIIJIAMECHCHHSIMH, TEM-
nepatypa Bocrulamenenus cmecu 70% H, + 30% wmeran + BO3ayx Han
MOBEPXHOCThIO ponus cocrtaBisier 62 °C. DTOT pe3ynbrar yKa3blBaeT
Ha TOTEHIHAJ HCIOJIb30BAaHUS POJMEBOTO KaTalW3aTopa JJs CHIKCHHS
TeMIIepaTypbl KATAIUTHYECKOTO BOCINIAMEHEHHS TOTUIMB HA OCHOBE cMecel
BOJIOpPOJIa M MeTaHa. BBISIBICHO KPUTHUECKOE YCIOBHE IS O0OBEMHOTO
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KaTaJIMTHYEeCKOTO BOCILIAMEHEHUS 3THX CMECeil: BOCTUIaMeHeHnEe B 00beMe
npoucxoaut npu 45% H,, Ho ono orcyrctByer npu < 40% H,. Eciu H, <
40%, MpOUCXOJIUT TOIHKO MEJICHHAS TOBEPXHOCTHAS PEAKIIHS; ITO SBJICHHE
KauyeCTBEHHO OINMCHIBACTCS HAIMMU MPEbIIYIUMHU pacueTaMu. BrIsiBIeHO,
410 2 PeKTHBHBIC JHEPTUU AKTHBALUK KaK “BepxHero”, Tak W “HUKHEro”
KaTaJMTUYECKUX NPEIeIOB BOCIUIAMEHEH S CMeCH H,+ MeTaH B Mana3one
nuHeitHoCTH npuMepHO paBHbI (2.5 £ 0.6) kkan/mMojb; 3TO O3HAYACT, YTO
KJIIOUYEBbIE peakiluu, OTBeTCTBEHHbIe 3a Bo3HMKHOBeHue BIIKB u HIIKB
MOYTH HaBepHOE, OXHHU W Te ke. IlokasaHo, 4To ais Kataiauzaropa Rh/Pd
Mpolecc pa3BUTHS IEMH, CKOpee BCET0, MMEET I'eTepOreHHBIN XapakTep,
MOCKOJBKY J((EeKTHBHAsE JHEPrusi aKkTUBAlMU cocTaBiaseT < 3 kkan/
MOJIb. JKCIEPUMEHTAIbHOE OIpeJieicHue TEeMIIepaTyp BOCIUIAMEHCHHSI
1 5Q(EKTUBHBIX SHEPrMH aKTHBAIMU BOCIUIaMeHeHus cMecel 5+40% H,-
Bo3ayx Hax Rh u cmeceit (30 + 70% H, + 70 + 30% C H, (umu CH))) ..
+ Bosayx Hag Rh w Pd mpu 1 arm mpoBoamiam B auamna3oHe TeMIepaTryp
20-300 °C B cTaTHYEeCKHX YCIOBUSX C LENbI0 CPABHEHUS KATAIUTHYECKOM
spdexkruBHocTy Rh u Pd u ycranomienuss (GpakTopoB, OMpenessiONInX
3HaueHHs YPPEKTUBHBIX dHEPTHIl akTUBanuK. [lokazaHo, 4YTO MOJyYEHHBIE
3HaueHHus] 3()(QEKTUBHOW DHEPTHHM aAKTHBAIMUM HAXOIATCS BO B3aUMHOM
COTNIACHU M XapaKTEepHBI /I MOBEPXHOCTHOrO Xxapakrtepa aeiictBusi Rh;
Rh 6onee xaranmutnueckn akTuBeH, ueM Pd. Ycranosneno, uto mpu 1 atm
HIIKB cmecn 2D2 + O2 HaJ ACUTEPUIIOM POIHUS 3aMETHO HIIKE, UeM y 2H2 +
O2 Hax ruapuaoM Rh; rakuM 06pa3oM, BOCTIAMEHAEMOCTE D2 Hax Rh BeiIE,
uyeMm H, xak u npu nasienusx 10 200 Topp. beuiu onpeneneHsl KoYeBbIe
0COOCHHOCTH KaTAIMTHYECKOTO BOCIUIAMEHEHHUS HAa METAJUIMYECKUX POJIUH
W Tajsialdi B PSAJly CMECEBBIX TOPIOYUX. a UMEHHO BOJOPOJA + CUHTE3-
ra3 u BOJOPOA + yriaeBomopoa (dTaH, STHJICH, MPOMaH, MEHTaH) + BO3IYX,
YTOOBl yCTAaHOBUTH TPAHMIBI 00JACTEN KaTaJUTHUUECKOTO BOCIIaMEHe-
HUS, 3aBUCUMOCTH J(P(GEKTUBHBIX DHEPTHIl AKTHBAIMKM BOCIUIAMEHCHHSI
OT TPHUPOJBI YIIEBOAOPOJAa W POJb IPOLECCOB TEMHOBOTO OKHCIICHHS.
Brino mokazaHo, 4TO B YCJIOBHUSX HAIIUX JKCIIEPHUMEHTOB OMPEACISTIONINM
(hakTOpOM KaTallMTUYECKOTO BOCIUJIAMEHEHHMsS SIBIIICTCS HE XHWMHUecKas
NpHUPOJIa KaTalu3aTopa, a coaepxkanue yriaesonopona C, B cmecu ¢ H,. Ipe-
JIeJIBl KATAIMTUYECKOTO BOCIJIAMEHEHUS cuHTe3-Tra3a Haa Rh/Pd kauecTBen-
HO OTJIMYAIOTCS OT 3aBUCHMOCTEH JUISI TOPIOYHX BOJOPOA-YTIIEBOJOPOJI:
3aBHCUMOCTh “‘HMIKHEro”’ KaTaJUTHYECKOro Mpeieia WMEEeT OTYETIMBBIH
MaKCUMyM, YTO YKa3bIBa€T HA CIOKHBIM MEXaHMW3M KaTallHTHYECKOTO MpOo-
necca; 3apucumocth Appenuyca In[H,]. om 1/T ue Bbimomusercs. Crue-
JIOBAaTENbHO, CIEAyeT YTOUYHUTh WHTEPIPETAINIO “BepXHETO” W “HUKHETO”
MpeeNOB KaTAIMTHIECKOTO BOCTUIAMEHEHHS, IPUBEJICHHYIO B JIUTEpaType.
Jist peakiiiy KaTaTuTHYeCKOTO OKHUCIICHUSI CHHTE3-ra3a U yrIIeBOJOPOIOB C
JUTHHHBIMHY IIETISIMH CIIEIyeT YUYNTHIBATh U3MEHEHUE MPUPOJIBI TOBEPXHOCTH
3a CUET pa3TUYHON COPOIMOHHON CITIOCOOHOCTH CBEXEro U 00paboTaHHOTO
BOCILUIAMEHEHUSIMH THIpHUIA pOoAusi B oTHOIIeHUH MolieKyn CO, UCXOTHBIX
YIJIEBOJOPOJIOB U MPOJYKTOB TOPCHUS.

Bonbiine nepuosl 3aepKKU KaTaluTHIECKOTO BOCINIAMEHEHHUsT cMecei
BOJIOPO/] — H-TICHTaH (JIECATKU CEKYH]) M OTCYTCTBUE 3aBUCUMOCTH 3THX TIe-
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PHOIOB OT HAYAJILHOM TEMIIEPaTyphl MO3BOJISIOT C/IEIaTh BBIBOJ, YTO KaTaslH-
THYECKOE BOCILUIAMCHEHHE CMecCell BOJOPOJ — H-TICHTAH OMPEICIISETCS CKO-
POCTBIO TIEpEHOCA MOJIEKYJ YIIEBOAOPO/Ia Ha MOBEPXHOCTh KaTaJUTHYECKON
mpoBoJioku. TakuM 00pa3oM, MPU OKUCICHUU CMECeil BOJOPO/I-YIIIEBOI0POI
JUTSE METaHa OCHOBHBIM (DAKTOPOM, ONPENEISIFOIINM KaTaIuTHYECKOE BOCILIA-
MEHEHHE, SIBJISCTCS PEaKilns OKUCICHHS BOJOPO/a HA MOBEPXHOCTH KaTalu-
3aropa. C yBeJIMYCHHEM 4YHCIIa aTOMOB yIJIepojia B YIIeBOA0poae (HaKTopsl,
CBSI3aHHBIE C XUMHYECKOH CTPYKTYPOH, TO €CTh PEaKIIHOHHON CITIOCOOHOCTHIO
yIJIEBOJOPO/a MPH KATATUTUYSCKOM OKHCICHHM, HAYMHAIOT UTpaTh 3HAYM-
TEJILHYIO POJIb; U TOTJA CKOPOCTh OKHCICHHS YXKE ONMPEAeNIIeTCsS CKOPOCTHIO
MPOIIECCOB MEPEeHOCa MOJICKYI YITIEBOJ0PO/Ia Ha MOBEPXHOCTh KaTajlu3aTopa.

DKcTepUMEHTaNbHBIE WCCIEIOBAHUS TOPECHUSI CMECEH BOIOPOJI-METaH
[PY HU3KOM JIaBJICHUHU MPOBOJIMIIM HAJ MOBEPXHOCThIO Pt mpu cymmapHBIX
napieHusx ot 2010 180 Topp uHauansHbIX TeMrepaTypax 400-600 °C ciiennio
YCTAHOBJICHUSI 3aBUCUMOCTH TPEICIIOB KaTAJIUTUICCKOTO BOCIJIAMEHEHUS
Hag Pt or Temmeparyphl W BBISBICHHS OCOOCHHOCTEH BOCIJIaMEHEHUS
cMecell BOLOpoA-MeTaH Hag Pt B MOCTOSHHOM 3JIEKTPUYCCKOM IOJIe MPH
OTCYTCTBHUU pa3psija. bbuio mokazaHo, 4To Mpeiesibl BOCIIIAMEHEHHUs cMeceit
2H,+ O, u (80% H, +20% CH,) .+ O, nan Pt npoBosiokoif He 3aBUCAT
OT MPUIIOKEHHOT0 HanpsoKkeHust 6e3 paspsiia go 1200 B. Mbl mokazanu, 4To
nns cmeceit (80% H, + 20% CH,) _  + O, npunoxeHue 31€KTPUUECKOTO
moutst (1200 B) mpuBOAKT K HCUE3HOBEHHIO U3 PEAKIIMOHHOTO 00beMa YaCTHII,
comepkammux Pt, o0pa3oBaBHIMXCS B pe3yiabTare pPas3ioKEeHHs JETYdero
OKCHJIa TUTaTHHBI B ra30BO# (ase. TakuM 00pa3oM, 4TO ITH YACTHUIIBI 3apsi-
JKEHBI. DTO MOXET OBITh CBSI3aHO C SBJIEHHEM XEMHOHH3AIWMK, HaOIroxae-
MBIM TIPU CTOPAHUH YTIEeBOAOPOA0B. [Toka3aHo, 4TO MPU OKUCICHHUH CMECH
(80% H, + 20% CH,) .+ O, yrmepoJHble HAHOTPYOKM NPAKTUUECKU HE
oOpasyrorcs B otauune ot cmecu (H, + C,H,) +0..

CTEXHOM 2
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TUIABA 1V
OCOBEHHOCTH B3AUMOJIEVICTBUSA
MMOBEPXHOCTEM BJIAT'OPOJ/IHBIX
METAJIJIOB C PACIIPOCTPAHAIONIUMCS
®POHTOM IIIAMEHHU

BiusiHMe TPENATCTBHIA, PaCONOKEHHBIX B Pa3HBIX 00bEMaX, 3alOJHEHHBIX
roproyeil CMechio, Ha pacnpoctpanenue gpponra miamenu (PII) ucciemayercs B
TEUCHHE JUTUTEIBHOTO BPEMEHHU. DTH UCCIICIOBAHUSI MPOBOJSTCS C IENBIO yCTa-
HOBHUTH 3aBUCHMOCTh PSIKHMa TOPEHHs OT THIA MPEMATCTBUI M BO3MOXHOCTh
BJIMSTH HA PEXKUMBI TOPSHUS, U3MEHsIs (HOPMY MPEnATCTBHIA. M3BECTHO, 4TO ecin
COCTaB Ta30BOM CMECH JAJEK OT KOHIICHTPAI[MOHHBIX MPEICIOB BOCILIAMCHE-
HHSI, TO CKOPOCTh PacpOCTPAHEHHUS TJIAMEHU TPH HAJMYUH TPETSTCTBUN MO-
KET OBICTPO YBEIHUUUTHCS 10 CBEPX3BYKOBBIX 3HaueHHH. [Ipu u3yueHnu GBICTPO
ycKopsitoerocst miaMeHu MoxkHo HaOmonare JIJIT (deflagration to detonation
transition), ogHaKO CKOPOCTH CBEPX3BYKOBOW BOJIHBI TOPEHHS IPU HATHIUN
MPensATCTBUN YacTo Hike ckopocti Uenmena—Kyre. CresoBarenbHo, ¢ Tpak-
THYCCKOW TOYKH 3PEHUS HanOoJiee BaKHBIM aCIeKT B MCCIICMOBAHUU YCKOPECH-
HOTO TUTaMEHH OOYCIIOBJIEH MPOOIeMaMK SKCIUTyaTallii JBUIaTeIei U B3PHIBO-
0€30MacHOCTH ¥ CBSI3aH IVTaBHBIM 00Pa3oM C TEPEXOJ0M OBICTPOTO TOPEHUS B
HECTAI[MOHAPHBIC KBa3UICTOHAIMOHHBIC PEKUMBI, pa3pylIaroiiee BO3ACHCTBIE
KoTopbIX Oojee 3¢ dexTrBHO, ueM B pexxume Yenmena—XKyre. Crenyer orme-
THTh, YTO BIMSHHE TPEMATCTBUI MOKET TPOSBISATHCS IBOSIKO: B MOICPIKAHUN
JIETOHAIIHOHHOM BOJIHBI B PE3YJIbTaTe OTPAKECHHH YIAPHBIX BOJH U B TYIICHHH
JIETOHAIIHOHHOM BOJIHBI B PE3YJIbTATE TEIUIOBBIX MOTEPh. MOKHO EPEHECTH YIT0-
MSIHYTO€ Ha HauyaJIbHYIO CTaIUI0 YCKOPEHHS TJIAMEHH, 8 IMECHHO Ha TOT MOMEHT,
KOTJIa JJAMHHAPHOE TUIaMsi BCTPEYACT MPEMATCTBHE; 3TO SBISETCS MPEAMETOM
HACTOAIICH TNIAaBbl. DTO B3aMMOJICHCTBUE BBI3BIBACT PA3BUTHE HEYCTOWUMBOCTH
MTaMeHH, CrocoOCTBysI ero yckopeHuto. C Jpyroi cTOpoOHBI, KOHTAKT (GpoHTa
IUTAMEHH C MOBEPXHOCTHIO PEaKTOPa MPHUBOIMT K YBEIWYCHHIO BKJIA/a reTepo-
TCHHBIX PEaKIii, B YaCTHOCTH, OOPhIBA PEAKI[HOHHBIX IEMel. DTOT MOCIeAHUI
MpoIiecC JODKEH CMOCOOCTBOBATh MOJABICHUIO IMIAMEHH. DTOT HEOMHO3HAY-
HBI MEXaHU3M JICHCTBUSI MPEMSATCTBUIN MPOSBIAETCS, B YaCTHOCTH, B TOM, YTO
bu3ryecKkre cpeacTBa MOIaBICHUs IeTOHAIIMK (CETKH, COIUIa U T. JI.) He BCerma
s¢dexTrBHBI. BKi1ag 000MX 3THX MPOIECCOB TAKKE OMPEACISETCS TeOMETpHEi
00BbEéMa, B KOTOPOM PACIPOCTPAHSAETCS IUIaMsl, © MATEPUaliOM MPEIATCTBHM, C
KOTOPBIMH B3aUMOJICUCTBYET ILIAMSL.

B nannoii [1aBe ycTaHOBICHBI 0COOCHHOCTH PACpOCTpaHeH st (GpOHTA I1a-
MEHH pa30aBJIEHHON CMECH METaH-KHUCIOPOJ B 00beMax CIOKHOH IeOMETPHU
B J1abopaTopHOM Maciitabe yCTaHOBKH. BBIIO MOKa3aHO, YTO MPOIeCcC pacipo-
CTpaHEHHUs TJIAMCHU B YCJIOBHOM MOMEIIECHHH, COAEPIKAIleM BHYTPEHHEE Mpo-
CTPAHCTBO C JBYMsI OTBEPCTHSIMH M JIETKOBOCIUIAMEHSIOIIMMCS MaTepyaioM
BHYTPH, JEMOHCTPHUPYET OOJIBIIOE Pa3HOOOpa3hue PEKUMOB TOPEHHS B 3aBUCH-
MOCTH OT TEOMETPHHU ITOTO CIOKHOTO 00beMa. ClieIoBaTeNIbHO, MPEABAPUTEITh-
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HEIN YUCIICHHBIN pacyeT 0KUIAEMBIX 0COOCHHOCTEH pacTpOCTPAHCHIS TTIAMEHHU
HE BCerJa MOXeT OBbITh yCHemHbIM. TakuM 00pa3oM, peabHbIN SKCTIEPIMEHT B
71a6OPATOPHBIX YCIOBHUSAX, MPENNOIAralonii BO3SMOKHOCTh MacIITaONPOBaHUS
nporiecca, MpecTapisieTcsi Hanbonee NHPOPMATHBHBIM.

[IpoBeneno nccnenoBanue mopeaeHUs Pt MOBEPXHOCTH B TUITAMEHU TOPEHHS
MeTaHa B YCJIOBHUAX TypOyineHTHoro TedeHus. [lokazaHno, 9To mpu onpeneneHHbIX
ycnoBusxX Pt xaramm3aTop MOXeT TOAABIATh TOPEHUE M TEM CAMBIM TIPOSBIIATH
MPOTHUBOIIONOXKHBIH d(dekT u3-3a BrIcOKOW 3()HEKTHBHOCTH TOBEpPXHOCTH Pt,
MOKPBITON cioeM okcuzaa Pt, B peakmmm oOpbiBa neneil. CienoBarenbHO, KUHE-
THYEeCKHE (aKTOPBI MOTYT OBITH OIMPEAENIAIONIUMHI JAaKE B YCIOBHUSIX BBICOKOM
TypOyJIeHTHOCTH. YCTAaHOBJIEHBI 0COOEHHOCTH OKHCJICHHS BOJOPOAA M METaHa
HaJT TUTATHHOW W MajuiaaneM rpu Huskux faasiaenusx (70 — 200 Topp). 3Hauenne
3¢ dexTHBHON FHEPTUH aKTUBAIIMK TEMHOBOW peakiuu Haja Pd orieHHBaeTCst Kak
E = 4.1 1 kkan/MoJIb, 4TO XapaKTepPHO JJIsl IOBEPXHOCTHOTO Ipoiiecca. B Ha-
IIMX yCIOBHUSAX HUKAKOW TEMHOBOH peakiuu Ha Pt mpoBoioke He HaOII0qaI0Ch.
Bru10 mokazaHo, YTO CKOPOCTH OOPBIBA IETIH OMPEEIIIeT BETHUNHY KPUTHIECKO-
ro AMaMeTpa Ui MPOHUKHOBEHMUS IUTAMEHH Yepe3 uauHaApbl Pt wiu Pd; addek-
THBHOCTB MOBEpXHOCTH Pd B peakimu oOpbIBa 1eneil HAaMHOTO BbiIllie, 4eM y Pt.

Lenpro 3T0# [1aBb! OBLIO YCTAHOBJICHUE FA30AMHAMUYECKUX U KHHETHIECKUX
0COOCHHOCTEH MPOHUKHOBEHUSI METAHO-KUCIIOPOTHOTO TUIAMEHHU Yepe3 MPersT-
CTBUS PA3IMYHON FEOMETPUH M MaTepUaioB (BKJIFOYAst OJIarOpOIHbIC METAIIIBI) C
WCIIOJIb30BAHNEM BBICOKOCKOPOCTHOM KMHOCHEMKH.

KiroueBble ciioBa: pacnpocTpaHeHUE IJIaMEHU, POJIMH, Najjiagui, miaruHa,
TOpE€HHE, METaH, KUCIOPO/, BO3AYX, IPEIATCTBUE, CI0KHAs T€OMETPHI, Typ6y-
JICHTHOCTb.

§ 1. PACIIPOCTPAHEHUE IAMUHAPHBIX ILNTAMEH CMECEM
MPUPOIHOTIO TA3A U KHCJIOPOJIA B OFBEMAX CJIOKHOMN
IF'EOMETPUN

[Ipotmieccrl TopeHust B OONBIUX 00beMax MPHUBICKAIOT OOJBIION WHTEpEC B
rocieHue aecaTmieTus. Mcnpiranus B 00ombmmx 00beMax MPOBOASTCS TS Xa-
PaKTEepUCTUKHU B3pPbIBA M AETOHAIIMH BOIOPOTHO-BO3AYIIHBIX U BOIOPOIHO-KHC-
JIOPOJHBIX cMecel. B OONMbIIIMHCTBE CYIIECTBYIOMINX SKCIIEPUMEHTOB JUTS TAKUX
THTIOB B3PHIBOB HCIIONB3YIOTCS yaapHbIe TpyOsl. Hebompmias gacTs 3TUX padboT
MTOCBAIIEHA SKCIIEpUMEHTAM B ceprieckoii reomerpun [1, 2].

OnHako BO3MOXKHOCTH MIEPEHOCA PE3YIIHTATOB MAJIBIX OTHEBBIX HCTIBITAHUN Ha
KpyIHBIE MAaCIITAOBI SIBIISICTCSI OCHOBHOMU MPOOIEMOMN, ¢ KOTOPOH CTATKMBAIOTCS
nccnenosareny. [loaTomy TpynHO mpeickazaTh U MPEABUIETh Pa3BUTHE KPYITHO-
MacmTaOHOTO mokapa. J{s permenus 2Toi mpoOiieMbl HeoOXonnMa pa3padoTka
MTOJTX0/1a, COYETAIOIIEeTo IKCIIEPHUMEHTHl M MOJeNMpoBaHue. bonee Toro, HEoO-
XOIMMO# cTparerneil sBiseTcs MHOroMaciTabuslii ananus [3]. B 1o e Bpems
W3 CYMIECTBYIONIUX MyOINKaIluii MOKHO CHIeJIaTh BBIBOJ, YTO MOJICTHMPOBAHNE H,
COOTBETCTBEHHO, ITOHMMaHNE BOCIUIAMEHEHHS W TOPEHHUsS B OONBININX 00beMax
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MIPY HAJIMYUHM CETOYHBIX M MHBIX MPEMATCTBUI BCE €Ile HeJOCTaTOYHO Y/IOBIIe-
TBOPUTENIbHBI. B 4aCTHOCTH, 3TO CBSI3aHO C OTCYTCTBHEM JKCIIEPUMEHTAIBLHBIX
JAHHBIX U3-3a JIOPOTOBHU3HBI M OTIACHOCTH CO3/IaHUS KPYITHOMACINTA0OHBIX KCIIe-
PUMEHTAIILHBIX CTEHIOB.

Kak mokazaHo B [4], ckopocTu pacrmpocTpaHeHus cdepudeckoro (GppoHTa
ropeHns B pamkax ypaBHeHuil HaBbe-CTokca aisi coKMMaeMoO#l pearupyromieit
Cpe/ibl B aKyCTHYECKOM NMPHOIMKEHHN C YYETOM MEXaHHM3Ma LEMHON peakIuu
MIPAKTUICCKH OJUHAKOBBI KaK JJISI MAJIOTO, TaK | JJI OOJIBIIIOT0 MacIiTaboB. DTO
03HA4aeT, YTO /IS JO3BYKOBOTO IIJIAMEHHU, BO3SMOXKHO, HE CJIETyeT OKHUAATh TPO-
siBJieHHsI MacTaOHbIX 3 (hekToB. OHAKO HCKITIOUEHUEM MOTYT ObITh TEPMOAKY-
CTHYECKHE HEYCTOHYMBOCTU Cepruueckoro GpoHTa IUIaMeHH B OSIHBIX BOJIO-
POIHO-BO3IYIIHBIX CMECSX, MOCKOIBKY B TPOIECCE PACIIPOCTPAHEHUS TUIAMEHHU
BO3HUKAIOT JJTMHHOBOJHOBBIE BO3MYIIEHUS, KOTOPhIE BO30YKIAIOTCS 3aMETHO
MO3KEe MOMEHTA, KOraa (PpOHT MIaMEeHN KacaeTcsi OOKOBBIX CTEHOK HEOOJBIIIOTO
naboparopHoro peakropa. JlaHHbie, moMydeHHbIC B [5], SBISIOTCS apryMeHTOM
B MOJIb3Y CYIIECTBOBaHMs MaciiTabHoro 3ddekra mpu BOSHUKHOBEHHH TaKOTO
THUIIA HEYCTOMYNBOCTH.

Kak BusHO U3 BBIIIECKa3aHHOTO, MOKHO OKHMJIATh OTCYTCTBHUS MacIITaOHOTO
a¢dexra npu T03ByKOBOM TOPCHUHU CTEXHMOMETPHUYECKHX CMECEH YIIeBOJ0pO-
0B ¢ okucauTeneM. [loaTomy, mpuHUMas BO BHUMaHUE TOT (hakT, 4To Tpelye-
MOH cTpaTerrueil sIBISIeTCS MHOTOMACIITA0OHBI aHaIM3, OBLTH MPOBENCHBI JKC-
MIEPUMEHTHI 10 PACTIPOCTPAHEHUIO BOJH FOPEHHS B CMECSX METaH-KHCIOPOA B
o0beMax 1abopaTopHOro MacmTada CIOKHON reOMeTpUr. DKCIIepUMEHTATbHBIC
JaHHBIE KaYECTBEHHO MPOMIITIOCTPUPOBAHBI HA OCHOBE PEAKTHBHBIX yPAaBHEHHIH
HaBbe-Ctokca asisi c)kMMaeMoi Cpebl ¢ Y4eTOM MEXaHH3Ma IIeTTHON peakiny.
Pe3ynbrarsl HOMKHBI OBITH BaXKHBI JJISI MOJIEIMPOBAHUS TPOOIEM B3pPHIBOOE3-
OTIACHOCTH JIJIsl 00BEMOB CIIOKHOW T€OMETPHH.

Janubiii maparpad HarpaBieH Ha yCTAHOBJICHUE PEKUMOB TPOHUKHOBEHHUSI
(poHTa TUTaMEHU pPa30aBICHHON METaHO-KUCIOPOJHOW CMECH Yepe3 TMpermsT-
CTBUA B 00BEMax CIOKHOM T€éOMETPUHU B yCTAaHOBKE JIA0OPATOPHOTO MacIiTaba.

3KCHepI/IMeHTaJ'IbHaﬂ HacTb

DKCIEPUMEHTBI MPOBOJMIN CO CTEXHOMETPUYECKUMHU CMECSIMH MeTaHa —
kucaopos, pasdasnenubivu CO, n Kr, npu Havaneueix nasienusx 100 — 200
Topp u 298 K B ropu3oHTaIbHO PACIOIOKEHHOM HUIHMHIPHYCCKOM KBapIIEBOM
peaxrtope amuHou 70 cM u quamerpoM 14 cM. DIEKTPOJ HCKPOBOIO 3ayKUTaHUS
OBLT PACTIONIOKEH PSIOM C JIEBBIM TOpItoM peakTopa (Puc. 1.1).

PeaxTop ObLT 3aKperuieH B IBYX MUTI03aX U3 HEPIKABEIOIIEH CTaIM Ha TOpIax,
CHAOKEHHBIX BXO/IAMH JUTSI OTKAYKH M HAITyCKA T'a3a, a TAKXKe MPETOXPaHUTEITbHOM
JIBEPIICH, KOTOPAasi OTKPBIBAIACH HAPYXKY, KOTIa o0IIiee TaBlIcHUE B peakTope npe-
Beimano 1 arm [6]. TIpensrcTus, mokasanusie Ha Prc. 1.1, pasMemmanyu BHyTpH
peaxropa. OHM BKIJIFOYAJIH TUIACTHKOBEIHM KOHyC ¢ oTBepcTtreM d= 40 MM, HarpaB-
JICHHBIM B CTOPOHY PaclpOCTpaHsIoierocs (JpoHTa miaMeHu, 1 JuHoi 110 mm
(Puc. 1.1a), u maacTUKOBEINA KoHyc ¢ orBepctheM 0= 40 mwm, mmmmoit 110 Mm
M OTBEpPCTHEM Ha obpasyromiei komnyca, Butok Rh/Pd mpososoku momernianu B
BepumHy konyca (Puc. 1.1b). Vcmonp3oBanu TakKe IMUIACTHKOBHIE IFIHH/IPEI
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mmHoi 110 MM u mmamerpamu d= 25, 40, 50, 60, 110 mm (Puc. 1.1C) u mra-
cTukoBbIi umaHAp d= 40 MM ¢ OTBepCTHEM Ha 0OpasyroIieil MUIHHAPA, CITH-
panb Rh/Pd Gbuta pasmemniena B topie mmmaapa (puc. 1.1d). O6paser; Rh 6bu1
M3TOTOBIICH ITyTEM DIIEKTPOXUMHUYECKOTO OCakaeHus ciost Rh tosmuao# 15 Mxm
Ha nipoBosioky Pd (tommumuoit 0.3 MM u utusoi 80 MM).

To vacuum
pump

Gas
inlet

[ Guard rail ]
1z

iz
7 £
->CDT“"H D )
b C d
Puc. 1.1.

a — dKCIepuMeHTalbHas ycraHoBka. (1) kBapieBsiil peaktop, (2) nuio3 u3 Hep)KaBerolIei crai,
(3) cunmkonoBas mpokiaka, (4) 3arBop U3 Hepkaseromieil cranu, (5) uckposbie snekTpossl, (6)
WCTOYHHMK IUTaHusi paspsiaa, (7) BHICOKOCKOPOCTHAsi IBeTHast KuHOKamepa, (8) muxpodon, (9)
noneiid kouyc, (10) kpenexubiii anement, (11) karymka nposoma Rh/Pd, (12) orsepcrue, (13) —
MIOBOPOTHOE 3EPKAIO;

b — mounerit koHyC ¢ oTBepcTHeM 1 BUTKOM mpoBosioku Rh / Pd BHyTpH; C — mossiii nmnusap; d —
TMOJTBIN HUITHHAP C OTBEpCTHEM 1 BUTKOM TpoBosioku Rh / Pd BayTpu

Hcronp30Baiu mpeaBapuTeasHO TIPUTOTOBIEHHYI0 Toproayio cMmech (15.4%
CH4 + 30.8% O2 + 46% CO2 + 7.8% Ar); CO2 MOOABIISITN 1T YMEHBITICHUS
CKOpOCTH (pOHTA TUTAMCHHW W YJIYUIICHHS KadecTBa CheMKH; Al 100aBIIsIIH
JUISE YMEHBIIICHHsI TTOpora paspsijia. PeakTop 3arofiHsIM TOprYeit CMeCchio 10
HEOOXOIMMOTO JaBJIEHUS. 3aTeM MPOBOAMIN WHUIIMMPOBAHUE MCKPOil (SHEPTHS
paspsiaa cocrasmsuia 1.5 ). CKOPOCTHYIO CHEMKY JUHAMHKH BOCIITAMEHEHHS
U pacupocTpaHeHus (ppoHTa IUIAMEHH MPOBOIWIM COOKY pPEaKkTopa IBETHOM
BBICOKOCKOPOCTHOH 1rppoBoii kamepoit Casio Exilim F1 Pro (wacrora kaxpos 600
c ) [7]; cBepxy peakTopa pacmoarain IOBOPOTHOE 3epKaito. Bumeodaiin coxpa-
HSUIA B TIAMSTH KOMITBIOTEPA W BBIITOIHSIIN €TI0 TOKaapoBy0 06paboTky [7]. 13-
MEHCHHE JIABJICHHS B TIPOIIECCE TOPSHUSI PETUCTPUPOBAIHU MTbE303JICKTPHUECKUM
JIATYUKOM, CHHXPOHHU3MPOBAHHBIM C paspsaoM. McCronab30Bajd XUMHYECKH
yucTele ra3sl 1 99.85% nmasutaguii.

Pe3y.]'[I)TaTI)I Hu oﬁcymelme

Ha Puc. 1.2 nokaszaabl pe3ynbTaTbl CKOPOCTHOM CHEMKH PacIpOCTpaHEHUS
riamenu B osioMm uaape (Puc. 1.2a) u xonyce (Puc. 1.2b), pacmnonoxkeHHbIX
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B KBapieBoM peakrope. Kak Bumno Ha Puc. 1.2a, b, pacnpocrpanenue miameHu
KaK B TI0JIOM IIMJIMH/IPE, TAK ¥ B KOHYCE IPOUCXOIMT ITO00HO PacIipOCTPaAHEHHUTO
IJIaME€HU B KBApLEBOM PEAKTOPEC, a UMCHHO IJIaMsd JOCTUTACT KOHIA HUJIMHApPA
(nnm BepIIMHBI KOHYCA) M TOpIIa KBApIEBOTO PEaKTopa MOYTH OJHOBPEMEHHO.
KpOMe TOI'0o, B MOJIOM HWJIMHAPE U B KBAPLEBOM PEAKTOPC ra3ognHaMHU4YCCKas
HecradbuinpHOCTh (“tulip flame” [8]) Taxke Bo3HUKaeT ogHOBpeMeHHO (Kaap 36
Puc.1.2).

X.cm cylinders:

lu‘l‘ s d =350 mm -
+ o d= 40 mm -
Bl ed=110 mm —
l_ & d =60 mm ._.--l".
| o d =25 mm -
& _— C
L ®
.
T @ -cone
21
|
T frames
0 i —1 — 4 - b i
0 10 20 30 40 50 60
Puc. 1.2.

BBICOKOCKOPOCTHAs CheMKa PAcpOCTpaHeHus (PpOHTA [IAMEHH B &) — [IOJIOM KOHYyCe, 0) — M0JI0M
IMIIMHJIPE, C) — 3aBUCHMOCTH MOJIOXKeHUs (DPOHTA IIaMEHH oT Homepa kajpa. T, =298 K. P, =170
Topp. Lundpa Ha kaxa0M KaJpe COOTBETCTBYET HOMEPY KaJipa MOCIe MHAITHHPOBAHHUS

B monom xoHyce 3Ta HeyCTOHUMBOCTH OTCYTCTBYeT. Kak BuaHO u3 Puc. 1.2¢,
BUIMMasl CKOPOCTh riameHn VV (ompenesnsieMasi 0 3aBHCHMOCTH IOJIOXKSHUSI
(bpoHTa I1aMeHH OT HoMepa KaJpa) He 3aBHCHUT OT AUaMETpa MOJIOr0 IHIUH/IPA.
OTO O3HAyaeT, YTO BKJAIbl MPOLECCOB TEIUIOBBIX IOTEPb, U T'ETEPOrCHHOTO
00pbIBa PEAKLHMOHHBIX IIENeil OTHOCHTENbHO HeBesuku. OOpaTMM BHUMAaHUE,
4T0 3Ha4YeHre VV B 1osioM KoHyce (85 cm/c) MeHbliIe, 4eM JUisl [OJIOT0 LMIHHIPA
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(112 cwm/c), uro ykaspiBaeT Ha OONBINKE BKIAJ TOTEPh OOOMX THIIOB IPH
pacnpocTpaHeHUH TUIaMeHH B KoHyce. OOpariM BHHMAaHHE, 4YTO 3HAYCHHE
CKOPOCTH IUIAMEHH B TMOJOM LHIUHIApPE ONU3KO K 3KCIEPUMEHTAILHOMY
snauenmio ans cmvecu (CH, +0,) -+ 40% CO, [9].

Ha Puc. 1.3a npexacraBieHbl KaJpbl BBICOKOCKOPOCTHOW  CHEMKH
pacnpocTpaHeHUs] TUIAMEHH B TI0JIOM KOHYCE C OTBEPCTHEM W BHTKOM
npoosoku Rh/Pd Baytpu (Puc. 1.1b). Takas reomerpus mo3BoIseT HAOMIONATH
pacnpocTpaHeHUE BCTPEUHBIX TIAMEH B ITOJIOM KOHYCe. B 9KCIiepuMeHTe OIHO 13
riameH (cieBa) HHUIIMUPYETCs HadalbHBIM (PPOHTOM IUIaMEHH, BTopoe (crpasa)
BO3HHKAET B BEPXHEW 4YacTH TOJIOTO KOHYCa TMPH WHHUIUHPOBAHUH BHEIIHUM
IIaMeHeM Yepe3 OTBEPCTHE B MPUCYTCTBUH Karanuzatopa Rh/Pd: B orcyrcTBHE
KaTajan3aropa B MOCISTHEM CIydae BCTPEYHOTO IJIAMEHU HE BO3HHKAET.

. 9
ME# " i = i P ’
0.0237 11,0238 00240 0.0241 00242 he "

Puc. 1.3.

a) BBICOKOCKOPOCTHAsI CheMKa PaclpOCTpaHeHHs1 PPOHTA MTAMEHH B [IOJIOM KOHYCE C OTBEPCTHEM
1 BUTKOM 13 Tipososioku Rh/Pd BryTpu (Puc. 1.1b). T =298 K. P, = 170 Topp. Llndpa na kaxiom
KaJpe COOTBETCTBYET HOMEPY Kaapa MOCIIe HHALIMHPOBAHHS

b) pesynprarer pacuera usmeHeHns 6e3pa3MepHOil TeMIepaTyphl Ui ILIAMEHH B [IOJIOM KOHYCE C
OTBEPCTHEM U BUTKOM IpoBosioku Rh/Pd BHyTpn

Ha Puc. 1.4a moka3aHsl Ka/ipbl BHICOKOCKOPOCTHOM ChEMKH PacipOCTPaHEeHHSI
IUIAMEHH B TOJIOM I[IHJIMH/PE C OTBEPCTHEM U BUTKOM IpoBosiokn Rh/Pd BHyTpH
(Puc. 1.1d). Takast reoMeTpHsi IPUBOAUT MPU TEX JKE YCIOBHUIX (KOT/Ia B TOJIOM
KOHyCE BO3HMKAIOT BCTPEUHbIC IIaMEHA) K I'€HEepallid BUXPEBOTO KOJbIA H3
HPOYKTOB peakiiu (BbIISICHO OCIBIMH KPyraMu), KOTOPOE BOSHHKAET Ha TOPIIE
HOJIOTO LUIHHApa (CleBa), HHUIMUPYEMOE BHEIIHUM IUTAMEHEM 4Yepe3 OTBep-
CTHE B IPUCYTCTBUH KaTanu3aropa Rh/Pd: B orcyTcTBHE KaTann3aropa BUXpEBOE
KOJTBIIO HE BO3HUKAET.

Ha Puc. 15 nmpencraBieHbl Kaapbl  BBICOKOCKOPOCTHOH — ChEMKH
pacrmpocTpaHeHHs IaMeHd B mojoM IwmHape (d = 25 MM) ¢ OTBepCTHEM U
ButkoM mipoBosioku Rh/Pd Buytpu (Puc. 1.1d). Kak BunHO u3 Pucynka, ppoHT
CHHET0 [IaMEHHU PacIpOCTPaHICTCs ClIeBa HAIPABO, 3aTeM KaTali3aTop HHUIMH-
PYET JKeIToe IiamMs, KOTOPOEe PacIpOCTPAHAETCs] B TIPOTUBOIIOIOKHOM Halpas-
nennu. Kak u3BecTHO, PPOHT MIaMeHH B YITIEBOJOPOAHO-BO3AYIIHOW CMECH B
HArpeToM IMIMHAPHIECKOM PEaKTOpe BCEraa JKENTOro IBeTa (Tak Ha3plBaeMOe
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«ropsiaee» miams, [4, 10]), XoTs ruiamst pu HavaIbHOM KOMHATHO#H TeMIepaType
B TOM K€ CMECH U B TOM K€ PEaKTOpe MMEeT CHHUH I[BET (KXO0JI0IHOe» ruiams, [4,
10]). Lser miamenun oOycnoBieH u3nydenuem paaukaioB CH (431 um) u, Bo3-
moskHO, CH,O (470 um). XKenthlif iBeT ropsYero miaMeHu BbI3BaH HCITyCKaHUEM
BO30yX/IeHHBIX aroMOB Na MM HEIOCTaTKOM OKHCIHTEIs, T. €. 00pa3oBaHUEM
caxu [10]. Cumraercs [10], uro 610K peakuuii OKUCICHUS YIICBOJOPOIOB JI0
CO peanusyercs B “cuHem”, “xonoqHoM” IJIaMeHH, a B “xeiarom”, “ropsyem”
IJIAMEHH peansyercs cienyromui 6ok peakiuii okuciaenus CO no CO,. Ilo-
JYYCHHBI pPe3yJbTaT O3HAuaeT, YTO HCIIOJIb3yeMas METOJMKA IO3BOJISIET pas-
JISITUTHh BO BPEMEHHU W MPOCTPAHCTBE “XonomHoe” W “ropstaee” miaMs B OTHOM
sKcriepuMenTe. [1omydeHHbIH pe3ynbTaT Takke BaKeH Ui Beph(UKauu duc-
JICHHBIX MOJIeJICH TOPEHUs METaHa.

] .7

ph 4
- l 1.0-10-3

0.0231 0.0232 0.0233 0.0234 s
Puc. 1.4.

a) BBICOKOCKOPOCTHAsI CheMKa PACIIPOCTPaHeH st ()POHTA IIAMEHH B TIOJIOM LIHJIMH/IPE C OTBEPCTUEM
u ButkoM nposonioku Rh/Pd BayTpu (Puc. 1.1 d). T =298 K. P, = 170 Topp. llndpa na xaxmom
KaJIpe COOTBETCTBYET HOMEPY KaJpa MOCie HHUIMUPOBaHUs. PacipocTpaHeHie BUXPEBOTO KOJbIIa
BBIIEIIEHO OENIBIMU KPYKKaMU

0) pe3yNBTarbl pacyera M3MEHEHHUs Oe3pa3MEepHON IUIOTHOCTH [UIAMEHH B TI0JIOM LIAIIMHAPE C OTBEPCTHEM
u ButkoM 1ipoBosiokk Rh/Pd BryTpH. PacripocTpaneHne BUXpEBOTo KOJbIIA BBIIEIEHO OebIMU KPyKKaMU

. [E . 53

— =

Puc. 1.5.

BBICOKOCKOPOCTHAsI ChEMKa PACIIPOCTPaHEeH s (POHTA TUTaMEeHH B MoJIoM wimHape d= 20 MM ¢
OTBepcTHEM U BUTKOM nposonioku Rh/Pd Buytpu (Puc. 1.1d). T, =298 K. P, = 170 Topp. Ludpa Ha
Ka’KJIOM KaJIpe COOTBETCTBYET HOMEPY KaJpa 1ocie MHUUUpoBaHus. CTPEIKH yKa3bIBAIOT Ha 04ar
BOCIUIAMEHEHHs Ha TIOBEepXHOCTH TpoBosioku Rh/Pd
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Ommemum, ymo npusedEéHHbuIll NPUMep 20peHuss Memano8030VUHOL CMeCU
8 CI0JHCHOM 0Oveme He 0aém 803MONCHOCIU Oddce KAYeCmE8eHHO NpeodCcKasamy
nogedenue ponma niameru u NPoOOYKMO8 peaxyuul; o4esuono, u mo, umo o
00CMuUdICeHUU KAKO2O-TUO0 KOTUYECBEHHO20 CO2NACUSI MEJICOY PACYEMOM U IKC-
NePUMEHMOM He MOACem UOMU U peyu.

Mbl  MOMBITAIMCH  KAYECTBEHHO YYECTh OCHOBHBIC  (DAKTOphI  IpH
PacCMOTPEHHH BOCIIAMEHEHUST KaTaJMTHYECKW HarpeToi mposomoxoi [11],
HCIIOJIB3Ys CKUMaeMble Oe3pa3MepHbIe peakTHBHbIC ypaBHeHUs: HaBbe—CTOKCA B
npuOIMKeHNU Masoro uncia Maxa [4, 12-14], cm. takxke 8§ 5 rassi |. Ckopocts
peakmui B 00beMe ObliIa TpeIcTaBiIcHa dJIEMEHTAPHBIM IIEITHBIM MEXaHHU3MOM:
C — 2n(w,) u n + C — 3n + npoaykTsl. B Tom ciryuae mpocToe ypaBHEHHE
Appennyca, kak B [4] u § 5 TtaBsr | (IlpuJioxkenne), XaMudeckas peakiys Obiia
MpeJICTaB/ICHA CICAYIOIIMMU YPaBHCHHUSIMH:

p(Cc +vC, +uCy ) = V2C — BonW
p(n, +vn, +un, ) = V2C + 2f,nW
W = C exp(C—C/T) oObEMHAs peakius

Wi = Cexp(C,—C,/T) mnoBepXHOCTHas peaKuus

B, — KuHETHYECKMI KOI(QPUIMENT, MPONOPIHOHANIBHEIA BTOpoMy duciy Jlam-
kenepa. Karamurudeckast mpoBosioka Oblla MMHUTHPOBaHA MPSIMOYTOJIBHOM 00-
JaCThIO TOJI OOKOBBIM OTBepcTHEM B mosioM konyce (Puc. 1.3b) wmu mmusape
(Puc. 1.4b). Xumudeckasi 3K30TepMHUUESCKasi peakius IPOJ0DKeHUs 1eneit (6e3
YBEJIMYEHHS KOJIMYECTBA CBOOOIHBIX BAJICHTHOCTEH, HO C COXPaHEHUEM HX YHUC-
J1a) IpoTeKaja Ha IPaHuIax 00JacTH, TPAaHUYHBIC YCIOBHS Ha “TIPOBOJIOKE” NMe-
JIM B, aHAJIOTUYHBII nipeicTaBieHHoMY B 8 5 T'nagwi I

T, = adf,W, (tennosbinencHue; B, XapakTepu3yeT y/IeIbHOE TEIIOBbIIEICHUE,
o = 1 n1s onHopoaHo# moBepxHocTH), N = adf W, (mponomikenue uenei Ha
nosepxnoctu), C. = 0.2C (amcopbuus MCXOMHOTO peareHTa); 8 — MacumTaOHbIH
K03(D(HIIMEHT, KOTOPBIil ONMpenessii TOJIbKO MPOJOJDKUTENIBHOCTh pacyeToB. Ha
crenkax peakropa N = 0 (reteporentsii 06psIB meneii), U =0, v =0, p,=0,C =0,
T, =T, e X — Ge3pasmepHas KoopiuHaTa (HMKHUH MHICKC 03HAYAET YaCTHYIO
MPOU3BOHYIO N0 BpeMenH t wimm abcuucce X). [Tapamerpbl nprHHUMATH paBHbI-
mu { =7.5 (bmm3kumu K 3P HEeKTUBHON SHEPIUU aKTUBAIMU PEAKIMU 0OBEMHOTO
passetBienus), ¢, =1.5 (3Heprus akTMBaIMK NOBEPXHOCTHOTO Mpomecca [15]), B =
0.15, B, = 0.22. Ycnosue unnmuurposanus T = 10 Ob110 MpHHATO Ha JIEBOM rpaHuLEe
MPSIMOYTOJIBHOTO KaHajla, B KOTOPOM PAaCIIONarasics mojblidi KOHYC WITH IIAIHHIIP.

Pemienune 3aaqu OCyIIECTBISIIOCh METOIOM KOHEYHO-3JIEMEHTHOTO aHaJIi3a
¢ wWcmonb3oBaHueM mporpammuoro makera FlexPDE 6.08, 1996-2008, PDE
Solutions Inc [16]. Pe3ynbrarsl pacuera mokasanbl Ha Puc. 1.3b u Puc. 1.4b.
Kax BumHO 13 PUCYHKOB, KaueCTBEHHAsI MOJIEIb MTO3BOJISIET OMKCATh OCHOBHBIC
0COOCHHOCTH pacnpocTpaHeHus (YpOHTA IIAMEHHU B TTOJIOM KOHYCE M LIMITHHIPE
C OTBEpCTHEM M BHUTKOM TpoBosiokr Rh / Pd BHyTpH, Hampumep, reHepaiuro
BUXPEBOTO KOJIbI[A B CIyYae MOJIOro IMINHIPA.
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OdeBHIHO IS ONHCAHMUS PEXKHUMAa BO3HHUKHOBEHHS TOPSYEro IJIAMEHH,
rokazanHoro Ha Puc. 1.5, TpeOyercs 6oee moapoOHbIi KHHETHIECKAN MEXaHI3M
TOpPEHUS MeTaHa, BKITIOYAIOIINHA onucanue 'Tomyooro” u "kénroro” miamex.

TakuM 00pa3oM, MOKHO CJIENIaTh BBIBO, YTO MOJEIBHBIN (TOpeHne METaHa)
MPOLIECC PACIPOCTPAHEHUS IUIAMEHH B YCJOBHOM IIOMEIIEHHH, COACPIKAIIEM
BHYTpPEHHEE MPOCTPAHCTBO C JBYMSI OTBEPCTHSIMH U JIETKOBOCILIAMEHSFOLIUMCSI
MaTepUaioM BHYTPH, JEMOHCTPHPYET OOJIBIIOE pa3HOOOpa3ne PeKUMOB rope-
HUS B 3aBUCHMOCTH OT T'€OMETPHH 3TOT0 CIIOKHOro o0bema. Kak MOHSATHO U3
CKA3aHHOTO BBIIIE, MPEIBAPUTEIBHBI YUCIICHHBIA PAaCcUYeT OXHIAEMBIX CXEM
pacipoCcTpaHeHHs IAMEHHU HE BCETIa MOXKET ObITh yCIeIIHbIM. Takum 00pa3om,
peaNbHBIl OKCIEPUMEHT B J1a0OpPaTOPHBIX YCJIOBHUAX, MPEANOJAraroInui
BO3MOYKHOCTh ~ MacHITaOMpOBaHUS —Ipoliecca, MPEACTaBsieTcs Haubosee
MH(OPMATUBHBIM.

§ 2. SKCHEPUMEHTAJIBHOE UCCJIEAOBAHUE
B3AVMMOJENCTBHAA XUMHAUYECKHAX IMTPOIIECCOB HA
MMPOBOJIOKE Pt U PEATUPYIOLIIUX IOTOKOB ITPU
INPOHUKHOBEHUMU IIVTAMEHHA YEPE3 INIPEIIATCTBUA
B IPUCYTCTBUU HAHOIIOPOLIKA KEJIE3A

B mpeapyiyiem maparpade mokasaHo, 4To MOJIENb MpoIiecca pacinpocTpaHe-
HUS TNITAMEHHU B YCIIOBHOM MTOMEIIIEHHH, COJIEPIKaIleM BHYTPEHHEE TPOCTPAHCTBO
C JByMS OTBEPCTHUSIMM W KATAIUTHUYCCKUM MaTepHajoM, WHHIUUPYIOIIHM
tamsi, o0ecreunBaeT MUPOKUN CIEKTP PEKUMOB TOPCHHUSI B 3aBUCUMOCTH OT
TEOMETPUH ITOTO CIOKHOTO 00bhEeMa, T. €. Ta30JJMHAMHUYECKUE (HaKTOPhI UTPAIOT
OTIPEICIISIOILYEO POJIb. DTO 03HAYAET, YTO YUCICHHBIA pacueT Mojieiel pacipo-
cTpaHenus mraMmern ab initio MoXkeT OKa3aThbes YCIENIHBIM ¢ BEChMa HU3KOM
BEPOSITHOCTBIO. TakuMm 00pa3oM, HEOOXOIMMO TIONIaraTbCsi Ha Pe3yJbTaThl
JKCIIEPUMEHTOB, TI0 KpaliHeH Mepe, B YCIOBHAX JaOOpPaTOpHON MOACIBHOMN
YCTaHOBKH, & 3aTeM WHTEPIPETUPOBATH TOIYYCHHBIC PE3YNbTaThl C YYETOM
BO3MO)XHOCTH JaJIbHEHIIEro MacmTadbupoBanus. [IpobiaemMsr B3amMoaeHCTBUS
IUTAMEHH C KAaTaJTMTUYCCKHMHU TIOBEPXHOCTSIMH, B KOTOPBIX Ta30JMHAMHUYECKUEC
(hakTOPHI UTPAIOT OUEHB BAXKHYIO POJIb, 00CYKIAIOTCSI HIDKE.

B 1818 roay cop Xamdpu J13B1 00HAPY I, 4TO METaH U KUCIIOPOJ] HA TOPSUCH
TUTATHHOBOM MPOBOJIOKE MOTYT BBIIENATh 3HAYUTEILHOE KOJMYECTBO TEIia B
TeMHOBOU peakimu [17]. MHTepec K mpolieccy KaTaaUTHYECKOTO OKUCICHHUS
U COOTBETCTBYIOIIUM PEAKIMOHHBIM CHCTEMaM pacTeT W3-3a [IMPOKOTO
MOTEHIIMANA TPUMEHEHHs 3TOTO MpoIecca B TEXHOJIOTMH KaTaJIUTHYECKOTO
TOpeHus, B CHCTEMax BBIPaOOTKH dyekTposHepruu [18-20], mpu cHmkeHum
KOHIIEHTpAIMK METaHa B MOMENICHUSIX W mraxtax [21], mpu wcnonb30BaHUN
KaTaJIMTHYCCKUX HEUTPAJIM3aTOPOB B TPAHCIIOPTHBIX CPENICTBAX, MPU CHIKCHUT
YPOBHSI BEIOPOCOB BpeIHBIX Ta30B [22, 23]. CylecTByeT 3HAUYNTEIBHbIM HHTEPEC
K KaTaIATHYECKOMY MapIHaTbHOMY OKHCICHUIO, TIPUBOASANIEMY K MOITYYCHHIO
MIPOMEKYTOUHBIX COCAMHEHHI, KOTOPhIE HMEIOT OOJBINIOE 3HAYCHHUE [T CHHTE3a
TIPOTYKTOB C BHICOKOH JOOABICHHONW CTOMMOCTHIO.
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JleTayibHBIM MEXaHM3M OKHCJCHHMS METaHa Ha OJIarOpOIHBIX MeTaylaax emié
HE TIOJTHOCTBIO YCTAHOBIIEH. DKCIIEPUMEHTHI TI0 XeMOCOPOIINH MEeTaHa U oOMe-
Hy MeTaH-felTepuit [24] mokaszanu, 4To XeMOCOpOIus MeTaHa Ha GIarOpOIHBIX
MeTajiaX BKJIIOYAeT JAUCCOIMAIINIO Ha aJcCOPOUPOBAHHBIA METHIT FJTH METHIICH.
Br110 BBICKa3aHO TIPEATIONOKEHHE, YTO TOCTIeNyIOIIee B3aUMOCHCTBHE METHIIO-
BOTO HJTM METHJIEHOBOTO PAJIMKAIIOB C aACOPOMPOBAHHBIM KHCIOPOAOM IPUBOTUT
60 K MPSIMOMY OKHCJICHHIO 10 IMOKCH/Ia yIIIeposia U BOIBI, JJH00 K 00pa3oBa-
HUIO XeMOCOopOupoBaHHOTO (hopManbaeruaa [25]. o HacTosIero BpeMeHu mpu-
poJa v CTENeHN OKUCIIEHHUS PEaKIIMOHHON TOBEPXHOCTH B 3HAYUTEIHHOMN CTETIEHU
HEOTIPENIETICHHBI U, BEPOSITHO, CHIIBHO PA3JINYAIOTCA B KaX/I0M M3 HCCIIEJOBAHNH.
Ha npumepe masuiaausi OKUCICHHE MOXET IPOUCXOIUTh Ha MeTasuie Pd, Ha mo-
BepxHocTH okcua nayutaaus (1) umu qaxe Ha MOBEPXHOCTH, YACTUIHO TOKPHITOM
KHCJIOPOJIOM, TIPH 9TOM BCE TPH TUTIA KATAIMTHYECKUX PEaKIIUI MOTYT MPOTEKATh
oJHOBpeMeHHO. Kak n3BeCTHO U3 N3MEpEeHU PEHTI€HOBCKOH (POTOATEKTPOHHON
cnexkrpockoruu (XPS) [26], ueM MeHbIIe pa3Mep KPUCTAIUTUTOB TAIIA M, TEM
0oIbIIe UX CKIIOHHOCTH K CYIIECTBOBAHMIO B OKCHIHOW (popme. CyIiecTBYyIOT U
JpyTHe HEOMPEIeIEHHOCTH B OTHOIIIEHUH KaTaJTUTHYECKOTO OKHCIIEHHUS METaHa,
B YaCTHOCTH, POJHM HOCHUTENS KaTalln3aTopa, BIWSHUS pa3Mepa 4acTHIl, BHIOOpa
coytv OJIarOPOIHOTO METAIlIa — MPEKYPCOpa, UCTI0JIb3yEeMOTO JUIsl TPUTOTOBIICHHS
KaTanau3aropa ¥ METOAa MPUTOTOBICHNUS aKTUBHOTO CyOcTpara.

Crnemyer OTMETHTh, YTO KHHETHKAa KaTaJATHYECKOTO TOPEHHS WMeeT
OTHOIIIEHNE TOJIFKO K TeM OOJIACTSIM MapamMeTpoB, I7ie BHYTPEHHSI TIOBEPXHOCT-
Hasi peakuus ABJIAeTCS yNnpaBisitoleid ctaaueid. Kpome Toro, peakuus, TaKk Win
vHade, JOCTUTHET TOYKH, KOTJIa B Pe3yJbTaTe MOJHOTO pacxXoja peareHra OyaeT
BBLIETISITHCS OOJIBIIOE KOTMYECTBO TEIIIOBOM SHEPTHH. DHEPTUs MOXKET IpHUBe-
CTH K 3HaUNTEIILHOMY TOBBIIIIEHUIO TEMIIEPATYPhI, TO3TOMY CTa0MIBHOCTD KaTa-
JU3aTOpa TPY BBICOKUX PabOYMX TEMIIEpaTypax BIUSET HA MPOU3BOANTEIHHOCTh
KaranuTudeckoi cuctembl [18]. Cremyer oTMETHTD, Y4TO OIArOPOIHBIC METAILIIBI
00pa3yIoT OKCHBI U IPYTHE XUMHUECKHE COSTUHEHN, KOTOPbIE B 3aBUCHMOCTH
OT PEaKIIMOHHON CITOCOOHOCTH COETMHEHNS OTIPEIETISAIOT KaK CKOPOCTh, TaK U Me-
XaHMU3M KaTaJIUTUYECKOTO MPOIIECCa; 3TO 3aMETHO YCIOKHSAET MOUCK ONTHMAIIb-
HBIX ycioBuil karanuza. Hampumep, Pd serko npespamaercst B PAO npu tem-
neparypax Bbime 1100 °K, ognaxo PtO, Bpss 1M MOXET F€HEPUPOBATHCS BBILIE
825 °K, u 310 04YeHb HecTabuIbHOE coenHeHre. V3-3a 00ubIei CTaOUIbHOCTH
PdO no cpasrenuio ¢ PtO,, B ciiyyae katanusaropa Ha ocHose Pd aktuBHOM da-
30it siisiercst PO, B TO Bpemst Kak B Cllydae KaTaau3aropa Ha ocHOBe Pt akTuB-
HOH (ha3oil sBiIsIeTCS MeTaunieckas iaruaa. AktuBHOCTh PAO Bbimie, yeM y
Pt, aro mpuBoIUT K GONTEe BHICOKMM KOHBepcusam Ha PdO.

Temmeparypa peakinu OKa3bIBaeT CYIIECTBEHHOE BIUSHIE HA YPOBEHb AKTHB-
HOCTH KaTaJn3aropa AByMs crioco0amu. Bo-miepBbix, HaOIIOMAeTCsl OUeBUIHBIH
CIIBUT B 9HEPTHH aKTUBAIIUH KaTATUTHIECKOTO CKUTaHMs MeTaHa Ha Pd-karanu-
3aTope Mo Mepe MOBBIIIeHHS Temreparypsl. Coo01Ianoce, 9To Temmneparypa, mpu
KOTOPO# MPOUCXOIUT ITOT MEPEXOJI, 3aBUCUT OT COCTaBa Karanusaropa [27]. [Tpu
9TOM KpaifHe Ba)KHO pa3invyaTh M3MEHECHHUS B KaXKYIICHCS DYHEPIUU aKTHUBAIIHH,
MPOUCXOJISIIUE B Pe3yJbTare BOZHUKHOBEHHS d(Q(PEKTOB MaccomnepeHoca 1 Terl-
JIoOTIepeayy, B INTEPAType UMEETCs JOCTATOUHO JTOKA3aTeIbCTB, YKA3bIBAIOIINX
HA TO, YTO JIEHCTBUTEIHFHO UMEET MECTO MOJJTUHHBIA CABHUT SHEPIHH aKTHBAIIUH
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B PEAKIUK KaTATMTHYECKOTO CKUTaHus MeTaHa Ha Pd-karanusarope. I[leTpoB u
ap. [25] usy4anu ropeHre MeTaHa Ha KaTaau3artopax 13 0JaropoiHbIX METAIIIOB
B auanazone temreparyp 500-800 °K u Habnronamu pe3koe M3MEHEHHE 3Hade-
HUH Ka)KyIIEeWCs SHEPTUY aKTUBALIMY PEAKIIUH.

[lomBonss WTOT, MBI TPHUXOIAWM K BBIBOAY, YTO TOSBJICHHE W ydYacTHe
XUMHYECKH aKTHBHOW MOBEPXHOCTH MPHU TOpeHUH ra3a (Ha mpuUMepe TOpeHus
H, Han mosepxHocThio Pt) 3HAaYMTENBbHO YCIOXKHAET MOHMMaHME IIpoliecca
M3-3a TOSABJICHHS Ds/la HOBBIX YMPABIAIOMIMX MapamMeTpoB. K HUM OTHOCHTCS
3aBUCHMOCTh XMMHYECKOH AaKTHBHOCTH KaTajlu3aropa OT €ro XHMHYECKOTO
COCTaBa, TEMIIEpaTyphl U YCIOBUN MaccooOMeHa.

Oror maparpad MOCBSIIEH HCCIACIOBAHUIO IOBeAcHHMss Pt B riameHu
OKHUCIICHHUS METaHa B yCIIOBHSX TypOyaeHTHOro TeueHus. Cornacuo [28], moBepx-
HOCTHBIE PEaKIMU Ha TIOBEPXHOCTH Pt B OCHOBHOM BBICOKOAKTHBHPOBaHbI (> 20
kkas/Mosp). CieaoBaTebHO, MOKHO OJKUIATh HE TOJIHKO HHEPTHOTO MOBEICHMUS
Pt-xaranm3aropa mpu CpaBHUTENHFHO HU3KUX TEMIIEpaTypax, Mpy KOTOPBIX KaTa-
JU3aTOp HE YCIEeBAET HAarpeBaThCs, HO ¥ TO/IABICHHS MPOIIECCa U3-3a CIOKHOTO
MeXaHH3Ma TeTepOTreHHOro 0OphIBa aTOMOB U PATUKAIOB Ha MOBEpXHOCTH Pt.

BKCHepI/IMeHTaJIbHaﬂ HacTb

PacripocTpaHeHne IUIAMEHH B CTEXHOMETPHUYCCKHX CMECSX MeTaHa ¢
kucioponoM, pasbapiennsix CO, umu Kr usydanu mpyu HadanbHBIX JaBICHUIX
B muamnaszone 100-200 Topp u 298 K (Puc. 2.1) B 0TKa4nBaeMOM TOPHU30HTAIBHO
PachoNIOKEHHOM IIHJIMHAPUYIECKOM KBapIieBoM peakrtope muHOW 70 cM u
muamerpoM 14 cm. PeakTop OBLT 3aKkperieH B IBYX IUTI03aX U3 HEep:KaBEIOMIEH
CTajM Ha TOpIAX, CHaOXKEHHBIX BXOJaMH JUIS OTKAauKH ra3a, BIyCKa rasa u
MPEIOXPAHUTEBLHON ABEPIICH, KOTOPask OTKPHIBAIACH HAPYIKY, KOT/Ia 00IIee 1aB-
JIeHue B peakTope npesbimano 1 atm. [Tapa 31eKTpoIoB HCKPOBOTO 3a)KUTaHUS
OblLITa pacIiooXKeHa PSIOM C JIEBBIM TOpIioM peaktopa [29, 30].

BbLIH UCITIOTb30BaHBI YETHIPE THIIA MPETSITCTBHIA:

1) oMMHOYHOE MIIOCKOE MPEMIATCTBHE C OTBEPCTHEM THAMETPOM 25 MM, 3aKPhI-
TO€ IJIOCKOM XKeme3Hoi ceTkoi (mposostoka d=0.1 MM, pasmep staeiiku 0.15 Mmm?);

2) OMMHOYHOE IUIOCKOE MPEMITCTBHE ¢ OTBEPCTHEM JHameTpoM 25 MM, 3a-
KPBITOE TUTOCKOM skeje3Hoit cetkoit (mposomoka d = 0.1 MM, pasmep sSueiiku
0.15 Mmm?), k ceTKe OBLT IPUKPEIIEH BUTOK MPoBoaoky Pt muamerpom 0.3 Mm.;

3) OIMHOYHOE TIOCKOE MPEISITCTBHUE ¢ OTBEPCTHEM THAMETPOM 25 MM ¢ Tipe-
marcrBreM a) (Puc. 2.21a);

4) OIHO TIOCKOE TPEISITCTBHE C OTBEPCTHEM IHAMETPOM 25 MM ¢ TpernsT-
creueM b) (Puc. 2.21b). OueBuamo, uro npensrcteus 3) u 4) sBistorcs Gosee
3¢ PEKTUBHBIMU TypOYIM3aTOPAMHU, YeM TIPENSTCTBUS 1) U 2), TOCKONBKY OHH
COIlepIKaT JIBa MOCIIEI0BATESIIBHBIX MPEISITCTBHS, & HE OJTHO.

B 9KcrepuMeHTax cHavajga yCTAHABIMBAIKCH MPEMATCTBUS C ITyCTHIMH
OTBEPCTHUSIMHU, T. €. TUIaMsl B TIEPBYIO OYEpPE/lb JOCTHIAET MYCTOTO OTBEPCTHS.
Bropoe npensTcTBre OBLIO PACONOKEHO Ha PACCTOSIHUM «CKavKa riaMeHn [6]
OT TEPBOTO.

HamomH#M, 9TO BOCIUIAMEHEHHE I0CJE TPEMATCTBUS C IEHTPAIbHBIM
OTBEPCTHEM IPOMCXOIUT HE B HEMOCPEACTBEHHON OIM30CTH OT MPEISITCTBHSA,
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MePBbIii OYar BOCIUIaMEHEeHUsI HAOJIFOIae TCs 3HAU M TEIILHO IAIBIIIE OT TOBEPXHOCTH
npensTcTBusi. YeM MeHbIIe IUaMeTp OTBEpPCTHS, TeM MIajbllie OKa3bIBaeTCs
¢bpouT ramenu ot npernstceteus (Puc. 2.1, 3T0 ykazaHo CTpeIKaMu Ha PHCYHKE).
“Cxavok miamenn” (mon “CKauykoM IUTaMeHH™ MbI MMOJpa3yMeBaeM PacCTOSHUE
MOSIBIICHUST TUIAMEHH 3a MPEISITCTBHEM) HAMHOTO JUIMHHEE MPH HaJHIUN
ceruaroil cepbl B KauecTBe HPemsTCTBUS. [ ONPENeNeHHOCTH MPHBEAEM
npumep u3 [5] (puc. 6.15). Ha pucyHke mokaszaHbl KaJapbl BEICOKOCKOPOCTHOM
ChEMKH PacIpOCTpaHEHHUs TUIAMEHN MeTaHa depe3 y3koe orBepctue ((a) xamp
20), gepes 6omee mmpokoe orBeperue ((6) xaxp 20) u gepes MPenATCTBHE B BUIE
cepbl ¢ MIIOTHON CETKOM, BCTaBICHHOH B mutockoe npemnsitcreue ((0) kaap 19).

Puc. 2.1.

a) BBICOKOCKOPOCTHAsi Ch€MKa PaclpoCTpaHeHus (hPOHTA IUIAMEHH 4Yepe3 KPYINIOe OTBEpPCTHE
JUaMETpOM 2,5 CM B IIOCKOM IMPEISTCTBUH JHaMeTpoM 14 cm,

b) BeICOKOCKOpPOCTHASI CheMKa pactipocTpaHerus FF uepes kpyrioe oTBepcTre auaMeTpoM 4 cM B
IUIOCKOM TPEISITCTBUH AUAMEeTpoM 14 cM,

C) BBICOKOCKOPOCTHAsi CheMKa pacmpoctpanerusi FF depe3 ceruaryio chepy amamerpom 4 cm
(mmamerp npososioku 0.1 MM, pasmep sueiiku 0,1 MM2), BCTaBICHHYIO B IUIOCKOE MPEMSATCTBUC
nmameTpom 14 cm, 15.4 % CHA + 30.8 % OZ + 46 % CO2 + 7.8 % Kr npu Ha4aIbHOM JIaBICHHH
170 Topp. Ludpa Ha pamMKe COOTBETCTBYET HOMEPY paMKu mocie nHuiunpoBanus. CTpenkamMu
yKa3aHbl PACCTOSIHUS MOSIBJICHUS (PPOHTA TUIAMEHH MOCIIE MPEMATCTBUS

B Hanmx ycinoBusix 3To pacctosiHue coctarisiiio 12 cm. B psizie akcriepuMeHToB
IJI0CKOE MPEISTCTBUE TaMeTpoM 14 CM ¢ 6TMHCTBEHHBIM OTBEPCTHUEM INAMETPOM
25 MM ObUIO CHaOXKEHO pe3epByapoM, B KOTOPBIA MOMEMIAIH HaHOMOPOIIOK
xene3a (cm. [16] Puc. 1, (14)). HanowacTuib! *eje3a, KOTOPbIC BBIAYBAIUCH
U3 pe3epByapa 4epe3 OTBEPCTHE ITOTOKOM Ta3a IMpU PaclpOCTPAHCHHUH IIAMEHH
ClieBa HAMNpaBO, BOCIUIAMEHSUTUCH B TUIAMEHHM OKHCJICHHS MeTaHa. Takum 00-
pa3oM, TOpsIIKe HAHOYACTHUIIBI JKejIe3a BU3yaJIM3UPOBAIM IOTOK ra3a BO Bpe-
ms1 ropenust. [oprouyto emeck (15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr)
rorou 1epes skcnepumenTom; CO, 100aBisaM 1/ MOBBILCHHUS KaueCTBa
ChEMKH 3a CYET YMEHbILEHUsS cKopocTu (poHTa miamenu; Kr mobasmsuiu jyis
YMEHBIICHHSI TIOpora paspsiga. PeakTop 3amoiiHsim CMEChio 10 HE0OXOAMMOTO
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JIaBJICHHSI. 3aTeM OCYIIECTBISUTH HHUIIMUPOBaHHE (IHEPTHs pa3psiia COCTaBIsIIA
1.5 JTx). CKOPOCTHYIO CHEMKY JTHHAMHKH BOCIIAMEHEHHS W PACIPOCTPaHCHHS
FF npoBoxnnu c6oky peakropa [29-31] 1iBeTHOM BEICOKOCKOPOCTHOM MUA(MPOBOii
kamepoii Casio Exilim F1 Pro (wactora xampor 600 c?). OnnoBpemenHoe 06-
Hapyxenne pamukaioB CH (AA-X?TT) npu 431 um [10] ocymecTBisiin ¢
HCIIOJIb30BAHUEM JIBYX BBICOKOCKOPOCTHBIX KuHOKamep Casio Exilim F1 Pro,
OJIHA M3 KOTOPBIX ObLIa OCHAIIeHA nHTeppepeHInoHHBIM prbTpoM 430 HM. Bu-
neodaiis cCoXpaHsUTU B TAMATH KOMIIBIOTEPA, 3aTEM BBIITOIHSUTH €ro MOKaIPOBYIO
00paboTKy. Vcrmonp30Bamm XUMHYIECKA YUCTHIC PEareHThI.

Hanonopomiku jkene3a moiydaqd METOJOM XUMHYECKOH METaJUTyprHu.
OCHOBHBIMH CTaIMSIMHU CHHTE32 METAJUINYECKUX HAHOIIOPOIIIKOB B ATOM CIIOCO0E
SIBJISIFOTCSl CHHTE3 THIPOKCHJIOB METAIUIOB IOCPE/ICTBOM IIENIOYHON 00paboTKH
coJiell METalUIOB, OCAXJIEHHE M CYIIKa T'HIPOKCHIOB, X BOCCTAHOBIICHHE H
naccuBaiys [32]. CuHTE3 rHIpOKCHIA *Kejle3a OCYIICCTBISUIH TeTepodhasHbIM
B3aUMOJICHICTBHEM TBEP/OH CONM JKelle3a C PacTBOpaMH, COJICPIKAIINMHU
THAPOKCHIIbHBIC TPYIIIIBI, IPH MOIABICHUH PACTBOPEHHS TBEPIOH COIH PeaKIieit
FeCl, u NH,OH. Ilocne ocaienus ruJpoKCH/Ia Kelle3a ero INpoMbIBaii B BO-
ponke broxaepa no pH=7 u cyumim Ha Bo3ayxe 10 00pa3oBaHus MbUTH. PeakTop
(ommcannbrit B [33]) ¢ 06pasiiom mopomrka THAPOKCH IA JKele3a TOMIMHON 1 MM
BbIIepkuBaiy B rieur B Teuerne 1 4 pu 400 °C B moToKe BOOPO/IA; 3aTEM €ro
oxnaxaamu jgo 20°C B moToke aprona. J[1s maccuBamnyuy HaHOTIOPOIIKA XKeJe3a,
KOTOPYIO MPOBOAUIN B TOM K€ peakrope, B oTok aprona mpu 20 °C nobasisiu
0.6% O,

Pe3y.]'l]>TaTbI Hu oﬁcyme}me

TunuuHble TOCIEIOBATEBHOCTH  KAJIPOB  BBHICOKOCKOPOCTHOW — ChEMKH
pacrpocTpaHeHus (GpoHTa IUIAMEHH 4epes3 IMPENATCTBHE 1) M IpEnsSTCTBHE 2)
nokasansl Ha Puc. 2.2 I1a u Puc. 2.2 11b coorBerctBenno. Kak BuaHo u3 Puc. 2.2
I, mmamMs roprodeil cMecu IpOHUKAeT depe3 IpermsaTcTBre 6e3 Pt mpoBomoku B
IIBa paza OBICTpee, UeM depe3 MPEMsITCTBUE, OCHameHHoe Pt-ipoBookoii. Oto
O3Ha4aeT, 4yTo Pt B HAIIMX YKCTIEPHUMEHTAIBLHBIX YCIOBHSAX OKA3bIBACT 3aMETHOE
MOJIABIISIFOIIEE BIUSIHUE HA PACIpPOCTPAHEHHE TUITAMEHH JIaKe B TYpOYJICHTHOM
noroke. [locnenoBaTenbHOCTH KaJpOB CKOPOCTHOM CHEMKH PacHpOCTPAHCHUS
IIaMEeHH 9epe3 CIoKHbIE pensarcTBus 3) u 4) (mpemsTcTus a) u b) Ha puc. 2.2
1) nmpencrasnenst Ha Puc. 2.3a u Puc.2.3b coorBercTBenHo. Kak BumHO, Tiams
OBICTpee MPOHUKACT Yepe3 CIOKHOE MPeTsITCTBHE O0e3 Pt-TipoBosiokH, yem uepes
TIPENATCTBHE, OCHameHHoe Pt mpoBomokoi. OmHAKO MomaBIsroNiee BausHUE Pt
B YCJIOBUSIX TIOBBIIICHHOW TYpOYJICHTHOCTH MEHEE BBIPAXKEHO IO CPABHEHHUIO C
Puc. 2.2.11.
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Puc. 2.2.

|. ClioxHBIE TIPEMATCTBHS: a) — IUIOCKOE MPEISITCTBUAE AXaMETpoM 14 M ¢ OfHHM OTBEPCTHEM
nuraMeTpoM 25 MM (BHH3Y) M OJJHUM OTBEPCTHEM JHaMeTpoM 25 MM (BBEPXY), 3aKPBITHIM IJIOCKOM
xkene3Hol cetkoil (mpososioka d = 0.1 MM, pasmep siueiiku 0.15 Mm?),

b) mmockoe mpemsitctBre 14 cM B IuaMeTpe ¢ OXHAM OTBEPCTHEM TuaMeTpoM 25 MM (BBEepXy) u
OJIHUM OTBEPCTHEM AMaMeTpoM 25 MM (BHHM3Y), 3aKPBITHIM IUIOCKOM XKeIe3HO! CeTKOi (IIpOBOIOKa
d = 0.1 mm, pazmep stueiiku 0.15 mm?) ¢ BuTKOM tpoBosioku Pt miuamerpom 0.3 MM.

I1. BBICOKOCKOPOCTHAsSI CheMKa pacpocTpaHeHust ppoHTa ITAMEHH Yepe3

a) TPEMATCTBHE IUaMeTpoM 14 ¢M ¢ eAMHCTBEHHBIM OTBEPCTHEM JHAMETPOM 25 MM, 3aKpBITHIM
TUTOCKOH JKeNe3HoM ceTkoi (nmpensiteraue (1));

b) mpemsitctBre muamerpom 14 cM ¢ eAMHCTBEHHBIM OTBEPCTHEM JHAMETPOM 25 MM, 3aKpBITHIM
TUTOCKOM JKeNIe3HOM ceTKoi ¢ BUTKOM Pt mpoBosioku quamerpom 0.3 MM (nipersiterue (2))

15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr. 600 kanpos/c. Hauanbnoe
nasienue 170 Topp. lludpa Ha paMke COOTBETCTBYET HOMEPY PaMKH IOCJIE BbI-
rpysku. 15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr. 600 kanpos B cexyHy.
Hauansnoe ganenue 170 Topp. [udpa Ha kagpe COOTBETCTBYET HOMEPY Kajpa
MOCJIe HHUIIMUPOBAHHSI.

YroObl  OLEHHUTH  BKJIAJ  XUMHYCCKHX  (DAKTOPOB,  OJHOBPEMEHHO
peructpupoBanu u3nydenue paaukanoB CH (A’A-X?II) npu 431 uM u
M3JIy4eHHE BO BCEM CIIEKTPAJIbHOM HHTEpBAJC B MPHCYTCTBUU HAHOIIOPOIIKA
Fe. ITocenoBaTenbHOCTH KaIpOB, MOIYYCHHBIX MPU MPOHUKHOBCHUH TUIAMCHH
4epes cioxHoe npensrcrue (3) B npucytctBun Pt-nipoBosoku (1) u B oTcyTcTBHE
Pt-mposostoku (1), mokaszansr Ha puc. 2.4.
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Puc. 2.3.

BrICOKOCKOPOCTHAs CheMKa pacpocTpaHeHus FF uepes clioxkHble NPEnsITCTBHS, COCTOSIIMIE U3!
a) IUIOCKOE MPEISITCTBHE JHaMeTpoM 14 ¢M ¢ eAMHCTBEHHBIM OTBEPCTHEM JHaMETpoM 25 MM U
BTOPOE MIIOCKOE MPEMSTCTBUE C €ANHCTBEHHBIM OTBEPCTHEM THAMETPOM 25 MM, 3aKPBITOE MIIOCKOI
xKene3Hou cetkoil (nmpensteraue (3));

b) mockoe mpensiteTBue auamerpom 14 cM ¢ eIMHCTBEHHBIM OTBEPCTHEM AHUAMETPOM 25 MM U
BTOPOE MIIOCKOE MPEMSTCTBUE C §ANHCTBEHHBIM OTBEPCTHEM THAMETPOM 25 MM, 3aKPBITOE MIIOCKOI
JKEJIC3HOM CETKOW ¢ BUTKOM TpoBosiokH auamerpoM 0.3 mm (mpensitctBue (4)).

15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr. 600 xazpos/c. Hauansnoe mapnenue 170 Topp.
udpa Ha Kagpe COOTBETCTBYET HOMEPY Kaapa MOCIe HHUIIMHPOBAHUS

- N
-
L
Puc. 2.4.
BrICOKOCKOPOCTHAS ChEMKA PAcIpPOCTPAaHEHHs TIIAMEHH Yepe3 CIOKHbBIE TPETSTCTBHS.
| — npu Hanuuuu Butka Pt npososioky, |l — npu orcyTcTBUN BUTKA Pt-IIpoBOJIOKH.

a) TJIOCKOE TIPENSATCTBHE JUaMeTpoM 14 CM ¢ OJTHUM OTBEPCTHEM JHaMeTpoM 25 MM U pe3epByapoM
C JKEJIC3HBIM HAHOMOPOIIKOM M BTOPOE IJIOCKOE MPEMSTCTBHIE C OHMM OTBEPCTHEM AHaMETpoM 25
MM, 3aKPBITOE IIOCKOM KeJie3Ho ceTkol (npemsitetue (3));

b) nepen kamepoii MOMEIEHO TAKOE Ke CIOKHOE MPENSITCTBIE, MHTEPPEPeHIIMOHHBIN PuisTp 430
um. 15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr. 600 xanpos/c. Hauansnoe nasnenne 170 Topp.
Iudpa Ha Kajgpe COOTBETCTBYET HOMEPY KaJpa MOCIe HHULMHPOBAHNUS

Kak Bugno, HaHomopook Fe BocriaMeHnsieTcs Bo GpoHTE IIIaAMEHHU, TIOATOMY
MOTOK ra3a BU3YaJIM3UPYETCs TOJIBKO TOTAa, KOorna (poHT IUIAMEHH JIOCTUTACT
MPEMSTCTBUS, B TO BPeMsl KaK MCIIOJIb30BAHUE TOJICBETKH ‘‘JTa3epHBIM HOXKOM™
MO3BOJISIET OOHAPYKUTH MOTOK C caMOro Hayana mpouecca [31]. Buano Takke,
YTO CETKa Ha BTOPOM NPEMSITCTBUH HE MPEISTCTBYET IMOTOKY HAaHOYACTHUI] JKe-
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sie3a. Mbl oOpaiijaeM BHUMaHHE Ha TOT ()AKT, YTO MHTEHCHUBHOCTH M3JTyUCHUS
paaukano CH nocie npensiTCTBHs BO3pacTaeT Mociie TOro, Kak Imjiamsi JOCTUraeT
MPEMSTCTBHUS.

Ha Puc. 2.5 npezcrapieHsl OCISI0BATEIBHOCTH KaJAPOB, 3allUCAHHBIX MPH
MPOHMKHOBEHNH TUIAMEHH Yepe3 CIOKHOE TpensTcTBhE (4) B NMPHCYTCTBUH
Pt-npososnoku (I) u B orcyrcrBue Pt-npoBosnoku (I1). OcHoBHOE OTIHMYHE TIPO-
lecca NPOHMKHOBEHHWS IUIAMEHH, IoKa3zaHHoro Ha Puc. 2.5, or mporecca,
MokKa3aHHOro Ha Puc. 2.4, 3akirouaeTcsi B TOM, 4TO U3aydeHue paaukaios CH
MpaKkTHYeCKH mpekpamiaercs (kaap 25); roprodas cMeCh CHOBA BOCIUIAMEHSETCS
Ha TOPIle PeakTopa, KaKk U B CAydae OTCYTCTBUS HaHodacTHIl keesa (Puc.2.2 b).

Puc. 2.5.
BericokockopocTHas cheMKa pacrpoctpaHenus FF depes cioxHbie mpensTcTBHsI.
| — mpu Hanmumym poBotoku Pt, |1 — mpu orcyTcTBHM TpoBOIOKH Pt.

a) IJIOCKOE MPEMSATCTBUC JUaMeTpoM 14 CM ¢ OTHUM OTBEPCTHEM JTHaMETPOM 25 MM U pe3epByapoM
C MEJIKUM MOPOLIKOM M BTOPOE INIOCKOE MPEISTCTBUE C OJHUM OTBEPCTHEM JHaMeTpoM 25 MM,
3aKPBITOE IIOCKOM JKEJIE3HON CETKOM ¢ BUTKOM MpoBoJiokH guamerpoM 0,3 MM (ipensitetBue 4);
b) nepen kamepoii MOMEIIEHO TAKOE e CIOKHOE MPEISTCTBIE, MHTEPPEpeHIMOHHBIN (uibTp 430
HM. 15.4% CH4 + 30.8% O. + 46% CO. + 7.8% Kr. 600 kagpos/c. HauansHoe nasienune 170 Topp.
Iudpa Ha Kagpe COOTBETCTBYET HOMEPY KaJipa Mocie pa3psiia

DTO O3HAYAET, YTO MPUCYTCTBHE TOPAIIMX HAHOYACTHI[ F€ He OKa3biBaeT
3aMETHOTO BJIHMSHHS Ha MPOIECC MPOHUKHOBEHUSI IJIAMEHHU Y€pe3 MPEISITCTBHE;
OJIHAKO TPOBOJIOKA Pt Ha MPENMATCTBUY BIUSIET HA MPOIECC KaK B MPUCYTCTBHH,
TaKk ¥ B OTCyTCTBHMEe HaHouacTHil. Kak BumHo u3 Puc. 2.5b, Pt oGecneunBaer
CHJIbHOE CHM)KEHHE WHTEHCHBHOCTH H3JydeHusi pamukainoB CH, T. e. Mox-
HO TPEIIOJIIOKUTh BBICOKYIO CKOPOCTH OOpBIBa IleTieil Ha MOBEpXHOCTH Pt B
cootBercTBHu ¢ [34]. Kpome Toro, kak Obuto mokasano B [35], mpoBomoka Pt
MOKPHITA TOJICTHIM TMOBEPXHOCTHBIM CJIOEM OKcHiaa Pt, KOTOpBIA MposBIseT
HECKOJIBKO JIpyTHe CBO#CTBa, ueM Pt. IlmaMs mpoHHUKaeT yepes MpernsiTCTBHE, CO-
nepxkariee Pt, mo-sumumomy, ecim Pt mocrarouno marpera (cm. Puc. 2.2 11b),
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XOTsl TEIUIOBOH OanlaHc Ha MOBepXHOCTH Pt B pearupyromem TypOyJIeHTHOM
MOTOKE JIOBOJIHO TPYAHO PacCuuTarh. Mbl PHOIMKEHHO TPOMILTIOCTPUPOBAIN
BKJIaJ] XUMHUUECKHX (hakTopoB (OOpBIB Iiereil Ha MOBEPXHOCTH MPEISTCTBUS) C
MOMOIIBIO YHUCIICHHOTO MOJICIMPOBAHMUS C HCIOIb30BaHHEM ypaBHeHUIT HaBbe—
CToKca B COKUMAaeMOW pearupyroleil cpeiae B NMPUONMKEHUH MAJoro 4Yuciia
Maxa [30, 36], KoTopbIe OMHCHIBAIOT PACHIPOCTPAHCHHUE IJIAMEHU B JIBYMEPHOM
KaHaje. YpaBHEHHs TOKa3ajll KaueCTBEHHOE COIVIacHe C OSKCIEePUMEHTaMU
[5-7, 30, 31]. Pemrenre 3amaun ObLTO BBHIMOJHEHO METOMIOM KOHEUHO-3JIEMEHT-
Horo axamusza ¢ momorbsro makera (FlexPDE 6.08, 1996-2008 PDE Solutions
Inc. [16]). Beut ucnosnb3oBan mpoctoit nenHoi Mexanusm [30] (cm. takke § 5
IMpunoxenus k ['mase |). Beuto mpuHsaTO ycnoBue uuunuuposanus 1 = 10 Ha
NpaBoil TpaHMIle KaHala; B KaHale ObUIO CIOXKHOE OTBepcTHe. | paHWYHBbIC
ycrmoBus (BKITIOUAst OTBEPCTHE) OBLITH C.,=0,u=0,v=0,r=0,n=0 (Puc. 2.6a)
wii N = 0 TOJIBKO Ha TTOCKOM HOBerHOCTI/I cetku (Puc. 5b, Bropoe npensitcTeie
CrpaBa), a Tak)ke KOHBEKTUBHBIH Temnooomen T =T — T, rie & — GespasmepHas
KOOpIuHATa. Pe3ybTarhl pacueToB pacrpoCTpaHSHHUs INIAMEHH Yepe3 OTBEPCTHE
nokasanbl Ha Puc. 2.6. Kak BHIHO, pe3y/ibTaThl PacyeTOB s n, = =0 (Puc. 2.6a)
u N =0 (Puc.2.6 b) mokas3sIBarOT, 4TO MPOIECC MHTEHCUBHON m6enn AKTUBHOTO
MPOMEKYTOUHOTO MPOAYKTa Ha moBepXxHOCTH ceTkU (N=0) BhI3bIBACT 3aMETHYIO
3a/Iep)KKy MPOHUKHOBCHHUS TUITAMEHH 4Yepe3 CeTKy 1o cpaBHeHHIO ¢ Puc. 2.6a.
Takum 00pa3oM, HECMOTPSI Ha KAYECTBEHHOE PACCMOTPEHHE, a TAKKE JIOBOJIHHO
YCJIOBHOE MOJICIIMPOBAHKE CETKH, HaM yIal0Ch Y4eCTh BO3ICHCTBHE aKTHBHOU
MOBEPXHOCTH HA 0COOCHHOCTH MPOHUKHOBEHUS IIAMEHHU.

0.0300 0.0305 00311 0.0316

.' 18

]
EECEECRECINEL -
1
0.0300 0.0305 0.0314 0.0319
T
Puc. 2.6.

Pesynbrarhl pacuera nporecca pacnpoCTPaHeHHs INIAMEHHU Yepe3 CIOKHOE HPEIITCTBHE

a — U3MCHEeHHe Oe3pa3MepHON KOHLICHTPALMH AaKTHBHOIO IIPOMEXKYTOYHOrO BeIlecTBA N U
Temnepatypsl T JUIsl PaCIPOCTPAHEHNs IIIAMEHHU Yepe3 KOMILICKCHOe oTBepeTne mpu N, = 0 Ha
cerke (Il T rpaHUYHBIX YCIIOBUIA);

b — wu3menenue Ge3pasMepHOil KOHIICHTpALMK aKTHBHOTO IIPOMEXKYTOYHOIO BElIeCTBA N U
TeMIepaTypsl T Il pacpoCTPaHEHHUs TIAMEHH depe3 CIOKHOe oTBepcThe mpu N = 0 Ha ceTke
(tur | rppaHUYHBIX yCITOBHIA)

[Ikana 6e3pa3MepHOil TeMIIepaTyphbl PEACTABICHA CIIpaBa
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Taxum 00pa3oM, MOJKHO 3aKJIIOYHTh, YTO TIPY OINPEIEIICHHBIX YCIOBUSIX KaTa-
nu3aTop Pt MOXeT moAaBIsATh TOPEHUE U TEM CaMBIM TPOSIBIISATH MPOTHBOTIONOK-
HbIH 3 dexT n3-3a Beicokoi 3P hekTHBHOCTH MOBEPXHOCTH Pt, TOKPHITOI ciioem
okcuya Pt, B peakiiu 0OpbIBa 1erield. ITo 03HAYAET, YTO KHHETHUECKUE (PaKTOPBI
MOTYT OBITH OIIPEIEISIOINMH JIaXKe B YCIOBHUIX BEICOKOW TypOyJIEHTHOCTH.

8 3. KATAVIUTUYECKASI AKTUBHOCTD IIVIATUHbI U MAJIJTA AU
B 'A3BO®A3HBIX PEAKIIUAX OKUCJIEHUA BOJOPOJA "
METAHA ITPU HU3KUX JABJIEHUAX

B ucropun aTOMHBIX 3JEKTPOCTAHIIUN KPYIMHEUIIUMH 3apEruCTPUPOBAHHBI-
mu aBapusyu 6simr Three Mile Island (1979), YeproOsuts (1986) n @ykycnma
(2011). T'maBHast MpUYMHA HEIITATHBIX CHUTYAIMH 3aKJI0YaIach B TOM, YTO TPO-
HCXOMIMIIO paclljiaBlIeHre aKTHBHOM 30HKI B peakTope ¢ kuseit Bomoit (boiling
water reactor BWR) [37, 38]. Ilpu moBbimeHHBIX TeMmeparypax (>1200 °C)
Marepuan obomouku peakropa Zircaloy (cmmas ¢ > 97% UpKOHUSA) BIIEIIET
BOZIOPOJI TIPH OKUCIIEHHHU ¢ BoAsHbIM napom [39]. bonbuioe konudectso H, u
mapa, oOpasyromieecst B cucteme BWR, co3maroT BEICOKOE TaBICHUE W TEMITe-
parypy. OTo MOXKET TIPUBECTH K BBIXOAY peaktopa u3 cTposi. Takum oOpazom,
yIaJIEHUE U30BITOUHOTO KonuuecTBa H, He0OX0nmuMo, 1 IPOBOJATCS OOIIMPHBIE
WCCIIEIOBAHUS IS IPEOJIOIICHUS OTOM MPOOIEMBI B AaTOMHOW MPOMBIIIIIICHHOCTH.
PazpaboTka 1 coBepIICHCTBOBAHUE MTACCUBHBIX KATATUTHUECKUX PEKOMOUHATO-
POB BOIOPOIA IS YAAJICHUS BOAOPOIA TIOMOTIIO OBI M30eXkKaTh TaKUX KaTacTpod
B Oymymem [40].

Kpome Toro, cozmarorcsi KpymHOMAaclTaOHbIE YCTAHOBKH HA TOTLTUBHBIX
AJIEMEHTAaX JUIsl BRIPAOOTKH AIIEKTPOIHEPTHH JIJISl CTAIIMOHAPHBIX, TPAHCIIOPTHBIX
M TIOPTAaTUBHBIX TpuMeHeHuii [41]. YacTo TOMIMBHBEIM 3JeMeHTaM TpebyeTcs
M30BITOYHOE KOJIMYECTBO BOAOPO/Ia JIJISI IO CTHIKCHU S CTA0OMIIBEHOTO HAMTPSIKESHUSI.
Vnanenune m30bITKa BOJOPOJA M3 TOTOKA BBIXJIIONMHBIX Ta30B TpeOyeTcs st
6e3omacHoii skcrutyatanuu [42]. Kpome Toro, eHTpaibHOE OTOTUICHHUE JKUITBIX
MOMEIICHUN MOMKET OCYIIECTBISTHCS KOTIAMH Ha BOJOPOJAC WU MPHPOIHOM
rase (hydrogen or natural gas combustion boilers HCB unmun NGCB). Onna-
ko npamoe cxuranue Bogopona B NGCB mpusomut k BBIOpocam NO, u3-
3a BBICOKHX pabounx Temreparyp. KOTibl ¢ KaTamuTHYECKHM CKUTaHUEM
BOJIOpOJia pabOTalOT TP OTHOCHUTENBHO HU3KHX TEMIIEpaTypax M CHOCOOHBI
BbIpabaThiBath Terto 6e3 BeiOpocos CO, u NO, [43]. [ns peakuun ropeHus
BOJIOPOJIa KaTallu3aToOPhl JOJDKHBI 001a1aTh TAKMMH CBOMCTBaMH, KaK CIIOCO0-
HOCTh HAKAIUTMBATh KHCIOPOJ U TEPMHUUYECKAsI CTAOMIIBHOCTb, & TAKIKE JIOJIKHBI
OBITH CITOCOOHBI 00ECIIEUNBATh OKMCIEHHE BOIOpoaa Oe3 B3phiBa (UTO MOXKET
OBITh TOCTUTHYTO C MCITOJIb30BAHHEM OJIArOPOIHBIX METasIOB). BiaropoaHbie
METaJLIbl 00/IaaroT BBICOKOH aacopOIMOHHOM criocobHocThio H, n O, mpu
HU3KUX Temneparypax [44]. bonee Toro, nonumanue nosenenus H, u O, na
MOBEPXHOCTH KaTalu3aTopa WUMeEeT pellaroliee 3Ha4eHUe JUIsl TOTO, YTOOBI
YCTAaHOBUTh MEXaHHM3MbI BAXHBIX KOMMEPUYECKHX MPOIECCOB, OCHOBAHHBIX Ha
ropennu H,.
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HenocrtaTtox nBurarteneid BHYTPEHHETO CropaHus, paboTaiomux Ha
TOTIJIMBE, OOTaTOM METAaHOM, 3aKJIOYaeTCsd B TOM, UYTO HECTOpPEBIIMN Me-
TaH IIOMaJaeT B BBIXJIOIHOE OTBEPCTHE. OTO SBIEHHE OTCYTCTBYET B
KaTaJUTHYECKUX KaMepax CrOpaHMs, UCIOJIb3YEMBIX B Ta30BBIX TypOWHaAX
U1 COKUTaHUA TOIUIMBA MpH OoJjiee YMEPEHHBIX TeMmIepaTrypax, T. €. I
cumkenus BoIOpocoB NO,. OnHako KaTajaum3aTopbl Ha OCHOBE ITATHHBI HE
oueHb 2(P(HEKTUBHBI B OTHOIIEHUH METaHa U YCTPAHSIOT JUIIb HEOOIbIIYIO
JOJII0 METaHa, COJEpIKAIIerocs B BBIXJIOMHBIX Ta3zax, MPH HOPMAaIbHBIX
YCIOBHSX IKCIUTYyaTalliy C HU3KUM COJEpKaHUEM TOIINBa. [l0CKONBKY 3TH
KaTaJu3aTopbl OKUCICHUS Ha ocHOBe Pt He oueHb addekruBHbl, Pd-karanu-
3aTop MOXET 00eCIeunTh BBICOKYIO KOHBEepCcHIo MeTaHa [26]. Tem He MeHee,
0COOEHHOCTH KaTaJlUTHYECKOTO AEHCTBUSA OIaropoJHBIX METAJIOB JI0 CHX
MOp HAXOJSATCA B CTAAUU OOCYKACHUS.

B [45] nns karanuTudeckoro BocmiameHenus cmecedt 2H, + O, Obuio
oOHapyxeHo, uto npu aasineHusx no 180 Topp mpu 288 °C nHanx ¢onbroii
Pd karanutudeckas akTHBHOCTb moBepxHocTu Pd Bhime, yem Han (Hoibroii
Pt. AktuBHOCTH (hosibru Pd mposiBisieTcsi Kak B BOSHUKHOBEHHH JIOKaJIbHBIX
04YaroB BOCIJIAMEHEHHUS Ha (OJbre, OT KOTOPHIX PACTIPOCTPAHSIETCS BOJIHA
ropeHus, Tak U B TEMHOBOM KaTAIMTUYECKON pPEaKLU U OKUCICHUS rOprodeit
cmecu. B [46] »skcnepumeHTanbHOoe 3HaueHHe 3(PQeKTHBHON SHEpruu
aKTUBAIIMK TpOIecca BOCIUIAMEHEHHS OlleHeHO Kak 3.5 + 1 kkan/mMounb, 4To
CBHUETEIBCTBYET O MMOBEPXHOCTHOM MPUPOJIE ITOTO Tporecca. B aToit pabote
MBI TTPOU3BEJIH OICHKY YHEPIHMH aKTHUBAI[MH TEMHOBO# peakuuu. B [47] mbl
MoKasaju, 4TO TMPHU OnpeneieHHbX ycnousx Pt u Pd xaramuzaTopsl Moryr
MO/IaBIATh PAa3BHBAIOIIEECS pPACHPOCTpaHEHWE IJIaMEHH B pa30aBIeHHOM
METaHO-KHCJIOPOJHOM CMECH 32 CUET BBICOKOH 3 PEeKTUBHOCTH OBEPXHOCTEH
Pt u Pd B peaknusax rubenu akKTHBHBIX IIEHTPOB Tporecca. CleaoBaTelbHO,
JaXXe B YCIOBUSX BBICOKOM TypOyJE€HTHOCTH KHHETHYECKHE (PaKTOPhI MOTYT
OBITH OTIPEICTISIONTUMH.

Jannbril maparpad nocBsImEH yCTaHOBIEHHIO OCOOCHHOCTEH pacipocTpaHe-
HUS TJITAMEHHM OKHCIICHHS BOJOpOAA M MeTaHa Ha Pt m mamimamuu mpu HU3KHAX
nasienusx (70+200 Topp).

3KCHepI/IMeHTaJ'IbHaﬂ 4acTb

DKCHEePUMEHTBI MPOBOAMIA CO CTEXHOMETPUUYCCKHMHU T'a30BBIMU CMECSIMH
2H, + O,. Micnionb30Bayu KBapUeBblid peakTop quameTpoM 4 cM u aymHoi 30 cM,
HarpeBaeMbIi C TOMOIIIBIO AJIEKTPOTICYH, TEMITEPATYPY KOTOPOTO KOHTPOIUPOBAITH
C TOMOIIBIO TepMOTapbl. PeakTop OblT cHAOkEH CheMHBIM KBapIICBBIM OKHOM Ha
topue. B peaktop momeranu mposonoku Pd wan Pt quamerpom 0.3 MM u mmu-
moit 150 mum (Puc. 3.1 a). OTkauaHHBIH 1 HATPETHIN PEaKTOp 3AIOIHSIINA Ta30BOM
CMEChIO JI0 HeoOXoauMoro JaBieHus. [lepen KaxIbIiM SKCIIEPUMEHTOM PEaKTop
orkaumBanu 10 1072 Topp. OOGImee naBleHHE B peakTOpe KOHTPOIHPOBAIM C
MOMOIIBIO BAKyYMMETpPa C WHJIUKATOPOM; €ro MOKa3aHUs 3allUChIBAIN [BETHOM
udpooit kamepoit Nicon J1.
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— b

1 &5 &
Puc. 3.1.

a) DKCIICPHMEHTANbHAS YCTAHOBKA VISl 3YYCHHUS TEMHOBOIl PEaKUUH B CTATHYECKUX YCIOBHUSIX.
1 — kBapueBslii peakrop auamerpoM 4 cm u uuHON 30 CM, HarpeBaeMblil B JIEKTPOINEYH, 2 —
Harpesaresb, 3 — TepMornapa, 4 — npososioka Pd, 5 — Bakyymmerp BJII'-1, 6 — ontrueckoe OKHO;
b) skcniepumeHTanbHAs yCTaHOBKA [UIs HCCIIEA0BAHNS HHUIIMHPOBAHHOTO rOpeHusl, 1 — KBapLeBblit
LIIMHIPUYECKUIT peaKTop, 2 — LIUII03 U3 Hep)KaBeIOLIeH CTalll, 3 — CHIIMKOHOBAs MPOKIIaiKa, 4 —
3aTBOP M3 HEPXKABEIOILEH CTaJH, 5 — HCKPOBBIE SIIEKTPO/IbI, 6 — HICTOYHHK MUTAHUSI, 7 — KHHOKAMEPBI
Casio Exilim F1 Pro, 8 — uyscrBuTebHbIi MUkpodhon «Ritmix», 9 — Pt wnu Pd unnmusap anuHoi
4 cM, BCTaBIICHHBIH B IJI0CKOE mpenstcTBue 14 cm B auamerpe, 10 — naTephepeHnOHHbIH GUiibTp
430 um

PacnpocTpanenue miiaMeHH B CTEXMOMETPHUYECKHX CMECSX MeTaHa
¢ kucnopoznom, pasdasnennbix CO, um Kr, mpu HayanbHBIX JIaBICHH-
sax B puanazone 100 + 200 Topp u 298 °K wuccinenoBain B OTKauMBacMOM
TOPU30HTANBHO PACIONIOKEHHOM LMJIMHAPUYECKOM KBapLEBOM pPEaKTope
nnmuHoit 70 cM u nuamerpoM 14 cm. PeakTop ObLi 3aKperieH B IByX LUTI03aX
13 HeprKaBelollel ctanu, CHaOKEHHBIX BXOJHBIMUA OTBEPCTUSIMH I HAITyCKa
rasza M NpeAoXpaHUTEIbHOW JBEpLEH, KOTopas OTKphIBAJaCh HAPYXKY, KOrjga
oOuiee JaBieHue B peakTope mnpesbimano 1 atm. B kadecTBe mpensiTcTBUA
ucnonp3oBanu nuauaaAp Pt/Pd, 1uameTpom 2 ¢M, H3rOTOBICHHBIN U3 (OIBIH
tonmuaod 0.3 MM u miuHoM 40 MM, BCTaBIE€HHBLIM B IJIOCKHH IHMCK aHa-
metpom 14 cm (Puc. 3.1b). Ilapa a1mekTposoB MCKPOBOIrO 3a)KUTaHUs ObLia
pacroyio)keHa psiioM ¢ JeBbIM KOHIIOM peaktopa [31]. Peakrop 3amonusuin
ra3oBO# CMEChIO 10 HEOOXOAMMOTO JaBICHUS. 3aTeM UCKPO MHUIIMUPOBAIH
ropenne (dHeprus paspsga cocraBmsuia 1.5 JIkx). CKOpOCTHYIO CHEMKY
BBICOKOCKOPOCTHOTO BHECO JUHAMUKH BOCIIAMEHEHUSI U PACIPOCTPAHEHUS
¢poHTa MIaMEHM BHIMONHSIM cOOKy peakropa [31] uBeTHBIMH
BBICOKOCKOPOCTHBIMHU LIU(PPOBbIMH Kamepamu (dactora kaapos 600 c¢?). Oxn-
HOBpeMeHHYI0 peructpanuio pagukanoB CH (AA — X21) npu 431 um [31]
OCYIIECTBJISUIA JIByMsI BBICOKOCKOPOCTHBIMU KuMHOKamepamu Casio Exilim
F1 Pro, ogna u3 KOTOpBIX ObliIa OCHAIIEHA HHTEP()EPEHIUOHHBIM (QHIBTPOM
430 um. Buneodaiin coxpaHsiau B MaMiTH KOMIBIOTEPa M BBIOJHSIN €TO
MOKaApoByt0 00paboTKy. Mcnonap30Baiy XMMHUECKH YHCTBIE peareHtsl. 1 o-
prouyto cmech (15.4% CH, + 30.8% O, + 46% CO, + 7.8% Kr) rorosuiu
nepen sxkcnepumenToM; CO, 106aBIsIn 1/ IOBBILIEHUS Ka9€CTBA ChEMKH 32
CYeT YMEHBIICHHsI CKOPOCTH pacrnpocTpaneHus miaMmenu; Kr nodasnsiuu aiis
YMEHbBIICHUS Mopora paspsna. Mcnoab30Baquch XMMHUYECKH YUCTBHIC Tasbl,
99.99% Pt u 99.85% Pd.
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JIiist OIIEHKY TEeMIIEPaTyPHOM 3aBHCUMOCTH TEMHOBOH peakimu Ha Pd (pas-
BCTBJICHHONM LEMHOW peakiuu OKuCIeHus: H, Humke npesena KaraluTHIeCKOro
BOCIIAMEHEHHMST) IKCIIEPUMEHTAIBHO OMPENEISUTN 3aBUCHMOCTH OOIIETO JaBIie-
Hus cmecu 2H, + O, oT BpemMeHu B nopsiike, puBeeHHoM Bbiie (Puc. 3.2 a).

P, Torr a In (tgo) |® b
80+ os] N\

[ 80 '

O e e R 04|
70- . o 02 .
L= o2 i T - 108

60 - N ke Y

e ;

Puc. 3.2. a) 3aBucumocty obmero aapnenus cvecu 2H, + O, ot Bpemenu B ycranoske Puc.3.1 a),
1-150 °C, 2 -200 °C, 3-270 °C, 4 — 300 °C; b) rpaduk AppeHuyca 3aBUCUMOCTEIT a)

OOparnM BHUMaHHE Ha TO, YTO B OITHX YCJOBHSX B INPUCYTCTBUH Pt
MPOBOJIOKM HE HAOIIONAIOCh TeMHOBOW peakimu. Kak BumHO Ha Puc. 3.2 a,
9KCIICPUMEHTAIBHBIC 3aBUCHMOCTH TIPEACTABISIIOT COO0M MPAKTUIECKH MPSIMbIE
JWHUH. 3aBHCHMOCTH TAaHTEHCAa HAKJIOHA OT TEMIepaTyphl B KOOpAMHATaX
Appennyca npezncrasiena Ha Puc. 3.2 6. Kak BuaHO U3 pHCcyHKa, 3aBUCHMOCTh
MOKET OBITh ANMpPOKCUMHPOBaHA MPSIMON JIMHUEH (KOd()(HIHEHT Koppesuuu
paBen 0.988). Jlanubie 06pabOTaHbI C UCIOIB30BAHUEM TPOIPAMMHOTO TTaKeTa
Statistica 9 (Statsoft).

N3 Puc. 3.26 M0XHO OIeHUTH BenMIUHY 3(PPEKTUBHOI SHEPTHH aKTHBAIHH
nporecca E =4.1 £ 1 kkas/MoJib, 4TO XapaKTePHO AJIsI TOBEPXHOCTHBIX MPOIIECCOB
[48]. Cnemyer OTMETUTD, YTO 3HAYCHHE SHEPTHH aKTUBALIMK OJIM3KO K 3HAYCHHIO,
usMepeHHomy B [46] nmis 3aBucumocTu gonu H, Ha npenene BOCIIaMeHeH s Hajl
nosepxHocThio Pd B cMecsax ¢ O, oT TemmepaTypsl B KOOpAMHATaX AppeHuyca:
3.5%1 xkan/monb. AxtuBupoBantas (E = 16.7 kkan/mons [10, 49]) cragus ro-
MOTEHHOTO pa3BeTBieHus H + O2 — O + OH gBnsgerca camoii MeIUICHHONR
9JIEMEHTAPHON peaklued IHKIa peakiuil pa3BeTBICHHs (yBETMYCHHE 4YHCIa
aKTUBHBIX IEHTPoB). OnHako 3HaueHHE P(EKTUBHON SHEPrHU aKTHBAIUH B
npucyTcTBHU Pd 3aMETHO yMEHbLIAeTCs, TAKUM 00pa3oM, UK Pa3BETBICHUSI
JOJDKeH M3MeHUThes [49], Hampumep, 3a CYeT JOIOJHUTENBHOW CTaauH
passeTBieHns. JTON craaued moxer Obith H + O, — O + OH, B koropoi
OTHOCHMTENBHO MaJI0aKTHBHBIA paaukan HO, ipeBpammaeTcs B akTUBHBIH pajiuKat
OH, T. €. MPOUCXOAUT JOMOIHHUTEIBHBIN Mpolece pa3BeTrieHus (cM. 83 raBbl
I1). Kak moka3zano B [49], mociie BocIuiaMeHEHHUS HAOTIOMACTCS pACTIPOCTPAHEHHE
iaMeHu. BocrrameneHne Tocliie TPensSTCTBUS HE MPOUCXOAWT B HEMOCPE-
CTBEHHOM OJIN30CTH OT MPETIATCTBYS, TIEPBBII OYar BOCIUIAMEHEHNUS HAOMIOIaeTCs
Ha OINpENEeNICHHOM DPAacCTOSHHU OT moBepxHocTu mpersitctBust (Puc. 3.3 1 a,
kaap 24, Puc. 3.3 | b-d, kagp 22), uto xoporo cortacyercs ¢ [31]. TIpu sTom
MO>KHO HaOJIOaTh KaKk MPOHUKHOBEHHUE IIAMEHU Yepe3 MPEMsATCTBUE B CIIydae
trHApoB Pt u Pd muamerpom 25 mwm, a Takke mumuHapa Pt muamerpom 20
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MM, Tak U 3(GeKT TyiieHus npu MeHbinem auamerpe (20 mm) mmnmuampa Pd,
NPUBOIAIINA K MCYC3HOBEHHIO IUIAMEHH 3a OTBEPCTHEM. JTO O3HAYAET, YTO
KpuTHYeCcKuil mruametp muuaapa Pd cymectByer u coctasisiet ot 20 10 25 M.

7.00 10-3 ¢

Ix

Puc. 3.3.

| — BBICOKOCKOPOCTHAsI CheMKa PACIpPOCTPaHEHHMs IuiaMeHu depe3 (a) Pl-tmnmunap apameTpom
25 mm, (b) Pt-mummuaap auamerpom 20 mM, (C) Pt-mwmuap auamerpom 20 MM, CheMKa depes
unTepdepeniontpii punerp 430 uwm, (d) Pd-uunuaap amamerpom 25 mm u () mumsaap Pd
muamerpom 20 mm. Hauansroe nasnenne 170 Topp. Lindpa Ha kagpe cOOTBETCTBYET HOMEpY Kajpa
I0CJIC MHULMUPOBAHMS;

Il — pesynbrarsl pacyera pacpoCTpaHEHHUS [UIAMEHH Yepe3 OJMHOYHOE OTBEepCTHE. M3MeHeHue a)
Ge3pasmMepHOi TeMIepaTypbl, b) KOHIEHTPAIMI AKTHBHOTO IPOMEKYTOYHOTO MPOJYKTa N mpu N, =
0 = 0 (rpannunbIe ycnoBust | pona) B OTBEPCTHH 1 C) KOHIICHTPAINH aKTHBHOTO IPOMEKYTOUHOTO
npoaykra N npu N = 0 (rpanuunsie yenosus |1 pona). Ilkasner Temneparypsl T ¥ KOHIGHTpAIHHU
AKTUBHOTO ITPOMEKYTOUHOTO MPOAYKTa N IPEACTAaBICHEI CIIpaBa

BrusHue mpensTcTBHH MOXKET TPOSBISATHCS TBOSKHUM oOpa3zoM. C OmHOM
CTOPOHBI, B3aMOAEHCTBHE IUIAMEHHU C IPEISTCTBUEM MOXKET BBI3BATH PA3BUTHE
HEYCTOMYMBOCTH IJIAMEHH, CIIOCOOCTBYS €ro yckopeHuto. C Apyroil cTOpOHBI,
KOHTAKT [JIAMEHH C TIOBEPXHOCTHIO MPETATCTBHS MOXKET IPUBECTH K YBEITUUEHHIO
BKJIa/Ia TETEPOr€HHBIX PEaKIHii, B YaCTHOCTH 0OpbIBa 1enei [49], a Takxe K yBe-
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JMYCHUIO TEIJIOBBIX MOTEPh. B HaIIMX 3KCHEPUMEHTaX MPEMATCTBUS pa3iinya-
10Tcst MatepuanoM. CKOPOCTh TEMHOBOW pPEaKIUK Jaxe MPH ObICTPOM OKHCIIe-
Huu H, na nosepxnoctu Pd (cm. Puc. 3.2) cnumikom mana, 4ToObl obecnednTh
3aMETHYIO CTeIeHb MpeBpaliieHus 3a uaTepsai Bpemenu (1/600 c, cm. Puc. 3.3
a-d) MpPOHWKHOBEHMS TUTAMEHH dYepe3 MMIMHAP. DTO 03HAYaEeT, UYTO CKOPOCTh
00pbIBa IIeTieii Onpe/essieT BEIMUUHY KPUTHYECKOTo AuameTpa. Takium oOpa3om,
a¢dekTHBHOCTE MOoBepXHOCTH Pd B peakiim 0OpsIBa IeTelf HAMHOTO BBIIIE, YeEM
y Pt B coorBercTBHH C [47].

CrietyeT OTMETUTD, YTO B YCIOBHSX BCTPEUYHBIX IUIaMeH (MHUIIUMPOBAHHOE
BOCIUTAMEHEHHE OCYIIECTBIISICTCS OHOBPEMEHHO C 00SHX CTOPOH MPEISTCTBHS,
B HAIlleM SKCIIEPUMEHTE Ha Pa3HOM PACCTOSHHUU OT mpenstcTBusi, Puc. 3.4)
KPUTHYCCKHI JMAMETP CTAHOBHUTCS 3aMETHO MEHbIIE. IUIaMs MPOHUKAET
yepe3 mwiuHap Pd mmamerpom 20 mm. Kak BHAHO Ha pPHUCYHKE, TPaHHIIBI
BCTPEYHBIX ()POHTOB IJIAMEHH B3aMMOIPOHUKAIOT APYT B Jpyra. DTO 03HAYaeT,
YTO ra3oqMHAMHUYecKre (AaKTOPhl TAK)KE BAXKHBI, U MX CICAyeT MPUHUMATh BO
BHUMaHHE.

E

103 ¢

Puc. 3.4.

(a) BBICOKOCKOPOCTHasi ChEMKa pACIPOCTPAHCHHUsI BCTPEYHBIX IUIAMEH depe3 wuiuuHap Pd
muamerpoM 20 MM u (6) pesyabTarsl YHCICHHOTO MOJICTHPOBAHUS M3MEHEHHS Oe3pasMepHOi
temneparypsl iipu N = 0 (rpanuunbie yenosus |1 poxa). HauansHoe nasnenue, 180 Topp. Hudpa Ha
Ka)KJIOM KaJpe COOTBETCTBYET HOMEpY Kajipa M0cJie HHUIMHPOBAHHS

Mbl npuOIHKEHHO OICHHIN BKIaJA XUMHUYECKHX (HakTtopoB (0OpwIB
Herneif Ha MOBEPXHOCTH OJIATOPOJHOTO MeTallla) IyTeM YHCICHHOTO
MOJIETUPOBAaHUS Ha OCHOBe ypaBHeHUWUM HaBbe—CTokca i CoKUMaeMOU
pearupyromniei cpeasl B MpHOIMKEHNH Majoro gucia Maxa [36], kotopoe
OIHMCHIBAET pACHpPOCTpaHEHUE IJIaMEHU B JIBYMEPHOM KaHalle. YpaBHEHUS
MoKas3ajiy KaueCTBEHHOE cornacue ¢ skcrniepumentamu [31]. 3amgauy pemrann
METO/IOM KOHEYHO-3JeMeHTHoro ananu3a (maker FlexPDE 6.08 [16]). Bout
MCIOJIb30BaH TPOCTON MenHoW MexaHu3M [31]. YcrmoBue WHHIIMHPOBaHUS
Ob110 IpuHATO 32 T = 10 Ha paBoii rpaHKIle KaHaJa; B KaHalle ObLIO CI0XKHOE
orBepcTre. ['paHUYHBIMU ycloBHsIMH (BKItouast oTBepctue) Obitr T = 10 u
C.=0,u=0,v=0,p,=0,n,=0mun=0T0NbKO HA BHYTPCHHEI TOBEPXHOCTH
npenstcTBus (3TO MoneanOBano BHYTPECHHIOIO ITOBEPXHOCTh IUIUHAPA U3
OIaropoHOr0 MeTallia), a TakkKe KOHBEKTHBHBIM TETIO0OMEH Tt =T- TO,
rme & — Oe3pasmepHas KOOpAWHATa. Pe3ymbrarTel pacyeToB MOKa3alH, 4YTO
WHTEHCUBHAS TH0ENIb aKTHBHOTO MPOMEKYTOUYHOTO TIPOIYKTa Ha BHYTPEHHEH
noepxHocTH npenstctBus (N = 0, Puc. 3.3 C) 3aMeTHO BIKsAET HA TPOHUKHO-
BEHHE TUIAMCHH, @ UIMEHHO IMPEeJ0TBpaIlaeT NIPOHUKHOBEHNE TUIAMECHH Yepe3
OTBEPCTHUE 110 CPABHCHHIO CO CitydaeM N, = 0 (Puc. 3.3 a, b). CregoBarensHo,
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Ha KayeCTBEHHOM YPOBHE HaM yJal0Ch MPOWJLTIOCTPUPOBATH d(hdeKTHBHOE
BO3/ICHCTBHE AKTHBHOW MOBEPXHOCTH HAa OCOOCHHOCTH MPOHUKHOBCHHSI
MIJIAMEHH.

Takum 00pa3oM, karanuzarop Pd MoXeT MOAaBISATh TOPEHHE [0 CPABHEHHUIO C
Pt mpu onpesienieHHBIX YCIOBUSX U, TAKHM 00pa3oM, NposiBisieT 3¢ dekt, mportu-
BOIIOJIOXHBIA KaTaIUTHISCKOMY, U3-32 BBICOKOH 3()()EKTHBHOCTH MOBEPXHOCTH
Pd B peakiiu o0pbiBa 1emneit. CiienoBaresibHO, KHHETHUECKHE (aKTOPbl MOTYT
OBITH ONPEEISIONINMHE JJAKE B YCIOBUSIX TYPOYJICHTHOCTH.

Kpatko 06001mumM nomy4eHHbIe pe3ynbTaThl.

Uzmepena BenuunHa 3GpPEeKTUBHON SHEPTUU aKTHBALUK TEMHOBOM peakiuu
max Pd E = 4.1 + 1 xkan/Moib, 9TO XapaKTepHO TSt TOBEPXHOCTHBIX IPOIECCOB.
OT0 3HaYeHHE OJIM3KO K BEIMYMHE, ONPEIETEHHON JUIs 3aBUCUMOCTH ok H, Ha
npeene KaTaauTHYeCKOTO BOCIIAMEHEHHSI HaJl MOBEPXHOCThIO Pd B cMecsx ¢
O, ot temneparypsr: 3.5 £ 1 KKaa/Monb. B 9THX YCIIOBHUAX HHUKAKOW TEMHOBOI
peaKkIiy Ha MPoBoJIoKe Pl He HAOIIOIATOCH.

[TokazaHo, 4To CKOPOCTH OOpBIBA IIeTIeH OIpeiesieT BETHYHNHY KPUTHUECKOTO
JMaMeTpa MpH MPOHUKHOBEHHH TUIAMEHH uepe3 muinHapsl Pt win Pd; addek-
THBHOCTB MOBEepXHOCTH Pd B peakinu oOpbiBa 1€ HAMHOTO BbIIIIe, YeM y Pt.

BriBoarnl k I'taBe 1V

YcTaHOBIIGHBI ~ OCOOCHHOCTH  PACTIPOCTpPaHEHHWS  (PpoHTA  IUIAMEHH
pa30aBIEeHHOW CMECH METaH-KHUCIOpo B o0ObeMaxX CIIOKHOH TeOMETpPHUH
B naboparopHoM Maciitabe YyCTAaHOBKU. bBbIJIO TMOKa3aHO, 4YTO MPOIECC
pacrnpoCcTpaHeHHs MIIAMEHH B YCIIOBHOM MOMEIIEHHH, COJICpIKaIieM BHYTPEHHEE
MPOCTPAHCTBO C JIBYMsI OTBEPCTUSMH H JIETKOBOCIIIAMEHSFOIIIUMCS MaTepHAaIOM
BHYTPH, JEMOHCTPHPYET OOJNBIIOE pPa3HOOOpasue pEeKUMOB TOPEHHS B
3aBHCUMOCTH OT TEOMETPUH 3TOTO CIIOKHOTO 00beMa, T. €. MPEeIBaAPUTEIBHBII
YHUCJICHHBIA pacyeT OXHAAEMBIX DPEKHMOB pPACIHPOCTPAHCHUS IIAMEHH He
BCEIJIa MOXET OBITh YCHEIIHbIM. TakuM 00pa3oM, peaibHBIH JKCIEPHUMEHT B
71a00paTOPHBIX YCIOBHUSX, MPEAONAraroIuii BO3MOXHOCTh MACIITAOUPOBAHUS
TIporiecca, MpeAcTaBIsIeTcsl Hanboree HHHOPMATHBHEIM.

[MpoBeneno wuccienoBanue moBefcHUsT Pt B miiaMeHH TOpeHHs MeTaHa
B YCIOBHSAX TypOYyJICHTHbIX TeueHHd. [lokazaHo, 4YTO B OIpPEACICHHBIX
ycIoBHAX Pt-karanuzaTtop MOXKET MOAABISTE TOPSHUE U TEM CAMBIM TPOSIBISAThH
MIPOTHUBOTIONIOKHEIN 3(PEKT M3-32 BHICOKOH 3(PPEKTUBHOCTH MOBEPXHOCTH Pt,
TTOKPBITOH citoeM okcuaa Pt, B peakiuu oOpeiBa 1ieneit. CieqoBarenbHO, KUHE-
TUYECKHE (PaKTOPBI MOTYT OBITh ONPECISIONINME JJAKE B YCIOBUSAX TYpOYJICHT-
HOCTH.

YcraHOBIEHBI OCOOCHHOCTH OKHCIICHUSI BOAOPOJA M MeTaHa HaJ IIaTHHOMN
U TaiiagieM npu Huskux gasienusx (70 + 200 Topp). 3uauenne >¢dexTus-
HOM DHEPrMH aKTHUBAIMK TEMHOBOH peakimu Haj Pd omenuBaercs kak E =
4.1 £1 xxan/MoIk, UTO XapaKTEPHO UIS MOBEPXHOCTHOTO Tporecca. B Hammx
YCIIOBHSX TEMHOBOW peakinuu Ha mpoBoiioke Pt He Habmomamu. [lokazaHo,
YTO CKOPOCTh OOpBIBA IeTel OmpeessieT BeMUUHY KPUTHUECKOTO JHaMeTpa
JUIs TIPOHMKHOBEHHUS TUIaMeHH depe3 uauHApel Pt wam Pd; sddextuBHOCTS
moBepxHOCTH Pd B peaknnm oOpsIBa 1emei HaMHOTO BBIIIE, ueM P,
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OOGHnapysxeH pexum suenctoro ropenus cmecu 40 % H,-Bo3nyx B npucyT-
ctBun Pt-mpoBonoku B mHTepBajie 270-350 °C. [lokazaHo, 9TO 3TOT PEKUM
00yCIIOBJIEH KaTaJUTHUYECKUM JeiicTBueM Pt-comeprkamux yacTul, oopasyro-
LIMXCS IPH PA3JIOKEHUU JIETYYeTO OKCH/IA IUIaTHHBI B Ta30BOH (ase.

[Tokazano, 4To Temmeparypa MHULHUHUPOBAHHOIO BociiameHeHus: npu 40
Topp Han marperoii ¢oasroit Pd na ~100 °C umxe, yem Han ¢omnbroii Pt.
Jlaske MUHHUMAaJILHOTO 3HaYeHHs Temreparypsl ¢poasru (623 °C) mocrarodHo
a1 BocriaMmenenus cMecu 2 H, + O,; T. €. BIMsHNE KaTaIuTHIECKON PEaKIUK
H, + O, ¢ necopbumeit akTUBHBIX IPOMEXKY TOUHBIX IIPOYKTOB € IOBEPXHOCTH
OaropoAHBIX METAJIJIOB HE3HAYMTEIbHO B Cllydae HMHUIMHPOBAHHOTO
BoctutameHeHusd. s repmudeckoro Bocrutamenenus mpu 180 Topp u 288 °C
Hax Pd ¢onbroit karanutuyeckass akKTHBHOCTh MOBEPXHOCTH BBIIIE, YEM Y
Pt-ponbru. AxtuBHOCTH (osbru Pd mposiBiasieTcsl Kak B BO3HUKHOBEHUH
JIOKaJIbHBIX 04aroB BOCIUIaAMEHEHHs Ha ()OJIbIe, OT KOTOPBIX PACIPOCTPAHSIIETCS
BOJIHA TOPEHMSI, TaK U B TEMHOBOH KaTaJIUTHYECKON peaKIMH PacxoJOBaHUs
roproueii cMecH.

Bruto nmokaszaHo, 4TO B peakLuy TopeHusi BOAOpoaa MeTamudeckas Pt nei-
CTBYET KaK MCTOYHHK TEIUIa, TOJ00HBINH, HAapUMEp, BOIb(PPaMOBO IIPOBOJIO-
Ke, HarpeBaeMoi BHEIHUM HCTOYHUKOM. OHAKO B pacCMaTpUBAEMOM cllydae
Pt HarpeBaeTcsi ¢ MOMOILBIO BHYTPEHHEI'O HCTOYHHKA, 3 IMEHHO IIOBEPXHOCT-
HOM KaTanuTuieckoil peakuun. HeoOXoauMo Taxkke y4UTHIBaTh, YTO COCTAaB
[TOBEPXHOCTHOTO CJIOSI U3MEHSETCS BO BpeMs BOCIJIAaMEHEHHUs OT okcupua Pt
(PtO,) x npyromy cocTaBy, NpOsBISAIONIEMY CBOCTBA, OTiHuHbIE OT PO,

Bbouto mccnenoBaHo ropeHue BOAOpoAa W AeHTepus Had MPOBOJIOKAMH
Rh, Ru, Pd u Pt mpu obmem naBiaenuu g0 200 Topp W HAYaIbHBIX TEM-
neparypax no 500 °C kak misi yCTaHOBIEHUS 3aBUCHMOCTH IIPEIEIIOB
KAaTaJUTUYECKOTO BOCIJIAMEHEHHUS HaJ MOBEPXHOCTSIMHU OJIarOpOIHBIX
METaJUIOB OT TEMIIEPaTypPhl, TAK U JIJIsl BBISIBICHUS ONpeaesomux (pakTopos
3a/1a4¥ BOCIUIAMEHEHHS ra3a Ha KaTaJuTHueckoi nmosepxHocTH. Ilokxazano,
gyto noBepxHoctu Rh, Ru u Pd, o6paboranHbie BOCIUIaAMEHEHUSIMH 2H, + O,
HMEIOT Ae(QEeKThl B BUIEC OTBEPCTHUH, KOTOpPbIE PacHoOJOXeHbl Ha (Urypax
TpaBJICHMS, TPABSILNUE BELIECTBA SIBISIOTCS AKTUBHBIMHM IIPOMEXYTOUYHBIMHU
npoxykramu okuciaenus H,. OOGHapykeHo, 4YTO Iepea BOCIUIAMEHEHHEM
KaTaJUTHYeCKas MPOBOJIOKA HAIPEBAETCsI HEOJHOPOIHO; BOZHUKAIOT Hayajlb-
HbIE 0Yaru BOCIIJIAMEHEHHUSI.

buino obnapyceno, umo neped socniamenenuem Kamaiumuieckas nposo-
JIOKa Ha2pesaemcs HepagHOMEPHO; 603HUKAIOM NepeUdHble JIOKALbHbLE 0UalU
BOCNIAMEHEHUs;, MaKue o4a2u no360Js1em NoAYUUms aHaAIU3 pacnpeoenréHiou
3a0auu ¢ ucnoivzosanuem ypasHernuil Hasve-Cmokca 0nsa cocumaemoti pea-
eupyroweti cpedsl 8 aKyCmu4eckom npubIUdNCeHUl, m. e. ¢ Yuémom 2a300una-
muyeckux gaxkmopos. CkazaHnoe omHOCUMCA MaKice K anaiusy 0elcmeus
XUMUYECKU AKMUBHOU CMEHKU PeaKmopa.

Bbeutonokasano, uto RhsBisiercst Han6osee 3¢ heKTHBHBIM KaTaIH3aTOPOM
Bocramenenus 2H, + O,, camas HU3Kas TeMneparypa BOCIIAMEHEHUS JIs
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Pd-nipososoku ¢ Rh mokpeituem (Rh/Pd) cocrasmma 210 °C, mus Ru/Pd u
Pd — 300 °C, amst Pt-mpoBosioku — 410 °C npu oOmuiemM JaBlieHUU MEHeEe
200 Topp. SBaeHue rucrepesuca HabmomaeTcs Ha npoBosiokax RU/Pd, Pt u
Pd; a umenno, npenenbHoe 3HaueHne Bocmaamenenus BIIKB, usMmepennoe
Ha MPOBOJIOKE, KOTOPYIO HEe 00pabarbiBajiM BoCIIaMeHEHUsIMH (IIponeaypa
MOBBIMICHUS TEMIIEPATYpPbl W3 COCTOSHHS OTCYTCTBHSI BOCILIAMEHEHHS),
Bhle, yeM 3HaueHue HITKB, uzmepennoe ¢ noMompo Npoueaypsl CHHXE-
HUS TeMIEpaTypbl U3 COCTOSHUS KaTATUTUYECKOTO BOCILIaMEHEHUs. Bpiio
mokasano, uro Rh sBasercs manboaee 3¢p(HEeKTUBHBIM KaTaln3aTOPOM BOC-
nnamenenus 2D, + O, B 9ToM ciydae camas HH3Kas TeMIeparypa BOCILIa-
MeHeHus Haja npoBosokoit Pd ¢ Rh mokpeituem (Rh/Pd) cocrasnsier 100 °C.
[Ipu aHanu3e npegesIbHBIX ABICHUI KOPPEKTHEE TOBOPHUTH O BOCIIJIAMECHECHHH
Hax TUApHaaMu/aeiiTepuaaMu OIarOpOJHBIX METAIJIOB, CAMBIA HHU3KHIi
mpees KaTaTuTHIEeCKOTO BOCTIIIAMEHCHU S 2D2 + O2 HaJ ACUTEPUIOM POIHUS
cocrasiser 100 °C; takum o6paszom, BocmiamensamocTts D, Beimie Hax Rh u
Pd yem BocmaMeHEHsSEMOCTh BOJOpOoaa. [lonydeHHbIe Pe3yIbTaThl yKa3bl-
BAaIOT Ha CYUIECTBOBAaHUE ‘KMHETHYECKOTO OOpPaTHOr0 M30TOMHOTrO 3ddek-
Ta”, KOTOPBII ompenenseT peaknuoHHyro crnocodnocts MeH u MeD, raue
Me =Rh, Pd.

[TokazaHo, 4TO MHUITMHPOBAHUE TIPOIECCA TEPMUUECKOTO BOCIUIAMEHEHHMSI
BCEr/ia ONpeJeNsieTcsl HaIWYUeM pPEeaKIMOHHOCIOCOOHBIX IIEHTPOB Ha
MOBEPXHOCTH, CBOWMCTBA KOTOPBIX OMPENEISAIOTCS KaK IMOBEPXHOCTHBIMH
neekTaMy, WMEIOMMUMH W30BITOK CBOOOMHOW DJHEPTrHHM, TaK H UX
KaTalMTHYeCKUMHU CBOMCTBAMH; MPOIIECC BOCINIAMEHEHHSI BKIIOYACT CTAIUH
paszorpepa, JOKaJIbHOTO BOCIUIAMEHEHHUSI W PACHpOCTPaHEHUs IJIaMEHHU.
XuMu4eckass aKTHBHOCTh Pa3dUYHBIX yYaCTKOB IOBEPXHOCTH H3MEHSETCS
OT OJIHOTO BOCIIaMeHeHHs K Japyromy. OCHOBHasi 0COOEHHOCTH Tpolecca
BOCIIJIAMEHEHUST 3aKJII0YaeTcsi B TOM, YTO BOCIJIAMEHEHHUE TIPOUCXOJUT
Ha OTJACIBHBIX Y4YacTKax IIOBEPXHOCTH TIPU OJMHAKOBOH TeMIiepaTrype
MOBEPXHOCTH peakTopa. CieioBaresibHO, TOpeHNE BO3HUKAET Ha TOBEPXHOCTH
peakTopa Jaxe B YCIOBHIX IMMOYTH OJHOPOJHOTO MPOTPEBa roproveil ra3oBoi
cMecH. YCTaHOBIICHO, YTO Kau€CTBEHHAsI MOJIe)Ib, OCHOBAHHASI HA YPaBHEHUSX
Hasre-Crokca ansa cxuMaeMoil pearupyomieil cpeasl, MO3BOJAET MOTYyUNUTh
KaK peXUM BOSHUKHOBEHUS TIEPBUYHBIX 0YaroB BOCIUIAMEHEHHSI Ha TIPOBOJIO-
Ke ¢ TOCJICYIOIINM JOKAIBHBIM BOCIUIAMCHEHHEM, TaK M PEXKHM TEMHOBOI
KaTaJlUTUYEeCKOW PEaKIMK PacXoJJOBAHMS UCXOJHOTO PearcHra.

DKCIepUMEHTAIBHO IOKa3aHO, YTO TEMIIeparypa BOCIUIAMEHEHHS CMECH
40% H, + Bo31yX Haa MeTaIIHYECKUM Pd (70 °C, 1 arm) na ~200°C Hmxe, uem
Haj moBepxHOCThIO Pt (260 °C, 1 atm). Kpome Toro, nmpoBosioka Pd nnunuupyer
Bocriamenenue cmeceit (30-60% H, + 70-40% CH,)_ _  + Bo3ayx; NpoBoIIO-
ka Pt Toro ke pazmepa He MOXKET BOCIUIAMEHUTH 3TH CMECH MTPH TEMIIepaTypax
peakrtopa ke 450 °C. D10 o3HauaeT, uro mpoBoioka Pd 6omree sadhdhexruBHa
NpH MHUIIMAPOBAHUM BOCIUIAMEHEHHMsI, YeM TpoBoioka Pt. Sluewcras cTpyk-
Typa (poHTa IUIAMEHH MPH BOCILUIAMEHEHHH B MPHCYTCTBUH MPOBOIOKH Pd
He HaOmrofanach B OTIMYHME OT PE3YJIbTATOB, MOJNYUYEHHBIX Ha MOBEPXHOCTH
Pt. CnenoBarensHo, Pd Gonee mpumeHnma aisi peKOMOMHATOPOB BOAOPOIA
Ha ATOMHBIX JJIEKTPOCTAHIIMAX, TOCKOIbKY KaTalIMTHUYECKHE YaCTHIIBI He

246



BriBoabl

MOSIBIISIIOTCSL B Ta30BOM (aze. DKcrepuMeHTanbHOe 3HaueHue 3(dekTuBHOI
SHEPTUH aKTHBALMK nporiecca oreHeHo B (3.5 £ 1) kkan/MoJ1b, 4TO XapaKTepHO
JUTSL TIOBEPXHOCTHBIX MPOIECCOB. DTO YKa3bIBaeT HA 3HAUYUTEILHYIO POJIb TEM-
HOoBO# peakuuu H, u O, Ha nosepxnocTu Pd, Habmronaemoit HemocpeICTBEHHO
NpH HU3KHUX JaBlieHUsX. Hanudue 2ToW peakiuy CHUXKAeT BEPOSITHOCTh CIIy-
YaifHOTO B3phIBa MO CPABHEHUIO C MOBEPXHOCTHIO Pt. Bruto oOHapyxkeHo, 4TO
B IPUCYTCTBHU Jielikocarndupa B auanazone 570-650 HM oTcyTcTBYeT crcTemMa
nosioc uzaydenns H,O*, n Ob110 1aHO BO3MOXKHOE 00BACHEHHE STOTO dPdhek-
Ta. BBIJI0 00BSICHEHO MOSBIICHHE JIOMOTHUTEIFHOTO UCTOUHUKA BO30YKIEHHBIX
MOJIEKYJI BOIbI, M3j1y4aroux B quanazone 900-970 uwm.

DKclepuMEHTaIbHO TIOKa3aHO, 4YTO TeMIlepaTypa BEpXHEro Ipejena
karamuTuaeckoro Bocmiamenenns BITKB wax Pd mpu P = 1.75 arm, usme-
peHHasi METOZOM TOBBINICHHS TeMIeparypsl st cmeceidr 30% mertan + 70%
Bofopon + Bo3ayx (0 = 0.9, T = 317 °C) u 30% nponan + 70% H, + Bo3xyx
(6=1,T=106 °C) 3aMeTHO CHMKAETCS B XOJ[€ TIOCIEAYIOIINX BOCTIAMEHEHHIH
mo T =270 °C nns emecu H, = CH, m o T = 32 °C nnsa emecu H, - C.H,.
[Ipenen BocnuaMeHEHUs] BO3BPAIIAETCS K MCXOJHOMY 3HAUYCHHIO Tociie 00-
paboTku peakropa O, WM BO3MyXOM; T. €. BOSHHKAET SBJIECHUE TMCTEPE3UCA.
Hwxnuit npesen karanurudeckoro socrnamenenus HIIKB cmeceit 30% (C,,
C4,C,,C,) +70%H, + Bo3nyx (0=0.6, 1.1, 1.2, 1.2 coorBeTcTBeHHO) Hax Pd
coctaBisier 25-35 °C npu P = 1.75 arm; addexT rucrepesnca oTCyTCTBYET.
bbi1o o6Hapyskeno, uto 6eanas cmech 30% C,H, + 70% H, + Bosayx (0 = 0.6)
HMEET caMyl0 HU3KYIO TeMIlepaTypy npeneia Bocriamenenus: 24 °C npu 1
at™M. OneHka 3 peKTHBHON YHEPTUH aAKTUBAIIMH BOCIUIAMEHEHHS CMECeH Hal
Pd cocraBnsier ~2,4 *1 kKkan/Moyb, 9TO XapaKTEPHO JJIsi MTOBEPXHOCTHOTO
mporecca. Takum o00pa3oMm, Hcronb3oBaHue Pd-karamgu3aropa MO3BOJISET
BOCIUIAMEHATH cMeCH H,-yreBonoponos npu 1-2 arM npu HavaabHOW KOM-
HaTHOW TeMIieparype 0e3 BHEIIHUX UCTOYHHKOB dHEPTHH.

VYcTaHOBIIEHO, YTO TeMIlepaTypbl BOCIUIAMEHEHHSI CMeEceid BOIOpOJ—
KHCIIOPOJI M CMecell BOJOPOI—METaH-KUCIOPOJ NPH HHU3KOM JaBJICHUH
HaJ HarpeTsiMu mpoBojokamu u3 Pd, Pt, Huxpoma u kanrtana npu 40 Topp
YBEJIMYUBAKOTCS C yMEHBIIEHUEM KOHIIEHTpanuu H,; TOIbKO Harperas mposo-
noka u3 Pd mposBisieT BIpaKeHHOE KaTalTuTHYECKOe aeicTBre. YnCIeHHbIe
pacdeTbl MO3BOJIUIU BBISIBUTH BO3MOXKHYIO POJIb JTOTIOJHUTEIBHON PEKIUU
passerienus H + HO, — 20H, B xotopoit ManoakrtuBHbIi pagukan HO,
3aMeHsieTcsi 0ojee akTUBHBIM pajgukanom OH.

UccnenoBanbl 0COOEHHOCTH BOCIIIAMEHEHUS MPEJABAPUTEIHHO TPUTOTOB-
JICHHBIX CTEXUOMETPUUECKUX CMeCceil H-IEeHTaH-BO3[yX B CTATUYCCKOM peak-
TOpe ¢ OBICTPHIM HAITYCKOM CMECH B TIPHCYTCTBHU MeTautnueckux Pt u Pd B
obmacTu oTpHIareasHoro TemmeparypHoro kodpdunnenta (OTK). ITokasa-
HO, 9TO B OTCYTCTBHE OjaropomgHbsix MetamioB B obmactu OTK Bo3HHWKArOT
TepMOaKycTHUeCKue koneOanus. OQHaKo B MPUCYTCTBUM KaTaim3aropa Pt,
KOTOPBIH pearupyer ¢ KUCIOPOJOM MPH TeMIlepaType MIaMEeH! U TeHepUpyeT
KaTallMTUYEeCKUEe LEHTPHI, PACIPOCTPAHSIONIUECS B 00beM, TepMOAKyCTHYE-
CKHE PEXUMBI TEPMUYECKOTO BOCILIAMEHEHHUSI HCUE3al0T. J|pyrumMu cioBamH,
KaTaluTH4eCcKas MOBEPXHOCTh Pt ycTpaHseT onmpelleeHHYI0 CTaIHi0 WHTHU-
OMpoBaHUS B KUHETHYECKOM MEXaHH3Me IMOCe BOSHUKHOBEHUSI XOJOJIHOTO
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wiamenu u ucuesHoBenus spiueHust OTK; aToit cragueir MokeT ObITh, HATIPHU-
Mep, paslioKeHHe HEKOTOPOTO MPOMEKYTOYHOIO MEJICHHO pearupyroniero
nepokcuaa Ha moBepxHocTH Pt ¢ obpasoBanuemM Goisiee peakIMOHHOCIIOCO0-
HOTO pajaukana. B mpucyrcTBun karanutuueckoi mosepxuoctu (Pd), koropas
HE pearupyeT NpH TeMmIieparype MIaMeHH M He TeHEPHPYeT KaTaJIHuTHYECKHe
LIEHTPHI, pacrpocTpaHsmonuecs B o00beM, Bo3HuKaeT sBiaeane OTK.

OO0Hapy)XeHHbIC 3aKOHOMEPHOCTH JIOJDKHBI OBITh MPUHATH BO BHUMaHHE
npu uncienHoM moxenupoBanuu ssienns OTK. [{pyrumu croBamu, Tepmo-
akyctudeckue konebanus u spienne OTK nomkHBI MCUE3HYTHh B pacyeTax
MOCJIe MCKJIIOUCHHUS ONpelleJICHHOW peakiuy WM Habopa peakinuid u3 Mme-
xanu3ma. Craaus JOJDKHA BKIIFOYATh MOBEPXHOCTHYIO PEAKIMI0 aKTUBHOTO
MPOMEKYTOUYHOTO MPOJYKTa TOpEHUsi Ha MmoBepxHocTH Pt, mpu xotopoit u3
MaJIOaKTHBHOTO MHTepMeauara oOpasyroTcsi 0oliee aKTUBHBIE POMEXKYTOU-
HBIC TIPOIYKTHI.

Bru10 00HapyKEeHO, UTO MEePHOJ 3a/IePKKH BOCTUIAMEHEHHS MTPH TOPEHUH
cmeceii (70-40% Bomopoxa + 30—60% mpoman) + BO3ayX HaJ HaiagueM TIpH
obuiem gaBiieHnn 1-2 aT™ cHavaia yMeHbINAETCS C TOHMKEHUEM TEMIIEPATYPHI,
a 3areM YBEIWYHMBACTCS 0 JOCTIIKEHHUS Ipejesia BOCIIAMEHEHUs, T. €.
BosHukaeT siieHne OTK. DddexTuBHas sHEPrUs aKTUBAIIMK COCTABIsET 2.2 +
1 kkas MoJIb ™, 4TO XapaKTEePHO ISl HOBEPXHOCTHOTO Tpoiiecca. CiiegoBareib-
HO, oO0HapyxeHHoe siBieHne OTK TecHO CBsI3aHO ¢ COCTOSTHUEM TOBEPXHOCTH
Pd. B o6pa3sie, 00paboTaHHOM BOCIUIAMEHEHHSIMH, ObLTH OOHAPYKEHBI [ie-
(eKTHI B BUJIE OTBEPCTHH, KOTOPbIE OPUEHTUPOBAHBI IO QUTypaM TpaBJICHHUS.
B arom mpomnecce gactuisl PAO 06pa3yroTes mpu OKMCIEHWH TTOBEPXHOCTH
Pd u pasnaratorcs 1o Pd u O, npu Temneparype npoaykTos ropenus. Takum
obpasom, Pd pacxomyeTcst B peakiiii XUMHYECKOTO TPABICHUS C aKTHBHBIMH
MPOMEKYTOUHBIMH TIPOAYKTAMH TOpPEHUS. IJTO WCKIIOYaeT MpUMEHEHHE
najurajius B yCTPOUCTBAX 3a)KUTAHMS.

Bemo mokazano, uro mpu cymmapsbeix jgaBnenusix g0 200 Topp oGmactu
KaTaJIATHYECKOTO BOCIUIAMEHEHHs1 Ha noBepxHocTsx Rh u Pd mmpe st cmeceit
2H, + O,, uem nns emeceit (H,+CH,) +0,u(H,+CH,) __  +0, cmecy,
coznepikainue 6osee 50% yrieBo0poI0B, HE BOCIUIAMEHSIOTCS. 1aKoe TOBeICHHE
MPSIMO CBSI3aHO ¢ 00pA30BaHMEM YIIIEPOJICOMEPIKAIICH TICHKH Ha MOBEPXHOCTH
OaropoHOTO MeTasuia. TOIUIMBO B CMECSIX PACXOIYeTCsl B Pe3yJibTaTe TEMHOBOM
peaknu. [Ipy nomyueHn  yriepoaHbIX HAHOTPYOOK TAKUM METOJIOM OJIarOpOIHBIN
METaJJl WrpaeT OJHOBPEMEHHO pOJIb Karajiu3aropa pocTa HAHOCTPYKTYp |
HarpeBaTeNIbHOTO JJIEMEHTa; JUIsl MOCICHEr0 HeoOXOMUMO HAIMYHE B T'a30BOM
cmecu Bofopozia. [Tokasano, 4to TemHoBas peakius B cmeck (80% H, +20% C,H,)
crexuom + O, IpUBOIUT K 0OPa30BaHHIO YIIIEPOIHBIX HAHOTPYOOK C IMAMETPOM B
nuanazone 10-100 am.

ITokazano, 49To B peakTope, OOpaOOTAHHOM BOCIUIAMCHEHUSIMHU, TEM-
neparypa Bocimiamenenus cmecu 70% H, + 30% wmeran + BO3ayx Han
MOBEPXHOCThIO pomusi coctaBisier 62 °C. DTOT pe3yibraT yKas3blBaeT Ha
MEPCIEKTUBY HCIIOJIB30BAHMS POJMEBOr0 KaTajgu3aTopa Ui CHUKCHHS
TEMIIEpPaTypbl KaTATUTHYECKOTO BOCIUIAMECHECHHsSI TOIUTMB Ha OCHOBE CMeceil
BOJIOPOZIa M MeTaHa. BBISBIEHO KPUTHYECKOE YCIOBHE JHJsi OOBEMHOTO
BOCIIJIAMEHEHUS] B 9TUX CMECSAX: BOCIUIAMEHEHHE B 00bEME MPOUCXOJUT MPH
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45% H,, no ono orcyretByer mpu < 40% H,. Eciu H, < 40%, npouncxonut
TONILKO MeEJIJICHHAs] TIOBEPXHOCTHAsl pPEaKiusi; ATO SBJICHHUE Ka4eCTBEHHO
OINHMCHIBAETCS HANIMMH pacueTaMH. BpIsBIeHO, 4TO 3(QeKTUBHBIE dHEPTHH
AKTUBAIIMU KaK ‘BEpPXHEro”, Tak W “HUXHEro” KaTaJUTHYCCKUX IPENEIIOB
BOCIUIAMEHEHHUS cMecH H,+ MeTaH B quanasoHe JUHEHHOCTH NPHUMEPHO paB-
uel (2.5 £ 0.6) kxkan/MoJIb; 9TO 03HAYAET, YTO KITFOUEBbIE PEAKIINH, OTBETCTBEH-
HbIE 32 BO3HUKHOBEHHE “‘BEPXHETO” W “HUKHETO” MPEee0B BOCIUIAMEHEHHUS
MMOYTH HaBEpPHOE, OXHU W Te ske. IlokaszaHo, uTo s Katanmsaropa Rh/Pd
Mpoliecc pa3BUTHUs IIEMH, CKOpee BCEro, MMEET TI'eTePOTeHHBIH Xapakrep,
MOCKONIbKY d3(ddexkTuBHas 3Heprus akTUBalUMu coctaBiuser < 3 kkan/
MOJIb. DKCIIEPUMEHTAIBHOE OIpeeICHHe TEeMIIepaTyp BOCILUIAMEHEHUsS |
3 PEKTUBHBIX DHEPrUil aKTHBALMKU BOcIIaMeHenus cmeceit 5+40% H,- Bos-
nyx Hax Rh u cmeceit (30 + 70% H, + 70 + 30% C,H, (um CH,)))
+ Bo3ayx Haxm Rh u Pd mpu 1 arm mpoBomwiu B anana3oHe TEMIEPaTyp
20-300 °C B cTaTHYECKUX YCIOBHUSX C IIEIbIO CPaBHEHUS KATAIUTHYECKOH
spdpextuBHocT Rh u Pd u ycranoBnenus ¢axTopoB, OMpEIesISIONIIX
3HaYeHUs1 dQPEKTUBHBIX IHEPruil akTuBanuu. [lokazaHO, YTO TOJyYEHHBIE
3HaYeHUs: A(PQPEKTUBHBIX DHEPrUil aKTUBALMKM HAXOUATCS BO B3aWMHOM
COITIaCHM M XapaKTepHBI /Ui MOBEPXHOCTHOTO Xxapakrtepa jaeiictBus Rh; Rh
Oosee KaranuTHYeCcku akTuBeH, ueM Pd. Yeranosneno, uro npu 1 arm HITKB
cmecu 2D, + O, Haj nmefitepupom poaus 3aMeTHO Huke, yeM y 2H, + O,
Hag ruapugoM Rh; Takum 06pasoMm, BOCIIaMEHSIEMOCTD D2 Hax Rh Bwime,
uyeM H, kak n mpu nasnenusx 1o 200 Topp. beuiu onpenenensl KIKOYEBbIE
0COOEHHOCTH KaTaIMTUYECKOTO BOCIUIAMEHECHHSI Ha METAJUIMYECKUX POJIHH
W TaJulaJuu B POy CMEHIaHHBIX TOPIOYMX: a UMEHHO BOJIOpPOJ + CHHTE3-
ra3 u BOJOPOA + yriaeBomopoxa (3TaH, STWIICH, MPOIMaH, MEHTaH) + BO3AYX,
9TOOBl YCTAaHOBUTH T'PAaHUIBI O0NacTeidl KaTaJTUTHYECKOTO BOCILIaMeHe-
HUsS, 3aBHCHUMOCTH S()QEKTUBHBIX DJHEPruil AKTHBAIIMH BOCIUIAMCHCHHSI
OT TPHUPOJBI YIIEBOAOPOAA W POJIb MPOLECCOB TEMHOBOTO OKHUCIICHHS.
Bbut0 MOKa3aHo, YTO B YCIOBUSIX HAIIUX DKCIEPUMEHTOB OMPEIEISIONIIM
(haKkTOpOM KaTaTUTHYECKOI'0 BOCIUIAMEHEHHUsS SIBISIETCSI HE XUMHUYecKas
NpHpPOJIa KaTain3aTopa, a coaepxkanue yriesopopona C, B cmecu ¢ H,. Ilpe-
JIebl KaTAIUTUYECKOTO BOCIUIAMEHEHUs cuHTe3-ra3a Hag Rh/Pd xauectBen-
HO OTJIMYAIOTCS OT 3aBHCHUMOCTEH IS TOPIOYUX BOJOPOI-YITIEBOJIOPOJI: 3aBU-
CUMOCTh “HMKHero~ karamutudeckoro npenena HIIKB nmeer oTueTnuBwii
MaKCHMyM, 4YTO YKa3blBaeT Ha CIOXHBIH MEXaHW3M KaTaJIHTHYECKOTO
npouecca; 3apucumocth Appenuyca In[H,]. ot 1/T ne seinonnsercs. Cie-
JIOBATEIIbHO, CIEAYET YTOUYHUTHh MHTEPIPETAINUI0 “BepXHETO” W “HMKHEro”
MpEIeNIOB KaTAIUTUYECKOTO BOCILIAMEHEHUs, MPHUBEJACHHYIO B JHTEpaType.
Jis peaknuu KaTaJTuTHYeCKOTO OKUCIICHHSI CHHTE3-Ta3a M YIJTIEBOJOPOJIOB C
JUTMHHBIMU TETISIMU CJIeJIyeT YYUTHIBATh U3MEHEHHE MPUPOIBI TOBEPXHOCTH
3a Cu€T pa3IMIHON COPONMOHHON CTTOCOOHOCTH CBEXETo U 00pabOTaHHOTO
BOCIIJIAaMEHEHUSIMU THIPHUAA poaust B oTHomeHUU Molekyn CO, MCXOTHBIX
YIJIEBOAOPOJIOB U MPOJYKTOB TOPEHUSI.

Bonbiine nepuojpl 3aJepKK1U KaTalluTHYECKOTO BOCILIAMEHEHHUsI cMeceit
BOJIOPO/I— H-TIEHTaH (AECSITKH CEKyH/) U OTCYTCTBUE 3aBUCHMOCTH ITHX IIe-
PHOJIOB OT HauaJIbHOW TEMIIepaTyphbl TO3BOISIOT C/IENATh BBIBOJI, YTO KaTallu-
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Karanutnueckoe BOCIZIaMEHEHHE CMeceil BOIIOPO/IA U BOAOPOAA € YIVIEBOJOPOIaMH
C KHCJIOPOJIOM U BO3JyXOM HaJl 6JaropoIHbIMU MeTaIaMH

THYECKOE BOCIUIAMEHEHHE CMeCcel BOJOPOJ — H-TICHTAH ONpe/esieTcs nepe-
HOCOM MOJIEKYIJI YIIIEBOIOPO/ia Ha MOBEPXHOCTH KaTAIUTHYECKOM MMPOBOJIOKH.
Takum 00pa3oM, MpU OKHCIEHUU CMeceil BOJOPOA-YIIIEBOJOPOJL IIsl MeTaHa
OCHOBHBIM (DaKTOPOM, OIPEACISIONUM KaTaTUTHUYECKOE BOCIUIAMECHEHHE,
SIBIISIETCS PEaKIUsl OKHCICHUS BOJOPOJia Ha MOBEpXHOCTH Karanuzatopa. C
YBEJIIMYCHUEM YHUCIIa aTOMOB YIJIEPO/ia B YINIEBOJOPOEe PaKTOPhI, CBSI3aHHBIE
C XMMHUYECKOW CTPYKTYpOH, TO €CTh PEaKIMOHHON CIIOCOOHOCTHIO YIJIEBO-
aopoJa npyu KaTaJIUTUYCCKOM OKHCJIICHWH, HAYUHAIOT UI'paTh 3HAYUTCIIbHYIO
POJIb; TOTJIa CKOPOCTh OKUCIICHHS YK€ OMpPEJIEIseT sl MPOIecCaMu IMepeHoca
MOJIEKYJI YTIIEBOJOPO/Ia Ha TIOBEPXHOCTh KaTalu3aropa.
OKcnepuMeHTaIbHbIE HNCCIE0OBAaHNA TOPEHUsI CMECe BOJOpPOa — METaH
P HU3KOM JIaBJICHUH MPOBOAMIN HaJ MOBEPXHOCTHIO Pl mpu cyMMapHBIX
nasienusix ot 20 10 180 Topp u HauanbHbIX TeMnepaTypax 400—-600 °C ¢ nesnbro
YCTAHOBJICHUA 3aBUCUMOCTHU IMPECACIOB KaTaJIUTUYCCKOI'0 BOCIIAMCHCHUSA
Haj Pt oT TemMmeparypsl ¥ BRISIBJICHUS 0COOCHHOCTEH BOCIIJIAMEHEHUS cMecei
BOJIOPOA-METaH HaJl Pt B MOCTOSITHHOM JJIEKTPUYECKOM II0JIE B OTCYTCTBHE
paspsna. [loxasano, 4ro npenensl Bocnaamenenus cmeceit 2H, + O, u (80%
H, +20% CH,) ....... T O, Han Pt npoBosioKO# HE 3aBUCAT OT NPUITOKEHHOTO
HanpspkeHus 0e3 paspsiaa 10 1200 B. Yeranosneno, uto mis cmeceid (80%
H, + 20% CH,) _ .+ O, npunoxenue snexrpuyeckoro nons (1200 B)
MPUBOJUT K MCYC3HOBEHUIO M3 PEAaKIIMOHHOTO 00beMa YacTHlIl, COIEPKAIINX
Pt, oOpa3oBaBmmXcsl B pe3yinbTaTe Pa3lOKEHUs JIETYUero OKCHIA TIATUHBI
B ra30Boi (ase, T. €. 3TH YACTHUIIBI 3aPSKEHBI. ITO MOMKET OBITh CBSI3aHO C
SBJICHUEM XEMHOHHU3AIlNH, HAOII0ZaeMbIM TPHU CTOPAHUH YTIEBOIOPOIOB.

[Tokaszano, uto mpu okucinenuu cmecu (80% H, + 20% CH,)) _  ~+ O,
YIIEPOAHBIE HAHOTPYOKH MPAKTUYECKH HE 00pa3yrOTCs B OTIUYHE OT CMECH
(H,+C,H,) +0,.

CTEXHOM 2

YcTaHOBIIEHBI 0COOCHHOCTH paclnpocTpaHeHus GppoHTa MIaMeHu pa3das-
JIEHHOW CMECHU METaH-KHUCIOPOJI B 00beMax CIOKHON reoMeTpHH B 1adoparop-
HOM MaciiTabe yCcTaHOBKH. bplTo moka3zaHo, 9To mporecc pacrnpoCcTpaHeHUS
MJIAMEHH B YCJIOBHOM ITOMEIIEHUH, COAEPIKAIIEeM BHYTPEHHEE MMPOCTPAHCTBO
C JABYMS OTBEPCTHUSIMH H JIETKOBOCIIJIAMEHSIONIUMCSA MaTepHajoM BHYTPH,
JEMOHCTPUPYET OOJNBIIOE pasHOOOpa3He PEeKUMOB TOPCHHS B 3aBUCUMOCTH
OT TEOMETPHH 3TOTO CIOXKHOTO 00BheMa, T. €. MPEABAPUTEIbHBIN YHCICHHBIN
pacyeT OXMIAEMBIX PEKHMMOB PACIPOCTPAHEHHs TUIAMEHHU HE BCET/Ia MOXKET
OBITH ycremHbIM. TakuM 00pa3oM, peaabHbIi IKCIIEPUMEHT B J1aOOpPaTOPHBIX
YCJIOBUSAX, MPEANONAralonuid BO3MOKHOCTh MacHITaOMpOBaHUS Ipolecca,
npenacrasisercs Hanbosiee MHOOPMATHBHBIM.

[IpoBeneno muccnenoBanue nopeneHus: Pt B TuiamMeHu TOpeHUs METaHa B
YCIOBUAX TypOyJIeHTHBIX TeueHuil. [lokazaHo, 4TO B ONpeneNeHHBIX YCIO-
BHUsAX Pt-karamn3aTop MOMKET MONABISATh TOPEHHE M TEM CaMbIM MPOSBIATH
MPOTHUBOMONIOKHBIN d(PPEKT M3-3a BEICOKOH (D (HEeKTHBHOCTH MOBEPXHOCTH Pt,
MOKPBITOH ciioeMm okcuaa Pt, B peakuuu oOpriBa neneii. CienoBaTeabHoO, K-
HeTH4Yeckne (HaKTOPBl MOTYT OBITh ONPENEISIONIMME JIaXKe B YCIOBHSIX TYp-
OyJICHTHOCTH.

YcTaHOBIEHBI 0COOCHHOCTH OKUCIICHUS BOJOPOJia M METaHa HaJ INJaTH-
Hoi m mamnaguem npu Huskux pasinenusx (70-200 Topp). 3nauenue a¢-
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BriBoabl

(beKkTHBHON JHEpPrHHM aKTUBAllMU TEMHOBOH peakuuu Hajx Pd omeHuBaercs
kak E = 4.1 £1 kxan/Moib, 9TO XapaKTEPHO IS TOBEPXHOCTHOTO MpoIecca.
B Hamux ycioBHSX TEMHOBOW peaklM¥M Ha MpoBoJjoke Pt He Habmromamu.
[ToxazaHo, 94TO CKOPOCTH OOPBIBA IEMH ONMPENEIISIET BETUIUHY KPUTHUECKO-
ro JuaMerpa JUisi IPOHUKHOBEHHS IJIaMeHH 4epe3 muiuuapbl Pt win Pd;
s dexTrBHOCTH MOBepxHOCTH Pd B peakiium o6pbiBa 1€ HAMHOTO BBIIIIE,
gem Pt.
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