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HEJIHHEWHASA JUHAMHKA - OCHOBA TEOPHH KATATUTHYECKHX
HPOHECCOB U PEAKTOPOB.

" Ynen-kopp. PAH Cnunpko M.T.
THI PO "HHDXH ':m.:)?.},?; Kapnosa ", Mockea, ',Po'cézm;

1. HenuueiiHasg nMHaMMKa  paszgen JHHAMHKH, M3YYaloIMil CHCTEMBI, B
KOTOPbIX ~ NPOLIECCH . He YAOBNETBOPSIOT ~ NPHHUMIOY  CYMEPIO3HLIMH.
MateMaTn4ecKHe MOIEIN TaKHX CHCTEM COCTOST- M3 HEJIMHEHHBIX ypa‘BHc;mﬂ
MaTeMaTHyecKoi . du3nkn. Ocoboe MéCTp HEeJIMHEHHON IUHAMHKY ONpenesseTcs
OBIIHOCTBIO 3aKOHOMEPHOCTEH BHE éaBncnﬁocTn <OT KOHKPETHOH TPHPOABI
cucremsl. [1oaToMy BO3HMK &IMHBIH MOmXOA K H3YYEHIWO HEJIMHEHHBIX CHCTEM,
YTO a0 BO3MOMHOCTb BHUACAHTL: 6a30Bble MOIEMH, OGLIME TOHSTHS,
onpeaeieH!s, cbopMHpOBaTh MaTeMaTHYeCKHE MAEH, NMOAXOAbI, MaTeMaTHYeCKHIH
amnmnapar s TIDOBENCHHsI aHalMea M MOZIEINpoBaHHsl. OCHOBBI HEJMHEHHBIX
MOAXOZOB CGhOPMYINPOBAaHBl IKOJOH ¢u3NKoB MIY Tmox pyKOBOZCTBOM
akagemMukoB JI.U. Mannensiitama, A.A: AuopoHoBa, H.JI. Tlananekcn B KoHlie
.20-x n 30-e roZpl Haulero CToJIETHS Ha OCHOBe uccnenoBaHUM A. TlyaHkape u
A.M. JIanyHoBa npH CO3/laHMH TEOPUH KosebaHHH

2. TereporeHHasi KaTalMTHYeCKas CHCTEMA SIBASIETCS OTKPBITOH, aKTHMBHOM,
HEJIMHEHHOH, IMCCUNAaTHBHOIM, pacnpeneleHHOH MHOrOypOBHEBO# cpeqoM, Haxo-
Illeiics BIalM OT TePMOAMHAMHYECKOro paBHoOBecHs. B Hell BO3HMKAIOT fipak-
THYECKH BCE HEJIMHEHHBIE SIBJIEHUS, KOTOPBI¢ XapaKTepHA! Ui HEIMHEHHBIX CHC-
TEM: MHOXECTBEHHOCTb CTaLIMOHAPHBIX COCTOSTHUIM, KPUTHYCCKHE YCTIOBUS, CKay-
K00oOpa3Hble U3MEHEHHs, YCTOHYMBbIE M HEYCTOWYMBBIE COCTOSIHHMSI, THCTEPE3UC U
Ipyrie.

Hannyne HeycTOHYHBBIX CTALIMOHApHBIX COCTOSIHMH - Badeeliilee CBOHCTBO
TeTepOreHHBIX KaralIMTHYECKUX cucTeM. CIIeICTBHEM HEYCTOMYMBOCTHM W HEHU-
HEHHOCTH SIBJIIOTCS: aBTOKOJI€6aHMsI CKOPOCTH pEaKlMH, aBTOBOJIHBI Pa3IM4HOM
CTPYKTYpPBI, YIIOPSINOYEHHbIE TUCCHUITIATUBHBIE CTPYKTYPhl, XaOTHYECKHE PEXHMBI,
TIEpPEXOABI OT MOps/Ka K .Gecriopaaky ¥ obpaTHO Ha BceX MacIUTabGHBIX YPOBHAX
KaTa'IUTUYECKOM CHCTEMBI. ’

3. Hcropusi cTaHOBIEHHSI M Pa3sBUTHS MaTEMaTHYECKOI'O MOIEIHUPOBaHMS
KaTAJIMTUYECKHX beamm“{, MpOLIECCOB M PpEaKTopoB Ha OCHOBe (GHU3MKO-
XHMHYCCHIIX M bH3MYECKK 3aKOHOMepHocTeil, TlomyyeHMe MaTeMaTHyecKMX
MozeJieif Ha OCHOBE MTEPALIMOHHOH NMpoLleayphl iIpOBeAEHUs] HAaTYpHOTO M BBIYMC-
JIMTENILHOFO 3KcIiepuMenToB. Pasgutue, HaumHas ¢ 1958 r., MaTeMarHyecKoro
MOJIEJIMPOBAHMSI M HeJIMHEHHOM IMHAMHUKH KaTaiHTHYECKHX NpolieccoB B UHcTH-
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TyTe Karanmsa, MHcturyTe MatemaTuku M Bl CuGupckoro otaeieHus1 AKaaeMHH
Hayk CCCP. ;

HenuHeitHasgs aMHaMMKa nokasbiBaeT oOLME YepTbl B 06JIacTIX pazfiMyHOI
npupoabl M o6seryaeT HM3YyeHHE KaTaIMTHYeCKHX cucreM. Hayka o camo-
OpraHM3alMM - CHMHEPreTMKa - €CcTb 4acTb 00jacTM HEeJIMHEHHOI AMHAMHKH.
OgHako 3TO He O3HayaeT, YTO HeJIMHeHHasi OUHaMMKa SIBISIETCSI BCESIAHBIM
MOAXOAOM M M3 JOKjlafa He cJIedyeT ee KyJbT, KakK 3TO ceiyac YacTo MPOUCXOAUT
C CUHEPTreTHKOM.

4. TIpoHMKHOBEHHE HAeH U METONOB HEJIMHENHOM AMHAMHUKH M COBPEMEHHBIX
MaTeMaTHYECKUX METOAOB B TEOPHUIO KaTAIMTHYECKMX IPOLIECCOB M pPEaKTOpPOB
TpebyeT MOBbILIEHUSI TOYHOCTH U HHPOPMATUBHOCTH 3KCINIEPUMEHTANIBHBIX HCClle-
JOBaHMH SIBJIEHMH KaTanu3a M OCOOEHHO AaHHBIX O CKOPOCTH XMMHYECKOTrO
npespalieHUsI i 3BOMIOLMH KaTaTUTUYECKUX CHCTEM.

5. KuHeTHYecKMe MOAeNM WIS CTallMOHApHBIX M HECTAallHOHApHbIX YCIOBMH
MPOTEKaHHUSI peakKUMH MO-TpeXHEMY SIBISIIOTCSI, OCHOBOI MaTeMaTH4YeCKOro
MOAENHUPOBaHMUSI KaTaJIMTMYECKUX TMPOLECCOB M peakTopoB. EciM KuHeTnka
peaklMi M3y4eHa, TO JalbHEHIIME B3Tafbl MOMAEJMPOBaHMUsI U OMNpeAesieHHE
ONTUMAABHBIX YCHWOBMH TNpPOBEdEHUS] KaTAIMTHYECKHMX TPOLIECCOB Ha BCex
MaclITaOHBIX YPOBHSIX HeE MPEACTaBAAIOT B HACTOSILEE BPEMSI MPUHLUMMHATBHBIX
3aTpyIHEHHH.

6. DBOMIOLUST COCTOSIHMSI TETEPOr€HHOM CHCTeMbl "MeTajui-raz” Ha Makpo-
YPOBHE OIMCBIBACTCSl YPaBHEHHUSIMH, OTPaXkalOLUMMH H3MEHEHHs KOHLEHTpauui
aficopOUPOBaHHbIX BEiLeCTB M KOHLIEHTPALMi KaxIoro KOMIIOHEHTa B ra3oBoit
¢dase paccMaTpuBaeMoi cUcTeMbl. VI3MeHEHHsT MPOMCXONAT BCAEACTBUE XUMUYEC-
KHX peaKlIMil U MpOLIECCOB MepeHoca BellecTBa, Teivia U UMnyinbca. Ha moBep-
XHOCTH KaTaJu3aTopa MpOLIECCHl epeHoca aicop6MpOBaHHbIX YaCTHUL U XMMHYEC-
KOro npeBpallieHHs] UMEIOT OOLIYIO MPUPOAY Ha MOJIEKYISIPHOM ypOBHE M TMO3-
TOMYy HabjogaeMasl CKOPOCTb M3MEHEHHs] KOHLIEHTPALlMH BELUECTB OMMEbIBAETCS
ypaBHeHUSMH 6ajiaHCca NMpOTEKAIOLHX aTOMHO-MOJIEKY/ISIPHBIX MPOLIECCOB.

KuHerHka maer onMcaHHe 3JIEMEHTApHBIX MpOLECCOB. B ypaBHEHMsX
XMMHUYECKOH KHHETHMKM KOHCTAHTbI CKOPOCTH  3JIEMEHTApHbIX  peaKLHid
OMNpeAeNsIIOTCSl MOJIEKYISIPHbIM YpoBHeM. [lepexoa oT 3jeMeHTapHOro ypoBHS K
MaKpoO-ypOBHIO 3aBUCHUT OT peaIbHEIX CBOMCTB KaTanM3atopa. K pealbHBIM
CBOICTBAaM OTHOCSTCSI: CTPYKTypa NOBEPXHOCTH, OHorpaguyeckasi HEOIHO-
POAHOCTb MOBEPXHOCTH, COCTOSIHME aaCcOpPOMPOBaHHOrO CJosl, B3aMMOJCHCTBHE
MEXIy ancopOMpOBaHHBIMM YacCTHLIAMH M METAJJIOM, MeXOy coboif M MmpoMexy-
TOYHBIMM 06pa3oBaHUAMHU (BKJIIOYAsi aKTUBHBIH KOMIIJIEKC), XapaKTep MNOABHX-
HOCTY aJcopOMpPOBaHHbBIX YacTHL, BAMSIHME acopOMpPOBaHHbIX YAaCTHL Ha CTPYK-
Typy M TNEpeCcTpPOMKY MOBEPXHOCTH, HanuuMe aegexkToB. PaspabGoTaHHbIE pacnpe-
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ZeJIeHHbIE MaTeMaTHYeCKHE - MOIENIM  3JIEMEHTAapHBIX CTaauHW peakuud ¢
MPOLECCOB MEPEHOCA C COOTBETCTBYIOLUMMH AITOPUTMAaMH M MpOrpaMMaMH MO3-
BOJISIIOT OMNPENENATh CKOPOCTb 3JIEMEHTAPHBIX MNPOLECCOB C YHETOM HEOOHO-
POIHOCTH, MEX4acTHYHbIX B3aMMOIEHCTBHUI M (a30BBIX NEPEXOAOB

XapakTepHo# 4YepToii ypaBHEHMI XHMHYECKOH KHHETHKH, 3a MCKIIIOYEHHEM
MOHOMOJEKYASIPHBIX PeaKLii, ABJIsiETCSl MX HeslMHelHHocTe. HemnHeliHoOCTSs ecThb
CJIeICTBHE KOOMEPATHBHBIX B3aHMONEHCTBHI ancopOMPOBAaHHBIX YacTHLl M ydac-
THS1 B peakUHMM KOMIOHeHToB Gonee oxHoro. [ToaTomy coBMecTHOe npoTekaHMe
3JIEMEHTApPHBIX PeakKUMH OTIIMYHO OT MHIMBHMIYAIbHbIX M IO/WKHO OMPENENATbCS
METOJaMH HEJIMHEHHOM IUHAMMKHU.

B Hacrosiliee BpeMsi He CyLUECTBYET oOLIEeH TEOPHH KMHETMKH H IHHaMHKH
HEJIMHEMHBIX IeTepOreHHbIX KaTaIMTHYeCKMX cHcTeM. B mpakTuyeckoii pabote
HCMOJNIb3YIOTCS1 MPOCTEHIINE THIbI HEJIMHENHHOCTH: CTeNeHHasl, norapudmmyeckasi,
3KCMNOHEHHallbHast, IPpOOHOpaLUMOHANbHAsA. 3TH HEJIMHEHMHOCTH B GOJIBIIMHCTBE
ciTy4aeB He OTPaXaloT CJIOXHOIO XapakTepa NMpeTeKaHHsl XMMHYECKMX NMPOLECCOB
Ha MaKpPOCKOMHYECKOM YPOBHE.

Takoe mnoyoXeHHE COEPXKWUBAET Pa3BUTHE TEOPUM M MNPAKTHKHM KaTalu3a.
ImaBHBIA HEOOCTAaTOK CTaUMOHAPHONI KHMHETHKH COCTOMT B HEMOJIHOTE JaBaeMoit
el0 MHpopMauMH o MexaHM3Me peakuun. [loaTomy HeobGxomumo, yToGbl OHa
6bl1a TOMOJIHEHA OPYTHMH JaHHbIMK. UMM MoryTr GbITh pe3ynbTaThl HM3MEpeHHI
TEPMOPEAKLIMOHHbIX M TEPMOAECOPOLMOHHBIX CMEKTPOB, CKOPOCTH aacopOumH,
TEMAOT aAcopOLUMH, CNEKTPOB aCOPOMPOBAHHBIX YacTHL, BIMSIHME 3ACOPOLMH H
peakLMy Ha BEJIMYHHBI, XapaKTepH3ylOlIHe KaTalu3aTop, TakKMe KaK KOHTaKTHas
Pa3HOCTb NOTEHLMANOB, 3/IEKTPONPOBOIHOCTb, MarHUTHbIE CBOMCTBA, W30TOMHbIE
HuccaenoBaHust. Ocoboe 3HaYeHHe UMeET U3MEPEHHE CKOPOCTH pPeakLMH B HecTa-
LIMOHAPHBIX YCJIOBHSIX C OMHOBPEMEHHBIM M3MEPEHHMEM COCTaBa ra3oBoM da3bl M
KaTajiu3atopa. B 3TOM ciyuae cBs3b Mexdy MEXaHM3MOM M KHHETHKOH omnpe-
nessiercst cucteMoi anddepeHUHaIbHBIX YypaBHEHHI. KpoMe Toro Bce M3MepeHHs
He SIBRGIOTCS MPSAMBbIMH M HeoOXoAMMa MX MHTEPIpETalMsi HA OCHOBE MaTeMa-
THYecKHx Mopnenei. [1o3TOMy nnsi MOayYyeHHsT KMHETHYECKHMX Mojesiei Heobxo-
ONMO CO30aHHE HW3MEPHTENIBHC-BbIYUCIIUTENILBHOTO KOMIUJIEKCA C  IIMPOKHM
NMPUMEHEHHEM (GH3HYECKHX METONOB MCCIENOBAaHMM M pPa3BUTHIM MaTeMaTH-
YyeckHM obecrnieyeHHeM: B M3MepuTEIbHO - BHIYMCIIUTENILHOM KOMILJIEKCE Bo3pac-
TaeT pojib U OTBETCTBEHHOCTb MCCJIEOBATENIsi B CUCTEME aHa/lIM3a M HHTepIpe-
TallMd M3MEPEHHH NpPH MOJYyYEeHUH MaTeMaTHyeckux Mognened. Kaxapli 3tan
MOJEJIMPOBaHMUs TPeGyeT HOBBIX SKCMEPHUMEHTANIBHBIX CPENCTB U3Y4YEeHHUsl KaTalu-
THYECKHX CHCTEM, HCIMOJIb30BaHUS HOBBIX BO3MOMHOCTEH (HM3NYECKHX METONOB
HCCIENOBaHMsI, COBPEMCHHBIX MaTeMarMYyecKHX METONOB aHalu3a, METONOB
craticTHyeckoi ¢u3nku 1 3BM. Pemaoimm 3BeHOM B pellieHHMH 3aiay co3fa-
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HUA 'KOHKypénerbcnocoﬁﬂm' xzmmuchcxux ‘TIPOLIECCOB  SIBMISIETCS Pa3BHUTHE
COBDPEMEHHOTO (PHINKO-XMMHYECKOTO H BBIYHCIMTENBHOTO 3KCIEPUMEHTOB. A

7. HenocratoyHoe BHHMaHHe yncme';'cu MOJIEJNPOBAHHIO KaTATHTHYECKUX
MpoLeccOB Ha MOPHCTRX 3epHaX M OMpeNeNeHHI0 ONTMMANbHON MOPHCTOM
CTPYKTYPBI. ‘Bror sTanm’ MOJIEIMPOBAHNA M CHHTE3 ONTHMAIBHBIX CTPYKTYp
0COOEHHO HEeOoOXOaUMBI - A1s oGecnéquua nsﬁnpa’r‘c;nbnogm KaTanuTHYECKHUX
ripeapauieﬂm“a. ‘H36uparenbHOCTE YYBCTBUTENbHA K MOpPGOJIOTMM  MOPUCTOlM
CTPYKTYpsl. B HekoTopbix cnyqéutx Ha ﬁsﬁupa‘rcnbﬂonb RIMSET BeEJIMYHMHA
FHAPABINYECKOTO COMPOTHRIEHHS CAIOA 3ePEH KATAIH3aTopa,

8. HenuHeiiHas IOMHaMMKa M 'feoplm KaTAIMTHYECKUX TIPOLIECCOB Ha
MOJIEKYJISIPHOM M M€30- YPOBHAX H Bbmncnm‘enbubu‘% ‘3KCIMIEPUMEHT OyayT urparb
'ongqnenﬂmuxym ponb B Omkaiilliee BpeMs B - CHHTe3¢ W TNPOMBILUUICHHOM
npmo’ronﬁcﬂuu KaTaIM3aTOPOB C 3a1aHHBIMH CBOJCTBAMH.

9. Chneayer ewe pa3s oﬁpa'm'n; BHUMaHMe Ha OrPaHUYEHHOCTb BO MHOIHX
cayyasx tmcfo (u3nYecKoro -~ MOOENUPOBAHHMA M OMBITHBIX YCTaHOBOK.
IprmMenenns METOMOB ‘HETMHEHHOI m'mammmv HEOOXOOMMBI IS peaKTopoB CO
CJIOXHOW CTPYKTYpOil MNOTOKa pcarﬂpylou.mx BELLIECTB M KaTaiu3aTopa B
peaKTopax ¢ y4acTHeM HecKONbKHX (a3. Bospactaer HOTPEGHOCTb B U3YYEHHH M
MOIEIMPOBAaHHH - OTHOBPEMEHHOrO Bjmn;msi 0COGEHHOCTEH, - BO3HMKAIOIUMX B
PEIbHBIX MPOMBILUIEHHBIX PEaKTOpax. k

10. MaremaTtnyeckoe Monenuposaﬁiic knpoucccos M peaKTopoB TOHKOM °
KaTa/MATHYeCKOM OYMCTKH ra3oBbix cMeceii T31l, - mBurateneit. BHyTpeHHero
CFOPaHMsA H NMOJTYYEHHUs [a30B YJIbTPABbICOKOH YHCTOTHE.

11. Yo Heo6XOOMMO Ham B HacTosiLuee Bpems ? DTo omepexalollee pasBUTHE
TEOPHH KaTAIMTHYECKHX ITPOLECCOB M PEAKTOPOB Ha OCHOBE Pa3BUTHIX METOMAOB
MAaTeMaTHMYEeCKOI0 MOMNEJIMPOBaHMSI U  COBPEMEHHOIO .(PH3MKO-XHMHYECKOTO
akcriepuMeHTa. HeoO6XooMMbI MCCRENOBAaHMSI TOJILKO CaMOrO BBICOKOTO YPGBHS.
CpenHeHbkie paboThl He MOFYT M3MEHHWTh HaMETHMBILMeEC B TOCJIeHEE BpeMs
HEeraTMBHblE TEHAEHUMH HWHTENAEKTyaIbHOTO CcaMOyOMiicTBAa M NOTOMY, Kak
MpaBWIO, MaJIO MOJIE3HBI.
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Studies at the Molecular Level in Design of New Catalysts and Processes

K.1. Zamaraev
Boreskov Institute of Catalysis, Pr. Ak. Lavrentieva 5, Novosibirsk 630090, Russia

INTRODUCTION

Within the last three decades in catalysis science and engineering a progressive shift was
observed from phenomenological approaches to the studies at the molecular level (ref. 1). As a
result, today the design of new catalysts and catalytic processes is gradually more and more shifted
from empirical search to intentional design, using molecular approaches and mathematical
modeling. In this lecture the role of studies at the molecular level will be discussed with the works
of the Boreskov Insiitute of Catalysis as particular examples. The following areas will be
considered: homogeneous catalysis with metal complexe's, heterogeneous catalysis with anchored
metal complexes, heterogeneous catalysis with catalysts prepared via anchored metal complexes
and organometallics, catalysis of olefin polymerization, catalysis by metals, catalysis by oxides,
catalysis by zeolites, catalysis by heteropolyacids and biomimetic catalysis.

HOMOGENEOUS CATALYSIS WITH METAL COMPLEXES

Due to joint efforts of scientists from various countries the following key elementary
steps were elucidated for the activation of small molecules (H,, CO, Oz, N, etc.) and
activation of C-H and C-C bonds in organic molecules: (1) - oxidative addition of reactants to
metal atoms; (2) - reductive elimination of reaction products from metal atoms; (3) -
numerous, but what is important, well classified rearrangements of atoms and chemical bonds
in the coordination sphere of metal atoms.

With a list of elementary rearrangements known for complexes of a given metal atom with
particular ligands, and estimates of themnodynamic and kinetic characteristics for these
rearrangements, it is possible nowadays to intentionally design new catalytic reactions or new
catalysts for the known reactions.

A typical example of a new catalytic reaction that first had been designed on paper using this
strategy, and then actually observed experimentally (ref. 2), is shown in Fig. 1. This is the reaction

‘HyO0+0,+ CO—_) Hy0, + CO,.
The design of the catalytic cycle in Fig.1 1O a0
was based on the well known ability of a P\N,i Pog™
hydroxyl ligand attached to Pd(Il) atom, to P pr oM
oxidize olefins. Instead of using an olefin, ,,oi—-; ~——— ,"’%\ Prvia
V.ALikholobov and Yu.l.Yennakov have . » P
co; co

suggested CO as an oxidized substrate (ref. 2).

Indeed, in the first step of the reaction ig. 1. The catalytic cycle for conjugated co-oxidation
mechanism in Fig.1, the OH ligand oxidizes ofQ,0 into H,0, and CO into CO, (ref. 2).
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CO to CO, farming in a reductive elimination process a Pd(0), complex. The second step is the
oxidative addition of O, molecule 1o Pd(0) complex, in which Pd(0) state returas to Pd(II) one, and
simultaneously a coordinated O % ligaxid is formed, The latter is actually already the backbone of a
hydrogen peroxidé molecule. Upon protonation with H;O it forms H;0;. The latter molecule
leaves the coordination sphere of Pd(Il) in a sequence of ligand substitution reactions to close the
catalysical cycle. Note, that reaction in Fig.l presents an example of the homogeneous biphase
catalysis, some stages of which proceed in the aqueous phase, while others - in the CH,Cl, phase.

HETEROGENEOUS CATALYSIS WITH ANCHORED METAL COMPLEXES

An important example of new catalytic systems created by molecular design is provided by
catalysts formed upon anchoring of metal complexes to the surface of solid supports via chemical
bonds (ref. 3). A spectacular example (ref. 4). of such a catalyst is presented in Fig.2. In Fig2a a
bimietallic Co---Pd carbonyl complex chemically anchored to the surface of silica is shown. Note,
that such Co---Pd species are not formed in solutions. The bimetallic active site of Fig.2 was
designed for the hydroformylation of olefins into aldehydes. The apriori expected catalytic cycle
for this reaction over a Co--Pd bimetallic site is shown in Fig, 2b. The idea behind designing such
a cycle was as follows. Pd atom is lnown as a better site for H; activation, while Co atom is known
as a better site for CO insertion into the metal-carbon bond. When acting together, the Pd site
provides a fast activation of Hz, while the Co site provides the fast CO insertion. As a vesult, the
combined bimetallic site in Fig.2 works much better in hydroformylation oatalysw than each of the
monometalticsites (Co or Pd), when taken separately.

(a) . ° )

Fig2. Active site of bimetallic (Pd' + Co)/8i0; catalyst {a) and the
mechanism of hydroformylation of ethylene over this site (b). e~——P -
denotes a phosphine ligand bound chemically to the surface of 8iO, (ref. 4)._ -

HETEROGENEOUS 'CATALYSIS WITH CATALYSTS PREPARED VIA ANCHORED
"METALC OMPLEXFS AND ORGANOMETALLICS

Anchored metal complexes or anchored organometallic compounds can be also used to
prepare spacially designed supported metal catalysts (ref. 3). In catalyst prepared via this
route it occurs possible to well control the size of supported metal pasticle. A typical example
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is a family of Pd/C catalysts. designed and commercialized by Yu.l Yermakov,
V.A.Likholobov and V. A. Semikolenov with co-authors.

Particles of different crystallite size demonstrate diffierent activity and selectivity. As an
example, see the data on trifluoromethyknitrobenzene (TFMNB) hydrogenation to the
corresponding amine {TFMAB) in Table 1 {ref. 5). As seen from this Table, the activity
referred to a gram of Pd atom, first increases, but then decreases with the increase of the
particle size. The inisal increase in activity reflects the intrinsically smaller activity of small
Pd(0} clusterscompared to the bulk Pd metal, while the subsequent decrease in their activity
reflects the decrease of the fraction of the surface Pd atoms as a particle size increases. Only
surface Pd atoms participate in catalysis. Therefore, the decrease of their fraction leads to the
overall decrease of the activity referred to the total content of Pd in the catalyst.

TABLE 1. Catalytic Properties of Pd Particles with Different Size in Hydrogenation
of TrifluoromethyInitrobenzene (TFMNB) to Trifluoromethylaminobenzene (TFMAB)

The size of Pd particle’/A Activity & TFMNB Selectivity
g Pdmin- atm : (yield of TFMAB)
~10 6.9 99.98
10-30 12.0 99.8
60-120 3.0 99.0
~1000 - 13 . ~ 80

In conwrast to the activity, seleetivity of the reaction with respect to the desired amine
decreases continuously with the increase of the size of the Pd particles. The reason for this can
be understood from the data of Fig.3, where an STM (Scanning Tunneling Elecion
Microscopy) mlcrophotographs of a big and small supported palladium particles are presented
(ref. 6). As seen from Fig.3, the surface of the big particle is quite rough. It must contain Pd
atoms in quite different coordination environment which implies their diffierent chemical
properties. Supposedly, some of the sites facilitate undesirable side. reactions; thus decreasing
the selectivity with respect to the desired TFMAB product. -

. On the ground of the data of Table 1, Pd/C catalysts with the 10-30 A pamcle size were
chosen for commercial production. They demonstrate the hlghest activity . and still are

selective enough

" Fig3.STMi lmages of: (a) - the basal surfaoe of graf ite, (b) the surface of Pd/Slbumt catalyst with,
hlghly dlsp-erssd Pd pamcles, (¢)-the surface of alarge Pd partlcle in Pd/Slbumte catalyst (1 ef. 6)

kl l
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CATALYSIS OF OLEFIN POLYMERIZATION

One of the most spectacular examples, where studies at the molecular level carried out by
scientists of diffierent countries have already

p (ST
played a crucial role in a development of a new N/}, LM \
generation of catalysts and catalytic processes, is wd {a

[ m 3

th f catalytic polymerization of olefi \ o
e area of catalytic polym on of olefims c"*"”\c“/“ c‘“

(refs. 7,8). For both homogeneous and . 1l

heterogeneous catalysis for olefin polymerimtion i o <°

CH,CHy

coordinatively unsaturated metal complexes with :
. . CH,==CH, \ ,, If /’*CH, ==CH,
hydride and alkyl ligands were found to serve as W = e %

the catalyst active sites.

The key elementary steps of catalyic Fig 4. Key steps of the catalytic polymerization
polymerization have been determined (see Fig. 4).  of olefins (refs. 17).

T o=
CaHa cu,cu,

Concentrations of active sites and rate constants of the key reaction steps have been
measured for many practically important catalytic systems and used to design and optimize
commercial catalytic reactors. These data are also widely used for the intentional control of
physico-mechanical properiies of commercial 'polymers obtained using catalytic technologies.

CATALYSIS BY METALS

In recent years considerable advances have been achieved in the study of the surface
structure and mechanisms of action of metal catalysts. Many impressive examples from this
area are cited in monograph (ref. 1). The results obtained in the fields of catalysis by single
crystals and supported metal particles with a controllable size and surrounding should be
noted especially.

Catalysis by Metal Single Crystals with Well Characterized Surfaces

..Results of studies in this field have been summarized in excellent review articles by
G.A.Somorjai, R.Madix, G. Ertl, D.W.Goedman (ref.9), M.Grunze , P.R.Norton (ref. 10),
V.I.Savchenko (ref. 11), as well as in monograph (ref. 1). Therefore, here let us only note that
the farther we advance in these investigations, the more our understanding of the mechanisms
of catalysis by massive metals approaches the level, that has already been achieved for
homogeneous catalysis by metal complexes. Although evexy step forward demands serious
efforts, experience in homogeneous catalysis allows us to expect that future benefits will fully
justify these efforts.

Among the data obtained in this field at the Boreskov Instituse of Catalysis, let us first
mention those of V.I. Savchenko and co-workers on the role of different states of adsorbed oxygen
in catalysis of CO and H; oxidation by various surface faces of platinum, ruthenium, iridium and
nickel single crystals (ref. 11). According to these data, oxygen adsorption is described by the
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scheme presented in Fig. 5. Oxygen is initially adsorbed in the molecular state (Fig.5b), and then
dissociates producing adsorbed atoms. The dissociation process occurs with a higher rate on
structural defects (steps and microfacets) than on smooth planes. First, adsotbed atoms of type I are
formed. This type of adsorption corresponds to the location of oxygen atoms above the metal
surface (Fig. 5c). Oxygen atoms in this state possess the highest reactivity towards CO and H;
molecules. The adsorbed oxygen atoms of type I can further transform to adsorbed oxygen atoms
of type II. This adsorption state corresponds to oxygen atom insertion into the catalyst surface layer,
in other words, to the formation of a two-dimensional surface oxide (Fig. 5d). The reactivity of
oxygen of type Il is far less than that of oxygen of type I At elevated temperatures further
transformations of the atomic state of type II to a 3-dimensional oxide several atomic layers thick
are observed (Fig. 5¢). Oxygen atoms of the oxide are also far less reactive towards CO and H2

than oxygen of type 1.
O, (gas) 0245 Ouds (1) Oads () Ooxide
chos— 50w |
sseew — e SRED 5%
. ()
@ L] {c} ) {e) =

Fig.5. Schematic representation of oxygen adsorption states on metals: (a) - free
metal surface; {b) - molecular state; (c) - atomic state of type L (d) - atomic state of
type II; (€) - atomic state in oxide layer (accordingto ref.11).

The formation of the adsorption state of type II is accompanied by reconstruction of the
metal surface, which levels the initially different activities of diffierent surface faces in
" oxidation reactions.

We may hope that the difference found between reactivities of the various states of
adsorbed oxygen will be used in the future as an instrument for the intentional control of
properties of metal catalysts in oxidation reactions.

The data obtained solve an old argument between G.K. Boreskov and S.Z. Roginskii on
whether the specific catalytic activity, SCA (i.e. activity referred to a unit surface area), for
catalysts with the same chemical composition of the surface, is constant or can vary from one
catalyst to another. In 1953 G.K. Boreskov has formulated his rule about the approximate
constancy of SCA for catalysts with the same chemical composition of the surface (ref. 12).
This rule was substantiated with a series of very accurate experiments made for various
reactions over a family of metal and oxide catalysts.

However, in the same year (1953) S.Z. Roginskii with co-workers in simple but very
elegant experiments have observed a substantial difference between the catalytic activity of

various surface faces of one and the same metal (ref.13).
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The reason for the deviation of the catalytic behaviour of diffierent faces of the same
metal from the Boreskov’s rule, as well as the fulfiliment of Boreskov’s rule for the
overwhelming majority of industrial catalysts is nowadays well understood.

Intrinsically various surface faces of the same metal have diffierent catalytic activity.
However, if the catalytic reaction occurs under such conditions that under the influence of the
reaction mixture and/or elevated temperature the reconstruction of the catalyst surfiace to its
new stable state under these conditions is fast enough, then the SCA will be constant; in other
words, at a constant chemical composition of the catalyst surface and of the reaction mixture
the SCA will be independent of the catalyst prehistory. If such a reconstruction is impossible
or occurs too slowly, the SCA may depend upon the catalyst prehistory.

Reconstruction of surface layer under catalytic reaction conditions or at elevated
temperatures has been observed also by many research groups (refs. 9, 10) and seems to be an
intrinsic property of metal single crystals. This ability for reconstruction resembles the well
known property of soluble metal complexes and metal clusters to become fluxional upon
coordination of ceitain ligands and/or increase of temperature (ref. 14). Reconstruction o fthe
surface o fheterogeneous catalysts under the influence of reaction mixture demonstrates that a
rule resembling the third Newton’s law in-mechanics is valid for heterogeneous catalysis,
namely, “the action is equal to ‘the counteraction”. If the catalyst is powerful enough to
perturb the reaction mixture via intermediate chemical interactions to such an extent that it
starts to react, then the reaction mixture must be equally power/fiil to perturb substantially the
state of the catalyst surface via the same intermediate chemical interactions. Because of this
the state of the catalyst surface in I_-he process of catalytic reaction may be substantially
different fiom its state before or after the reaction (ref. 15).

The above statements have two important implications for the experimental studies of
heterogeneous catalysis. First, for elucidating the correlations between the catalytic properties
and the structure of heterogeneous catalysts, it is preferable to make structueal studies in situ,
i.e. directly under reaction conditions. Second, kinetic equations for reactions on solid
surfaces can contain not only terms that reflect reaction mechanism itself, but also terms that
reflect the change of catalysts upon interaction with the components of the reaction mixture
(ref. 15). Appropriate taking in to account of the latter terms in certain cases may become
quite essential for elucidating reaction mechanisms from kinetic data (ref. 15).

Note that reconstruction of the initial state of a catalyst to some new one which is stable
under the reaction conditions, is typical not only for heterogeneous catalysis, but for
homogeneous catalysis as well. A spectacular example here are Mo homogeneous catalysts for
olefins epoxidation with hydroperoxides in solution (refs.16-18). As suggested earlier by
Sheldon and co-workers (ref. 16) and verified recently with NMR by Talsi and co-workers
{refs.17,18), two drastically different Mo complexes, namely MoOa(acac); (which contains
Mo in the oxidasion state +¥I) and Mo(CO)s (which contains Mo in the oxidation state 0)
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under steady-state conditions of epoxidation reactions are both converted into the same set of
three Mo(VI) complexes with diolo ligands.

Catalysis by Metal Particles with Controllable Size and Surroundings

As a result of the investigations at the molecular level, important structtral peculiarities
of ultrafine particles of supported metals have been elucidated. Of special interest are the
restlts obtained by EXAFS method, which pertnits one to measure interatomic distances and
estimate coordination numbers for atoms of supported metals. Interesting work in this field
was done by D.I. Kochubey (ref. 19).

In these studies it was found that distances between metal atoms in small metal parkicles
on the support surface may appreciably (up to 0.2 A) differ from the corresponding distances
in massive metals. ’

Such particles are structurally nonrigid. It seems to be important for catalysis, since it
should make more facile the formation of intermediate complexes between surface metal
atoms and reacting molecules.

EXAFS studies suggest (ref. 19) that the so called effects of a “strong metal-support
interaction”, SMSI, (ref. 20), in some cases presents, from the chemical standpoint, the
destruction of the meta}lic framework in the supported noble metel particle and formation of a
ligand surrounding by oxygen anions (and, possibly, by atoms of the support metal) around
the noble metal atoms. )

For example, for the Rh/La;0; catalyst, for which the SMSI effect is observed, the
number of Rh-O and Rh-La bonds considerably exceeds that of Rh—Rh bonds, In contrast to
this, for Rh/Si0, and Rh/ALO; where SMSI effect does not occur, almost solely Rh-Rh
bonds are observed. In accord with the observed difference in their local surroundings,
rhodium atoms on different supports reveal esseniially different catalytic properties in CO
hydrogenation. For instance, for Rh/SiO; and RWALOs; the main reaction products are
hydrocarbons, while for Rh/La;0j3 these are alcohols (ref. 21).

. Recent breakthroughs in development of such instrumentation methods as Seanning Tunsneling
Electron Microscopy (STM), Field Electron Microscopy (FEM) and Field Ion Microscopy (FIM)
allows researches to characterize the surface of metal cailysts and reactions on these surfices at really
atomic scale. An example of the Pd/C catalyst characterimtion with STM has already been presented
(Fig3). Note, that a special STM 'nstmmem, which provides catalyst characterization under' the
atmosphere of the reacting mixture starting from 10 to 1 bar, has been designed at the Boreskov  /
Institute of Catalysis for such studies (ref 6).
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In Fig.6 the data obtained recently by the team of researches from the Fritz Haber Institute,
Berlin, and the Boreskov Institute of Catalysis on studying at the atomic scale of the oscillating H,
oxidation reaction over Pt using FIM, are presented (ref. 22). From this Figure one can see how the
oxidation reaction front (light areas in the Figure) is formed and moves in space as time goes. Note,
that with the help of STM, FEM and FIM scientist can for the first time look at the kinetic
behaviour of very small local spots of the

catalyst surface. Thus, pictures which are 4
30 sec Py, =510 Torr

not averaged over a large ensemble of 2 4

. A +° it PH; =6-10"" Torr
catalyst surface sites and adsorbed species, rd T= 300K

T =
can be obtained. This unique information, . )
unavailable until recently, promises £ L
. 3
breakthroughs in  understanding and : l
describing at really atomic level of 2 L |
compﬁcated kinetic behaviour for both
1 1

. . i 1 1
model and practical reactions over o 150 300 250 600 sec

heterogeneous catalysts.

100 A

Reselutien 3 A

Fig.6. Kinetic oscillations and surface waves propagation in H, + O, reaction on Pt
according to Field-fon Microscopy (ref. 22).

In particular, it becomes possible to elucidate how in real macroscopic catalysts the kinetics
typical for small 10c211 spots is statistically averaged to describe reactions at the macroscopic scale.
Remind, that this is the latter kinetics that chemical engineers need in order to design catalytic
reactors stariing from the description of the catalytic process at the atomic level.

Small metal particles belong to the family of compounds which fill the gap between the
world of metal complexes and that of bulk metals. Their sizes are such that their electronic
structure is different from that of bulk metals. In particular, the number of atoms in very small
metal particles is not big enough for the electronic bands and gaps (that are typical for bulk
metals) to be formed. Therefore, it is not surprising that chemical properties of small metal
particles are sometimes quite different from those known for bulk metals. Thus, we anticipate
that further studies of catalysis with such particles indeed promise in the near future new

unexpected exciting results.
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One of such results obtained recently at the Boreskov Institute of Catalysis is illustrated
in Fig.7 (ref. 23). This Figure demonstrates an unusual liquid-like behaviour of small iron
particles supported over amorphous carbon at temperatures as low as 920 K. In the right-hand
side of this Figure one can see how supported iron particles in a form of droplets move along
the surface of amorphous carbon falling apart in some cases and merging together in other
cases. The left-hand side of Fig.8 shows that upon their movement the iron particles catalyze
transformation of the amorphous carbon into graphite. Their movement along the surface
continues until they lose access to amorphous carbon and become trapped from all the sides

by graphite. After that they freeze in the form of the iron carbide FeC species.

Videotape recording of Fe-C particlesmigration over carbon support:

with draplet splitting

Qs 0.15 0.35 095

_with droplet mergin

E{.'-‘

300A
—

0s 0.25

Amorphous carbon-to-graphite conversion
catalyzed by Fe-C liquid particie at 650°C

Fig. 7. Migration of liquid Fe-C particles over the surface of amorphous carbon in the
course of its low temperature graphitization assisted by Fe catalyst (TEM data) (ref. 23).
According to ref. (ref. 23), the liquid iron particles are in fact very concentrated solutions
of carbon in iron. The driving force for the formation of such “oversaturated” with carbon iron
particles is the enthalpy of transformation of a less stable amorphous carbon to a more stable
graphite (ref. 23). The catalytic properties of the unusual liquid iron-carbon particles are now
under study at the Boreskov Institute of Catalysis.
It may be expected that further studies of ultrafine particles of supported metals will
make it possible to develop in the future new types of industrial catalysts, which \-ill combinc
a high activity and technological convenience typical for heterogeneous metal cat.lysts with a

high selectivity typical for homogeneous metal complex catalysts.

CATALYSIS BY OXIDES
Due to the great variety of the chemical sites, present on their surface. oxide catalysts are
typically more difficult to study at the molecular level than metallic catalysts. Nevcitheless. in

recent years serious advances in this field have also been achieved.
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‘Mechanism of SO; Oxidation over Supported Vanadium Catalvsts

By the way of example-let us consider the data on structure and mechanism of action of
vanadium catalyst for SO, oxidation to SO obtained at the’ Boreskov Institute of Catalysis.
These studies were carried out under the guidance and with active participation of Prof.
G.K.Boreskov (refs. 15.24). A distinct feature of this work is a combination of a detailed (at
the level of elementary steps) investigatibn of reaction kinetics with the thorough examination
with a set of spectroscopic methods of the catalyst states at various steps of its preparation and
process performance. The insight into the mechanism of this heterogeneous reaction is now
almost as deep as that traditionally available for only homogeneous catalysis. The results
obtained in this field have been summarized recently in ref. 25).

The reaction mechanism identified from

. slow side-reaction
the set of spectroscopic, as well as steady oy
state and relaxation kinetic studies for the @n/'so’
reachion of SO; oxidation to SOj, is G

presented in Fig.8. These data are important "'"od' eacte S%/V"’é"vv [eX 05
not only from the scientific, but also from the ' VS0

26 88 |t Ty
ractical point of view. First, they make it
p p Yy & 2 b, .

possible to optimize the operation of the vvfsg‘«vﬁ;és,of'

catalytic cycle
indusirial reactors on the basis of the reliable

kinetic model that seems to reflect the real
mechanism of the catalytic reaction at the
molecular level. Secondly, they provided guidelines for further improvement of vanadium

Fig. 8. The reaction scheme and kinetic equation
for SO; oxidation (ref. 25).

catalyst applied to particular conditions of their operation.

On the basis of deep insight into the reaction mechanism and kinetics of SO, oxidation,
as well as heat transfer and mass wansfer processes in catalytic reactors, a completely new
process for SO; oxidation under forced unsteady-state conditions has been designed and
commercialized (refs. 26,27).

Nowadays 6 reactor units for this process operate in Russia and licenses for the process
have been sold to various companies all over the world.

Hydrogenation of Organic Compounds and Methano!l Synthesis over Cu-Containing
Oxide Catalysts. Mechanism of H; Activation

Copper~containing complex oxides are important commercial catalysts for methanol synthesis
and some other hydrogenation processes (ref. 28). Important data on the mechanism of H,
activaion over such catalyst were obtained recently at the Boreskov Institute of Catalysis by
T.M.Yurieva and co-workers (refs. 29,30). ‘
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Initial CuCry Oy

He at 590 K
T———at
Ho at 590 K

, Brightfield image Dark-field image

Fig.9. Changes in the siructure of CuCr;Q; catalyst upon alternating treatments inH; and He at
590 K (TEM datz, ref.29).

One of the simplest in the famnly is the spinel CuCr204 catalyst for acetone hydrogenation to
o-propyl alcohol. Fig.9 demonstrates TEM data about the changes of the structure of this catalyst
"upon treatment in the atmosphere of various gases. Upontreaunent inH; atmosphere at S0 K, tiny
crystals of metallic copper grow epitaxially on the surface of the spinel oxide canlysts Subsequent
treatment of these samples with heliun at lhe same temperature returns the catalyst to its initial
form, that is the tiny copper partcles disappear completely. This suggests that Hy initially reduces
Cu®* atoms of the catalysts surface to the Cu’ state. At the same time, H, must, of course, be
oxidized. However, the so formed states of hydrogen in the catalyst are quite unswble, and are
easily blown out of it with the stream of helium, which is accompanied by the reoxidation of oy
back to the Cu®* state. Iz situ X-tay and IR characterization of CuCrZO; catalyst also confinms that
upon cousecutive weatment in the atmospheres of H, and He, Cu"} isreversibly reduced to Cu’and
then reoxidized back to Cu** state. Neutron difaction studies show the presence of two forms of
atomic hydrogen in the reduced catalyst. The oxidized atomic forms of hydrogen. which must be
formed upon Cu?* reduction to Cu® are responsible for the hydrogenation activity of the CaCr2Qj4
catalysts (refs. 29,30).

CATALYSIS BY ZEOLITES )

Catalysis with zeolites and other molecular sieveAca‘talysts is becoming progressively .
more and more important for industry. Several excellent reviews in this area {refs. 31-33) have
been published recently. .

To give the flavor of the mechanistic studies that are carried out in the area of zeolite
catalysis at the Boreskov Institute of Catalysis, here we report two particular examples of such
studies.

The first example refers to the acid catalysis of butanols dehydration over a family of well
characterized ZSM-5 aeolites (ref. 34). The second example refers to a smooth redox catalysis of
methane oxidation to methanol and of benzene oxidation to pheno! over specially prepared iron-
containing ZSM-5 catalyst (refs. 35,36).
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Mechanism of Butanols Dehydration on H-ZSM-S Zeolite and Amogphous
Aluminosilicate

The mechanism of dehiydration of a family of butanols (#-BuOH, iso-BuOH, sec-BuOH and
tert-BuOH) was studied recently jointly by the team of researchers from the Boreskov Institute of
Catalysis (M.A.Makarova, A.G.Stepanov with co-workers) and from the Royal Institution of Great
Britain (Prof. JM. Thomas with co-workers). The reaction pathways were reliably elucidated by
simultaneously using a set of steady state and transient GC-MS kinetic studles, IR insitu kmetnc
studies, and characteriaation of the reaction intetmediates within the zeolites pores by IR and NMR
methods.

The mechanism of the reaction that was found in

ref. 34, is shown in Fig. 10. The key reaction e Bu
intennediate is the OR species that is located in the - ,g_;"" \\\
center of the mechanism scheme presented in the // \,\\
Figure. This intermediate exists inside the zeolite +Bu v

R ,N ! g\ (H

pores in three rapidly interconverting forms, that is: a
butyl-silyl -ether, a carbenium ion and butanol ’3’? -__-,% /}77 *_:?,: /g;
molscule hydrogen bonded to the ®H active in w

catalysis geoup of the zeolite (Fig. 18). Of these three m 'B"n

forms, the alkyl-silyl ether prevails. Note, that this *ROH

alkyl-silylether bears some peculiar features compared o™

to its analogues in solutions. In particular, it

demonstrates a remarkable fluxionality being able to at
convert rapidly enough into the carbenium ion state ?fm [ _{a - i"‘ f " }

(Fig.10). This carbenium ion state seems in fact to be

responsible for the remarkable catalytic properties of ~Fig-10- Mechanism of butanols dehydration
. . on H-ZSM-5 2eolite and amorphous

H-ZSM-5 catalysts in butanols dehydration. aluminosilicate (ref. 34).

Selective Oxidation of Methane and Benzene
over Iron-Containing ZSM-5: an Example of Biomimetic Heterogeneous Catalysis

Recently G.I. Panov and co-workers have shown that even such inert alkane as CHy, as
well as benzene can be rather smoothly oxidized over a specially prepared iron-containing
ZSM-5 catalyst, provided that N»O is used as an oxidant, rather than O; (refs. 35,36). As
shown in refs. 35,36, the oxygen atom of N;O molecule is inserted with a remarkable
selactivity into the CH bonds of CHs and C¢Hg molecules forming methanol and phenol,
respectively. Thus, iron-containing zeolite serves as an excellent model of the natural catalysts
- monooxygenases that smoothly hydroxilate various hydrocarbons {ref.37).

According to refs. 35,36, an unusual weakly bound form of atomic oxygen is formed upon
interaction of N2O molecule with the iron-containing sites of the zeclite. Note that in the future a
remarkable hydroxilating ability of N,O with respect to alkanes and aromatic hydrecarbons, may
occur of commercial importance.
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CATALYSIS WITH HETEROPOLYACIDS

Heteropolyacids exhibit a remarkable blend of the acid base and redox properties which make
them unique catalysts for various reactions both in solutions (homogensous catalysis) and solids
(heterogeneous catalysis). Several excellent reviews are available in this field (refs. 38,39).

When located in a solution or on a solid surflace, heteropolyacid molecules act as a
polyfunctional catalytically active site. The origin of the polyfunctionality of the heteropolyacid
catalysts is illustrated in Fig.11.

Reactions of transition metal

complexes
/ Microstructural components can

Reactions casiyzed by undergo dissociatie into solution
acids T @

Photocatalytic -
processes A )
\\The formed facunas can behave as
-stabilizers for unusual coarinative

Stabilized metat clusters or states of metalions

polyhydroxo compiexes

Fig.11. Schematic representation of the origin of polyfunctionality of heteropolyacids as catalysts.

First, HPAs are very strong acids in organic solutions. A reason for this is a very big size
of an anion which is formed when a proton-is detached from an HPA molecule. This makes
HPAs very good acid catalysts. Moreover, the acidic catalytic properties of HPAs molecules
can be monitored rather easily by changing the chemical composition of the skeleton of the
heteropolyanion in these molecules. Second, transition metal cations can be easily substituted
for protons in HPA molecules. Thus, metal complex catalysts can be prepared where the
skeleton of HPA serves as a ligand.

Third, "certain microstructural fragments of the HPA framework can dissociate in
solutions, forming lacunas of different size. Into these lacunas various other catalytically
active moieties can be inserted. Fourth, in many cases metal cations that compose together
with oxygen anions, the skeleton of the HPA molecules, can be easily reduced or oxidized.
Having in mind that the number of such cations is rather big, one immediately realizes that
HPA molecules can work as multielectron reducing or oxidizing species. Note, that by varying
the nature of metal cations in the framework of the HPA’s polyanion, one can smoothly
monitor the redm‘i; potential for various multielectron o r one-electron wansformations o f HPAs
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molecules. This allows scientist to intentionally tune heteropolyacid catalyst to carry out
particular redox reachons, they are interested in. Many heteropolyacid moieties have intense
charge transfer absorption bands. Therefore, they can act also as efficient photocatalysts.

The reaction below illustrates the particular power of heteropolyacids to serve as catalysts for
reactions of fine organic synthesis. One sees how over heteropolyacnd catalysts vitamins K can be
synthwnd (ref. 40) ‘ :

\ CH3 , 02' H0
. TTheAa

OH R
CHg o ' CH3
- HPA2 R
BIOMIMETIC CATALYSIS _
Catalysis is a fundamental feature of life processes. Very complicated chemical reactions -
are carried out in living organisms with remarkable selectivity and at mild conditions with the
help of special catalysts - enzymes; It is really a challenge for catalytic chemists to learn the

principles that are used by enzymes in their operation and to utilize these'prihcip]es for the
design of new more efficient synthetic catalysts. Tbls direction of catalysis is often called

biomimetic catalysis (refs. 37 41)

A typical example of a blomxmetlc catalyst is the Fe-contammg ZSM-5 zeolite described
above. This catalyst remarkably mimics the ability of the enzymes - monooxygenases to
smoothly insert an oxygen atom into carbon hydrogen bonds in hydrocarbons.

CONCLUSION ;
Studies at the molecular level play a rapidly mcreasmg role in the development of
new catalysts and processes
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COKING AND DEACTIVATION IN COMPLEX CATALYTIC PROCESBES

G.F. FROMENT
Laboratorium voor Petrochemische Techniek
Universiteit Gent

Krijgslaan 281, 9000 Gent, Belgium.

For & single reaction A -+ B the deactivation of the catalyst by
coke formation is unambiguously expressed in terms of the
evolution of the intrinsic rate of reaction of A with the coke
content of the catalyst :

R R (1)
¥

A

When more than one reactidn is oceurring it is Necessary to talk
in terms of the deactivation of the various reactions through
their respactive rates, ry and deactivation functionsg,(C.). Tha
latter are not necessarily identical.

It should be emphasized that the ratio defined in (1) only
accounts for the effect of coke on the chemical reaction itself.
In the presence of diffusional limitations a ratio of effective
rates could be taken, represented by (#,);, which would not be
the deactivation function propexr. .
when coke formation is also a catalytic reaction it is normal
that its own formation is also deactivated and :

re
B WA (2}
p [
T
where z, is the intrinsie rote of the coking reaction, that

#. is the true deactivation function for coking.

The reasons for expressing empirical deactivation functions in
terms of the coke content and not time have been extensively
discussed by Froment (1977, 1982, 1991}.
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In most cases an exponentialtfﬁnction of the coke content leads
to the best empirical fit of the experimental data [De Pauw &
Froment, 1975}. Later, Beeckman and Froment [1979] introduced a
probabilistic kinetic 'approach for “the coke formation and
deactivation by site coverage. They extended their kinetic -

approach to site coverage and pore blockage by considering
explicitly. the growth of the coke [1980]. The structure of the
catalyst as a network of pores was described by a Bethe-tree
[198%2]. The deactivation functioh-wgs expressed as a produtt of
probabilities P and S, with P the probability for the sites to
be accessible and § the conditional probability that the
accessible site is not covered. When both the main reaction and
the coke formation occur on the same sites and there are no
diffusional limitations S can be expressed as:

"8 = exp(- RJt) (3)
with
Rg = 21"?1
and :

rsc,'i = fj(pAl Pg. T kC' KA"")

When the growth of coke on .top of the precursor covering a site
is instantaneous the coke '"molecules' all have the same size and
the fraction of sites covered with coke is directly proportional
to the coke content. When the rate of coke growth, r,°, is finite
the latter also enters in the expression for the coke content,
of course. More recently Sahimi & Tsotsis [1985] and Beyne and
Froment [1990, 1993] applied percolation thaary in the modeling
of the pore network. Diffusional limitations were also accounted
for.

The present paper emphasizes the insertion of realistic kinetic
equations for the coking in catalyst deactivation studies. First
the deactivation is modeled in the case of coke formation through
a polymerization process. The model is fairly complete in that
diffusion effects and the influence of the structure of the
zeolite pore network are accounted for, but there is only one
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"main” reaction. Many catalytic hydrocarbon conversion processes
consist of very complex reaction networks so that selectivities
are important features. Many components of the reaction mixture
may lead to coke. Is ccke deactivating the various reactions in
a different way? If yes, how can this be modeled in a reasonablse
way, without introducing ar excessive number of parameters? These
are the questions addressed in what follows.

Coking in a petwork of pores in the presence of diffusional
limitations.

The case considered here is the deactivation of a ZSM-5 catalyst
in what could be an isomerization. The reaction scheme, including

consecutive coking i.e. originating from the reaction product B,
is as follows :

a+1%a

A1 %2 p)

BI 5.1

51 %52 ¢p (4)
o+ B X g

Cg + B kz" Cg

Cg + B k:” ct

The coke precursor Cp, formed out of adsorbed B is a radical so

that further reaction with B leading to Cg is possible.
Propagation and chain growth continue until termination occurs,
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yielding Ct, a component with a size such that it may block a
pore.
Wwhen the reactions take place on single sites the Hougen-Watscn
type rate equations can be written :
for A 5 B, with the reaction between adsorbed species as rate
determining step :

kABCtKACA Cel,ace
= , = i - S
Zap = KagCas = 77 K, e Ky Cn( c, } (5)

for the formation of coke precursor :

5 = KigCsy = %(1 - EW) | {6)
for coke growth
Tpo = KapCop,aceCs 1)
Tgp = ky5Ccg. accCs
for termination
Tey * KenCop. aceCa " (e}

pirrusional fimitations on tne main reaction are aiso accountea -
for. For spherical geometry the following continuity equations
are derived for A and B :

304 - L a \ aCA‘
.é‘E‘ ) Pcac!*?(r, t) -a;[r B(r, t)‘DA(I’ C)'E'J ~Tsg (9)
ac, s _ aq,
gt mrlr B(r, £) Dylz, £) 52)

TTar T Tio " Foum T Fyp T T (10)

The coke content of the catalyst is governed by
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8C%t‘-0¢ - ’;18 - rm ) n ) . (11) .
- acgzaé.cc _71;”» - Iy - - - (12)
EEE%;&., L S L (13)
V Cerace = Capace * Cogoave * Cooaee (14)
BCosee -z g - £yt T | | (15)
— T 3 %18 * Tpgs = Xyp * Tead . . ’
’ ac, . '
ngx(vr, t) = P(r, t) (—gg‘fi (r, &) o , (16)

The continuity,'oé;uations, are derived for the entire catalyst
j;article,i while the reaction and diffusion operate in the
accessible fraction of the catalyst only. This is accounted for
through the accessibility function P(At,t)',v derived from
percolation theory (Beyne & Froment, 1990, ,1993)' Blockage also

affects mass transfer inside the catalyst, since the path
- followed by the diffusing molecules becomeas more tortuous. A
‘quadratic law was adopted for the depondencé of the diffusivity

on the blockage probability. A : '
The - integration of the above set of differential equations,
accounting for the appropriate boundary conditions, leads to tha
various concentration profiles inside the catalyst particle. From
- a certain coke content onwards two zones develop in the particlei
an inner inaccessible core and an outer shell which remains
active. .,T'he fraction’ of blocked intersections of the pore
network, g, goes through a maximum somewhere between the center
" and the surface of the particle. when this maximum reaches the
porcolat.:.on bhreshold d., only the outer shell remains
accessible and ‘the profiles take on ‘shapes which may 'be'g
completely different from those before g, was reached, as.
illustrated in Figs. 1, 2 and 3 (Beyne and. Froment, 1993).
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Fig. 1. Consecutive coking : intraparticle profiles of the
fraction of blocked intersections, C% = 1.05 x 10" kmol/m’,, C°,
= 0 kmol/m’; curve 1 : C_ = 0.045 kg coke/kg cat; curve 2 : when
inaccessible core has developed : @, = 0,057 kg coke/kg Cat
fBeyne & Froment, 1993].
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Fig. 2. Consecutive coking : intraparticle profiles of the

reactant A, ¢* = 1,05 x 10¢ kmol/m’,, C°% = O kmol/m%; curve 1:
C, = 0.045 kg coke/kg cat; curve 2 : when inacceasihie core has
developed, G, = 0:057 kg coke/kg cat. [Beyne & Froment, 1983].
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Fig. 3. consecutive coking : intraparticle ’profiles of the
reaction product B, €% = 1,05 x 10-? kmol/m%, when C;, = 0
kmol/m*; curve 1 : €, = 0.045 kg coke/kg cat, curve 2 1 when
inaccessible core has developed, c = 0.057 kg coke/kg cat,
[Beyne & Froment, 1993]

S8ince coke keeps on growing as long as it is accessible and
termination has not occurred.the coke content of the catalyst
varies nonlinearly with the fraction of reaction centers covered
with ooke. Por eitc aeoverage only or for oito ocovorage and
instantaneous growth leading to blockage the relation would be
linear. when {g,], is plotted as a function of the fraction of
covercd rcaction centers curved are obtaincd whioh arc convax
downward, alsc for parallel coking.

Pig. 4 illustrates the variation of [#,], and {@./], with the coke
content of the catalyst particle, located at the reactor inlet,
where C;° = 0. The vertical drop in activity corresponds to a
coke content at which the percolation threshold is reached.
Curves with this shape have beén repofted in the 1literature
[Dejaifve et al, 1581].
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Eig. 4. Consecutive coking : [p,], and [g.], vs coke content, c“
= 1.05 X 102 kmol/m?, C*% 0 kmol/m®, {(Béyne & Proment, 13931

The treatment is easily extended to & combination of parallel and
consecutive coking.

When the set of equations (5) - (16) is inserted into the model
equations of a tubular reactor e.g. the coke content profiles are
generated. Even with the complex model as dealt with here this
has now become a tractable problem on fast modern computers. The
knowledge of the coke content level and profile is 1mportaht
information for the adaptation of the operating conditions and
for the choice of the policy for the catalyst regeneration.
The major problem in such an approach is the der'ivation of the
kinetic equationas for coking, which has received insufficient
attention so far, even if examples were given by Dumez and
Froment.  {1976] and Marin et al [1988].

Coking. and deactivation in complex catalytic reactiong.

The above example sets a fairly general framework for a rather
realistic treatment of deactivation in a complex pore network in
the presence of diffusional 1limitations and with a kinetic
formulation of the coking equation, but is limited in the sense

31



PL-3

that it only contains one main reaction and coking out of one,
at most two, of the species involved in the main reaction. What
if the reactant .generates a network of reactions and several
species generate coke?

Recently Beirnaert et al (1994) studied the reactions of n.hexane
on an US-¥-zeclite, using an electrobalance with recycle. Table
1 shows quite a épect_rum of products, even at low hexane
conversion. Fig. 5§ presents a reaction scheme that may be derived
. from this information and that will be called a molecular model.

oy | provs
C,C,  caem } .
2' ‘ ' n‘.cg | |
C: = %—.—— ,&1:; u‘_m"“ c;-'i' cu-l
-~
oo
", Smorig e '
“ c’ ‘ : , i Cysl >
' " Dotyee - s i:e; c. —"Wu Coks
Mtcs ’ T T
" o . %iw
diMu-c:.._w e -G, e s - ! ::; Aromatice

-
|

Fig. 5. Molecular reacﬁion scheme for the catalytic cracking of
n.hexane. :

In this scheme the monomethylpentanes are lumped and so are the
dimethylbutanes, reflecting that equilibrium among these
components is rapidly established. The right hand side of the
reaction sacheme ‘'is somewhat mMore aopoculative in that the
alkylation of nC, and its isomers leads to a lump, C,, which
either cracks or cyclizises and dehydrogenates into aromatics but
~also to coke, either directly or over the aromatics. The network
contains 5 reacting components involved in 14 reactions belonging
to 6 types, so that & rate coefficients (4 for the main
reactions, 2 for coke formation)} would have to be determined. The-
Hougen-Watson type rate equations contain one common denominator
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sites and involve the same number of sites . The number - of
adsorption equilibrium constants then amounts to 14 (3 for the
hexane isomers;, 3 for the hexene isomers, 3 for the saturated c,
to C, species and 3 for .the corresponding oléfins_, .1 for the C,
lump and 1 for the aromatics lump).

what ‘about the deactivation effect of coke? Are ali the reactions
" Quactlvated in the same wayr wranle ! clearly iliustrates that
" this is not the case. This could be related to the distribution
of the stx‘ength of the acid sites. According to Wojciechowsky and
Corma (1986) the required acidity increases in the .order -:
isomerization, hydride transfer, alkylation, cracking, coking.
Consequently, . ci‘acking should be more affected by coke de?osition
than hydri_de- transfer e.g. The increase of the paraffin to olefin
ratio with increasing coke content which can be deduced from
Table 1 confirms that hydride transfer is less deactivated. -
Fig. 6, on the other hand, reveals ‘that the coke formation itself
is not deactivated. Coke growéh does not necessarily require true
catalytic sites. Only pore blockage would then deactivate the
coke formation itself, Pore blockage -has probably not occurred
yet in this US-Y-2eolite at the relatively low coke contents

1.2 ‘
g g “ / @c" o n
1 -
\ I o X
a8 | . . . o o ; 2:Me-pan
© . : ' !
08 ~ s, l[ °°3" )
) o . S i nHexane
o4 - s 2 A Olw. xp(-1.85 Cc} i s
B 5 (226 Cc)
0.2
0 T H . 1 H . 1 1
o 0.2 04 06 98 1 1.2 14

~ Coke content (M%)

Fig. 6. Deactivation functions for various reactions in the
~catalytic cracking of n.hexane at 450°C [Beirnaert et al, 1994].
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Coke content: (wt %) | 0.31 0.51 0.59' [ 0.74 0.90
Méthane T 2.98 | 4.02 4.24 4.40 | 4.80
Ethylene . | 6.69 7.22 | .91 7.03 7.45
Ethane - ) 2.49 3.30 3.30 | -3.35 3.83
Propylena . |36.72 | “34.36 | 36.72.| 33.54 | 32.09
Propane . 165.55 | 64.91 | 63.14 | 65.09 | 61.50
Butanes o ‘ '

i-butane 13.38 | 12.54 | 12.23 | 12.11 | 12.00

n-butane ' 6.34 5.87 5.62 5.38 5.12
Butenes . 4,17 3.41 3.68 2.94 2.83
Pentanes .

i-pentane 7.2 | 7.30 6.73 7.08 | 7.38

n-pentane _ 1.67 | 1.56 | 1.40 1.30 1.25
Pentenes 1.22 1.09 1.11 0.92 - 0.178
Hexanes

2-Me-pentane B.16 9.82 9.35 | 10.38 | 11.00

3-Me-pentane 5,18 6.15 5.80 | 6.32 6.73

2,3-di-Me-butane 2.59 3.03 2.77 3.13 3.28.

2,2-di-Me-butane | 0.45 0.40 | 0.35 0.31 0.33
Hexenes ' | 2.47 2.52 2.93 | 2.34 2.57
Toluene ' 0.68 0.80 0.82 0.85 1.02
Xylenes 1.21 1.34 1.31 1.36 1.41
C9-aromatics 0.50 0.50 0.56 0.54 0.58
Coke 0.60 0.75 0.72 0.97 1.20

Table 1. Influence of the coke. content on the product
selectivities in n~hexane cracking at 7 % hexane conversion
(mole/100 moles hexane reacted) {Beirnaert et al, 1994].

.which were experienced. In contrast with this result Froment et
al [1990] observed a strong deactivation of the coke formation
in n.hexane cracking on 2SM~5, a small pore zeolite in which
biockage can rapidly océur. in the absence ot Klnetlc equations
for the coke formation Beirnaert et al [1994]  fitted the
experimental deactivation functions in terms of various empirical
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functions of the coke eentent. As ih,catalytie reforming (De Pauw
& Froment, 1875) and. butene dehydrogenation (Dumez & Froment,
1976) exponential relations led to the best fit [Fig. 61 , but
the ‘deactivation .constnnts, a, differ, even within  the
isomerizations (Table 2). )

95 %
a  confidence interval
2-Me-pentane . 1.65 1.44 ¢ a ¢ 1,83
3-Me~pentane 1.76 1,51 < a < 2,02
2,3~di-Me-butane | -~ 1.81 1.57 ¢ a < 2.04
2,2-di-Me~butane 2.62 2.36 < a < 2.89
Coke : . 0

Table 2. Estimated. a-values' of the exponential deactivation
functions for some reactions leading to products of hexane
cracking (Beirnaert et-al, 1994).

Therefore, considering & unique deactivation function for the
' isomerization or any other type of reaction may not be very
accurate and 8ix' or more:values of a may be required, one for
each type of reaction. Even with only s8ix a<=values the number of
parameters to be determined for n.hexane cracking at a given

temperature. would amount to 26 with this molecular model.

ctivatiop i d 1_conve roces
For.the above exercice to be of practical value for the catalytic
cracking of real feedstocks it 'should be repeated for a number
of key components of vacuum gas oil. If the kinetic analysis yere
repeated ‘for n-eicosane e.g. ‘different rate coeff1c1ents would
be obtained : the number of isomerization reactions is larger in
n-eicosane than in  n.hexane. Clearly, the number of rate
parameters - to be ,dete;minéd in- a mixture ‘would become
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overwhelming.

This is why the molecular level described above has not been
applied in the ‘kinetic modeling of the catalytic cracking.
Limitations in the' chemical analysis, of course, is another
- reason. Instead, the modeling has been based upon a small number
of lumps : the three lump model of Nace et al ([1972] and later
the 10-lump model of Jacob et al [1976], with one common
deactivation function for the effect of coke. It is clear that
this approach can not lead to invariant rate coefficients and
that extensive experimentation is required for each type of gas
oil. More recently various approaches were taken to remedy this
[Allen {1991), Klein and co-workers (1991), Froment and co-
workers (1983, 1991, 1993), Jaffe and Quann (1992)]. The former
lumping based upon boiling ranges is replaced by a detailed
account of the chemical character of the various c¢omponents
involved in the reaction network. The approach introduced by
Froment is based upon truly elementary steps as contributions to
the reaction expressed on a molecular level. Reactions On
zeolites, which are often used in hydrocarbon conversion
processes, proceed through carbenium ion mechanisms. In the
absence of a metallic dehydrogenation component, as is the case
in catalytic cracking, carbenium ions are generated by protolytic
scission, hydride transfer and protonation of olefins.
Isomerization takes place through various contributions at the
elementary step 1level : hydride- or methyl-shift or, when
branching is involved, thi’ough protonated cyclopropane
intermediates. Cracking of the carbenium ions occuzs through
scission of the C-C bond in B-positiori with respect to the carhon
carrying the positive aharge. Alkylation of the ecarbenium ion by
means of an olefin is also possible. Cyclization followed by a
sequence op deprotonations leads to aromatics and deprotonation
to an olefin.

The molecular scheme of n-hexane catalytic cracking of Fig. 5 is
now developed in terms of elementary steps of carbenium ion -
chemistry in Fig. 7. .

In this scheme isomerizations occur by hydride- and methyl shifts
but also, when branching is involved, by PCP mechanisms.
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Fig. 7. Reaction network in terms of elementary steps for the
catalytic cracking ¢f n.hexane.

Excluding CH," and primary carbenium ions, which are far less
stable than secondary and tertiary carbenium ions, leads to
kis(s8,8); kgls,t); kglt,s); ks{t,t) and k. {s,s); kgis,t);
kys{s,t); ky(t,t) and ke.(s,s), Kkee(s,t); Kpp(t,s); kepl(t.t).
If the Me-C,” are considered to be in equilibrium ks(myn) and
Ky({m,n} do not have to be considered. Lumping -~ not necessarily
satisfying the rules of Wei and Kuo [19863%] for rigorous lumping -
also enters in the alkylation products C,' originating from nC,’,
Me-C,* and diMe-C,'. Indeed, C,' is considered to be one single
carbenium ion. It reacts in two ways :‘by B-scigsion yielding
Gy, C;° and C,° and the corresponding C* or by cyclization &nd
a seguence of deprotonations yielding two lumps: (C/),, which
does not desorb any more and is therefore called "ecoke" and
(C.”), which is lighter, but also leads to {(C,'), i.e. coke,
after deprotonation into light aromatics followed by alkylation.
This brings the coking to the same level of mechanistic modeling
as the "main" reactions. Now the effect of the coke on the
activity of the catalyst has to be introduced. Fig. 6 indicates
that no deactivation function needs to be introduced in the rate
coefficients for the coke formation. The rate coefficients to be
retained for such a reaction scheme are given in Table 3. Rate

37



PL-3 -

coefficients Tor hydride and Me-shifts are nét included in Table
3, since the components within the Me-C, ~lump and within the
diMeC,~lump are at equilibrium. : :

It should be added here that the k,(s,t), k;(t,s) and k,(t,t) are
not encountered in the ecracking of n.hexane itself, hut are added
for the sake of expansion to higher paraffins. In addition, the
C’ may crack according to (s,t}, (t,s) and (t, t) mechanisms.
This leads for hexane cracking to 14 rate coefficients for the
"main" reactions and 10 for the coking reactions : a total of 24
per temperature. ‘The number of a would then amount to 16, so that
the total number parameters is 41. This is to be compared with
the 26 parameters in the molecular scheme, which is likely to be
less reliable, howevesx .

The superiority of the elementary step approach over the
molecular approach becomes evident when mixtures have to be dealt
with. i
Rate coefficients at the molecular level for reactions of
paraffins e.g. increase with chain length, so that with complex
mixtures the number of rate coefficients.to be determined from
experiments bhecomes very large. This is not so with the
elementary step approach. It is a plausible assumption that the
elementary step rate coefficients do not depend upon the chain
length, so that their numker does not increase for compiex
mixtures. Because of this property their values can be determined
from the reactions of e.g. short cﬁain para‘ffins,‘which enables
complete identification. of the product:spectrum. This is true
also for the parameters related to the formation or decomposition
of naphthenes and aromatics. Schemes for theseé conversions were
written in terms of carbenium ion,_chemis'tr'y» for the main
reactions already [Vynckier & Froment, 1991]. A judiciously
chosen program involving experiments with specific paraffins,
naphthenes and aromatics should enable the significant estimation
of some 40~50 parameters. Examples‘a’re there in the thermal
cracking for olefins production [Wiilems & Froment, 1988] and in
the catalytic cracking of gas oil [Wu Feng et - al, 1993].
Including the coking reactions in the kinetic analysis is a- -
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Protolytic scission |3;k. ...(m} (m = p,8,t})
Protonation 2:k.. {m) (m = 8,t)
Deprotonation 2; k. () ) (m = g,t)
PCP-isomerization 4;Koro(m,n) ' (m,n = 8,t)
-B-scission 4;k,(m,n) {(m,n = 8,t)
Hydridé transfer 2;k,..(m) (m = 8,t)

) 17 .
Alkvlation 4:%k.,.{m,n} V(m,n = g,t}
Cyclization 4;k...(m,n) (m,n = g,t)
Aromatization | 2;k,,(m} {m = 3,t)

10

Table 3. Xinetic parameters for the catalytic cracking of
paraffins. :

natural axtension of what has been shown to be feasible already.
Finaily, it should be recognized that a component analysis of a
VGO is not possible, even if substantial progress has been
achieved lately. Therefore, a certain degree of Iumpingtis still
inevitable, but the rate coefficients for the reactions between
the 1lumps c¢an be constructed on the -basis of the rate
coefficients of the elementary steps entering in the reactions
of the components of the lump [Vynckier & Froment, 1991].
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o concentration, kmol/kg cat; kmol/m%
c local coke content, kg coke/kg cat
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6; global coke’ content of the catalyst kg coke/kg cat
L - totnl concantration of reaction centers kmol centers/kg cat -
D d;ffuszvity, kg cst/m cat/s - :
.k 'reaction rate coefficient, s! , kg gat/kmol/s ;
Ké;Vku“ Kocp:. rate coafficients -for isomerization' through
hydrido shift methyl ahift or a protonsted cyclopropane
.- ‘mechanism. - ) - - .
kg o rste coefficlent for catbenium ion cracking through B-
‘scission. . ’ L o
K. adsorption equilibrium constant kg cat/kmol
MW moleculsr weight, kg/kmol
_P. percolation probabil;ty, dimensionlsss
F  dccessibility, dimensionless
q blockago probability, dimenlionlcss
g, percolation: threshold, dimensionless
rt“ distance: to catalyst center, m

- rA, Ty react;on rate of Aor i, Kmol/kg cst 8.

Xy rate of coks fozmation, kg coxe/kg cst.l
R radius of catnlyst particle, m .
s prohability that an nccessible renction center is sctive,
' dimensionless : : s
Tt tims, s

Greek letters. . ) .

B  critical 'exponent for the percolation probability,
dimensionless _ ' ' '

 Peay . catalyste density, kg cst/m3 cat

fp]d deactivation - function in- ‘the pressnce of diffusionalﬁ
‘limitations, dimensionless ' : .

Isd: [, [¢,] deactivation functions for ‘main resctions and'

coking
. Subscripts
‘A reactant A .

ace accessible part of. the catalyst .
avg average over .accessible and 1nsccessib1s pnrts of the
catalyst : :
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B reaction product B
Cg growing coke
Ccl reaction centers covered with coke

¢

Cp coke precursor
terminated coke
deactivation problem
cokxe growth

conversion to coke precursor

percolation i

formation of growing coke out of coke precursor
termination of coke growth

o L RTRTY n'g

Superscript
o initial value
8 at the catalyst surface
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Catalytic hydrogenation reactors for the fine chemicals industries.
Their design and operation
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P.O. Box 217, 7500 AE Enschede, the Netherlands

Abstract

Design and operation of reactors for catalytic hydrogenation in the fine chemical
industries are discussed. The requirements for a good multiproduct catalytic hydrogena-
tion unit as well as the choice of the reactor type are considered. Packed bad bubble
column reactors operated without hydrogen recycle are recommended as the best choice to
obtain a flexible reactor with good selectivities.
The results of an experimental study of the catalytic hydrogenation of 2,4-dinitrotoluene
(DNT) in a miniplant installation are presented to prove that the maximum yield in such a
reactor can be achieved with a hydrogen supply somewhat higher than the stoichiometric
amount without a hydrogen recycle. Some characteristic properties of the reactor system
and the influence of the reactor pressure and the hydrogen supply ratio are elucidated.
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Introduction

In fine chemicals industries the so-called Béchamps reaction was widely spread for
hydrogenation reactions. Here hydrogen is produced by the interaction of Fe or Zn
powder and hydrochloric acid, producing very active hydrogen. This reaction is executed
in the batch mode and in the liquid phase. The reaction rate can be controlled by the
addition rate of the metal powder and it occurs at low temperatures. These properties
made it the most important hydrogenation tool for fine chemicals. Regretfully large
amounts of waste materials are being coproduced after neutralization, like iron hydroxide
sludges and neutraliaation salts, both often consaminated with organic chemicals. The
amounts of waste materials are often 5 to 20 times larger than the amount of desirad
chemicals produced. This waste problem demanded for measures to protect the
environment and therefore catalytic hydrogenation came into the pictiire also-in the fine
chemicals industries. Catalytic hydrogenation, of course, already for many years has been
applied in bulk chemical processes, but for fine chemicals a number of problems cannot
so easily be solved. For fine chemicals the same installations are normally used for many
different chemicals and production series usually last only from a few days to a few
weeks, so that in the same installation often 10 to 30 different chemical reactions are
executed during the course of one year. Production quantities are so small, that the
construction of g unit dedicated to a single product is economically not feasible. So
multiproduct useis a conditio sine qua non, also for a catalytic hydrogenation unit for
fine chemicals. In our laboratories therefore a large experimental and theoretical study
was made to determine the most economical method to switch from Béchamps to catalytic
hydrogenation reactors [1]. To this end a number of possible reactors has been tested in
the course of the years and here we will report on our inisial considerations to come to a
selection, discuss the arguments pro and contra for cerain solutions and the fmal choice
made. ’
As experimental proof has not yet been provided for one of the important
recommendations, we will here also report on the last experimental work to corroborate
our selection, the continuously operated, packed bubble column reactor filled with a
packed bed of solid catalyst pellets and with hydrogen feed rates, a little higher than the
stoichiometrically required amount. In the experimental part we will investigate this
stoichiometric hydrogen dosage.

Requirements for a good multiproduct catalytic hydrogenation reactor for fine
chemicals '

For catalytic hydrogenations we usually are concerned with three pbases: gaseous
hydrogen, an often dissolved component to be hydrogenated in the liquid phase and a
heterogeneous solid catalyst. Homogeneous catalysis is not very widespread. A number of
good three phase reactors is available in process industries. Therefiore we will restrict
ourselves to the classical three phase reactors which already so often have proven their
value in bulk chemicals processes. However, for fine applicasions a number of special
requirements have to be met, which will be discussed in detail below.

Universa) cawlyst

In a multiproduct unit a universal catalyst should be applied. Quick changing of catalyst is
difficult. Slurry catalysts, of course, can be washed out and filterad off, but also here
their removal is very time consuming and specially for expensive catalysts, filiration with
a high catching efficiency is difficult to achieve and slow. Filtration can be avoided if a:
stationary bed of catalyst particles is used, but also the exchange of a fixed bed catalyst is

47



very time consuming. Therefore it is best to keep the catlyst in the reactor system. This
~ is most easy for a catalyst bed of larger particles. In order to avoid the replacement by
each time different catalysts, preferably one universal catalyst is used for alt different
hydrogenation reactions to be executed. Ni, Ptand Pd catalysts are all rather universal
and each company should determine which catalyst'is most suited for her production
programme. We tested all three of them and selected Pd. Ni catalysts are cheaper as is
-well known, but for our applications demanded for much higher temperatures and
hydrogen pressures to achieve the same conversion rates as with Pd catalysts. In the
selection of a universal catalyst also possible deactivation should be investigated and
methods be developed to regenerate the catalyst'in an economic way:
A.nn_msal_m_qf.nmmml
very exothenmc Therefore much cooling area must
) be installed in the reactor per unit of volume and also agitation levels must be high in’
arder to obtain high heat transfer coefficients. This often demands for extensive and
complicated cooling coils or externatiy located circulating coolers for batch equipment in
order to prevent that cooling capacity limits the production rates in a plant. Further
. mixing and/or recirculation may influence the selectivity in a process, as will be discussed
Jater.
As the method to remove the reaction heat under all circumstances and at all rates, we
opted far heat withdrawal by evaporation of a solvent. Most reactions are executed in
dissolution or reactasits evaporate themselves. )
wid, m d soive; ust an
For many different hydrogenatiion reactions also various solvents with differeat properties
have to be used, specially with respect to vapour pressure characteristics anid boiling
pomts Also each reaction demands for its own temperature range and ‘also this reguires 2
great flexibility of a multiproduct reactor.
Cood sclectivities
" A multiproduct hydmgenatron reactor demands for good selectivities. Many
hydrogenaﬁons are cartied on up to completion, but as soon as only partial hydrogenation
" of a molecule must be attained, also selectivity plays a major role. For multicomponent
reactions of the consecutive type it is Jmown that the batch or plug flow mode results in
much higher ylelds and selectivities than in mixed reactors, so mixing should be
suppressed. This is ofien more complrcated if competing reactions are of different
“reaction orders, but in general mrxmg should be avoxded as much as possxble
f ion also ch i io|
The determination of adequate and rellable kinetic data is very Jaborious and time
consurning. To test three phase catalytic reactors we developped as a test reaction the
hydrogenation of 2.4. diniwro toluene to intermediate and final products. Langmuir-
Hinselwood expressions were developped for the five main reactions and it took'us
several years to obtain accurate rate equations valid over an adequate range of
temperatures [2,3,4]. It is evident that such a large input of manhours cannot be afforded
in fine chemicals industries, ‘where often only a few tonnes of product are made in a few
weeks. Therefore units nust be well operated with the hrghest possrble selectivities and
_ yields without detailed information on linetics.
Ease of control -
For-a—wide-tange of process conditions the reactor must be relrably conh‘olled and kept
. under all circumstances at the desired conditions avoiding runaways-or other instabilities.
The control system also cannot be too comphcated it must be easy to understand and to
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handle, so that operators can dedicate their time above all to the execution of the ever
changing recipes for the production of desired chemicals.

Process economics

1t-isevidentthatthe process economics must be sound. This not only demands for much
detailed attention to equipment selection and mechanical design, but also to further
process development and easy possibilities for modifications.

Hydrogen excess and recirculation is often costly, the gas carries away evaporated
liquids, which have to be condensed in expensive condensors with low heat transfer
coefficients due to the presence of gas, and after that the gas must be recompressed and
recycled to the reactor. Compression is an expensive unite operation and, moreover, in
recirculation systemis also a purge is required to prevent accumulation of inert
components, which inevitably leads to hydrogen losses. Short switck over times must be
elaborated to reduce losses to off-spec products to a minimum and for the same reason
also rapid stert-up and shuz down methods must be developped. Besides that, both are also
highly important to achieve long on-stream-times and a good productive use of the plant.
Also the catalyst life is extremely important. The change of catalyst batches should be
avoided as much as possible. Specially the replacement of a fixed cataly& bed is
cumbersome and often involves a loss of several weeks of production time. So some kind
of rapid in situ regeneration is to be preferred.

Choice of reactor type and batch or continuous mode of operation

In fine chemicals industries the basch reactor is the work horse which has. to do
almost all the reaction jobs. Its value has been proven over the cénturies. For catalytic
hydrogenations this batch reactor has a number of inconveniences in case a slurry catalyst
is used. The complicated cooling coils, dead spaces behind baffles and so on are difficult
to clean if the catalyst has to be removed from the vessel.- After each batch the vessel has
to be emptied, which also implies that the catalyst falls dry. It is known that specially in
this period all reactant and products, still contained in the pores of the catalyst, now
rapidly may deteriorate via unwanted side reactions and so deactivating the catalyst.
Usually deactivation starts as soon as the catalyst is no more protected by the solvent. As
a productjon series for one product consists of a number of batches, the exposure of the
catalyst to deactivation conditions is frequent.
Despite the routine and experience of the operators with batch reactors it may be
worthwhile to train them to operate continuous reactors. Continuously operated reactors
only demand for orie start-up and shut-down during the production series for one product.
This increases very much the operating time efficiency and prevents the deactivation of
dry catalysts; this implies that the reactor volume can be much smaller than for batch
reactors. As to the reactor type for three phase systems an agitarted slurry tank reactor
[5,6] is not advisable, because of the good mixing characteristics. Specially for
consecutive reaction systems the yields to desired products and selectivities will be
considerably lower than in plug flow type reactor. The cocurrent down flow trickle flow
reactor [7,8,9,10] at high flow rates approaches best a plug flow character. Regretfully,
for a good wetting of the catalyst particles, liquid velocities must be high so that
residence times usually are limited and not higher than a couple of minutes to a maximum
of say a quarter of an hour."Many reactions demand for much longer reaction times. For
that reason she packed bubble column reactor remains; this reactor has been tested
extensively by us and its many features were amply discussed [11,12,13]. In this reactor
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the liquid and the gas flow cocurrently upward through the packed catalyst bed. It exhibits
axial .dispersion in the liquid phase [13}, but by choosing a high and slender column the
influence of the axial dispersion can be largely suppressed: under normal operating
conditions and with not $00.large catalyst particles several "reaction units® per meter
column height can be obtained. By changing the liquid flow rate-any residence time for
the liquid phase can be achieved, a residence time of several hours is not a problem. This -
implies thatalso selectivities approaching those in @ plug flow reactor can be expected in

- this type of reactor, as is desired. For the case of heat removal in the reactor by
evaporation of the reactant or a solvent and condensing of the vapour a cooles-condensor
in the exit vapour line, a wide range of operating temperatures can be chosen. For these
reasons we feel the packed bubble column reactor filled with a stationary solid catalyst
bed is the best suited reactor with a very high versanhty for application in the fine
chemicals industries.

Operation of the continuous packed bubble column reactor
A number of the previously mentioned poin will now be further elaborated. For

further information see o.a. [14].
Start-up and shut-down
Thesotvenit; whiciris-heated up via a fieed preheater to a temperature at'which the
reaction ignites, can be put in the reactor and the reactor completely filled with llqmd
After that the liquid reactant feed and the hydrogen gas are supplied to the reactor in the
desired ratio. The reaction starts, the reaction mixture heats up.and at reaching a
temperature somewhat below the boiling point of* the solvent at the sét reactor pressure,
(hecvapomnon will become so high that a stable operating point is reached. Solvent
vapours are condensed and returned to the reactor, the liquid phase leaves the top of the

- catalyst bed via an overflow. For stopping the reaction the catalyst bed is washed out with
pure solvent and the catalyst is kept covered with liquid.
Switch over to 3 new product
If for the new product a different solvent is used, first the old solvent is pushed out over
the top of the catalyst bed by the new solvent and the solvent mixture sent to the solvent
recovery system of the plant. After that the same start-up procedure as before is followed
and the reactor pressure adjusted if necessary. The catalyst is kept wet under liquid all the
time in order to prevent decomposition reactions or coke formasion at the catalyst surface
if exposed to gas and/or air.

We observed that for our reactions the catalyst was prone to deactivation if the catalyst
was exposed to gas or air. Via polymerisation and condensation reactions tar and coke
was formed. We could reactivate our catalyst bed by buming off of cokes and tar [11]
with air diluted with steam or nitrogen. The bed had to be preheated to a temperature
where the far and coke combustion swrted. This empirically determined temperature in
our case was 130°C. In [15] we have described how the oxygen content in the
regeneration gas can be determined and where thermocouples in the catalyst bed must be
placed to be sure that always at least one thermocouple measures the highest temperature
in the bed, where the combustion #akes place.

gase of control .
Besides rate controllers for the gas and liquid feed flows and some liquid level

controllers, the most important instrument is the feactor pressure controller. By setting
the pressure also the maximum temperature is set. The liquid will evaporate at a
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temperature somewhat below the boiling temperature at the set pressure. At the boiling
temperature itself no hydrogen can dissolve anymore in the liquid and so the reaction
would automatically stop. This also insures that a runaway never can occur; the
temperature never can surpass the solvent boiling temperature. By adjusting the pressure
we also automatically adjust the temperature level in the reactor.

- A large temperature range can be covered depending on the vapour pressure curve of the
liquid reaction phase and on the maximum aliowable pressure of the reactor vessel.
The reactor, as is evident, can easily be controlled and operated safely.

. : irculatio
In [1] and [12] on the basis of the analysis of a mathematical model describing the packed
bubble column reactor for catalytlc hydrogenation appllcauons it was suggested - in order
to make an intermediate product in a consecutive reactions system - to supply a hydrogen
swream slightly larger than stoichiometrically required amount to hydrogenate the
feedstock to the desired intermediate product. It was suggested that in this way also
automatically the highest yield was obtained. The reaction stops as soon as almost ail
hydrogen supplied has besn consumed. This implicates that the feed rate is so low that the
reaction stops already before the top of the catalyst bed is reached. Or in other words the
catalyst bed is larger than required for the desired conversion at the feed rate set. The
hydrogen stream in such a case must be diluted e.g. with nitrogen in order to carry the
solvent vapours to the condensor. The same holds, of course, also for a complete
hydrogenation. This mode of operating a packed bubble column reactor has two great
advantages.
The first one is that we do not use an excess of hydrogen. This implies that we do not
need to recirculate the excess of hydrogen and that the very costly hydrogen recycle
compressor can be avoided, resulting in important investment and energy savings.
The second advantage is that we do not need to know the reaction kinetics, we only need
to know the stoichiometry. Of course, in preliminary laboratory tests a suitable solvent
has to be found and also a2 minimum temperature level has to be determined at which
sufficiently high reaction rates are obtained. In the upper part of the catalyst bed, where -
the reaction has stopped, no temperature increase skes place anymore. In order to
increase the capacity of the reactor the gas and liquid fiow rates can be raised
simultaneously as long as the last two thermocouples in the tipper part of the reactor
indicate equal temperatures.
These suggestions based on a study of the mathematical model have been verified
experimentally. We present results of the hydrogenation of 2,4-DNT obtained in a
miniplant packed bed bubble column reactor and in methanol as the evaporating solvent.
The correspoading reaction network consisting of parallel and consecutive pathways is
shown in Fig. 1. The outlined method of operating the reactor to obtain'the maximal yield
of an intermediate product is used in Figure 2, where the yield to the hydroxylamine
-compound C is plotted as a function of the hydrogen supply ratio.

Summary and conclusions
- Experimental results obtained in a miniplant installadon with a packed bed bubble

column reactor for the catalytic hydrogenation of 2,4- DNT with an evaporating solvent
have been presented and discussed. The method, as suggested by Westerterp ef al. [1] and
by van Gelder et al. [12], to obtain the maximal yield of an intermediate product without
hydrogen recycle has been experimentally evaluated. The packed bubble column reactor.
can be run with a carrect amount of hydrogen supplied to achieve the maximum yield of
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intermediate product at a cerain. feed rate of reactant in the liquid phase. A small amount
.of the inext gas - in our case ‘nitrogen - must be added to the reactor to assure a stable
performawq of the reactor in case almost all supplied hydrogen is consumed. The reactor
pressure must be high-enough to maintain a sufficiently high hydrogen consumption rate
and assure almost complete conversion. Both the hydrogen supply ratio as well as the
required reactor pressure can be determined experimentally without studying reaction
Kinetics. For the investigated system and after stabilizing the catalyst activity good

- conditions were ay,,r. = 0.53 and P =:0.8]1 MPa at which the maximal yield of the
intermediate product C is obtained without losses of not consumed hydrogen. This proves
the suggestion of Westerterp, Van Gelder ez al. {1,12] that the maximum yield of a
desired product-can be made with a supply of hydrogen slightly higher than
stoichiometric, provided the reactor pressure is set high enough for sufficiently high
reaction rates to convert thc hydrogen supphed . ‘

We also drscussed the choice of the reactor, A batch mctm has a much larger volume
per unit of reaction product and tank like pressure vessels are much more expensive than
cylindrical vessels. Tiis combined with-the difficulties of handling catalyst slurries and
above all of preventing losses of the often’tather expensive catalyss made us consider
continuously operating ‘reactors with fixed' mhlyst beds t00. We eventually chose for the
packed bubble column as a well suited mctor . )

‘ ljis. 1. Rmnon scheme for the mtaiytié'hydrdgqiéﬁor) of 2,4- DNT.
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Notation

G concentration of component i, mole/m*

P reactor pressure, MPa .

qQ liquid flow rate, m* / s

q gas flow rate, NI/min

T temperature, K

Te temperature of gas and liquid entering the reactor bed, K
u gas or liquid flow velocity, m /s * .
% mole fraction of i-th component in liquid phase,-
X; relative mole fraction of i-th component

z axial coordinate, m

Greek letters

apar  hydrogen supply ratio,-

b yield,-

$ hydrogen conversion at j-th measurement point.,-
¢ molar flow rate, mol/s

Subscripts and superscripts

in inlet

G gas

N, nitrogen

o initial

out outlet

H hydrogen

L liquid

Abbreviatiens

A 2,4-DNT, 2,4-dinitrotoluene

B 4-HA-2-NT, 4-hydroxylamino-2-nitrotoluene
C 4-A-2-NT,  4-amino-2-nitrotoluene

D 2-A-4-NT,  2-amino-4-nitrotoluene

E 2,4-DAT, 2,4-diaminotoluene
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PL-S _ CASALE COMPANIES' PRESENTATION -
to the XTIT International Conference on Chemical Reactors
' ' “Chemresctor-i3"
Jone 18-21, 1996 - Nnvnaibirlk

G.Sxoh, U.Zardi ,

Lam Ccmxncmal Reactors for thc Large Scale Producuon of Syngas Derivatwes )
. AmmmmandUma,MmhmlmdFonnaldehyde ’ ,

' mmnsn Anﬂmr:r "

In all pracnca! cases. Ammoma and Methanol pfoduchon start wnth convemon ol‘ a
hydrocarbon i mto agas mbmue, gen:rally called Syngas ‘ .

The modem Syngas mdustry, ongmaﬂy bom from a rather complxcated claboradon of mc~
coke-derived water-gas technology and mainly for feeding-the early ammonia synthesis -
- plants, switched mostly to the natural gas fecdstock afier the war. ‘This led to the design of -
integrated smgle-pmduct plants, producing such pmducts as ammonia and methanol.

‘ Initially, mcthanol remained 48 mmonty clmmcal in oompanson to ammonia, but ’(be -
growth of petruchemicsl industry increased demand lm methanol, mmnly for the dramatic -

growth in Formaldehyde production.

In the meantime ammonia: had to sausfy thc enormous dcmand fa synﬂnuc fuuhscrs.- ;
amongwhthmeonnmndwhavcasubmnnlshau - :

This link bctween ammoma, ures, methanol and fo:maidchyde derives from p:ccmsor .
syngas, as created through industrial development, and' corresponds with the consistent

growth of our activity, srarted ‘in Switzerland fmm 1921 by the - mother\mpany ;
Ammoma(lasale

M:thanol Casalc. ‘Urea Casale and Casale Chcmlcals. gencmt:d later on, are dealing’ wnth~
_thc main syngas dcnvanm, down {o formaldehyde and denvated resins. '

' 'Becnusc of the innovative t:end impressed by the founder ngt Casale, and the heritage -
and experience of the subsequent management, CASALE companies have invested
_ significantly into the technological development, schxevmg a leadership in the specific
‘field of large camlytic reactor design, a key pomt in the syngas derivatives produnhon
processes,
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Relevant aspects of the latest developments will be illustrated in-the next chhpters; in
connection to a review of the "modern state of art” relevant to ammionia, urea, methanol,
formaldehyde large scale reactors,

1.

i ic Moadellj |-radisl A

The axial-radial reactor is a new type of catalytic, fixed bed chemical reactor which
has been developed and initially used for the synthesis of ammonia. It comins one or
more catalyst beds, each one between two oonccntnc, cylindrical p«forated walls, and
a closed bottom section.

Part of"the process gas enters the catalyst bed from the top cross section (or axialiy to
the reactor), while the remaining gas gets in through a vertical, perforated wali
(radially to the reactor).

The study we are presenting herein is aimed at modelling axial-radial reactors from
the fluid mechanics point of view. The axial-radial reactor is characierised by a gas-
flow configuration which is an hybrid between the classical uxial-flow and radial-flow
configurations.

The reacting gas in carefully distributed along the surface of the catalytic bed by a
special perforated wall, controlling the flow in the radial direction, while the axially
directed flow is controlled by the height of the top part of the bed.  The steady-state
behaviour of this configuration has been investigated thyough a fluid dynamic model
apecifically set up. A second simulation madel has heen created for the study of Auid
dynumics through the catalytic bed itself. Both programs have contributed
substantially to oplimising the design of more than one hundred ammonia (and,
methanol) synthesis reactors.

During the last year progresscs have been made with the introduction of a general-
puspose, fluid dynamic simulation program of FLUENT trade name, with the aim of
determining at once the complete picture ofthc ges disiribution parameters across the
catalytic basket, including the periphery of the gas distribution dcvices. 'the
elahoration of data by means of FLUENT requires a powerful computer as the one we
have available at Swiss Cenwre for Scientitic Computing.

Some of the obtained results, in relation to large size ammonia reactors are shown.
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2

Derigp of High-efficisncy Ures Producing Reactors

in- indusirial reactors urea is produced in the liquid phase of a vapour-liquid
hetcrogeneous reaction system. The vapour phase containg C3,, NH,, some water and
inert gases. The liquor is made up by some NII,, ammoniumn carbamate, ammonium
ticarbonate, urea and water,

The reactants £0, and NH, are progressively wansferred from the vapour into the
Liquid phase, where they react producing carbamate,

. Mass and heat transter, conditioned by fluid dynamics play a substantia! rolc in

Getermining the reactor productivity.

Because of a global increase in production capacity demand, together with energy
saving and investment cost reduction, a specific effiort has becn paid to the study of
increesingly efficient urea reactor design.

. Starting from an existing mathematical model (Dente et al, 1992) recent

3.

developments have emphasised the fluid dynamics aspeets.

By simulating several present "state of art” urea reactors, the model has demonstrated
the: with conventional designs the conversion was severely limited both by fluid
dynamics and by mass and heat trsnsfer phcnomena rather than by the chemical

* equilibrium.

- This consideration has been the starting point for the development of a new ures

reactor tray design, an original gas-liquid contacting device which can improve the

‘fluid dynamics bchaviour and generate better heat and mass transfer rates than the
" conventional design. '

Comparisons of CO, theoretical and experimental conversions improvements,
oblained on commercial plants using these type of trays and model predictions, are
satigfactory.

In a regime of slcady while slow and somehow fluctuating methanol demand the
opportunity of improving plant performance or transformation of existing, ammonia
producing plants to either producc, or co-produce mcthanol is gaining more and more
attention. -
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Modemisation of cxisting methnnol symhesxs reactors has proven to be an effective
tool in ordcr to improve production ccommy Main gaals arc:

- to achieve a performanee similar to the brandnew eqmpment

- to minimise the modemlsahon cost, in companson with the total rcp]acemenl of the
reactor;

- to design paris which may be “.plmd during normal maintensnce shut«dbwn
periods;

-to toduce the impact on auxllmy cquxpment.

Preliminary to any feactor modernisetion sctivit; is the study of the. possible
alternatives, rcquiring a proper process and mechanical ¢:ng1net=1m0 knowiodge
‘supported by adequate orgamsauon and tools

Methanol Casale claims a sound experience in this activity, partially suppoﬂed by th:
experience of the mother csmpany Animonia Casalc in the fixed-bad, oafalync reactor

design.

This presentation deals with the reactor desigm developed under the name of ARC,
meaning Advanced Reactor Concept, successfiully 1mplemented in several indusidal
applications.

ARC is basically an adiabatic, quench-cooled, single vesscl reactor provided with an
improved gquersch mixing technology, suitable for application to various type of
gyngas converters, i

We will make here an illustsation of the ARC mixing application to the well knowr: - '
ICT "quench lozenge” Lype design, as widely used in asy methanol praducing plants.
The ARC design embodies a typical peripheral mixer.

The advantages of its realisation ‘can be summarised by a reduced pressure drop,
simple sealing devices, simplified design of veactor intemals, While the spac‘*
available to the catalyst is maxumsad :

A key point for the application of this new mixing process is the preliminasy
engineering study through fluid dynamic modeliisation. = Examples of models
eloboration and display of related results will be prescnted, together with pracuc.gl;
" data validating the expectations. -
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4. Advanced Design of Adiabatic-tvpe, Methanol-to-Formaldehyde Oxidation
Reactors

Formaldehyde is a basic chemical commodity that finds its largest volume of
application in the manufacture of thcrmosetting rcsins. A large number of smatler,
miscellaneous uses has also developed, and a steady growth in formaldehydc
consumption is expected. ’

Nearly &ll of the world's formaldehyde is made from methanol. The two compcting
processes are based respectively on a silver catalyst and a metal oxide catalyst.
During the last decade, no new processes have emerged, and rcfinements have
continued to be made on said processes.

The chemical reaction converting methanol into fonnaldchyde is strongly exothermic,
and its industrial realisation requires the pecsence of a proper catalyst and a careful
control of the operating conditions, in order to minimise undesired secondary
reactions.

Mctal oxide catalyst, in formn of small cylinders or rings, in state of art reactors is
lvaded inside tubes while a heat transfier meditn is circulated ou the shell side, to
remove the reaction heat.

The drawbacks 6f the tubular reactor type, other than the use of heat iransfer media
involving relevant engineering and safiety problems, are at least the following:

- reactor size limited 1o a production capacity of max, 40'000 t'y of 37% formalin
cach;

- high reactor cost, due 1o its design which requires thousands of small catalytic tubes;

- presence of localised hot spot inside the catalyst bed where the reaction heat release
ie maximum, with local predominance of indesired side reactions;

- reduced catalyst life, due to deterioration phcnomena connected to the relatively
high operating tcmperature, markedly at the hot spot zone;

- substantial increase in pressure drop across the catalyst bed, due to above ageing
effiects, with-consequent incrcase in gas compression power demand;

- difficult catalyst unloading duc to syntherisation phenomena;

- long annual plant ofi-time for catalyst loading/unloading and start-up,
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The wide experience accumulated by CASALE companies in the engineeﬁng
design of fixed-bed, catalytic reactors was-a valuable background for Vfacing new
technological aspects of formaldehyde producing reactors. )

The new basis is the concept of multi-staged, adiabatic methanol oxidiser, using
metal oxide catalyst. In prinéiple, the methanol oxidation reaction is carried on

stepwise, dividing the total catalyst volume in separate stages.

The amount of catalyst constituting each stage is such as to limit the extent of the.

reaction, and consequently the aniount of ‘heat released. The gas is cooled down
before being fed to any next stage. This sequence of catalytic steps, which
alternates with cooling steps is the basic idea defining the new process. 7 .

‘ Furt.hermoxe, the inter-stage cooling is realized by direct stesm generation,
without the interposition of heat transfer media. In concluslon, the new reactor
design overcomes the problems ralsed by tubular reactors as follows;

-absence of use of molten salts of other heat transfer fluids, the coolmg being
made directly by generating steam; -

--absence of hot spot zones thanks to a controlled distx_*ibution of the gas and the
fractionation of the catalyst volume into portions. This prolongs the catalyst life,
and increases the omidation efficiency; ’

-easy catalyst accessibility and rxepl:icement;

-lower reactor cost;

-maximum capacity of a single reactor virtually unlimited.

The resulting configuration is very compact, allowing to design' plants of minimal

land requirement.
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CoBpeMenHOe COCTOsSHHE HedTenepepaGoTEH

- B KaTAIATHIECKHX TEXHOJOIHiH

N.B.Bpoundun

040 ”Omckuii nepmenepepatamotearomuii 3a600 “,

Omck, Poccun
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CT2
O POJIM CTOPOHHEAX ITPOLIECCOB B PEr'YIHPOBA HHH

HECTAIIMOHAPHOI'O COCTOSIHHSI KATAJIT3ATOPA
A.A.HBaHoB
Hucmumym xamamusa CO PAH, Hosocubupex

HecTanHOHapHBIE METOMIB! YCMEITHO HCIONB3YKTCA B IE€TEPOreHHOM KaTANHGE B Te-
yenue 6omee 30 ner. Bo-nepBrix, 61aronaps NPHMEHEHHIO HECTAIHOHAPHEIX METOMIOB
ZOCTACHYT 3HAYHTEILHBIA MPOrPEcC B HCCHEAOBAHHH KHHETHKH KATRRHTHYECKHX peak-
uuii. Bo-BTOpBIX, cOPMHpOBANack OGNIACTL HCCENOBAHHH, HANPABIEHHAs Ha MOBbI-
mrenue 3¢ eKTHBHOCTH MPOLECCOB My TEM PEr'YTHPOBaHHS HECTALIHOHAPHOTO COCTOSHHL

B nannoi pa6oTe paccMOTPeHL! OCOGEHHOCTH KHHETHYECKHX MOZEIIEH Il ynpas-
JIEHHS HECTAUHOHAPHBLIM COCTOAHHEM KaTaJH3aTopa.

Kunersueckne MomenH.

IIpo6nema ynpaBleHHs HECTALHOHAPHEIM COCTOSHHEM KaTalH3aTOpa Hepa3pLIBHO
cBa3aHa ¢ koHuenuwueii [.K.BopeckoBa 0 BO3necTBHH PeaKLHOHHON Cpelbl Ha KaTajk-
3atop /1/. CornacHo KOHLENLHH, KaXIO0MY COCTaBy PEaKUHOHHOH CMECH H TeMniepaType
OTBeyaeT OnpefeIeHHOe CTallHOHAPHOE COCTOAHHE KaTalM3aTopa, He 3aBHCALLEE OT He-
xoxHOro. CylecTBEHHBIM MOMEHTOM KOHLIENUHH SBASETCA TO, YTO COCTOAHHE KaTanu-
3aTropa onpeﬁennercx He TONBLKO CTaJHAMH KaTaJMTHYECKOTO MNPEBPalLUEHHsd, COCTaB-
JISIOIIHMH MEXaHH3M DEaKWHH,” HO M Pa3JIHYHBIMH CTOPOHHHMH NpPOLECCAMH XHMH-
'yeckoii H ¢U3HYECKOH NPHPOALL. BiHAHKE NOCIEAHHX HA CKOPOCTb H HAanpaBIIeHHE pe-.
aKLHH 3aXUTIOYaeTCA B U3MEHEHHH YHCJIAa aKTHBHBIX LIEHTPOB H COCTOAHHA MOBEPXHOCTH
kaTanu3aropa. CTOpPOHHHE MPOLECCHl MOT'YT GbITh GBICTPEIMH H CKOIIb YT'OZIHO MeZzeH- |
HBIMH, HO B CTAaLHOHAPHEIX YCIOBHAX OHH HaXONATCS B PaBHOBECHH. B HecTaumoHap-
HBIX YCIIOBHSAX M@UIEHHbIE CTOPOHHHE MPOLIECCH! ONPENENAIOT BpEMA H XapaKTep NMpH-
6HXKEHHA KaTaIH3aTopa K CTAlHOHaPHOMY COCTOSIHHIO.

PaccMOTPHM BIHSHHE CTOPOHHErO MpPOLESta Ha KHHETHKY IBYXCTaAHAHOM KaTajH-
TH4ecKoil peakuu /2/. ChaBHHM IBE CXEMBI:

1 1 3
1 X:O X, 2 Xie > XreX Y
2 2 -3

X- npoMexyTOYHLIe BellecTBa, Y- HeakTHBHAA (wm manoaxkTHBHas) ¢popma xaTa-
JM3aTopa.

BTopas cxema xapaXTepH3yeTCs HaJIHYHEM CTOPOHHeH cTaauH 3, KOTOpas BIHAET
Ha COCTaB KaTaJH3aTopa Yeped Bo3AeHCTBHE peaKUHOHHOM cpeabl. B cramun 3 moryT
y4yacTBOBaTb KaK OCHOBHBIE PEareHThl, TaK H aCTEXHOMETPHYEeCKHe KOMIOHEHThI
(Fa3oBble NPOMOTOPHI HIIH XMMHYECKHe sabl). B obiuem cryyae cragus 3 Moxer cocTo-
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ATb H3 IBYX H 60JIee OTHENIBbHBIX CTaHil HIIH NMPEACTARMATL COBOMH JOMOMHHTENbHLIH,HO
Gomee MemieHHbIH -MapiupyT peakuud. Hamuyne craguu 3 yMeHbIUAeT YHCIO ak-
THBHBIX LICHTPOB, €ClH HCXOaHOE cocTosHHE X. ECit B HCXOZHOM COCTOSHHH KaTalH-
3aTOp HE AKTHBEH (COCTOSHHE Y), TO KaTWIHTHYECKAS. PEaKLHs caMa aKTHBHpYeT
MOBEPXHOCTH KaTau3aTopa. B crazmuu 3 B 06paTHOM HalpaBIeHHH MOXET y4acTBOBaTh
MPOXYKT peakLHH. 3TOT Cayyaii XapakTepH3YeT ABJIIEHHE aBTOKaTanHu3a. TeoperHyeckue
OCHOBbI aKTHBallHH KaTaJH3aTopa péakuuonﬂoﬁ cpenoi pa3BHTH A. 4. PososckuM /3/,
COOTBETCTBYIOLIHE KHHETHYECKHE YPaBHEHHA UIA JBYX TPHMEPOB:
b,b, b,b, b, +b,

Dwe 222 N w= )
W b, +b, )W b,+b, b +b, b5, o)

rae b - peca crajmid, B; = ba/bs - HEKOTOpBIi aHAIOT KOHCTaHTbl PAaBHOBECHS, 3aBH-
CALUHI OT KOHIIEHTPALIHi peareHToB.

TMocnezHee ypaBHEHHE NPEACTABIEHO B BUIE MPOH3BENCHHA ABYX wieHoB. Ilepseiii
YJleH Xapak TEpH3YeT 3aBHCHMOCTb, OOYCIIORIIEHHYIO MEXaHH3MOM NPOTEKAHHS PEaKLIHH,
T.K. OH COBMAJaeT C BLIPaXEHHEM % CKOPOCTH B NEpPBOM NMpumepe. BTopoii uneH xa-
PaKTepH3yeT 3aBHCHMOCTb, OTPaXaIollyl0 BO3AEHCTBHE PEaKLIMOHHOH Cpefibl Ha COCTaB
KaTaJH3aTopa, H PaBeH KOJIHYECTBY COCTOSHHIl X, Ha KOTOPLIX COGCTBEHHO M NpOTeEKa-
€T KaTaJIHTHYeCKas peakLus.

HecraunonapHas KHHETHYECKas MOJCNb ABIAETCA KOJIMYECTBEHHBIM OMHCAHHEM
MEXaHH3Ma MPOTEKAHHA PEAKUWH B BHAE COBOKYNHOCTH KHHETHYECKHX ypaBHECHHH
OTAENBbHBIX CTadHii, BKIIOYAIOIIHX MpPEBPAlLEHHE MPOMEXYTOYHbIX BELECTB H COCTOA-
HHH KaTajlH3aTopa.

Ecin. xaTanmHTHYECKHE CTANHH SBIOTCA OLICTPBIMH OTHOCHTEIBHO CTOPOHHHX
MPOLIECCOB, TO KAaTaJIHTHYECKAs peaklHs MPOTEKAET KBa3HCTALlHOHAPHO OTHOCHTEIIBHO
MpeBpalleHHs COCTOAHHI KaTanH3aTopa. B 3ToM (ryyae and npumepa 2 HECTalLIHOHAp-
Hasd KMHETHYECKas MOJETb 3alHILeTCs B BHAE:

_bb, ay b
e, 1Y) o =2, b [(1-v1- b4 )

Kak BHIHO, BTOPOE YpaBHEHHE, XapaKTEPH3YIOLIEe HECTALIHOHAPHBIE CBOHCTBa MO-

W, = =b,

JIeNTH, BKIIOYaeT KHHETHYECKHE XapaKTEPHCTHKH HE TONBKO CTOPOHHETO MpoLiecca, HO
" M KaTUIHTHYECKHX CTaJHii. B 3TOM 3aKmoyaeTcs CyLeCTBEHHOE OTIIHYHE OT TMPOLIECCOB
C M3MEHSOLIEIHCS akTHBHOCTBIO KaTaIHu3aTopa. '
Ecnu cranns 2 KaTaTHTHYECKOH peakuuH SBIAETCS IHMHTHPYIOLIEH, TO HECTaLHO-
HapHas MOJeJb NpeoGpa3syercs K BUAY:

W2 =byf1 - Y] %: byl - Y] -ba[Y]
(©))
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M CTAaHOBHTCS MOJOOHOH MOJGIAM MPOLIECCOB C H3MEHSAOMEHCS AKTHBHOCTBIO KaTalH-
saTopa, T.e. U3MEHEHHe COCTOSIH Hs Kara:maa'ropa HE 3aBHCHT OT KHHETHYECKHX XapaK-
"fepucmx KaTaHTHYECKHX CTAIHH.

Paccmorpum.npumep KHHETHYECKOH MOIENH s MHOTOMapLUPy THOii PeaKUHH, B
YACTHOCTH, IVIfl PEAKLHH OKHCIECHAS YI71eBOAOPOIOB. 4ByneM CYHMTaTh, pEaKIM H NaplH-
“IRHOI'O M TTyGOKOrO OKHMCIIEHHS nporexaror ‘Ha pa:mblx ‘aKTHBHBIX LeHTpax. Men-
JIEHHBIMH CTa[IHSMH SIBJIAIOTCA B3aHMHblE npenpameum UEHTpOB, a KaTaJHTHYECKHE
PeakuHH = TPOTEKaloT xaasucraunonapﬂo OTHOCHTENbHO MEIUTEHHBIX cramm. Mogens
3afMLIeTCS B BUAR:

DWi=biX]  DWisbi¥) 3)dX/di=;dY/d;=bs[x1-b4m‘ “

,I[aHHan MOJelb oGnanaeT caouchaMM Hexoropou oﬁumocm H MHHHMAJIbHOCTH
#uta aHanau3a 3QGeKTOoB, NPOABIAIOLIHMXCS MPH HECTAlIHOHAPHOM COCTOSHHH  KAaTaiH-
3aTopa. CBoiicTBa MOZeNH paci:wiorpenﬂ B Ookmane/3/. KonmuyecTso peakuuii, xapax-
Tep cTaauii NPeBpaLeHHs AKTHBHBIX LEHTPOB, HX KHHETHKA MOTYT GbITb H3MEHEHEI, HO
OCHOBHbIE Ka4eCTBEHHbIE CBOHCTBA MOZIENeEH ,coipanmofdx. -

TlapameTpbl ynpaBiTeHHs HeCTaHHOHaprlM COCTOSHHEM KaTaj¥3aTopa.

Urobbl MOMYYHTL 3(PPEKT OT HECTAUHOHAPHOTO COCTOAHMSA KaTanu3aTopa, oye-
BHIIHO, YTO XapaKTepHble BpeMeHa ¢:H3uqecxux MpOLECCOB B peaxrope H XHMHYECKHX
npeBpalleHHii xaranuaaropa IOMXHBI BbITL COM3MEPUMBL. B pa60re /5/ M.H.TemkHH
nokasa, YTo BpeMeHa penakcaluu co6CTBEHHO xaranuruqecxou _peakuuu s npo-
MBILJTEHHBIX MPOLIECCOB MaJibl H He MPEeBbLILAIOT onHou 'MHHYTBI. C'ropomme npouec-
Cbl MOTYT GbITb MEATEHHbIMH H HCMONb3OBAHbLI [UIA° YNPaBIEHHH HECTALMOHAPHBIM
COCTORHHEM KaTaJH3aTOpa B PeanbHbIX YCIOBHSX KaTalH3a.

I3 XHMHYECKHX MapaMeTpOB, MPHCYIIHX KaTaJTHTHYECKOH CHCTEME, MOXHO Bblae-
MUTH XOHUEHTPALKH, JaBJICHHE W TeMnepaTypy. OGpaSorxa KaTajM3aTopa B YCJIOBH-
‘X, OTJMYHBIX OT YCIOBHH KATalH3a, YaCTO MPHBOAHMT K M3MEHEHUIO €ro COCTOAHHA.
TIpumepOB B TMTEpaType HMEETCA JOCTaTOYHO MHOTO. U3 peann30BaHHBIX MPOLECCOB
MOXHO OTMETHTb OKHCJIeHHe GyTaHa B MaJIeMHOBbIH aHTHAPHI, KOTOPBI OCYIECTBIIEH
B ZIBYXPeaKTOPHOI CHCTEMe C pa3fe/ibHOl MoJayeli peareHTOB H UHMPKY/ALUKEH KaTau-
3aTOpa MexJy peaxropam /6/. B pesynbTaTe Takok OpraHM3auuH - mpouecca JOCTHI-
HYTO YBEJHUEHHE CeNeKTHBHOCTH M KOHUEHTPHPOBAHHE MPOMIYKTa Ha 'BLIXOZIE H3 pe-
akropa. B xauectse YNpaBSOLIHX TiapamMeTpoB B 3TOM mpouecce HCMONL30BaHbl KOH-
LIEHTPALIHH PeareHToB. B OTCYTCTBHH xucnopona CEMeKTHBHOCTb PEaKLHH BhILIE, YeEM B
OOBIYHBIX YCITOBHSAX: .

TemnepaTypa (B COYETaHHH C KOHUEHTpalueii) ABufeTcs Haubonee 3pdeKTHBHBIM
napaMeTpoM YMpaBJIEHHs HECTAUMOHAPHBIM COCTOSHHEM KaTamu3aTopa. OpekTHs-
HOCTb 3TOFO MapameTpa HAIJIAAHO MPOSBIAETCA B HEH3O0TEPMHYECKOM KHMSALIEM CJIoe
/7/. HacTHLBI KaTaaH3aTOPa JBHXXYTCA B [10JI€ TEMNEPATYpPhl H KOHLEHTpaLHii peareH-

66



- CT2
Vron, H ec.rm xapax'repuoe Bpemx m;mxeuml wacTHu MéHbu.le mm couamepumo ‘co
_Bpemeueu pe.naxcauuu xa'ra.rmaaropa, TO KaTAIM3aTOp HAXOMHMTCS B HECTALHOHAPHOM
‘cocronunnx Onmbmsaum 'reunepar_ypﬂux npocbmleu MOXeT GbITb ocymec-raneua c
nomouu,xo 'HacafioK, nponuuaemux pemerox, paaneneuueu peaxuuonuoro npo-
e'rpaﬂcma Hd 3om>1 c unpkynuuueu xarannsaropa Me)mxy HHMH = H nmpcbepeﬂuupo-
: BaHHbIM no BHICOTE c.nos( orﬂonom “Ténmna peaxuuu

Oxucneﬂue o-lccunonaso ¢ranesblii aHTUAPHA.

Conpemeunue KaTalM3aTopb NaplHanbHOro OKHCIEHHS O-KCHIIONA BO (TaneBbId
aHTHAPUZ NpeACTaBIAIOT coboii cuctemy V:0s/TiO2 ¢ npoMotopamu. B npomeiineH-
HOCTH Ha JIyYMIMX KaTaIM3aTopax BbIXOX (hTameBoro aHrHApHAA OCTaeTCA Ha ypoane
80-82% yxe Gonee 15 net.

Hapsany c GuicTpuiMH cTagusaMH KaTanu3a /8,9/, B 3TOH cucTeMe OOHapyXeHbl Men-
JIEHHBIE IPOLECCH H3MEHEHHs COCTOSHMs KaTamisaTopa. ITocneé oGpa6oTkn KaTamn3a-
TOpa B BOCCTAHOBHTENBHOH CMecH HaGIonamu Golee BEICOKYIO CENEKTHBHOCTb, KOTO-
pas coxpaHsnace 6onee yaca /10/. [Ipu npoBeneHHH npouecca B OPrayH30BaHHOM HEH-
30TEPMHYECKOM KHIALLUEM CIIOE NMPH ONTHMANLHBIX YCIOBHAX OOCTHTHYT BBIXOH (Tame-
BOro aHruapuaa 97% /11/. Peakuuio npoBOAMIH B 1a6OpPaTOPHOM peakTOpe AHAMETPOM
32 MM M BBICOTOH peakUHOHHOH 30HbBI 1,5 M. BbICOKHH BBIXOA MOXHO OGBACHHTH
HAaJMYHEM MEUIEHHBIX CTOPDOHHHX CTaIHH, H3MEHSAIOLIHX COCTOSIHHE KaTaJn3aTopa.
B HM3KOTeMnepaTypHOH 30HE KaTalH3aTOp NMOABEPraeTcs BO3AEHCTBHIO BOCCTAaHO-
BHTEJILHOH CMECH H MEPEXOIHT B BBICOKOCENIEKTHBHOE COCTOsHHE. OCHOBHas peaKLHA
fIpOTEKAeT B BLICOKOTEMNEPATYPHOH 30He. MeX Iy 30HaMH NMPOHCXOAHT OOMEH YyacCTH-
LaMH KaTanu3aTopa no aupdy3HOHHOMY MEXaHH3MY.

Pe3ynbTaThl 3KCEepHMeHTa GLUIH YAOBJIETBOPHTEILHO OMHCAHBI MOCIE BBEAEHHS B
KHHETHYECKYIO MOMIENb MEeIUIEHHOH CTaAMH, YNMpaBIsoLeli COCTOSHHEM KaTalH3aTopa.
Bpems pesakcalMH - KaTanu3aTopa, OnpefenseMoe MEeUIEHHOH CTamuel, COM3MEpHMO
CO BpEMEHeM IBHXEHHs 4acTHL B cioe. KnHeTHYeckas MOIENb npoLecca pacCMOTpeHa
B noknaze /12/. 3ngcy, npuBeneM pe3yIbTaThl 06pabOTKH HEKOTOPBIX 3KCNEPHMEHTAlb-
B3ATBIX U3 /11/. PacyeTbl mpoBeXeHbI COBMECTHO C

HBIX  OaHHBIX, pa60Tbl

E.M.Canosckoii u B.Jl. MeluepskoBbiM.

Tabnuua
OKCnepHMEHT Pacuer
Ipoduns BLIXOH,% KOHBepcHs,% BBIXOH,%
H3otepmuyeckuit 71 99,8 79,4
Heunsorepmuueckuii 97 99,2 96,7

OkcnepUMeHTaNbHbIE MPOQHIH TEMNEPaTyphl UIA 3THX PEXHMOB NPHBEIEHBI Ha

puc.l.
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Puc.l. Temneparypuble npodiunH B peakrope i 3KCIIEPHMEHTOB, MPHBEOEHHBIX B
taGnuue. ‘ :

Cnenyer OTMETHTb, YTO 3KCNIEPHMEHTAIbHOE 3HaYeHHe BBIXOJa PTaneBOro aHrHApH-
Ja B H30TEPMHYECKOM CJIOE OTIHYaeTCA OT PAaCYeTHOTO MOBOJIBHO 3HAYHTENLHO.
HauGoiee BepOATHO, 3TO OTIIHYHE CBA3aHO C HENOCTaTKaMH ABYX(]a3HOH MoOemH Ku-
MSIETO CJIOS, KOTOpas HCIOABIOBaJJaCh B 3THX pacyerax.

B uestoM npuMeHeHHe KHHETHYECKOH MOZIEAH C MEJIEHHOl CTOPOHHeH cTanwel no-
3BOJIHJIO MONYYHTE: afeKBaTHOE ONMHCAaHHE KHHETHYECKHX.CTalMOHaPHBIX H HecTalHo-
HapHBIX NAHHBIX, @ TaKXe 3KCNEPHMEHTOB B H30TEPMHYECKOM H HEH30TEPMHYECKOM
KUMsLIeM Cloe.

OxHcIeHHe THOKCH I CEPhl.

AXTHBHBIM KOMIOHEHTOM BaHaAHEBbIX KaTaTH3aTOPOB OKHCIIEHHs JHOKCHAA Cepbl
ABJIAIOTCSA RHPOCYNbGOBaHAAATEI, PaCTBOPEHHBIE B PacmiaBe MHPOCyibdaTa Kamus H
HaHEeCeHHble Ha cuIHKaredb. MccmenoBaHHe KHHETHKH H MEXaHM3Ma peakliHH perakca-
LIMOHHBIMH METONAMH MOKA3aJI0, YTO NAHHAA CHCTEMA XAapAaKTEPH3YETCA IIHPOKHM
CMEXTPOM BpeMeH pestakcauuH /13/. MeuieHHbIM CTOPOHHHM MPOLIECCOM siBaseTcs da-
30BOE MpeBpaileHHe AKTHBHOTO KOMMOHeHTa, Kpucramyeckas ¢asa HeakTHBHa, U ee
oGpa3oBaHHe MPH MOHHXEHHBIX TEMNEPAaTYpPax H KOHBEPCHSX BbI3bIBAET CHHXKEHHE Ka-
TAIHTHYECKOM akxTHBHOCTH. KHHeTHKa oGpa3oBaHus H pacTBOpeHHs TBepaoil ¢a3sl B
YCJIOBHAX peaKLHH H3y4yeHa B pabGorax /14-15/.

HcecneziopaHus MoKasalH, YTO HapsAdy C YCTOMYHBBIM COCTOSHHEM, COOTBETCTBYO-
MM PaBHOBECHIO MEXIy KPHCTaJTHYecKOH (Ga3oi M XKuKHM PaclilaBOM aKTHBHOIO
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KOMIIOHEHTA, CYLIECTBYIOT HEyCTOHUMBEIC METACTaGHIIBHBIE COCTOAHHA. Bpemsa cywe-
CTBOBAHHSA HEYCTOHUHBOTO €OCTOSHHS CHIBHO 3aBHCHT OT CTEIeHH NMEPeChillleHHs pac-
IUTaBa # MOXeT GLiTh NPH COOTBETCTBYIOLIMX ycnonnxi YypeapblyaiiHo GOnbHM. 3TOT
¢axT MoXeT GbITh HCIIONB30BAH 1A NMOBHILIEHHA KOHBEPCHH MpPH Heci'auuonapﬂou co-
CTOAHHH KaTaltH3aTopa. EciH KaTanu3aTOp HAXOIHTCS NMEPHOIHYECKH B YCIOBHAX I10-
HHXXEHHBIX H MOBBIIIEHHBIX TEMNEpaTyp, TO oOpa3oBaHHe XpHCTalLIHYyecKoH ¢a3nr Gy-
IleT 3aTPyAHEHO, a KaTanu3aTop Gyaer HaxoquThCs B 5OJI6e aKTHBHOM COCTOSIHHH. Pas- -
JHYHe CTALHOHAPDHOR H HECTaUHOHAPHOH aKTHBHOCTH B o6macTH 360-380° cocramuser
nopszaok. Ha3paHHylo npouezypy BO3MOXHO pearmi30BaTb JHOO NEpHOXHYECKHM H3-
MEHEHHEM YCICBHIt Ha Bxoje B cioit /17/, nth6o nyTeM nepemelleHHs KaTaTH3aTopa B
none Temnepatyp. Ilocnennee ocylecTBHMO B HEH30TEPMHYECKOM KHMdLleM ciioe. Ha
PHc. 2 npHBeneHbl pacyeTHbIE Pe3yIbTaThl CPABHEHHSA BPEMEHH KOHTAKTa I JOCTHXe-
HHS 3aJaHHOH KOHBEPCHH NPH CTallHOHAPHOM H HECTAUHOHAPHOM COCTOSAHHH KaTalH-
3aTopa /18/. BLIHIphIlll BO BpeMEHH KOHTaKTa COCTaBJAeT Gonee mByx pa3.

Puc.2. 3aBHCHMOCTD BpPEMEHH KOHTAKTa OT AaB-

JIEHHs. B KHIALIEM CJIOe TpH ONTH-
MaIbHOM MPOGHITE TEMMEPATYPhI.
80: = 11%, O: = 10%, xoHBepcHa -
99,8%
| - cTauMOHapHOE COCTOAHHE KaTalH3a-
TOpa
2 - HeCTaLHOHaApHOE COCTOSHHE KaTallH--
3aTopa
b 10 15
P,amm
3akmoyeHHe

B rereporeHHbIX KaTA/IHTHYECKHX CHCTEMaX, HAPAZY CO CTaXHSAMH KaTalH3a, 4acToO
Ha6monaloT MEIUTEeHHbIE CTOPOHHHE MPOLECCH PEeBPALIlEHHA COCTOSHHA KaTalxH3aTo-
pa. OTH mnpouecchl MOTYT GbIThb HCMONBL3OBAHBI VIR PETYNTHPOBAHHA HECTaLHO-
HapHOTO COCTOAHMA kaTann3aTopa. Jus ueseit MOIEIHPOBAHHA MPHIOOHbI KBa3HCTa-
' IHOHapHble KHHETHYECKHE MOIEITH. '
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HETVHEMHASl JWHAMVMHA B TPOLECCAX CHHTE3A

KATANU3ATOPOB U ABAEHWST CAMOOPTAHM3ALMA CUCTEM.
0. I1. KpuBopy4Ko

WHCcTHTYT KaTtamsa mM. I'. K. BopeckoBa CO PAH,
HoBocubupck, Poccus.

MpH NpOM3BOACTBE HOCHTEJIER W KATa/M3aTOPOB B KAYECTBE Be-
mecCTB-NpeANeCTBEHHHKOB MMPOKO HMCMOMb3yNTCS MalopacTBOpPHMHE B
BOJe COENWMHEHUS pas3fI4HOM NMPUPOAN. B fokrane u3/10%eHW HayyHHe
NPUHLUMITN KOHCTPYHMPOBaHMS KAaTaJM3aTOPOB C 3apaHee 3afiaHHHMyU
CBOWCTBaMH M3 ManopaCTBOpPHMMMX MApoKcHaoB. [lpoyecc gopMupoBa-
HUSl TaKWX KaTaJ/3aTOpPOB. NPOUCXOAMT B CJIOXHOR HepapXHYecKom
CHUCTEME C B3aMMOJEHCTBYNIHMHM YPOBHSAMM. aKBa-KATHOHH; K/D0YEBHE
NoJIMsiiEPHHE T'MAPOKCOKOMIVIEKCH (KNPK); nepBuyHHE YacTuus (M),
Cyb6CTpYKTypa KoTopux obpasoBaHa W3 KII'K; arperarts [MY; BTOpHY-

HHe KpuCTawm (BK} Kak npoAyKTH KOrEPeHTHOH CaMoOpraHM3aluH
OKpUCT&/UIM30BaHHKX [Y; npoAyKTH TBepAofa3HHX peaHwyuid nocJje
TepMoo6paboTKH THAPOKCHIOB. BaxHhM ABNSETCS 06pameHHe K MOJIeKy-
JISPHOMY YPOBHK CHCTEMH, KOTOPHA B 3HAYWTENIbHOA Mepe npejonpenie-
JISeT CymeCTBEeHHHe I8 KaTaluaa CBOFCTBA TBEpAHX TeJs: (as3oBH¥I U
XVMHYECKH COCTaB, CTPYKTYPY, MOpoJsiori#® W OMCNEpCHOCTb Yac-
THL, BEJIMYHHY YIEJIbHOA NMOBEPXHOCTH M XapaxkTep MNOPHCTOA CTPYKTY-
PHL. .

CHcTeMs C XMMMYECKHMMH peaKLMsMH 06pasoBaHHS MajlopaCTBODPH-
MHX TMIPOKCHIOB SBJ/ISIOTCA OTKPHTHMM  (MOCTYIVIEHHE pearupybpmux
BEemMEeCTB W BHEPruu), CHJIbHO HEepaBHOBECHBMH (MepeCHmEeHHs1 OTHOCH-
TeJIbHO HOBOW ($a3n JOCTHrawT 5-10 nopsakoB), C o6paTHOW CBSI3bI
(B3auMozieACTBHE YaCTHL] C OUCMNEPCHOHHOW cpenoi). 3To C Heobxo-
IOMMOCTBO NMPHBOAMT K -HEJMHEHHOW NMHAaMHMKE MpOoLeCcCoB B TaKHWX CHC-
TEMaX W SABJIEHUSM KOHTHHYaJIbHOA M KOEPEHTHOH CaMOOpraHM3aljuu
MHKpPO-~H MarpoobwekToB (A. I Pyaenko. Poc. xmM. x. 1995, T. 39, N2). Ha
6o/bmOM YHC/Ie HWHAWMBMAYaJbHHX M OMHApHHX ruapokcupoB II-I11
Cpynn npoaHajM3dpoBaHa poslb HePaBHOBECHOCTH MpPOLECCOB Ha ypoB-
He gopmupcBaHusa MK W M4, arperatoB MY M BK, caMoopraHu3ayuu
KaK OCHOBH MEXaHW3Ma CO3aHHWA MEepUOAMYECKHX HaHopa3MepHOro
macmraba MaTepHarnoB.
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MHOXECTBEHHOCTD B HEYCTON4YMBOCTb PEXHMORB B

PEAKTOPAX C OPOITAEMBIM CJHOEM KATAJIN3ATOPA
B. A. Kupnnnos
HAucmumym xamanusa CO PAN Moeocubupck, Poccus

B Hacrosmice BpeMd HMeeTc] OIPaHMYEHHOE UHCJIO paboT, B KOTOPHIX
CHeTaHB TIONKITKH TOXOHTH K aHA/M3y MHOXECTBCHHOCTH CTAlHOHADHBIX ‘pexn-'
MoB [1-5] M MicclemoBaHIIO BOHMKHOBEHHMS HeycToirmieoctn [5-8] mpm mpore-
KaHMM IIPOIIECCOB B OPOIIAEMOM CJIOE KaTamm3aTopa. CornacHo NONYYEHHEX B
[1-4] pe3ynbTatToB, BO3HMKHOBEHHE MHOXECTBEHHOCTH CBS3HIBAacTCA ¢ Ipore-
KaHMEM amepmt{ecxoﬁ XHMHYECKOH peakiiiy Ha CMOYEHHO# H, ,i‘nanm
oGpa3oM, Ha cyxoi IIOBEpHHOCTM 3€pHa KaTaH3aropa. 3TO IIDHBOAHT K €Io
pa3orpeBy, BOSHMKHOBEHMIO “TopAYMX” IIST¢H H CpHBY IIpouecca B
BBICOKOTEMIICDATYPHHIN pexxiM. Mcnoms3yds SKCIEpUMEHTALHNE —JaHHKEE,
NOJlydeHHRIE B TeYeHMEe pAma JIET Ha peakTope THAPOKpeKMHTa, B [4] Gmira
NOCTPOEHa JMarpaMMa, TO3BOJIAIONIAs  IpPeNCKasaTh’ ycoBHs TOSRITeHHS
“ropsiqux” TISITEH M aBapHIMHBIX CHTyalWi Ha peakTope. TaM e 65D1 NMpeAoXeH
NOJIy3MITHPHYECKHIE KPHTEpHil - HEyCTONYIMBOCTH, OCHOBAMHEIA Ha TEOpHH
®panxa-KaMeHeuxoro an4 rerepodasnsix peakipiit [8).

3amaya aHamsa MHOXCCTBEHHOCTH CTalfHOHAPHBIX H  HEYCTONIMBRIX
PEXHMOB B PEaKTOpax C OPOIIACMEIM CIIOEM MATRUTH3ATOPa, B KOTOPOM MPOHMCXO-
ISt XAamMudecMe M ¢Ga3oBnie IIpeBpallleHMs, TIopa3io Golsc CIOXHad, 4YeM
JOCTATOYHO XOPOLIO HCCIIEAOBAHHASA 337jaya NPH ABHXEHAH pearvpyiollero rasa
Yepe3 HENONBHXHBIH CIOM KaTamM3aTropa. 3TO CBA3aHO CO B3aMMOXEHCTBHEM
XUMHYECKUX H (a30BHX IIpeBpallieHHii, TEIUIOBHX pEXHMOB, CO CIIOXHOM
THAPOAMHAMHKOMH JABYX(Pa3HBIX IIOTOKOB.

Bce MHoroo6bpasie ¢GHIMYCKMX MEXaHHW3MOB BO3HMKHOBEHHMS HeycToOl-
YHMBEIX PEXHMOB IPH TeYEHHH IBYX(asHRIX IIOTOKOB MOXHO CBeCTH K TPEM MaH-
60Jlee XapaKTCPHEIM - DAaCXOMHOHN, THAPABTMYECKON M KMMETHYECKOl (TepMo-
KHMETHYECKOM ) THTIaM HeyCTOHIMBOCTEH.

B ocHoBe pacxoflHOiH HeEyCTOMYMBOCTH JIEXMT HEAMHeEHHad 3aBHCHMOCTH
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nepenaga JABIEHMS OT packoma 4epes ammapaT. Ee KOpreerm
BOIUIOLLIEHUSIMH - STRASIOTCS Heycroi‘ilmnoc’m “tyma Jlemmerra, | KoNe6arys

JaBJIeHHe~pacxold 1 nJIOTHoch—pacxon [10)

O)IH'HM U3 HeoOXOAMMBIX )’CJIOBHH BO3HHKHOBCHNA HCyCTOH‘IHBbD( pC)KHMOB
MO0 THOPAaBIHYECKOMY MEXaHHM3MY SIBIASIETCS HAaJIMYHE CONPOTHRJIIEHNSA Ha BbIXooe
M3 arrnapara, 6)’131"0113])5{ KOTOpPOMY M3MEHEHHME pacxoaa BELECTBa Ha BbIXOJZE N3
pPeaxKTopa COINpPpOBOXIACTCSI HW3MEHEHMEM MOaBJIEHMA OIHOBPEMEHHO BO BCEM
peaKrope, B cBoio oyepenb, K3MEHEHHE OABJIEHHsI CONMPOBOXZaeTCd M3MEHCHHMEM

pacxoza peareHTOB Ha BXOJIE B PEaKTop.

B crmyyae 4YMCTO TIMApaBIMYECKOTO MEXaHM3Ma HEYCTOMYMBOCTD MOXET
BO3HMKAaTb M TP TOCTOSTHHOM yAelnbHOH cKopocTH peakiuMu. [lpn sroMm
HeoOXOOMMO HaJlMyMe MOBOJIBHO CHJIBHOM 3aBHCHMMOCTH pacXopa - XKHAKOIro
peareHTa Ha BXOAe B anmapaT OT JaBIIEHHS M CyINECTBOBaHME 3ala3/bMaHMs
MeXy M3MEHEHHEM pacxola Ha BXOJe B peakrop M BbIXoae M3 Hero. Takum
06pa3oM, rHApaBIMYECKHii MEXaHM3M HEyCTOMYMBOCTH MOXHO paccMaTpHBaTh
KaK OTpHIATE]bHYI0O OOpaTHYIO CBSI3b C 3ana3ibBBaHMEM: pOCT NAaRICHHS —>
YMEHbIIIEHHE pacXofa Ha BXOAe —> YMEHbIleHHe AByXx(da3HOro ydacTka —>
yMmeHbIlleHHe obel ckopocTH ¢a3oBoro mepexoja —> YMEHbIIIEHHE pacxona Ha

BBIXOZ€ U3 peaKropa — IMaaeH1e OaBJIEHMA IO CJIOI0 KaTaJIM3aTopa.

Hapsimy ¢ ruapaBnMyeckoi HMeEEeT MECTO M BHYTpHpeaKTOpHasi HeEYCTOM-
YMBOCTb, CBSI3aHHasi C H3MEHEHMEM CKOpOCTEH XHMMMYECKOH peakiM¥ MM
(da3oBoTo nepexona npH M3MEHEHWM JaBJiecHMs (MJIM TeMIepaTyphl) B peaKTope.

DTOT MeXaHM3M OTIpeJIE/MM KaK KHHETHYECKHH (MJIM KaK TepMOKMHETHYECKHIt).

11 BOSHMKHOBEHMSI HeyCTOWYMBOCTM HeobXxoImMo, HTO6H . Hafmomaemas

CKOPOCTh MHMHYECKOH peamnu no‘c-ra'rotmd CHJIBHO 3aB¥iceJia OT IaBJIEHHS: B .
peakTope (KHMHETHMYECKHMI MEXaHH3M) WIH - cymecmosami yCJIOBHSA cnmcemg'*
Ha6IogaeMoi CKOpOCTH xnmnqecxon peakis NpH. yaenmeﬂuu TeMIIEPaTYpHi:
(TepMomemqecmﬁ MCX&HIBM) Knie’mqecnm MexaHmM HEYCTOHYVBOCTH
MOXHO paccMaTpHBaTh KaK nonoxcmenbﬂylo oGpa’rHy}o CBA3b Heycroﬁmorog
BMa: POCT nannerms <> pocr. ynemﬂou CKOpOC‘l‘H peammn - pocT oﬁmen.
CKOpOCTH. pealapn —> yncmwenne pacxona Ha BEIXOOE M3 pcaKTopa - poc'r

ﬂaBJICHPIH B amapa're.
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MeXaHH3M TepMOKPHETHYECKOM neyc’roﬁmocml TIpH NPOTEKaHMHM XUMH-
YECKOH peaKuuy TONbKO Ha CMOYEHHOM IOBEpXHOCTH MBTA/H3aTOpa XaPaKTepH-
3Y€TCA CIEAYIOIMMMII MPOLIECCAMIL: - POCT Té}.mezparypu KaTalIH3atopa —> yMeEHb-
IieHHe NOJMM CMOYEHHOMH 'IOBEPXHOCTH - YMeHbIICHHE CKODOCTH peakUMH B
XUIKOM qrase — yMEHBIIICHHE CKOPOCTH mnhdai.mgncxmx — CHFDKCHHE TEMIIe-
PATYPH 3¢peH KaTamusaTopa. TakuM 06pa3oM, B pacCCMATPHBaEGMOM CJIy4yae MeXa-
HM3M TepMOKHHeTIYeCKOH VHCYOTO}-MEOCTH XapaKTepH3yeTcs OTpHUaTeaBHOM
06PaTHOI. CBASHIO. o

Eum Hapapy ¢ xamkoda3Hoi pea)dmcﬁ Ha CyXOi IIOBEpXHOCTH 3€pHa
KATamN3aTopa TaMke IIPOTCKAeT BK30TepMMYecKas PEaKis B [1aporasoBoi dase,
TO aHATH3HPYeMBIi MEXaHM3M HEYCTOMYHBOCTH HMeET TOJIOXTE/HHYIO obpar-
HYI0 CBSA3b. ﬂcﬁcmmad, TIOBBILICHHE TEMIICpaTypsl KaTalH3aTopa XOoTs M
YMEHBIIAET TEILTOBRIAE/CHHE 32 CYET pEaKklMH B XHAKON (dase, HO yBemsMMBAET
3a 'CYET - MCTIapeBHs KOHHEHTPaUMIoO B IEpe PealHpyIOUpiX KOMIIOHEHTOB. JTO
NPHBOMT K YBEIMYEHHIO CKOPOCTH xmimecxoﬁ peaxanni Ha CyXOi ITOBEpXHOCTH
KaTa/M33TOpa M K AanbHelilieMy pocTy TemIlepaTyphl.

~ AHaJM3 McXaHH3MOB HEYCTOMYHBOCTH.
3ammueM ypaBHEHHE HMITYbCa Rast IBYx(GAa3HOTO TMOTOKa, BIDKYEIErocs
yepe3 cIIoM KxaTasm3aTopa co CKOpOCTHIO, Uy (ras) ¥ uy (KHIKOCTE),
‘(’?E (%Plu% + angué) = - % — Fep + Pogu, (1)
3necy Fp; - cuila TpeHUS MeXTy nnmxynhmcn ¢asaMH M KATAlH3aTOpOM,
QCTabHHIE 66@3Ha§cm COBIIAjaloT € npymezxcmyﬁmmc. ,
. Ipounterpupyem (1) mo £ or 0 10 L ¥ B wrore namywm:

AF _ B, - § 17 L
_1:“ e E{Fmdt"ng{azdﬂ‘+

,ozpouf + azpzuﬁ " oapyuf + dapsu
- ’L'v : L ' lo

3amiulcM B 9TOM BHIpaXCHHH CHITY Tperms B dopme ypaBHeHHA BpryHa, HO C
yYeTOM nq}icﬁ, sanaTHX Gasamm [11):
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YCHOBHCM Boamnmonemm M}ioxccme}mocm CTalD‘IOHapHHX

WPOMCCKHX pC)KPLMOB MCTCH oGpameIme B HyJ'.[b Hp0ﬂ3BOIIHOH

d.AP/dGl.
U3 (3) Mmoo IIOJ!}"{HTB clenyrollee ycnonnc Boamonem pacXogHoM
HEyCTONYHBOCTH; . '
T(w +6, 22 )de ®
0 dG, o -
K 1 - K -
rae ¢ = 1‘,‘1( 5 wl) + 2?1(1 3wl)
&%l . a3

H3 (5) cnewe'r 710 mm Boanmcaonemm Heycrouqm;ocm HeobXommMo
trroGs; nons raaonou q;aam o ymemmamcx; npH YBeJIMYEeHMH
pacxonouanpmxemiocm o raaosoii ‘daze. Bro Mom ‘UMeTh Mecro MpH CMeHe
szxpommahm'iecm pe)lomon, Hanplﬂacp, npn ncpcxone oT pcxctrma IBYDKEHHs
' paBHDMcpHO pacnpencnelmoro .no CeUeHHIO rasa K ero cmyi‘mowly TeYeHMIO,
S'mr daxT yxe omc:qancn B ;m'repa'rype np1 aHaJmae ruc*repesuca 110 nepenagy
nannemm B opomaeMom cnoe xzra)msaropa [12-15] Ananomlmaﬂ CHUTyaums
" MMeeT Mcc-ro o TIpH mpnamm pacxononanpmxexmocm no xmu(ou dase.

‘ Hocxonbxy paccmorpemmm cnqu‘i He oxpammm:ama TOHBKO
* mBYXda3HEIMB noroxamn uepes cnoﬁ xmmazm)pa, 9, no-BmmMOMy, OH" 6yner
'cnpanemm‘bbm U TIpH TEYECHHM onﬂod)aalmx TOTOKOB. ,H)m fiepexofa ‘K HHMM,
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'nonox:zm B (4) a;—l H,. ncpcxonn K cpemm 3Haqex-msm Basxoc'm u cxopocnx
norroxa, nony'nm

dV1 dul) )
Av + B + G (A + B —=] < 0,
( 1‘ u&) 1 dG e 2T

r-g'

I‘J.'[c \'1 = %I ldf 111 5:",“&11(1( A ————-—M(l —2) : = 3-2(1'3“' “6)_ .

-]

y “‘-s

Hocxonbxy Av1 +Bu1 >0, 1O ycnoxme Boalmxr-lonel-mx Heycroi'i‘mnocm .

G[ dvl 'Bbél_ll)
! _dGy -'i‘dGl

“PaHee TaKoe ycnobne 6puio npemm)l(eﬂo B (15]. OHO MOXeT MMETh MECTO,

. CBOIUTCK K TOMY, YTO

> Av; + B

~ec.rm npu yscmemﬂ G; 6yaer yMcmmaﬂcn CPeMHAA CKOPOCTE TIOTOKA B CJIOE
u1, wm cpemHss BS[SKOCTB V1, WM 06€ 3TH BE/IHHEL BMECTE.

HapaMC‘l]JaMH CHCTEMBI B Hanﬁam,mcu CTENEHH RBITIOLHMYU Ha -
‘ycroﬁ*mocrb crauuouapﬂw( pcxamon SIRTAIOTCS: h‘1 o€ A [6 -8]
Hapauerp gt (h 1o 1/3) XapaKTepu3yeT CTeleHb TIHIpaB/EA4eCKOH

heydmﬁmocm CHCTEMBl M DaBeH OTHOLICHHMIO BBIXOZHOrO KO9(bdHIMEHTa
rmpanrmqecxoro conpoTHBJeHMs K1 xo BXomHoMYy k. B Halllem ciywae h' ecTh
TaKoKe Bemramna, oﬁpamaa K 6e3pa3mepH0My CTauMOHapHOMY nepenzuly

e jnannex-mx Ha BXoI¢ B pcax'rop

roe ARy = B - B

Hapame’rp D XapaKTepH3yeT CTElleHb MUHETHYeCKOH Heycmﬁtmnocm

cncrem.x n paBeH TIPOM3BOIHOM OT CKOPOCTH MAMHUYECKHX H (a30BbIX TiepexonioB

. mo nanncﬂmo B 6e3pa3MepHOM BHIE B CTALIMOHAPHOH Touke

o dw| By

n .

de -5 Ws -

Hapaucrp g paBeH o‘momex-mlo IJTAHBI lmc'ro raaotbaaﬂoro yqac*rxa

'pcax'ropa (xoropsm nezvm(bnpye'r Koneﬁamm) K IIMHE mayxd)aaﬂoro yJactka.
-(xompmu. Boaﬁyxaxae'r xoneﬁamm) Ha q‘aunonape es = In/Ly.
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Mapamerp A XapaKTepusyeT OTHOUIEHWe IUIOTHOCTH XWIKOH M Ta3oBOH
(ba3bl B CTAIMOHAPHOM pEXIMeE A = en{p, /p1).

W3 pesymeraroB [6-8] crnedyer, YTO MOBBILIEHMIO YCTONYMBOCTH
CTalMOHapHAIX PEXHMOB CIIOCOOCTBYET:

- ~yMEHEIHEHWE CTENEeHN 3aBMCHMOCTH CKOPOCTH XHMHYECKON peamiBiyd HIH
¢asoBore nepexola oT AaRNeHHUs (YMEHbIIEHHE TapaMeTpa n).

-yBeJMYEHHE BXOXHOro Ko3GhdhHIeHTa, IHIPARIAYECKOr0 COMPOTHRIICHHS U
CHEDKEHHE BEIXOJHOTO CONMpPOTHRIEHHS (YMEHbIEHME 1 ~1).

-yBeJMYeHWe JUBIHBI WMCTO ra3opa3HOro yyactka, T.€., CpPETHEro
rasocofepxaiis B peakrope (yBEIMYEHHE Eg ).

-yBeJDI¥EHME JaBIcHHA B peakTope (YMEHbILEHHe GTHOLIEHHS P, /p; ).

Hnga ucenemoBanns YCIIOBHI, IPH KOTOPEIX BO3HHMKAeT TePMOKIEiETHYECKAs
HEYCTOMYMBOCTb, PACCMOTPUM MaTEMAaTHYECKYIO MOMEJb, NMPABENCHHYIO paHee B
[5} TlycTs OMHOKOMITOHEHTHAS XJMKOCTh pearupyer Ha CMOYEHRIoN MOBEPXHOCTH
KaTajim3aTopa B Xuakoi ¢a3se co ckopoctsio W) M OXHOBPEMEHHO IIPH 3TOM
HCIapsIETCs. CO CKOPOCTHIO Wy1 C MOBEPXHOCTH KaTaJM3aTopa M cKopocThio Wi; B
cBoGomHOM o6GneMe cios. Ha cyxoff mHoBepxHOCTM 3epHa KaTamM3aTopa
MPOMCXOMT PeaKiiisl B apoBoi dase Wi ¢ 06pa3oBaHHEM TIIIOXO PACTBOPHMBIX B
XWAKOCTH KOMIIOHEHTOB. TakxnM obpa3oM, rnaporaszoBast ¢asa COCTOMT U3 IBYX
KOMIIOHEHTOB - MapoB peareHTOB M NPOAYKTOB XMMHYECKHMX peakiiii. BribepeM
Y4YacTOK CJIOS KaTaJIM3aTopa, B KOTOPOM TpaJAMeHThl TeMIIEpaTyp MO KaTaJl3aTopy
M TOTOKY HE3HauMTeJbHbl. KpoMe Toro, mpMMeM, Yro IpoLlecChl IEpeHoca
BellleCTBa KBa3UCTallHOHAPHBI OTHOCHTEJILHO MpOorpeBa KaTajau3aTopa.

Tamwv 06pa3oM, MOXEM 3aImHcaTh CIEAYIOLUEE YpaBHEHHE MaTeMaTH4YeCKoH

MO/IENTH:
% Q[W101 + WyQ; — W1 + ofT ~ Ts)]
o " e e o0 nl
8 Tt?- = Q{G(Tg - T) - W11 + G(T - T3)]
. Sh pCpE [
3mech: Q = 2t § = ) =
VppaCsl — &) paCs(l ~ €). )
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Q2

- T gc
V =%: a#-};—;; G.~= hl’:.

Obo3HayeHNd: Vp' - o6BeM peakTopa, S - ceyeHHe peakTopa, Cp - TEILIOEMKOCTh
ABYX(asHOTo IOToKa, T, Q; - TeIUIoBble 3bdeKrs peaxiii, o - KoadbdmmeHT
TEIIoOGMeHa MEXAY KATaNTHIaTODOM M TOTOKOM; p3,C3 -COOTBETCTBEHHO,
TUIGTHOCTSH M TEIUIOEMKOCTS KaTali3aropa, (3- MaccoBbIii pacxo. ‘

Ey (1 . 1} 0 Es ( 1 1]
W'—=ko 1~ flexp—|— - —|| Wy = k. f exp =< | == —~ <
1 191.'711( ) R T§ ) 2 2P2 R \T By

vi1 = 2 ek P_l(_l_wi)
=g R\ T/|

3necy T’ - omopHas Temiiepatypa, COOTBETCTBYIOLIas HamieHmio Po, f - nons
CMOYEHHOI NOBEpXHOCTH, h; . Temora ucnapenusa, T - TeMnepaTtypa nmoroka, T3
- TeMIiepaTypa KatamisaTopa. C HCNONIb30BaHHEM METOAMKH, ONMHCaHHON B [5],
MOJIyYeHBl  CJIENYIOlIgie  yc/lIOBUA  BO3HMMEOBEHHSA  TEPMOKHHETHYECKOH
HEyCTOHYMBOCTH.
Tak Heobxo a0, YTOOLL:

- IO/ CMOYEHHOM NOBEPXHOCTH He 3aBHCeJIa OT TEMIIEPATYpPhl Ta30XHMIKOCTHOTO
MOTOKa U YMeHbIuanack ¢ poctoM T3;
- CKOpOCTHb HCMapeHMsi Ha INOBEpXHOCTH KaTaau3aTopa Vymem;umnacr; ¢ pocToM
TeMIlepaTyphbl KaTaju3atopa (YTO CBS3aHO C BbNIO/MICHMEM IEpBOTO YCJIIOBHS) M
YBEMYMBAIACh 110 Mepe TOBBIIEHHS TeMIlepaTyphl IIOTOKa;
- CKOpOCTb MCNapeHHd B cBoOoZHOM oOneMe cJosi BO3pacTalia C YBEJIHYEHHEM
TeMIlepaTyp KaTalM3aTopa U INOoToKa;
- CKOpOCTH TEIUIOBBUIETIEHHA 3a CYET PEaKLMM Ha TOBEPXHOCTH KaTaiu3aTopa B
napora3oBoif ¢a3e NpeBOCXOAMIA TEIUIOBbIAE/IEHHE 3a CYET peaMiiUM B KHAKOM
(ase,
- Ko3dpouument TelooOMeHa MexXAy Ta3’0XMAOKOCTHBIM  IIOTOKOM M
KaTaTM3aTOPOM, OTHECEHHBIH K TerioTe ¢pa3oBoro rnepexoaa ObUT orpaHHYeH U He
NpeBbILIAl 3HAYEHMiI MPOM3BOOHEIX OT CKOPOCTell HMCNapeHHsi Wi; M Wy; MO
TeMIlepaType KaTaH3aTopa.

IipuseneHHbBIE 3ECh YCJIOBHSI OTpaXalOT TOJILKO 0OIfye 3aKOHOMEPHOCTH,
KOTOPBIM  JOJKHBI  YAOBJIETBOPATH CKOPOCTH  XMMMYECKMX M (a3oBBIX

NpeBpalleHMii, YTo6bl BOZHUKA/Ia TEPMOKMHETHYECKASd HEYCTOMYHUBOCTD.
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®HU3NKO-XHMHYECKHE OCHOBBI IOCTPOEHHSA
MHTELUIEKTYAJBHBIX CUCTEM JJIS IIPOTHO3UPOBAHUS
ONTHMAIBLHOM DKCILTYATAITMA TPOMBIIVIEHHBIX PEAKTOPOB

A.B. KpaBnos, 9./1. UBaHuyuHa, I.A. Mensyakos, H.A. BacuibseBa

Tomckuii noaumexuuseckuli yHusepcumem

IIpuMeHeHHe MeToa MaTEMaTHYECKOro MOAETMpOBaHHSA - 3TO OOBEKTHBHAA
HEOOXOAMMOCTb IS MNOBbIeHHA 3(¢GEKTMBHOCTH MOAEPHH3alMH M CO3NaHMA
HOBBIX TEXHOJIOTHH B XMMHM4YECKOH IpQMEIIIEHHOCTH. Bo3MoxHocTti ' Meroza
du3nYecKoro MOIEMPOBAHHS OFPAHHYCHBI, OCOGEHHO IIpH npocmpoaa}mn
XMMHYECKHX PEaKTOpOB, ONTHMHM3aLHH XT C, NPOrHO3MPOBAHMSA YPOBHS AKTHB-
HOCTH Kataimm3aTopoB. Mcnonb3oBaHMe MeToda Ma'mmamqecxordmonempona;
HHA 3HAYUTENBHO YCJIOXHSETCS B CIIy4ae PeaKTOPHBIX TPOLIECCOB TiepepaboTKy
IIMPOKHMX ¢paKiMii YrieBoaopoJHoro chipbs. C om-lqicfoponu—- y4€T B  MOJEJIH
JETaTBHOTO MEXaHH3Ma T03BOJISET PellaTh 3afla¥¥l pacyeTa KOHKPCTHRIX -anfapa-
TOB, NMPOTHO3HPOBAHMS PaGOThl YCTAHOBKH ‘Ha UTATENbHLIH ncpndn. _C ZIpYroi
' CTOPOHBI - TIPUBOAMT K CJOXHOCTH MAaTeMaTHYeCKOro om{camm, 3aTpyIHACT
MPaKTHYECKOE MCIIOJIb30BaHME BCJIEACTBUE HETOYHOCTH onpcnenel-ma napaMer-
POB MOJENH. DTH TPY.IHOCTH MOTYT GHTh DEIICHBL COKpAalLllCHHEM _PasMepHOCTH
MaTeMaTHYEeCKOro ONMMcaHMs, HO 6e3 OTEpH YyBCTBHTEIBHOCTH K cocmny CHIpbSL.

M3BecTHH (hOpMATH30BaAHHEIE (HEXHMHYECKHE), H XHMUYeCKHE Homxons K
YKpYITHEHHIO MaTeMaTH4ecKoro ormucaHus. Ilpu atom nponcxomn" 3aMeHa (J1aM-
» MMHr-aHANN3) MHIMBANYAILHBEX BEWIECTB Ha NCEBIOKOMIIOHEHTRI, 4 HETAIBHBIN
MEXaHN3M peaKilMM 3aMcHseTcs Ha (OpMalM30BaHHBUA. Cleflyer OTMETHTb, YTO
~ 3TH TeOpeTHIECKHE NOIXOMBl HEMPUIOIHH MUl MPOrHOSUPOBAHMS neﬁci‘nylomux
_ FIPOM3BOJICTB M- TIPOEKTHPOBAHHs! HOBRIX NPOLIECCOB, TaK-KaK MHTepBan pasbpoca
NapaMeTPOB; XapaKTEpH3YIOIMX TIPEBPalllEHHE IICEBIOKOMIIOHEHTOB, cnmm(.oM
semix. | )

Hpemmtaem no,nxoz( K pa3pa6cm(e HMHTEJUIEKTYRIbHBIX CHCTEM C HCIOJIb-
: sosatmem HOBBIX mxd)opuam«oum TEXHOJIOTHIA NpeRcTarasieT co60il mocnemo-
: Ba’rcnmylo conoxymxom gfatfioB GopMHpOeaHHst aeKBATHOMH CXeMBbI MEXaHH3Ma
npolecca ¢ nocneuyloumu €ro KMHeTHYECKMM OITMCaHHEM, Ha Ga3e KoTopero
¢$opMHpyeTCs: HecTalMOHAPHast 0600LIEHHass MOJENb KOHTaKTHBIX allapaTos i
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BCEH.  XMMHMKO-TEXHQJIOFTMYECKOM CHCTeMBI B LIeJIOM, MNO3BQLONIAs HE TAQMbKO

OIEPaTHBHO OlCHHTHL ONTHMAIBHBIC PEXHMBI NPOLIECCOB I JaHHOTO Chiphi, HO M
TIPOTHORMPOBATh aKTMBHOCTh KaTa/l3a1opa B TEYEHHE MEXpErcHEPalMOHHOTO Tepuona
1 OBILEro cpoKa CITyXOBI, pelaTh 3anady KOMIUIEKCHOIM MepepaGaTKH HepTSIHOTO CHIPhS
Ha HII3 u MonepHm3aimy feiicTBYIONBIX IPOMBIIDIEHHbIX YctaHoBok (Puc. 1).

AHanu3 anpHopHoi HHpopMaLHK

0 Mpolleccax B peakTopax —l
HurennexryansHas
- PacueT moTeHUHaNbHbIX JleTanbHBIii MEXaHH3M 6a3a 3HAHMH
NOBEPXHOCTHbLIX PEAKUMH peakuHy
ANA BO3MOKHBIX
KATAJIM34TOPOB
a s peomaNa CEop u anamn
Aeman HH M HHpopMaUHK O
PEaKTOPHBIX
npoweccax
OueHKka aacopOUHOHHBIX
CBOHCTB KATaJIH3ATOPOB
P Ob6ocHoBaHHe HopMaTHIOBaAHHOTO Bri6op cnioco6a
MexXaHH3Ma npencTaBaeHHs
| l ' 3HAHMiA, co3daHHe
oGoroukn UC

O6ocHOBaHHe MexaHH3Ma
nesaKTHBaLMK KaTaansaTopa

Opraunusauus
9KCNEepPTHbIX 3HAHHUH
[ DPOrHO3HPOBAHNA

XTC
Mexaunsm
Mexanusm Mexaunusm KOKCO
OTpaBneRus cTapel
P perua OTNOKEHHA
Co3szanne KuHeTHYeCKO}i MOZeNH
npouecca, olleHKit KHHETHYECKHX
napaMeTpos
Cospanue Monem —‘ Co3aanne KomnuexcHoii moaent XTC l
peakropa - I I :
[ Pa3paboTka HTeINEKTYaIbHOM CHCTEMbI :
[ TIporxosHpoBanue NPOU3BOACTS l OGyueHHe CTyReHTOB
H MHKEHEPHO-TEXHHYECKOT o
TiepcoHaa 3aBoJioB

Puc. DTamnbl MOCTPOEHHS H HCTIOJIb30BAHHA MHTEIUTEKTyanbHoM cucTeMsl (MC)

82



CT5
PaccMmotpuM, Hanpumep, 3Tansl nocrpoermst UC Ha npumepc npommmem-lom-' ’
npollecca  Mcpepalondd  YIIEBOIOPOJHOIO  ChIph  Ha Pt«amm»nxmpax Ipun
COCTARICHMH M@TEMATHUECKORO OIMCaHNs BOKHBIM 3TaoM STRIIeTCs 0BocHoBalHe
YPOBHSI ICTA/IMIAIpIN: ONMCAHHMIT XHMMYECKHX TpeBpallicHHi cnomxx ymeaonopomiw( a
CMeCel C AHANMM30M MeXaHM3Ma TNPOTCKAHMS peaKumii.’ Ocnom{me Hanpamelm;x
NpEeBpAllieHHs] YITIEBOIOPOIoB Ha Pt-karamnraropax mpu Tel»mepaflype 350-500°C '8
narneHuy 0.5-2.5 MITa - xapakTepusyiorcs cnezxylounmpeanmm ) ’ _j .
PeakiyiM M30MepU3ALIH HadyieHOB TIPOTEKAIOT TI0 MEXAHU3MY. I'IpQMéxym'immﬁ*
TIDOAYKT peaximd - LMKIoonebHH, obpasylouiiica B peaynb'lme »_'ltemzpnpon'aum ‘
HadreHa Ha METWUIMYECKOM Y4yacTKe KaTalH3aropa. Ilmoxoonﬂbm{ Mmp}fpye'r 1'-1a'>
KHMCNIOTHBIA yYacToK HOCHTeNs, TAe MpeBpalliaerca B Kapﬁxa'moﬂ Peaxmm—'
KapOKaTHOHa BeOyT K OOpa3sOoBaHIO H30MEPHOIO mucnoonecbm{a B pezynb'ra're"
FMIPHDOBAHHMS KOTOPOTO HAa MCTADIHYECKOM YuacTKe TIOMydacTcst ~ YINEBOTODOJ, -
M30MEpHBIf HcXomHoMy. TpeTHyHbI KapOKaTHOH Han&mee ymﬁ'dm u He' Btiema. .
CrocOGeH K MepeIpyNmupoBKaM. [1o3ToMy mpoteKaHMio nepcrpymmpoaox MOXeT
CTOCOBCTRORATD 00pa3oBaHHe MeHee YCTOMWMBOrO, HO 6<mee peaxlmomio-cnoco6noro'
BIOPHYHOTO KapbKaTHoHa. CyMMapHast peakiist: NCs&NCg o '
OGbIYHO CKOPOCTb apOMaTH3alliM LMKIOTEKCAaHa -Ha amdﬁonnamnoadmv_'
KaTaJM3aTope 3HaYMTENLHO OOJIbIIE CKOPOCTH €ro M30MEpH3alluH. IIerpmpounK-'_ ‘

nu3auus mapauHOB BeleT K oGpasoBaHmo KaK apoMaTHYeCKHX ymeBonoponos

H-C6H14 - C6H6 + 4H2 N

TaK ¥ LIMKJIONIEHTaHOB: H-CgHj4 » CsHgCH3 + Hy

B ycnmoBusix katanmurudeckoro pudopmunra Cs- nerunpounknmauim Taxxe o
BEJET K INpeBpallleHHIo NMapadHHOB B apOMAaTHYECKHE YIIIEBOAOPObI, TaK XaK )
obpa3yrolrecs: LHKIONEHTaHbl MOABEPraloTCs nermxpomomepmaunn S

H3omepu3zanus napaduHOB Ha IUIATHHOOKCHIHBIX xa-ranmaropax l’IpOTCKaCT o
no 6MpyHKLUMOHAILHOMY MEXAHHU3MY M BKIIIOYAET cneny}oume ‘CTamuM: )

. HerumpupoBaHue H-TlapapuHa B H-olepUH Ha MCTaJUIH‘lCCKHX uempax' :
KaTalM3aTopa. ) ’ B
2. Ancopbuus H-ojlepHHa Ha KHUCJIOTHBIX LIEHTpax xajra.nmaropaA c oGp’é:}oaéHkéMr
BTOPHYHOro KapbkaTHOHa : L f
CHj-CH = CH-CH,-CH,-CH,-CH3 + ﬁc> CH3-CH2—CH CH2— CH2—CH2—CH3 o
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3. Ilpespaienne BTOpUIHOro KapbkatHoHa B Gojiee CTaGWIBLHLILA, TpeTWIHRIR,
“m6o erxmn' ¢ o6pazoBaHMeM MeHbLIEro Kap6oHusa H onetbmia
CH3-CH2—CH -CH,-CH,-CH,-CHj3; < CH;-CH,-CH = CH, +CH2 -CH,-CH; &
< CH;-CH,-CH = CH,; + CH;3;-CH-CH;
4. Kaonepmanml H-onedHHA B mooneclmﬂ
CH;-CH,-CH = CH,; + H < CH3-CH,-CH-CHj;
CH3-CH,-CH-CHj < CH3-CH(CHj3) -CHj
CH3-CH(CH3) -CH3 < CH3-CH(CH3) = CH, + ﬁ
5. 'mnpupoBanHe 06pa3oBaBUIXCS 0JIehHHOB
CymmapHas peaxigas: H-T1 <> u-T1
MexaHmsm oépasosmma‘ KOKCa. Ha META/UIMYECKMX LeHIpax O6HdyHKIHO-
HALHEIX KATAIMOPOB MOXHO IPEICTABATD CXEMOI TOCIIEJOBATETTEHBIX PEaKLM:
ymenonopozﬁa — cMoJIEl —> acanbTeHkl — KOKC, Iie CMOZIBI H acanabTeHbl SR -
10TCSl HeNMPeEAEMEHRIMH TIPOMEXYTOYHEIMH MpoAykTami yivtotHenus (HITY). Hcxon-
HEIMH yIJIgBofoponamy Ans obpasomaHust HITY oryxar apoMarnyeckue yrjieBo-
JIOPOON U NATHWIEHHHe HadreHsl; obpasopanre HIIY npoucxomr B pesynbstare 7
peaxumit YIDIOTHEHHs!, KOHJEHCALIH U TI0 MEXaHH3MY TMEHOBOIO CHHTE3a,
‘CymmMapHas peakiys: '
NC5
¢T HIIY—> Koke
Nc.,

IpemwtoxeHHRIH YPOBEHb AeTanu3auMd (popMaIN30BaHHOTO MEXaHHM3Ma, B
OTJIMYHE OT CYLUECTBYIOIIHNX, MTO3BOJISET YYeCThb NpeBpallieHHe MOHO- M JH3aMe-
IEHHAX AJIKAHOB WHPOKOH GeH3MHOBOMH dpaxuuu.

Pwménuﬁ XHMHYECKHIT COCTaB IUIATHHOBBIX KAaTAIM3aTOPOB IpearojiaraeT
PavIMYHbIE Ac_:xopocm NpeBpalleHNs YrileBoaopoaoB OeH3MHOBoH ¢pakipm. Kak
TI0Ka3aHo B [2], peaKuHOHHasl CIIOCOGHOCT KOMIIOHEHTOB CYILECTBEHHO 3aBHCHT
OT XHMMMYECKOTO COCTaBa M CBOMCTB IpHMEHAEMBIX KaTAIM3aTopoB. Eciu npu
HCNOJIb30BAHMH TaK Ha3bIBaeMOro “HempepbiBHOro momxoma” [1]- mpeaakcro-
HEHIMAIBHEIE MHOXWUTEJIM H 3HEPTHH aKTHBalLMii pacCMaTpHBAIMCh KakK (yHK-
LM OT [UIMHE YIJIEBOOPOMHOMN LIENH, TO Ha IUIATHHOLEOTHTHBIX KaTajM3aTopax

Habmonaercss KJIETOYHbIH 3¢deKT 3aBUCMMOcTell KHHETHYECKHMX INapaMeTpoB H
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K03hpUUMeHTOB AMbdYINH OT UiCIa aTOMOB YIVIEPOJA B MOJIEKYJE YFJIEBO-
nopona. C. yyeToM BBILIEHU3JIOXKEHHOrO MaTeMaTH4yecKasi MOJEJIb peaKTopa . uje-
aJIbHOrO BBITECHEHMS, COrJlacHO (hopMasiM30BaHHOMY MEXaHU3MY fpeBpallleHUS
yrJeBoIQpONOB, TpeAcTaBlicHa cHUcTeMoil nuddepeHUMaNbHbIX YPaBHEHHiA '
MaTepUaJIbBHOTO U TEIIOBOro GaJlaHCOB:
9C; 8C

Gaz W”%W -

Z=0, C=0, V=0, C=Cy, j - HOMEp PeAKITHH 10 MEXAHH3MY, TIDGACTAR/CHHOMY HA pHC. 1.
VpaBHeHMe TemoBoro ©ajlaHca peakTopa C HEMOABHXHBIM  CJIOEM
KaranusaTopa: , k : y
otT; T I ‘
G+ G == 30 ()
=0, V=0, T=Ty,
}Imx OMHCaHUsl TPOLIECCOB C I[B}DKYIIIHMCﬂ CJI0eM * KaTaJu3aTopa paccMaT-
puBaeTcst AByXGa3HbIii MOTOK.
L - nrx‘ima peakTopa; i - I, ., N;'N - 4MCIIO BEIECTB, YYaCTBYIOIUMX B peaKLHsX
(Ta6n.1); W - cymmapHas CKOpOCTb NpPOTeKaHUs peakuuii; Z - o6bem nepepabo-
TaHHOrO Chipbd; G - pacxol ra3ompogykToBoi cMecH; Q - TeruroBoit addexr
j-peakuun, V - 061:6?»;{ KaTaJmM3atopa B peakropax, C - KouueHTbauusx peareHToB
Ha BxoJle B peakrop, T —;re&mepa"rypa. ’
l'lpcoﬁnanaxouiaﬂ ‘yacTh 'npomunuténﬂonaxmblx MPOLIECCOB = NepepaboTKH
YIJIEBOJOPOZHOTO CBIPLsi TPOTEKAIOT Ha kxaTajmaaTopax, KOTOpbIE MOJ BO3JCi-
CTBUEM oxpyx(alomcﬁ cpenbl kH3LA{CHmOT CBOIO aKTHBHOCTB. B [4] Hamu o6oc-
HOBaHbI- 3aKOHOMEPHOCTH TpeBpalleHus. yrieBonoponos. C y4eToM BIIMsIHHs Ha
KaTajln3aTop pcakuuduﬂoﬁ cpenbl, 061Kt BUa BeIpaxeHuit (1-2) He MaMeHsAETCH,
HO KOHCTaHTbl MMEIOT MHOM d)uanqécxuﬁ CMBICJI; 3TO ¥X€ He ancbpﬁunoﬁﬂuc
Kbaq)dmuuemu, a COBOKYMHOCTM KOHCTAaHT CKOPOCTEM . OTAEABHBIX CTaaMii.
IMornomeHue peareHTOB KaTaIMTHYECKON TOBEPXHOCTBIO, a TaMBKE H3MEHEHIIC -
CTPYKTYpPl W  pa3MepOB KPHUCTA/UIUTOB, BECbMa CYIECTBEHHO  MEHSIOT
ancoOpOLHOHHbIE cBoifcTBa Mt:'raJuidB., Ilpu 3TOM H3MEHseTes © ruapaTauus
KHCJIOTHBIX LEHTPOB, COOTHOLIEHE Bpe}rvrenoncxnx 1 JIBIOMCOBCKHX LIEHTPOB.
szR(CI)f(Ci,B”KQ}, EJ (3)
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: B saBuckMoc# or npnpozm xaTaJmaa'mpa BPEMEHH €ro sxcnnyaralnm H
; eodana peaicmlol-moﬁ CMCCH, obobleHHas  yHKUHA nemmamm
xzmmmmpa R(C;) MOXeT ,MSMEHATECS B LUMPOKHX npcnenax Kommemem«xoe

MCHe}mc R(C-) 'MaJIo HCCIIEIOBAHO 3xcnepumem‘anbno naxc I Haubonee

mchmmx Pt- - Kmmm'{ecm CHCTCM. Kpome Toro, mma mmoﬁnenua
TPOTHOHPYIORIAX pacrxemn HCOGXO'}IHM 3aKOH M3MEHEHHA R(©). Bmcnenue
- KHHeTHYeCKHX 3aBHCHMOCTeii TIpH CTALOHAPHOM COCTOSTHHH KAaTAanM3aTopa JaeT
'npexc'tame}me 0 MexaHH3Me peaxmm, a packpure (YHKIHOHANBHOI
mucmocm R(C) - 06 HIMCHEHHNH COCTOSIHMS xaTamsa'xbpa. D nBa sTana
B3aUMOCBA3aHEL - C  yyeroM O6HQYHKIMOHAIBHON IPHPOABI MPOMBILUIEHHBIX
KaTalnH3aTCpOB ANTOPHTM OLEHKH MapaMeTpoB Imonenn' YUHTRIBAET PAINHMYHYIO
cTeneHb nesamamm; aKTHBHBK LIEHTPOB, 06YCIIOBIEHHYIO HX
TeTepOre€HHOCThIO. JleakTHBAI®IS MpPH UTHTEIbHOH 3KCITyaTalMy BbI3BaHA
Heo6PATHMEINI FIPOLIECCAMH, CBS3aHHBIMH C SIBTEHHAMH IVIyGOKMX XHMHHECKTX
H  QHINYECKHX npehpamemm KOHTakTOB. [losHas *MaTeMaTHyecKas MOZENb
TETEPOreHHLK  MpOLECCOB - YYMTHIBACT AMHAMHUECKHIH IIPOLIECC MAAEHHS
aKTHBHOCTH M CEJIEKTMBHOCTH TPOMBILIIEHHBIX xatamisa*ropos BO BPEMEHH, TO
€CTb HM3MEHEHHe pa3MepOB kpncramnmn MIaTHHBI, a CJICACBaTebHO, €¢
YIOEAbHOM nonepxnoc'm AHamM3  MexaHM3Ma nporexamm crpyid‘}’pﬂo-
qywmmmm peaiamii nemapomncmaamm, nsomepnzamm # THIPOKpEKIHIa
napadMHOBEX YIJIeBONOPONOE, KONHICCTBEHHHE NaHHEIE, nonyqubee B
3KCNEPHUMEHTE, noasomnm COCTaBHTh - KHHETHYECKHE - MOMCIH  CTADCHHSA
KaTaIn3aTopa [3), xonmdyecTBEHHO CBS3LIBAIOIME KOHCTAHTBHI  CKOPOCTEH
ETPYKTYPHO-YYBCTBHTE/IbHBIX pealcr.liii C HX SHTPONHMAHBIMH H 3HEPreTMYeCKUMH
xapmpﬁcmm’. INapamerpbl ctapeHHs 3aBHCAT HCl TOJIKO OT CPOKa CIIyXObl,
HO H OT pexemMoB pereHepalii. B 1a61. 1 npeAcTamaeHbI pesynb'farm ‘pacyeta
npouecéé pud)opmnnfa u CpPaBHEHHE C 3KCIEPAMEHTAUTRHEIMH JaHHBMA.
'YpoBeHb N€AKTMESLMM KaTaH3atopa COOTBETCTBYET NpHMEpPHO 360000 uacam
paﬁmu YCTAHOBKH - 1IOCJIE TIATON pereHepaLlvH, L{Jm CPaBHEHHS M aHAIN3a
- npnnenenu 3KCIEPUMEHTA/ILHbIE TaHHBIC.

AmoHoMHoe chomonanue MonesneH KOHTAaKTHBIX . annapa'ron He Haer
BOMOXHOCTH ‘MOJXE/MIPOBaHMS xomqucnm TexHOMOMHit Hecbrcnepepaﬁorm.
Bonee i;bjcomm YPOBeHb TipencTamister coboit Moné}mpobanuc XTC ¢ YHé'rOM
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Pa3TeHTEbHEX amlapmn. Srm oﬁecncqlma;r paxmouanmoe pacupe,nenemae
'Hedmmoro cupbﬂ mm conoxym-xocm npoueccon ncpepa&mov C .upymﬁ
cmpouu, 'Hclclo‘lem{c, ueoﬁxommocm ‘ ncnmmowmx mmonmx H
nonynpom.nmxemm ycmuonox wm ncm.rranm uonm TEXHOUIO M
cymccmcm;o cme'l‘ sxommecxa; 3aTparik Ha ce. paspaﬁoncy
Mone:mponanne TIPOL{ECCOB - paaacnem Hcdmnnmx cHeTeM. napwxy c
) MO,HCJD‘IDOB&I-!HCM - xa‘mmquecm " ‘peakTopoB, . IOMOFaerT - penms
npmm:mmam»uue BOMpOSH TEXHOMOTHH - TIpoGNeMy cHHTe3a C onpencncmiem
- ofTMaRHEX fapaMeTpoB NpPOLIECCOB. Pa3neeHHA IS TOBHINEHHS FIYOHHH
ot6opa LEMeBRX xommuemoa, YIAYWICHHS KAYECTB2 MPOAYKTOB H CHIDKEHMS
méproaa'rpa'z Ha pa3fieneHre. C nénombsarmw HC sBumoNHeH aHafA3
3(1)(13&1(1'&14001‘3 paﬁom YCTaHOBKH ceflekvodopmiisra AunHekoro HII3 u
TOKA3aHO: 1) Bo3MOX¥OCTE MOZEpHH3ALIN CeKIDiH pudopmurra yeragoBky JIK-
6Y Auunckoro HII3; 2) yconepmencmonaune TEXHONOrHH  3aXOJIaKMBAHHS
chipbs G10Ka canex'rocbopm:m )
Tiafinvta 1. Pesymmutarst pacdeta npotiecca puopMuHTa na yoranoske JT9-35-11/1000

[ Maret pacuera u permpm: - ?8.(?2‘.94 ~ 25.10.93
|TeMmepatypa masx.8  ~ P-2=482 P-3=482  P-4=483
Nasnenue, atm, C155 B '_:14.5 ; - 13.2
Pacxon mmxioparana, ppm L2 L2 - 1.2
Cepa B IHAPOTEH., ppM, 223 Pacxox 130.0
. . chiphd, Mf'; ’
Bnara B’Cblpbe, PPM - -7 11430 Bnara B Ber.,
- - ppw+10.000°
Kpatocts Impxynﬂmi ‘ - '
Bcr,i o T mM/M=15154,  samy/mam=10.1

Becosue % B pacyere Ha xatavmaa‘r o

H-Hapadmm H-Hapaqm}m Hadresn-5 . HadreHH-6 ApomMatHxa

Pacuer 3kcn. |Pacyer | Pacy.  3xem.| Pacy. 3kem. | Pacu. Jken.
00 .00 | 00 00 ] .00 00 [.00 00 |.08 .00
00 00 (00 .00 [.00 00 |.00 .00 |.00 .00
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59 5 | .00 00 | .00 .00 |.00 .00 | .00 .00
163 154 |118 113 | 00 .00 | .00 .00 | .00 .00
182 172 |28 273 | 08 .12 | 00 .00 | .00 .00

| 368 347 |324 309 |083 125 | .03 .07 |685 692
333 3.14 | 354 338 | .53 .80 | .02 .05 |1242 1255
21 20 |02 97 | a1 a7 | o1 02 [1180 1192
63 .59 |248 237 | 00 .00 | .05 .11 [2191 22,14
158 148 | .78 74 | .00 .00 | .35 74 |548 553

I'pynnoBoit cocras .
13.48 1270 [2604 2485 | L5 234 | 46 99 [5847 59.06
PacnpeseseHne npofykKTa no peakropam
Yrnesonoponnl| Cbipke pP-2 P-3 P-4 Ka'TamxaaT
2 3 4 5 6

0 100 58 118 1.71 00

C .00 .00 .00 .00 | .00

C .00 01 01 .01, .00

G 00 27 16 18. 59

nCy .00 58 41 52 1.63

nCs 33 a7 .73 . 96 1. 82

nCs 446 4.19 3.63 2.46 3.68

nCy 6. 47 6. 28 5.40 2.53 3.33

nCg .37 37 37 17 .21

nCg 6.69 5.09 3.24 52 63

nCpo 9.63 7.50 3.38 1.14 1.58

iCy .00 42 29 46 118
iCs 26 125 1.20 2.03 2.86 -
iCq 1.91 353 .. .| 456 6.69 7.02-
iy 1027 {720 {1406 1145 - 1070
iCq .08 53 (137 121 102
iCo 1383 1317 7 {1055 3.40 2.48.
iCq 482 414 {199 86 78
ZP. 07 L0706 08 08
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|Mzp 3.95 291 |1% | .0 | 83

DMZP 707 . |38 - 139 63, | .53
ZG 374|109 21 1.0 | .03
MZG 208 - .l jas - [03 0 | .02
CeN 2.61 3 (a8 | wes - |2
N 607 |28 |32 |05 |.05-
CioN 4.82 38 - [L14 | 37 35
|senz - | .33 [253 369 |68 - |685
TOLY | .50 aot.  |152 12.92 1242
KSIL 308 . |s86  |974  |i256  |11.80
AP9 326 |oss 1687 2431|2191 -
AP10 326 [239 422|608 ~ |548
B T.4. ' . ‘ A '
[aMB ] 13 121 38| 48 T 57
MII 178 [ s49 2,67 2.99° 470
AMO | 805 7.52 845  |854 | 760
Mr 2.20 261 - |2.53 256~ |254

Iepenan Temmnep. 50.0 43.00- 21.0 ‘Boixoa npoayxra= 87.20 %
OKTaHOBOE YMCJIO KaTajuH3aTta, I M.M. 83.0 ’ ) :
’ OKTaHOBOE YMCJIO KaTamu3ara, Il u.M. 92.4

Ox’ranonoq YHCII0 (axcnepuM.),‘ﬁn 92.4
KOKC Ha kaTa/HaaTope: ' 057 20 64
Xnop pa KaTamizaTOpe; ‘ 09 - 099 .0.99.

Yuco axeit nocne ‘perencpain 106. - Yucno pemuepémm '5 .

O‘,IIHOBpCMCHHOV HaM#  pa3paGOTaHBl - MHTEIUIEKTYalbHBI - oﬁyqa)omllge'
KOMIUIEKCBI,. B COCTaB ‘xmopux BXOAAT - MOJEIH vIOCHOBm HPOLECCOB
HedrenepepaboTii: | . pudopmumra, uabuepmmnm,g ceJieKToopMHHTa,
uabcenemocbopmm . k : )

“Taxknm oﬁpasou, TpH NPOTHO3HPOBAHHU TIPOH3BOJICTBEHHOTO IIpollecca, KaK
CHCTEMBl COBOKYJIHRIX sinﬁe}mﬁ, Haubonee - 3¢ddexTHBHOIM SANgeTCs | HC,

noctpocHHass Ha 6a3e 0OOOIIEHHOI  MaTeMATHYECKOM Mdne;m XTC,
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yaHTRiBatolleil  pHU3NKOo-XHMHYECKHE oéo6eHHocm ‘Tpoliecca, a TakkKe BCHO
nudopmaliio, NONMYYEeHHYIO Ha JIabOpaTOPHBIX M MPOMBILLVIEHHBIX YCTaHOBKaX.

B ocHoBy ripemnaraeMoro HamMH mnozxoma mnoctpoeHHa HWC monmoxeHs!
d)ilauxo-xummccxne M TEXHOJIOTMYECKHEe 3aKOHOMEPHOCTM TEpPMOKATANIH-
chbxnx . npenpamenuﬁ CJIOXHEIX  YFJICBONOPOAHBIX cMeceli, pa3yMHoO
OOBbCHHHMOILME 9KCIIEpTHbIE 3HaHMA 06 HcciaemyeMoM ofBbeKTe ¢ ero
MaTeMaTHYeCKHM OIMCaHHEM, TI03BONIAIOBMIC IPOBOAHMTb KayeCTBEHHBIE H
Axonn.qecmemible‘oucﬂxu B YHCJIOBOM M ceMaHTHYecKoi ¢opme. Pa3paboraHHas

UC BHenpeHa Ha psiie Hed)'renepcbaﬁamnamunlx 3aBOJIOB.
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1995. -1, c.241-243.
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1995. -50c. .
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KATAIMTHYECKAS OYHUCTKATA3OBB HECT AITMOHAPHSIX YCJIOBUAX
A.C. Hockos '

Tocydapcmeennwrii nayunvti yenmp “Hucmumym xamanusa um. I'.K. Bopeckosa”
CO PAH, 2. Hosocubupcxk (FHI[ HK CO PAH )

B cepeanne 70-x romos npod. IO.BI. Matpocom c corpymuHkamH . Gbln
MpPEOJIOKEH CMOCO6 OCYLUECTBIEHHA IETEPOreHHbIX KATATHTHYECKHX peakuuii npH
MEePHOIHYECKHX H3MEHEHHAK HanpaBJIeHHH NMPOMYCKaHHA PEeaKLHOHHOH CMecH uepes
croii xatanpsaropa .[1,2]. Takoli cnoco6 OCYIIECTRAEHHS KAaTAIHTHYECKHX peaxuHii
nonyusn Hassaune PEBEPC-TTIPOLIECC. Han6omnbiuee pactipocTpaHeHHe 3TOT CHOCO6
MOJIy4HJI B MPOLIECCaX KaTAIHTHYECKOH OYHCTKH ra3oB. B HacTosuee Bpeis. PEBEPC-
IMPOLIECC peanusoBan Gonee yeM Ha 30 NPOMBILIIEHHBIX ycraHonxax H HX YHCIO
MOCTOSAHHO BO3pacTaeT.

Ilpy nepHOOHYECKHX H3MEHEHHAK HanpaBieHHH (bunbrpauuu rasa yepes CJIOH
KaTaTH3aTopa MPOHCXOOHT H3MEHEHHEe COCTOAHHA MOBEPXHOCTH KaTallH3aTopa, ee
NOACTPOiika Mox HoBble ycioeHa [2]. B 3aBHCHMOCTH oOT THIA KaTATHTHYECKOMH
PeaKLHH, HCMOJIb3yeMbIX KaTaJIH3aTOPOB H PEaKLUHOHHBIX YCJIOBHi, BpeMs Mepex0qHOTO
MPOLIECCAa MOXET COCTARIATh OT HECKONBbKHX CEKYHI N0 NeCATKOB MHHyT. Hamuume
TaKHX CBOHCTB MO3BOJSET pa3pabaThiBaTh HOBbiE TEXHONOTHYECKHE PpelleHHd,
obecneynBalomHe LeNeHanpaseHHOe NOAREPXKAHHE KaTalH3aTopa Ha HY>XHOM YPOBHE
AXTHBHOCTH.

ITepBoHayanbHO  3(pexT HECTALHMOHAPHOTO  COCTOSHMA  MOBEPXHOCTH
KaTaJH3aTopa JUIA OYHCTKH ra3oB ObLI HCMONB3OBaH _JUIA OYHCTKH ra3oB OT OKCHIOB
a3oraf3,4]. OYKCTKY ra3oB OT OKCHJIOB a30Ta B MPHCYTCTBHH KHCIOPOZAA BEAyT MyTeM
HX CENIEKTHBHOTO KaTaltuTHYeckoro BoccraHobieHnsa (CKB) ammnakom. OcoGeHHOCTbIO
JaHHOrO Mpolecca SBJIACTCS B3aHMOMEHCTBHE HCMOJBb3YeMOTr0 BOCCTAHOBHTENR C
OKCHZAaMH a30Ta B MPHCYTCTBHH KHcIOpona. OCHOBHbIE PeaKlHH, NPOTEKAOUHE NPH
BOCCTAHOBJIEHHH OKCHIIOB a30Ta B KHCIOPOACOepXalleH cpene, ClIexyoLHe:

4NO+ 4NH; + 0, = 4N, + 6H;0 M
4NH;+ 30, = 2N; + 6H,0 an

VnpouieHHo MEXaHH3M npouecca CKB Ha NPOMBILLTEHHBIX
BaHaguicomepxalHx kxatamuzatopax (V:0sWO3/TiO; unmn V:Os/Al,0;) onuceiBaercs
CIIEAYIOLHMMH CTaIHAMH:

NH; + [} <> [NHs) am
[NHz] + NO + O,— N; + H.0 + ] ooavy
(NHs] + Oz = N, + H20 + [} 4]

Ileppas cragusa - agcopbums (xemocopbums) ammnaka. O6paTHMOCTb NaHHOI
CTaHH MO3BOJNAET NPHOIHXEHHO OMHCAaTh CYLIECTBOBAaHHE MO KpaiiHell Mepe mByx
¢opm  amcopbHpoBaHHOrO  amMMHaka  (MPOYHOCBASAHHOTO H  (PH3MYECKH
ancopbupoBanHOro). Bropas cranus - B3anMozeiicTBe ancop6HpOBaHHOrO aMMHaKa C
OKCHAaMH a30Ta. Tperpa cTagMa - OKHCIIEHHE  anCOpGHPOBAaHHOTO aMMHaKa
KHCJIOPOJZIOM.

Taxoii MexaHH3M MO3BOJISET OLEHHTb HAa OCHOBE 3KCIIEPHMEHTANbHbIX JaHHBIX
afCcOpOLHOBHYIO €eMKOCTh MOBEPXHOCTH BaHAJHEBLIX KAaTaNH3aTOPOB. JUIt THAWYHLIX
kaTanusaTopoB CKB ancop6usonHas eMxocTh (a) cocranfiser 3-10 061,eMOB ammHaka
Ha 06'beM KaTalnH3aTopa.
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. Hsmeﬂenue xouuempaunu axcopﬁuponaunoro amMmuaka (6) OnHChLIBaETCA
B cnegmomuu yPaBHEHHEM: )
a?—,-rcm (1 6) - k,e -k CNOB k,0 : o

3aech k,‘,k,‘ - xonc"ran'ru,cxopocru ancopﬁuuu H J:(ecopGuunf aMMHaKa, COOTBET-

CTBEHHO, =~ ~
kz - KOHCTaHTa CKOPOCTH 'B3aMMOZIEHCTBHA OKCHIOB a30T4 C ancopﬁHPOBaHHblM
aMMHAaKOM,; .

k3 - KOHCTaHTa CKOPOCTH OKHCJIEHHA. aIcOpOHPOBaHHOTO aMMHaKa;
Cray, » Crvo - KOHUEHTPALHA aMMHAKa H OKCHIIOB a30Ta COOTBETCTBEHHO.

,IIHHaMH!{ecxHe PEXHMBI B Clloe karanmaropa OMHCBIBAIOTCH maqu;amou Mo,uenbxo [l} o
JonoJHeHHo# ypaeHeHuem (1).

ITpouece OYHCTKH TasoB OT OKCHOOB a30Ta OCYLUECTBAAETCS MO CXEME,
npHBENEHHOR Ha pHC. | [3,4]. HcxomHble rassl MponycKkaloTCs Yepe3 CIOH HHEPTa H
KaTalH3aTopa, Iie OHH HarpeBaloTCH, 3aTE€M B HHX BBOJHTCS aMMHaK H Ha cioe
KXaTanH3aTopa | NPOHCXOOMT B3aHMOMEHCTBHE OKCHAOB a30oTa H aMMHaxa.
OnmHOBpeMeHHO H36GLITOYHBIH aMMHaK ancopGHpyercs B 3ToM cioe. Uepes 3amaHHOe
BpemMa (0OblyHO 5 - 60 MHH) HanpaBileHHe GHIBTPAalHH Ta30B H3MEHAKT. Ha
npoTHBONoNoXHOoe. OyHIlaeMblii Ta3 nepBOHAaYaIbHO MPOXOMHT Yepe3 CIIOH HHEPTa H
KaTAIH3aTOPa |, II¢ OKCHIN a30Ta B3AHMOJIEHCTBYIOT C aMMHAKOM, aicOPGHPOBAHHOM
B NpeLUIylleM MOTYUHKIE. 3aTeM B YaCTHYHO yXe OYHILEHHbIH ra3 BBoAsT NH; u -
CMECH MOCTynaeT Ha CNIOH KaTanH3aTOPA 2, rae OJHOBPEMEHHO NPOTEKAIOT PEaKUHH |
BOCCTAHOBJICHHA OKCHIOB a30Ta H afcopOuMs aMMHaxa. Yepes 3afaHHOe BPeMs BeCh
LHKT NMOJIHOCTBIO MOBTOPAETCA.

v
NH,

' Puc. 1. Texuonoruyeckas cxema npoueccaCKB ¢ nepHOIHYECKHM PEBEPCOM
MOTOKa B CJIO¢ KaT&IH3aTopa. o

> - HanpaBsJeHHe (GHITbTPALIHH I'30B NPH NEPBOM NMONYLHKIIE;

>- Hanpannenue ¢unsrpaunn ra3oB NpH BTOPOM nonyunxne;

‘Ha puc. 2 npHBeneso pacnpenieneHne ancOPGMPOBAHHOTO AMMHAKa MO IUTHHE
QIO KaTaJIH3aTOpa B TEYeHHE MOMYLHKTa, PACUHTAHHOE MO HECTAUHOHAPHOH (puc. 2 A)

92



CT-6 -

H crauHoHapHoii (puc. 2 B) moznensam. Pacuersi, npeacTaBieHHbIe Ha PHC. 2, IEMOH-
CTPHPYIOT KayeCTBEHHbIE OTJIHYHA H3MEHEHHs pacrnpeleneHHs B B TeyeHHe MONMYHHKIA
JUIS 3THX MOJEJIeH. . .

Mw : E)

e Cras/ Cro=1.0 e Cup / Co =10
1.0 *NH; : 1.0 - NH.
0.8 - 0.8 -
0.6 1 06 1
0.4 -] 0.4
o.zT Pe2
o — T " ,_,_i__o P :-"‘-:
[} 0.t 0.2 0.3 0.4 0 0. 0.2 0.3 0.4
Ln Lu

PHc.2. ﬂnﬂamuqecxne PEXHMBI B CITOE KaTaJIH3aTOpa NPH nepuonuqecxou
peBepce NOTOKA Ta3a. -

7 =0,4 c; Tex=260°C. 1 - t =0 MuH; 2 - t = 2,5 MHH; 3- t =5 MHH
(Bpems mocie peBepca TNOTOKa).

B nepBoM no xony rasa cjioe KaTaJH3aTOpa MPOHCXOOHT CHHXEHHE KOJHYEeCTBa
a[ICOPGHPOBAHHOI'O AMMHAKa 33 CYET €ro B3aHMOJEHCTBHA C OKCHAaMH asoTa. Bo
BTOpOM ciioe nocie BBoga NH; B OuHIaeMbiif a3 CO BpeMeHeM MPOHCXOIHT €ro
HakoIuleHHe. MHaye BbIrMANAT pe3ysIbTaThl pacyeToOB MO CTAHOHAPHOM KHHETHYECKOH
mozeiH (puc. 2 B). B aTom ciyyae peakuus B3aHMoaelcTBHa NOx ¢ NHz niporekaer Ha
BTOPOM IO XOAY ra3a ClIoe KaTalIH3aTopa Mocje BBOAa aMMHaKa. OTO 3KBHBAJIEHTHO
COKpalleHHIO 3¢ (eKkTHBHOrO BpeMeHH KOHTaKTa B IBa pasa.

IIpH HecTaLHOHApHOM COCTOSHHH KaT&lIH3aToOpa 3a CYeT NEePHOOHYECKOrO
peBepca MOTOKa rasa B CJIOe KaTalH3aTopa Mo cpaBHeHHI0 ¢ mpoueccom CKB B
CTAUHOHAPHOM PEXHME YAeTCA MOBBICHTb CTENEHb OYHCTKH H, TJIABHOE, YMEHbIIHTh
ocraToyHoe conepxaHHe NH; Ha Bbixome u3 cnos (cM. Ta6i. l) IMocnenuuii cbax-r
obycnoBneH ancopbuHeii OCTaTOYHOro aMMHaKa B.CJIOe KaTallH3aTopa.

Tabnuua 1.
3®OEKTUBHOCTL O9MCTKHU I A30B OT OKCHIOB A30TA

Te=260°C; Cio, = 0,2% 06; ™= 04c, tur =S MHH.

O¢deKTHBHOCTb OYHCTKH, Ocra'roqnbe conepxaHHe
% - ~__NH; ppm
. i
PEBEPC- | Craunonapubii | PEBEPC- | CraunoHapHBbii
ITPOLIECC PeXHM ITPOLIECC PeXHM
CM =02% 06. - 98.0 © 940 5 100
-3 > * :
CM5 = 0,18%06. 90.0 880 | 2 28
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TTonTBepxaeHHEM  TEOPETHYECKHX  pacyeToB  ABMAIOTCA  MOKasaTenaH
NpOMBILLIEHHOH YCTaHOBKH, paboTalouteii 6onee 6 neT Ha BUACKOM OJIeyMHOM 3aBofe.
ZJna ouncrky rasos ot NOy nocne aBcop6UMOHHBIX KOJIOHH TaM CO3J1aHa YCTaHOBKa Ha
OCHOBE TEXHOJIOrM4eCKOH CXxeMbl, npuBeneHHOH Ha puc. 1. IIpu 3HauMTenbHBIX
koneGaHUAX colepXXaHUs OKCHIOB a30Ta Ha BXOOE B YCTAaHOBKY (cM. puc. 3, kpuBas 1)
koHueHTpauus NOx Ha Beixoae He npeBbitiaeT 70 Mr/m3 (cm. puc. 3, xpuBas 2). AMMHak
1a BbIXOI€ OTCYTCTBOBAJ B 90% NMpoBeneHHbIX 3aMepOB.

Cyou /™ Crow T/M°

2 -0.08
N\ -0.04
2 R L L R

|
0 10 20 30 40 b

Puc. 3. KoHueHTpaluus okcuaoB a3ora Ha Bxone (1) u Bbixone (2)
M3 NPOMBILIJIEHHOH YCTaHOBKH.

['~8
1
*
*
*
;

Ananu3 paboTel npombiuuieHHoH yctaHoBkn CKB noka3biBaeT, 4TO npH
nepHOIHYECKOM peBepce NOTOKA ra3a B CJIOe KaTaau3aTopa 3¢ $eKTHBHO MCMOIb3YIOTCS .
He TOJILKO TEIJIOBble CBOMCTBA KaTaJM3aTOpa, HO M ero aacopOuMOHHAs eMKOCTh 7o
aMMHMaky. B uenoM 3To nosBonseT HOGMThCA 6Gombiuelt MO  CpaBHEHHIO CO
CTallHOHAPHBIM PEXHMOM 3(peKTHEBHOCTH OYMCTKH Ta30B B peBepc-npolecce.

Hcnons3oBaHue HECTALMOHAPHOTO COCTOSHMS MOBEPXHOCTH KaTalu3aTopa NpH
oxucyenuy SO, s SO; OCHOBaHO Ha YepemOBaHMHM CTamuil “amcopOuus-OKUCIeHHE” M
“mecopbuss-BoccTaHoBieHne” [5). TexHonmoruyeckas cxema TaKOro NpouU#cca BbIFIAIUT
cnegyrouiuM obpasom (puc. 4).

80 Ha a6copbinizo
PR - —
hune .-+ Boanyx
Ha cyatranue
© cepbl .

Puc. 4. TexHonoruyeckas cxema oxkucienus SOz B SOz npu nepuoaHyeckoi -
aKTHBALMK KaTaJIH3aTOpa KMCIOPOLOM.
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TIpouecc MO OaHHOM. CXeMe OCYILIECTBIISIOT CIedyroluM obpasoM. B Teuewue -
NEepBOro  MOJYyNEpHOZAa 4Yepe3 . CAOH KaTajJu3aTopa ' MPOMYCKAIOT HCXOIHYIO
PeakLHOHHYIO cMecChb, comepxallyio SO,, koTopas 3aTeM nomaercs Ha ab6cop6uuio. B .
TeueHHe CNENYIOLEro NOMYHEPHOAA Yepe3 CJIOH KaTalM3aTopa B NPOTHUBOMOJIOXKHOM
HanpaBJIEHHH NPOMYCKAIOT BO3MYX, NOJaBaEMblii 3aTeM, HATPUMED, Ha CXKUTAHHE CEPhL.

Jin  MaTeMaTHYeCKOro MOIENUpOBaHHA mpouecca Oblla  HMCMONbL3OBaHA
nByxdasHas Moxenb anuabaTuyeckoro cios. Iipoueccsl Ha NOBEPXHOCTH KaTanu:3aTopa
OMHCBIBAIMCh HECTALlHOHAPHON KMHETHYECKOH MOXENBIO, YYHTBIBAFOLIEH pacTBOPEHHE
SO: B pacniaBe, OKHCIIEHHE H BOCCTaHOBJIEHHE aKTHBHBIX LEHTPOB [6].

B kayecTBe npuMepa Ha PHUC. 5 NPHBEJEHbl CPERHHE PAcuUETHbIE 3aBHCHMOCTH
creneHu npeBpauieHus SO; Ha BBIXOIE H3 CJIOS NMPH Moxaye HCXOMHON peaKLHOHHOM
CMECH.

100.0 — _______,.—_\_\
il 1
®
o 4 -
g 960
g
E’ -
-
B
g s20- 2
g -
= -
E -
O
8
g sa0-
9]
84.0 s — . —
00 2000 4000 £00.0

Bxoanas remMunepatypacC

Puc. 5. 3aBHCHMOCTH CpeliHell CTeNeHH MpeBpaLlleH s OT BXOAHOMN TeMIepaTyphbl
MNPH Pa3sIHYHbIX [UTHTENLHOCTAX NOMYLMKIIA:
tuz = 2,5 MuH. (1), 5 MuH. (2), 10 MuH. (3).
=19, = 136,
Bxonuble konnentpauuu Cgo =1%, C, = 3%.

(PacueTsb! Bbinonxens! H.B. Bepuukosckoii, THL] 1K CO PAH).

Kak BunHo u3 pnc.S‘, NPH MaJlblX JUMTELHOCTAX MOMyUHKIa (kpuBas 1) cTeneHs
npeppalieHus caabo 3aBUCHT OT BXOOHOH TemrepaTypbl. C pOCTOM IHTENLHOCTH
TMOJIyNEepHONa, MHTEPBAJl TEMIEPATYP, B KOTOPOM CTeleHb MpPEeBPalleHHss DOCTHIraeT
MaKCHMaJIbHbIX 3HauYeHHH, CYyXaeTCs M CHBUTaeTcs B OOJacTb Gojee BBICOKHX
Temnepatyp. CTenenn npeBpallleHHs, KOTOpas NOCTHraeTCs MNPH MalblX BpeMEHax
nonyuukna (tuz = 2,5 MMH), 3HAYMTENILHO TIPEBLILLACT PABHOBECHOE 3HayeHHe. DTO
O6GBACHAETCA TEM, YTO Hapamy c okucieHueM SO, MPOHUCXOOMT €ro pacTBOPEHHE B
pacniaBe aKTUBHOTO koMnoHedTa. Ui Toro, yroGbl NOAAEPXHUBATh KaTajJM3aTOp B
TaKOM aKTHBHOM COCTOSHHH HCNOJIb3YIOT .MEPHOOHYECKYIO MPOMYBKY CJIOS TOPAYUM
BO3I{yXOM. 3TO no3Boiser necopbupopats SOz H3. pacnnana H noxmep)KuBaTb BBICOKYIO
KOHLEHTPALMIO NATHBAJIEHTHOI'O BaHAIHA.

Jnsi IPOBEPKH MPOBENEHHBIX PACYETOB GLUTH BEIMONHEHBI! MTHIOTHLIE HCTIBITAHHS
cnoco6a. B 1enom pesynsTaTel SKCNEPUMEHTOB MOATBEPAMIHN pacyeThl. OcTaToyHas
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koHueHTpauus SO; Ha BLIXOHE H3 CIIOS H3MEHAeTCs B TedyeHHe noiyuukiaa ot 30 mo
" 60 ppm. .

JInA OYHCTKH ra3’oB OT apOMATHYECKHX OPraHHYECKHX COeAHMHEHHil (cTHpo,
TOJIYON H OP.) TEOPETHYECKH H 3KCIIEPHMEHTAIbHO pa3paboTaH mpolecc, OCHOBAHHBI
Ha yYyepefOBaHHM CTagHil XeMOCOpOLMH yOaldeMbix MpHMeceil H MX MOCJIeXYyoLEero
okucnenus xo CO; 4 napos Boapl B pexxume PEBEPC-TIPOLIECCA [5].

IIpr ray6okOM OKHCIEHHH AajNKHIAPOMAaTHYECKHX COEMHMHEHHH BIJIOTH MO
TemnepaTypbl 300°C mpouecc MpOTeKkaeT 4Yepe3 CTagHI0 MpeIBapHTENbHOI
xeMocopbuun opraHuyeckux coemuHeHuii (VI) C nocinemyiolHM OKHCIEHHEM
xeMocopOHpOBAHHBIX coequHeHHit kucaoponoM (VI): ’

CHa.+[1- [P] D .
[P1+0y—» CO, +H0+[ ] (VID

O6paboTka 3KCMEPHMEHTANLHBLIX HaHHbIX [7] MO OKHCIEHHIO anmxunapoMaTH-
YECKHX COEIHHEHHil (CTHpPOJ, KyMOJ) Ha OKCHOHOM MEIHOXPOMOBOM KaTaIH3aTOpE
MO3BOJIHJIA ONPENENHTb SHEPTHIO AKTHBALMH H BHI KHHETHYECKHX 3aBHCHMOCTEi
cranuu xeMocopbuuu - Wy = ki - C** (1 - 0) (Bvi= 8,9 KKaJ/MOJNb) H CTa[IHH OKHCIICHHS

1
MOBEPXHOCTHBIX COeMUHEHHi - Wvyg = ka - Coq--e (Evn = 18,1 kxan/mons) ~ . 3mecs C,
C02 - KOHUEHTPALHA aaKUIapOMaTHYECKHX COEHHEHHH H KHCIOPOAA, COOTBETCTBEHHO,

0 - O MOBEPXHOCTH KaTanM3aToOPa, 3aHATas NPOAYKTaMH XeMOCOPOLIHH.

B kauecrBe mnpHMepa NpHMEHEHHs pacyeTHbIX 3aBHCHMMOCTEl Ha pHC.6
NpHBEJEHbl PacyeTHbIE H. 3KCNEPHMEHTAJbHble 3aBHCHMOCTH H3MEHEHHA CKOPOCTH
obpasoBanuss CO; B 3aBHCHMOCTH OT COCTaBa pPEAKUHOHHOH CMECH Ha BXOOE B
naGopaTopHbiit peaktop [5]. Cxopocts o6pa3oBanus CO; MpakTHYECKH MTHOBEHHO
y6biBaeT MO HyJs Mocie NMpeKpalleHHs MOJayd KHCIOpoda Ha BXONE B PEaKTOp
(xpuBas 1). B ciyyae xe mpekpalueHHs nomgadu kymona ckopoctb ob6pa3sosanus CO;
yObiBaeT 3HAYHTENLHO MemIeHHee (KpHBas 2). 3TO JOKa3biBaeT, YTO Ha MOBEPXHOCTH
KaTaIM3aTOPa HAKOMJIEHO 3HAYHTEILHOE KOJIHYECTBO MPOAYKTOB XeMOCOP6LHH KyMOia
u o6pazoBanne CO, 06yCIIOBJIEHO HX OKHCIIEHHEM.

cm:’/rm xC

0.0012

Cxopocrs 06pazonamus CO,

0.0000 p—~r—71—r—1—
0 400 800 1200
BpeNst , cex
Puc. 6. CxopocTs 06pazopanus CO; B 3aBUCHMOCTH OT COCTaBa PEAKLHOHHOIH

Cpelibl Ha BXOJIE B PEAKTOP NPH OKHCIIEHHH KYMOJIa.

T = 250°C; 1 - npexpalieHue noga4x KHCIOPOAa; 2 - NpeKpalleHHe NogayH
KyMoia. [J, - skcnepHMeHTalbHble JaHHbIE, -— - PACYETHbIE KPHBbIE.

' O6paboTka sxcnepuMeHToB BhinonHeHa A.H. 3aropyiiko (THL] UK CO PAH).
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JInAd OYHCTKH Tra3’oB OT aJKHIapOMaTHYECKHX COENMHEHHH, KOHLEHTpalHs
KOTOPBIX  HEBEJNHKA, NpEIaraercs  aacopOLHOHHO-KAaTalIHTHYECKHH  METon,
OCHOBaHHLIA Ha nepuoauyeckom yepemosauuu cramuit (VI) u (VI). Ilpu Hu3KHX
TEMNepaTypax OuYHILAeMble Tra3bl - MPONMYCKAIOTCS 4Yepe3 CIOH KaTalu3aTopa, TAe
MPOHCXOIHT ancopOLHs npuMeceii H oYHcTKa ra3oB: CnycTs-3alaHHOE BpeMs Ha BXOJIE
B CJIOH OCYLIECTBISIOT MOABEM TEMNEPATYPhl IO HEOGXOAUMOTO YPOBHS.

OIHOBpEMEHHO C MOBBIMICHHEM TEMNEPaTYPhl Ha BXOJE B PEAKTOP MO MIJIHHE
CIOS  PAcmpOCTPaHSeTCAd  BOJHA  OKHCIEHHS  ancopGHpOBaHHBIX  NpHMecei,
COMPOBOXAAIOLIAsACS MOBBIMIEHHEM. TeMnepaTyphl. Hcnonb3oBanue nmpH pereHepaldu
cII0s KaTanu3aTopa (OKHCIIEHHH aacopGHPOBaHHBIX COEAHHEHHIT) peBepca NOoTokKa rasa
NO3BOJISET 3HAYMTENLHO CHU3UTh SHepro3aTpaTsl [8].

TunuyHele TeMnepaTypHble NPOGHIN MO IUIMHE CIOS KaTajdH3aTopa BO BpeMs
OKHCIIEHHs1 aJICOPOHPOBaHHLIX NMpHMecel nokasaHel Ha puc. 7. Yepes 30 muH. nocne
Hayaja pereHepalHH, TEMNEpPaTypa B CJI0€ NOCTHraeT 3HayeHHst ipuMepHo 300+450°C,
JOCTaTOYHOT'O JJI CAMONMPOH3BOJILHOIO PACIPOCTPAHEHHS BOJHBI OKHCIIEHHS 1O IJIHHE
cnos. [Tocne 3TOro Harpes Ha BXOAE MOXET ObITh MPEKpaLLEeH.

Hanpagnenne ¢uibTpauum

500
Oo ’ 1
o 400
g_ 400 —
’é -
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’9 . \-‘_@L_ ~%
. O manyvy - . ———

S e I
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Anvna cnos xatanusatopa, M

Puc. 7. DKCIepHMEHTaIbHbIH TEMIIEPaTyPHBIi PEXHM B CIIOE KaTAlH3aTOPa NpU
.OKHCIIEHHH aICOPOHPOBaHHBIX COEIHHEHH .

B xome 3KkcnepHMMEHTOB Ha NHJIOTHOH YCTAaHOBKE IPH OYHCTKE Ta3o0B,
comepskalux S0 Mr/m3, GBLIH MONYYeHBI CIeQyIolMe pe3ybTaThl:

1. Bpems uMkia, yac

- agcopbuus -200
- pereHepauus -2
2. MakcuManbHas TeMneparypa, °C
.- 3KCMIEPHMEHT -~ ‘ -450
- pacyeT -490
3. Cpennss 3¢¢exmnnocr5
' OYHMCTKH, % - 6onee 99,4

AZCOPOLHOHHO - KaTalHTHYECKHi TpOLECC OYHCTKH Ta30B XapaKTepH3yeTcs
SKCTPEMANILHO HH3KMMH SHEpro3aTpaTaMH 'Ha OYHMCTKYy rasoB - He 6omee 0,5 + 0,8
KKan/m.
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Pestome. TakuM 06pa3oM, HCKYCCTBEHHOE MOANEPKAHME B HECTAHHOHAPHBIX YCIOBHAX
MOBEPXHOCTH ~ KATATH3aTOpa  JNA€T  BO3MOXHOCTb  3HAYHTENBHO  MOBBICHTH
3¢dexTHBHOCTD NPOLECCOB KaTaAHTHYECKOH OYHCTKH Fa30B H IPOBOIHTD ITOT MPOLECC
ApH MHHHAManbHbIX SHepro3arparax.
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MEPCHEKTHUBBI TTOTYYEHUA KPUCTATUIMYECHEX ITPOAYKTOB
C 3ATJAHHBIMM CBOMICTBAMM KPUCTAILTOB

H.B. MenuxoB, (MockoBcKuii rocyaapcTBeHHbIN YHUBEpCUTET, Mocksa)

INpoMpHivieHHOCTh MUpa npou3BoAMT okoJio 200.000 TBep =K DPOAYKTOB,
MPOXONSE( M B TEXHOJOIMYECKOM HUKIE Yepe3 KPUCTANIIIU3AUMIO. BOJBIIMHCTBO
NMPOAYKTOB [MOJUKHO HMEThb ONpEeNe/IEHHbI CpeqHHH pasMep KpUCTaJJIOB U
colepXaHHE  OCHOBHOrO  BellecTBa  (AByXMapaMeTPUYECKHE  IPOIYKTHI),
nipuMepHo 30% elue U 3amaHHbIC TUCIIEPCHIO pasMepa M coaepXaHue nobaBokK,
a npumepHo 10%- KpoMe Toro 3ajawHylo GOpMy U CTPYKTYPY KpPHUCTLiOB
(MHOrOTITapaMeTpHYeCKHE TPOAYKTbI}. ACCOPTHMEHT MHOTONapaMeTpUYECKHK
NpOAVKTOB ORICTPO pacreT, TaK YTO 3alaya YNpaBAeHHs KPUCTAJIU3aiiMel ¢
LEJIBIO TI0JIyYeHUS NPOAyKia C 3AJAHHRIMH CBOWMCTBAMH CTaHOBUTCSA Bce Gosiee
akryansHoH. TIpu nepexoge OT AByX;apaMeTPHMECKMX  IPOAYKTOB K
MHOTOMNapaMeTPUYECKUM TNPOAYKTaM 3Ta 3ajaya pe3KO YCJIOXHSETCS U TpebyeT
nepexoga  OT  MAaKpOKMHETHYECKOTO  OMNHMCAHUS  KPUCTAJUIM3aLMM K
MUKPOKHUHETHY ECKOMY.

BO3MOXHOCTH KPUCTAJUIM3ALMM TNPH TOJyYEHHH MHOTONapaMeTPHYEeCKUX
NMPOAYKTOB OMNpedesisloTcs TeM, 4To Jwobas TBepgas @asa B Ipoliecce
KPUCTAJUJIM3allMM MEHSIET CBOM CBOMCTBA B IUMPOKOM [OHMAna3oHE TPOSIBISIS
BLICOKYIO YYBCTBUTEJIBHOCTh K YCJIOBHISIM peajii3aliM Tpoiiecca.

Ceifyac B OCHOBHOM MCIHOJIb3YIOT ABa crnocofa KpUCTAJUIM3aMOHHOIO
CHHTE3a TBepABbIX NMpPOmyKTOB. [lpu mepBoM crnocobe (IBOJIOLMOHHLIN - METOM)
OCYIHECTBASIIOT CIIOHTAaHHYIO KPUCTAJUTU3ALUIO, YCJIOBHSI KOTOPOH MEHSIOT Tak,
yT0o6B! TBepAas ¢asa npuobpeiia HeoOXxoauMble cBoiicTBa. Ilpu BTopoM crocobe
(MeTon KPHUCTAJUTU3ALHOHHOI'O MoauGHUINPOBaHK) C  NOMOLIBIO
KPUCTAJIIN3allMM MEHSIIOT CBOMCTBA IOYTH FrOTOBOM TBepaoi ¢as3kl.

3BotouuA CBOIHCTB TBepAOi dasn

Ecnu XpucTannusaTop 3anofiHeH pacTBOpoM (pacnjiaBoM, NapoM), TO B
ero obbeMe 0Opa3ylOTCS KAacTephl MOJIEKYJ xpucmnuéylomerbcsx BelLEeCTBa
(xpuctannuzanta). HekoTopble U3 HHX pacnanaloTes, a ApYTHE YKPYNHSAIOTCS U

OrpaHsIIoTCsl, NpPeBpallasch B 3apOABIILUHY KPUCTAJUIOB.
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YxpymlhBIﬁHcs mo  pasMepa -l l:{M,' 3apofABIIM  IpHOOpeTaIoT
YCTOHYMBOCTb H cnocoSHocrb PACTH aHAJIOTMYHO KPYNHBIM KpUcTaiaM. Hanee
OHH PpacTyT, CHW TNepechillleHHe pacTBopa. KpHCTalbl HMEIOT pazTMYHbIH
pasMep, a. CICHOBATENLHO Pa3HYIo paé'mopxmocn. INosToMy, Korma
nepechiilleHUe pacTBOpa IMOHH3UTCS HACTONBKO, YTO KOHLEHIpaLMs pacTBOpa
CpaBHsE€TCS C pacTBOPUMOCThIO Haubojiee pacTBOPHMOro (HaHMMEHBIIETO)
KpHCTaJUla, B KpPHCTALUIM3aTOpe HAaYyHEeTCS  pacTBOPEHHE MEJKHX IIpH
npoaoJDKalolleMcsi pocTe OoJiee KpyNHBIX KpHUCTaLIoB (co3peBaHue). IIpouecc
3aKOHYMTCS, KOTa B KPHUCTAUIM3ATOPE OCTaHETCS HeGOMbIIOE KONUYECTBO
KPHCTAJUIOB Pa3MepoM 0.1- 1.0 cm. )

CKOpOCTh poCcTa U pa3Mep KpHCTAJIJIOB Bcex BelllecTB d)JIyKTpryloT Poc‘r
KAXKIIOro KpHUCTAUIa TO YCKOpseTCs, TO 3aMeliseics, a cpeqHHe ([0 BpeMeHH)
CKOPOCTH pOCTa COCEQHHX KpHCTAJUIOB, HaxoAsSIUMXCs Kasajocb OBl B
OIUHAKOBHIX  YCJIOBHSIX, pa3jiM4yaloTCd MHOrAa B  HECKOJbKO  pas.
Makpockonunyeckue (GayKryalHH CKOPOCTH POCTAa M pa3Mepa KPHUCTAUIOB - 3TO
olllee CBOMCTBO KpHUCTALMHM3yIoIMXcs a3, oTpaxalolliee KooIepaTHBHOE
B3aUMOJAEHCTBHE MOJIEKYJI B HEpaBHOBECHBIX YCJIOBMSX. B  pesynbrate

- ¢yKTyal®ii CKOPOCTH pocTa M CO3peBaHHs pacripefeieHHe (p(l, t) KPHUCTAJLIIOB

no pa3mepy ! paclLIpsieTcsl B XOJi€ KPUCTAJUTH3AIIHH.

EciM MCXOMHOE NEPECHILIEHHE PacTBOpa JOCTATOYHO Be;inxo,- TO yYepe3
HEKOTOpOE BpeMsl TOCHE 3apOXIEHHS - KPUCTAUIBI MOTIYT npenpamai'bcx B
JEHAPHUTHI, KOTOPBIE TO3Xe nepedxopMﬂponblBalchsf B NONU3JPH PaBHOBECHOM
- popMBIL. '

Ipn  CTONKHOBEHMSIX ApPYT C APYroM ~KPHUCTAJIBL . € Hékdropoﬁ :
BEPOSITHOCTbIO OOBEOUHSIOTCS B arperarhl . ‘Xacn arperaTos Bnocne,ucmxm
pacnanaetcs. BeposTHocTh pacnaja ‘arperata TeM Gonbllle, - Y€M - OH - Gonee
pbixblii.  IloaToMy, eciM  HMHTEHCHBHOCTb  JBHKEHHS - CYCIEH3MHU B
KPUCTaJUIN3aTOPe AOCTATOYHO BEJIMKa, TO B i(_pncrannmai‘ope HaKalUIHBAIOTCS
arperaThl He TOJILKO IUIOTHOH YNaKOBKH, HO- M TpaBwbHOH ¢opmsbL - Co
BpEMEHEM BCe arperatbl IIpeBpalllaloTCsA - B MOJM3APbHI, BHEIIHE  He
OTJIMYAIOLIHECS OT MOHOKDHCTAUIOB (TICEBIOMOHOKDHCTANIEI). KpHcTamibl

BHYTpH TNICEBAOMOHOKPHCTAJIJIOB CpacTarwTC, TpaHHLBbI MEXITY HHMH
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3aJICYUBAIOTCs, OTpaXas CTPEMJICHHC IICCBOOMOHOKPHCTAJIOB IPEBPAaTHUTLCA B

HCTUHHBIE  MOHOKPHUCTaLIBL  TakuMm  obpasoM, ¢opMa  KPHUCTALIOB

JBOJIIOLUHOHHUPYET NMPH KPUCTALIN3ALHNHA IO CXEME

Hao- MHKPO- . ‘ KpucTaL
KpucTam xpuc‘ra.:ul > | nenapar| P | parnosecnoii
: > | 1 dopmn
¥ S R L _
ncenu_oﬁouo- .| wcTHHHBEA
arperat moTHoynagosannbl - | P | xpucram MOHOKpH~
> afperm | 2| cram

CroMb Xe CIOXHO 3BOJIIOLIMOHUPYIOT COCTaB U CTPYKTYpa KpPHUCTaLIOB.
Tak, cxeMa 3BOJIOLMH CTPYKTYPhl MOXET BKIIOYaTb 'HECKOJIBKO MONTMMOP(HEIX
MomudHKaLMii M KPUCTALIOCOJILBATOB Pa3HOM COJILBATHOCTH, a TaKkKe
nedeKTHBIX COCTOSHHIA C Pa3/IMYHbIM yPOBHEM Pa3yHopsao4eHHOCTH.

B03M0XXHOCTH 3BOIIOLIHOHHOFO METOnA

DKCIepUMeHTHl TMOKa3ajiM, YTO OCHOBHOE 3BOMIOLMOHHOE YypaBHEHHe

KpPHUCTAJIM3aLlMN HenecooﬁpaSHo TIpeaCTaBUTh B BHJIe
20 <« o[ o S B
_a_t_ Za_ll EIT(DI(p)_Gl(p _Q npH G,(P—‘—a—l:(Dl(p) I|—>0_J(I)

e Dl n G; - KoadduuMeHT dIyKTyanMii M .CKOPOCTh HAMPaBJIEHHOrO
H3MCHEHHUs / CBOHCTBA KPHCTAIUIOB B pcsynma'rc' HelpepbIBHBIX MPOLIECCoB, Q-
MHTEHCHBHOCTb JOHUCKPETHOIO H3MEHEHHs (p(Ii_,'t), J- cKOpocTh 3apoXIeHHs
xpucra.nnbn. .

' Oéﬂogﬂbmn NEACTBEHHBIMHM YCJIOBUSIMHM KDHCTAUIM3ALMU  SIBJISIOTCS
JIOKaIbHOE ‘vnébecumeﬂm M TeMriepatrypa pacTBopa, cxopo'cfb ,él"o nﬁmxt_éﬂnﬂ Hu
KOHueHTbéum npﬁmeceﬁ, a Takke IPamMeHTHI STHX BeTH4HH. Mon nnmn_meu'
_Z(aHHbI.X‘ "yc.nonm‘r‘x dbyHxUA 'go(li,t) " CTAaHOBMTCS PE3KO  3aBHCAIlNElH . OT
i;oucrpyxuuﬂ ammapata. B - ammapatax  C/OXHOH  KOHCTDYKLHMH ‘ npH

nporpziMMHpoﬁaHHOM HM3MEHEHHMH TIOTOKOB TETUIOBOM M MEXaHMYeCKOH SHEPruH
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. yxpnc'rannmama i pachopmeJm [OHaNa3oH MOCTYHIHBEIX cbyHKLum cp(
OKA3bIBAETCS BECHMA ILMPOKIDM.
' Tonysenne Hanodas

Hanogasst nonyqaxoT, _obecrieynBas  BHICOKOE. TEPECHILEHHE - H
xpaTKOBpeMeﬁHocu'npngmamm TBepaoi (a3l B KpHCTALAM3ATOpe. kI'[pn’ !
BBICOKOM TEPECHILLICHHH ckopgjcqia 3apOXIeHHs KDHCTA/UIOB BEJHKa, TaK 4TO B
KPHUCTALTHIATOPE TIOSRIACTCS MHOXECTBO HaHOKPHCTALIOB. COKpallleHHe Xe
BpEMEHH IpeOhIBaHUA NPHBOAWT K TOMY, YTO HAHOKPHCTAaJJILI He YCIeBaloT
BEIDACTH HIIH- CPAaCTHCh B aIIOMepaTEL.

l'Ipn CHHTe3e HaHO}a3, Kak IOKa3al OIILIT, IIPUMEHHMO YpaBHEHHE (1)

npn Q =0. Toqm,rx HaHBEX o QymmmsDt o/, t) 19 HAHOKPHCTAUIOB NOKa HeT,

OIHaKO OTEITHI MOKA3aJIH, YTO BeJM4Yuibl D; 1 G; MOYTH He 3aBHCAT OT pa3Mepa
HAHOKpPHCTA/UIOB, a WX FpaHM pacTyT He3aBUCHMO NpYT OT Opyra. BcmencTsue
¢ayKTyalpii cCKOpPOCTH pOCTa OOHU TpaHH OOTOHSIOT B pocTe Opyrue U c¢opma
KPHCTAJLJIOB ycJioxHseTcsd. Eciu pacTBop NepechlllleH MO PSRy MOJTAMOPGHEK
MOONUGHUKALIMA M KPHCTATIOCOJbLBATOB, TO HAHOKPHUCTAUIBI BCeX STHX
‘MoaudHKaLHii 06pa3yioTcsl OMHOBPEMEHHO C COBCTBEHHOH 4acTOTOiH J. ITo3zmeiee
HaHOKpHCTalabl Oojiee pacTBOPUMBIX MOOHGMKALM pacTBOPSIIOTCA M MEHAIOT
CTPYKTYpY Ha GoJiee yCTOHYMBYIO.

Ha - cuHTe3a  HCMONB3YIOT —~ KPUCTAUIM3ATOPhI  CIIOXHOH  (opMB,
oGecneqHBaxomm; TEepeChILLIEHHE Cpeabl o 10%, a BpeMsi IpeOBIBAHHS B 30HE
kpuctammmsaumu, - go  10°-10%c. . Ceituac uMeercs nNpHHUMNHambHaS
BO3MOXHOCTb IMOJIy4eHHUs1 HaHO(da3 GONMBIIMHCTBA BELLECTB.

ITpoGaema nonyyeHnss MoHoauCHepcHBIX das )

‘Ilpn Kpucram3alnyu MHOTMK BelllecTB ¢opM&, COCTaB.- U nélbélcrﬂocrb
KPHUCTAJUIOB MEHSIOTCH CHUMOaTHO ¢ MX pasmepoM. B aToM ciyyae 3ajaqy o
MHOronapameTpiHiecKOM MPOyKTE MOXHO CBECTH K 3axaye o q;a;c c 3aJaHHOI
odynkumeit of,t). HauGomee pacmpoctpaHeHHb 'BapﬁaHT TAKOH 3aja4d- o
MOHoOAUcCHEePCcHO ¢da3se, y KOTOpoi ' '

K=o/{i<0l : @
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TI€ G CPeJHEKBapaTHYHOE OTKJIOHEHHE PasMepoB OT CPefHero 3HayeHus <I >.
Kak mnokasaio pemeHne ypaBHeHHA (1), Moaouﬂcnepci{yio da3y Henp3s
MOJY4YUTh B  ammapate IIOJHOro népcMenmaax—_mﬂ' TIPY - CIIOHTaHHOI
KPHCTAUIN3ALNN C HENPEPHIBHBIM 3apOXICHUEM KpucTanioB npu Q>0. B sToM
cayyae K >0.3, OnHako eciu B. Kpﬂcmnnﬂsaji'bp no kpup_Tannnaauun BBeJICHa
3aTpaBKa MaJloro pa3Mepa B IOCTaTOYHO GOJIblIIOM:KOJIH‘le(é'l“BC' U obecrieyeHO
yciaoBue Q=0, To .

K =y (1-0.710y +0402y* 93710 y*) ®

roe y = h(I)~| , h- MacmTa6 ckopoctu pocta. U3 cootHomeduii (2) u (3) cienyer, '

YTOBIPUCYTCTBHH 3aTPaBKM MOHOIHCIIEPCHYIO (ba:«xy MOXHO IIOJIYyYUTb TOJIBKO

npu goctatoyHo Gospimx <! >. HaHodaza He MoxeT GbITh MOHOIOHMCIIEPCHOIA,
€CTM He NpPEANPHHHMAETCS CIEUMaJbHBIX Mep K cyxeHuo byHkunn o(Lt).

MeTonoB Takoro cyxeHus cefidac pa3paboTaHO MHOXECTBO, TaK YTO 3amayy O
‘MCHOIMCIIEPCHOI (ha3e MOXKHO CUMTATh IIPUHLMITHAIBLHO PEILEHHOI.

I1po6aema npodHAHPOBAHHLIX KPHCTALIOB

OmnbIT MoKazaj, YTO KPUCTAUIbI MPOU3BOJIBHOM (JOPMbI MOXKHO IOJY4HUTD
TOJILKO B OIPENEJICHHOM HHTEpBaJie IMEPECHIIEHHII Cpelabl, €CJIU KPUCTaJIJIbl
HUMEIOT GJIOYHYIO CTPYKTYpY HIIH ABNSIOTCS nccmomox—xokpncmnnamu. B taxkux
ycloBUsX ¢GopMa pacTyllero KpHUCTalsla oOOyCJIOBJIEeHa IpOCTPaHCTBEHHOM
HEOQHOPOAHOCTBIO CPEABL: €CJIM OJIOKM KpHUCTaJlJla pacTyT C pa3HOM CKOPOCTHIO
npu ciaboil cBA3M c coceAHUMH OiokamM, TO MpoduJib KPHUCTaJlJla ITOBTOPSET
MPOCTPAHCTBEHHYIO HEOXHOPOXHOCTb CPEXbI.

B. KayecTBe NpOCTHIX NpPUEMOB BO3NENCTBUA Ha (GOPMY KPHCTAJLIOB
MOXHO Ha3BaTh TOMOXUMHUYECKOE U dazoBoe npodUIMpoBaHUE.
TOMOXHUMHUYECKOE  TNpOodMIMPOBAaHHE BO3MOXHO, €CJIM  MHKPOKPHCTAaJUIBI
MPOAYKTa PeaKlUH 3apOXIAIOTCS Ha TIOBEPXHOCTH KpPHCTaJlJla peareHTa M pacTyT
Kak B FCTOpOHy cpenbl, Tak M BIIYOb KpHUCTaUld, INIPUYEM Y KaXIOro
MHUKPOKPUCTAIa CKOPOCTb POCTa YYaCTKOB TpaHEil, KOHTAaKTHPYWIUMX CO
Cpenoii, OTJIIMYAETCS. OT YYaCTKOB; KOHTAaKTHPYIOLIUX C MaTpulleil Kpucraia. B
pe3yJbTaTe. 3TOrO0 MHMKPOKDHCTALIbI, HampUMep, MOHOKaJbLHiicyibdaTa,

obpasyiolurecss Npu peakuuu ¢ropanmatuta ¢ ¢GochopHOil- KHCIOTOMH, HMEIOT
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¢opMmy OYTEUIKM, FOpJIO KOTOpPOii TODYMT M3 KpuCrajla ¢ropanmatuta. Ecnu
TaKMe MHKPOMDUCTAUIBI PacTBOPHTb, TO OCTaHETCS KpUCTaii (pTopamaTHTa C
IRUTHHAPUYECKUMH yrTyOieHHssMH. EciM X€ pacTBOPUTE amaTHT, TO OCTaHETCs
¢asa MOHoxanbum‘flcymaTa ¢ KpucTaiwiaMu GyTsUiKoobpasHopH GopMBI.
@a30BpiM NMPOPWIMPOBAHHMEM MEI Ha3biBaeM HaHECEHME Ha IOBEPXHOCTH
KPHMCTaJIJIOB Kamellb XHUAKOCTH, U3 KOTOPOil KPUCTaUIbl PacTyT HMHaye, YeM 1%
OKpyXalolllei cpeAbl, ¥ INocjeaylollee HapalUlMBaHHE KpHMCTaUloB. B 3roMm
CIyyac, eCl YYacTKM IOBEDXHOCTH, TOKPBITHIE KAIULIMM, DACTYT MelUIeHEHee
OCTAJIbHOW TOBEPXHOCTH, TO ITOSWISIOTCA KPUCTaUIbl C KaHaJIaMH; Ha pHe
KaXI0TO HMX KOTOPBIX JIEXMUT KaIUls XHAKOCTH. ECJIM Xe y4yacTKH IOX KAIUIAMH
pactyr GpicTpee, TO Ha KpUCTaU1aX pacTyT HUTEBUIHbIE m‘pochm. '
" Cumes TexcTypupoBannsix $as
@a3pl, Yyacrillbl KOTOPBIX SIRISIIOTCS CPOCTKaMH OPHMEHTHPOBaHHBIX
KPHUCTANJIOB, MOMHO MOJIYYUTh HECKOJNBKHUMHM crocobaMH, cpeid KOTOPBIX
BaoMgICHILINE:
1. MexaHocTUMVANDOB3HHQE TeKCTYDHpOBaHite. TeKCTypMpoBaHHbIe a3kl
0o6pasyloTcsl B pesyJisTaTe MJIMTEIbHO KPUCTDIM3aLMH B TypOyJIEHTHOM IIOTOKE
pacTBopa, €CIM MyAbCALIMH CKOPOCTH INOTOKAa AOCTATOYHO MHTEHCHBHBI ULt
pazpylleHHsi pBIXAbIX arperatoB. [IpM OO3MPOBAaHHOM M3MEHEHMM CKOPOCTH
MOTOKA ~TPOLIECC MOXHO - JIOBECTH 1O IIOJHOTO TIPEBpAallleHHs YacTHIl B
NCeBOOMOHOKPHCTAUJIBI, a 3aTeM OO o00pa3oBaHHs MHOTOSIDYCHBIX TEKCTYp.
IlpyMep MHOrOsIpyCHO#I TEKCTYyphl - IICEBEOMOHOKpHCTAUIbI docdorwuica,
obpasyloldecsi B IKCTpaKropax npH MONYYEHHH 3KCTPaKLMOHHOM ¢hocdopHoii
KHCJIOTH nohyrmxpambm crocobom.
2._ToloxuMemieckoe TEKCTVDHPOBaHHe. Bo MHOrmk ¢iydasx TOMOXUMHYECKYIO
peakuMio MOKHO MPOBOAMTbL TaK, YTO MHKDOKPHUCTALIBI INPOXYKTa peaxLvE!
~ ¢opMHpYIOTCS Ha TMOBEPXHOCTH KpDHCTAJIOB peareHTa - M o6pasyloT 7TaM
TEKCTYPHUPOBAHHBIH CJIOi 3alaHHOI KOHGUTYpaLIUH.
3. Mexdazonpoe TeKCTVpHpoBanHe. EciM KpUCTa/UIM3altidss INPOMCXOOMT B
CHCTEME M3 JIBYX HeCMEUIHBAIOLACA MEAAKOCTe (MMM pacTBopa M Trasa), a
KpUCTaJUIbl YacCTHYHO CMayMBaloTC OOEMMM XHMAKOCTSEMHM, TO KPHUCTaJUIbI

CKaIlIMBAIOTC Ha TpaHMLE pa3feiia XHAKOCTEH M OPHEHTHPOBAHO CPACTAIOTCH
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TaM, €CJIM. UX JOCTaTOYHO MHOro. B pesynbraTte 06pa3yioTcst 4acTHLBI- TEKCTYPBI,
dopmbl kOTopblx MOXHO HW3MEHATh, Bapbupys ¢opMy rpaHuLbl pasdaena ¢a3.
DTO IOKAa3aHO HaMH MpPU KPUCTAJUIM3aLMM alleTHJIALEeTOHaTa LIMPKOHUS U3
HMCIapSIOUUXCST KalleJib pacTBOpa, HaXOMNAIUXCS B BO3ayxe. AHajlM3 [oKasal,
YTO KPHUCTAJUIM3aLMSI B YCJIOBHUAX I€HHOH GioTauMy MOXET MPUBECTH K
“ITIEHHBIM TEKCTypaMm”. ‘

INonyyenne ¢a3 U3 MOABIX YaCTHL

TekctypupoBaHHble a3l U3 MOJBIX YACTUL MOXHO IOJYYUTh METOJAMHU
TOMOXMMHYECKOTO X Mexda3oBoro  TeKCTypHPOBaHUS. Tak, eciu
TOIMOXMMHUYECKHUH  IpollecC  HampaBUTh  TaK, UYTO  CJOH  CPOCIUMXCS
MUKPOKPHUCTAJUJIOB MPOAYKTa HAKPOET BCIO MOBEPXHOCTh KPUCTAJIa peareHTa, a
1ocjie 3TOr0 pacTBOPUTh KpHCTall, He 3aTparuBasg MHMKDPOKDHUCTAJIIOB, TO
MOJIYYUTCSI TEKCTypa B BHUJIE I1OJIOM YacTHILBI, ¢jopMa KoTopoil 6iu3ka K dopme
HMCXOJHOTO KpHCTajUla peareHTa. DTO IMOKa3aHO HaMM IIpM KpPUCTaJIIM3allUud
THIICA Ha IIOBEPXHOCTH KpHUCTayuloB ¢ropanatura. Ecam Xxe HachIUEHHBIM
pacTBOp KpHCTaJUIM3aHTa JUCIIEPrUpOBaTh B IIOTOKE ra3a U obecrne4yuTh GhicTpoe
UcrnapeHue oOpa3oBaBLUMXCS Kareib, TO M3- 3a OXJNaXOEHWs M HClapeHUs
Kanejb B HMX o0BeMe. HayHeTCsS KpHUCTaJUIM3alus, JIOKaJNu30BaHHas BO6JIM3H
MOBEPXHOCTHU KarmeJsb. B pesynpTate Kaxmas Karuis rpeBpaTHTCs B mnojyio chepy
U3 CpPOCIUUXCS MMKPOKPHUCTaJUIOB, YTO IIOKa3aHO HaMM Ha IpUMepe psiia
KpUCTaJUIU3aHTOB.

KpncraninzaunonHoe moauduunpoBaHne

Baxaeiimas ¢opma KPHCTaJUTM3aLIHOHHOT'O MoaudULUpOBaHUS-
HapallliBaHHE OCTPOBKOBOIO MJIM CIUIOIIHOrO CJIos KpUCTaJUIM3aHTa Ha
MOBEPXHOCTh mpoTodasbl. MeTon IMMPOKO HCMONb3yeTcss Anst mnportodas ¢
pa3MepoM KpucTtajuioB oT 1 HM 10 10 cm.

MeTton o0COGEHHO MCHOJIB3YETCS B paMKaX MOJIEKY/ISPHO- JIydeBOH
SMMTAKCUM. U . IOBEPXHOCTHOM KpHUCTAJUIM3AIIMM IPONYKTOB ra3oda3HbIX
peaxuuﬁ. PacnipocTpaHeHo HapallMBaHHE CJIOEB KPHCTaJUIM3aHTa C 3aJaHHOI
‘KoHuchpanneﬁ Jerupyiolux gobaBok: Bo3MoXHO Takke MONydeHUE
KPHUCTaJUIOB C 3a/IaHHBIM €OJEPXXAHUEM BAKAHCUH B KPHUCTaJTMIECKON PELIETKE.

- U3BecTHO, YTO MpH JOCTATOYHO GOJBIIONH CKOPOCTH pOCTa J0JIs BaKaHTHBIX
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Y3TOB B CJIOE MOXET JOCTHTaTh 10-2—1()’3 . 3TOT NPUBOOUT K TOMY, YTO IOCJE

GBICTPOro OTJIOXKEHHS TAKOIrO CJIOSl Ha TIOBEPXHOCTH COBEPIUEHHOrO KpUcTajlla
MPOMCXOOUT ero “Hakayka” BakaHCHsAMH. EciM HapammBaHMe 4YepeloBaThb C
‘pacTBOpeHMeM, H30erast YMpYmMHEHHS KPUCTALTA, TO HaHAMKA MOXET OBITb
IoBeleHAa OO BBICOKOrO YpOBHA. B cllyyae MOHHOrO KpHCTAINHU3aHTA
HapailfMBaHUE KPHUCTajUla NPUBOAUT K TOSIBIEHHIO “pOCTOBOro 3apsiza” ob6beMa
TBepaoit ¢a3bl oTHocuTeNbHO Cpellbl, U3MEHEHWIIC 3JIEKTpUYEcKoro pejibeda U
POCTOBOM MOJIIpU3alMH MoBepxHocTH. [IpH 3TOM BeJHM4YHMHA M 3HAK POCTOBOrO
3apsila MOIYT M3MEHAThCS ION BIUIHHEM HOHOTeHHbIX HpuMeced. BecbMa
3¢deKTUBHBIM  MOXET  OKa3aTbCs  COYETAaHME  KPUCTAJUIM3ALMOHHOIO
MoanpULUMpOBaHUS C OPYTMMM BHOaMHM (HU3MYECKOr0 M XHMHYECKOro
MoaudHULpOBaHUS

AKTyalnHbie 3a0a4H

Ceifyac ocHoBHasgs MHMoOpMaLMsd O KpPUCTAUIM3ALMOHHOM CHHTe3e
OTHOCUTCS K MHOTONapaMeTpPUYECKUM IPOAYKTaM, Yy KOTODHK JIMIIb OIHO
CBOIMCTBO fIBNSIETCS HE3aBUCHMBIM, TaK YTO CHHTE3 OMNMCHIBAETCA PpEUICHHUEM
omHoMepHoTo ypaBHeHUs (1).Takoe omucaHue ig GOJBLIOrO YKCJa NMPOAYKTOB
ABJIAETC CIMIUKOM IpyObIM. HyXHO I1epeXofUTh K MHOTFOMEPHBIM MOIEJSAM
(ONMMChIBATH MHOTOMEPHYIC KpDHCTaJUIM3alMio). 3t0 MOTpeOyeT YTOYHEHUS
HHPOpPMaALIMK O TEPMOAMHAMHUYECKIX CBOMCTBaX KPUCTaJUIM3aHTOB, OCOOEHHO O
PacTBOPUMOCTH HAHOKPHCTAJLIIOB, 0 BenmauHax G; U D; miast Bcex He3aBUCHUMBIX
CBOMCTB KDHUCTAJUIM3aHTA, HPOBEIEHHsI BbIYMCIUTENBHBIX M  HATYPHBIX
3KCIEPUMEHTOB II0 MHOrOMEPHOM KpHCTaJUIM3aLIMM B ammapatax pasHoii

KOHCTPYKLIHMH.
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KHHeTHKAa KaTAJTHTHYECKHX PeaknHi.



OP-Al .
OBPA30BAHUE U YCTOMUYUBOE PASBUTUE OBIIIECTBA
: . A.T.Cronme
Hayursi coBeT Mo KaTaju3y M ero HpoMeNIUIEHHOMY MCIOJIb30BaHMI0, MockBa

B coBpeMeHHOM Mupe o00pa3oBaHHME SBJISIETCSI OXHMM: M3 BaXHEHILUX
($aKTOpOB  YCTOMYMBOTO ~COLMANbHO-3KOHOMETYECKOTO pa3BUTHA, OOeCTeyMBas
. BOCIIPOM3BOJCTBO MHTEJUIEKTYATLHOTO peccypca. : C o

HeobxonyMo  yudreiBaTh, YTO - 00pa3oBaHME, HayKa: M HayKOeMKHe
TEXHOJIOTHH S®IIOTCSA B HAcToslIlee BPeMs OOHHM M3 Y3TOBBIX MOMEHTOB B

cHCTEMe OBILECTBEHHBIX OTHoleH . MIMEHHO ¥k pa3BUTHe ONpenensieT Iepexon
o0111eCTBa OT MHAYCTPHANIBHOIO K IOCTHUHIYCTPHAJILHOMY.

VYcroituuBoe. pa3urHe Poccuy, BBIOOpP CTpaTerMM LIMBHJIM3ALMOHHOIO
pa3BUTHMA olpedcisieTci B IepByl0 odYepedb IOyXOBHOH cdepoil, KoTopas
peayM3yeTcs B MaTepUATLHOM MHpe HayKOeMKHMH TEHMIOJIOTHAMM, a B cHCTEMeE
COLIMaJIbHBIX OTHOLUEHHIi~MX TBOPLAMH, (OPMHpPYEMBIMH CHCTEMOli 0Gpa30BaHHsL.

CoBeTckasg M BMECTe C Heil poccHiicKasi CHCTeMbl 60pa3oBaHMUs K cepelnuHe
80-X rooOB Hayald IOCTENEHHO YTPayMBaTh JIMAMPYIOLIME IO3ULHMH B MHPE.

HecMotpa Ha To,.yTo B CCCP Bce elle coxpaHsics BBHICOKMH YpOBEHb
npenoaaBaHusi HU3MKO-MaTEMATHYECKUX M €CTECTBEHHLIX IMCLUUIDIHH, CIpPOC Ha
Ka4yeCTBEHHOe 00pa3oBaHHME CO CTOPOHBI NPOGECCHOHANBHBIX 3JIMT HAYMHAET He
 YOOBJNIETBOPATbCA.  PesynbraThl BBICTYTUIEHMAS POCCHICKMX LIKOJBHMKOB Ha
MEXKXYHApPOIHBIX IpeIMeTHAIX OJIMMIIMaJaX, OCOOEHHO IO XUMIM, OCTAaBJISIOT
XeRaTh JIyY1Iero.

ITonbrrky pa3paboTKM HOBBIX BHICOKO3(hGhEeKTUBHBIX TEHIOJIOTHIT 00yYeHUs
U pedOpMHUpPOBaHHS CHCTEMbl 00pa3oBaHHMs He TIPUHECHM  OXMiacMBIX
pe3y/mBTaToOB, BO MHOT'OM B CHAY TOrO, YTO 3KOHOMMYECKH OHM He ObUIM Cepbe3HO
MOJAKPEIIeHbL: 00pa3oBaHUE OCTAIOCH Geestim 20CYORPCIMBEHHNM UHCINUIMYMOM.

B 1992 rogy B pe3ynbraTe INOJAMTHKHA KECTKOMH 610;1>¥<e1‘ﬂoﬁ 3KOHOMHH
KpusHuCc 06pa3oBaTenbHON chephl MEpeXOMAT M3 JIATEHTHOM (Gassl B OTKPBITYIO,
HapacTaloT .CTPYKTypHele mucnporiopuuu. Ilpunaime 3akona P® "06
obpa3oBaHHUHU" 0DYyCJIOBWIO OBICTPOE CTaHOBJIEHUE CHUCTEMBI "aIFTepHATHUBHOrO"
obpa3oBaHusa. OmHako oxEifaHMs, 4YTO oOpa3oBaTelbHasl CHUCTEMa. eV -
amanTHpYeTcs K HOBBIM COLMATbHO-3KOHOMHYECKUM YCJIOBHAIM, HE OflpaBaajiMch:
TeM Oosree, YyTo oOpa3oBaTensHblE YCIYTM IpedsiarajJiiCb B OCHOBHOM B cdepe
I'YMaHUTapHOTO 00pa3oBAHMA.

B HacTosiliee BpeMst BO -BCeX HHAYCTPHAJIbHO Pa3BMTHIX CTPAHaX IIOJIHOE
chenﬂee obpasopaHMe (kak npapuwio 11-12 jer obyueHMs) sBhsfeTcs B cBoeit
" OCHOBe OeCrUIaTHBIM; BO MHOTMX M3 HMX PacClUMpSITCS AOCTYIHOCTH GecsulaTHorg
. BBICIIETO 0Opa3oBaHMA, HapaCTa€T €ro MacCOBOCTb. B '

B Poccum xe HabupaloT cwily ciedyloliie HeraTuBHbIE npoueccm:
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-npbncxonm nerpajauMst GoJsiblueil  4acTH roCyHapCTBEHHOM CHCTEMsI
cpem{éro NpoheCCHOHATIBHOTO M BHICILIETO 06pa3oBaHII; ' V

-[ORS HETOCYNAPCTBEHHBIX 0BPa3oBaTe/IbHBIX CIPYKTYD CTaGHIN3NpOBanach
M aXe Hayala COKpaliaThCH; ’

~BO3MOXKHOCTH Pa3BMTWSI MHHOBALIMOHHOM coCTapIsmollell oOpa3oBaHUs Ha
ero coOCTBEHHOH OCHOBe HcyepllaHkl; 0e3 1ieJeBoM IOAREpXKH rocynapcfaa
WHHOBALIMOHHbIE TIPOLIECCH:B cHCTeMe 00pa3oBaHMs HAaYHYT CBOPaYMBaThCS;

~-pacTeT pervoHanbHas widdepeHIMatWis ypoBHeH oOpa3oBaHHMS M €ro
OTOpPBaHHOCTH OT TpeOoBaHMH éonpcmeﬂuoro Pa3BUTHA HayKOEMMMX TE€XHOJIOTHIA.

Ona  dopMHUpoBaHMA ifocynapcheHHoﬂ obpa3oBaTesIbHOH  MOJMTUKH
HEOGXGIMMO YETKO OCO3HAaBaTh Peallii! JIPOMCXOMMINX NpoLeccoB. B yacTHocTH,
HaJlo YecTHO NpH3HaTh, ¥To eJHHOE obpa3oBaTesibHOe NMpoctpaHCTBo Poccum )}')Kc
He 6oice, YeM WITIO3NX, YTO B OMAkKajiliee BpeMs HayHeTCs OTKpHiTasd
nnddepeHMaLg CPOKOB M KayecTBa OOyyeH¥im Ha pErHOHATIBHOM YPOBHE, YTO
OCHOBHasl 4acTb HaceJleHHs NoJouuia K Npeaesfy CBOMX BO3MOXHOCTEH Mo oruiaTe
oOpa3oBaTenbHbIX YCJIYr, YTO Mbl JBIDKEMCS K TEXHOKPAaTHMYECKOH MOIENN
obpa3oBaHHs, KOTOpass MOXET NPHUBECTH K POCTy COLIMAJIbBHOI HaIpsDKEHHOCTH Y
rorepe BLICOKOro 00pa3oBaTeIbHOTO NOTEHIMaNa HalMH.

HeobxoauMo oTMeTHTb, -YTO HOPMATHBHbBIE 3aTpathl Ha obpa3oBaHue
cocTaBWM B 1995 roay mmib okojio 50% ot ypoBHs ¢dakTHyecKyx 3atpaT 1989 r.,
KOrJa OHHM paccMaTpMBalMCh KaK KpaiHe 3aHikeHHeie. [IpH 9TOM, €ciM y4ecTs, -
yro B PoccuM ceromHs npakTHyYecHM IOJIHOCTBIO OTCYICTBYeT INOJIHOLIEHHas M
addexrrBHasg rocygapcTBeHHas cUcTeMa “"oOpa3oBaHMA B3pocibiXx”, a MaccoBas
KyJIbTypa npuxonut yepe3 CMHU B ee xymunix 3amagHbIX 66pa3uax, TO Mbl MOXEM
0Ka3aThCsl Ha nopore ob0pa3oBaTeJIbHOIO M KYJIBTYPHOTO KpH3Hca obliecTBa.

Bce 310 He MoXeT He cka3aThea Ha 3¢GEeKTUBHOCTH 3KOHOMMKH, BLI3OBET
MporpeccHpyiolllee TEXHOJIOTHYECKOE OTCTaBaHME CTpaHbl, CHWDKEHHE HOJH
HAYKOEMHMMX TEXHOJIOTMHM, YTO MOXET INpUBECTH K HCTOPUYECKOMY IIOPaXXEHHIO
Poccun, ckaTbiBaHMIO ee Ha "000YMHY MHpOBOH HMBIURM3ALIMH".

HcxmiounTeIbHO BXMERIM CTAaHOBHTCS OIpelieJIeHHE TEXHOJIOTHYECKOTO
obmka pedpopmipyeMoii  PoccuM, MAeHTHOMKauMA ee  HalLlMOHAJIbHBIX

0o0pa30BaTeiIbHbIX, HayyHBIX M TEXHOJOTHYECHX  TpaaMLHMH "
npexapacnonoxeHHoctd. [lorepa "Poccueit cBomx Jocrmkenmii B cdepe
oOpa3oBaHMs - YIpo3a He CTPATErMYecKoro M Jaxe He IOJMTHYECKOro, a

HCTOPHYECKOro MaciuTaba.
* Lenn u npuoputersl oGpasoBa"mnbudi‘l TIOJTMTHKH IOJIKHBI ObITh. BETPOEHBI
B .0OHRH KOHTEKCT COLMAILHO-3KOHOMMYECKMX pehopM M CHUCTEMY
HALMOHATIbHBI X uHTepecoB Poccuy, a oHa caMa - pacCMaTpHBaThCA KaK OJMH M3
ﬂ{cmykem‘os MOJEpHM3aim®i OSKOHOMMMHM M  oOuecTtBa, obecreyeHus
| YCTOHMHBOCTH, CTAGHABHOCTH €r0 Pa3BHUTHAL.
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Ilepmonmieckme pexuMEI B pEaKTOPax C
OPOTEBOTOKOM KOMIOHEHTOB.

Axpamos T.A.
Bawxupcxutt 2ocydapemeennuitt ynusepcumem, 2.Yda

Iepnonudeckne pexuMbl pa6OTHl XEMIYECKNX PEAKTOPOB NPEACTABIAIOT G0JIbILION HE
Tepec ¢ MPaKTHYECKOii TOUKH 3peHMs, I03BOJIAA OPH ONPENeIeHHBIX YCIOBUAX NONYYaTh
OperMyIIecTsa No CPaBHEHHIO CO CTAaMOMApPHBLIMH peXnHMaMu. [l03TOMY SBISETCS ak
TYa ILHON 3alada HaXOXOCHHA YCJIOBUH, IPU KOTOPLIX TaKHe PEXHUMbI CYIIECTBYIOT MR
OTCYTCTBYIOT.

MaTemaTnyeckas MoNeNb XHMHYECKAX PEAKTOPOB HIEalIbHOTO BBITECHEHHS ¢ IpO-
TRBOTOKOM KOMIIOHEHTOB IpEJICTaBJIfeT co6oll rumepboIHuecKylo CHCTEMY HemAefHbIX
YpaBHeHI# B 9aCTHBIX HPON3BONELIX COBMECTHO C KPAa€BbIMHU H HaYalIbHBIMH ) CIIOBHSMH.
HU3sectrele Metomel JlanyroBa, AmnpoHOBa~- Xonda, HCHOMb3yeMble N OGBIKHOBEH-
HBIX nubdepeRnnaibEbIX YpaBHEHMl, HAXONAT NalibHelllee pa3sBUTHe U OJIA YPaBHEHHI ¢
9aCTHBIMH POU3BOAALIMEA. Bounbmiyio 6ubnnorpaduio MoxXHO HaiiTH, HanpuMep, B pabo-
tax [1]+{5]. PesynbraTel pa6ot [6, 7] H03BONAIOT NOKA3ATH 3aPOXKEHHE NEPHOAMIECKOTO
pemieRHs U3 CTaIiMOHApPHOro IUIR runepboJindecKkoi 3anadn.

B macTosmienn paSore npuBonsTca aHAIOr TeopeMbl AHIpoHOBa— Xonda o 6udypka-
I{AM NIepUOINYECKOro pellleHns U3 CTalHOHaPHOIO, a TakXke TeopeMa 0 CTabUIN3anuu orpa-
HMYeHHbIX PelleHdi Ipy Haiudun gyEknuonana Jlsnynosa. Mccnenyercs ycroiunBocTh
BO3HHK2IOIIAX CTalHOHApHLIX peuleHH. PaccMaTpuBaloTcs NpuMephl MaTEMaTHYeCKAX
MoJfleNleil XUMHYEeCKNX NPONECCOB, Ile YKa3aHHble GYHKIHOHABI CTPOATCS ABHO.

B monoce 1T = (0,1) X (—oc, 400) paccMoTpEM 3alady

(2, 8) =L(wu+ Fz,pu), (z1) €1l o))

Bu = Iou(O,t) + Ilu(l,t] =0. (2)

3neck u(z,t) = (w1(z,1), ..., uq(7,1))T—BexTop mem3BeCTHBIX pymxkmn, F(z,mu) n-
MepHELl BekTop rnankux ¢yskmui. Onepatop L(p)u umeer Bun

L(p)u = Kz + Ao(2)u + pAr(z)u + u? Aoz, p)u, 3)

rne K nuaromalsibHas MaTpHIa C HOCTOSHHBIME ileMeRTamu k; > 0, 1,...,pn
k>0, i=p+1,...,n, npauem p(n —p)#0.
( Iéi’z)‘rpnm,l Ag(7), Ay(z), A2(2, p-BemiecTenmbie KBANPATHEBE MATPHILI NOPANKA 72,
3/eMEHTH KOTopbIX riankue yEKIuE oT x4 0opy 0 < & < 1, |1l < po o> 0.
HuarosaseBble MaTpunbl fo 1 J AMeioT B

E»r QeneE 4 orr gemP )
io r—pp  gnu-pn~p . '{3 \ gnrp En»p,n-p , (4‘)
/

3necs £*P, 0F""F—co0TBeT(BEHHO eNMHUYHAS I Hy €Bas MATPHUB PA3MEPHOCTH X k.
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CdopMynnpyeM OCHOBHSe NpeRmnosioxeHHe O SH}YPKAINOHHOCTH HA cnem‘p crenyie-
weit 3a1a3H. :
CrnexTpanbHad 3a7aya

L(pv(a, W) = M)o(z, )y Bu(z, ) =0 B
obnafaeT npn {pu} < po cBofcTBAME: - k k

' BL CyL1ecTBYIOT POBHO I1Ba KOMIUIEKCHO—COTIPSKEHHbIX COGCTBEHHKIX 3HaUeHHs (1)
F(p} Takne, uTo .
o ~(0) =1, F(0) = —i, Rev'(0) = Yo #0..

' B2. Cywectsyer Takoe Jp > 0, 9TO BCe OCTalbHBIE COGCTBEHHBIE YHCTa A(i) npn"
[#] < pto, ynosnersopsior mepasenctsy ReA(p) < —do < 0.

B cuiy B1-B2 ouesnano, uTo ama sanaun (5) cylecTBYIOT KOMIEKCHO-CONIPAKEHHEIE
bysknun vy (z) u v-(r) Taxue,9TO

Lovi(e) = L{0Jve(e) = Howelz) (9
" H 21 -~ nepHOANYECKHe pellleHns 5anaqr»i (1-2) ‘ ’ '
=@ =o(a); g =gt =0 (a) (1)
npa p=0n F(z,u,u)= 0. Beenem onepatopst

Gu = up— Lou = t: + Ky — Ag(z)u
G'z=—z;— Lz = —2:— K2z — Al(2)z, (8)

onpenenerssle Ha ¢ynxmmax w3 C'(T). Ilyers ¢ymkmmm vi(z) w v*(z) sensmorcs
PelIeHAAMH CllenyIiollel 3a0adn ) :

Ly (2) = Kvi,(2) - 45 (2)vi(z) = Fivi(s) (9)
B} = L (0) + Lowy(1) = 0. (10) -
B cuny B1-B2 u3 (8] cnenyer, uro ¢pynknun v3(z) u3 C(0,1] onpenenens it sBnsioT¢s

KOMILIEKCHO-CONPAXeHHBIMI, a GyHKIHU g} = ¢5(2,f) = vl (z); o2 = gi(z,t) =
ey (z) ABAKIOTCA 2T—NIePHONMYECKAMH PEIEHHAMH 3anaqn -

7gl =0 Blgi=0. (11)

Ha wmnoxectsax C*([0,1]) = Cz,,( 1I) 2f—nepnonmxecxnx ¢yuxnnit 13 (1) ssenem
CKaJIgpHble TIPOM3BENIEHEA

[uz] '/Zu,(z)u,z)dm o T (12)

i=1
<u,zf>’=217fh/ Zu.-(;ac,t)z,-(z',t)dzdt- f [u(z, ). (.00t (13)

Bui6paB COOTBETCTBYIOLIYIO HOpMHpOBI(y zpyaxum& vi(z) v_t( ) MOXHO CYHATATb
BLINIOMIEHHBIMHE CHIECAYIOLIE PaBeHcTBa [8]

{vh 'U+] {v-:v } 13 ['U-HU:] = EU—S"-’:} =0
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< g+,03 >=<g-,92 >=1; . <gy gl >=<g.,g; >=0. (14)

. Beenmem 6amaxoso momnpoctpamcteo H}, mpocrpamcrsa C},(II) 27-nepuonmuecknx
HellpePLIBHO zmtb(bepeﬂunpyelm;xx B Il BetmecTsennosmaunbx BexTOP-DYHKIHI

= {u(z,t) € C* (H) = 0, u(z,t +27) = u(z, t)}

€ HOpMOit .
llullny, = max|ui(e,t)| + max fuis(,t)| + max fui(z, t)],

rae MakcuMyM 6epercimoBceM 0 <z <1, 0<t <21 <: < n.

Coopmynnpyem Teneph Teopemy. o 6ndypkannn DepHONNIECKAX PEIIEHH M3 CTallH-
OHApHHIX IUTs rHmep§olmdeckoit 3anadn. IlycTh NMHeapH3aTif B OKPECTHOCTH CTAlHO-
HapHEIX pemenuil u,(T,/) NPHBOOMT RenmHEefimylo samawy x Bumy (1-2), roe F(z,u,u)
SBJISeTCS KBaJIPATHYHO MAJIOi B OKPECTHOCTH HYJIA, TO €CTh

F(m"u70) =0, F’(:E,Il,o) = %an

“F(Iv Hy u)"Hz‘,, S Kollu"i{,‘gv :
|1 F(z,p,u") — F(@p,8%) . < ho(r)lled —®llay (15)

rae lhe(r)| +0mpr r =0 u “ui“H;w <.r,7 <ropasgomepro mo 0 < z < 1, |p| € wo.

3meck 19, Lo—HOCTATOYHO MaJsIhle NOJIOKHATENbELE Yncia. OTMeTHM, 9TO, chemaB
riankyio “cpesky” IpaBHIX wacTell, MOXHO CUMTaTh HepaBeHCTBa (15) BLINOSHEHHHIME
BCIOZY, 2 HE TOJILKO B Tg~OKPECTHOCTH HYJIA.

TEOPEMAL (Bmpypxamx HepHoaMdecKnX perennit)

Ilycts npasue %acti B (1)-(2) dysxknnn xiaacca C* oT cBoMX apryMeHTOB B 067acTH
0 <z g 1Ll £ poyliuf ”Hz‘,, < 7o, OA% KoTophlx Bemosmensl (15) m BI-B2. Torma
cymMecTByioT € > 0 m dymkuum p(e),0 < w(e) m3 xmacca C![—e¢q,€0] Taxume, uTO
#(0) = 0, w(0) = 1, npr KoToprx s moboro |e] < € 3amava (1:2) mmeer 27r/w(e)
nepronEdeckoe o ¢ pemente u(z, ¢, u(e), w(e)) n3 C1(TI).

" OTa TeopeMa [aeT MOCTaTOWHLIE YCIIOBAA IJIs CYMIECTBOBAHMS NEPHOMMEECKAX pellle-
mnit. Wcmomsays dymknnonans: JlamymoBa, HccilemyeM Temeph BOIPOC O CTaGHIH3ALHK
IOCTATOIHO" TIaKNX OFPAaHMIEHHLX pelleRnit HadajbHO-KPaeBLX CHOepGoamdecKnx 3a-
Iad; KaKk 3TO caenago B Mapaboliudeckom ciywae [4, 10].

B nonynonoce Il4 = (0,1) x (¢ > 0) paccMaTpBaeTcs Haya/ibHO-KpaeBas 3amqada

uy(z,t) = —Ku. + F(z,u) (z,t) € Iy, . (16)

" B(u=— ) = To(u(0,t) —us) + A(u(l,t)— u) =0, 17

w(z,0) = u(a), )

e uy = (uu,, “ ,u,,b)—nocroxm{bm BeKTOp TPaEMYHEX 3HATeHMHl PEIIEHHL u(m t) =
(wi(z,t),...,un(z,t))7, onepatopu B, Iy, I;, K ynosnersopsioT orpamaernusm u3 (2) u

(3). 311ec}, u nanee [u,v]= 3L, uv;~ ckauspHOe IpOH3BeNeRTe B R”.

TEOPEM A 2. (Crabunrzams pemennii) . :

Iycre ¢oysknnn H(u) n F(z,u) Tpmxast KenpephiBHO AuddepeHIupY eMH 0. CBOEM
aprymMeHTaM I 00JlalaiOT CBONCTBAMH:

H1. H(u) = &%, Hi(u;)-cTpore sunykmnas GyEKOns;
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H2 $(u) = [QuH(u), F(z,u))] <0mpr0 < z < ,YuE R m
$(u) =0 <= F(z,u)=0;

H3. Y. H(us) =0, To ecTb up—T0uka ManEMyMa H{u).

Ecsn pemenne 3anaun (16) - (18) pasHoMepHo 1o £ orpanmdero B HopMe ||u(z,t)|| 20,1 S
K, To oHo crabmsm3mpyeTcs, TO ecTh

lim Jw(=, ) - willer oy = 0. (19)

Crabunm3anns Bcex HeCTaRMOHAPHLIX OTPaHMYEHHHX pemenHil u(z,t) k cTammoHap-
HOMY PpeIIeHHI0 He O3HadaeT, BooOiie roBops, YCTOMYABOCTH CTAalHOHAPHHIX pemeHHil.
Onnako, ACOOIbL3Ys NPAHOAN JHHeapH3auEd U3 {6, 7] 111 aHanH3a yCTONYABOCTH CTalR-
OHAPHHEIX pelleHHil rAnep6oIAIEecKAX 3a0ad B CYLIECTBOBAHHE CTPOrO BRIIYKJION Gy RKIHAH
H{u) noxasmisaeTrcs crenymomas

TEOPEM A 3. (YcToit4aBOCTS: CTaOHOHAPHOTG PEIIeHA)

Ilycts Bermonnenn ycnobns H1 — H3 Teopemu! 2. Torna cranmonapHoe peluenne u
3azaqu (16)-(18) ycroiamso no Jsnyrosy B Hopme C°{0, 1} npr BrmosnHeRmA ycioBiti co-
TJIacOBaHMs HyJIEBOrO Nopsaka i B Hopme {0, 1] npn Bhmosnennn yciosmil cornacosanms’
HYJIEBOT'O M IEPBOTO NOPSIKOB.:

M3 TeopeMs1 3 1 TeopeMnl 0 NOBLIMIEHAN TIaAKOCTHA PEMEHAN ¢ BO3PACTAHAEM BPEMEHH
{6, 7) cnemyeT,aTo paBHOMepHO orpanmuenHmle B Hopme C?[0,1] pemenns 3 Teopemnl 2
CYINECTBYIOT M NONAJAIOT B 06NIACTh NPHTKEHNs CTAaKMOHAPHOrO PEMEHAs up.

PaccMoTprM IpEMeEpH U3 IPAIOXEHHI, B KOTOPHIX yCIIOBAS TeopeM 2-3 BBINOJIHEHHL.

I PUAME P 1. (Paciensnennas cacreMma)

Mycts -F(z,u) = 0. Torna ovesaAmHoaTo H(u) = Y ij(u; — u,-:,)2 yIOBJIETBOPSET
BceM yciosas H1 — H3. B.aToM ciydae, paccMaTpHBas NOBENEHEE PEMEHHAI BAOIb Xa-
PaKTepHCTHK, JIEFKO YCTAHOBHTb, 9TO BpeMs CT20HAA3aNEA K CTAIAOHAPHOMY PELIEHHIO
KOHEIRO.

1 PHAME P 2 (Mazesis XMMAIECKOI'O PEAKTOPA C IPOTHBOTOKOM KOMIIOHEHTOR)

CornacHo 3akony neficrByroumax Macc [10]-[13] ckopocTr cTanmit xAMAYECKAX peaknmit
‘MeX Oy BeriecTsamu Ay, ... An

n
Z(!;,'Aj <= ZﬂijAji 3= 1, ..,m;

j=1 J=1

' BHIOACKIBAIOTCA CleNyIoHMM 0Gpasom
wi(e) = B0 wp(u) = kT
. o . N
wi(w) = w}(u) — wi(v), i=1,...,m; W(w) = (wy(2e), ..., wa{e))T.
3nect k¥ > 0-neoTpAmaTenbHbIE KOHCTAHTHI, 05j, f3;j~ HEOTPHIATENbHEIE Kelble TACHA.

BekTop npaBux wacreit F'(u) ompenenserca wepes W(u) xax F(u) = ITW(u), rme
marpana ' = (B —eyj), i=1,...,m5=1,...,n.

'Onpe.uénenne'
Touxa @ = (ay, ..., dn)-HAILIBAETCA NOJNOXATENLHON TOUKOH JETATLHOTO PABHOBECIA
(m.T.np.),ecmm a; >0 n wy(a) = 0 opr Beexi= 1,...,m;j=1,...,n.

. Ecun cymectpyer xoTs 61l ofiBa 0.T.1.p., T0 4 IPOM3BOJIbHAIX Up—I1.T.0.p. B {10]-[12]
“- . mocTpoeHa QyHKOAA

CH(uy = Zu,lnu, lnuj —1),

=1
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KOTOpas yIOBIeTBOpsAET BceM ycnosuam H1— H3 B koHyce NoNoOXNTeNbHEIX BeKTOpOB K}.
T'nnep6onngeckue 3azaqan Bafa (16)-(18) BOIHHKAIOT IPH MONENHPOBAHAH XAMHIECKHX

poneccoB ¢ NPOTMBOTOKOM KOMIOHeHTOB {13, 14]. ~
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REVERSIBILITY, HYSTERESIS AND SELF-ORGANIZATION
IN HETEROGENEOUS CATALYSIS
Gregory S. Yablonskii
Kiev Polytechnic institute, Kiev, UKRAINE

REVERSIBILITY

Reversibility is a fundamental notion of chemical kinetics. According to the
paradigm of this science, the complex chemical reaction is a set of the reversible
elementary steps. Each step consists of two elementary reactions, forward and back.

Isothermic kinetic hysteresis, phenomena of very different kinetic behaviour
during cyclic changing of parameters (concemntration, temperatuge), is well kiown in
heterogeneous catalysis (Boreskov, Slinko in 50-70--ies, Details cari be found in /1, 2/).
The simplest mechanism for the interpretation: of the isothermic hysteresis in hetero-~
geneous catalysis is the Langmuir-Hinshelwood mechanism (L.-H. mechanism). For
the reaction of CO-oxidation on platinum group metals this miechanism has the
form:

1) 2Z+ @, 52Z0; 2) Z+CO«» ZCO; 3) Z0+Z2C0—2Z+CO,;

where Z are the free active sites of the catalyst /‘1-3/.

Regarding the mechanism the steady-state kinetic model model of CO-oxida-
tion under assumption of mass-action-law validity is s the following:

de/dt = 2k, po, (1-x =) ~kyxy

dyldt=k,poo(1~x~3)—k_y —ksxy

where x, v, (1-x-y) are the surface coverages by substances Z0, ZCO and Z

)

(free active sites), respectively; p, apd p., are the partial pressures of reagents,
assumed constant; k,, - are reaction rate coefficients.

The typical kinetic dependencies with hysteresis can be found in /1,2/.

There are four characteristic points of the hysteresis, for example, for the"ciock-
wise" hysteresis:

A - "before the jump up” (pre-ignition)

B - after the jump up (post-ignition}

C  before the jump down {pre-extinction}

D afterthe jump down (post-extinction).
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By the help of the special algebraic teclinique, so called "kinetic polynomial" /3/,
the analytical expressions for all the branches of kinetic hysteresis were obtained at
the asymptotic case (X3 is sufﬁciently large). On the basis of these expressions it is
possible to show critical simplifying.

For example, the steady-state rate at the critical point of ignition is governed
only by the parameter of desorption and does not depend on the compositiorr of the
gaseous mixture. The temperature dependence of the regction rate at this point must
be governed by the activation energy of desorption, which is confirmed by
experimental studies of CO-oxidation /4-5/. There is an analogous relation at the
point of the pre-extinction, i.e. steady-state reaction rate is determined by only
adsorption on free surface. '

The essence of critical simplification is the following: in a critical point the rate
of complex reaction is governed by the reaction rate constant of one reaction,
forward or back, (c3r, more rigorously, by the value of the reaction rate at the unit

concentrations of intermediates). This reaction rate is not obligatory the smallest.

“THERMODYNAMICS OF THE HYSTERESIS”

The simplest consequence of these results is the following: the ratio of reaction
rates at critical points A and C will be governed by the pseudotherinodynamic -
relationship

WelW,=hpoolk,=K,ps=K (%)

where pS, is the partial pressure of CO in point C; K, is the equilibium
constant of CO adsorption step. Now it has become trivial that the kinetic behaviour
in the open chemical system "far from equilibrium” can be very complicated because
of non-lincaﬁty of detailed mechanism. But it's interesting that despite of that non-
linearity the kinetic characteristics at the critical points of the hysteresis can be
coiitrolled by the thermodynamic (or pseudo-thermodynamic) characteristics of the
"hidden" reversibility, i.e. reversible step of adsorption which is a part of complex

catalytic mechanism.

RELAXATION SELF-OSCILLATIONS AND HYSTERESIS
Many kinetic self-oscillations found in heterogeneous catalysis are relaxation

oscillations. The Langmuir - Hinshelwood mechanism with "buffer" step is charac-
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, tésized by relaxation sélf—'o’scillations. The "sway"” of this oscfllations is also govel-'ned
by the sé’me‘ pseudbtlxennodYnamic “adsorption = desorption" parameter. As for
) period of the self-oscillatiorﬁf it is deterinined, mainly, by the parameters of the
"buffer“ step. g
REPRODUCIBILITY OF THE HYSTERESIS
Detalled analys1s of reproducibility of the kinetic hysteresis on different catalytic
oxide systems was provided (Yablonskii, Bolelyi, Vonsyatsky, 1995). The difference
between branches of kinetic dependence as for its reproducibility was found. The
reasonn of this phenomenon is the difference between structures which are self-
organizing on the surface at different conditions of catalytic system. The details of
these structurcAtrﬁnsfomlatious are very dependent on interplay between complex
) reactiéns énd surface phase transitioné ‘governed by geometric rearrangements, lateral
interactions between adspecies and "surface layer - skeleton of crystal” interaction /6-8/.
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HCCIEIOBAHME HEEIHHCTBEHHOCTH PEXMMOB

B JIBYXPEAKTOPHO# CXEME
A1 TTIPOLECCOB MAPITHAJTBHOTO OKHCJIEHH A ITPH
* HECTALIHOHAPHOM COCTOSIHHUH KATAIM3ATOPA

Hzauop EA.. UBanos AA., *@anees C.H1.

Hncmuonym xamasusa um. I. K. Bopecxose CO PAH, Hoeocubupcx, 90
*Hucmumym samesmamnuxu um. C. JI. Cobaseea CO PAH, Hosocubupex, 90

B peaxymsx napLManbHOro onchc,ne;mn 0ocobyI0 aKTyanbHOCTh HMEET IOo-
BHIIIEHHE CEIEKTHBHOCTH IO lieJIeBOMYy NpoAykTy. OMHMM M3 nyTeil MOBBILEHUS
CEJIEKTMBHOCTH SIR/IAeTCS NPOBEJEHME Mpoliecca NMpH HECTAlMOHApHOM COCTOSI-
HMH xaramraatopa. C TOuxkH 3peHHs NOBBIUEHMA 3()¢EKTMBHOCTH IpPOLIECCOB
NyTeM peryJlMpoBaHHs HECTallMOHAPHOTO COCTOSTHMA KaTalH3aTopa HHTepec
NPEACTawBHCT KHHETHYECKHE MOJENIH C MEUIEHHRIMH CTOPOHHHMH CTamisiMHu. B
3TOM CJIydae caMa KaTalIMTHdecKasd peaxi[Md IpOTeKaeT KBa3MCTAlMOHapHO, a
HECTAlIHOHApPHOE COCTOSHME KaTAIN3aTopa YIparisercs MeUTIEHHBIMHM CTAHSIMU.

PaccmaTtpmBsaercsa cnenylolas- KHHeTHYeCKass MOOeNb B IIPEOIONOXEHIH,

" YTO peaKUMH MapLMATbHOIO M IIIy6OKOro OKMCIIEHMS WIYT Ha PasHbIX aKTHBHbIX
ueHTpax, Z U S COOTBETCTBEHHO. ' ' '
. R+0,+Z=>P+2
2 R+ 0; + 8= P+,
3 . Z=> S,
4 S= 2 ‘
CTamm 3 1 4 sInoTCa Me IVIEHHRIMH 1 OTpaXaloT M3MEHEHHE 10T LEHTPOB
Zn s, xapax'repuayxonmx COCTOSHME KaTamM3aTopa. B nocnemmx CTaIusiX MOIyT

yqacrnona"rb KOMIIOHEHTH, npncyrcmy}onme B DPEaKMOHHOH CMECH, B TOM |

© yHcne acrexnome'rpuqeékue (sime1, razoBRIe npomm‘opm)
. HaHHas MoJenb SRIIeTcs Mm-uma:muou U B T0 Xe. Bpewl obweit wvx -pe- " i

axigmii maplLMaJIbHOr0 OKMCHACHHS ymenonoponon ) o ‘
Yepes 6 0603HaYHM OO0 aK'ﬂIBHHX LICHTPOB THITa Z or onero ux tmcna '

Ha emmrmc NOBEPXHOCTH xammaaa'ropa CKOpOCTH C’I‘aﬂllﬁ HMCIOT CJ'!CJW!OI.H.H}I R

BMI: r; = KVR6, I‘2 = k;yR(]-G), ry= k30, re= kyol1-0), Tae yR - MOMbHas JOTst ‘

pearem‘a R B CMECH.. 3aBPIcPIMOCTb mme'mqecm KOHCTAaHT OT Temleparypbl.b L
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HMeeT OOBIYHEIH appemlyconclcmt BHI k; = ky; exp {-E; /RxT} CunracM, 910 KH-
CJIOPOX HAXOMMTCSE B H3GKITKe IO OTHONICHHIO K HCXOTHOMY pearcHry R, To3ToMy
KOHHCHTpaIMA KHC/IOpONa He BXONHT SBHO B BHPRXCHHA JUIA .'cxopdcmﬁ
~ Huxe npuBeficH BapHaHT HaGopa KHHETHYECKHX TNapaMeTpoB, oﬁocném-
: BAIOIMIH HE3aBUCHMOCTD - CEJIEKTHBHOCTH OT TCMIIEDAaTypH TIpH CTAIFOHAPHOM
COCTOSIHMH KaTa13aTopa. B aroM crydae a_ua:manpycm.ic HiEe 3dCKTH Ipen-
CTarnsmOTest Gayee HATMSUTHEDMM, :
Tabama 1.73Haqci~m§ KHHETHYeCKHX N1apaMCTpOB.

| k; (500K), cex-! E;;, xka1/mMons
1 0.1 v ~ .30
2 : 0.2 15
31 025x10 20
4 - 1.0x104 : ‘5

‘ OmiM H3 CNocoGOB HOBLIUCHHS CENIEKTHBHOCTH B CPaBHEHHH CO CTa-
LMOHAPHEIM 3HaYeHMEM MOXET CIyXMTh NOJaya B P€aKTOp KATaTHIATOpA C To-
BBIIICHHOH MoJell LIeHTpoB THNa Z, I[:m JaHHOMH peaxmm bqenwmo, 9T0 KaTa-
JIA33TOp hepen nojavell B PEaKIMOHHYIO 30HY HYXHO nuncpm npu Ganee
}maxoﬁ, YyeM B PEaKIMOHHOH 30He, TeMIlepaType AU TOro, YToOW IO aKTHB-
HEIX LIEHTPOB MNapIIHATbHOrO oxmc:_leuim Tuna Z B HeM Ghita 661me Moxwo
OpraHM30BaTh mlpxynmnuo KATAIM3ATOPA MEXAY ABYMSl PCAKTODaMH, B OHOM
H3 xorropm 3Hauenme 6 Bame. IIpu JoctarouHo Gombinof KPaTHOCTH l.[HpKY
T xawmsampa wqumy 9B peaxmm}moﬁ 30HE MOXHO 3Hamrmno

TIOBBICHTb.

r 'y o
,."§ ’

Ceenal o Cxema 2
MOXHO NPENIOXHTS CXeMEl ¢ "TIOCJICAOBATC/IRARIM H NapajUIC/IbBHEM  Npo-
XOXICHHEM PEAKUMOHHON CMCCH Uepe3 Ba PeakTupa ¢ 06MEHOM KATATHAITODA
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Mexay HuMH. B peaktope ¢ 'munepa'rypoﬁ T npono}mi‘csx obHonHéﬁhpoHCCC, a
B peaKTope ¢ GoJiee HU3KOI TeMIepaTypoil T MPOBOANTCS MOATOTOBKA KATATM3a-
Topa. 3a CYET UMDKYIALMH KaTalM3aTopa MEXKNY peakropami [ONs LEHTPOB
CEJIEKTHBHOFO OKHCJICHHMs1 B IepBOM peaktope OyleT BHIIIE . CTallMOHApHOM
(cooTBeTcTByOLIE TemmepaType T ), CENEKTHBHOCTD NPOLIECCA-B 3TOM PeakTope
yBeiHiBactTcsi. CHMXEHHE CENEKTHBHOCTH BO BTOPOM peaKkTope 3a -CYeT
' YMEHBLICHHS B HEM IOJIM & He OKa3bIBacT CYLICCTBEHHOTO RIHSHEIT Ha BbIXOMHBIC
XapaKTEPUCTHKM TMpollecca  BCIEACTBHE Maloii CKOPOCTH IIpeBpallleHHsl TNpH
HH3Koii Tenepatype. Bo BTOpoii cXeMe MOAFOTOBKA KATaNH3aTOpa MOXET OCYILE-
CTRITHCA C TIOMOLULI0 MoJaml Apyroil ra3oBoii cMecH. B KaxmoM peakrope
HYXHasi TEMIIEpaTypa MOANEPXHBAETCSA C MOMOLIbIO BHYIPEHHHX OXIaXIaloMGIX
ycipoiicTs. B mepBoM peakTope TeMmmnepaTypa XjiajaareHra 1c¢j;, a Bo BTOPOM 'Tcg. )
Jina aHanM3a peXHMMOB paGOTHI NPHBENEHHBIX BBIINE PEAKTOPHEBIX- CXEM HMC~
MoJIL30BATIach rerepodasHas MoJeIb peakropa MAECIBHOTO CMEIIEHHS.
TpHMeHeHHe MeTolla TOMOTONME C TNapaMeTpusauMeil, pa3paGoTaHHOl
C.H. daneessmm [i], MO3BO/IAJIO TIPOAHAIM3HPOBaTh 3aBUCHMOCTH PEXMMOB OT
 PAVBAMHEIX TEXHOJNOTHYECKMX MapaMeTpoB. IIpn aToM GbuiM oGHapyXeHBl 06-
JIACTH CYIMECTBOBAHMS MHOXECTBEHHOCTH DPEXMMOB. Pacyer rpaHMII MHOXeCT-
BEHHOCTH IO3BOJISIET ONPENENHTD 3amac YCTOMYMBOCTH . paboThl 06eMX peaKTop-
HEIX CXEM, a TakoKe ONpedenHTh CIocob 3alycka M BRBOJA Ha paGoymsi pexymM.
Ha pHcyHKax TIDHMBENEHBI PE3YNbTATHI pacqcron ‘CTaLIHOHaPHRIX pexmn(aon
JUI TIEPBO M. BTOPOH cxeMel. IIpM 3TOM B KayecTBe BapbHDPYEMOTO napaiu'c'!pa
HCIOb30BaNach TeMIepaTypa xnafareHta  Tc; B NepBoM peakTope. Bo BTropoM
PeaKTope TeMIepaTypa XiaJareHTa OCTaBagach nocrosmHoi (Tcz = 500 K). Kon-
LIEHTpal¥si MCXOZHOTO peareHTa Ha BXofe B IEpPBBIH peamnp«nonaraﬁécﬁ cre- .
myromed yg = 0.03. Konuuectso »xaratms'znopa 3arpyXaeMoro B 'péampu pa3-
HOE, TaK YTO [/l MEpBOro peakTopa Tj = lc, a ana Broporo 1, = 4c. Ha pucyH-
Kax JUIs TIEpBOro PeakTopa IpeCTaBIIEHE! /MarpaMME! CTalHOHAPHBIX :maqe}mﬁ
JONH &, KOHBEPCHH X, CENEXTHBHOCTH S, nuxona Yprm Tcmlepa'rypu T B 3a:m-:
CHMOCTH OT TEMIIEPATYPHI X/IalareHTa Tc; B IIEpPBOM. peaKToOpe. o _
Ha puc. 1 npH oTrcyTcTBHH UMPKY/SIHH XKaranu3aTopa Me)luiy pca'x'rdpaw_
BH/IHO, 4TO B 06f1acTH Temncpa'ryp4384, < I < 465 umeercs TPH CTRLMOHAPHBIX . k

PelleHMs, CpegHee M3 KOTOPbIX 'Heyc'roﬁmp, a OCTANBLHBbIC YCTOMMHBEL Celek- .
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' TWBHOCTB OCTaeTCA TOCTOSHMON, §; = 0.667, a BHXOI[r 'Yp; TMOME3HOTO NMPOAYKTa
P1 pacter ¢ ybe/MIcHMEM TEMIICPATYDH M CTCNICHM TpCBpAIiCHHA X; , HO He
TpeBHIilaeT 3HaYeHHA Yp; = 0.667.

Temneparypa - Tc,; , K

Puc. 1. JlnarpamMsr CTauHOHAPHBIX 3HAYECHHI B TIepBOM .peaKTope I0M 6, KOH-
BEPCHH X, CEJIEKTHBHOCTH S, BoIxoda Yp; M Temmepatypbi T B 3aBHCHMMOCTH OT
TeMIfepaTyphl XJlaflareHTa IpH OTCYTCTBMH LIMPKYJALMHA Katanmuaatopa (Uc=0),

AHaJIOrHWHbIe 3aBUCHMOCTH OT Tc¢; npuBENEcHRI Ha pHC. 2 l'lpl;l HUTHYVE
. LMpKYJIALIMM KaTalM3aTopa MeXAY peakTopamy, Uc=30uac! (KpaTHoCTh HMpKY-
st Ue=w/(V+Vs,), rne w - 06beMHas CKOpOCTh LIMPKYAALMM KaTamMsaTopa,
C VitViz - cymmapxmﬁ 06beM katamastopa). Iipn Ty = 558 K (T; = 602) moc-
THraeTcs Machmamnoé 3HaYye¢HNe cenélcmsﬂo'chl §; = 0.818, xoTOopoe 3Ha4M-
TEJIBHO npesuuiaer 3HaYeHHE CeJIEKTUBHOCTH MPH OTCYTCTEBHM HHMPKYIITHHHI KaTa-
nn3aTopa MEXHY peakTopamy. MakCHMalbHOEe 3Ha4Y€HHEe BbIXOAa LeAeBoro npo-
nyxta ¥p; = 0.801 nocmvraerca npu Te; = 656 K (T; = 647 K).
Jasi cxemsr :l c nocnenoBaTenbﬂbm TNIOTOKOM pEaMiiMIOHHOI CMECH yepe3
‘ ‘péal,cropm Ha BBIXOZE H3 Brdporo peaKTopa NpH KpaTHOCTH LIMPKYAALIMY KATajaH-
saropa Ue = 30 wac-! MakcuMampHast cefekTHBHOCTH Sy = 0.804 HabGmonmaercs
npu Te; =607 K (T; =626, T =519 K), a Makcumym Beixona npu Te; = 635K
(T; =636, T, = 5210 K).
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TIpH XparsocTM MEpKYIagH 6aumiie ueM Uc = 12 woc? pexum. emHer-
BCHHBI M YCTOH'SBRIY JUIT 00eHX cXeM TpH JIoGoi Temmeparype xianarcHra Tey. '

10

800
08

700

]

06

o 00

04 &

<> 500

Uc =30, vac!

2 N [ - 3

400 500 600
Temneparypa Tc;, K -
Puc. 2. iuarpamvi CTallMOHADHEIX 3HauycHHi! B 3aBHCHUMOCTH OT 7c; npHu Kpat-
HOCTH LMPKYJ'RIAH KaTamusatopa Uc=30 wac.

B pesyspTaTe MccaeIOBaHI®: 1T0OKa3aHO, WTO HCIIOMb30BaHHE ABYXPEaKTOPHON
CHCTEMBI C OOMEHOM KaTa/IH3aTopa MEXAY PeakTOpaMM JaeT CyHIECTBEHHOE yBe-
JIMYEHHE CEJIEKTHBHOCTH M BbIxoJa Nnpoaykta. C yBe4eHMEM KpaTHOCTH LIMPKY-
JISEMH KaTaiu3aropa /w00 BpeMeHH KOHTAaKTa BO BTOPOM peakTope pacTeT ce-
JIEKTUBHOCTE M BBIXOI MPOAYKTa, a 00nacTh HEeAMHCTBEHHOCTH PEXIMMOB, 00y-
CIIORIEHHAas TEIUIOBBUICIEHHEM M TEINOOTBONOM, yYMeHbiliaeTcst H HCUe3aeT.
KpaTtHocTh LMPKY/IRDIHM KATANH3aTOpa RAMICT Ha TEMIICPATYPHBIA PeXMM B pe-
aKTOpax, KOTOpbIi 3aBHCHT TaKXe OT ITapaMeTPOB TEIIO0GMEHHBIX YCTPOJCTB.
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MOPUCTOM CTPYKTYPEI YIJIEPOJHBIX AHCOPEEHTOB
B IMPOLUECCE ITAPOI'A30BOU AKTPBAIIHH

‘AA.A.BaIpeeB, A.B;Henoscmx, FO.A.Tapacenko

HUncrutyr Copbuuu u ITpo6rem Bamoskonoruu HAH Vipausm
VYkpama, Kues- 142, nip. IMamraguna 32/34.

Tlouck onTHMaNbHEIX YCIOBHM IS HANPaRICHHOIO CHHTE3a YIVIEPOOHBIX
a/icOp6EHTOB - C 3aJaHHBIMM  XapaKTEPUCTMKAMM IMOPHCTON CIPYKIYpHl M
BO3MOXHOCTb YIPABIE€HHsS 3THUM IIPOLIECCOM IPEINCTARISET CIOXHYI (GH3MKO-
_ XAMMYeCKyl0 3amady. [IosTOMy DpMMEHEHME MAaTeMaTI4YeCKX  METOIOB
MOJIEJIHPOBAHUA KWHETHKH (OPMHPOBAHHSA IIOPUCTOM CTPYKTYphl VIJIei Ha
CTaIMM Tapora3oBOif 2KTHBAIMHM IIPEICTABASET HECOMHEHHBI HHTEpeC IUis
MOJIy4YEHHsI HOBBIX YIJIEPOIHBIX aZCOPOEHTOB.

CyIIHOCTb Napora3oBOH aKTABALMM YIVIEPOIHBIX MaTEPHAJIOB 3aKJIIOYAETCS
B 06paBOTKe M CXOMHAEIX MOPHUCTEIX KapOOHM30BaHHBIX MAaTEPHaJIOB OKUCSIOLIMMH
areatamMu (H,0, CO,, O,), KOTOpble IIPH BHICOKIX TEMIEpATypax BCTYNAlOT B
XHMHYECKYIO PDEAKIMIO C YIJIepOMHbIM . MATepHanoM IOBEPXHOCTH  IIOP.
B3auMOZJEHCTBE OKHCIAIOILETO areHIa C YIepOOHbIM MAaTEPUAiOM MOXHO
MPEACTABUTD CIIEAYIOLIM OPYITO-ypaBHEHHEM:

C,(1B.) + A(ras) -» C,.1(TB.) + B(ras) 1)

OG6pasylolmiecs JeTyYue MPOAYKTHI YOANATCS M3 30HBI peakuuu. [Ipu
aKTHBAllMM TNPOMCXOOUT M3MEHEHHWE BO BPEMEHM IIApAMETPOB IIOPHCTOI
CTPYKTYpbl MaTepHaja: YBEJMdIABAIOTCA MMEIOIMECS IIOpbl, 06pa3yioTCs HOBbIE
MOphI, TIPOMCXOOWT CIMSHWE HECKOJbKMX IIOp B OOHY, M3MEHSIOTCA X
MMOBEPXHOCTH M YAEIbHBIN 00BEM.

ITpu MonenrpoBaHUM NOPHUCTOM CTPYKTYpbI YTJIEH NpENIoNaraiy, Y10 OHHU
COCTOST M3 TBEpAOro KapKaca, B KOTOPOM HMEETCS CHCTEMa XaOTHYECKH
PacIIoJIOXEHHbIX Nop cdpepryeckoit dpopMel {Monens XPC-nomocreit) [1-3].

Haubonee neranbHOH XapakTepUCTHKOM, Mdarolleil IpPEeACTaBJIEHHME O
IOPUCTOM TEIIE, ABAsercd GyHMiMs pacnpeneneHus mop mo pasmepaM f(r,t). Ipu
3TOM HopmupyeM f(r,t) Tak, uro BenuuuHa f(r,t)dr ecTb YMCJIO IOp B €IMHMLE
obbeMa B MOMEHT BPEMEHH {, MMEIOLMX pasMep OT I 10 I + dr. B mpakruke
HCCJIEOBAHUS ITOPUCTBIX MaTEPHAJIOB Yallle BCETO IMPENCTAaBISIET HHTEPEC HE caMa
dyHKIMg pacripeneneHus mop mo pasMepaMm f(r,t), a ee MaTeMaTHYECKHE
MOMEHTHI: :

«©

M, = J r* f(r;t)dr )
0
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IMpemionoxuM, 4yto yncio nop (N) B exmuue 06beMa IOCTATOYHO MAlo H

MOpsl HE TMEPEKPHIBAIOTCS, TOTAA. MOXHO nsecm cnemyomye 3¢-¢ekmnnue

xapampucm}m NOPHCTOrO MaTepHana: o
- qncno MOp B. EAUHHILIE oﬁbcma'

N(t)=, Mo: : C S )]

- nn'rerpamaﬂaa WIHHA. pazmycos nop: ,

L= M, @

- MHTeIpaibHAs TIOBEPXHOLTD TIOP:

S()= 4n M, N ) BERE

- obneM nop B eMHLE 05bEMa NIOPHCTOTO MaTepHana (OPHCTOCTD):

E®= 43zMy = g O

Byn'eM paccmamptnan CIIyyaii, Kora pa3Mep Nnop U3MeHseTcs mencﬁne
npoucxonsmmx Ha TIOBEPXHOCTH €€ CTEHOK XHMHYCCHID peakuwit THna (1) T. H.
cayyaii KOppO3HOHHOI‘O pocta . [2,4], a KONMYECTBO NOP - YBEIHYMBAETCH -
BCJIE/ICTBHE TOABJIEHHS ~HOBBIX. MOD. ' YMEHBIICHHE KOJMMYECTBA MOP NpH HX
B3aMMHOM CNIHAHHM B JAHHOH MOIeNH He yuuThBaerTca. B psge paGot. [2-4]
MOMA3AHO, YTO. B TAaKOM Ciyyae Spamouns (GDYHKIMH pacnipenencH#id Mop Io

' pa3MepaM MOMYMHACTCS YPaBHEHHIO Henpepbmuocm B npocmancrne pa3mepoB
nop (ypaBHEHHE 6aJlcha nonynsmm nop) .

Ao/ + oforicoor/oy = I0eard . ()
C HavanbHBM = - o : .
=60 T ®
M TPaHUYHBIM ycnoﬁnﬁmn( ‘ A ' ' ‘
f(et) ar/ot] e =IO, . B ¢
roe J(t) - ckopocTb ‘BO3HMKHOBEHHSI HOBBIX nop é énimnue 06bEMa TTOPHCTOTO
Ma'repuana 3(r-re ) - nenma-d)yﬂnmﬂ Oupaka; Ie - xpnmqecmn pa:mep
"3apoapia”. HOpr (MHHPIMZ!J‘IbeIH pa:mep nopm) . :

B GONBILIAHCTEE cnyqaes ananmmecxoe ‘penieHHEe YpaBHEHHA Ga.naﬂca
nonyJsuMit riop (7) HeBo3Moxso. JIng TOro, 4To6hl 3TOro M36EXaTh yNOGHO
pewiaTk ypaBHeHHe (7) OTHOCHTENBHO MOMEHTOB .(2). GYHKIMH pacTipeaeneHus
Top MO pa3MepaM. YMHOXMB JIEBYIO ¥ NpaByio 4acTH ypaBHeHHd (7) Ha 1" (n'2 0)
U npouHTerpuposas or 0. 10 w, yuntniBag, yro f(0,t) = 0, f(x,t) = 0, moaywum
‘cHCcTeMy OObiKHOBEHHBIX zxmbd)epemmanmw; ypanneﬂm“i < coomenmy*omnm{ :
HaYyaJlbHbBIMH ycxosmmn. oL
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dM,/dt - J(t) =0 My(0) = Ny,

dM,/dt - WM, -, I(t) = 0 M,(0)= Lg(0), (10)
dM,/dt - 2WM, - 2 I(t) =0 M,(0) = Sg(0)/4x,

dM,/dt. 3WM, -~ 12 I(t) =0 M;(0) = Vg(0)/(4/3)r,

rae W = dr/dt - ckopocTs pOCTa OJHOI MOPBL

PeweHne cucreMbl ypaBHeHMit (10) gaer MCKOMBIE  3aBUCHMOCTH
H3MEHEHMs YHCIa TMop, oOuell UIHHB PagHyCcOB IOp, TNOBEPXHOCTH IOP M
MOPUCTOCTH OT BPEMEHM WIS Cly4as, KOIr/a MOpbl HE IMEepeceKaloTCsd U M3BECTHBI
dyHxuuy, onpepensolme ckopoctd pocta (W) MU BO3HUKHOBEHHSI HOBBIX IOp

).

ByneM paccMarpuBaTh ciydaif, korma auddy3MOHHOE: CONpPOTHRICHHE
MPOHUKHOBEHUIO OKMC/SIOLIMX areHToB B MOpbl Majdo M peakuus (1) Ha
MOBEPXHOCTH TOP YIjisl NPOTEKaeT B KWHETHYECKOM pexiiMe. B atoM ciyyae wis
CKOPOCTH pOCTa IOp MOXHO 3amucaTh YpaBHEHHUE:

W = K C"exp(-Eo/RT), (i

rae K., Es, m - cOOTBETCTBEHHO 3¢¢eKTUBHAsA KOHCTaHTa CKOPOCTH POCTa,
9Heprysi aKTHBALMM M MOPSAIOK rereporeHHoit peakuuu (1); C, - KOHLEHTpaLMs
OKHCJISIOLHX ar€HTOB B PEAKLIHOHHOM IPOCTPAHCTBE.

B cayyae Oosbmioro KommyecTBa MNMOp B eAMHHLE OObheMa IipU
HX pocTe TMPOMCXOOMT B3aMMHOE IEpPeKpbIBaHUE IMOpP, YTO MPUBOIMT K
YMEHBIIEHHUIO (GaKTHYECKHX YAENbHBIX XapakTepucTHK ofbeMa (E), mosepxHocTH
(S) m wman (L) mop. B pamkax momenn XPC - monocTeif 3TO0 MPUBOAMT K
CIEeOyIOIIMM  3aBUCHMOCTIM Mexay 3ddextuBHBIMH M daKTHYECKUMU
napamerpami |3):

e = 1 - exp(-Vg),
S = Sg(l -¢), (12)
L = LE(]. -8).

Ecnu pasMmep rpasyisl yINepoaHOro MaTepuala YMEHBLIAETCA B IpOLIECCE
aKTUBallMM HE3HAYMTE/ILHO, TO BBIPAXKEHHWS AN CTENeHH npespaweHus (X) u
Kaxyweiica mwiotHoctH (d) o6paslia ¢ MaidbIM COOEPXAHHEM MHHEPAIbHBIX
MPUMECE MOXHO 3aIMCaTh:

X = (e-80)/(1- o), (13
d =do(1-£)/t1-20). (14)

e gy U d. ~ Ha4aJIbHbI€ NMMOPUCTOCTh M IJIOTHOCTA.
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- KoMmbunupys cucremy ypasHeHuit (10) c ypaBHeHuamu (11-14) n 31Has
GYHKIMIOHAIBHYIO  3aBHCHMOCTb CKOPOCTH BO3HMKHOBEHHS HOBBIX IIOP
(HyKJI€aUHH), MOXHO MONYYHTH 33BUCHMOCTH [IJIMHBI PaZlMfyCoB IIOp, IUIOMIAZH
MOBEPXHOCTH 0P, TUIOTHOCTY aJCOpOeHTa, CTEMEHH MPEeBPallleHHsS M MOPUETOCTH
OT BpeMeHH. {1 cay4yast OTCYICTBUS mpolecca o6pa3oBaHusA HOBBIX nop (J(t) 0)
BO3MOXHO IOsIydeHHE HOCTATOYHQ MPOCTHIX aHANMUTHIECKIIX 3aBHCHMOCTEN [5], B
ofiweM xe ciayyae, HeOGXOMMMO peliaTh CUCTEMY ypaBHeHHit (10) 4ucIeHHEIMU
METOAAMH.

PaspaGoraHo cnemmanbHOe mporpaMMHoe obecrieyeHne ang IBM-
COBMECTHUMBIX KOMITBIOTEPOB, KOTOpoe naer BO3MOXHOCTb He
NPOrpaMMHPYIOILIEMY [IOJ30BATENI0 IIPOBOAUTh MOJEJIHPOBaHHE IIpoliecca
aktuBauud. C T[OMOILBIO TOM MNpPOrpaMMBl TpPOBeAeHa MAEHTHGUKALMI
MapaMeTpoB MONEHH M BHINOJHEHO MOMENIHPOBAaHME XHHETHKM aKTHBALHH
CHHTETUYECHITX YIJICH MapamMi BOABI AN Pa3jIMYHHK YCJIOBHH IIpoliecca.

B pesynbTare yctaHOBJIEHO, YTO:

- IIOBEPAHOCTb MUKPOIIOP yIJIel ¢ HayaJIbHOM MOPHCTOCThIO (MK 06rapom)
HiDKe HEKOTOPOil KpUTHYECKOI BEJIMYMHEI, 10 Mepe obrapa cHavyaja
YBEJINYHUBAETCS, IIPOXOIUT Yepe3 MaKCUMYM U 3aTeM YMEHbILUAETCS;

- pazMep MHUKPOIIOpP IPH aKTHBAaLMH JIMHEIHO BO3PACTaEeT B CAy4Yae OTCYTCTBHUSA
HyKAEaLlMH U MPOXOIUT Yepe3 MUHHUMYM IIPU €€ HaJTNYuH;

- 3aBUCHMOCTb CTEIEHH npeBpailleHus (obrapa) or BpeMeHH uMeeT "S"-06pa3Hyo
¢opmMy WIS yIyiel ¢ MaJIOil UCXOQHOM MOPHUCTOCTBIO U HE UMEET NEePErHGOB I
yTJIel C MIOPUCTOCTHIO BhIILI€ KPUTHYECKOIA,

TIpaKTHYECKH BaXKHBIM PE3YJIBTATOM HCCIICHOBAHUS SBASETCS BO3MOXHOCTb
npeacKa3aHusd OCOGEHHOCTEH XHMHETHKYM (OPMHUPOBAHHUA TMOPUCTON CTPYKTYPBI U
yNpaBieHHd MpOLIECCOM aKTHBALlMM YIJIEPOAHBIX MAaTEpHAJIOB B DPEaKTOpe
HMIEaJIbHOTO CMELIEHHS.

Taxum o6pa3oM, mpensiiaraeMblii TOMKOA K OINMCAaHHIO KWUHETHKH
¢GopMHpPOBaHHUA IIOPHUCTOM CTPYXTYphl AY IIO3BOJIGET peIUaTh MMPaKTHIECKU
Ba#MHBIE 33JaYd HAMpPaBJEHHOIO - CHHTE3a. HOBBIX AY ¢ ONTHMaJbHBIMH
rnapaMeTpaMH IIOPUCTOM CTPYKIYPHI.

JIutepartypa.

L Xeitdeu JI.H., Heitmapk A.B. MHorogasHbie npoLIECCH B MOPUCTHIX CPeaax.
M. Xumug, 1982. 320 c.

2. S.K.Bhatia, D.D.Perlmutter, AIChE J., 25 298 (1979).

3. S.K.Bhatia, D.D.Perlmutter, AIChE J., 26 379 (1980).

4. K.Hashimoto, P.L.Silveston, AIChE J., 19 259 (1973).

5. A.Bagreev, Yu.Tarasenko, A.Ledovskikh, Proc. 22-nd Bien. Conf. on Carbon,
San-Diego, p.610 (1995).
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SOPEKTHUBHBIE METObI PEiLEHY TTPAMBIX 1 OBPATHBIX 3ATAY
XUMHYECKON KMHETHKH

B.H. Bu6un
Hucmumym Kamanusa um. I K. Bopeckoaa, Hogocubupcxk, Poccus

B pabore obGcyxneHbl 3¢peKkTHPHbIE METOIbl PEIEHHA MNPAMBIX H O6paTHBIX
3aay XHMHYeCKOH KHHETHKH reTeporeHHoro karamusa /1-8/. IlpemwioxeH makeT
nporpamm Ha ssbike "®oprpan-77", peann3oBaHHbIi Ha nepcoHambHOii OBM THna
IBM PC. INaker nporpaMM TNpPHMEHSTH TPH HCCIEMOBAHHH KHHETHKH peaKLHii
OKHMCJIEHHR METaHOJa, MNpOMHJIEeHa M axpojeHHa. J[eMOHCTpalHs BO3MOXHOCTeH
nporpamMM J1aHa Ha NpHMepe HCCICNOBaHHA KHHETHKH OKHCIIEHHs aMMHaxka /8/.

OJHMM H3 5TaNOB MATEMATHYECKOrO MOJENMPOBAHHS KATAIMTHYECKHX NMPOLECCOB
SBJIAETCA peuleHHe MNpPAMBLIX H OGpaTHBIX 3ala4 XHMHYOCKOH KHHETHKH. IIpsmbie
3ajayd - BLIYHCIECHHE KOHLEHTPALUMii  PEaKUHMOHHBLIX BELIeCTB NMPH HM3BECTHBIX
KHHETHUECKHX YPABHEHHSX M KOHCTAHTAaX IUIA 32TaHHLIX yCIOBHI BENeHHs mpouecca.
OG6paTHble 337jayH ~ OMNpeleieHHE BHAA KHHETHYECKHX YPaBHEHHH H KOHCTaHT Mo
pe3ynbTaTaM ONLITOB NPH BApPbHPOBAaHHH YCIOBHiA 3KCMEPE.MEHTA.

BsefieM HEKOTOPLIE ONpEHesIeHHS.

XHMHYECKHe PEaKLIHH OMHCLIBAIOTCA CHCTEMOH YpaBHEHHH

Zi,j a(i, j)- AG) = 0. i=1...N, j=L...M.

CKOpPOCTH peaklHii 3aBHCAT OT (YHKLUHH KHHETHYECKHX KOHCTAHT H GYHKIHH °
KOHLEHTPaLHii

R(KK,C) =K{TMIC}
CKOpOCTh pacxOqOBaHHsA BELUSCTB ONPEAEIHM yPaBHEHHEM

WO =%, ;a6 )-RK,O).

B 1naGopaTOpHBIX YCHOBHAX OOBIYHO peayu3yloT H3OTEPMHYECKHH Npolecc B
PeaKTope HIEaJbHOTO CMELLEHHs, MOIeIb KOTOPOTO HMeeT BHI

Vp- 8CIot = VO.CO-V-C + Ve Z‘M a(i,j)- RX,C).

Huorna NMPOBOAAT MPOLECC B PpeaKTOpe HACAIBHOIO BBLITECHEHHA, IUIT KOTOPOTO,
CrpaBeJIHBO CIIEOYIOLES ONTHCaHHE

e-oC/ot =-U- aClal +Zi,j a(i, j) - R(X,C)(1-¢).

Ecmu KOHLEHTPALHH PEAKLHOHHbIX BELIECTB HE MCHAKOTCA BO BPEMEHH, TO
ﬂpOuOCé Ha3blBAIOT CTallHOHAapHbIM, eciu MCHSAIOTCA, TO HECTAaLlHOHAPHbIM.
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Pa3paboTaHHble HAMH AITOPHTMBbI MO3BOJNAIOT CYHTATh KaK CTAalHOHapHble, TakK H
HecTaLHOHapHbIE MPOLIECCHI.
3meck NPHHATHI TPaAHLHOHHbIE 0603HaYEHHS |

A(j) - Ha3BaHHA peaKLHOHHBIX BewecTB (OObIYHO XHMHYECKHE HOPMYITbI),
a(i,j)- cTexHoMeTpHYeCKas MATPHLIA XHMHYECKHX PEaKLHi,

ij - MHHIEeKChI peakuxH H BewecTsa, N, M - unciro peakiluii H BelLeCTB,

t - BpeMs, cek, 1 - KoopIHHAaTa Mo IJIHHE PEaKTopa, M, BEKTOPHI,

C0,C - HaYaTbHBIE H TEKYIIHE KOHUEHTPALHH BELIECTE, MOMB/M3,

K - xOHCTaHThI CKOPOCTe# peaklyi, € - MIOPO3HOCTb CJIOH,

R(K,C) - BexTOp CKOpOCTEi#i peakiuii, Monb/( M3 (kaT.)cex ),

W(C) - ckopocTH pacxofoBaHHs HIIH o6pa3oBaHHA BellecTB (BEKTOP),

V0, V - 061eMHas CKOPOCTh MOJauH Fa3a HAYANBHAA H TEKYINas, Mo/Cek,
Vp u Vg - cBoGonHbli 06beM peakTopa H 06beM kaTanH3aTopa, M3,

U - cKkopoCTb MOJgayH peaKUHOHHOH cMecH, M/cek,

F(X) - obuee 0603HaueHHE KHHETHYECKOH MaTeMaTHYECKOH MOMIENH,
X - BexTOp KOHUeHTpauuii ( 6e3pazMepHbIx ),

n, n+l - HoMep HTepaLHH HIIH HOMED LIara aropHTMa.

IIpsmas kHHeTHuYeckas 3aJaya
CrauHoHapHbli MNpolecc B PpeakTope HOEAILHOTO CMELUEHHS OMHChIBAETCA
CHCTEMO# HEJTHHEHHBIX ypaBHEHHH OTHOCHTEIbHO BEKTOPA KOHLIEHTpalHi

VO.CO-V.C+ Vy Zi ; a@, j)-R(K,C)=0.

JUns peleHns 3Tol cHcTeMbl 3¢ beKTHBHBIM SBJIAETCA ABYXLIAroBblit MeTox /4/.
PelraeM cucTeMy ypaBHeHHi.
. F9=0. X'=X().
0. F(X% = aF(X%/ax = [F(X%+AX)-F(X%))/AX

Wlar 1. Xotl=Xn-Ul, Ul =[FXn)]-!.FXn)

Illar 2. Xnt2=Xn+l. U2, U2 =[F(X®)] -F(Xn-Ul).

Fi(Xn*2) = [F(X®) - F(X"+2) J(U1+U2)
Ecmn | | F(x0+2)| | >EPS wnm | | (U1+U2) | | > EPS, o nn na war 1.
Ecnu (Ul +U2)~0, To XOHeL BbIYHCIIEHHH.
IlepBoiit mar - o6bluHbiH MeTonm HbloTOHa nepBoro mnopsnxka, a BTOpPOH -

moaudHuHpoBaHHblii MeTon HeioToHa BTOporo nopaaka. IIpou3BoHbIE BBLIYHCIAIOT
ONMH pa3 Ha OBa ILIara M HOBble 3HAYEHHs MPOH3BOMOHLIX OLIEHHBAIOT YHMCJIEHHO MO

pe3yabTaTaM BbIYHCIEHHI.
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CralnHoHapHBIi MPOLECC B PEAKTOPE HAEANbHOTO -BBITECHEHHS MOXHO OMHCAaTh
CHCTEMO# HenuHerH X IuddepeHIHanbHbIX ypaBHEHH i

vac/l = 7, al, ) RK.C)-(1<), CO= C(0).

Zaa 3pGEeXTHBHOTO pelueHHst TakKMX CHCTeM paspaboTaHbl /5/ BIIOXKEHHbIE SBHbIE
MeTonbl THma PyHre-KyTTa ¢ pacluMpeHHO#H oOnacThio YCTOHYHMBOCTH W TONYysSIBHbIE
Mmetonsl Tuna Pozenbpoka. Hamu /3/ npenioxeH onTHManbHbId alilifOPUTM BeIGOpa
11ara MHTETPHPOBAHMA. ANIOPHTM DelUeHHs X BbIOOp luara MOKaXEM JUIS MeToaa
THna Pozenbpoka.

Pelaem cucremy

ox/a1 = F[X]. X¥=X(0).
Pewienue Ha ware n
xon+l=¥Xn+ P1.KI + P2-K2.
BblunciieHns Ha are n :.
AXD) = gF[{X1)/0X,
D = EB-aHAXD),
D-K1 =H®nF[X"1],
D-K2 = Ho.F[Xn + b-K1I],
on = CMAX[(KI - K2)/( 22+ TOP)].
q(Z.Sn) = ( E}S/Qn)'
OnruMH3anus wara.
HavuanbHblii 1Uar BBIYKCASEM Ha OCHOBE OLIEHKH MaKCHMallbHOrO COOCTBEHHOIO YHCGHa
MaTpHLbl Jxobu
Hl=#.01/SLED[ A(X}).

Hocnenyxou.me LIard NpoBOAMM MO aHaNH3y TOYHOCTH PELUEHHUSI CHCTEMbl HA TaHHOM
LIAre 1 HECKOJIbKHMX MpPeAbIAY LIIHX. Ecmu MPH BbIMOJIHEHHH AaHHOIO MIIK NMPEAbIAYLIETO
ara NpOBOAMIIK NEIE€HHE BEJIHYHHbBI Lu'ara,'ro BEJIMYMHA HOBOIO Lllara He MEHsIeTCA.

Ecmn Qo> EPS, To Sn <0, T.€. LIAT HE NPHUHAT, YMEHbIIIAEM LLIAT
Hn= H .q(Sn-0-85%-%) M MIOBTODSEM BLIYHCIIEHHS.
Ecmu QU< EPS, 10 Sn >0, T.€. AT MNPHHAT, BBIYHCIAEM

Xn+l=Xn + P1.K| + P2:K2,
Ho+! = Hn.q(6n-0.90%3) M MEPEXOMM K HOBOMY LLAry.

IMpeanoxeHHbIl METO HMMEET BTOPOH MOPANOK TOYHOCTH. IIpH 3amaHHOl
TOuHOCTH paBHoit 10-3-10"4 ycnewHo pelaer XecTkue 3amauH.
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3nmech: f=V2 , a=1-1/f, b=f, P1=0.5+0.5/f, P2=0.5-0.5/f, C=15 - napamerpsl MeTOJa,
F[.]- npaBble yacTn cuctembl ypaBHeHnit, A(X ) - MaTpuua Skob6y, E, D - enuHHYHas U
CrielHanLHas MaTpHLbl, H - liar HHTErpHpOBaHHS, { - NApaMeTphl Wwara, Si - BEIHYHHA
H3MEHEeHHs Wwara, Q - TOYHOCTb BhIYHCIIEHHH, EPS - 3a1aHHas TOYHOCTb BLIYHCIIEHHIH,
TOP - Manmas BelnMYHHAa - OUEHKAa MHHMMAJIbHOTO 3HauyeHHs BelH4uHbl X, {ecnu
X < TOP, T0 TouHOCTb abcomoTHas, et X > TOP, TO TOYHOCTH OTHOCHTEIIbHAS),
SLED{A(X1)] - cnen matpuusl Sxo6u B Touke X! Beruncnennuii, K1, K2 - npomexy-
TOYHbIE BETHYHHBI:

OG6paTHas KHHETHYeCKas 3a1aya
IIpx co3maHMM HOBBIX HMJIM MOAHMOHUMPOBAHHBIX KaTalH3aTOPOB KHHETHYECKHE
YPaBHEHHS M KOHCTaHTbl HEOGXOMMMO HAHTH HIIM YTOYHHTb MO 3KCHEPHMEHTAJIbHBIM
IaHHBIM, MOJIyYdeHHbBIM B J1aOOPaTODHBIX yCTaHOBKax. TO €CTb pelWHTb OOpaTHYIo
x‘hHe'ruqecxym 3ajayy. PelueHue 3alayd MPOBOAMM Ha OCHOBE HENHMHEHHOIO MeTOIA
HaUMEHbLNX kBagpaToB. IKpHTEpHil COriacHss MEXMy ONbLITHbIMH M PACUYETHLIMH
BEJIMYHHAMH ONPERETHM KaK

F@mK) = ¥, [WE- W; €K, j=1,...N.

3neck: F(m,K) -~ MUHHMH3HMPYyeMblil GyHKUHOHAI, M - YUCIO KOHCTaHT, K -BekTOp
KHHeTHYeckux koHcTaHT, WEj, Wi(C.K) - onbiTHbIe U pacyeTHble 3HAYeHUS CKOPOCTeit

n3MeHeHus BeliecTB, C - KOHUEHTpAalUHWH DPEeaKUHOHHBIX BEHIECTB, j - MHIEKC OMbITa,
N - yHcio OnBITOB.

3amaya MMHHMH3aUHH (QYHKUHOHANa SBISETCS ITOCTATOYHO TPYIOHOH MaTeMa-
THyeckoil 3amaueil. Copmymnupyem ee kak 3amauy OrnpelesieHHs BEKTOpPa KOHCTAHT
M3 YCIOBHS:

OF(mK)/0K; =0, i=l, .., m.

JIpn 3TOM BO3HHMKAaeT CHCTEMAa HEJMHEHHBIX anreGpaHyeckux YPaBHEHHH, mpsMmoe
pelieHne KoTopbix Tpebyer OoOiblUMX 3aTpaT MAlUMHHOTO BpeMeHH. boiee
3¢dex THBHBII METOX NpeRsIoxkeH B paboTe /6/1 peanu3oBaH B Halueii paboTe.

Tlonck MuuuMyma yHkumonana F(mK) Oynem BecTH Ha TpaeKTOpHH
rpaHEHTHOH CHCTEMBI HENTHHEHHBIX T} dePEHUHANBHBIX YPaBHEHHI:

dK /dt = - OF(mK)OK;, i=1 ..,m,

fIQCKOJIbKY Ha 3TOM TPa€KTOPHH

2
FmK) < OFm,K) K; _ o (OFmK))"
at LigK; et ~10 8K; )
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TO HOBHXEHHe MO Hell NPUBOAMT K yMeHblueHuI0 F(mK) IO HOOCTHXEHHS TOYKH

MHHHMyMa B kotopoil 8F(m,K)/6K =0 npu Bcex i.
ITpoBeeM THHeapU3aLUIO NPaBOii YacTH:

dU/dt=-A.U-B,
rme U=K-Ky; B=0oF(mKg)/oK; A= 8?F(KgWoKKy sv=1, .., n.

ITonyyeHHyIO THHEHHYIO CHCTeMy ypaBHeHHHi OylleM peliaTb METOOOM MaTpPHYHOI
3KCIOHEHTBI, YTO MO3BOJISET OMHOBPEMEHHO B NPOLECCE CYETA BLISBUTB YHUCIIO IIOXO
onpefengeMblX KOHCTAaHT IO BelHuMHe ciefa MaTpuubl I'ecce. IToxpobHoe onucanue
peliueHHs ¥ MOMCKa MHHUMYyMa NnpuBeeHo B pabote /6/.

B Touke MHHMMyma (yHKLHOHAIa BBIYHCISEM CpEHHIOI OLKOKY omucaHus,
JOBEPHTENbHbIE HHTEPBAIbl JJI1 KOHCTAHT /3/ H MPOBOAMM aHAJIN3 PpeLIeHHs] METOIOM
LIKaJMPOBAHHbIX TJABHbIX KOMIOHEHT /7/, 4TO NO3BOJsET  HAHTH XOpOLIO
onpeaeneHHbIe, 3aKOPPETHPOBAHHbIE U HE3HAYUMBbIE KOHCTAHThI.

ITakeT nporpamm

O¢ddexTHBHBIE METOAbl pELIeHHMs 3allay XMMHYECKOH KHHETHKH pealH30BaHbI
B mnakere nporpamMm Inas nepcoHambHoii 3BM TtuHna IBM PC/AT Ha s3blke
"®doprpan-77". IlpuMeHeHHe nakeTa NpOrpaMM MU3BOJsSET ObICTPO NMpPOBECTH
pacyeTbl M9 HECKONbKMX BAapHAHTOB KHHETHYECKHX Mozened u BbiOpaTh H3
NPEIVIOKHHBIX MOJENb, NAIOLIYIO JTyylllee OMHCAaHHE OMBITHBIX HAHHBIX MO KPHTEPHIO
COTJIACHS, HMMEIOLIYI0  MHHHMMAaJbHOE  YHMCIIO KOHCTaHT, C HaHMEeHbLUINMH
JOBEPUTENbHBIMH HHTEPBAIaMH U MUHUMAaJIbHON CpeliHei omnbkoii onucauus.

IIpumep npuMeHeHUs pa3paboTaHHbIX METONOB NpHBeleH B pabore /8/.
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Potential Controlled Nitrobenzene Hydrogenation - Contributions to the
Reaction Mechanism

H. Ehwald

Institut fir Angewandte Chemie Berlin-Adlershof e.V.
Rudower Chaussee 5, 12484 Berlin, Germany, Fax 0049-30-63924392

The characterisadon of catalysts before and after their use in industrial processes has been
the object of serious investigations. But up to now, characterisation in situ has remained
a problem. Nowadays it became possible to watch elementary processes immediately under
laboratory conditions - especially using surface science methods. In the technical catalysis
catalyst temperature and product distribusion are the only parameters accessible to direct
measurement.
There are only a few exceptions from this gap of information on the state of the catalyst
. during reaction. One of them is the hydrogenation on suspended metallic catalysts in
electrolytes.
With hydrogenation proceeding on metallic or metal containing catalysts, the metal
component of the catalyst is involved in the charge transfer processes between molecular
hydrogen and the substrate, It attains a definite electrochemical potential, which in electro-
lytes can be measured against a reference electrode. In the case of suspended catalysts, a
captor electrode must get into contact per time unit with a number of particles high enough
to impose the catalyst potential to the electrode.
The classical interpretation of the catalyst potential was given by SOKOLSKIJ [1}, BECK
and GERISCHER[2]. They considered the predominant redox process to be the charge
transfer between the active one-atomic surface hydrogen and protons via the catalytic active

metal.

5 —> +
H me!nI-H te

This way, the catalyst's potential is to be interpreted as a hydrogen potential. Under
equilibrium conditions it would not differfrom a reversible hydrogen reference electrode.
In the presence of substrate, however, surface hydrogen is spent to reduce it, the steady

state hydrogen surface concentration [H], becomes lower than the corresponding equi-
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librium value [H],, and the catalyst's potential is shifted to more. positive values. By help
of NERNST'S equation on can calculate the relative surface concentration of active

hydrogen from the catalyst's potential.

The.catalyst potenﬁal value allows to draw conclusions about the hydrogen reserves of the

RT
=~ ? In [H]nl

catalyst. Low po'téhtial values of a few mV mean ihaf the active hydrogen supply is nearly
unlimited. High values of about 50-100 mV indicate that the hydrogen source for the
hydrogenation process works at the maximum poWer or, in other words, there is a hydrogen
shortage on the catalyst's surface.
‘We speak about petential controlled hydrogenation [3], if the substrate supply is controlled
by the potertial value and the reaction proceeds at a given potential. Controlling the
‘potential, one controls the surface concentration of active hydrogen, arid, this way, it is
possible to regulate not orly activity but also selectivities and the deactivation rate.
But first there are some questions about the reaction mechanism to be answered before one
" can trust ény conclusions from the potential measurement and shall use potential values for
 technical proc‘ess (':ontrollingA It must be sure, that the catalyst potential is really a hydrogen
potential. This means, that the hydrogen path of the hydrogenation must include the rate
controlling step(s) of the reaction.
For the hydrogenation of mononitrobenzene the hydrogen reaction pathway can be depicted
in several steps:
Gaseous hydrogen dissolves in the liquid phase.
Dissolved hydrogen is adsorbed at the catalyst's surface
Adsorbed molecular hydrogen dissociates into one-atomic surface species.
One-atomic hydrogen transfers its electron to the metal and becomes a proton.

_ Protons generated at the surfiace change their place with protons of the solvent.
According to HEYROVSKY, the last two steps are extremely fast reactions. Dissociation
of molecular hydrogen, however, is expected to be a slow process.

The best way.to measure the rate of the separate steps on the hydrogen path under equi-
librium and steady state conditions is to trace the gas phase hydrogen by deuterium and to

watch the time dependence of the hydrogen isotopic molecules' concentrations.
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The best way to measure the rate of ﬁxe separate steps on the hydrogen path un'der equis
librium and stéady state condmons is 10 trace the gas phase hydrogen by deutenum and to '
watch the time dependence of the hydrogen isotopic molecules' concentrations. .
Thus, we preserve the chemical state of the investigated system and can, nevertheiess, '
study- the system relaxation aftera given artificial disturbance. These relaxatlon process%
are hydrogen exchange reactions between the hydrogen containing components of aur.‘
k system They become v151ble by two isotopic exchange reactions. L
Ote of them is the heteroexchange between gas phase and the other parts of the- system ‘
This exchange reaction results from hydrogen dissolving, adsorption processes, ,cha‘rg‘e '
transfer (between hydrogen ahd catalyst) and proton exchange between solvents and ﬁre
catalyst's surface. The other one is the homo(molecular) exchange of isotopes between the 1
dihydrogen movleculds of the ‘ gas bhase The homoexchange takes place because of
hydrogen dissociation on the catalyst's surface. 7
For diatemic molecules MUZYKANTOV,’ POPOVSKIJ and BORESKOV [4] in’ Novo:
sibirsk and KLIER, NOVAKOVA and JIRU 5] in Prag have solved the‘ kinetic‘s of tracer
distribution. Using their formalism, we calculated the heteroexchange rates betwéen the gas
phase and the other hydrogen containing components of the syster: and the homoexchange :
rates between the hydrogen molecules in the gas phase. The '

experiments were done on Ni/Si0, at 1 MPa and 360 X under equilibrium conditions as -

well as under steady state con- ] )
.. J_ ] ke ey
ditions (Ag = 50 mV), too. Results | mesmie 2:___} [t
are given in fig.1 ons e bl ;
L1 : g b ;

g‘ & . [mol/gh] SOMH, |1 rmaven
Surprisingly,  the . dissociation " _45 mass s e solid - 11
appears to be a fast process. The b [Tedy .

r : :
conversion of one-atomic surface : Bssocigtion - i
. ade P
hydrogen  into solvent ‘protons, :"4 H .
however, proceeds ve‘ siowly If P g )
. + N t -

A v 0.07 — LadsHt e 04
charge transfer and proton ex- ' charge vanger ® !

. - . . ’ [}

. change are fast processes, our sys- ool HY4e i-— -t
tem involves a slowly proceeding ® fast process acoonting to AEYROVSKY -

activation process. This process
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must be located between dissociation and charge transfer and will result in some active
hydrogen species i+ Thus, we are to add 2 new reaction step to the scheme mentioned
above: One-atomic hydrogen gets' active hydrogen. The formation of this aLEr% is the rate
determining step of the reaction.
During hydrogenation by H/D mixtures the D-concentration in the gas phase increases
strotigly. That means that the hydrogenation of nitrobenzene prdceeds with a strong kinetic
isotopic effect: Deuterium reacts about 3 times slower than protium. This great value makes
probable, that the formation of active hydrogen is connected with repeated bond-breaking
between surface and hydrogen. Possibly, the atomic hydrogen moves stepwise (jumping)
along the surface adsorption places ( ) to reach the active sites Z.

H+ ()® (H)

H+ Z ->ZH*

If we assume a fast reaction between this active hydrogen and the substrate, the rate of
activation will increase with a rising amount of adsorption places unoccupied due to
hydrogen consumption. A catalyst potential of SO mV means a decrease of hydrogen
surface concentration of about one order of magnitude. In other words: nearly all active
sites are unoccupied and the activation rate reaches its maximum value. That is why
activation during reaction is half an order of magnitude faster than under equilibrium
conditions. The opposite is the case with the dissociation proceeding under reaction
conditions slower than during equilibrium. As the experimentally found decrease of the
dissociation rate (5 moles per gram catalyst and hour) is about ten times greater than the
hydrogen consumption rate (0.4 moles), this decrease cannot be explained by hydrogen
eonsumption. Obviously, nitrobenzene or intermediates are blocking the dissociation (or
hydrogen adsorption) centres on a part of the active surface. If this is true, at higher
substrate concentrations the formal reaction order of nitrobenzene can obtain negative
values. Indeed, in batch experiments we could show, that a range of conditions does exist,
where the hydrogenation rate rapidly increases with decreasing nitrobenzene concentration.
This is a dangerous situation for technical hydrogenation, because at these conditions the

reaction becomes unstable.
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Than, as it is shown in
fig.2, the reactor tempesa-
ture is rising rapidly and a
nmawayA of the reaction
vessel gets possible. This
is one weighty reason to
perform potential control-
led hydrogenation. Than it
is easy to be on the safe
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E [mV]

< MNB [gA]

side working at low sub-
strate concentration. hal
100 -
.

Sumamary:
The pathway of hydrogen
from the gas phase to the

10 15 t[ein]

active hydrogen species on the surface of the catalyst was investigated in a stirred liquid

phase batch reactor by the H/D-exchange.

During potential controlled nifrobenzene hydrogenation (steady state conditions) the

hydrogen supply is not limited by the dissociation or by mass transport, but by

the formation of an active species afier dissociation.
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OP-A8
HCIOJI530BAHHME MATEMATHUECKOLT MOJEJH JJ151 ONTUMH3AIIHH

PEXXMMOB PABOTBI INTPOMBIIIIJIEHHOT'O PETEHEPATOPA

KEHCL{OB 10.H., XKuneuos A.C. *, Bo6bures B.H., EBrymenko B.M. *,
" KussbkoB A.JL.* Maxotkud O.A.**

TOO “HUmnynsc”,
*AOOT “SpocnaBuedreopreunres”, r.S{pocnaens,
*#BI1 CO PAH, r.HoBocubupck

Pa3pa6oraHa MaTeMaTHYeCKass MOZEeNb PEreHepalit 3aKOKCOBAHHOTO KaTaIH3aTopa B
NCEBIOOXHKEHHOM Cjioe W nporpamma pacyera ee-Ha IIK. McnonbsoBana apyxgasHas
MOJIENb NI KOHUEHTPALHH peareHToB U NHG(y3HOHas MOMENb I YACTHLl KaTalH3aTopa.
KuHeTuyeckas. MoMenb pereHepauuu BbOpaHa IO JMTEpPaTypPHBIM OaHHBIM. IIporpamma
cocTaBlleHa Ha alNrOpPHTMHYeckoM s3bike “@opTpan-90”. IlpoBemeHo MomenHpoBaHHe

TIPOMBIUJIEHHBIX PEXHMOB.

MaremaTuyeckas Moaendb.

‘VpaBHeH#ue B Ge3pa3MepHOM BUE:

1 2% A tmy ~
E—Jf"qﬁ‘ Nu(X; ~ Yi)mwé-c;(ij) =0

_(;-_q)fgfe—i--!-Nu(Xi -Y;)=0, 0<f<l
. a2z
() 2=0 aX;/de=qPeX;, Y, =0 I=k "&f"zog

Pe= L—Y, Nu= bl-I:- = bty .

X; =(Coi~Gi)/Co» Y5 =(Co-Ci)/Cai» Coi >0
i%1,2,...,1.; - YHCIIO peareHTOB B pereHepaTope.
3pecs: C;,Coi - Texywye 1 HaYaIbHbIE KOHUEHTPAUMH BELIECTB B rasopoii (ase, npHueM, ecii
Coi=0, TO cooTBercTByIOLIHE KOHUEHTPAUHH HOPMHPYIOTCS MO HAayalbHON KOHUEHTPAaLHH
KHCIOpONa;, ¢ - HONA rasa, APOXOASUIEro yepe3 IMIOTHYIo ¢asy; b - kozdpduumesT

Mexpa3Horo o6meHa, I/c; tmy, - Bpems KOHTaxXTa, C.
Cxkopocti <W'jf> B (1), €ClH YYMTHIBaeICst pacnpeleneHue YacTHL KaTauu3aropa 1o

3aKOKCOBAHHOCTH, HMEIOT EHI:

max

m, a
@ (Wif) = vy [fFQar(aXpa
=toooo

Ecmun CKOpOCTE: I'OPEHMs KOKCa MO MAaHHOMY MapllipyTy MOXHO NpeacTaBHTh B BHOEC!

A max

r(a,Xi)=F(a)r(Xi)‘ TO, 0OO3HAYHB (AS)(€)= j.f(i,a)F(a)da, MOJIYYHM BBIPAXEHHE UL
0
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(2a) (wi) = % Vijr(xi )(AS
i=e

Mi - uMCIIO "peakumii; ij - cTexHoMerpuueckue xosbduumentsr; f(£,8) - NNOTHOCTH
pacnpenelleHns YacTHL KaTaJH3aTopa Mo AnuHe “{” M COCTOTHMI “a” (33KOKCOBaHHOCT:H,

KOTOpas OM¥CbIBAa€TCA ypaBHeHHeM [1]).

® éz%-s@(vk)Sf_e—%tm,nka[(a,xi)f(.e,a) =0
0<i<i, 0<a<an,; a=ag,: [=0;
e=0: offar=Siperlf-a)) £=1 of/or=5,Pey[fy(a)~ ]
S;=0, S;=1 - B cnyyae NPOTHBOTOKA KaTaiu3aTopa M rasa [sign(Vix): “-’; Si=1, S:=0 - B

ciiyyae HpAMOTOKa KaTanu3aTopa M rasa [sign(Ve): “+"} Ry ~ CKOPOCTH H3MEHEHHR
COCTOsitHHST KaTaj{zaropa. B ClIy4yae TOPDEHHA KOKCa HEKOTOpbi€ H3 3ITUX CKOpOCTﬂ? A
CXOPOCTH peaklHii ra3006pa3HblXx KOMIIOHEHTOB OMHH H Te Xe.

TeunepaTypa NOTOKOB 4aCTHI # ra3a:

1 d%n

@ gé‘l:"g;z"-'sl (Vk}q (Tl "-Tz)-i* tmr<ij>Tad
( q) =5 ( Tz) 0<L<l;

. dT, dTy
£=0: —gz—l' = SIPGK(T} - Tu ), T2 = Tzi; £=1 -EEL = S?.Pek(TI - Tﬁ),

T Tz - TEMTEPaTyPs! BXOMAWETO Ia3a M KAaTanu3aTopa; Taa - amMabaTnueckuii pasorpes,

rpaf.; Sm u Si - napameTpsbl TerzoobMena.

Merop peutenns.
Cucrema (1)-(4) pemanace METOOOM YCTAQHOBNEHMs: K YPABHEHHSM NPHIHCHIBAIHCH
TIPOH3BOOHbIE NO BPEMEHH H CTABHJIHCh Ha‘!aﬂbe‘IE YyCIJIOBHS.
Hecrannonaphas cucrema B 6e3pasMepHoit ¢popme HMena BUA:
aX; oty =L X; - Nu(X; - %;)+ (W (X, )f)
® dY; [otg = LyY; -Nu(X; - Y;),
28 X =0, ¥; =0 (t; =t/tmy);

/oty =Myf = Ry (X2}t

P
t20: £=fy() {tp = t/emg )

AHanorudHo (5) NpelCTaBIAINCH H YPaBHeHHS (4).

Cucrtema anmnpoOKCHMHPpOBaJlacs o Epemeﬂu: BBOJIMIIMCE 11aTH m'epamu“a

®

=tftmg, tig =t/tm,
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UTepalHHi CTPOHIIHEE MO NONysBHO# cxeme X9 =0, Yjp =0, fy = fo(a).

%) (xikﬂ - x?) o =Lx - Nu(X§<+1 :-~Y3‘)+ <w j[()‘:;,xi_,)""‘(xi, X)* ]!‘k>;
® (vk! ~YK) fty = Lp¥f - Nu(x,!‘” -¥K); i=12,0mi

ot a
) (f*e )/ tyy =M, K waRkat(Xk”,a)fk“, k=12,
Tlo ¢ BBOOMTCA CeTKA C MNOCTOAHHLIM maroM I = £/n, nm - YUCIO TOHEK CETKH

no £.
ITo a’~ ¢ MPO3BONILHBIM 20%a1<a2<.,. <8Akn=amas, KN - YUCIIO TOYEK CETKH IO 4.

Hrepauml o BPEMEHH [MOENAaJIHCh OO0 TEX MOp, NOKa HE YIOOBJIECTBOPAIHUCHL YCIOBHR

ms (xk“) (x{‘)idx, {%;) = qX[i...n] + (1~ @) ¥[i...n}

max|f ‘H n}l <Ef
i

@10

KuneTHyeckHe MOIeTH pereHepaLii
HCMONB30BaHbl H3 THTEpPaTypsl [2-13].

BONBMIMHCTBO ¥3  OMYONIMKOBAHHBIX ~ KHHETHYECKHMX MOJENel TNONyYeHbl Ha
aITIOMOCHIHKATHBIX KATAH3ATOPAX, HA KOTOPHIX POMCXOMHT Kak MOJHOE (C 06pa3oBaHneM
CO2), Tak M HENONHOE OKHMCIeHHe kokca ¢ .obpasoBanem CO. CoOBpeMeHHsle e
KaTaJH3aTOphl, KaK NpaBHAO, NMPOMOTHPOBaHbl C Ledbio noxuranns CO. YuuTsiBas
npakTHyeckn mnonHoe cropatve CO Ha NPOMOTHPOBAHHBIX KaTaNH3aTOPaxX, MOXHO
nonaraTs, YTO JHMHTHpYyMOIeit cTamMell sBjfeTcs nNomHoe oOkucneHne xokca B CO: u
HCMONB30BaTh COOTBETCTBYIOILYIO CKOPOCTH PEaKUMH s MOAEeIHPOBaHHs poLecca.

B npeanonoxeHnH FroOpeHHs KOKCa COTJIACHO YPaBHEHHIO

(l 1) C +02 -3 COZ
HanboIee YacTo HCMONML3YIOT BbIpaXKeHHe A CKOPOCTH PeaKLHH B BHIE:
(12) W(T,Cy.q) =k exp(-E/RT)C{O;)q;  [2-6),
rre T - Temneparypa, K; C(O:) 1 gk - KOHLEHTpaLKH kucnopoaa u kokca; k, E=30000-44000 -

NPEen3KCOHEHT H 3HEPTHA aKTHBaALHi, COOTBETCTBEHHO.

Ilestb 1 pesynbTaThl MOZENHPOBaHHS.

IIpouece perenepalliy KaTamy3aTopa HEpasphIBHO CBA3aH C OCHOBHLIM IIPOLIECCOM -
KaTaNHTHYECKMM  KPEKMHIOM, TNO3TOMY pa3paboTaHHas MaTeMaTHYeckas  MOIENm
pereHepauny NpefCTAaBISAET YacThb 6ONee MOJHON MOMENH CHCTEMbI “peakTop-per:HepaTop”.
TIoxa 3Ta nomHas MOIENb He 3aBepuleHa, 3amayedl paboThl ABNAETCA ONpeNeNneHHe 3EayeHuil

YNnpaBJsSIOWHNX MapaMeTpoB (HMH B JOAaHHOM Clly4ae SBIAIOTCA BPEMEHAa KOHTaKTa H
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npeGbIBaHHA KaTaJlH3aTopa B perenepz{Tope), obecrneynBaloLiHe MHHHMAJILHOE CONIEPXXaHHe
KOKCa Ha KaTalM3aTOPE, BLIXOMAIUMM H3 pereHepatopa. CBa3b C peaKTOPOM YYHTHIBAaeTCA
OBuMMH NapaMeTpaMH - CKOPOCTRIC LMPKYNALUMH KaTauu3aTopa, TeMnepaTypoii H
3aKOKCOBAaHHOCTHIO KAaTaJH3aTOPa; MX BEHIXOIHBIE 3HAYEHHs Ans peaxTopa ABIAIOTCS
BXOIHBIMH IUI pereHepaTopa H BLIGHPAXOTCA H3 KOHKPETHBIX MPOMBIUIIEHHBIX NaHHBIX,
MpHYeM, HayajlbHas 3aKOKCOBAHHOCTh KaTalH3aTopa paccuHThiBaeTcs H3 Oamanca
KHCJIOPOZIa Ha BXOJIE B PET€HEPATOP H BBIXOZIE H3 HEFO.

Jlns DpoBepKH aneKBaTHOCTH MOZREIH OBbIIO MPOBENEHO COMOCTABIEHHE Pe3yNbTaTOB
MOJENHPOBaHis H TNPOMBIMIICHHBIX HNaHHBIX. YCPeNHEHHblE MPOMBILIIEHHbIE HaHHbIE
npuBeneHel B Tabinuue 1. TemmepaTypa B peakTope 6blIa HayaldbHOH, MO KOTOPOi
PaccUHTBHIBAIaCch TEMIEPAaTypa B PEreHEpPaTope, a 110 COCTaBY NLIMOBLIX I'a30B ONMPENENANOCh

KOAHYECTBO KOKCa Ha BXOHE€ B HEro.

Tab6nuua 1. [TapameTpel mpoliecca KATAIHTHYECKOrO KPEKHHIa H MIOKa3aTeNlH pereHepalHu

KaTajH3aTopa.
Temneparypa, Harp. |PacxogBo3zn |Coct.abim. Hau.xon. OcraToyHblii
° ChIDbs | TPJ.KOpo6a  |ras., % o6. KOKca: KOKC
peak [per T/cyT |T.HM [k6/u |CO:; |[O: T/eyr |%Mac |T/eyT |YoMac
KaT KaT
n 500. [620. |2478. .|27.2 |27.4 |13.2 |[6.5 297|125
p 622.4 3.907 |1.73 [.276  |.12

N - IPOMBILUJIEHHBIE MOKa3aTEJH, P - PACYETHBIE.

TIpH MORENHPOBAaHHH MEHATIOCH BPeMs KOHTAaKTa M BpeMs Npe6biBaHus
KaTaIH3aTOpa, ‘
PesynbTaTel MOIENMMPOBaHHA NpeacTaBieHsl B Tabauue 2 (B CKOGKax - MPOMBILLIIEHHBIE

MOKa3aTelx).
Tabmuua 2
Bpewms, { koHTakTa 20 16 20 24 20
c: npeSbBaHHA 1200 1500 1500 1500 1800
Kousepcus CO;, nonn .64 .63 .69 - .74 .69
Conepskanue B IbIM. .
rasax, % mac: CO: 14.55 13.24 14.56 (13.2 15.55 14.56
0: 6.45 7.78 6.44 (6.5) 545 6.44
Koxkca Ha kaTanu3a-Tope,
% Kk Macce KaT-pa:
BXOX 1.73 1.73 1.73 (1.73) 1.73 1.73
BBIXOZ .135 .101 .120 (.125) .135 .107 -

BuaHo, 4TO ecTh BO3MOXHOCTb YMEHBIIHTh OCTaTOYHYK 3aKOKCOBAaHHOCTh 3a CYET
H3MEHEHHA KOHUEHTpalHH KHCIopoaa (Bpeme}m KOHTaKTa) H BPEMEHH npe6mnamm B

KaTaJIu3aTope.
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OP-A8 IIporpamma pacuera Ha ITK.
PacueTtHas cxema(5-10) peanusoBaHa Ha anropuTMudeckoM s3bike Poptpan-90. IIporpamma
COJIEPXHT OCHOBHYIO 4acTb M JBe MoanporpaMmel (mpouenypsi). BeliecTBeHHas npouexypa
WKIN(k,2), k - HoMep BewectBa (uesoe), a £ - HOoMep TOYKH (UEIOE) CETKH IO
NPOCTPaHCTBEHHOH KOOPIHHATE, PaCCYHTLIBAET CKOPOCTH peakuuii H TennosbineneHus. Ilpu
nepBoM obpailleHuH kK npouenype jpr=0, NPOHCXOAHT BbIYHCIEHHE KHHETHYECKHX KOHCTAaHT -
MaccuBoB ar(j,i), NpH Bcex mNoOCIenymOIHX oOOpalleHusX, jpr=2, pacCYUTHIBAIOTCS
MoCIIeJOBATENbHO CKOPOCTH.

B npouenype RESULT o6pabarbiBaioTcss M MnedaTaroTcs pe3ynbraThl pacyera. ITo
NporpaMMe MOXeT PacCYHTHIBATLCA OT | 10 Ny BAPHAHTOB.

Ecnu npu pacyere DOCTHraeTcs 3allaHHas CXOOUMOCTB MO KOHBEPCHSAM H OCTaTOYHOI
3aKOKCOBAHHOCTH, TO MNEYaTAIOTCsS Pe3yNbTaThl pacyeTa H BBOOMTCS HOBLIH BapHaHT. Ecmu
e CXOMUMOCTb He OCTHIaeTCs, TO BBIMOJHAETCA 3aJaHHOE YHCIIO HTEPALHii B LHKIIE, nocie

Yero YHCJIIO UIaroB YABAaHBAETCA H BbINOJHACTCA HOBBII LIMKIT Hrepaumi.

JIutepatypa

1. Kysnenos I0.H., Maxorkun O.A., Cmuseko MJI. /JAAH CCCP.-1972.-T.207,
N 1.-C.145-148.

2. Hughes R., Shettigar U.R. //Trans.Inst.Chem.Engnrs.-V.51, N2.-P.192-198.

3. Shettigar U.R., Sebastian M.T. //Chem.Eng.J.-1974,-V.7, N2.-P.167-172.

4. XKopor IO.M. MonenupoBaHue (pHU3MKO-XHMHYECKHX MNpoueccoB HedTe-nepepaboTkH. -
M.: Xumus, 1978.

5. Ramashandran P.A., Duducovic M.P. //Chem.Eng.Sci.-1984.-V.39, N4.-P.669-680.

6. Sampath B.S., Hughes R. //Process Technol.Int.-1973.-V.18, N 1-2.-P.39-43.

7. Sampath B.S., Ramachandran P.A., Hughes R. //Chem.Ing.Sci.-1975.-V.30, N 11.-P.125-
143.

8. Ramachandran P.A., Rashid M.N., Hughes R. //Chem.Ing.Sci.-1975.-V.30, N 11.-P.1391-
1398.

9. Massoth F.E., Menon P.G. //Ind.Eng.Chem.Process Des. & Dev.-1969.-V.8, N3.-P.383-
385.

10.Sotirchos S.V., Mon E., Amundson N.R. //Chem.Eng.Sci.-1983.-V.38, N |.-
P.55-68.

11.MakapoB M.I'". /Te3.nokin. Pecny6nukaHckoil kOH(pepeHLHH MOJIOABbIX Y4eHbIX.-['pO3HbIH,
1974.-C.12.

12.Kytrenos B.HM. Kunetnka oGpa3oBaHHs M B3aHMONpeBpalLleHHs NMPOAYKTOB OKHCIIEHUs
KOKCa Ha KaTaJM3aTopax KpekuHra.-Asroped.kana. aucc. Yda: Y.HepT.HH-T, 1980.-24c.

13.Macarytoe P.M., Mopo3os Bb.®., Kyrenor B.HU. PereHepauus xaTamu3aTOpoB B
HedrenepepaboTke 1 HeprexuMmuu.-M.: Xumus, 1987.
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KHUHETHYECKHE OCOBEHHOCTH INPOLECCA OEPA30BAHNA
SHIIAMEHTAPHOI'O YIJIEPOJA TTPH PA3VIOKEHHH METAHA HA
HHUKETbCOJEPKALIHUX KATAJTU3ATOPAX.

Kysumnos I'.T"., Moruneneix 10,1, Kysumnos JI.T., 3aiikosckuii B.H1., Asneesa JI.B.
Hucnumym xamanusa CO PA H, Hoeocubupck

ITpouecc o6pazoBanns kaTamuTHYeCKOro BonokHucToro yrinepoxa (KBY) mpu
Pa3JIOKEHHH YIIEBOJOPOJOB Ha HHKETLCOMEPXALUHWX KaTajH3aTopax B HacTosllee
BpeMsi pacCMaTPHBAIOT KaK OCHOBY Vit nepepabOTKH MPHPOIHOTO H MOMYTHOTO ra3oB
B UeHHbli yrmepoxHelit Martepuan /1-3/. U3ssectHo Gomblioe uHcmo paBoT
NOCBSLLUEHHBIX HCCISOOBAHHIO 3TOTO Mpoliecca Ha KaTaJu3aTopax ¢ Hu3kuM (mo 30%)
coiepXaHHeM HHKe A /4-6/.

B npezsiaraeMoM OOKIane H3NAraloTCs pe3yNbTaThl HCCIEXOBAHHS BIIHSHHS
PpeakuHOHHOI cpexbl H pa3mepoB ueHrpoB pocta (LIP) /7/ KBY  Ha  ckopocTb
obpaszoBaHHs M MakcHManbHblii Beixox KBY Ha Huwemscomepxatiem (88% Macc)
KaTaJu3aTope NMpH Pa3loXeHHH MeTaHa.

CoctaB H cnoco® NMpHroTOBNIEHHs KaTanH3aToOpa onucaHbl B paborax /1.8/.
OKcnepHMeHTaNbHble JTaHHblE MONYYeHbl MPH OCYLUECTBIEHHH MpOLEcca pa3loXeHHs
MeTaHa B MNPOTOYHOM MHKPOpeakTope ¢ BHOPOOXHXeHHbIM ciioeM. ComepxaHue
BOOOpOJa B MeTaH- BOXOPOJHOI pPeaKLHOHHO#H cpele W3MeHsnoch B npenenax 0- 40%,
TeMnepaTypHbli qHana3oH- 490- 590C.

Ha puc. 1| u 2 npexacrasnaeHbl 3aBHCHMOCTH CKOpPOCTH oTiioxeHHs KBY or
BPEMEHH B Cpelle YHCTOTO MeTaHa H cMecH MeTaHa ¢ 15% H3, coorBercTBenHO. BuaHO,
4YTO B NPpHCYTCTBHH H: CkOPOCTb OTNOXEHHS B HayalbHbI MEPHOI KOPOTKOE BpeMs
BO3pacTaia, a 3aTeM CcHuxanacb 00 0. Takoi xapakTep 3aBHCHMOCTH COXpaHAeTcs O0
koHuenTpauuu H: - 40%. HeckombKO HEOXHIAHHOH OKa3amach 3aKIIOUHTENbHAsS
CTafys MNpOLECcCa, XapaKTEePH3YIOLLAascs OTHOCHTENIbHO MEIUISHHOH de3aKTHBaUHeH
katanu3atopa. OHa CHJIBHO OTIHYaeTCs OT 3aK/IIOYMTENLHON CTaguM npolecca,
NMPOBEIEHHOro B MPOTOYHOM peakTope /7/, 6e3 moanepX)aHHs MOCTOSHHOTO COCTaBa
PEaKUHOHHOH Cpellbl,HO MpPH 3aaHHOM NOCTOAHHOM pacxome CHs uepes peaktop. B
OTIIHYHE OT HCCIenOBaHHs /4/, TAe B YMCTOM MeTaHe KaTaJH3aTOpP MIHOBEHHO
Je3aKTHBHpOBaJIcs, cyMmapHblit Beixon KBY Ha ncnonb3oBaHHOM B HacTosiLiel pabore
KaTajgH3aTOpe NPH TeX Xe YCAOBHAX JOCTHral JOCTaTOYHO OGONbLIOH BENTHYHHBI -
50 r/(rxer). PHC. 3 mOKa3bIBaeT OTCYTCTBHE BIIMAHHS TEMNEPaTypPbl Ha CYMMapHbIif BLIXOX
KBY B uHCTOM MeTaHe H _HaJIHYHe TaKOro BIIHAHHA B NPHCYTCTBHH H2 B peakUHOHHOI
cpexne.
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Ha ckopocTb OTJIOXeHKA H cyMMapHbiit Bbixox KBY BIHAET He TONbKO cocTaB
PEaKUHOHHO#H Cpefisy, HO H pa3Mephl U coctosnue I[P /7/, 3aBucalMe OT MpOLECCOB MX
auddysun M xoamecueHUMH. B CBA3H C 3THM NpeACTamIAET HHTepec 3ajgaya 00
ompeneineHHH Bwiaga I[P (QHKCHpOBaHHBIX pa3sMepOB B CyMMapHbiii 00beM
obpasoBaBierocs KBY. IIpexcrasasiolMM HHTEPEC ABRIAETCA TaK XKe BOMPOC O
BiHAHMH Ha Beixoq KBY Ha Ni - cogepxallyx KaTami3aTopax MOBEPXHOCTHBIX /4/ U
o6bemubix 3¢dektoB /7/. HccneqoBaHHe 3THX BOMPOCOB OCYIUIECTBUAIOCh HA OCHOBE
aHanu3a npeS KBY, orbupaeMbix yepes ABa uaca MOCHe Hayana, OMPENEHAAHCH
pasmeptl H dpopma He meHee 200 I[P B xaxznom obpasie u pacnpenenenue B o6pasuax
nnuH HuTed KBY no nx muamerpam. Hcxons 3 Toro, yro quamerpsi IIP H nuameTpsi
36pa3y}oumxcx Ha HHX HHUTell OJNHM3KH MO BeJHYHHE, C TMOMOILLIO MOMYYEHHBIX
pacnpenenenuii (uncia LIP nmo auamerpam I[P u mimH HuMTell Mo QuamerpaM HHTeil)
PaccYHTHIBaIHCh pacnpenesnenus no pasmepaM I[P BeixonoB KBY Ha enunully 06BbeMa
H enMHuny mwiomgaau L{P.

Ha puc. 4, S, 6, npuBeneHbl NpHMepBI pacnpenenenyii mo pasmepam I[P uucna
P, wins uuteit KBY u Beixoga KBY Ha enunHuy noBepxHocTH LIP B uncrom CHs npu
temnepatype 570 C. AHanu3 pe3ynbTaTOB I CiIy4as PeakUHOHHOH cpeabl, cocTosei
u3 uyucroro CHs, mokaszam: Bce uccnemoBaHHble I[P umenu cdepuueckyro ¢opmy;
pacnpenenenus ydcna I[P no ux quamMeTpaM He 3aBHCAT OF TEMMEPATyPhl; CHILHYIO
3aBHCHMOCTb BesIHuHHBI Boixona KBY Ha emunuuy o6bema I[P cyiiecTBeHHO 3aBHCHT
ot pasmepoB 1P, a Beixon KBY Ha exunnuny miomand IIP wiaGo 3aBHCHT.OT pa3MepoB
IIP (cm. puc. 7).

Amnanu3 o6pasuos, nomyueHHsix B cMecax CHs n Hz, mokasam: c moHHXeHHeM
TEMNepaTypbl M yBelHYeHHeM KoHUeHTpauud H, pmoma I[P u Hutelt Goabworo
IHaMETPa YBEJIHYHBAETCS; BBLIXOIBI KBY Ha emuHHLy o6bema I[P W emuHHUy
MOBEPXHOCTH I{P CHJILHO 3aBHCAT OT Temnepatyphl H pasmepoB LIP; ¢ yBemHueHHeM
KOHLEHTPallHH BOAOPOAAa H YyMeHbLUEHHEM TeMmepatypbl B 0o6pasiax NOSBIAIOTCA
¢aceTHpoBaHHbIe 1P H HX OJIA YBEIHYHBAETCA; KATATHTHYECKH aKTHBHLIMH ABJIAIOTCA
Bce o06pasusl, comepxaiuue ¢acetipoBanHbie I[P, M HekoTtopeie o06pasubl c
HedacerupoBaHHbiMH LIP.

Ha puc. 7 npencrarneHa 3aBHCHMMOCTb (pacCYHTaHHas C MOMOILUBIO pacnpene-
nenut uucia IP no nuamerpam LIP) cpepuero nuamerpa LIP ot TemnepaTyphl Wis
ob6pasuoB KBY, nomyyeHHbIX Mocie OBYX 4acOB MPOBEJEHHA Mpolecca B Cpenax C
pa3nHyHbIMH koHUEeHTpauuaMd H: u CHa. Cpennuii quamerp LIP B ycmoBHAX cMecH
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BOJOPOAA H METAHA CHHXAETCA C YBEJIHYEHHEM TeMMNepaTypbl H YBETHYHBAETCA C
yBeJIHYEHHeM KOHUexTpaunH Ha.

Ha OCHOBaHHH MOJYYEHHBIX PE3yNBTATOB MOXHO CHAEAATH CEAYIOLIHe BBIBOMILL
1) Boixox KBY Ha BeicokonmpoueHTHOM Ni-comepxalleM KaTaaH3aTope B cpefe
yucroro CHs B Gosblueii CTeneHH JTHMHTHPYETCS NMOBEPXHOCTHBIMH 3ddexTamu, yem
06beMHbIMH; 2) HA HayanbHOM CTaaHH mpouecca (nepBble JBa uaca) B CiIyyae cMeceii
MeTaHa H BOIOpoaa BIHAHKA Ha Bbixon KBY 06beMHbIX H MOBEPXHOCTHBIX 3¢ dekTOB
He OGHapyXeHO; 3) C MOMOLUBIO H3MEHEHHs KOHUeHTpauHH H: B peakUHOHHOIi cpefe
MOXHO HanpaBJIeHHO PeryJIMpoBaTh TEKCTYpY nosiyyaeMoro KBY.

ITpexcraBiseMble B OOKJIAAe pe3yJbTaThl  MOTYT CIYXHTb OCHOBOH I
GOpMYJITHPOBKH NOAXONOB K  MaTEeMAaTHYECKOMY MOJENHPOBAHHIO  KHHETHKH
obpa3oBaHHs Yriepoia H Re3aKTHBALMH  KaTajH3aTopa B  PacCMaTPHBAEMOM

npouecce.

JIlutepaTtypa:
1. Avdeeva L.B., Kuvshinov G.G., Goncharova O.V., Mogilnykh Yu.l. and
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2. Fenelonov V.B., Avdeeva L.B., Zheivot V.1, Okkel’fL.G., Goncharova 0.V,
and Pimneva L.G. // Kinetics and Catalysis. V.34, No. 3, 1993, pp. 545- 549..
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4. Demicheli M.C., Pouzi E.N., Ferretti O.A. and Yermain A.A. // The Chemical
Engineering Journat, V. 46, 1991, pp. 129 - 136. '
5. Alstrup 1. // Journal of Catalysis V.109, 1988, pp. 241 - 251.
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THE MATHEMATICAL MODEL OF NO+CO REACTION ON Pt(100).
BIFURCATION ANALYSIS AND COMPARISON WITH EXPERIMENTAL DATA.

E.S Kurkina, A.G.Makeev
Moscow State University, Department of Comput. Mathematics

& Cybernetics (BMK), Moscow, 119899, Russia.

Kevwords: microscopic approach, interackons between adparticles, ordinary differential
equasons (ODE), bifurcation analysis, region of auto-oscillations, explosive type bifurcation of
limit cycle to limit cycle.

I. Mathematical model.

1. The new mathematical model of the reaction NO+CO on Pt{100) - (1*1) single-crystal
surface is proposed. It is developed on the basis of the microscopic approach, which considers
the interactions between the particles in the adlayer. The mechanism of this reaction is well-
known [1-5], except for the one new elementary step, where the .interaction of adsorbed
nitrogen and oxygen atoms leads to NO formation.

The kinetic scheme:

1) (NO)gas + (*) ----> (NO)ads NO adsorption
2) (CO)gas + (*) --—> (CO)ads CO adsorption
- 3) (NO)ads ---—-> (NO)gas NO desorption
4) (CO)ads ----> (CO)gas CO desorption
5) (NO)ads+(*) ----> (N)ads + (O)ads NO dissociation

6) (CO)ads+(O)ads —--> (CO)gas + (*)+(*) CO production

7) (O)ads+(O)ads -—> (O,)gas + (*) + (*) ' O, desorption

8) (N)ads+(N)ads ----> (N,)gas + (*) + (*) N"z desorption

9) (N) ads+(O)ads ----> (NO)ads + (*) NO fonmation

The mathematical model consists of four ordinary differential equations and describes the

variations of NO, CO, oxygen and nitrogen coverages.
(1) dOno/dt = Vagsno - Vaesno = Vais+ Vass,

(2) dBco/dt = Vassco - Viesco- Veo,

(3) d9o /dt = Vais - Vass= Vaes 05~ Vc02,

(4) dOn /dt = Viis - Vass- Vdes,N2-
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VmNo = PnoKleJl, Vm,co = Pcnge -12,

Vaesno= KiBnols, Vaesco = KaBcols,

Vaisyio = Ksbno0els, Viis.co,= KeBoBeols,
Vies,0,= 2K700°], Viaesn=2Ks0n ks,
Vassnio = KoBnBolo; 6:=1-0Ono-Oco -00- On.

Here V,...Vs are the rates of elementary processes of the reacsion mechanism. The rate
constants Kj,...,Ko have the Arrhenius forin: K; =k.exp(-E4/(R7)), where k,, £, are the
prefactors and activation energies of the step with number c.
The characteristic feature of this model is that it takes into account the nonideality of the
adsorbed layer by means of the factors L.

I=[Z0exp (ap/ RD)™, o =1,....9 p =0,...4,
where ¢ denotes the step number and p defines the type of adsorbed species: NO, CO, O, N,
or the vacaht site for p=0. Factors ,...,Is take into account the influence oflateral interactions;,
m is the number of first neighborsin square lattice,. for one-site processes m, = 4 (a=1-4), for
two-sites processes mq= 6 (o¢ *5-9).
The values of prefactors and activation energies coincide with the parameters defined earlier .
[1,2). The parameters for €., were chosen in order to obtain the best fitting of all available
experimental data [6].
The introduction of the step 9 - NO formation in the mechanism of reacifon was demonstrated
to be the necessary condition to describe the TPD and TPR (temperature programmed
desorption and reaction) spectra of NO, CO, CO; and N; observed in experiment. However
this step does not influence upon the existence region for oscillations and their properties. The
interactions play the main role in mechanism of oscillations [6]. The phenomenon known as
“surface explosion" was adequately simulated [6].
1L Bifurcation analysis.
1. The demailed bifurcation analysis in one parameter and two parameters of this model has
been done. It detected the complex behavior of the system and revealed many bifurcations,
represented in Table I. The model has multiple steady states (1- 5) and time-periodic
solutions (1-3), which lead to hysteresis phenomena, accompanied by self-oscillations. With the
help of the path-following algorithms the bifurcations diagrams on planes (T,Pyo), Pco=const;
(Pco,Pro), T=const; (T,Pno), PnoPco=const have been constructed. They divided the space of
external parameters into regions with different dynamical behavior. The boundaries of the
multiple steady states region are sn - lines. The region of the fifth steady states looks like a
typical swallow’s tail in bifurcations diagrams.
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Table L. Bifurcation points in the model.
Co-dimension - 1 bifurcations

sn Saddle node
h Andronov-Hopf (supercritical)
h_ And;'onov-Hopf (subcritical)
sl Saddle loop
snp Saddle node of periodic solutions
expl Explosive type bifurcation of limit cycle.
to limit cycle
Co — dimension - 2 bifurcations
s/sn C - Cusp
sohsl TB Takens-Bogdanov
snp/h/h. H Andronov-Hopf (critical)
T Transcritical bifurcation of stationary
solutions
h/h HI Disappearance of Andronov-Hopf

‘bifurcatioand appearance of isolated

branch of periodic solutions

The boundaries of oscillation regions are the following: supercritical Andronov-Hopf
bifurcation lines (%), sl - bifurcation lines and snp - lines. The region of multiple (two or
three) limit cyéle solutions is small. In the largest part of the oscillation region the single limit
cycle exists in the region of three steady states.

The existence region for oscillations as well as the existence region for multiplisity steady states
is higher the stoichiometric ratio PnoPco=1:1.

It has been shown that the region for oscillations disappears at high temperature ~462 K on
bifurcation diagram on plane (Pno,Pco), and at high ratio PnoPco~2.62 on the diagram on
plane (Pno,T), PnoPco=const.

The comparison with the experiments demonstrates that this model reproduces the existence
range for oscillations and dependencies of the period of oscillations upon temperature rather
good in the contrast of the previous model [4,5].

2. Bifurcation analyses revealed the existence of isolated branches of the limit cycle solutions
and the isolated branches of steady-state solutions.

3. In some regions of parameters the dependencies ofthe oscillation period or radius look like
steps. The oscillations appear via supercritical Hopf bifurcation. They have the small
amplitude and period, which slowly grow with the changes of some external parameter. In the

150



OP-A 10
very small range of patameter, nearly at one point there are intensive increase in the size and
the period of the limit cycle. This is an “explosive” type bifurcation cycle to cycle. It is the
discontinuous global bifurcation. The main peculiarities of this bifurcation are an explosive
enlargement of amplitude and period. However it.is not jump to a remote new attractor. The
new atiractor includes the old one. The hysteresis cannot be observed during the temperature
variation in both directions. In the neighbourhood of this bifurcation point the oscillations look
like chaotic: the large relaxation oscillations and the smal} semi-harmonica oscillations change
each other. This phenomenon is named as the intermittence. In our case this phenomenon
‘takes place because of calculationerrors due to explosive enlargment of the attractor.

One end of explosive bifurcation line in the diagram merges with the sl ~lines. Another end of

this lineisnot vivid due to the character of this bifurcation.

0. Conclusions

1. The new mathematical model of the reaction NO+CO/Pt(100) is proposed. It was developed
on the basis of the microscopic approach, considering the lateral interactions between the
particles in the adlayer.

2. The detailed bifiircation analysis of the developed model has been done. It revezled the new
type of the explosive bifurcation, which had never been detected in the models of
heterogeneous catalyses.

3. The model describes experimental data in a qualitative and quantitative way.
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Comiparison of the experimental data about the NO+COQ/Pt{100) reaction with the
results of stochastic and detenninistic simulations
A.G.Makeev, N.L.Semendayeva
Moscow State University, Department of Comp. Math. and Cybernetics, Moscow, Russia

The NO+CO reaction over Pt(100) single crystal surface displays interesting
nonlinear behaviour under certain experimental conditions. Hysteresis phenomena,
regular and chaotic reaction rate oscillations have been observed [1].

Previously, the mathematical model, consisting of 4 ordinary differential
equations (ODE) for NO, CO, N and O surface coverages, has been developed for
simulating the NO+CO reaction over Pt(100)-{1x 1) [2]. This macroscopic model takes
into account the lateral interactions in the adlayer, which were introduced not
formally but on a basis of a microscopic model. The simulation results made it
possible to explain the underlying reasons for the experimentally observed
oscillatory behaviour. In addition, the same mathematical model was able to
successfully reproduce the experimental data conceming TPD and TPR spectra.
Lateral interactions in the adlayer were shown to play a crucial role in the adequate
simulation of the experimental observations.

In that study [2] the spatial correlations between the positions of the species
in the adlayer were ignored. The assumption of a well-mixed adlayer allows one to
formulate a rather simple mathematical model in terms of ODEs, which nevertheless
takes into account the influence of lateralinteractions on the rates of the elementary
steps. The inclusion of spatial correlations makes the problem very complicated from
the mathematical point of view, and up to now only simple systems have been
studied with the help of statistical approximations or using Monte Carlo type
algorithms. However, when the lateral interactions are so large that the adsorbates
form an ordered structures, simple statistical approximations {such as quasichemical
approximation) frequently provide very inaccurate results, which do not correspond
to the problem initiaily formulated on a microscopic level. The exact results can be
obtained using dynamic Monte Carlo simulations. Moreover, Monte Carlo
simulations make it possible to study the influence of internal fluctuations on the

reactive dynamics.
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'Experimental results show that CO and NO adparticles can form ordered
structures on a Pt(100) surface. CO-C(2x2) and NO-C(2x4) superstructures have
been observed by LEED [3]. To investigaté the influence of the spatial correlations
and intemal fluctuations on the oscillatory behaviour of the NO+CO/Pt(100) reaction,
we performed Monte Carlo simulations using the reaction mechanism and parameters
~obtained in [2] In this case the migration (or molecular diffusion) processes of
adparticles have to be considered in addition. Two cases were studied:
1) The migration processes do not depend upon lateral interactions. If the lattice sizes
are large enough and migration rates are high enough, Monte Carlo simulations provide
exactly. the same results as the deterministic model, including self-sustained oscillations
of a global reaction rate. However, if migration rates are insufficiently high the
oscillations are bbserved only on a local scale, whereas a global reaction rate is nearly
constant. In this case, Monte Carlo simulations can reproduce damped osciilations of a
global reaction rate. Damping occurs due to intemal fluctuations when molecular
diffusion is not able to maintain homogeneity over the entire lattice. This phenomenon
was obsetrved in the experiments as well {1].
2) The influence of the lateral interactions on the rates of migration processes provide
formation of CO, NO-C(2x2) superstructures. It tumed out-that oscillations with nearly
the same properties are observed both when adlayer is well-mixed and when adlayer
contains ordered structures. The main features of the oscillating system are determined
mainly by the influence of lateral interactions on the rates of the elementary steps,
but not by the statistics of the adlayer. V
In summary, our results demonstrate that simple deterministic kinetic
equations are useful for determination of the reaction mechanism and fitting the main
intemal parameters (prefactors, activation energies, energies of lateral interactions),
whereas Monte Carlo simulations can be used further for more detailed studies.
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fLI0O Aprox, 1.7, Wuxose, AT. iymesos

MATEMATUHECKOE MOOEMAPOBAMUE CHOXHEX  XUMUHECKUX

NPEBPAIIEHUI B NPOTOYHOM HEALMABATUHECKOM PEAKTOPE
KasaxcKkHR rOCYZIAPCTBOHHLE BOpONTeT, AMdTS

A #awGonee BAXX THGMWOBRX (VPOWX KOMYOCTBO  BOIMCIKHGLIX
(PR TONHGX MTPOAYNTOB OKHCIIBHIR CTOSB BEMKO, YTC BEPOSTHOCTL TIPOTOKAISN
TOpSIS® N0 ONHOR ONPASAIEHNOR IGHETHWSCKOA CBME OyeHb Mana. lMomoe
. THBTHYBCKO6 OMMCAHHE FBSIBHIN OKARDARTCH 5e3@AANINOA |NA4BR W YacTo
NPIOAMTCR CIPOUAHMTLCN KAVOCTEOMHLIM OTMCAHHOM KRSTHNOCKOMO MEXAHHIMA
MONSHOR CXEMOR. TAKONO PONA MOABMNLE CXOMu MPOLJIOKSHL LUK MOPoe)
GoraTon cMecu BONOPOAR- KCITPTAA -A30T8 ,OXMCENSE BHICUSX YT BBON0DONOS M
T8  MaTorameecxue MONOSN, YMLBAKIME YPUMNGE GeHETHNECKH
MEXBISI3M, QAT PEJYSbTATH, COM MCYIRUMECH C IKCTIOPHMOHT AMRHLIMY DANESN.

B sacTomued paliore, B QONCRHISIE K PAHGO (OAyVERsd DESYILTATAM,
PECTMETPMBGETCS MOPEHHE TOTOBOA CHIMBEMOA MA30B0R CMECH B HENPEPLITHOM
pEEKTOpE C NOTAPAMM TOTIR HA oD ENDAS W 4epsd oF0 CTeHKK. Wccneaystos
ABSERIC TONNOOTRAYH, CROPOCTH TEEHIOY, TOMNNA PORXIHM CKHCISE! H 00pLBA Uenon
HA CYWSCTECBANNHE H YCTUAWEOCTD CTAPOHADMLX PENIEMOB W DU TWNBCRMO SRNSHIS!
AIPH FOPetM. IOMETIECKHA MEXEHIKIM POGXIIM, BXIONA BT CTALMKO OICIRIAR, NBe
CTa) PRIBATRGYeS W O0pLB UOTeN.

Tlpw Mopesposaluy ropeme NPeANOMYBOTCH CNEAYKRUNG AOTYWEHR. a3
ROASAMHGR, QAANGHME NOCTORIHOE, KATyu@ere MpeielpeXMD MAND, BASXOCTL W
CIIRA TPOHMA HE3HANHTESMblit, DYPPYSR KRRAOO KOMNIOHEHTA STHODHTOILHO CMECH
nopsemetcss daxody Owka, segexms Cope w [logype nparelpaxumo Mamd,
KOOQ@MUMEHTH TONNOMPOBOANOCTY BCEX BBUECTE W MPOHIBENOHHE MAOTHOCTH Ha
XOB@HUMEHT NMQOYIM JUNR BCEX PesieHTOB NOCTOMMHG. NPHYEM MR OKWCIMTEIR
sicho Noiouca L31 =1,Cywmnamnpennommuaropamemnewyﬂm
CReOyCILER  3BMWCAHHOR B GeIPaI-EpHL NEPEMBHNNMX CHCTEMOR  ypaBHeliR
DHPPYIUN.

OKHCTMTENS

on, éﬂl.:ginl_Aﬂl.ﬂ&ex -1/8)-
-8r+P03X = Mg p(-1/8)

- A, L exp(1/ v9),
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Wmnpomaz ‘
%]t,:,, Pe %nf= Le, 202+ AR, Wheexp(-1/8) -

2
A, Wexp(1/18) - A, 23, | ()
B o
08 0%
E + Peé—x- = é)—(_’ + qlAl m-lexp(-l/ S)+

2
+(apAy +qA) T exp(1/79) + q,4, Lk -

2 92
Bi §*
-gi'g”z'(‘g - Sm)’
C

¢ HaYanoH MK YCIICBHAMW

t=0n, = N, M = My, ¥ = 9s

Ha BXOfi® B PEAKTOP BHNOMHSIOTCR YCAOBHS THre JaHKksepus

X= ():%‘(L = Pe(qn, - 1),

u,% - Pen,,9 = 9. (2)
Ha BLIXORS W2 poaKTopa - YOJIOSHA rIALKOCTH TPOQUNER TeMmepaTypn ¥
KOHUBHTPaLMA, an 29
X=1 S _hL_0% _g (3)

X X X
3o
8=RT/E,n, = C; /C.cmz =C, /Clc,'ﬂs =C, I/Cxc -
TermepaTypa u xwuempaum.Aj, Q; —acte gaxTopui i Terno poakis, R, -
CTRXMOMETRHHECIHRA MHAXTENL, Pe,Bi - Hucna Nexne i 50,5 - nonepewnn pazvep
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PeaxTopa, 7 - CTHOWSHWE JHEPIWA AKTWBAUMW CTAAWR PA3BETENOHWS K SHEPrWU
aNTVBALAK CTROMH OKHuChetun. Munekcn j=12,P.t OTHOCHTCR & peaKLiMskv OKMCNeHus,
ABYM peaxuusM palseTesieHis W o0puBy uened, H,C,00 -k kavany npouecca, exony
B POBKTOP M K OKPyXA)LLeR cpene.

Ans  NpBAMMEHHOrO  BHAMMTHYECKOrO  WCCHEAOBAHHA  AWHAMW4ECKOr0
nosensiius cuctemMu (1)-{3) CO CROXHLAM  XUMMHECKMMH  1DOBPALISHUSIV
HCNOMbIYETCH HyTwvepHoe NpHEDKGHWe - AUHAMWHEecKas CucTeMa TpeTbero
fIOPROXA
%f‘t-‘ = n(1-n)- A Whexp(-1 /9 - A, Wk exp(1 /9) = 9,(n.m, 9

d 5 : ML .
= -nlem + AR, Wlexp(-1/8) - A i el /v9) -

~ nx
-A, 9% = ¢{n,m, 9), (4)
%2‘ = -m,{8 - 9.)+qA, ngbexp("l /S.)’*(q?A? +(§iA1)x
T : n Bi §
x “];zh“e’@“ /¥8)+ q A, g% "5 S‘C‘z‘(& -38.)=¢,(n. 10, 8)
=0 0 =u,,n, =n,,8=9,
rae
n, = Pe(Pe +4) /(Pe + 2); n, = Pe(Pe +4Le,) /(Pe +2Le,)n, ~ Pe +4-
KOSQQUUMEHTE!,  XBPEKTEPUSYILLWE BOPEK THEHLE Tenn0 "

roconepenac, A = A, /C

CraumoNaprtie COCTOSHUR XWUMKHYECKM PEArWpyIoleR CMECH OripefesoTes

pOISHUAVIK CHCTEMY anreBpanyecKUX TPAHCUSHAGHTHIX YPABHEHWA

0, (9,,m,,n,)=0, i=13. (3)
W MoryT OniTb HAROGHH pPagCANBAHTKYECKH W3 GUGYPKaLMOHHOR OWBrpaMMH Witk
auarpaMmy  Tennosose  Oananca, UW3-3a  HENHHERAHOR 33BUCUMOCTM  GYHKLMA
TeNROBHLBNOHUS 1 TeNNOOTASHM OT TermepaTyphl BOIMOXHA NEBBAWHCTBEHHOCTb
CTAUMOHAPHLIX PBXHMOB PAGOTL FEAXTOPA U KPHTUHECKHE FRITBHMR,

Axamz aMarpadm TennioBoro Ganaxce W OGUGYpPKAUMOHHEX KpUBLIX RO3BOIMIE
H3Y4YHTD BAMSHKHE KUH@THHECKO 0 MEXaHW3Ma, CKOPOCTH NORAYM CMECH,TaMITePaTYpH
Ha Bxofe, TeNnnoBLX IPPaKTOD peaxuMil Okucnetus W ofpuBa uenenr, Gokosbix
TENNONOTePb W T.A. HA YHCNO  CTAUMHOHADHLIX COCTORHMA, WX KOOPAMHATH,
KBAMCTALUMOHAPHYIO HEYCTORUMBOCTL, KDHTHHECKHE YCROBMS BOCNNAMEHEHHST W
nOTyxaKus. YCTaHO8MI8HO, 4TO NP NPOCTOM MexaHWaMe (OKHCASHKE u OGpuB yenen)
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BOSMOXKHH OT 00K0M0 N0 TPEX CTAUHOHAPHLX COCTORHUR, & NPH He THIBEXCTALHRHOM -
OQHO, TPH H NATL, NPANEM MPOMEKYTOUHE CTAUKOHADHLIG CRGTOSEMR HEYCTORYMELI
W MOTYT it PERK30BAHL TOMBXO NPHHYAXTE SbHO.

MoxasaHo, 4YTO B 3GBHCHMOCTH OT TeMNEepaTYPH HA BXOAe, CKOPOCTH TeyeHHA,
MHTEHCHBHOCTH TONRIOOTAAYM BOIMOXHH DEXHML C O0MHCYTBSHHLEM YCHDBHEM
BOCIIRAMEHBHHA K NOTYXAHHA, 8 TAKXS C TPEMS YCHOBHAMH NOTYXAHHUS W OLHMM
HIM OByMS yCROBMRMM BOCINameHeHsss W T.0. C po3pactaHdemM SXORHOR
TerISPATYPLI MOpeHHe CTAHOBHTCR BOCKPHIUCHRIM.

MapaMeTpH4eCKHR 8MAMH3 ONHAMHKA FOPEHHS BLIONHMBTCR TaKxe C
NOMOILBIO rpaHHLL MOMMCTAUMONEOHOCTH M HBATPANBLHOA YCTORYMBOGTW. paHMua
HEeAMNCTEBHHOCTH ONpPefesseTCs ypasieiiet CueyprauoHHOR AHerpariL
COBMECTNO C YCROBHEM CYLLECTBOBAHHS 66 X CTPOMYMOS,

[is eranu3a yCTORHHBOCTH CTAUMOHADHLX PEXHMOB DOEKTOPS HCMOMbIYeTe
nepetit MeTon flanyHoBa. BBORSTCH M&MIE OTKAOHEHHR OT NORMOXKSHUS PABHOBBCHS
€ =T — W&y =M, — M, 8, = 9 — Y MHapusoBanten ®
OKPECTHOCTH CTAUMOHAPHOTO COCTORHMS CHCTEMA  YPABHEHHA (43 3ANKCLIBAGTCR B

Bue dE / dt = ME, mM-—-(aﬁ
IHHORNOID NPEDBPAICBANMR,

B pesymbrate NpUGMKESHHOD BHAMUTHYECKOr0 HCCNEA0BAHHS CHCTEMES
ypasHeHHA (5} HA HEEAUHCTBOHHLIe CTAUMOHAPHLIE COCTOSMUMA YCTAHORNEHO , YTO
FPaHHUS HEeOUHCTBENHOCTH CTAUMOHADHED: COCTOSHHRA COBNALEST C ONpegdaneHHon
H3 YCNoBHst

0=~-detM =0, ©
arpassua Henw YCTOR YHBOCTH - C FPaHKUGR
3
PapsumB (6) W (7}  OTHOCHTENHO Kakoro-nMGC napameTpa, HanpuMep,
X8paKTepH3YIoWero Tenno peakun OKHCHeHHS WM OBpLBaA LBNeR, MOXHO NOMyYHT:

yPaBHeHMst MPaHHLL 0=0u D =0 nnockoew G Ss WM

- MaTpuia

a5, SS. OTHMM ypaBHEHMSMH COBMBCTHO C  yPaBHBHMeM BHGYDKAUHOHHOR
onarpaMMel Ha  NSIOCKOCTY ‘9:‘: = SC ( SS ) ONpPefesioTCH  MpaHKi!
yCTORYHBOCTH (6) H (7) Ha nAccxocTH \) cs G, wm N c: 4,
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PacyeTn noOKa3anM, 4TO0 B cilyqae Tennou30NMpoBaHHbIX GOKOBbLIX CTEHOK

peaxTopa MpU [BYXCTEAMAHOM MEXAHW3ME PeaKUMR (AP=At=0 ) rpanuua

Hee AHCTBEHHOCTH (€) Ha NNOCKOCTH S cs q_zumee'r BuAa Kmua. [ napaMeTpod

CHCTEMbl BHYTPM KfIWHA BO3MOXHA OWUCTAOMIHHOCTL CTAUMOHADHLIX PEXWMOB
rOpeHus, a LA NapaMeTpad BHE KMHA - PEXUM FOpeHWs eMHCTBEHHLA. [puyemM,
MPM 03 CKOpOCTH Teuenus: pearupyiiteacMeck (Pe< 1) c es yBenuueHwem
npouecc ropeHus cTabunuaupyeTcs, U oBNacTb HEeQMHCTBOHHOCTH YMEHbUIBETCH.
Tlpu SomblicA ckopocTH Teyenus { Pe> 1) , Hanpotus, c ee ypenuyenuer ob6nacTb
HeeaWHCTBEHHOCTH so3pacTaeT. [loTyxaHue npu yucnax Pe> 1 cas3ano C TeM,

4TO CMBCh He yCrieBaeT npopearkpopaTh. CpaBHeHWe MPaHKL Hee MHHCTBEHHOCTH

MPU DaSMMYHLIX 3HAYEHUSX  TeMna peaKkuMu OKWUCHAGHWS NOKas3aiy, “T0 C ero
yMmeHbuseHert obnacTb HEeeaMHCTBEHHOCTH CYKAETCR W CMEWASTCH B CTOPOHY
BO3pacTaHus TemrepaTyps HaBXome B peaxtop.

YcnoxXHeHWe XMHBTUYECKOrO MeXaHW3Ma MPHBOAWT K YCROXHEHWKS KPUMBOR,
orpaHuuiBacier  obnactb HeeAHHCTBEHHLIX CTAUHOHAPHLIX COCTORHMA. Hapany c
GHCTAOUALHLEMH CTAUMOHAPHEIMH COCTORHIMSIMMU MORBBHOTCH TPHCTabU MsHbe.

Fpatuus HeATpanbHOA YCTORUMBOCTH (7) Ha MNOCKOCTM TEMno- peaxudy
OKMCNIEHW\ - TemniepaTypa Ha BXOAE B PeaKTOp MpH MamkX CKOPOCTSX Te4eHun
CMEBCH UMEST GOpMY NWHWK C NeTieR. [ins MOoGOR TOUKM NROCKOCTH BHYTPU STOR
neTm4 kpuTepua Payca-lypsuua < O, W obnacTb napaMeTpoB BHYTPU NETIM
CoOTBETCTBYET asToKONe6GaTeNbHEM pexsitiam ropedus. C pocToM uyucna Pe (Pe<i)
obnactb aBTOxXONEGaTENbHLX PEXHMOB YMEHbWBESTCs, CMewasth NPU 3TOM B
cTopoHy 601e€ HU3KUX 3HAUEHWA TenNa PeaKuxH OKUCNEHHA U BXOIHOA TemMmepaTyphil.
Mpu Pe =0, 8 3TacbnacTb yxe oTcyTCTBYeT.

PesynbraTh  npubnMXKeHHO-8HAAUTHHECKOrO HCCAENOBAHWA  POBEPANUCH
CpaBHEHWEM C OAHHLIMM YMCREHHOro peilieiun onHoMepHon 3anayu  (1)-38) no
YCMOBHO-YCTOAYMHOA SBHOR  KOHEYHO- PasHOCTHOA cxeme. Peanu3oeaibi
NPEACKA3AHHLIE PeXME! rOPeHHs 86M3W CTAUMOHAPHLIX 3HAYEHHA TeMIlepaTypti U
KOHUEHTPaLKA, MONY4EHHBIX FPAGOAHANUTHHECKH.

MonyyeHHte pe3ymbTaThl MOryT ObiTb MCNOM3CBAHN MM BuGopa
OTTHMANBHOIO pexiima pa60TH NPOTOYHOre HeanuaGaTWETROro peaxtopa.
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YIpoGaembl HCDMTARHHS H NPOrHOIHPOBAHHA
CpoKa CAYXKOM KaTaTM3aTOPOB
H.M. Ocmposcxni

THI “Hucmumym xamawza um. T.K.Bopecxosa CO PAH”,
Omcxuii dusuas, & OmMck

Beedenue

TecTrpoBaHHE CTaGMJIBHOCTH KaTaJM3aTOpOB (B YaCTHOCTH, CPOKa CITyX-
6b1) B GOJBLIMHCTBE CIYy4aeB HEBO3MOXHO INPOBOAHIbL B YCJIOBHAX 6JIM3KMX K
MPOMBIIIEHHBIM M B peajbHOM Maciirafie BpeMEHH M3-33 HENONyCTUMOMN M-
TeJIbHOCTH MCHEITanHil. I[JiaBHag mnpo6jeMa - co3JaHHE 3SKCIPECHOM Mpoueay-
phl. OHa TpeOyer pellieHHsI pARa CJIOXKHBIX 3aJay4, TaKHMX KakK:

1- obocHOBaHME YCIOBHI TECTUPOBaHMS; 2- BBIOOP KPUTEPHS CTAOMIBHOCTH;
3- npaBwIbHas 06paGoTKa pe3ysnbTaroB; 4~ HalleXHOE MPOTHO3UPOBaHHE.

HayyHo-o60cHOBaHEOE pellIeHHe 3THX 3aJa¥ BO3MOXHO TOJIbKO METOAaMH
¢$u3HYeCKOro ¥ MaTEMAaTHYECKOTO MOJE/IMPOBAHHS, NPH YCIOBHH KOMILUIEKCHOIO
X npuMepeHHs. OnTHMalibHasi Ipoleaypa, No-BHIMMOMY, CIeAyIOLLas:

1. MareMatirieckoe o6ocHOBaHHE ¢U3nyecKod Moaenu (T.e. 3KCIPECHOH
TpoLIeAYPHI UCTIBITaHUI) MyTreM “IpoUrpbiBaHMs Ha B3BM” paziMyYHBIX BapHaH-
TOB UCKYCCTBEHHOT'O CTAapeHMsI KaTaJM3aTopa Ha OCHOBE MMEIOLUUXCS 3HAHUM Me-
XaHM3Ma M KMHETHMKM peaMiiif M Je3aKTHBaLMH.

2. IlpoBeneHmne UcnbiTaHUM - T.e. PU3HYECKOE MOJE/HIPOBaHHE BBIOPAHHO-
ro Meroja YCKOPEHHOM Je3aKTMBAaUMH, C 0Os3aTeNIbHOH UMHTalLMeH pe3ysibTaToB
HCIIbITaHUHA Ha MaTeMaTHU4ECKOM MOAEIH.

3. AHaTU3 pe3yJIbTaToOB UCNbITAHWIT U onpelesicHHe (GU3MKO-XUMHYECKHX
JaHHBIX (a2 He ¢GOopMaJIbHBIX MapaMETPOB) HEOOXOMMMRBIX HfiA KOHCTPYHPOBaHMS
KaTAJIM33TOpa M ONTHMM3allMH Mpoliecca.

Takum obpa3oM, mpoGjeMa TeCTHPOBaHMS CpPoKa CHyXOBl KaTalIM3aTopa
SABNSETCSE IPUMEPOM, Korja TpeboBaHMe, chopMyaupoBaHHoe M.I.CnuHbKe 06
“ONTMMAILHOM COOTHOLIEHHM HATYPHOTO M BBIYMCJMTEJBHOTO 3KCIIEPUMEHTOB
[1), cTaHOBHTCA OBA3ATENIBHBIM M €JMHCTBEHHO BO3MOXHBIM CIIOCOGOM peMICHNS

3aja\n.
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. BMap ycaoeui 3xcnpeawzo mecmuposaxu
OGbmHo ucnonssylor TpH MeToXa ycxape}mou JIe3aKTHBALIMH - 3TO TMOBBI~
uIeHHbIE Temnepa'rypa, Harpyska »no cupmo, 1Mo KoHUeHTpalMs sxa. Beibop
xom(pcmoro cnoc06a Tpebyer 3Hamm MCXaHH3Ma peamyii M [€3aKTHRAIIHH.
’ MHorna 3TO0. om}f.mnaer oT xaxoro-nuﬁo aHa/M3a Booﬁme B To Xxe Bpems, aHa-
U3 naxe npocreuumx JaHHBIX O xm{emxe U Tgpmoc-ra'rmce peaxinEi Mo3BoJUIET
TpaBWILHO CIUIaHNPOBATE 9KCIICPHMEHTRL ’
mmu_n_ Hpu nemnpnponaﬂmx 6yraHa nez.almmm obyciioBrieHa BbI-
. cOKOI#i KOKcyolleH cnocoﬁHocho nmm-mna (9), 9cars ~10qcans *100qcao- B
' ycnoam[x npoliecca Pcayg Gnusxo K paauoaccnomy Io3aroMy, ckopocTb ne3ak-
THUBAaLlMH CTAHOBMTCA 3aBUCSILEH TONBKO ‘ot Temnepa'rypm 2]
- da/dt = kbgK,2a = k a=kpo e""fu/RTa
roe.a - omocufcﬂbﬂaa'alcmnuocrb, k - KoHctaHTa neaax-mnauuu, by - amcop6uHOH-
HBIH Koatbdmuuer—rr AMBHUHHJIA, K Konc‘ram‘a paBHoBecun

E, —E-Qd+2AH oxasbmae'rca noaromy oyeHn 60 IBILON (~65 KKaJ1/MOJb),

' YTo MPHMBOMMT K Pe3KOMH 3aauc1mocm da/dt 01' TEMIEPaTyphl. T.o. SKCIIpECHOe
HCTIbITaHHE CTaGUILHOCTH MOXET MPOBOJHTECA TPH TNOBBILIEHHOM TeMIEpaType.
IIpumep 2. Pudopmunr 6eH3uHOB; H3-3a MoJIH YHKIIMOHAJIBHOI MPHPOABI
KaTaJIM3aTOPOB (Pt/AhOg, Pe- RC/A1203), omuqae’rcx CJIOXHOM Ne3aKTHBaL{el.
INageHHe aKTUBHOCTH Pt° Pt KMCJ'IOTHBIX uempoa (K{) cnoxHsIM 06pasom
3aBHCHT OT COCTapa ChIpbfl, JABJIEHHA BONOPOJa, TeMnepatypsl [2,3]:
y/dt = k; 1j, f (Pi, P (a-a9)/(1-ag),
TIE 7, - HaYalbHasg cKOPoeTh PeaklH, dg - YPOBeHE CTALHOHADHON aKTHBHOCTH.
JKcnpecHas OHcHKa.CTaGHJIbHOC’I;ﬂ ~3axmqﬁ,aﬁén B nepepaborke Gonsioro
- KoJMYecTBa éblpbﬂ 3a cyer "BBICOKOH ‘OBBEMHO}i CKOPOCTH H TeMIepaTypsl ¢ ne-
PHOANYECKIM KOHTPOJIEM amauocrn B Mbnenbﬂwg peaxivisx.
i Ipumep 3. Cunrtes BHHWLXJIomea, I'naB'H_ax nph!m}ia e3aKTUBALUH -
B3aumoneiicteue C,H, (P4) ¢ MPOMEXyTOYHBIM amﬂahpoaaumm KOMIUIEKCOM
HgCl, C;H,-HCL I'loarbMy da/dt ~ P2 win clc’opoérm' OCHOBHO¥ peakiyy (7, a)
* 1 orHowreHmio naenenmit CyHy 1 HCL: -
- dafdt =k b,PAZ/(I+ baP4+ bsPg) a =k*rya (P4/Pp).

yCKOpCHHOC HCHblTaHHC C’raGHHbHOCTH 3X€Ch, BO3BMOXHO INMPH BBICOKMX P, 4-
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KpoMe ocHOBHOro ¢akrTopa, yCKOPSIIOILETO N€3aKTHBALHMIO, BaXKHBI TakKkKe
" TM) peaKkTopa, ChIpbe, TEXHOJIOrHYeCKHe MapaMeTphbl, 00JacTh CTEMeHel npeBpa-
weHns U T.n. Ux BpIGop Ha ocHOBe JJaGopaTOPHEIX MCClIeNOBAaHKM Karam3aTopa-
IJIaBHasl 3aJjaya MOJE/MPOBAaHUA Ha TOM 3Talle.
Tak, B npouecce pudopMmuHra, 6pUI0 MOKa3aHO, YTO COCTOSIHHE LEHTPOB
Pt® (oTBeTcTBEHHBIX 3a AerMIpHpoBaHHEe HadTEHOB) OMMHAKOBO B MEHEX M
KECTHEXK 'ycnommx, a ¥X KOJIMYECTBO OMNpelesisiercsl ToJIbKO KOHLEHTpaunei KokK-
ca [4). 3Tor daxT, yyeT pacrpenesicHisl KOBUEHTPALAH KOKCYIOIMHX KOMIOHEH~
TOB B CJIOE, a TAKXKE aHAIM3 MEXaHHM3MOB J€3aKTHBal[M{ aKTHBHBIX LIEHTpoB Pt°,
Ptat i1 KII [3), no3Bomwin pa3paGoTath SKCNPECHYIO0 METONHMKY MCIILITAHMHA.
CyllecTBYeT TakoKe psA ob1yX peKoMeHIalMi, CripaBe/VIHBEK 1T GoJb-
LIMHCTBA MNpoueccoB. HanpuMep, XelaTeIbHO MCNOIb30BATh MHTErPaIbHBIA H30-
TepMHUYECKMI{ peakTop M 3epHO MPOMBLIUIEHHON KpymHocTH. Creayer n3berath
GoJibLLIOro 3anaca KaTaqu3aTopa, T.K. TIPH STOM Ae3aKTHBallMs IocJioias M Ou-

HaM¥Ka H3MEHEHHA COCTOAHMSA KaTajM3aTopa He BUAHA, U T.II.

Kpumepuu cmabussnocmu xamasuzamopos

JI)is MpOMBIUIIEHHBIX TTPOLIECCOB ECTECTBEHHBI KPUTEPHI - CPOK CITYXObI
KaTanu3aropa. IIpH MCNBITAaHMSX KaTalM3aTOpOB 3TOT KPUTEPUI HENPUIOIeH M3-
3a caMoOiM IIpOLIEAYPhl YCKOPEHHOM Oe3akTHBauMH. [IoSTOMy NpHMEHSIOT TakKue
XapaKTEpPHCTHKH KaK TEMI MoZbeMa TeMNEPaTyphl IS KOMIIEHCAlMH AKTHBHOCTH
T(¢), ypoBeHb CTalLMOHAPHOM (YCTAaHOBHMBILEHCS) aKTHBHOCTH g, KOJMYECTBO, pe~
reHepallMii BbUIEpXHWBaeMoe KaTanu3aTopoM Np, aKTHBHOCTB TOCJIE CliEHATbHOM
XecTKoif 06paboTku @7 ¥ 1p. [lapaMerpaMy ciyXaT KoJmyecTBo nepepaboTaHHO-
TO ChIpbsl G, TpOIfylieHHoro siga (Gp, KOHLeHTpauns Kokca Cep.

BriGop kputepus - npobyema, Ha NEpBBIA B3rJAl NMPOCTas, OJHAKO, KaK U
Mpeaslayllas, TpeGyeT NMpeABapUTENBHOTO aHAM3a Ha Moaeias. Hampumep, fdo-
CTaTOYHO YHMBEPCATbHHIA Kpurepuit. T(#). OH IpMMeHMM A7 KATATM3aTOPOB
pudopMInmra, THAPOOYNUCTKH, M3OMEPHU3ALIMH, THAPOKpEMIHra U ap. OaHako, B
npoleccax, TIe BBICOKH TpeGOBaHMsA K CENIEKTHBHOCTH (TMIpHpoBaHMe, Napuy-
aJIbHOE OKMCJIEHWE, UIMiAMpOBAHME U Ap.), pocT 71(2) mo Mepe me3aKTHBALIMK

HEXeEJIaTCH, a UHoraa Aaxe IpHBOOMUT K 3aBCIOMO JIOXKHBIM pe3yjlbTaTaM.
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Jpyrasi omacHOCTb 3aKJIOYAETCS B Pa3nW¥HIK TEMIIEPATYPHBIX PEXHMOB:
HM30TEPMITYECKOTrQ -~ IIPH MCIBITAHMSIX U aqMabaTH4ecKoro .IpU 3KCILTyaTalMu
Kataymi3aTopoB. [TosToMy nporHo3 paGoThl peakKTopoB Ha OCHOBe Kpurepus (%)
HeobX0AMMO fIeslaTh MyTEM MOJIETHPOBaHHUS C YY€TOM 3TOTC OOCTOSTENIbCTBA.

VioBeH kpuTepuil “craGUIPHON” aKTUBHOCTH Q7 , MU3MEPSEMON B CTaH-
JapTHBIX YCJIOBHMAX TOCide CreliMajibHoi 06paboTki KaTaimsatopa. OH mpume-
HsleTCs 17351 OLIeHKY KaTa/3aTOpOB KpeKHMHIa M 3aK/II04acTCsd B U3MEDEHEEI Bbl-
xona GeH3MHa Mociie mapoBoii o6paboTky Katarusartopa npu 775 °C. K coxare-
HMI0, 3TOT KpUTEpHii (M MpHeM) IMoKa He HallleJl IIMPOKOro NMpHMEHEHUA B Ipy-
THX Mpolieccax, XOTd OTJIMYaeTCA 3KCIPECHOCTHIO U XOPOolIo 060CHOBaH.

Kputepnii crallMoHapHOM axTHBHOCTHM &g YOOOEH B Ipolieccax C camMope-
reHepaleit Kataau3aTopa pearupymoomeit cMecbio (H;, H,O u ap.). Dro npouec-
Cbl THIDUPOBAHMSA, U3oMepu3alliM, pubOpMHHra, NeTHAPUPOBAaHMSA, KOHBEPCHH
CHjy, CO u 1.. OnHako, BaX®#O YYMTHIBaTh, YTO g 3aBUCHT OT TEMIIEpATyphl U B
aaHabaTYeCKOM peaKTope SIRISETCS ‘paclpele/ieHHbIM MapaMeTpoM. [Tomo6HEX
HIOAHCOB JIOBOJIbHO MHOTO M BCE OHH COCTaRJISMOT Cepbe3Hble IPOOBJIEMBI TECTH

POBaHHA U NMPOrHO3UPOBAaHHA CpPOKa CJI}')KGBI KaTanu3aTopoB.

Ob6patomxa pesyasmamos

OnpIT MOKa3bIBaeT, YTO 37a MpobJieMa yaiile ApYT¥X OKa3bBaeTCs UCTOYHHU-
KOM OHfHOOYHBIX BBIBOMNOB. T.K. 00paboTKa B IpHHIIMIE HEBO3MOXHa 0Oe3 MaTe-.
MaTHYeCKOMH MOJIENH, TO 3TO O3HAYaeT, YT0 UCIOJb3YITCH JIMO0 HEMOJIHbIE MOe-
1, 60 HeBepHble, 60 Boodiue dopManbHbIE.

Hau6onee pacnpoctpanenHast ominbka - irHOpUpOBaHHE MPOLIECCOB Iepe-
Hoca BelllecTBa B cJjioe U 3epHe. [laneHne aKTMBHOCTH, T.e. CKOPOCTH, a(t)=r(t}/ry
YacTO OTOXIECTRIAETCS C YMEHBIIEHHEM BBIXONA NpomykTa ay()=Y(1)/Y) wm
CTereH! INpeBpauieHUs ax7)=X(1)/Xp, v3MepsAeMbIMH Ha BEKOIE M3 peaKrTopa.
JlerKo IOKa3aTh, YTO AaXe NMPpU paBHOMEPHOM [e3aKTHBAallMU CJIOS M3MEHEHHE
CPeXHEHHTEIPAIHLHOM €0 aKTHUBHOCTH {a)(f) CYILUECTBEHHO OT/BAYAeTCs OT M3Me-
HEeHMs BEKOJa Npoaykta Y(#):

- d{a)/dt = k{a), -d¥/dtr=k (I-Y)In(-D).
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ITo sTsM npuuMHaAM KpuBble X{f} 4acTO MMEKOT 3aMelJIeHHBI HavanmhHbIA
MepUOoX Ae3aKTUBALMKI U HOCAT S-00pa3Hblii Xapakrep. IIpuyeM, Toyka meperuba
coorBercTByeT Jmibo Y=0.5Yp npu oTpaBleHMM HCXOAHBIM BeleCTBOM, JiGO
Y=0.8Yp npu oTpaBleHMH NpPOAYKTOM (31€Ch Yp-DaBHOBECHBIN BBIXOH). CIIOX-
HOCTh MHTepIIPCTaliiy 3aKJIIoYaeTcsl B TOM, YTO BO3MOXKHBI APyrve MpUYUHBI 3a-
Ma3AbIBAHUA Je3aKTHUBAlIMM B Havajle HMKJIa, TaKWe KaK BHYTpnanGby3MoHHBIM
peX¥MM Mmpoliecca, JHO0 MeXaHM3M 3aKyNopkKH YCTheB mop. Be3 KauecTBeHHOro
MOIeIMPOBaHUA THX SABJIEHMIi JOCTOBEPHAs MHIEPIIPETA KT HEBO3MOXKHA.,
Jlpyroii mpuMep JOXHOIO TOJIKOBaHHMS CTaOMJIBHOCTH CBfI3aH C Habio-
[aeMBIMM TOPSIAKAMM [e3aKTHBALMKU (1), BHITEKAIOIUNMH U3 GOPMaNIbHOTO YpaB-
HeHUs - da/dt = k f{C) a". Bua KpWBBIX, COOTBEICTBYIOLMX 3TOMY YypaBHEHHIO,
MOYTH COBMANAET C 3aBUCUMOCTSAMM XapaKTepHBIMH IUIA IPOLIECCOB C CaMopere-
HepallMeii KaTaJlM3aTopa, KOTOpPble B AeHCTBUTEIBHOCTH OITMCBIBAIOTCS YpaBHEHM-
eM - da/dt = k fC) (a-as)/(1-as). Tak, npu nersapupoBannu Ng -HadyTeHOB
IIPOMCXOMT IIPOCTast GJIOKMPOBKA MOBEPXHOCTH KOKCOM M CaMopereHepaliusl Bo-
JIOPOZIOM, MO3TOMY a(#—»cc)=ag. Ilpu bopMabHOM Xe ONMCAHUH N~2, IO MOXHO

TPaKTOBaTh KaK JBYXLIEHTPOBYIO alACOPOLIMIO MpeallieCTBEHHHAKA KOKCa.

Jaxkmonenue

ObcyxgaeMble B JOKJIade NMpobJieMbl TECTUPOBAaHUA CTaOMIEHOCTH KaTalu-~
3aTOPOB CYLIECTBYIOT AaBHO, OAHAKO B IOCJIeqHee BpeMsI MX OCTpOTa BO3pociia.
Bo MHoOrMx mpoueccax OOCTHTHYT Ipefe]l aKTMBHOCTH KaTaaM3aTopoB, U HOBBIE
HMX TOKOJIEHMS BCe Yallle ODIMYaiOTCS OT MpeIbIAyLHX UMEHHO CTaGUIBHOCTBIO.
IeHa oLIMOOYHBIX MPOrHO30B CTaBMIBLHOCTH TOpa3fo BBIlIE, YeM aAKTMBHOCTH U

TpebyeT, Mo3TOMY, HaleXHBIX 1 060CHOBaHHBIX METOIOB TeCTUPOBAHU.

1. Cinzeko M.T. // XummuecKasg npoMbllIeHHOCTD, 1993 , Ne 1-2, c. 3-8.

2. OctpoBekuit HM. // C6. Tipo6iembl ge3saKTuBanMM Kataau3atopoB, HoBocHGHUpck,
1989, c. 145-161.

3. PeyroBa O.A., OcrpoBckuit H.M. // 13B. By3oB, Xummisas M Xum. Texeon., 1993, 36,
BbiL 7, c. 64-71.

4. Ostrovshii N.M., Chalganov E.M., Demanov Yu.K., et. al. // React. Kinet. Catal.
Lett., 1990, 41, No 2, p. 277-282.
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METOI KOMIBLOTEPHOT'O IIPOTHO3UPOBAHMS YPOBHEX AKTMBHOCTH
TIPOMMIVIEHHHX ILIATHHOBHX KATAJM3ATOPOB

A.B.KpaBuos, 3.]J.YBaHuuHa, A.B.Cru6Hes
TOMCKMI TNOJUTEXHUUECKU YHUBEDCUTET

B o6JacT¥ MPOTHO3MPOBAHMA ONTHMAIbHHX COCTaBOB KaTalusaTopoB, B
YACTHOCTHU MJATHHOBHX HAHECEHHHX, Ha MHOTMe BONPOCH He HaWleHH OOHO3-
HauHHe OTBETH .JiCCleloBaHMUs, CBA3aHHHE C MOIUGUUMPOBAHUEM KaTaIU3aTO-
POB U NPOTHO3MPOBAHMEM YDOBHA MX AKTUBHOCTH B TeUeHHe MexpereHepalu-
OHHOI'O LMKJa U obmero cpoxka CJIyx6h , BeAyTC B OCHOBHOM Ha YpPOBHe Ka-
UeCTBEHHHX OLIEHOK , TaK Kak YCTaHOBUTb KOJUUECTBEHHHE 3aKOHOMEPHOCTH
3aTpyaHuTeabHOl1], [R].

Ina BHABJEHUS M KOJMUECTBEHHOIO NpeACTAaBJEHUA 3aKOHOMEpHOCTEed NpoTe-
KaHUsl peaklu HeOOXOIMMO ONUCATh 06pas3oBaHUE CBA3M,IPOYHOCTL CBA3M U
MOJIeKYJspDEHe Op6UTanM ,ydyacTByblite B 0OpasoBaHMM CBA3M C INOBEPX-
HOCTbI0. BHIIOJHEHE TEeOPEeTHUECKUX DACUeTOB IO NPOTHO3UPOBARMI AKTHUBHOC-
TH ¥ CTAGUIbHOCTU KaTalU3aTOPOB MOXET PEmMUTh BONPOC,CBSI3aHEHM C BHOO-
POM ONTHUMANbHHX KATalUTHUYECKHUX CUCTeM. KaTalusaTopH OTJIUYA0TCH BCEro
COIepXaHUeM MeTAlJOB Ha akTUBHOM OKCUIe amoMUHUA.Ha All-64 HaHeceHa
TOJBKO IJaTHHA (MOHOMETANJMUECKUN KaTalusaTop),B Karanusarope KP-102
NPUCYTCTBYET IJATHHA M pEeHUIl,a B Karaausaropax cepun KP-104,110,Kpome
Ha3BAHHHX MEeTalJOB COIepXaTCs TakkKe KaaMUHi, UPUIMA K IpYTHe MeTalJh.

C yuyeTOM IUCIEDCHHX CUCTEM,KOTOpHe 06pasylTcCi B NpolecCe NPUrOTOBJe-
HUS NPOMBIIJIEHHHX KaTalusaTopoB PUPOPMUHIa M M3OMEpU3aLUU, MOKHO OTMe-
TUTb CJelylomue 3Talbl pPeryJaupoBaHUsd: MOAUPUUKPOBAHME HOCHUTeJs U dopMu-
poBaHKe ero-CTPYKTYPH; MNOA60P ONTUMAIbHOT'O COOTHOMEHUA MJATHHH ¥ IpY-
X AKTUBUPYIOIMUX NO6ABOK; nOAGOp ONTHUMANBHOT'O KOJUUECTBa Falor'eHa B
KaranusaTtope {3].

BausHUe 106aBOK PEeHUS M OJIOBA HA IAeTHAPHUpylomMe CBOMCTBA AMOMOIIATH-
HOBOI'O  KaraiusaTopa OOYCJOBJEHO COBOKYIHOCTBIO CTPYKTYDPHOTO U 3JEKT-
poHHOro ¢axTopoB.llad OJOBA CTPYKTYPHHHI (akTop NposaBasdeTCs B pOCTe
UUCJa aKTHUBHHX LEHTPOB C IOBHIIEHMEM KOJUUeCTBa HNOOABKHU IO OTHOMEHMO K
naaTuHe: Sn:Pt=1,2 U CHMXEHMEeM UMCJa aKTUBHHX LEHTPOB INpPH IalbHeMmeM
yBEJMUECHNM KOHUEHTpalMM OJIOBA B KOHTAKTe. SJIEKTPOHHHN $akTop o6YyCJoB-
JUBaeT NOAaBJeHNe CHUJIH aKTHUBHHX LIEHTPOB IIpDM pOCTe OTHOmEHM: Sn:Pt>1.
OJeKTPOHHas MJOTHOCTh Ha IJATHHe 3a CUeT OJ0Ba BO3pacTraeT, UTO CIo-
COGCTBYeT NAaleHM0 aKTUBHOCTH KaTalusaTopa.BBelleHMe peHUs OKashBaeT
UHOe NeCTBMe Ha AMMMOIJIATHHOBHNM KOHTAKT: UMCJO AKTHUBHHX LIEHTPOB CHHU-
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XaeTcsi,a KX AaKTHBHOCTb BospacTaerT.llocllenHee BH3BAHO  yMEHblieHUEM
3JEeKTPOHHOM MJOTHOCTY Ha NJATHHE 3a CUeT BJAMUAHUA Re,uTO CnOCOOGCTBYET
YyBeJMYEeH0 aKTHBHOCTM KaTamusaTopalzl.

R Tabmn.1 noMelleHH IaHHHe 06 U3MEHEHMM aKTHBHOCTM M CBOGOIHO:A NO-
BEPXHOCTH (IUCNEPCHOCTH) NaaTuHH (YPt) NpM 3aKOKCOBHBAHUM MOHO- M OM-
MeTalIuyecKnux kKatamsaTtoposlll. |

BBelleH IJR KOJMUECTBEHHOT'O BHP&XEHUs M3MEeHeHUs CTaOUJIbHOCTH KaTalu-
saTopa KpUTepUd KOKCOYCTOMUMBOCTY NIJATHHH F (M3MepsieMH KOJUUeCTBOM
aTOMOB yrXepola Ha MOBEPXHOCTH KaTalusaTopa, COOTBETCTBYIWMUM YMEHblie-
HJ0 KOJMUeCTBa NNOBEPXHOCTHHX aTOMOB IJATUHH Ha 1 aToM} [11 -

THokasaTeab CTAGUABHOCTH ST NPOMOTMDOBAHHHX KATAIMSATOPOB IPONOPLMO-
HaJleH BeJUUMHEe KOKCOYCTOMUMBOCTY F .

JHaueHWe KOKCOYCTOMUMBOCTH DPACCUUTHBAETCH MO GOpMyJe:

F= [C J/[Ptl*x AYPt , (arom/aToM) s (17

F- KOKCOYCTOWMUMBOCTD ; ‘
[C'I-KOHUEHTpauMA KOKCa Ha KaTamusaTope,MacC.% |
[Pt)-BecoBag nOJs NJATUHH, MAcc.%;

A YPt-creneHp OJOKMDOBKM AKTHBHHX METARNMYECHMX LEHTPOB (pasHuia
MeXZly IUCIEePCHOCTbI0 NMAATHHH IO ONHTa M [AMUCNEPCHOCTb NJATHHH [OCJe
onHTa), (aToM/aToM) .

MeTaannuecKkas aKXTHBHOCTb MJIATMHOBOI'O KaTaluMsaTopa OnpeleseTCsd UUC-
JIOM AaKTUBHHX LEHTPOB ¥ MNPONOPLUMOHAMGHA IUCNEPCHOCTH NJIATHUHH.

M=[Pt1»YPt«N/Amfrrie (e2)
M-4yyuCJI0 aKTUBHHX MeTalJUueCKUX LEeHTPOB;
YPt-IMCNepCHOCTh NJATHHH, (aTOM/ATOM);
N-uycao ABoOrazpo.

KUCJOTHAS aKTMBHOCTb CBsi3aHa C colepxaHMeM B Pt - KOHTaKTax rajore-
HOB. PacueTH NPOBOIUJMCH Ha HeCTALMOHAPHOA MaTeMaTHUecKod Momeau, Ko-
TOpas IMO3BOJAET YUUTHBATDH NEe3aKTHMBALMO PEeHUAAJICMOIJIATUHOBOIO KATANM-
2aropa c jo6aBKamMM IPYTHMX METARLJOB B NIpoliecCe HaTAIUTHUECKOTo pudop-
MMHra Ha yCTaHOBKe KupumuHcKoro HI3 { Tabn. 2 ).

M2 pama noJauMeTANNUYECKUX AJOMONJIATHHOBHYX HKATAIM3aTODOB,IJsS KOTODHX
OHAM  NPUReleHH CEepUM DPACUETOB MX AKTUBHOCTHM M CTAOUIbHOCTH MOXH? BH-
IeJUTb Kar HauboJdee afperTHUBHLHE clelVicmpe: CYyALOWIMPDOBAHHHA AJicMONJA-

TUHOBHN ¢ HNO6ABKAMU DPEHUd (O.DSS,O.85Re,0.85Pt/A{éC%},aﬂmmonnaTMHOBmﬂ
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C IoGaBKaMu UPUAUS {2.01r,0.35Pt/A%2Q3), ‘a Takke C RoGaBKamM OJOBA
(0.5 Sn,O.SSPt/A{ZQBJ.

B Tabn.2 npuBeleHH SHAUEHUA ATOMHHX DaAWyCOB UCCJAELYyeMbl METAaMLIOB,

a TakMe UMX BaANEHTHHE 3JEeKTPOHHHe KOHQUrypauuu.KaTaluTuueCcKas aKTUB-
HOCTb METARIA HENOCPelCTBEHHO CBSsaHa C 3TMMM daKTopamu. UYeM Gojblie
2HAUeHHWe ATOMHOrO pajuyca , TeM Buile aKTHBHOCTb MeTalla. KpoMe Toro ,
AKTUBHOCTb 3JEMEHTa 3aBUCUT OT HANMUUS IOIBUAHHX 3JEKTPOHOB, KOTOPHE
Moray 6H BCTYNATh BO B3&MMOLENCTBUE.

AKTUBHOCTD PEHUEBOI'O ¥ MPUIMEBOrO AMWMONJIATHHOBHX KaTAIU3aTOPOB OO6B-
ACHAeTC C TOYUKM 3PEHUA 3JEKTPOHHOro ¢axropa.PeHUMA U UPUIMA ABJAAITCA
BHCOKOBANECHTHEM METAILIaMM C HAINUMEM NOZBMXHHX 3JIEKTPOHOB ( Re : &d
6s™% Ir: &d quﬁ KOTOpDHE MOTrYT BHCTYNATb Ka¥ aKLUEeNTOPH M NMOHWKaTdh 3¢-
deKTUBHHM 3apsAn Ha NJATHHE 3a CUeT NepeTATMBAHMA 3JEeKTPOHHOH! IJOTHOC-
T Ha cebd.uTO CINOCOGCTBYET YBEJUUEHU! aKTMBHOCTU KaTanusartopa.Bogee
TOrO, 3TH METALIH NO CBOel NPUPOZEe OGJANAT XOPOWMMM KATAINTHYECKMMH
CBOXCTBaMU.OHM O06JaNa0T CPaBHUTEJNBbHO OOJBMMMA ATOMHHMM pamuycamMu { y
pesus r=0,136 M, upuIusa r=0,137HM ),UeM OJOBO,TepMaHMil, 30J0To.log-
BAXHOCTb 3JIGKTPOHOB MOXeT OHTb BH3Baza PasJUUHEMU NpUUKHAMU. Hamnuue
nonBmsHbX (OOMEHMBAMUXCA} 3JEKTPOHOB ABJAAECTCA HEOOXONMMHM, HO He IOC-
TATOUHHM CBOMCTBOM,TaK KaK CTepUueCKHMi $aKkTop HOCTYIHOCTH MOXET CBeC-
T K HYJO [NOTEHUUANBHYI KATANUTUUYECKYH AKTUBHOCTb COEIUHEHUd.

Nlpy BBEZEHMM OJIOBA B COCTAE Al AKTHBHOCTb M CTAGHJIBHOCTD M3MEHANUCD
B 3AaBUCHMOCTM OT KOHLEHTPALMM OJIOBA B KOHTAKTe .3aBUCUMOCTH AKTUBHOC-
TH ¥ CTAGUIBHOCTHM IIATMHOOJOBSHHHX KATAIMSATOPOB OT KOHLEHTDALMM OJO-
Ba MMeJW SKCTpDeMalbHHA XapaxTep.BHINMO, NPHM DASJIMUHONM KOHLEHTpaLuu
NPOARJANTCA pasIMuibe GAKTOPH: CTPYKTYDHHI M 3JEKTDOHHHI. MHTepeceH
$aKkT,uyTo NIpM KOHUEHTpawuy ojJoBa 0.20 MacC.Z -BHCOKOe 3HaueHue
aKTUBHOCTM M HUBKOe 3HaueHWe CTaCUILHOCTH. TeopeTHUeCcKH NpelCcKasaTh
pemapiiyld poJb Kawkoro-au6o ¢axkropa CJIOXHO. BO3MOXHO, OJOBO 6yZeT NpoO-
ABIATH M aKLENTOPHHEe CBOMCTBA , KAK MOJYNPOBOAHMK.

5
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Tabanua 1
HlokasaTean aKTMBHOCTA M CTAGMIbHOCTHM KATAIUBATOPOB
B CpaBHEHMM C KaTanusaTopoM cocrasa:1.6 Cd,0.35 Pt/Al,0z

i [ i [}

i
|  Conepxanue |  Uucao {OTHOoCH- |OTHOCHM- |
| mpomoTopa B | HavaIbHHX |TenbHas |TeapHaa |
| Macc.Z ] MeTaﬂﬂquch§M]aHTuBHOCTb CcTabuib- |
| { menrpoB M 10 | YPt6 | HocThp |
i i ] ; i
| - | 5.09 | 0.95 | 2.076 |
| 0.2 Sn | 4.86 | 0.91 | 1.46 |
| 0.5 Sn ] 4.48 | 0.84 | 0.923 |
| 1.0 Sn | 3.82 | 0.72 | 0.538 |
| 2.0 Sn | 2.66 | 0.5 | 0.308 |
] 1.0 Ge | 2.76 | 0.53 | 0.231 |
| 2.0 Ge | 3.03 ] 0.58 | 0.462 |
| 1.6 Cd ] 5.15 | 1.00 | 1.00 |
| 2.0 Ir ] 4.84 | 0.91 | 0.462 |
| 0.35Re | 5.15 | 0.97 | 1.538 |
| 0.35Re+0.05S5 | 3.34 | 0.625 | 0.386 |
i i i i !

B peayabTaTe BHINOJHEHHHX MCCJAENOBAHMA COHOPMUPOBAMUCH MNPEATOCHIKA AJS
pazpaboTKM M BHeIpeHUs Ha HeprenepepabaTHBamMMX NPERNPUATUAX MeToda
KOMIIBIOTEPHOT'O NIPOTHO3UPOBAHUS NPOTEKAHUT peaKliil B IPOMHIIEHHHX YCJIO-
BUAX UM ONTMMANBHHX PpeXMMOB 3KclayaTauuu Pt-kaTammzaTopos,KOTOPHN
npennojaraeTr CJaenylomUe OCHOBHHE 3Tall :

- BusiBJeHHME M CUCTeMaTusauus QUSUKO-XUMUUECKUX 3aKOHOMEPHOCTEN IIpeB-
palleHns YTJIeBOROPOJZOB Ha OUOYHKIMOHANBHHX KaTalusaTopax.

- JeTanbHoe pacCMOTpPeHMEe OCHOBHHX M IIOOGOUHHX peaKuuy IpoLecCoB.
-QOpMHUPOBaHNe HauboJiee 3HAUMMOM COBOKYIIHOCTM DeaKLuil, UCXOAs U3 Je-
TAlbHOI'O MeXaHU3Ma, 3KCIepHUMEHTaANbHON MHGOpPMALMU U TepMOIUHAMUUECKUX

pacueTos.

- OleHKa BO3MOXHOCTH OODbEeNMHEHHMA KOMIIOHEHTOB B IDYINH IO GU3UKO-XU-
MUUECKMM IIpDU3HaAKaM.

- PacCMOTpeHHe TeXHOJMOTMUECKMX OCOGEHHOCTEN NpeBpalleHHs YTaeBOAopO-
OB B IPOMHDJICHHHX YCJOBUAX.

- MaTeMaTuueckoe ONUCaHWe Ipollecca U O60CHOBaHHWe clocoba NpeacTarie-
HUS BCell COBOKYIIHOCTH 3HAHUM O pacCMaTpHMBaeMOM Ipolecce, OOBeNMHEeHHHX
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B MEPAPXUUYECKYH CTPYKTYDY IO XapaKTEpPHHM NDPUBHAKAM.

Tabauna 2
CyMMapHHT BuXOI apOMaTHUECKUX YTrJeBOJOPOIOB B % , Macc.
Ha OuMeTalaudyeckKuy¥ afioMONJATHMHOBHX KaTanusartopax (0.35 macc. 7z Pt)

[} i i t

i
|Comepxanve | BajeHTHHE|ATOMELHE |3Heprua | Coznepxauue |
| npoMoTOopa B | 3JI€KTPOHH | panuycH, | MoHKaa~ | apoMaTHYECKUX |
| KaTanusaTope, | aToMoB | | wm | YTJIEBOJOPONOB J
| | 3J1eMeHTOB | | | B KaTausare, f

Mmacc.% | | HM aB | Mmacc. % |
! T d
! ! |
{  nocxe ! nocle {
l I

94x nHel | 394 mHa
| akcnayaTauun | skcnayatauy|
| kaTanuzaropalKaransaropa |

| |
| | | |
| | ! |
! ! | |
i | I |
! | i |
! | | I
: — : : : |
Poo- | 5d6s, |0.133 | 8.9 | 5391 | 33.42 |
| 0.2 Sn | BSBp” | 0.124 | 7.42 | 54.0 | 38.80 |
| 0.5 Sn |- (- - | 53.06 | 44.52 |
} 1.0 Sn [ - I - [ 51.88 | 46.70 1
{ 2.0 Sn S S | 47.30 | 44.98 |
! 1.0Ge | 4s4p” | 0.104 | 7.90 |  48.10 | 46.%9 |
{ 270 Ge | = | - I - | 49.00 | 45.11 |
| 1.6 ¢d | 4d5s,10.120 |8.99 | 5514 | 45.47 |
| 2.0 Ir | 6d6s,|0.48 |91 | 543 [ 50.1 |
| 0.35Re | 6d°6s” | 0.137 | 7.88 | 54.76 | 238.99 |
| 0.05 S i | | | 50.57 | 46 59 |
| 0.35Re+ | | | |  50.00 | 46 83 |
| ©6.05 S | | | ! | |
i 4 i i i 1 1

168



OP-Al4

Hamy npencraBieHH peByJbTaTh KOMIBIOTEPHOI'O NPOTHOSUMPOBAHUS pafOoTH
yCTaHOBKM J-35-8/300B M cpaBHeHMe MX C NPOMHIJEHHHMM IaHHHMHA. OCHOB-
HHM NDAKTUUECKUM NPEUMYyHECTBOM IPELJOXEHHOI'O MEeTOIa KOMIIbIOTEPHOTO
NPOTHOSUPOBAHMS HBAAETCH TOT PaKT , UTO MOZeJd , NOCTPOEHEME Ha yueTe
CTALMOHAPHHX ¥ IOMHAMUUECKHX OCOOEHHOCTE! INPOLIECCOB PACCUMTHBANT CYM-
MapHH BpEMEHHOHN IOTeHIMal MexpereHepaUMOHHOro npobera KaTanusaTo-
pa,uTo obecneurBaeT BO3MOXHOCTD OLIEHKM DeallbHOrO NOTeHUuala IeACTBYo-
me YCTAHOBKHU.

JUTEPATYPA
1. Bypcuan H.P., Korar C.B. Jle3aKTHBal¥sl HAHECEHHHX INJATHHO-
BHIX KaTalusaTOPOB BCJENCTBUE 3ayTrJeBOXUBaHMA. HoBocubupck, 1990,
c 14-31.
2. PameHueBa M.A. ,MuHaueB X.M.PeHUA M ero cCOelMHEHUs B KaTaluse
M. : Haywxa,1083,247
WBaHuMHa 3.J.,KpasuoB A.B. ,BapmaBckuii 0.M.MozeaupoBanue
NPOMBIJIEHHOT'O Npolecca pUPOpMUHra GEHSMHOB C YUeTOM Jie-
3aKTMBALMM M CTApPEHUs KaTalusaTopOB.- IIpPeNpuHT. -Y3X-BO
CO PAH. -1992.-40c.
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HEKOTOPHE OCOBEHHOCTY TNOCTPOEHMA U ONTUMUSALINA SMITPUYECKMX

MOJIEJER CJIONHBY XVMVKO-TEXHOJOTMYECKUX ITPOLECCOB
Il A Kozys, H.B. Tpycop. T. U I'punb

XapBKOBCKUA TOCYNAPCTBEHHHA MNOMUTEXHUYECKUA YHUBEPCUTET

PaHee HaMl YCTaHOBJIEHO, UTO 3MIMPMYECKHe MOIENM MNO3BONANT OGhe-
IXHATb JMTEPaTypHHe JaHHNEe, a TakXe MOoNyuyaTh ypaBHeHUd, ONMUCHBAabILKe
CNIOXHH XMMHKO-TEXHOJIOTMYECKM Ipolecc. B xavecTBe nocinemHero G
BHGOPaH MeTOR AHIDyccoBa (OKMCTMTENbHH aMMOHONM3 MeTaHa, OAM), koro-
pHii Ha CEeroNHAWHM] INeHb ABNAeTCA Haudonee 3KOHOMMUHHM CIIOCOGOM MONy~
YeHUs LUHAHUCTOTO BOJOPOXA.

B To e BpeMd, pAl OGCTOATENBCTEB CBUAETENLCTBOBAN: TpalULUOHHOE
NOCTpPOEHMe 3MIMPMYECKMX MoIeNelt He MO3BONAeT YYUTHBATL KOHKDETHHe
OCOGEHHOCTHM peaNbHOI'O MPOUIBOACTBA, YTO CYWECTBEHHO CKasHBaeTcs Ha
HaIeXHOCT¥ [OJyyaeMHX ONTHUMU3ALMOHENX DexuMOB. [nd ycTpaHeHUs 3TOro
HelOCTaTKa Hamu OHNMM NPOBeleHH MCCIeNOBaHUsd, UINOXEeHHe BaxHeHWMX pe-
3y/NBTATOB KOTOPHX ca6nuna

COCTaBNAEeT CYIWeCTBO #pars®eHT 6asy JRaHHHWX, HCHNONBSOBAaHHHX

- 1% BOCTPOEHHN DMNUDHEYECKOR MORelN:

HacTOALEero ILOKTana. npouscca KATANHTAYECKOTrO OKHCAEGHHES AMMHEHAK3
B kauvecTBe Tec-

PagxeEr, Bpexs Cre—

TOBOY 3afaul GHI BH- u*/y 06nes- ﬁi;;e g:f' npoGera |mens
OpaH DOACTBEHHHI Me- noe pla |pa- | ceTer.¥ |xou-
- comep- - . Bep-
T0ny OAM npouecc Ka BO3- AMME- |XaHEE gig Ti 1-6 T7-12 |cRY
TanATHYECKOTO Okuc-  ayx [ ax  |N#s, z|°7% |B% fcer-[cer-|nis B
NeHUs aMmdiaka, oopeM ¥R | KB [MO. %
TEOPeTHYECKUX U 3IM- & B c P 1| | F| ¥

TMPUIECKUX TPEICTAB™ 54500 5400 10,20} 6,10 890| 34| 3404, 80
NeHuit O KOTOPOM MO- 52500 6200 10,46 6.60| 8so| 73| 73|02, 24
51500] 5400 10,17) 6,20 890| 84| 84 [os.72

SBONAET OCYWECTBUTD  g5igo0{ s5700| 10.37| 6.70 | 890 | 120] 12002 52
KOPPEKTHOEe CONOCTaB- 53500 6200 | 10,38 6.90 | 900 | 406| 406 93,67
; 52500} 5900 10,271 6.60 | 890 527| 52793, 93
IeHie  DPACYETHHX M 56500 6500 10.25{ 6.90| 890 733| 733)ei.73
NPaKTUYECKUX pe3ynb- 57000 6800 | 10,24) 7,20 80| 945| 945|01.65
TaTOB 49500 5650 10,28 6,20 80| 98s| 9ss|a4. 15
: 53000 | 6000 10,36] 6.60| 8901017 [1017 |93, 47
Ucxomyo Gasy 59000| 6700 10.32] 7,00| 890|146t | 424 (92,31

" 58000} 6600 10,17} 7,00| 8901723 68694, 38

AARRENX COCTABMIM MO~ o506 s950| 10,27 6,80 8s0|1772] 685]94, 17
KasaTem!  TeKywero 55000 6250| 10.16] 6,80 890[2078| 991 93,74
_ 54500 6200 10.31) 6.70| 890]|2135| 988 |85, 41

KOHTPONA padoTH MPO~ 5500 g100| 10.11] 6.80| 895|233¢ |1297 [o5. 23
MHWTEHHOTO peakTopa 53000 |'5900| 10,27 6,30 | 890 |2378 [2378 |94, 60
(oduee  xommuecrso 518901 5600 10.17] 6,00| 88025701411 95,02
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3amepoB - 335). B pesynbTaTe CTaTUCTHYECKOrO aHanM3a NapaMeTpoB X
dyskuuM oTkmuka (Y - creneHb koHBepcuM ammiaka B NO) O oTodpalH
IaHHHe, ¢parMeHT KOTOPHX NOKasaH B Tadnuue. Pa3MepHOCTb BeJIMYMH CO-
OTBeTCTRYET ~ UCIONb3YEeMHM B peallbHOM NPOKM3BOACTBe. Pas3dieHne BPeMeHM
npodera Ha OBa CaMOCTOSATeNbHHX INoKaszaTens (TaM xe, nepeMeHHne E u F)
CBf33aHO C OCOCEHHOCTAMM $OPMMPOBaAHUA padouero kommiaekra Pt-Rh-ro ka-
TanusaTopa.

BaxHeityuit NpUHLKI, NPemNOXeHHNN HaMM LN NOCTDOEHUS MOmenyu, 3a-
KJo4yaeTcs B yuyeTe BHYTPUKOPPENAUMOHHHX 3aBUCUMOCTEN MeXAy NapaMeTpa-
M¥ npolecca. Takoit NORXOn MO3BONAET IOHATb M OCGBACHUTH ABJIEHUA, IPO-
UCXomsfwye B MUCCIeIyeMOll XMUMUKO-TEeXHONOTHYEeCKO! CUCTeMe, M BHABUTH
Haudonee BaxHNe NPUYMHHO-CIEeICTBEHHNe CBA2M, Bnarogaps eMy OWJIO yc-
TAHOBJIEHO BCEro ABa UCTHHHO He3aBUCUMHX (aKTopa: pacxolm Bozgyxa (CM.
Tadn. , rpada A) u BpeMs nmpodera karanuszaropa (Tam xe, Eu F).

IIp¥ CTATUCTHUUECKOM aHAJKU3e MCXOIHHX HAHHWX OHJIO OCHapyXeHO, 4TO
MHOTME BHYTDEHHKE 3aBUCUMOCTM MOT'YT CHTE ONHCaHN yHKUMeR odwero Bu-

na

2

[lapameTpH Xmin s Xmax 3allabT T'PaHUYHOe OTKJIOHeHMe (YHKUMM OTKIMKA, a
BeJMYNHA Xi~xsnxercx BXOJOHHM NapaMeTpOM, onpelensvolieit BHXOTHYD Benu-
unHy ¢yHKumM oTknuka. lcnonpaopaHue ypaBHeHMs (1) NO3BOMUNC CyuwecT-
BEHHO COKPaTUTb OCReM NOCHefyPUKX pacyeTHHX pador.

BHyTpeHHas 3aBHCHMOCTb IJIS pacXoia aMMuaKka sBJIJeTCH CTaTUCTHue-
CKOl ¥ He 3aBMCHUT OT APYTMX NapaMeTpoB:

B B;) )

B = Fun CBm —-E

i
Tae
B, = -86,6358 - 1,42088:10™34 + 0,702639+40+5 &

A - Harpyzka no Boznyxy (cm. Tadnm )

JlaBneHne odnagaeT Gonee CIOXHHM XapaKTePOM KODPeNsUMK C He3aBH-
CHMEMM llapaMeTpaMy¥ Ipolecca, Tak Kak dABnsgeTcs QyHKUKEeA HeCKONbKUX
NepeMeHHNX. AHaMU3 [O3BONMUI BHABUTH HalMuMe OCPaTHON perynupyouen
CBA3M MeXRy HaBJIeHMeM ¥ DPacXOLOM BO3lyXa, B peaynbTaTe Yero BIUsHKe
NocNelHero Ha NaBJeHHe KOHBEPCHM Topaslo MeHee 3aMeTHO:
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Op-AlS P = Fun CPpipy Pror P
rue
P, = 15,575 - 2,264-1078- 4B - 1,1202-10°-B1 +
+1.1296+4B7! - 4,086°1078-4-F + 3,557:1077-B-E -
- 1,449-1073F + 2,279-1070-8-F (5
A B. Ex F - cM. Tadn

YpaBHeHKe (5) yYyuTHBaeT EBIMsHMe BDeMeHM Npodera KaTamU3aTOPHHX
CeTOK ¥ MOKazkBaeT NOCTATOUHO XOpoWee COBNaleHHe 3KCIeDHMEeHTANbHHX K
pacueTHHIXBENUYUMH, Jia-3a IMHAMMUECKOTO XapaKTepa peryaypOBaHMs LaBie-
HES ¥ HalKu¥d OOpaTHOM CBA3M, HauGONbuMe OTKIOHEHHA HaGnoaanTcA NpH
Pe3KKX KOoNeGaHHAX pacKoZa BO3LYXa M amMiaka. YUMTHBAd BaXHOCTL HaH-
HOT'O OGCTOATENLCTBA, 3TOT BOMNPOC GHN TWATENbHO HCCNelNOBaH.

PerynupoBanye OTHOWEHHA "BOBIYX- aMMuaK"” MMeeT NMHaMMUEeCKHRt xa-
pakTep. [I03TOMYy B NIPOMLUWIEHHOM Npolecce BO3HMKANT NepHOAH HecTadHib-
HOCTH, TNPHBOAAWME K KONeGaHMAM JHHeAHOM CKOPOCTH NoToka. Ha puc. 1
NMoKa3aHa 3aBHCHMOCTb BHXOZA NMPOAYKTA OT CKODOCTH M3MEHeHHA pacxoga
BO3nyxXa. XOPOWO BHIHN KaK MHTEDBaNH YMGHbWEHUA CTENeHM KOHBEPCHM Me-
TaHa B OKCHA aszoTa (II), Tak ¥ ero pocra. [lonyuyeHHas KapTHHA XOPOWO
COrnacyeTcs C NONMOXSHUAMA TEODHM HECTAUMOHAPHWX PEXHMOB.

Ing yyeTa BHABNEHHOX KOpPpPenduUMK OHNIa BBeJeHa HOBas BelMUMHA -

KO3PPHUUEHT HeCTAaCHIBHOCTH  pexiuMa

CTenel» KOHB@PCHE (Kap}' KOTOpHi NnpeacTaBndeT codoft oT-
ba3 3 No, % HOWEHME NPOMIBONHNX NABNEHKA MO pac-

XoZaM KaxXoro U3 peareHToB de3 yueTa
3aBHCHMOCTHM OT BPeMeHM npodera KaTa-

o4 o nu3aTopa. $aKTHYeCKM ITOT NokasaTenb

o °°° 0 o XapaKTepusyeT BIKAHHe NpelHAyWero co-

° o o CTOAHMA CHCTeMN Ha Tekyuee. MHcnombzo-

024 o | o BaH#e K NO3BOMMIO CYWECTBEHHO NOBH-
]

CUTb HaJeXHOCTb BHYTPeHHUX OyHxuuft,
YTO ABNAETCA 0OGA3ATENBHHM YCIOBHEM
88 alleKBaTHOCTH ododuanuell Mogens BCero
-800 -400 0 +400 +80¢ Tnpouecca. Tak, B OTIMUKe OT HEeanbHOR
K°g;:g::;e§:§§°g:e:gzﬁzxa CXEeMN CMelleHHs NOTOKOB, KOHUEHTpauus
sHaveHEA, (M /WI/N aMM#aKka B DeaNbHHX YCHOBHAX 3aBMCHT

PEc.i. BnEAHE® KoNeOaHER Ha- He TOJNBKO OT pacxofa peareHToB, HO

PPySkE MO BOSZYXY HA CTenesd -
KOHBePCKX NH3 TaKxe OT nannenusiu koaduunerTa He

¢t = 1,37°10°% ¢.2 CTaCHIBHOCTH DexuMa:
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B+100
C= . e
K1'8+K2'A+K3'B'P+K4’A'P .

rIe K3~'- K4 -~  Ko3¢$UUMEHTH, 3aBUCslMe OT HeCTACHIBHOCTH DexmMa.
[locnepyoue pacueTH NOATBEPIWIM HANEXHOCTb ypaBHeHHus (6) - cpenHee
OTKJIOHeHMe cocTaBuno 0,24 % Tonbko 13 pesynbTaToOB Mcxonﬁon dasn
naHHHXx (cM. Tadnm. ) Iano OTKIOHeHHe donee 1,2 %.

Bhcokas Ha@eXHOCTb IONYUEHHOM MOZen: INO3BONMNA NDUCTYNUTh K
OCYWeCTBNIEHUN HAa ee OCHOBe CoJlee CIOXHHX PacueToB.

Msyuena =zaBucuMocTb BHXoZa NO OT KOHUEHTpauuy amMMmuaka B UCXOL-
HORl aMMuauyHO-BO3LYWHOR cMecH (ABC). YCTaHOBNEHO MOHOTOHHOE CHUXEHHe
nokasaTens aCNO/NH3) NpY YBEeNUYEHUM COJepXaHUs aMMUaka, OCOGEHHO 3a-
MeTHOe JHNIs OGNacTH NOBHWEHHHX KOHUEHTPalMi amMpaka, KOTOpHe He UC-
NONb3YeTCHs B NPOMHWISHHOM npouecce (puc.2).

HeodxomumMo oOGpaTHTE BHHMaHMEe Ha TO OGCTOATENBCTBO, UTO NONYUEH-
HHe 3aBHCHMOCTHM He f#BNANTCSH "YUCTHMU", NOCKOJNBKY OTpaxXxawT BIUSHUE He
TONBbKO KOHUeHTpauuu NH3, HO M maBneHMs (XOT§ B PacCMOTPEeHHHX IpHUMe-
Pax ero BO3IefiCTBME Ha KOHBEpPCHK CKa3HBeTCA B 3HAUNUTENbHO MeHbueih
CTelleH), 4eM CollepXaHue aMMuaka). JaMeHeHMe [aBJI€HMS NIPH IIOCTOSHHOM
pacXolle MCXONHOM Tas30BOM CMeCH OGBACHAETCS NMaleHMEeM ee INIOTHOCTH MO
Mepe yBeNnMueHHUs comepxaHus B ABC donee nerkoro KOMIOHEHTa - aMMHaka,
W XoT# BNMsgHME 23TOrO napameTpa B IaH-
HOM Cllyyae HeBeJlUKO, 3TO OGCTOATeNbC- CTeneHb KOHBEPCHE
TBO CBUISTENbCTBYET O NpUHUMNMManbHoi NH2 B NO. %
HeBOSMOXHOCTM  BHSBNEHMS KODPEALMM 1°°]
aCNO/NH3) = f(NH3), He NCKaxeHHON! .'.i -
IPYTHMMI NlapaMeTpaMy fpolecca.

TakuM odpaszoM, B pesynbTaTe BH-
NIOTHeHHOR padoTH INOKazaHa ajeKBaT-
HOCTb pacCUeTHHX BeNNYMH peaiusM Ipo- 2 »

96+

MHWTEHHOTO Npollecca KaTamuTHueckoro o2 -0
OKMCIIeHMA amMuaka Nox naBneruem 0,716 o o
Mlla. 0
- 88 :
BHIIONHEHHN! KOMIIEKC TEXHONOTH ! " o . »

YeCKUX pacueTOB NIOATBEPANI CIIpaBelIn— 0O6beMHOe colepxaHEe NHz, X
BOCTDb INIPel/IOKSHHNX HaMi NPUHUUIIOB IIO- PEC.2. 33aBRCEMOCTb CTeNeHR
2 KOHBEPCHR aMMRaka B NO oOT
(%4
CTPOEHUaA IMINPUYECKUX MOLEeNeHCIIOXHHX KOHLeHTPauRE NH3 B HArpy SKE:
XMMHKO-TEXHOJIOTUYEeCKUX IIpOolecCCOB, He Harpyska, w3/4:
OCXOIOUMHX NS ONTUMUIAUUM. 1 - 57000; 2 - 60000
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HCCIAENOBAHUE HECTALIHOHAPBIX PEXXUMOB OCYILUECTBJIEHH S
XUMHWUYECKHUX PEAKLIMI HA TTOPUCTBIX FPAHYJAX KATAJIMZATOPA
C LIEJkIO YBEJHYEHHS BbIXOA LIEJJEBOI'O TPOAYKTA
Angpees B.B.

Yynameknii rocynHeepcuTeT, UeGokea pul

CoBpeMeHHasA XHMHUECK2S NPOMBILIIEHHOCTE TPEOYET CO3NaHHA H BHEXPEHHA HOBHIX
BHICOK03(peXTHBHHX mpoueccos. Llenbio mannoii paGoTH ABIAETCA HCOCUECAOBAHHE H
YCTaHORIEHHE BHICOKONPOH3BOAHTEIbHLX PEXXHMOB OCYLIECTBIICHHA PazIHUHHX XHMH-
YECKHX peaMmHi Ha NOPHCTHIX rpaHylax KaTanuzatopa. C 3TOH TOYXH 3pEHHSA NpPoaHa-
JHIHPOBaHH. BOSMOMNIOCTH YBEIMIUCHHSA BHIXOZ2 IEIEBOTO MPOAYKTa NPH NPOBEXCHHH
XaTaTHTHYECKHX PEAXIHH HA NOPHCTHIX PaHYNaX PARIHUYHHX FCOMETPHUCCKHX GOPM B
HCKyCCTBEHHO CO3JaBaEMBIX HECTalHOHAapPHHX pexxkuMax. MccomemoBauHsa NpoBeAcHH C
YYETOM BEHIOTEPMHYHOCTH I'PanyIhl,a Taicke - CONPOTHBIIEHNA MaCCO - H TEMIOOOMEHY
MKy TpaHytoif H obTexgromeii ee BHEwIEH PeakUHOHHOMH CMEChIO.

PaceMoTpHM peaxsinio BHIA

"
0=2124 .
= )
( a i~ crexHOMeTpHUecKBe ko3 duuHenT; a; > 0 - /U1 NpoAYKTOB peakuud 1 @i < 0 -
JUIR HCXOJAKIX BEWECTB; Ai - CHMBOMNH yyacTsyIomux B peakiar (1) semects), npore-
KaroI@y!0 Ha NMOPHCTHIX IPaHyIax KaTadH3aTopa cePHUECKOH, UHIIKNAPHYECKOH MHIH
nracTHHyaTo opm.

IIpennonoxim, 4To B AApe obTeKaollelf NOPHCTYIO IpaHyiiy PEaKUHOHHOH CMeCH
xonuenTpaunn Coj BewecTs A; ( i= 1, ..,n) u Temnepatypa To MEHAIOTCA CO BPEMEHEM
10 32KOHY"

Colt)=Co +Cp (i = Loy L) =T + T (1)
‘ ‘ Toh; €5
-7
£ 4

5 Canl
[Tt =0, [ Tdt =0,r = min(zy,.. 7,0 ) % =
o L]

TAe 6& H 7; HE 3aBHCAT OT BPEMEHH £; Pi H d; - JBOOKE NOMOXHTCILHEE UETHE YHCIIA.
Ll:m oberueHHs anamasa GYIICM CYHTaTh, YTO NEPHOX To ABJIRECTICA JOCTATOYHO 601B-
LIHM ( T.€. B AAP€ BHCUIHETO NMOTOMA peaJQIHOHHOﬁ CMCCH KOHUCHTPAIHH PCATrCHTOB H
TEMNEPaTypa MEHAIOTCA CO BPEMEHEM JIOCTaTOYHO MCZUICHHO) NOo CPaBHCHHIO C XapaK-

TCPHRIMH BPEMCHAMH NPOTCKAHHA NPOLECCOB B ﬂOpHCTOﬁ I'paHyJie€ xaTajJniaTopa
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( yciroBHe KBajHCTanHOMapHOCTH). B 3TOM cyuae /y1s omMcaHMA COBMECTHOTO mpoTe-
xauns peaxuHH (1) Ha mopHcTol Ipanyie xaTanuzaTopa H AHGyIHH pearcnToB B €€
Aopax MOXHO HCHONIb30BaTh craimouapnym. KBa3HIOMOIEHHYI0 Mozcik [I}. B cmyuae

peaxuiun (1) Zzannasa Mosieub JanHIETCH:
x" —( “&;)+R“a, — =0i=1...,n+1 3
&
(4 rpaﬂnqnuua yGTIOBBﬂMH

= .@_- =1 ‘g_ . j=
o'aé =0x=1D 2 =R (Co~ Cu)i= L, +1 4

2

rAe x - GespasMepHOE paccTosAnHE 0T LEHTPa NOPHCTOH rPanylIk KaTaqRsaTopa PaZnyca
Ra; Ci- Texymasn xoruenTpaums i-ro semecrea (i = 1, ... ,n); Cast =T - TeKymee sua-
yeHHe TemnepaTyphl; Cu - KOHIUCHTALHA i-TO BEUIECTBA y BHEIHEH NOBEPXHOCTH IpaHy-
au (i= 1, .. n); Cpa+1=Tr~ TCMOEpaTypa Ha BHEIIHEH NOBEPXHOCTH FPaHyIIN; 8y+] =Q -
TenuoBoil 3¢PheKT PEIKUMH; T - CKOPOCTh PEAKIHH, PACCYHTAIINAA Ha eJHHHLY o6sema
IPaHyms H ABIAoascs ynxunel xonuenTpanuii pearenzos C; (i = 1, ... ) H Temne-
patypu T; Di” - adpderrusnmii xoapduumuent modysun i-ro semecrra B nopax (i = 1,
«o m); Dast” = 4" - 3bpexrupnmii ko3 GHUMEHT TENIONPOBOXHOCTH NOPHCTOM IPaHYTH
xaranuszaropa; Pi - ko3pdHUHEHT MaccooOMeHa No i-My BELECTBY MEXIY BHEIIHHM 1O~
TOKOM PCAKUHOHHOM CMECH H BHEINHEH NOBEPXHOCTHIO rPaHyIIH KaTalH3aTopa; Bu+i -
x03¢HUHEHT TelUTo0OMENa MOKY BHEIIHHM NOTOKOM PCAKIMOHHOH CMECH H BHEINHEH
NOBEPXHOCTHIO IPAHYIIH; Q. - NapaMeTp, onpefieAsroliHiics reoMeTpHyeckoli ¢opmoii
rpanynn ( . = 0 - siracTHHUATaA; o = | - nuIBHAPHYECKan; o« = 2 - cdepHueckasn). Ta-
xud o6pasom, B Mozenu (3), (4) (n+l)-c¢ aaddepenunansuoe ypapHEHHE ONHCHBAET
pacnpeficiieHHe TEMNEpaTypH B NOPHCTOM rpaHyie xaranusaTopa. B momenn (3), (4)
TaloKe NPE/NOJIAraeTcs, Yro BENHYHHEN D" H A’ ABNARTCA NOCTOAHHLIMH.
HpouseoanTesbHOCTL NOPHCTOM IPaHYJIH KaTajNnzaTopa Ao i-My BELIECTBY Onpeae-

JIACTCA COOTHOIICHHEM:
J{ = -éR:—’Q (EL) L_”; = l,...,)f B (S)

raed =4x npu & =2; ¢ =2nl npu « =l (|- BucoTa yanuEApa); £ =25 npu o =0 (s -
IUIOIa At NOBEPXHOCTH IUTaCTHHL, NEPNCHANKYIAPHOH ocH x). Beenem ycpenuennoe sa

NEPHOA T 3HAYCHHC BEISUHHK Jit
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< a4

='[J @Mt r =2, m.- )
') t=

B pa6ore [2] 6nio momyueno pewenne MonenH (3),(4) B BHAE pAAa MO CTENEHAM PaJRyca

Rz mopucrodt rpanynu xaranusaropa. Bocnonszosaswmch 3THM pElEHHEM I onpe-

ZCIEeHAs BEMHYHHN Ji HamHIueM BHPKEHHE B BHAE PAAA AO YIEHOB BTOPOro MOPAAKA
oo Rn ¢

gre® R? "*‘ar;,[ (a+3)) - ;
% a 1+ d=hoan, (1
a0 (a+!)(a+3)¢z.:' Df B Jay l""&'“""',? I n0

rae ro=r(Col w,Con, To) # ra=r (Cats oo, Can, Tn); Ci =Coi- i, i= 1, o, mtHl;

B = E“.L’I =1,...,n+1.J{ua ananusa RIAAHHA HIMEHEHHA CO BPEMEHEM KOHUEHTpauHi

PCAareHTOB & TEMNEPATYPH B A/PE BHEIIHErO NOTOKA PEaKIIHOHHON CMECH HA BEIHUHILY
J, pasnoxuM GpyHKRIO To B PAK 10 crenenaM Ty(t) H Cp (t), OrPAHHUHBIIMCE WIEHAMH

sroporo nopamea. Torza, noacTaBHB COOTHOLIEHHE (7) B dopmyiy (6) , mosmyunm:

- fRnﬂ a4 nel 5
Jt { g—;]-l 2 z (:Jz: (n '(t)-ﬂ
2 nelnd o a? C"“(t) =0
T@tyat3)" [ 2;2 2 TLOT0| =0+
CnH(‘t)-'- o
natl adl t)_ nol ntl ’b _
' ;Jz_:,s,, 0 ?‘f)-gm [l IO):O Z_{E FROFAT) :C,(t)=0 )} ,
rltn T (1 @ +g>] al [t
=9y B )&y li'--:o ! @
R=r (501»--- Cons ):Z = A(aov o.m I W (O0C, ()t £ =
°
OueBHzZIHO, YTO B CTAL{HOHA PHOM PEXHME €mj =0 (m,j = |, ..., n+1). Tak kax B Bupaxe-

HHH (8) MBI OrpaHHYHIIHCH NEPBLHIMH JBYMSA YHCIIAMH PAZA, TO HM MOXHO HOJBL3OBAThCA,
KOrAa BTOPOH WIIEH IOCTATOYHO MANl IO CPABHEHHIO C NEpBLIM. B 3ToM ciTyuae H3 aHa-

1H3a popmynn (8) cuemyert, uTo npH cnpascmmsocm YCIIOBHS:

ni ad
9
a{g‘:”z_} " (t)o’C Tof0l (t)=0 >0, 9
Eon(9)=0
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i-# NPOAYXT NpH NPOTCKaHHH Ha NOPHCIOH rpaHyle KaTawh3aTropa peaxuun (1) B He-
cIaunoHapHOM pexasme obpasyercn Goinie, YEM B CTAL{HOHAPHOM. 3/X€Ch YUTEHO, UTO
A IPOAYKIOB peainan J, >0, Tax KaK [UIR HCXOZELX BetuecTs J< 0, TO NPH BHIOJ-

HCHHH YCIXOBHA:

aHl nd . .
SLZ (r)f e oW
Cault)=0

i~ HCXORHOE BEMECTBO B HECTAIHOHAPHOM PEXHMe 06pasyeTca GoJbllle, YeM B CTALHO-
HapHOM. [IPHMEHHM MOy4YEHHHE PE3yTLTATH JUIA aHAIHIA BOIMOKHOCTH YBCIIHYCHHA
BHIXOZA L|&JIEBOLO HPOWKTEI B Hma“ﬂoﬂapﬂou PEOKHME B HEKOTOPHX KaTaTRTHACCKHX
pearuHzXx.
PaccMOoTPRM IPOCTYIO PEAKLHIO: ,
A2 A, ‘ {1
[/i€ CKOPOCTh PEaMiiHH ] ONHCHBAETCA BHPAKCHHEM: ’
= ko, Gy exp{~ £, { (RT). (12)
3pech K01 - OPESPKCIOHEHIHANLHEI MHOMMTENL; TL - NOPAAOK peakuuy; Ei - 3sHeprua
axTHBauHH; R- yHHBEpCanbHas ra3oBag NOCTOAHHas, [IO/ICTaBHE CKOPOCTH PEAKIHH

{12) » HepaBencTBo (9), B cyuae peaxnun (1 1) nogyunm:

[ g,
BJEI( 2)
enn(n n 25,3rzE, RT, >0 a3
Ca RCD, o2 RTY
Tmu 06P830M, nponea‘.(elllluﬁ AHAJIN3 NOKAJKIBACT BHTOAHOCTH OCymCCTBHCHﬂﬂ Ka-
TAIHTHYECKAK NPOLECCOB IPH ONPEACIICHHHX YXIOBHAX HA MOPHCTHIX FpaHyiax KaTa-

IH7aTOPa B HECTALHOHAPHOM PEXHME.
Jlmteparypa:

. Mannnosexkaa OA. , Becxos B.C. , Ciounsxo M.I". Mopens posanne xaraiiHTHYE~

CIHX NPOLECCOB Ha NOPHETHX 3epHax. Hoeochbupcex: Hayxka. 1975. 268 c.

2. Angpees B.B., Bozsxos B.H., Konsuos H.H. // Xumuuecxan uonka. 1994, 743,
N 11.C.55.
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OP-A17
MPOIIECCHI OBPA3OBAHHA TBEP/bIX OTJIOXKEHHH
HA ITOBEPXHOCTAX TEILUIOOBMEHHBIX YCTPONCTB

AM. Kyrenos*, 1.B. Memxos**,_Byiatos MA*. A5l Top6adeBcxuit**,
I1.H Ba6mueBnu***, A.I'. UypbaHoB***

*HOHX PAHN,
**MI'Y um.M.B.JTomonocoaa,
*** Wucmumym Mamemamumeckozo modeaupoganus PAH

VYrnyGiremie no3HaHMii 0 KMHeTHKe OOpa3oBaHHA M pocTa OTJIOXEHHM
TBepaoii &a3pl Ha Teruronepematommx noeepxHoctsix (TII) cnoco6erByer
pa3paboTke palxTHYHBIX BAapHAHTOB TEXHOJIOTHYECKHMX IIPHEMOB, cXeM H
KOHCTPYKIHIA, OTINYAIOLIIXCS SKOHOMMEH MeTanjla, NpHUPOOHBIX PECYpCOB H
COOTBETCTBYWOIUMX MPHUHLMUIAM OITHUMAJIbHOIO YMNpaRIEHUS COBMELUEHHBIMH
TeIUIOMacCOOOMEHHBIMH Tmpoleccarii. B 6GoJbLIMHCTBE cilyyaeB 0oOpa3oBaHHe
HoBoM ¢a3sl CBSA3AHO C KpHUCTaJUB3aled MalopacTBOPDHMBIX COJMEl Kalbifsd
(cynbdata n Kap6oHara) [1].

OKcnepUMEHTA/IbHBIE  HCCNENOBaHHSI  NpPOLIECCOB  OTJIOXKEHM  Ha
OX/IaXXHaeMOM pacTBOPOM ITOBEPXHOCTH ITOKa3ajM, YTO WIS cojie ¢ obpaTHoM

TeMIIEpaTYpHOH  3aBHCHMOCTBIO  PAacTBOPUMOCTH (509/61‘ <0) TOJIIHHA

obpasyolerocst cjiosl ¢ Te4eHHEM BpeMeHHM cTabuimsupyercs. Poct crost ocanka
M TEpMHYECKOE CONpOTHRIEHHE TeIUIONepenaye, YMEHbIIAeT TeMNEpaTypy
CONMpPHKACAIOLIENHCS C pacTBOPOM MNOBEpXHOCTH. DTO MOBHILIAET PABHOBECHYIO
KOHLIEHTPALIMIO pPAacTBOPEHHOro BellleCTBA BOJIM3M IIOBEPXHOCTH, yMEHbIIAeT
nepechIlieHHe U CKOpPOCTh KpHUCTALIN3aLlHH.

K MoMeHTy HacTymieHMss craGwinsaluH ofbpasyeTcs cJIOH OTJIOXEHH
3HAYMTENbHOM TONMIUMHBL [{s KOMINEHCAllMH TEMJIOBBIX IOTEpb, CBS3aHHRIX C
pOCTOM CJIosl 0canKa, HeoOXOMMIMO YBEJIMYEHHE MOBEPXHOCTH TeIIoNepenayd B
HECKOJIBKO pa3. IJKCnepHMeHTalbHO OOHapyXeHO, 4YTO IIpH oOnpenesIeHHBIX
cTemeHsAX nepeckimeHst Ha TI1 oBpa3yeTcst M MOXET COXpaHSThCS B TeYeHHE
IUTMTEJIBHOTO BpeMeHH OCTpOBKOBasi CTpyKTypa ocagka (puc. 1). Sddekr
MOJIOXUTEJIbHOTO BJIMSIHUS TEPBHYHOIO CJIOSI OCTPOBKOBOM CTPYKTYphl Ha
UTMTEILHOCTh (MOYTH Ge3HAaKHITHOM) SKCIUIyaTauMH o6opynoBaHusI 0OYCJIORIEH
TeM, 4YTO TMNpaKTHYeCKHM He co3daBasl [OMOJIHUTEJIBHOTO TEpMMYECKOro

COMNpOTHBJIEHHSI, TaKOM CJIOM cO3MaeT YCJIOBMS IUIsl YMEHbIUIEHHsI TeMIIepaTyphl
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MOBEPXHOCTH, M  YMEHbIUCHMS HHTCHCUBHOCTH OTIOXEHHH 3a  CYeT
MHTeHCU(GUKALMH TeIUI00OMEHa C yBeJIMYeHHeM LuepoxoBatocts TII.

INpemmoxeHa MaTeMaTHYecKass MoAeM: paHHeH cTaguu m}ouecca
o6pa3oBaHHsl  COMEOTJIOKEHHWIT TBepHOi (a3l Ha  TelUloNepeXalOLUMX
noBepxHoctax. OHa BKIIIOYaa:

- aHANHTHYECKOe ONHCaHHEe TIIpollecca 3apacTaHUsl TeIUIoNepeaaroLIei
TTOBEPXHOCTH MEPBUYHEIM CJIOEM OTJIOKEHHI NMPH BHELUHMX Béaneﬁcranﬂx;

-~ pa3paboTKy MeETOHOB YNpPaBASeMOr0 CHHIe3a KPHUCTa/UBIYECKMX
OTNIOXKEHMII Ha paHHEl CTamuM B YCJIOBHUAX TeIUIONEpenayH, HCIONb3YIOLIHX
addexT caMOTOpMOXEHHsT POCTa CJIOST OTJIOXKEHHIA.

Jna GonbIIMHCTBA MaJIOPAaCTBOPHMBIX COJEl, 00JazalolMX OTPHLIATEIb-
HBIM ko3 drepreHTOM PacTBOPHMOCTH, ¢poHT 3apacTaHUA TII
pacrpoCcTpaHsieTCsl OF BbIXoJa K BXOAY pacTBOpa B KaHal i MaTeMaTHYeCKOro
onmucaHMs INepeMellleHHs ¢poHTa 3apactaHusg 1Il HeoOGXoAMMO YYHTHEBITH
kuHeTHKY 3akperusti TI1 pepBuyHEIM ciioeM (I1IC), KoTophlif 3KpaHUpYeT
SJIEKTPUYECKYIO U TEOMETPHYECKYIO HEOJHOPOJIHOCT.

OCHOBHBIMM ITapaMeTpaMH TIpolecca 00pa3oBaHMs IEPBUYHOIO CJIOS
SIBISIOTCST Bpema 8;, 3akpbITis TII cioeM ocamka TBepmoit ¢asel M ero TOJNMHA
8:pr. Wcrionbayst 0606LUIEHHBIE MAapaMeTPhl, XapaKTePH3YIOINME HAIMpPaBJIEHHOCTb

MpOTEKaHU A IIpoliecca oﬁpaaoBa}mn OTJIOXEHHIA, 3aNTChIBaEM ypaBHEHHE

dG ' "W, .
—=(W_(d)+W_ JF| |- —t '
dt ( ml( ) pr) Wm' +wpr <g Y ({)

roe - BeJWWwiMa JOMYyCTHMOH CKOPOCTM HaKOIUIEHMs1 oOcaika Ha
TeIUvIoNepenalolleli IOBEpXHOCTH, YYMTRIBaIOlIasg BapHabeJlbHOCTh Ipoliecca;
Wii(d), Wpr, Wy - MaccoBble CKOPOCTH POCTa OTJIOXEHHH MO MOJIEKYAAPHOMY
(mibdy3noHHOMY) MeXaHH3My 3a CYET 3aKPEIUIEHHS FOTOBBIX KPHUCTAJUIOB M MX
paspyiuemm COOTBETCTBEHHO; F-IIOBEpXHOCTb TEIUIONEpeaati.

B 3amauy uccjiemoBaHUS BXOOMIO OMNpede/IeHHe KNHETHYECKMX MapaMeTpoB,
CIyxallluX U1 pacyeTa BelW4YMH B ypaBHeHMH (1). PesynbraTel HmpoBedeHHBIX
SKCIIEPHUMEHTOB 10 KHHETHKE HAapacTaHUs MacChl CJIOS OcaKa Ha paHHeH CTaauu
MO3BOJMUIM  YCTAHOBHUTh BUX  KMHETHYecKoi  S-oOpa3Hoif  KpuBOM C
MHIYKUHMOHHBIM IlepyoloM. Bux KHHerHWYeckoif KpHMBOM XapaKTepeH Ifif
(HU3IKO-XMMHUYECKHX NpeBpallleHHii, ¢ 06pa3oBaHHEM M pocToM siep |2).
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KuHeTHyeckoe ypaBHEHMe, YIHTBIBAaKllee CTATHCTHYECHMH XapaKTep
TMepeKPNTHS pacTYIIHX 1IeHTPOB KPHCTA/UBA3al{MH BJI1 TOBEPXHOCTHRIX NPOLIECCOB

n~--(~l—1 eprBs(f,)F(r —E)E |, @

e &- MoMmeHT obpasoBanus LK, (t-£)- Bpema ux pocra; F(r) -moBepxHocTs,
3aHATasA pacTyIRMH LeHTpaMHu Kpucrawinsaini, Fi(t-£)- moBepxioctb, 3aHgras
pactyttuM ueHTpoM Kpucrammsammv (LK), -n- crenens 3akperrust TII
'TIEPBUYHBIM CJIOEM OTIIOXEHHH. BBUIHM MPUHATHI CJIeXyIOWMe NOMYLUEHHNS: LIEHTPbI
KPHCTAUIA3aLif BO3HMKAIOT C OMNpEeNeSIEHHOM BEPOSTHOCTDBIO, 32 MCKIIIOYEHHEM
npocTpaHcTBa, 3aHsroro apyrmmu LK, pacryr ¢ JMHeHHOH CKOpPOCThIO
OIMHAKOBOM A% BCEX MMeIOIUMXCsS B AanHbIi MoMeHT LK, mpu cronkHoBeH M
pacryinx [{K pocT KaXxmoro M3 HIK B HamnpaBleHHH TPaHHLIbI CTONKHOBEHHS
npekpailuaercs. B HacTosmiiee BpeMs OTCYICTBYHOT KOJIMYECTBEHHBIE 3aBUCHMOCTH,
MO3BOJIAICLIIE PaCCYHTaTh CKOPOCTbh 06pa3oBaHMS LIEHTPOB KpUCTaM3aumu Bg
Ha TTI, orcyrcTByloT Takke HOaHHble 00 yAeJIbHON TMOBEPXHOCTHON 3HEPrHH
ob6pa3oBanus LUK .

Poct ocagmka mnpM OTCYICTBMM BHEIUHMX BO3ACHCTBMIA .MO)KCT OBITH
0o0ycJIOBIIEH pa3IMYHbIMM MeXaHH3MaMH TOBEPXHOCTHOM KpPUCTa/UIM3aluH,
NEepEHOCOM KpPHCTajUIoB B NPHCTEHHOM cjioe K MexXda3Hoi IpaHMUE ¥ MX
BCTpaMBaHHEM B KPUCTXLIIYeCKylo peluerky [1].

3HayuTeNbHBIE TPYAHOCTH B ONMCAaHUH KHHETHKHM OCaXIEHHS I3TOro
npolecca CBfI3aHbI C OTCYTCTBMEM €AMHOM KOHEIENLMM O MeXaHH3Me
BO3HMBMHOBEHW# TYpOYJIEHTHOCTH B KaHaax. OOBIYHO, ISl pacyeTa CKOPOCTH
OCaXIEHHsI HCIMOJIB3YIOT. JIOJNYSMITHMPHYECKHE 3aBUCUMOCTH, C JOCTaTOYHOM
CTeMeHbI0 TOYHOCTH ONMCHIBAKWOILME KHHETMKY PpOCTa oOcagka 3a CYeT
mbody3nonHoro U TypOyneHTHo-mddy3HoHHOro ocaxnenus. B [1) nposenena
OLIEHKa KMHETHYECKHMX k03¢ HmIneHTOoB npouecca TypOyJIeHTHO-
IMddYSHOHHOTO OcaXIeHMs M TOJyyYeHa SMIIMpMYECKas 3aBUCHMOCTh JUISI

pacyeTra CKOpOCTH pocCcTa ocagkKa:

W, =55210%1,°C.7U, ®
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2
. _ psrdse U ;
rie T, = ——— —- Ge3pa3MepHOE BpeMs pelaKcallii YaCTHIILL.
18uL VvL

Jna  pacCMOTPEHHBX  KPHCTW/UIM3YIOIUMXCS  CHCTEM  pa3pyllieHHe
obpasyromterocs Ha TII cmos omioxeHyii mox OeACTBHEM WHEPLHOHHKIX CHII
II0TOKa MaloBepoATHO. B mmanasone TBepmocteii ocamka mo Tepiy-Ayap6axy-
®epcmaHy oT 1 10 10 M npu Re<105 paspyileHHs He HaGmogamoch |3].

JAna ompemeneHHMs KHMHETHYECKMX IOKa3saTelleif mpollecca o6pa3oBaHHA
ocanka Ha paHHeil cramm (Bs, Ls, o) 6BUI pa3paGoTaH yHMBEpCATBHBIN
KOMIUTEKC 3KCIEPHMEHTANBHREIX YCTAaHOBOK [1], mo3Boisionptii HMCIONBE30BaTh
METONNl JJa3epHON MMArHOCTHKM Ui H3yYeHMSA TeIUIonepeayy -C  Y4eToM
HaKHMIIeo6pa30BaHMs MpH TEYCHMH B KaHANax reTcpoda3’HEX cpell B IIHPOKOM
IMana3oHe HM3MEHEHHA mNapaMetpoB. OnTHYecKas CHCTeMa ¢ pa3peaionieii
CITOCOOHOCTBIO TMOpANKa MIMHBE BOJIHBI JIa3€PHOTO HM3ITYYEHHA ITO3BANIHIA
H3MEpHTb HHTEHCHBHOCTH OTPaX€HHOrO OT ITOBEPXHOCTH CBETOBOro MoToKa, a o
€ro H3MEHEHHIO CY,DATH O KHMHETHKe 3aKpHTHs TIT MepBHYHEIM clIoeM.

Ha ocHoBaMMM H3ydyeHMs KuHHETHKH oGpazopanmst IIK wa TII #u.
PE3YJITATOB  CHEKTPAIPHRIX  HMCCHIEIOBaHMIf psAa  YCIOBHO  TJIAMKHX
METAUIMYECKHX TTIOBEPXHOCTE, IOKa3aBIIMX, YTO YHCJIO aKTHBHNX lieHTpos (ALD) -
Ha 3-4 1opsAAKa- MpeBLIIIa€T YHCIO IOTEHLUHANBHRX KPHCTA/UIMYECKHX
3apofmiueii, 6BUI CHeaH BHIBOX O TOCTOSHCTBE «ckopoctH o6pasopanua LK Ha
OTHOTHITHHIX CTPYKTYPHBIX 3JIEMEHTAX.

JInneiiHylo ckopocts pocta IIK B IUIOCKOCTH NMOMTOXKKH ONpEAeIISUIH H3
BPEMEHHO} 3aBHCHMOCTH (YHKIMM pacrpelelieHHs IIEHTPOB Mo pasmepam [4].
HopMambHylo  CKOpocTb  pocTa (L) onpeie’sn HAa - OCHOBAHHHM
3KCIEPHMEHTATBHEIX JAHHHX O KMHETHKE H3MEHEHMS BHCOTH CJIOS OTIIOXKEHMIA.
JAns ompeaesieHUs KWHETHYECKHX IMapaMETpOB paHHEH Craiuy KPHCTAIUTH3AlHH
MAJIOpacTBOPHMBIX COMelf M3 06beMa pacTBOpa HCIIOB30BAIA METONM (HPOTOHHOM
KOpPEeNALIMOHHOH criekTpockomxy. Ilpu HH3KOM 3HaYeHWM HMHICKCA BIDASHHN
matepnana TIT [1] ckopoctm pocra IIK L, u Ly (8 'IUTOCKOCTH  [10VTOXKH)
HE3HaYUTENBHO OTIMYATIMCH OT HOPMAIbHOM CKOPOCTH. B 3TOM CiIydae BBEIEHO
3HaYeHMe CKOPOCTH, YCpPEXHEHHOM Mo BéeM IPaHAM, H pPacCMOTPEH Ipoliecc

POCTa LIEHTpa KPHCTA/UTH3AlMH KaK KBa3HM3OTPOIHBIIA.
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HnenTndnkauns ypaBHeHHs (2) B IPEaNoNoXeHHHN Bs=const,_ I.s"—'const,

F(t)=Lg(1) nosBonser 3anucats
n=1- exp[—yBSL%13 J , : @
CooTHouenne (4) naeT BO3MOXKHOCTE nonj{tx_ms i(_)6uiee cT;xmcmko-

BEPOSTHOCTHOE peEIlcHHE 33Jaud O HAXOXACHHM BPEMEHH SKDaHHPOBAHMA

SHCKTpH‘lCCKOﬂ HEPAaBHOBECHOCTH

eY"’“’p,=o.s7(BsLsz)% | o 5)

HT COMCTDH‘IBCKOﬁ HEOOIHOPOIHOCTH TCIUIOHC])C,HB}OU.ICﬁ ﬂOEerHOt;T‘J

{ 2 ‘%

T B .
0w = 129(ByLg ) ®)
HCHOJIL:Syﬂ 3HAYECHHUA ep, MO>XHO pacCyHTaTh TOHIHHHy TNEPBUYHOTO CJIOSL

8s,pr M KOJIMYecTBO ob6pa3oBabilerocs ocaaka Ggk 3TOMY MOMEHTY BPEMEHH:

5,,=05L0,, G,=05pLO, o

S,pr sTpros s

Pacuerst mo (5-7) nokasamm ynoﬁneTBopnTenbﬂyxo " CXOIMMOCTh  C
akcrnepuMeHToM. HccitenoBaHMe CTPYyKTypHOro éonepmeHé’ma'ncpﬁnqrv{brb'cnm
B 3aBHCHMMOCTH OT COOTHOLIEHHS BEIHWYHH Bg n I..s 'npenc'ré'nnﬂné 60O
npakTyeckuit uHTepec. Tak, mpn L.=0,5 107 M/c u Bs;-0,07 106 1/(M2c)
nepuon obpa3oBaHMs yKpYNMHEHHBIX 11K yncni&ﬁmncﬁ B 2...2,5 pasé.; Bmcora
OTHAENBHBIX LIEHTPOB AOCTHrama 17 mn Gonee MKM M 6bUia édﬂamépnma c
TomuuHoM 8, TeroBoro noacios [1]. Ilo Mepe ﬁocra nmnnﬁnya.nbumi LIEHTPOB,
He IepeKphIBAIOLMXCA C COCeAHHMH uem-péMH, mx 3¢dexTHBHAA éxépocfs
pocTa yMEHBLIAIACh. 3aMézu1eHne HOPMaJIbHOM cxopocrﬁ pocTa LIEHTPOB
KPHCTAUTH3ALMH T10 CPABHEHHIO CO CKOPOCTSMH pOCTa B TUIOCKOCTH T10JUTOXKH
MOXeT 6bITh 0OBSICHEHO BO3pacTaHHEM JIOKAJIBHOTO TeMIIEpaTypPHOIO nepehalla B
PacTyIlleM eJHHHYHOM LIEHTPE H CHIDKEHHEM Temneparypbi KOHTaKTa BepPIUNHBI
ueHTpa Kpuctamzauun (LK) ¢ pacteopom. IIpH 3TOM HOCTHramuch YcCOBHsS
"caMOTOPMOX€EHHs pocTa” oOIIoXeHHWi. Pavprame - Mexay paCC‘{Pﬁ‘aHHbIMPI
3HaYeHHAMH JIOKAIBHBIX MepenanoB TemmepaTypsl B IIK M - 3KcrepiMeHTOM He

npesbimano (10...15)%.
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IIpoBeneHa 3KcnepHMeHTalbHasd MpoBepKa MOMYyIUEHMH, ITO3BOJSIOIMX
MOYYHTs AaHAIMTHYECKOe pellieHHe ypaBHeHMe (3) w1 cucreM CaSO4- H3PO4-
H50 -TII. PacyeTHble 3HaYeHMS . TONRIVHE! §; OTINYAIHCh OT HM3MEPEHHBIX He
Gonee yeM Ha '(15..17)%. Ilpn nepechimennsx S<1,3 HaGmO,uancﬁ addexr
CaMOTOPMOXeHHSI "POCTa CJIofl OTJIOXeHHMH, a mpu S<1,1 BpeMs 3aKphITHs
nepBuyHEIM ciioeM TTI, BemonHeHHO!M M3 rpadmuTa, npeBbiuano 80 yacoB (pHC.
1). [Ton6upas ycioBHsS KpUCTaUTM3aLMK (CooTHoleHHe Mexay B u L), MoxHo
mOOMUTECA  yBe/nMMeHMs MepHoma oOpa3oBaHMA  OCTDOBKOBOM  CTPYKTYpBI.
HccnenoBaHus MMOKa3any, YTO OCTPOBKOBasA  CTPYKTypa MrpaeT  poib
onpeneneHHoro TypOynmu3aTopa, 3ddekTr or Koroporo uaeHTHYeH 3ddeKTy,
nojlyyaeMoMy MpH Hcrnonbs3oBaHMM HakaTaHHbIX TII. TIpn n=0,25...0,35
3HayeHHe Ko3dGHUIMeHTa TEIUIOOTAaYH MOXET BO3pacTH Ha (10-12)%.

Uit ormicanmsa o6pa3oBaHMA OTIOXEHHH OKOJIO MpensaTcTBHiI ObUlo
NpoBeJeHO MaTeMaTH4YeCKOe MOOEHPOBaHHE TEIUIO- MaccollepeHoca XHMHYECKH
pearMpyiolllMX BelllecCTB C IpUMeHeHHeM YypaBHeHHWii Hasbe- Crokca B
npubmokeHHH  Bycuuecka. [lonyyeHHble CTPYKTYphl TedyeHHM M MONA
KOHLIEHTPALlMii  MCMONB30BaHbl WIS OMMCAaHMS POCTa OTIOXEHHH IO
BBIYHMCIIEHHBIM CKOPOCTSIM TTOTOKA, KOHIIEHTPALsAM H TeMIIepaType peareHTOB.

dyHxums pacripefesieHMs KPHUCTAIOB IO pa3MepaM OINpeneleHa Kak

@ =0>N/0Loh, rae N- yHclIO YacTHIl C pa3MepoM BIOJIb CTEHKM MEHBIIMM L H
BBICOTOM KpHCTaJlJIa MHKPYCTalluK MeHblue h. OyHKUMA pacripeneleHUs (p(L,'h, t)

nonyuHseTcd ypaBHeHHI0 Pokkepa- ITnaHka:
S _ %G, 8 (D @) _AeGy), 8 (D _6_9)
& L oL\ taL oh o\ "oh
3meck Gp U Gy -JmMHeliHbIe CKOPOCTH POCTa KPHUCTa/UIa BHONL CTEHKHM H IO
BBICOTE Kpﬁcra:ma cooTBeTCTBeHHO,D, M Dy~ Ko3ddymmeHTs!  GykTyanuit
CKOPOCTH poCTa.
YKcIIeHHO HCClleoBaHa 3afaya CONPSTKEHHOTO TeIIo- MacCcooOMeHa [uisi
MPOTOYHOTO PEakTopa C Y4eTOM POCTa OTJIOXKEHWIl Ha CTeHKe, B TOM YHCIIe Ui

00TeKaHHs MpeNsTCTBHII C pa3JIMYHOI reoMeTpHEN.
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OnsIT MOJEJHPOBAHKA B H3YICHHH MEXAHH3MA CJIOXKHBIX
peaknuii pudropmMuHra GeH3HHOB

IMamkos B.B., Jemanop JQ.K., Octposckirit H.M.

THII “Hucmumym xamanusa um. I.K. Bopecxosa CO PAH”,
Omckuii guauan, 2. OMcK.

Karanrmayeckuii puOPMHHF - OMH M3 OCHOBHBIX MpolieccoB Hedremepe-
paboTkn. OH mpeaHa3HaYeH Ui MOJIyYeHHsS BHICOKOOKTAaHOBBIX OEH3WHOB U IS
MPOM3BOJCTBa HHAWBUIYaJIbHOH “apoMaTHKM”- OeH30J1a, TOJyoja, KCHJIOJIOB.
OcHoOBHBbIE peakLUH pudopMuHra: aeruapupoBaHue HadreHoB (Ng — Ar), u30-
Mepusauusa mapapuHoB (n-P < i-P) u HadTeHoB (N5 <> Ng), merumpoumkinza-
uus napaduHoB (n-P, i-P — Ar) u ux runpokpekusr (n-P, i-P —»las3).

Karanusatopmt pudopmunra (Pt/y-ALO3) TpagHLMOHHO CYHTAKOTCI GH-
dbyHKIIMOHANIBHBIMU: Ha miaTUHe (Pt°) mpoTekaidT peaklUM THIPUPOBAHUS-
IerHIpUPOBaHMs, Ha KMCJIOTHbIX LieHTpax Hocutensa (KL- H*,AI’Y) - peakuun
HM30MepH3aliiy, LIMKJIU3allMd M T.I. B mocienHee Bpemsl mokKa3aHO, YTO 3Ha4M-
TeJIbHOE BMIsIHNE Ha 3¢¢eKTHBHOCTh KaTaJM3aTOpOB OKa3bIBacT MOHHOE COCTOSI-
Hue (Ptn). Apropamu [1] oHo HasBaHo (Pt°) mo cmoco6HocTH XeMocopGHpoBaTh
O—IOHOpHBIE JIMTaHAbI (HallpyMep BOAY) M MpeUIOXEH METOH KOJIMYECTBEHHOTO
onpeneneHus Pt°. Tem He MeHee XapaKTep y4acTHs Pt® B OCHOBHBIX peaKLHsIX
pudopMHHra U MexaHU3M ee NeHCTBHUS He YCTaHOBJIEHBI.

Ilennto naHHO# PaGoThi GbUIO BHISICHEHHE POJIM aKTHBHBIX LIEHTPOB IUIaTH-
HOBBIX KatamusatopoB (Pto, Pt°, KII) B nerMapouMKIn3aluy napadHHOB - Hau-
6o1ee TPy IHOM M MHOrocTaIMHHOMN peakiluu pudopMHUHra.

OkcnepyMenThl 1o pudopMuHTy H-mapaduHoB (H-Cg¢, H-C; u H-Cg)
MPOBOJIWIM B MMITYJILCHOM pexuiMe npu 350-400°C u atMochepHOM OariieHHH. B
KayecTBe ra3a HOCHTENS MCIOMb30BaIN Bomopod. Katamsatopsl oTinyanuch pas-
HbIM HaGOpOM aKTHUBHBIX LIEHTPOB IUIaTUHBI 1 HOCHUTEJIS:

e comepxaiiue Toasko Pt - Pt/SiOp; Pt/KBaL

e conepxamye Pto u KII - Pt/AO3; (Pt/SiO2) + Al,O3(Cl)

« comepxamue Pt°, Pt° u KII - Pt/ALO;(Cl); Pt-Re/ALO03(CLS).
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Jlna pemieHns 3agayM MOTpeGoOBasicd KOMELIEKC METONOB, BKIIOYAKOLLMIA
KaK KHHETHYECKHE SKCIICPMMEHTHI, TaK M HMX MaTeMaTH4YeCKoe MOJEIHpOBaHHE.
Hcnionb3oBaHbl pe3yiibTaTel NPeQLIAYUIMX PaGoT MO KHETHKE pudopMHHTa remn-
TaHa 1 6eH3uHa {2]. MHPOpMaTHBHOCTH 3KCIIEPHMEHTOB IOBbIILIEHA 3a CYET HC-
NOJIb30BaHMA METOJA CEJIEKTUBHOTO OTPaBii€HUsI aKTHBHBIX LIECHTPOB.

Ananu3 npeBpaineHnii H-rexcana H H-rerrrasa Ha Pt®/SiO; B MMITyIbCHOM
pexuMe IoKa3aJl, WT0 IIPY OTpaBJIEHMM KaTajau3aTtopa THodeHoM (puc. la) mpo-
MCXOAMT M3MEHEHHE 3aBHCHMOCTEH CEJISKTMBHOCTH OT CTEIEHH IpEeBpalleHus

S; =A%) nna Nsu Ar. T.o. naxe “merarumiyeckas” muaruHa (Pt°) HeoaHopoaHa.

YacTh aTOMOB - KOOPAMHAlLIMOHHO HEHACBILEHbI - P+, Onn obpaTuMo OTpaB-
JIAIOTCS Cepoif U OTBETCTBEHHBI 3a npeBpallenys N5 B Ng. Ha dusnueckoit cMecu
Pt°/SiO; n y-ALO3-Cl HeogHopoaHOCTh Pt® MackmpyeTcsl RIMSIHMEM KHCJIOTHBIX
uertpoB AbO; (puc. 16). KartammsaTopel colepxaliye Bce TP THIA LIEHTPOB
(Pt/ALO3-Cl) neMoHcTpHpYIOT elle Gojiee cioxioe HoBemeHHe. CellexTHBHOE
oTpaBJieHHe Pt IPUBOAMT K TOMY, YTO CeJIEKTHBHOCTH 06pa3oBaHusa Ns u i-P Mme-
HAIOTCS MeCTaMM (pHC. 2), T.e. U3MEHSETCA COOTHOILCHHE IJIaBHBIX MapLIpyTOB
npeBpalleHus n-P (cM. puc. 3). Bce 3To He Mo3BOMSIET OfHO3HAYHO UHTEPTIPETH-
PpoBaTh 3KCIIEPMMEHTaJIbHbIE JaHHblE M ClejaTh 3aKjoYyeHHe o poian Pt° u Pt° B
cxeMe peamigiii. [ToaToMy s peiieHUs MPOGJIEMEI MCIIONb30BaHO MaTeMaTHye-
CKOe MOJETMPOBAHHE HMMIYJIBCHBIX 3KCIIEPUMEHTOB M JOMOJIHUTEJIbHbIE OIMbITHI
Mo MNpeBpallleHUI0 H-OKTaHa.
MaTtemaTH9ecKas MOJENb 3alycaHa B BH/Ie YpPaBHEHMH M3MEHEHHSI KOH-
LIeHTpaluui KOMIIOHEHTOB (Y)) co creneHsio npeBpalueHus n-P (X):
2. zzwk Y0, / Sk,
dx i=2j=1
OHa He COmEepXWT, MO3TOMY, BPEMEHHM KOHTAaKTa (TPYOHO M3MepSeMOro B
VMITYZIBCHBIX SKCIIEPHMEHTax) M IO3BOJISET 3aMEHMTh KOHCTaHTbI CKOPoCTel K;

Ha GTHOCUTENIbHbIE k} = kj/k;. ABcomoTHbIe BeIMYMHBI Kj B TaKOH MoJeJH 3Ha-

*
YeHUs1 He UMeIoT, KpoMe Toro kK ; =1. BriGop k; B KayecTBe KOHCTaHThl CPaBHE-
HUS MPOJVIKTOBAaH MpoTeKaHueM peakiiuu n-P — Nj Ha Pt°, npucyrcrBymoluei B

KaTaJIn3aTopax BCEX THIIOB.
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Puc.l. Pudopmumr renraHa npu ceJeKTMBHOM OTpaBJIEHUM KaTaau3aTOpOB.

( ) - cBexit KaTanuzaTop, (------- ) - oTpaBlieHHe THOhEeHOM.
1,2,3;4 - HoMepa UMITYJILCOB MOAA4M CHIPBA IOCJIe MoJaYH MMITYJIbCa
THOodeHa.
S, % . S, %
409 40 ¢ .,
®
A
30 4 304 » .
v j-P
B A
~
0+ -+
2 20 ™ \ »
l ~-|..I - - -
10 4 10 4 N 5 1
4 3 2 1
[ L E— e 0 e S e
10 20 30 4 S0 8 70 8 4 20 30 40 50 60 70 80
X, % . X, %

Puc.2. CenextuBHOe OTpaBiieHHe KaTamzaropa Pt/Al,O3-Cl. (=== ) - cBe-
XKW KaTanusarop, (------- ) - oTparieHue TModeHoM. 1,2,3,4 - Ho-
Mepa mvmyJIbCOB IoJayH THodeHa.

a-P 2 i
Py Pt
3 ! S pd* K PO 9
PRI _
Gas . 2 [ [ KIX Ns ¢___4__,___ s ——— 4
3
k ip ‘//4 Pt® 8 I I

Puc. 3. Cxema npeBpaiileHHI KOMIIOHEHTOR Ha KaTaju3aTopax pudOpMHHra.
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Tabmmga 1. OTHOCHTENbHEE KOHCTAHTH CKOPOCTEH peakIiuii.

Karanusarop ki* | k" | k' | ket | KT | kst | kS| kST
Pto/Si0, 1.0 - 05 | 366 | 015 | -- - --
Pt/KBaL 10 | - | o5 250 |o1s| — | 35| --
Po+PC/ALO; | 10 [ 027 | 05 [ 7.53 [ 0.5 | 01 | 00 | 688

| Pt-Re/ALO3 1.0 [ 309 65 | 835|015 | 01 | 022|939

CenekTHBHROCTL, %

s

3

20

CreneHb npeBpaunieHmnn, %.

Puc. 4. 3aBUCMMOCTH celeKTHBHOCTeH (S5;) OT cTemeHW mpeBpa-
LIeHHs1 H-oKTaHa (X) Ha xartanmusatope Pt-Re/ALO3(S).
ToukH - 3KCIEPHMEHT, INHHUH - Pe3yJILTAT pacyeTa.
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MogeniposaiHe COCT2Ba KATAM3ATOPOB 3aK/EOYAJIOCh B TOM, YTO 3Haye-
HHA k% VIS BCEX peaKuMii, urymmx Ha Pte, onpelensumi M3 3KCIIEPHMEHTOB Ha
obpasuax, cogepxaupix Toibko Pto (T.e. Ha Pt/SiO,). Oxasanoéb, YTO MpeBpatite-
HHuA Ha Pt/SiO; orpaﬂuqnbaiéma peaxamiaMu 1,3,5,9 Ha Pt u 4 Ha Pt**, sB-
Joweiics yacteio Pto. IIpH mepexole K cledylOIUEi MO CHOXHOCTH CHCTEMeE
(Pt/SiO7) + ALO3(Cl), comepxamueit Pte u KIi, a'm_k} ¢buxcHpoBa, U HOOH-
BAJIMCh OMHCAHMS TOJBLKO 3a CYeT peaKkUMil WIymMx Ha KL{. TakoBrIMH OKa3a-
JINCh HSOMepuaauuﬂ n-P & i-P 1 Ng <> Ng. HakoHel, a5 KaTanu3aropos, co-
IepXall¥X HOHHYIO IaTHHY Pt morpeGoBasioch BBeleHse MapIUPYTOB NPAMOi
LMKTH3aUMHE (6 1 8 Ha pHc. 3), MPOTEKaAIOLIMX C MPOMEXYTOYHBIM 06pa3zoBaHHEM
oyiedHHOB. PeayymTaThl M yacTH o6pasLioB mpelacrarieHbl B Tab. 1, a mpuMep
onucaHua Mg KaTamm3atopa Pt-Re/Al,O;3(S) npuBeneH Ha puc. 4.

O1MeTHM TACKE PSf CYLIECTBEHHRIX AeTasic. KOHCTaHTH paBHOBecHs pe-
akuuii 1,2,3,4 omnpenensiyii ‘He3aBUCHMMO H3 TEPpMOIHHAMM4ECKMX HAHHBIX MyTeM
arperdpoBaHus KOHCTaHT paBHOBECHS IS MHIOHBHAYATIHGHEIX BELUECTB . METOIOM
Teopuu rpadoB [3]. AnkmmmkrorekcaHbl (Ng) cocTarisioT 25-35% cChIpbsl pH-
¢opMuHTa, ogHaKo, NpU NMpeBpallleHHH HHAUBHAYAIbHBIX Napa¢HMHOB MpakTHYe-
CKH He oOHapyxmBaloTcs, T.K. peakist 9 (Ng - Ar) B ~100 pa3 6sictpee ocTanb-
Hbix. [ToaToMy cooTBeTeTBYIOMIAs KOHCTaHTA CKOPOCTH OMpee/isIach He3aBHCH-
Mo [4].

OcHoBHO# pe3yabTaT paboThl 3aK/WOYAETCA B YCTAHOBAECHHMH POJIM OTHENb-
HbIX THIIOB aKTUBHEIX LIEHTPOB (0coGeHHO HOHHOI maTHHhI Pt ) B peakumsx
pudopmuHra (puc. 3). [IpencrariaeHus o xapaxrepe deiicteus Pt° sBHiHCh ocHO-

BOM MPH CO31aHUH HOBbIX NMPOMRINUICHHBIX KaTaJ3aTOPOB.

1. A.S.Belyi, M.D.Smolikov, N.M.Ostrovskii, Yu.N.Kolomytsev, V.K.Duplyakin //
React Kinet.Catal Lett., 37, 457 (1988).

2. H.M.Octposckuii, B.I1.Cokonos, H.B.AkceHosa, B.H.JIyesauos // Tpyabl xoHd.
“Xumpeaxrop-19~, Tonbsrrh, 1989, 9. 1, c. 49.

3. C.J1.JIe6enea, H.M.Octpoecmuii, C.H1.CnuBak // Kun. u xaran., 34, 171 (1993).
4. H.M.Octposcmuii, JI.A Kapurosa, B.K. dymmaxin // Kus. u Katan., 25, 1117 (1984).
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PACYET HABJIIOJAEMBIX CKOPOCTEM B PEAKIIUH HAPIIMAJTLHOTO
OKHCIIEHHA ITPOIMWIEHA HA MHOTOKOMIIOHEHTHOM

KATAJIM3ATOPE
AsbkaeBa E.M., Aanpyiikesny T.B., Mamgiopekasa O.A., Uymakosa H.A.,
3amyymna T.B.

Hucmumym xamaauza um. I' K. Bopecroea CO PAH, Hoeocutupck

ITepexom X NMPOMBERIUIEHHBIM YCJIOBMSIM OCYLUECTRJIEHMS JIIOGOr0 KaTalmuTH-
YECKOro Inpoliecca COINpsDKEH C PSZOM TPYXHOCTeH M, B IEPBYIO o4epens, Tpebyer
OTIMCAaHMS CKOPOCTEH XMMHYECKOTo IpeBpallleHHs, HablonaeMbIX Ha KpYITHOM
3epHEe KaTaM3aTopa. )

Panee [1] MccnenoBaH mipoliecc MapLMabHOTO OKMC/IEHHMs TpOIIUIeHa B aK-
poJieMH Ha MHOTOKOMITOHEHTHOM KaTajM3aToOpe Ha OCHOBE YIPOLUCHHBIX KHMHeE-
TUYECKMX YPaBHEHHMIi, ONMMCHIBAIOLIMX ITPOTEKaHNE OCHOBHOM M NMOOOYHONM peak-
uuit B y3Koit oGnacti ycnosuii. Pe3yabraThl /s 3epeH pa3Hoi KPYMHOCTH GbLIH
TOJTy4YeHBl aHAMTHYECKH.

B HacTos1ueit pabore B pe3ynbraTe 06pabotky Ha 3BM 3KcCrepHMEHTUILHBIX
JaHHBIX, MTOJMYYEHHERIX B KMHETHYECKOH M nepexonHoi K mnddy3noHHoi obnac-
TAX, paCCYMTaHBI HabiomaeMble CKOPOCTH MO IMOJHBIM KHHETHYECKHUM YPaBHEHH-
SIM, ONMCHIBAIOLIIAM 3TOT IPOLIECC B MIMPOKOI 0o6lacTH M3MeHEeHHs1 KOHLeHIpa-
UMif ¥ TEMITEpaTypHl.

DKCnepaMenT

OKHclieHHe TporMieHa MpOBOIMJIM Ha KaTaau3aTope, CoaepXallleM OKCHI-
Hble coequHentst Mo, Bi, Co, Ni, Fe, K, Si n nMelolueM ynenpHylo oBepxHOCTH
10 mM2/r. K¥MHeTHKY MCCENOBaNmH B NPOTOYHO-LIMPKYJISMIHOHHOM YCTAHOBKE C
xpoMarorpapHyecKHM aHaIM30M KOMITOHEHTOB PEaKIIMOHHOH CMECH Ha YacTH-
L1aX KaTaJM3aTopa pasHoro pa3Mepa M ¢opMsel: ¢pakuuu 0.25-0.50 MM, Kosblie
MaMETPOM M BHICOTOM 6 MM C TOMIUMHON CTEHKH 2 MM, LWIMHIPE OIHAMETPOM M
BeicoToif 6 MM. [Topucras crpykrypa KojbLeoGpa3HOro KaTtamu3aTopa OmmHc-
nepcHa: o6beMbl mop ¢ panuycom 100-300 A u 1000-2000 A npuMepHO paBHEL.
nnnsapuyeckee 3epHO MMEET OOHOPOTHYIO IOPUCTYIO CIPYKTypy, Hpeobia-
dalowMii pagdyc mop okomo 600 A. O6upii o6beM mop B 060MX QiTyyasx
04 cm/r.

Kuneruxa peamuuu
ITo pesynbraTaM 3KCIEPHMEHTOB, BBITOJIHEHHBIX B KMHETHYECKOH obnacTH,
VCTAHORJIEHA CXeMa PeakKilMi U COOTBETCTBYIOLIME €if KWHETHYECKHE YPAaBHEHHA:
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C3Hg ——-————»c o——-—i—-—-c

N ?” N, co/

3IRZ.
wg

W = chn p (1+ K2Ca K p) W KSCaxpCO
1 1+K3Caxp+K4cnp/C02+K5CaK 47 1+K9C02 ’
W, =K., coz, W, =K, C .
W, =KCppp W, =K ,Coos
W =K;0Cox Wg = K13Cnp

e Cpp, Caxp, Cuxs Can, Co, - KOHLEHTPAlMM TIPOIEUICHA, aKPOJICHHA, aKPHIIO-
BOH KHCJIOTHI, afDTAAOBOrO CIIMpPTa M KHCJIOpoaa, COOTBETCTBEHHO. MeTonoM He-
JHeiHoro mnporpaMMHpoBaHMs [2] paccyMTaHbl KOHCTaHThl ypaBHEHMIT U #K
TeMIepaTypHble 3aBUCMMOCTH, NpUBencHHbIc B Tabmimie 1.

Tabmna 1.
KoHCeTaHTHI KHHETHYECKHUX YPaBHEHHI U HX TeMitepaTypHBIe 3aBUCHMOCTH
K; Ki K, Ky Ky Ks K K,
PasmepHocts  s/M2Zc  N/Momb J/MOMb - JI/MOMb  n2/Monbem2.c  N/ME -c
BeswrmumaK;, 20.104 235 636 48 59.108  7.3.10¢ 7.7.10-7
3300C

E;,xxan/Monp 0 12 10 -20 0 19 19
K; Kg Ky Ko Ki Kp  Kg
PasmepHocts  n2/mom-m2.c J1/MOIB a/Mic  a/MEc afmic n/mic

BemnramiaK;, 7.7.10-3 5.0-103 1.2.10-7 ~1.0~10'6 2.3.10-6 2.0.10-8
3.30°C

E;, xxan/Monb 25 0 20 15 10 10
Kiniernyeckas Monemb HUCMo/ib30BaHa HaMHU ISl MOAEAMPOBAHMSA Mpoiis:.ca B

3epHaX pa3Hoii opmbl ¢ LEIBIO pacyeTa HabmooaeMbIX CKOPOCTEH, onperne.icHHS

CTENEHH MCMOb30BaHMSI BHYTPEHHEH NMOBEPXHOCTH KaTaBH3aTOPa M CEJIEKT! BHO-

CTeH mpoliecca N0 OTACTIHHEM BellleCTBaM.
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Paceer waGmonzemuix cxopocrei
CrauMoHapHoe pacipefieicHHe KOHILEHTpalUi BHYIDH 3¢pHa OIMCHIBIETCS
KpaeBoii 3aaayeif M cHeTeMb T depeHIMATRHRIX ypanncaﬁﬁ CJIeAyIOLIero BAAA:
a2c dc. ac

i -_1....——--1 = ={J: —--i—z = o s e
Di 2 *E E}lai’mwm, r=0: & 0; r=Rum Cr=Ci,

rae i - HoMep BelUecTBa, i=l,...,5; D; - abdexrmubLt KoaddbmmenT mibdysnn
i-ro Bewectsa, C;, - KOHLEHTpAlMd i-I'o BelUecTBa B IMOTOKE; Oy - 3JIEMEHTHI
CTEXHOMETPHYECKOH MaTpHIbl; R,y - SKBHBaJICHTHRIH pamyyc YyacTHIBL.

Ha ocHoBe MeTona xomiokaigsi [3) paiapa6oTaH aqropyTM IS YBCJIEHHOTO
MOJETMPOBaHMs CTAallHOHAPHEIX PEXHMOB B OTACJIBHOM 3€pHE KaTalm3aropa. Y3-
JIBI CETKH I10 PafiiyCy 3epHA PaclofaraloTcsi B HyJsIX NomiHoMa SIko6H, nopsimok
KOTOPOro paBeH KOJMYECTBY BHYTPEHHMX TOYEK CeTKH. BpIGop mopsiaxa moym-
HOMAa TapaHTHPYeT HeoOXOMWMYIO TOYHOCTh pacyeToB. JIIsi pellleHMs BO3HH-
KalOlDIX B CXeMaX CHCTEM HEMHEHHBIX alreOpaHyecKHX YPaBHEHMH HCIONb3yeT-
ca meroa HelotoHa-Padcona ¢ xoadduuneHToM aeMndHposaHHs, OTIMYHLIM OT
1 B cayyae HeoOxommMoctH [4].

B Moenu, KpoMe KHMHETHYECKHX MapaMeTpoB, HCMIOIL3yIoTea 3 deKTHBHEIE KO-
smmerTas middy3in M SKBHBICHTHBIN pamuyc R,,, cdepryeckoro 3epHa. Ryym,
Kak H3BeCcTHO, paseH 3V/S, rae V - 06beM, a S - BHEIHSAS MOBEPXHOCTD YacTHIML B
JaHHOM ciayyae R,, = 0.225 cM ana xometia ¥ 0.36 cM s wossinpa. Mcnomssys
[aHHbie O TOPUCTON CIPYKTYpe 3epeH KaTamMiatopa, KoabdunieHt mbdysvm Dy
BeILECTRA A B KaIDUDTIpe pafMyca r onipeaensiercs rno GopMylie

L

D A Dl D
rae D; - MoJexkyAsapHbiii, a D) - KHyAceHOBCH®I KoaddmuneHTs auddyannu (5]
KosdpdumyenT npoumiaeMocts BoI6paH paBHEIM 0.13 B pesyneraTe YHCIEHHOTO
MOJETHPOBAHHS YCJIOBMif, COOTBETCTBYIOLMX 3KCIIEPMMEHTY Ha KPYITHEIX 3€PHAX.
IonyyeHusle 3HayeHHs 3¢ PexTHBHEX K03bdHLMeHTOB M DY3 M1 KOMIIOHEHTOB
PeakIiHOHHOM CMeCH BHYTPH 3€pHa KaTaiM3aTopa, MMelluero GopMy HuaHIpa
WIH KoJblla, NpMBedeHH B Tabmiue 2 ML AMana3oHa TeMIIEpaTyp, HCCIeI0BaH-
HOTO B 9KCIIEPHMEHTE.

BrInonHeHHbIC PacyYeTH 110Ka3ajH, YTO CTENECHL MCIIONb30BAHMA BHYTPCHHEH
MOBEPXHOCTH 3epHa 1] 3aBHCHT OT 3KBHMBA/ICHTHOTO pagHyca 3epHa, TeMIlepaTy-
PHI M cocTaBa peaKuMoHHoM cMecH (Ta6anua 3).
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TaGrrma 2.
Koaddummerts middy3un KOMIIOHEHTOB PEAKIRIOHHOM CMecH

D;, cM2/c Kosbuo HwwmHap

300°C  330°C 360°C 390°C | 300°C 330°C 360°C 390°C

Dnp 0.192 0.203 0.213 0224 | 0.15¢ 0.164 0.172 0.179
Dawp 0.170  0.179 0.188  0.197 | 0.137 0.144 0.151 0.157
Dax 0.153 0.162 0.170 0.178 | 0.123 0.130 0.136 0.141
Doy 0.168 0.177 0.186 0.195 | 0.136 0.143 0.149 0.155
Do 0.256 0.270 0.281 0.294 | 0.202 0.212 0.220 0.229

Tabmina 3.

CreneHp UCMONIb30BaHUS BHYTPEHHEIH ITOBEPXHOCTH 3€pHA KaTaIM3aTopa B 3aBH-~

CHMOCTH OT 3KBHBATIEHTHOTO Pamiyca, TEMIIEPATyphl, COCTaBa PeaKIIMOHHOIM cMe~
CH M CTENEHH MpeBpalleHus

X, Cup/C0,=8:11; Kons1io; wmamp; 360°C

% 360°C Crp/Co, =811 Cip /CO,

. | Komso Hwmamap | 300°0C  330°C  360°C 390°C | 8:11 6:11 8:25 6:20
5 0,81 0,65 1,00 1,00 0,81 0,64 [0,65 0,60 0,44 0,44

10| 0,77 0,53 1,00 100 077 0,64 (0,53 0,50 0,45 0,45
20] 0,73 0,50 L,00 092 0,73 0,63 |0,50 0,47 0,45 0,45
30| 0,72 0,50 100 o087 072 0,63 |0,50 0,47 0,45 0,45

40 | 0,71 0,50 098 084 0,71 0,63 |0,50 0,47 0,45 0,46
50| 0,71 0,49 096 082 0,71 0,64 |0,49 0,46 0,45 0,46
60| 0,71 0,49 09 081 071 0,64 (049 0,46 0,46 0,46
70| 0,71 0,49 093 o080 071 0,64 |0,49 0,48 0,47 0,47 .

80| 0,72 0,50 092 080 072 0,66 |0,50 0,49 0,48 0,48 -
81| 0,72 0,51 092 0,81 072 0,66 (0,51 0,50 0,48 0,49 -

Kak BHIHO, 7 YMEHBHIAETCS C YBEJIMICHHEM pa3Mepa 3€pHa, Témnepa'rypbl .
peakUMM M C YMEHBIUEHHUEM COOTHOLIECHHsI HaYaNnbHbIX KOHLIEHTPAaLMii MpOMmIe-
Ha M KHclopola. BhIABIEHO BIMsIHBIE CTENEHM TMpEBpAlllEHHs Ha CTENEHb . HC-
TIO/Ib30BAHMS: NPH TOHIXEHHBIX TemmepaTypax (300-330CC) n yMeHbluaercs ¢
MOBLIIIEHMEM KOHBEPCHMH, IIpH YBEIMYEHMH TeMneparypbl (360-390°C) sto
BIMSHHUE CIIIAXHBACTCS, HO MPH GOJILLIOM COREpXaHMH KHCTOpPOJa CTEHEHb MC-
MOJIb30BaHHUA C YBEJIMGEHHEM CTEIEHM IpEBpalleHNs JaXe yBETHYHBAETCA.

3aBHCHMOCTD CEJIEKTHBHOCTEH IO NMPOAYKTaM PEAKIRBI OT CTENEHM IIpeBpa-
LIEHNA TIPOMPUIEHa MPH pa3HOM CTETEHM MCIIOJIb30BaHH#H, OINpedeaeMoil H3Me-
HEHHEM pa3Mepa 3epHa, TEMIIEPATypbl U COOTHOLUEHHS pearHpyIOLIHX KOMIIOHEH-
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TOB, NpPUBEACHAa Ha PHCYHKE. AHATH3 3THX 3aBHCHMOCTEH IOKaskIBacT, YTO Ce-
JIEKTHBHOCTb II0 OCHOBHOMY NPOIYKTY peakuMH - aKpOJIEHHY - YMEHBMIACTCs C
YBEJIHYEHHEM CTCIICHH NpeBpallicHHd, TEMIIEpaTypsl H COACPXAHHUSA KHMCJIOpOda B
PeaKMOHHOH CMECH He3aBHCHMMO OT ¢opmil 3epHa. CoOTBETCTBEHHO YBE/DMTYH-
‘BalOTCS CEJIEKTHBHOCTH IO NMpoaykraM 6osiee rirybokoro okycnemm: AMPHJIOBOJ
xucnore, CO u CO,. Poct nudp¢dy3HOHHOrO TOPMOXKEHHUS chmmacr 3TO BIMA-
HHE.

100 a) ) 6)

“

0 40 60 8 100 20 40 60 8 100
X, % X, %

3aBHCHMOCTD CEJIEKTHBHOCTEI 110 NMPOIYKTaM peaklW¥ OT CTENeHH INpeBpallleHHs
MpoIHJIeHa.
a) 1-3 - 360°0C; Cp, /Co, =6:11; | - ¢pamms 0,25+0,50 MM, 2 - KOJBLO,
3 - uMnIHHIp.
6) 1-4 - xonbLoO; C,,l,/C()2 =6:11; 1 - 300 ©C, 2 -3300C, 3 -360 OC, 4 -390 OC.
5-6 - umausnp; 390 °C; § - Cnp /C0, =8:11, 6 - Crp /Cp, =8:25.
TakuMm 06pa3oM, Ha OCHOBE KOHCTAaHT, MOJY4YEeHHBIX NMpPH o6paGoTKe 3KcIe-
PHMEHTA, BBIIOJIHEHHOIO B KHHETUYeCcKoii 0611acTH, k03¢ GHIMEeHTOB Mbdy3uu

KOMIIOHEHTOB PeaKIIHOHHOH CMECH H NapaMeIpoB IOPHUCTOH CTPYKTYpbl KaTaymi-
3aTopa B paboTe paccyuTaHbl HabOlogaeMble CKOPOCTH peaKUHH MapLUHAILHOrO
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OKMCJIEHMS MPOMNWAEHa B aKpOJIeMH UT IPaHyl MHOTOKOMITIOHEHTHOrO KaTaln3a-
Topa pa3Hol KpymHocTH U ¢dopmul. Mcriomszoparmes®i MeTOX pacycra MO3BOJISET
NpeacKasaTh M3MCHEHH KaTaMTH4YECKHX ¢BOMCTB Ha 3¢pHaX pa3HOM KpYNHOCTH.
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Synthesis Gas Production by Catalytic Partial Oxidatlon in
Unidirectional and Reversed Flow Reac:tors.

Ann M. De Groote and Gilbert F. Froment

Laboratorium voor Petrochemische Techniek, Universiteit Gent, Krijgslaan 281,
B9000 Ghent, Belgium.

Synthesis gas is mainly produced by steam reforming of natural
gas- in multi-tubular reactors at temperatures of 850-900°C and
pressures up to 30 bar. The H,/CO-ratio of the obtained syngas is
about 3, and is too high for further application in Fischer-
Tropsch synthesis, methanol synthesis and oxo-synthesis. An
alternative process leading to a synthesis gas with a lower .
H,/CO-ratio is the partial oxidation, or autothermal refomihg
when steam is added, of natural gas.
This proces consists of the total combustion of a fraction of the
‘methane, the steam- and CO,~-reforming of the remaining methane
and the water-gas shift reaction:

CH, +2 0, » CO, +2 H,0

CH, + H,O - CO + 3 H,

CH, + CO, -2 CO+2H,
CO + H,0 = (O, + H,

Detailed kinetics are required for the successful simulation of
the before mentionned processes. Since the reactions are very
fast, severe diffusional limitations occur. In the simulation of
a unidirectional reactor a one-dimensional heterogeneous model
accounting for internal diffusion limitations is applied, with
effectiveness factors determined from a number of off line pellet
simulations for various gas phase conditions.

The catalytic partial oxidation of CH,/0,-mixtures and CH,/air
mixtures in an adiabatic fixed bed reactor was simulated based
upon the kinetics for total combustion, stéam reforming and the
water gas shift reaction and carbon deposition. The contribution
of the homogeneous reactions during the catalytiec partial
oxidation was found to be negligible. The reactor model was
tested for typical industrial conditions. The agreement between
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observed and simulated values was quite good.

In the partial oxidation process coke deposition can occur
according to methane cracking and the Boudouard reaction:

CH, » C + 2 H,
2CO=C <+ CO

Part of the coke can be gasified by either steam or oxygen:

C+ HO=CO+H
C+ 0 w00

The influence of the operating variables and the feed composition
on coke deposition are also studied. The evolution of the coke
content with time.was included in the simulations so as to check
wether or not a stable reactor operation was possible. It was
proven that a stable reactor operation is possible for the
partial oxidation of methane with air or oxygen, even when small
amounts of carbon are deposited on the catalyst surface. ¥When air
is used, methane conversions of 85 % and higher are reached,
depending upon the feed composition. The oxygen conversion varies
between 96 % and 100 %. When oxygen is used instead of air, the
methane conversion lies between 90 % and 100 %, which is slightly
higher. The oxygen conversion is about the game. It also seems
that the coke content of the catalyst is lower and that the zone
in which carbon laydown occurs is shorter, when oxygen is used
instead of air.

The addition of carbon dioxide and/or steam leads to a
significant change in the H,/CO-product ratio of the synthesis
gas. The addition of CO, increases the C/0- and C/H-ratio of the
feed, thus leading to a Hz-podr syngas. In the presence.of steam
the C/H-feed ratio is decreased and a synthesis gas with higher
H,/CO-ratio' is obtained. Changes in the feed composition are
reflected in the quasi steady state coke content of the catalyst
as well. When stesam is added, the coke content of the catalyst
is higher and coke deposition occurs in & larger zone of the
reactor. In the literature it is assumed that the addition of
steam to the feed mixture inhibits coke formation, but the
oxidising power of oxygen was underestimated when the rate
equation for the combustion of the ceoke is independent of the
partial pressure of oxygen. When carbon dioxide is added, the
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coke content of the catalyst decreases faster in the first part
of the reactor because of the very rapid reverse Boudouard
reaction.

Finally, the feasibility of the catalytic partial oxidation of
methane into synthesis gas in an adiabatic reversed flow reactor
was investigated. The catalytic bed is fed at a relatively low
temperature and serves as a combined heat regenerator and
reactor. This is a transient operation and the traveling waves
of temperature and concentrations are simulated for typical
operating conditions.

The total combustion reaction is followed by the endothermic
reforming reactions and the mildly exothermic water gas shift,
leading to a temperature profile consisting of a plateau and a
steep decrease. As the semi-cycle proceeds, the temperature wave
wanders through the reactor at a constant velocity. Three
different stages can be observed in a semi-cycle: a wave
developing stage, a wave widening stage and a stable wave stage.
This is a peculiarity of the reversed flow operation for
processes with consecutive exothermic and endothermic reactions.
In the wave developing stage, early in the semi-cycle, higher
peak temperatures (curve 1,Figure 1) are encountered. The
direction of the flow has to be reversed when the exit
conversions to the secondary products, H, and CO, are still high,
so that the temperature peaR is located at the end of the
reaction zone. The temperature profiles immediately after flow
reversal exhibit a different shape.than the later ones. As the
semi-cycle proceeds, the peak at the end of the wave decreases,
due to the endothermic reforming reactions, while simultaneously
a peak develops at the onset of the reaction 2zone because of
methane combustion, so that temperature profiles with two peaks
are obtained.

When the second peak has disappeared the wave widening stage is
reached and the temperature. wave wandsers through the bed with
constant peak height, although the reaction zone broadens. This
is caused by axial heat conduction at the end of the plateau with
downward slope {curves 2 and 3, Figure 1). In the third stage,
the stable wave travels through the catalyst bed without
distortion (i.e. from curve 4 onwards).

The simulations showed that coke formation during the reversed
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‘flow partial oxidation of methane into synthesis gas is not
-excessive, As the temperature wave wanders through the reactor,
"the coke deposition moves along too. During the wave widening
stage of the semi-cycle, net gasification of coke was observed
-at the axial position corresponding to the end of the temperature
plateau; so that part of the coke deposited in the previous semi-
cycle is removed. At the downward slope of the plateau, net
coking occurs, but most of the coke is removed as the semi~cycile
proceeds. It seems -justified to conclude that excessive coking
can be avoided in a reversed flow reactor, provided that
appropriate operating conditions are selected.

1300
] 1t 82
1.z 4 58 7 8 2tm w24
1000 ' | 3itm 3008
4:t= 6008
4-1 S:tm 5008
B | § 6:t = 1200 8
: 7:tm 18004
. tao0d i \ B:t= 18008
£ ]
AL A =&~
csod L)
SIBES
402 - -“ - ¥ - o L2
B A Y Y . 1 AR 3 2
’ ' . z{m)
Figure 1:

" Catalyst tgmpﬁr’atﬁte through the reactor for various moments in
a semi-cycle ‘:_if. the ‘pai:r’aane‘n‘t regime. 'J.‘_he-b flow is reversed every
1800 s. (t = clock time [8], T, = catalyst temperature [K], z =
.axial position in the reactor [m])
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Beeckman and Froment (1979) introduced a probabilistic kinetiec
approach for the coke formation and deactivation.by site coverage
which was then extended to lnclude .coke growth leading to pore
blockage (1980). The topology of the pore network of the catalyst
particle was described by means of a Bethe-tree. More recently
Sahimi & Tsotsis (1985) and Beyne and Froment (1993) applied
percolation theory for this. An example is given of coking in a

pvbrvels W8 pos e wvs s wspoading Le e BEE £ cabalyea. Ohe cola s
formed through a kind of polymerization process and diffusional.
limitations on the mainireaction are accounted for. The effect
of pore'blockage on the mass tranfer inside the catalyst was a;so
introduced into the model equations. -

The above example dealt with only one -main reaction. Many
catalytic hydrocarbon conversion processes ‘consist. of very
complex reaction networks, so that selectivities are important
features. Many components of the reaction mixture may lead to
coke and the various reactions are likely to be deactivated in
e dirrerent way. ‘'lne paper proposes anfapproacn for modeliny tlils’
without introducing an excessive number of parameters.

References.

- J.W. Beeckman, G.F. Froment.
Catalyst deactivation by active site coverage and pore
blockage. S
I. & E.C. Fundamentals, 18, 245, 1979.

- J.W. Beeckman, G.F. Froment.
Catalyst deactivation by site coverage and pore blockage.
Finite rate of growth of the carbonaceous deposit.
Chem. Eng. Sci., 35, 805, 1980.

~ A O.E. Beyne, G.F Froment - o
A percolation approach for the modeling of deactivation on
zeolite catalysts by coke formation : diffusional limitations
and finite rate of coke growth. e
Chem. Eng. Sci, 48, 550, 1993.

- M. Sahimi, T.T. Tsots;s.- ‘
A percolation model of catalyst deactivation by site coverage
and pore blockage. -
J. Catal. 26,-552, 1985.

203



OP-C24
AJCOPBHHOHHO-KATAIMTHIECKHH MPOLIECC LI OYHUCTKH

OTXOAALIHX I'A30B OT OPTAHHYECKHX COEJNUHEHH:
HCCAEAOBAHHE KHHETHKH H MOJETHPOBAHHE MPOLIECCA

A.H.3aropyiiko, OBKocTcm(o, LT L{pipynbHUKOB,
' B.H.Tomunos, B.C.Canbhnkos, A.C.Hockop

Hucmumym xamaauza CO PAH un.T.K.Bopecxosa

Ouyxcrka: OTXONAIIMX Fa30B  MPOMBIMUICHHBIX  MPEANPHATHA  OT  JICTY4HX
opranuieckux coemumienuit (JIOC) aBnserca BecbMa akTyanbHolt nmpobGrieMoit  OXpaHBI
atMocdepHOTo ‘Bo3nyxa. B HacTosee BpeMs [UTi OYMCTKH STXOASIMX ra30B MCTONb3YIOTCA
PaVHYHBIC TEXHOJIOFHH, OCHOBAHHbIC Ha M3WICYEHHH MpuUMeceH, JIMGO Ha MX YHHYTOXCHHH

- (4T0 OCOGEHHO BOIOGHHO INpPH OYHCTKE TA30B, COAEPXAIUMX OPraHHYECKHE NPHMECH B
HH3KMX KOHUCHTDAIMAX WIH CONCPXAMX TPYIHOPA3NEIMMBIC CMCCH DaRiIHYHAEK
TpHMeCEi), B OCHOBHOM, MYFEM HX [IIyBOKOTO OKHCJICHHS 1O 9KOJIOTHYECKH Ge3BPEMHBIX
NpoIYKTOB - NHOKCHAA yriepoda H Bolbl. Cpeld NOCAECOHHX TEXHOIOrHi Haubonee
apEeKTHBHBIMY ABIAHTCS POLIECCH OCHOBAHHBIE HA KATATHTHYECKOM OKHCTEHHH.

OcoGeHHO CcpeiH  MPOLIECCOB  KAaTAIMTHYECKOIO  OKHCJIEHHS ~ OpPraHHYECKHX
COEJMHEHHH MOXHO BBUIEJIHTh PEBCPC-NIPOLIECC, OCHOBAaHHBIH Ha NEPHOAHYECKOM
H3MEHEHHH HalpaRicHHA IBMXCHHA PEaKIIHOHHOH CMECH depe3 ¢JIOM KaTalu3aTopa H
HHEPTHOIO MaTepHana. IIpH 3TOM QJIOH HHEPTHOrO MaTEpHala BHINOJHAKT POJIb
percHepaTopa TEIIA, 4YTO MO3BOJIAET OTKa3aThCd OT TPOMO3AKHX PEKYNEpPaTHBHBIX
TEMAOOGMEHHHKOB M - aBTOTEPMHYHO NepepabaThiBaTh rassl ¢ KOHLEHTpalHeil npuMeceit
Buiic 0.8 /M. Crioca6 OTJMYAETC HHIKHMH SHEPro3aTpaTaMH, NMPOCTOTOH YNpaBiCHHA,
BBICOKOM cTraGMJIBHOCTBIO IpH mnepepaGoTke Ta3oB ¢ MEPEMEHHBIMH  IapaMeTpamMy
(pacxonoM, TemepaTypo, cocrasoM). JIna cMeceit ¢ KoHueHtpauueit 0.8 /M’ Takxe
TpeSyeTca MOABON TOIUIMBA (NMPUPOMHOTO ra3a) JMGO 3JCKTPOSHEPTHH, XOTA H B
CYILECTBEHHO MCEHbIIIEM KOJIMYECTBE, YEM B BHIIEOMHCAHHBIX MpOLIECCax.

Jna raszo ¢ eme Gonee HusKuM comepxanueM JIOC (nopszxa HECATKOB H COTEH
Mr/M)  HamBonce NEPCICKTHBHBIM NPEICTABNACTCA  HCIIONB3OBAHHE  afICOPGIHOHHO-
KATaIMTHYECKHX MPOLIECCOB, KOTOPHIC MO3BMIAIOT HaKAIIMBaTh OPraHHYECKHE COCAMHECHHS
Ha NMOBEPXHOCTH OKCHAHBIX KaTaIH3aTOPOB M MPOBOAHTb HX MEPHOAHYECKOE OKHCIIEHHE 3a
cyeT pasorpeBa Karamnmsaropa. Hacrosmmas paGoTa mnocpsiieHa paspaGoTKe peBepc-
Tpollecca, HCMOJIb3YIOLIENO YKa3aHHbIH IPHHLIMIL.

Panee menanuch NMOMbITKH CO3JaTh MaTEMAaTHYECKYIO MOJENb KaTAIHTHYECKOIO CJIO,
NEPHOAMYECKH paGoTalolIEro B YCJOBUAX afcOPOLMH M BBIMMIAHHS OPraHMYECKHX
coeauuenuit [1,2]. OBiue 3aKOHOMEPHOCTH CropaHHs IOPIOYHX COCHMHEHHH, HaXONAIHXCs
Ha TBEpHOH MOBEPXHOCTH, B IETEPOIeHHBIX CHCreMax C (PHIBTPYIOLIMMCA rasoM OsUiH
PaccMOTPEHH paHee B paMKaX TeOpHH (HIIBTpalHoHHOro ropenus [3). TiasHoil npoGaeMoit
B 3THX MCCJICIOBaHHAX ObUTa HEBO3MOXHOCTD TOYHOIO KOJIMYECTBEHHOIO OIHCAHHA
MOJEJIHPYEMBIX CHCTEM BBHAY OTCYFCTBHSA MPENCTABHUTE/IBHON KHHETHYECKOH MOMEIH.

B paMkax Hacrose paGoTsl GbUlo MoKasaHo {4,5], 4TO B MepBoM MPHGIHXEHHH
KHHETHYECKas CXeMa peaKiHH

CoHmOx + 02 = CO2 + H2O0 (3]
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Jiporekaiolieii  yepe3  OOpa3oBaHME  MOBEPXHOCTHBIX — MPOLYKTOB  XCMOCOPGLMH
OpraHHYECKHX COEAHHCHHH, MOXET BblpaXeHa B BUL€ GPYITO-ypaBHEHHIA:

CaHnOx + 4 [0] = p [P] (03
#[P] + vO2 = n CO: + m/2 H20 + p {0} 3)
rxe¢ [P] - mnoBepxHocTHoe coenuuetiie, a [O] - OKMCJCHHBIA aKTHBHBIA 1IGHTp

Katanu3aropa. JlaHHOH KHHETHYECKOH CXeMe COOTBETCTBYET cjiclyiomlas Habmonaemas
KHMHETHYECKAas MOMEIb:

Aol
w,=KC 27 @

A né
W,=K,Z"” Co &)

Knneruyeckne mnapaMeTpbl ONPEAC/IAIMCH Ha OCHOBAaHMM 3KCIEPHMEHTOB MO
OKHMCJICHHIO KYMOJla Ha MEIHOXPOMANOMOOKCHAHOM Katamsarope HKT-12-8 [6].
Ha6ntonaemblii nopamok ckopoecTd XeMocopbuuu Wi Ho Kymony (np) Gausok k 0.5,
OCTaibHBlE MOPARKH (n2-ng) Gnuskn Kk eaunuue. HaGmonaemble 3HEpruM aK THBaLIMM
peaxuuit cocraBiin 37.3 1 75.8 k%/MOJIb, COOTBETCTBEHHO.

MpennoxeHHas  HecTauMOHapHas — KMHETHYeCKas  Molenb  obGecrnieuMBaer

YIOBICTBOPHTE/IBHOC OMHCAHHE PEJIaKCAalHMOHHBIX 3KCINEPHMEHTOB, a TaKXe MOXeT ObITh
UCTIONb30Baa JUIS OMICaHiid HPOLCCCOB OKHC/IEHHS HC TOJBKO KYMOJIa, HO M IPYIHX
apOMaTHYECKHMX YLAECBOLOPOIOB.
. Ind  MaTeMaTHYeCKOro  MOACIIHpOBaHHMS  mpouecca  GbUia  MpesioXeHa
MateMaTHYecKad MoOIeIb axHabaTHYeCKOro c/os KaTanusaTopa, BK/oyawluas B cebs
OINHCAHHUA NMPOLECCOB (hH3HYECKOH aXcOpOLIHH H XeMOCOPOLHH, OKHCIIEHHA MOBEPXHOCTHBIX
COCHMHEHHII KHCJIOPOIOM, TEMIo- H MaccoOMEHa MeXIy KaTanu3aTopOM M [a30BbIM
MOTOKOM, TEMLIONPOBOAHOCTH CKEJIETa CJIOS KaTaMaTopa.

Jns yHcieHHOIO pelleHHs Monead 6bLia co3dana NporpamMMa IS MNEPCOHANBLHOTO
KoMnbloTepa Ha a3bike PASCAL. ANroputM pelieHHs MOZE/IM OCHOBaH Ha GamaHCHBIX
KOHEYHO-Pa3HOCTHBIX CXEMaX C TPEXYPOBHEBOH HTEPAUMOHHOM CTPYKTYpOil: Ha NEpBOM
YPOBHE MPOBORMICA paccyeT KOHLEHTpalHi KOMIONEHTOB B ra3oBod hase, naiee Ha
BTOPOM YPOBHE pacCYHTBLIBAINCh HMHEPLHOHHBIE MOBEPXHOCTHblE KOHLUCHTpaiiMH, a Ha
TPETHEM YPOBHE TMPOBOIMJIOCH HTEPALIHOHHOE PEHICHME YPaBHCHHA TEIUIOMPOBOLHOCTH.
TecToBble MPUMEPB! MOATBEPAHIIH XOPOLLYK) TOYHOCTDH WIIOPHTMA 1 BBHINOJIHEHHE TEIUIOBOT®
H MaTepuatbHoro Ganalca B cHCTEME.

MoznennpoBanue pexima ancopOLHH OPraHHYECKHX COCAHHEHMH NpH KOMHAaTHOM
TEMNEpaType MoKa3ajlo, YTO B 3TOM cilydac B CJloe KaTaimsatopa obpasyerca ¢ppoHT
ascopOuMH, MENNCHHO NBHXYlHiCA B HampamneHuH uiabTpaunu rasa. Ilpu 3atom choit
0CTaETCA MPAKTHYECKH HIOTCPMMYECKHM B CBSI3H C HE3HAYMTCJIBHBIM TEIUIOBbIM 3¢hheKTOM
ancopbumy  (aauabativecknii pasorpes He Gonee 1°C) BBHIy HH3KOH KOHHCHTpalM
OpralM4¥ecKHX NpHUMEcei B MonenupyeMoit cmecu (50-200 Mrfe). CkopocTb IBHXCHUS
¢poHTa onpencnseTcs ypaslEHMSIMH MatepHatsHoro Gananca, a CTPYKTypa ¢poHTa
(WwHpHHa, FPafHCHT KOHUEHTpatHi Mo AHHE c/los) - NapaMeTpaMH MacesOMcHa.
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B nayane muxna atcopbumn conepxanne JIOC B OTXOAAINHX ra3aX MPaKTHYCCKH
paBio HYMO 1O MOMEHT3, Koraa (pOHT ancopOUMH NOCTHracT BHIXOAA M3 CJIOA
xatammatopa. Hanpumep, MaXcHManbHas [UIMTEBHOCTb 3alUMTHONO JEACTBHA Cllos
Karanu3aropa {pH BPEMEHH KOHTAKTa 3 CEK) NPH OMHCTKE [a30B, colepXammx 50 M’
CTHPANIA, COCTABIACT BEHYHHY OKosio 230 yacos.

Beoxuranue - xemocopGuposatinoro  JIOC  monenupoBaloch Kak B peXHME
NOCTORHHOTO HANpAaBJIECHHA, TAK H B PEMIME NEPHONHYECKOTO peBepea NeTOKa rasa.

IToka3zano, 4TO MpH nojaye B PeakTOp BO3AyXa C BBICOKOH TEMIEpaTypoH B CJIoE
KaTamimaTopa PAacnpoCcTPanieTcs TEWIoBas BOJIHA, NPHYEM HAarpeB ra3a HCOOXOLHM TOSIBKO
B HavyanpHOH (pase LMK BBIKHTaHHA, TaK KaK Jaicc TemwieBas BOJIHA MOXET
pacnpoCTPansAThCA JaXe NPH HH3KOH BXONHOH TemmepaType. MonenHpoBaHHE TaKXe
fOKa33o0, YTO B ONPEACNCHHBIX YCJIOBHAX (DPOHT MOXET PpacnpocTpaHAThCA B
HANpPaBCHHH, MPOTHBONCJOXNOM HANPABNEHHIO (HIBTPAIHH ra’a 3a CUET AKCHATBHOI
TEMJIONPOBOAHOCTH CJIOA KaTalH3aTopa. IToT (akT paHee HaGMIONAICA 3KCNIEPHMEHTAIBHO
[7). Takoit ¢hpoHT, ONHAKO, MOXET CYILECTBOBATH TOJNLKO B YCJIOBHAX HH3KOH CKOPOCTH
¢uAbTpaIniH raza H BHICOKOrO COIEpXaHHa XxemocopOHpoBaHHBX JIOC Ha MOBEPXHOCTH.

B PE€XHME pEBCpCa MOTOKAa ra3a HarpeB ra3a NMNpoOH3BOAHTCA 3a CYET IMOABOJAA TEIUla B
LHEHTP oJI0A KaTam3aTopa. B TeyeHHe HECKONBKHX NEPBBIX LHKJIOB Habmomaercs
MENIICHHBbI HarpeB c/oA 1O TeX MOp, MOKa TEMMEparypa KaTajH3aTopa B LEHTPalIbHOH
YacTH CJIOA HE NOCTHIAcT TOYKH 3aX(VaHHA PEaKUHH OKHCJIEHHA XEMOCOPGHPOBaHHBIX
npuMeceii. [locne aToro B cjloe TakXe HaYHHACT PacrlpoOCTPaHATHCA TEmnoBoi ¢porr. Ha
puc.l mnokasaHsl mpodMSIH TEMIEPATYPHl KaTalH3aTopa M0 QMHHE CJOA BO BpeMs
NPEAMOCIICAHETO H NOCACAHEro HEIOB BbIKHTaHHA.

600 - 600 -
- -

Q500 4
g
€ 400 =

400 -
8
E -
2 300 A
% ]
£ 200 1 1/2
)3
g -
3
£ 100 4

0 ) T ‘ l T | 1 1
0.00 0.25 Q.50 0.75 100 000 0.25 0.50 0.75 1.00
OTHOCHTENbHAS WTHHA COS OrHOCHTEIIbHAA [UTAHA CHOA
(a) (b)
Puc.l.

Tpodwns TeMueparypsl KaTaAu3aTopa MO UGS C10% B TCYEHRE XBYX MOCHCHNER MBXIIOB MEXLY
HePCK/IOYEHHAME IOTOK2 B PEXKEME HEPHONEIECKOT® peBepca NoTeka rasa; (a) - npemecnemami, (b) -
mocne NPl makor. Yrciia Ha KpAshX HOKa3HBAKT BPEMT OT Hadaia COOTBCICIBYIOMEIO MHKIa 9epe3 KaxX/abie
180 ceK. MYHKIBPOM NOKA3ano PacHONOXCHNC Harpesarens (4T=130°C), crpemxan® - manpamienre
TBEACHHS Iasa.
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Bo Bpema anzcopbunn 3¢xhecKTHBHOCTb OYHCTKH rasoB oT JIOC npakTHYecKu paBHa
100%. YuuTbiBag, YTO IUIHTCILHOCTH BBIKMIAHMA coctaBiseT 1-1.5 wvaca, a amcopOumH -
200-230 vacoB, cpenHs4 CTENEHb OYHCTKH Ta30B 33 NOIHbIA UMK aAcopOuHa/pereHepatis
paBHa 99.9% H Bbile.

AncopOLHOHHO-KAaTANIMTHYECKHI Tpoliecc TpeOYeT NONBOAA 3JHEPIHH TOJIBKO B
HayalbHOM TMEpPHONE pasofpeBa cJos Kartammsaropa. [Jlanee Temnosoit  GpoHT
pacnpocTpaHseTcs yXe 3a CYET TeWla peaklHH OKHMCICHHS mnpHmeceii. Monennposanue |
NIOKa3bIBAET, YTO 3a CYET “HaKaykH TEIIa” B PEXHME pepepca NMOTOKa 3HepronoTpebnenne
Ha pa3orpeB ra3a HHXE, YEM B PEXHME BBDKHIaHHS NPH NOCTOAHHOM TOKE Ia3a (Ha 20-
30%), npuyem it pasorpesa TpeOyeTcs CYLIECTBEHHO MEHEE MOLHbIA HarpesaTens (B 2-3
pa’a). B Tabnuue 1 npHBencHb! BCIHYHHBI 3aTPaT 3HCPTHH Ha OYHCTKY rasa (6e3 yvera
3HEIO3aTpar Ha NpPOKAYMBaHHME rasa) IS NPEATAracMoii TCXHOJIOFHH M TPaAMUHOHHBX
NpOLICCCOB.

Tabnuna 1
DHEProarPaThl Ha OYHCTKY Iasa, COICPKAINETo B wuncmngmn 200 M M
# Hanmenosanue nponecea Buepronorpebnenue,
lc_llxdﬁ CAHOIAEMOTO Fasa
1. | TepmopercHepaTHBHBI - 50-60
2. | Karanurvieckuil pesepc-nponece 25-30
3. | ARcopBlIHOHHO-KaTATUTHYECKHR PEBEPC-TIPOLIECT 2-3

HeobxomuMo0 OTMETHTB, 4TO B OTJIHYHE OT TPAOHUHOHHBLIX MPOLECCOB
SHEPIONOTPEOICHHE MNpoyecca CHHXAacTCd NpH YMEHbLICHMH KoHueHTpaunn JIOC B
OYHIlaeMBbIX ra3ax (cM.pHc.2). PocT 3HeprosaTpaT NMpH YBENHUYCHHH COACPXatiMg NpHMeceH
B ra3ax CBA3aH ¢ HEOOXONMMOCTBIO 6oJee YacToro MpoRcACHHA pEreHEpalii KaTanusaTopa,
BO TO BpEMa KaK ®HEPrG3aTpaThl Ha ONHY PENCHEPALHIO NMPaKTHYECKH NMOCTOSHHBI.

400 —

* Puc.2
3aBACHMOCTD SHCPrOJATPAT Ha (YHCTKY
Ta308 OF KOBHeHTpammm JIOC:
1 - Tepraraecksii crrocod,
2 - TepMOKATLIRTAYECKHR,
3 - TepMOpercnepaTHBHEUE,
4 - pepepec-nportecc,
5 - npcwraracMei npotiecc.

Oneproaatparh, kK4x/M3
N
8
|

D e vy
0 — T l.ll?!!{ Y(ITH:N[ T

0.01 0.10 1.00 10.00
Copepxanne JIOC, r/m3
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IMunoTHele UcnbITaHMS npoliecca GbUIM MpPOBENEHbI Ha -YCTAaHOBKE MOLUHOCTHIO IO
rasy 1o 30-50 m*uac. B xauectse TecToBsix JIOC Gbum BbIOpaHBl TOJIYONI M CTHPOJ B
KOHUEHTpauuax oT 50 mo 800 mr/v’. Boum MpOBENEHbl CPaBHHTENbHBIBIE HCMIBITAHHSA
palIMYHBIX MapOK KOMMEDYECKMX KaTaIM3aTOpoB IIYDOKOIO OKHCIIEHHs. PesysbraTsl
IBUIOTHBIX ~ MCTbITaHMA  (MaKCMMatbHad — TeMnepatypa,  3({eKTUBHOCTh  OYHCTKH,
MPONOJIKHTEIBHOCTD NMEPUONOB aICOPOLIMM M BBIXHTaHHS) MOKA3aIM XOPOILEE COOTBCTCTBHE
3KCMEPUMEHTAIBHBIX JaHHBIX PaCYETHbIM.

MoOXHO 3aKJIIOYMTh, YTO MpEMIaracMas TEXHOJIOTHA BBHITJIALMT MEPCIEKTHBHO Ha
PBIHKE IIPOLIECCOB OYMCTKM [a30B OT OpraHMYECKHX TNpuMeceil, npuyeM Haubolee
NPHBJIEKATENbHbIM BBIMJIAAMT €€ TNPHUMEHEHHE IUIS OYMCTKM HHM3KOKOHLICHTPHPOBaHHBIX
ra3sos.
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MOARENUPOBAHUE HECTAUMOHAPHOFO KATASIMTUHECKOIO NPOLECCA
NOJSIHOr0 OKUCJNIEHNA MHOTOKOMMNOHEHTHbIX CMECE#
B PEAKTOPE TUNA “C3HABUY"

B.A. Yymayenxko, J.IO. 3ynunuﬁ‘a_, H.A. ‘{yuaxoaa'

AO "Katammaarop”, HosocuGupek, Pocous

“WiHcTuTyT Karammaa um. [.K.Bopeckosa CO PAH, Hosocubupcek, Pocens

3a nocnegHue 10-15 net Nporpecc B pasBuTuM METOA0B OYUCTKN FIPGMbILi-
NIeHHbIX ra30B OT TOKCU4HbLIX NpuMeceit 6bin B OCHOBHOM 0GYCNOBAEH npolueccamu,
OCYLleCTBNREMbIMU B UCKYCCTBEHHO CO3AaBaeMblX HeCTaUMOHAPHbLIX YCNOBUSAX.
YHUKanbHble TEXHONOrU4eCckUe CBOWCTBA HECTAUMOHAPHBLIX PEXUMOB U HOBble KaTa~
nnM3aTtopbl caenann 3Ty TEXHONOMMK> KOHKYPEHTOCNOCO6HOM NO CpaBHEHWIO & ApYru-
MU MeToAaMn N BECbMa NpUBAEKaTENbHOM ANA NPAKTUYECKOro UCNONb30BaHus [ 1].

MHOrOKOMNOHEHTHbIE CMECU YrieBoAOpPOAOB, KOTOpbLie Mnoanexar KaTtaju-

TU4ECKOWA OYUCTKE, 4acTO COCTONT U3 NIerKOOKACASIEMbIX W TPYAHOOKUC AsemMblxX

KOMMNOHEHTOB. ONTuManbHble YCAOBUS NPOUECCOB MOAHOIO OKUCAEHUS Takux

BeWwecTB MoryT GblTb peanu3oBadHb! Ha KaTtanusaTopax pa3fuYHoro Tuna. B 70 xe

BpeMs, fipy Peanuaauum HecTaumMoHapHOro npouecca ¢ PeBepCoM NMoToKa pPeaxiiyioH-

HOW CMecu 4Yepe3 C/oW KaTanu3atopa, BHYTPU peakTopa CYWeCTBYIOT 30Hbl C BblCO-

KO N HN3KOW Temnepatyponr, u 5ToT ¢akT MOXET CnocoBCTBOBaTb MNPUMEHEHUIO

Pa3NN4HbIX KaTann3aTopos;

e “BblCOKOTEMNepaTypHoro” - 6onee aKTUBHOFO B OKUCNEHUU TPYAHO-OKUCAAEMbIX
KOMMNOHEHTOB NP BbICOKUX TemnepaTtypax;

e "HU3KoTeMnepaTypHoro” - 6onee aKTUBHOrO B OKUCNIEHWW NErkKo-OKUCAseMblX
KOMMNOHEHTOB NPU HA3KUX TeMnepaTypax.

B HacTosuweM foknane poBeAeHO MaTemMaTuseckoe MoAenuposaHue
HECTauMoHapHOro npouecca fry6oKkoro OKUCAEHUS OUHapHLIX CMEeCel Ha ABYX
KaTanmMaartopax, 3arpy>XeHHblX B annapaT B Buae ‘canasuya’.

YnpouieHHas cxema GpraHu3auum npouecca npuseneHa Ha puc.1. Buicexo-
TeMnepaTypHbIA KaTanu3aTop NOMEeWancs B CepeavHe peaxtopa, MeXAy Cnoahiit

HU3KOTeMnepaTypPHOro KaTanu3aTopa, a MHepTHasa Hacaaka pa3veulanach No TOriiass.

KunHeTuyeckne napameTpbl peakilnidi NONHOMO0 OKUCNEHUS KOMMOHEHTOB .

o6oux kaTanmaartopax npeacrtasneHbl B Tabnuue 1.
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BXOR l‘ Tasa
PucyHok 1.
Tatnvua 1.
Wnaexc Whnexc KuneTnueckue napametpbl
KOMNOHEHTA Kkaranmaaropa Ko, V/c E. xxan/mono
A 1 70 10" ] 1.6
{TPYAHOOKKMC AREMbIA) 2 5.65 10° 14.1
B - . 1 ~1410° 6.4
{nerxookucnaembii) 2 63 10~ 9.6

Jpyrve napameTpbl, UICNONb30BaHHLIE B PacHeTax:
pa3mep 3epHa katamm3atopa: 5 x 10 MM, WHEpPTHbLIR MaTepwan - Kepamudeckue
kosbiia 15 X 15 X 3 MM, BPeMs Mexay nepekmioveHusmMu: f=7.5 MUH; NnHeiHas
ckopocTh (H.y.): U=0.65 m/c; anuabatnyeckunin pasorpes:; ATay = ATg = ATa+s = 30;
50; 100 K; cteﬁeHw npespauwleHus: Xa=99.5 %; Xg=99.5 %.

MaremaTuyeckoe MoaenuposBaHue HecTaMoHapPHbBIX NPOLECCOoB NPOBOAWIOCH

no Asyx¢da3Hoi Moaenn cneayiouwero suaa:

T
722280 o @ 1)+ ATH,(0.7) + ATH, @), (1)
&t aé&
or
©-1-22 = 2
TQ T) Ex; (2)
ox
x-n-22 9 3
B -N- @®
¢ (X= 1)~ ATH,(0,Y) - (O, 1) = 0 )
rpaHMHHble yCjioBUs:
o 60 50
S=O0r=1,X=X—-=0 E=4—=—=0 (5)
a& a&
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HavanbHble ycnosusa:
1= 00 =7%%). (6)
Ycnosua peBepca nortoka:

t=n1,,; O =001-E£1) (n=12,.) %)

Monenb 3aMbIKaiOT yCnoBus HenpepbiBHOCTM Beex dyHkumii O, T, X, Y n
Tennosoro notoka.Q no TBepaol ¢rase Ha BHYTPEHHUX rpaHUuax CNoes Pa3Horo
maTtepuana (WHepT-katanusatop 1, katanmaartop 1 - katanusartop 2 u 1.4.).

PacyetHas ob6nactb {(&,t): ‘0<§<§L, t>0} ectecTBeHHbIM 06pa3omM pa3buBaeTca
Ha NATbL nonobnacTelr B COOTBETCTBUM C YACNOM CnoesB B "caHABu4Ye”. CeTka no &
BHYTPW Kaxqoﬁ nonobnactu BoibupaeTca paBHOMEPHOW, HO wWar eg MOXeT 3aBuUceTb
OoT Homepa noaobnacTu u perynupyerca n3 coobpaxeHwuit AOCTaTOYHON TOHHOCTU
pacueToB.

B anroputme ucnonsb3yercs CnnaH-pa3HOCTHas Cxema BTOPOro nopsiaka
TOYHOCTU ANA annNpokcumauun ypasHeHus (1) uU nonyaHanUTUYeckuih meroa ANa
NONYYeHUA ANCKPETHOro aHanora ypasHeHuin (2) u (3}. KoHueHTpaumsa Y Bbipaxaercs
13 ypaBHeHus (4) ABHO, NMOCKONLKY BCE peakumm UMEIOT KUHETUYECKNe 3aBUCUMOCTU
nepsoro nopsaka. Bo3Hukaowasa Ha KaxaoM BpeMeHHOM cnoe 6noyHas cuctema
anrebpauyeckux ypaBHEHWI petraeTca METOAOM MaTPUYHOM NPOroHKW. MporpaMma
HanucaHa Ha A3bike FORTRAN 1 peanu3oBaHa Ha NEPCOHANLHOM KOMNLIOTEPE.

XapakTepucTUKM  NEpUoaUYECKOro  pexumMa  onpeaensiioTca  MeToAOM
YCT3HOBNEHUA, TO €eCTb MoAaenupyeTca AuHaMuka npoLiecca B 3aBUCUMOCTU OT
3aAaHHbIX HA4aNbHBLIX YCNOBWIA.

CpaBHeHWe OCHOBHbLIX MokasaTenei (MakcuManoHaa Temnepatypa, cTeneHu
npespauieHns o60Mx KOMNOHEHTOB, Nepenaa aasneHus, obilee BpeMsi KOHTaKTa)
ABYX-KaTanu3aToOpHOA WU 0AHO-KaTanM3aTopHOM CUCTEM MPOBOAWNOCH MPK YCNOBUU
paBeHCTBa NPOYUX NAapPaMeTpoB.

Ha puc.2 npuBeaseHbl pe3ynbraThl pacyeToB NpW  3arpy3ke peakTopa
"BbiCOKOTEMNEpaTypHbLIM™ KaTanmaatopoM 1 (puc. 2,a), "Hu3koTemMneparypHbinm”
KkatanuaatopoM 2 (puc. 2,6) n npu 3arpyske paBHbIMW KONW4YECTBAMU 3TUX ABYX

KatanuaaTopos Tuna "caHaBu4" (puc. 2,8).
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Bo Brex cnyvasx CMect COCTOsi1a U3 pasHblx NONEN KOMMOHEHTOB A 1 B (ATa:ATg =
1:1). PaccuutbiBanucb MUHUManbHbte BeNU4MHSE BLICOT COEB KaTanu3atopa W
MHepTa, NMpu KOTORbIX AOCTU anoch 3anaHHoe 3Ha4eHue Xau Xg.

CpaBHEHME NOKa3uiBaeT, 4TO 3arpy3ka Kartanu3aTopoM 2 npearoHTUTENbHee
3arpy3ku xataqmzatopom 1 Beneactsue Gonee BbICOKOW cpefHel akTusrocTw. [Mpu
3TOM 3arpy3ka “"C3HABUMEM’ NpeanoHTUTESibHee, YemM KatanmaaropomMm 2. HecmoTps Ha
HEKOTOPOE YBENMYEHWE BbICOTHI CNOS u-epTa. obuwasn ReicoTa peakyopa W nepenan nas-
NEHNSI B 3TOM CNy4ae HWXe, 4eM Npu onTuMasbHblx 3arpy3kax noboro 13 katanuaa-
TOPOB.

Ha puc.3 npuvBeneHs! pesynsTaTbl MOASHMPOBaAHUS Npouecca Npu pas3fNyHoOM
MCXOAHOM COOTHOWEHUN KOHLLEHTPAUMN KOMIIOHEHTOB A U B 1 dukcrpoBaHHork o6l 1
BbicoTe "canaBu4a”, Hx. Bapeuposanoch Tawke cooTHowenue Hgo/Hk. flokasaHo, 4To
cywecTByeT onTuUmanbHoe coeTHowenne Hyi/Hke=1:5.1, npn KOTOpoMm BbiceTa cnosi
vHepTa  Hiy MUHUManbHa. OTa TerAeHUMs COXpaHseTcs BO BCEeM AuanasoHe
COOTHOWEHNI KOoHUEHTpauwh A n B -oT 5.1 no 1.5. Yem 6onblue KOHUEHTpauus
TPYAHOOKUC AIREMOIO KOMIIoHeHTa A. Tem HBonblue AomkHa BbiTb BbiCOTa CNosi MHepTa.
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Mpyn ¢GUKCUPOBaHHOW BbiCOTE CNOSA "WUHepTa Hy cywecTByeT OnTUManbHas
obuias BbicOoTa cnoes kKatanuasatopa. KaXAoMy COOTHOWEHUIO KOHUEHTpauui A u B
oTBe+aeT ONTUMAasibHOE COOTHOWEHMWE BLICOT katanmsaTopos 1 u 2. Hanpumep, ecim
B CMecu NpeobnafiaeT TPyAHOOKUCANAEMBI KOMMOHEHT A, U ATa/ATg= {1.5-5) : 1V, TO
Hyi1/Hw2 LONXKHO BbITb npumepHo 5:1. B o6paTtHom cny4ae, npn ATg/ATa = (2-5) : 1,
cooTHoweHune Hka/Hk1 A0AXHO 6biTh NpuMepHo 10:1.

W3 pe3ynbTaTtoB NPOBEAEHHOr0 MOAENNPOBAHUA HECTaUMOHApHOro npouecca
cneayer, 410 rnybokoe OKUCNEHWE MHOTOKOMMOHEHTHbLIX CMEeCeil C  CuAbHO
PasNUAOWMNMUCA KUHETUHECKUMWN XapakTepucTukamm uenecoofpasHo NpoBoaUTbL B
peakTope Tuna "canasuy”. Oblian BbicoTa peakTopa, Heobxoaumas Ans AOCTUXEHUS
OAVHAKOBLIX KOHBEPCUI KOMMOHEHTOB, HUXE, YeM peakTopa, 3arpyXeHHOro /HobbiM
13 3TUX KaTann3aTopos.

JNurepatypa
1. Yu.Sh. Matros, A.S. Noskov and V.A. Chumachenko. Progress in reverse-process

application to catalytic incineration problems // Chemical Engineering and
Processing, 32 (1993) 89-98.
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AHATHU3 U ONITUMU3ALIUA TENHOJTOTHYECKON CXEMbI
IMPOU3BOACTBA ITEHTADPUTPUTA ¢POPMHUATHBIM CITOCOBE0M

- B.T. Hlapeikusn, 10.J1.Barkym,*
Dupma "DCKAXHAM", * HIIAQ "Cnexmp AK". 2. Mocksa

TTeHTa3PHTPUT HAXOOUT IUMPOKOE MPUMEHEHHE B JIAKOKPACOYHOM MPOMBILI-
JICHHOCTH, TpexXae BCETo ISl CUHTe3a alKMRHBIX JIAKOB, B IIPOM3BOACTBE TLIAC-
THUKATOPOB U CMa30YHBIX Macell. TeTpaHMTPONEHTa3PUTPUT, M3BECTHBIN MNOX
Ha3BadneM TDH, Mcrnons3yercst B NpoU3BOACTBE B3phIBYATHIX MATEPHUAJIOB.

CyutecTByeT HECKOJIBKO hpOMbmmeHme Croco00B MOJIyYeHHs NEHTA3pPUTPH~
Ta, CpedH KOTOPBIX OOHMM M3 .pacrpOCTPAHEHHBIX M HauboJiee INMepCreKTHBHBIX
siBnisieTCsl | GOpMHATHBIM Metod. (OcoOeHHOCThI0 NAHHOTO METOoNa ITPOM3BOACTBA
SIBJISETCA TO, YTO MWCIIONB30BaAHME B KauecTBEe HLIEJJOYHOTO areHTa THAPOKCHOA
HATpHsI NMO3BOJISIET MMETh OJIM3KMIA K CTEXMOMETPHUECKOMY pacxol ¢dopManbaeru-
a HaQ DPeaKUMio, a M3OBITOYHBIA MO peakuuMu GOpMANbIETHA TOC/E YAaBeHVd
MpUMeECH MeTaHOJIa BO3BpallaeTCcsi Ha MOBTOPHOE Mcnosb3oBaHue. Kpome Toro, B
npouecce oSpasyercs GHOPMHMAT HATPHsI, KOTOPBIA SIBJIAETCS TOBAPHBIM TPOdYK-
TOM.

TexHosoruyeckast cxeMa ¢bOpMHATHOro crnoco6a NpOM3BOACTBA MEHTA3PHTPH-
Ta COCTOMT M3 CJIEAYIOLLHK OCHOBHBIX CTaAWH.

1. [ToaroToBKa chIpbst

2. KoHaeHcauus anbIermaoB, HA KOTOPO# NMEHTa3pUTPUT obpasyeTcs M3 alle-
TanmpAerHaa M ¢opMIbAETrMAa B NMPUCYTCTBMM FUIOPOKCHMAQ HATPUSL B KayeCTBe
HieJIoyHoro Katayimsatopa. [Ipy 3TOM TMgpoKcHI HATPMsI Ha IOCJIeqHEH CTaauu
CHHTE3a pacxomyeTcsi Ha obpa3oBaHie GOpMHATA HATPHSL

MoJbHblE COOTHOLIEHHsI PEaTeHTOB, MCMONb3yEMBIX Ha CTAMM CHHTE3a: alle-
Tanbaerun / dopMassaerua / rMapokcha Hatpus / Boma =1:(4.2+10,5):(1,05+1,3):
(35+100). OnTMManbHblE COOTHOLUEHHS BHIOMPAXOTCS MCXOAsT M3 KAYecTBa MCXOI-
HOTO CBIPbS, TPeBOBAHMIT K KAYeCTBY FOTOBOTO TNPOAYKTAa M 3adaHHBIX TEXHHKO-
3KOHOMMYeCKHX TNokasaTenei. TemnepaTypa mpouecca 10 + 40 #C.

[To 3aBeplIeHMM peaKUMM pPEaKLIMOHHAsi CMech HeHTpaimM3yeTcsl HebGobLINM
KOJINYECTBOM MYPaBBMHOM KHCJIOTHI [isi TNMpedOTBPALIEHHsT NaJibHeilIero mnpe-
PpaileHHsT popMasiberyiia B NIoOOYHbIE NMPOAYKTHI ’

3. Cragms ymanewust u3GbITOYHOTG (DOPMANbAETHIA M3 DPEaKLIMOHHOTO pac-
TBOpa. ¥I30BITOYHBIN Mocie peakiMH ¢GopMaIbaerua yaassieTcsl U3 -peaKLiHOHHOM
MACChl B KOJIOHHE TNeJ JaBJeHUEM 0 5 aT™.
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W3 BepxHeit yacTH KOTOHHBI OTTOHSIETCS HEMpopearMpoBaBIlMii dopMabie-
T'HE, METaHOJI, KOTOPBIA npncyﬁ:mye‘r B MCXOQHOM (OpManbaeruae, a Takxe o6~
pasyercs Ha peaKIMOHHON CTAiHH U B KOJIOHHE OTFOHKH, ¥ BOZa.

W3 kyba KOJIOH¥isI pEeaKLMOHHbIA pachop C colepXaHHeM anbIerHIoB (B
pacyete Ha dopmanbaerua) He Gonee 0,15% Macc., monaeTcss Ha CTaiMM YIIapH-
BaHMSL. '

4. Cramis ynapuBaHHs pea)amoimoro pacTBopa . YIapHBaHHMe PEAKIMOHHO-
ro pacTBopa ocymec'rmc'rcn Ha BaKyyM-BblJapHOH 2-X cTynéuanoﬁ yCTaHOBKE.

[TepBast ctamaa mpolecca ynapuBaHUS nponomrréﬂ B ammapare TpH aTMO-
chepHOM nasiieHHH M TemriepaType He Hioke 80 OC.

Bropasi craus - BaKyyM-Bbimapka. Ilociie ymapHBaHMSI O OMpeHelIcHHON
TUIOTHOCTH peaKI{MOHHEIN pacTBOp NOAAETCS Ha KPHUCTA/UTH3aLIHIO.

5. Crapust KpUCTA/UIA3AIlMH TEMHITYECKOro NeHTasputpyura. KpHucrammazanus
TEMNYECKOTO TEHTa3PUTPHUTA OCYLUECTRASETCS KAK B IEPHORIIECKOM  peEXiMe,
TaK U B HeNpephiBHOM pexame. OXIaXaeHHe KPHCTAUIN3aTOPOB ITPOU3BOAUTCS
3aX0JIOXKEHHOM BOJOH.

6. Cragust GsnbTpaLu IQIVHPOMBIBKH TEXHHYECKOro neHtasputpura. Obpaso-
BaBILAsICSI Ha CTAOMM KPHCTALIM3ALIMH CYCNIEH3Msi NMEHTa9pUTpHUTa IOJaeTcsi Ha
dunpTpativio, rae KpHcTaJslbl NEHTa3pUTPHUTAa OTHIIBTPOBLIBAIOTCA U TPOMBI-
Balorcs. Jomnyckaercsi mpoMbIBKa ocalka JAe€MHMHepaT#30BaHHON BOIGH MIIH Mo-
KapoXO3iCTBEHHON BOJIOH. .

MpenycMoTpeHa 2-s1 cTamus  GUIBTPALIMK TOCTIE PACTYILIIOBKH OTGMIBTPY-
BAaHHOIO HAa TMEPBOH CTAIMM TEXHHYECKOro NMEHTASPUTPHTA B ammapartax. ITpuro-
TOBJIEHHE CYCNICH3UH B IIyJIbIIaTOPE OCYILECTBJISIETCS CMELIEHMEM OcalKa Mocjie
NepBoM cTaauu GUIBTPALMH C TOBAPHBIM MATOYHHKOM.

@uyrpar ¢ o6eux cramEl GWIBTPALlMH, BKIIIOYasi MPOMBIBHbIE BOMBI, MOCTY~
MaeT B €MKOCTH, OTKYJa MoJaeTcsd Ha NepepaboTKy BMecTe ¢ TEXHMYECKHM Ma-~
TOYHMKOM.

7. CTamis pacTBOPEHHST TEXHHYECKOro MeHrTaspuTpuTa. [IpoMBIThIN TEXHHYE-
CKMI1 NIEHTA3pHTPUT MOCTYNAeT Ha CTAAHI0O PACTBOPEHHS, I'le TEXHUYECKHH Np0-
OYKT pacTBOpSiETCA B KOHIEHCATe U TMONYyYEHHBIH PacTBOp HarpeBaeTcsl IO TeM-
nepaTypsl He MeHee 909C,

8. Ciamist KpHCTAUIM3ALIMM TOBApHOro MNEHTAa3pUTpHTa. [loAyueHHBIH Ha
TIpeablayLied cTaAuM pacTBOp NMEHTA3pHIPHTa, KOTOPbI OTOHUILTPOBHIBAETCS OT
MEXaHMYECHIX NpHMeced Ha GUIBTPpe, TIOCTYNAeT Ha CTaMi0 KPHCTA/UIH3aLiMU
TOBapHOIO NEHTa3pUTpHTa. KpHcrasumM3aums MpPOBOAMTCS B KPHUCTAIUIH3ATOpax
TepHOINYECKOTr O ‘THIIA.

9. Cragus uiabTpaLK TOBapHOro IICHTa’pUTPUTAa. KpHCTasnel neHTaspH-
TPHUTa OTHENAIOTCS OT MAaTOMHOIO DAacTBOfA, OT(IILTPOBAHHLEA MEHTA3PUTPUT
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noaBepraercsi NPOMBIBKE, OTXHMY H ToJaeTcs Ha cyuky. MaToyHbIi pacTBop M
NPOMEIBHbBIE BOABI COGHPAIOTCS B EMKOCTH H HCTIOMBb3YIOTCs B NMpoliecce NMpH pac-
TYJILIIOBKE TEXHHYECKOI'o NMEHTASPHTPHTA MM TNONAl0YTCs Ha yIlapMBaHMeE peakiln-
OHHOTO pacTBopa.

10. Cragng cymxu TOBapHOrC TEHTaSpHTPHTA. 1OBapHBI TEHTa3pPHTPHT
NoABepraercs CYLUKe, 1OC/IE Yero yepe3 MuIaredb .monaercsi Ha ¢acosky B Gy-
MaXHEIE MELIKH. '

11. Ctamis nepepaGoTKi TEXHHYECKOro MATOYHMKA.

Ina aHayM3a TEXHOJIOTHYECKOH CXeMBbl NIPOM3BOACTBA TEHTa3pHTpHTa dop-
MHaTHRIM METOIOM M €€ ONTHMH3alMK ORJIa YCIELHO MCNOoNb30BaHa NMporpaM-
ma SPT XTC, paspabGorannas A.C.IlImenesbiM c cotpymunkamn HHUM Xumrex-
Hosorus (r. CeseponoHenik, YKpanHa). CHcTeMa pacCUMTBIBA€T MAaTepHalbHbIE
6anaHChl IMHKO-TexHoJiornyeckux cucreM {XTC).

HAns BHINONHEHUs1 pacyeToB MaTepHanbHoro Gamanca XTC B namsioii mpo-
rpaMMe (QyHWEIMIOHAJIbHO BCE anmapaThl PacCYMTHIBAEMOH TEXHOJIOrHYecKoM
CXeMBI MpPeICTAaROTCA B BHAe KOMOHHAIMs TpeX MPOCTeiiNX anmapaTos: cMe-
CHTENIEH, IeuTelIeil 1 peakKTOpoB.

MareMaTHyecKoe ONMMCaHHE CMECHTEIIS:

GiCii + G2Cy = (G + GG
rae: Gy, G, -- KoMYecTBo cMelliMBaeMBbIX Motokos; Cyj, Cyj, C;- KOHLEHTpaLnn
i-ro KOMITOHEHTa B HCXOXHBIX NTOTOKAaX .M Ha BHIXOE€ H3 CMECHTENIS.

Henntenn paccMaTpHMBaloTcs ABYX THIOB: NMPOCTHIE H TepMOAHHaMHueCHsie
(win nuseiinbie). s MpocTRIX NeNMTENEN:

Gpgx=G; +G;
rae: Gpx, Gy, G, - MOTOKHM Ha BXole U Ha BBIXOJIE, TTPH ITOM
G; = pGpx u G, = (1-B)Gpx
Ci@x) = Ci = Cy,
rae: B - ko3¢ GHUMEHT IeIEHNsA BXOIHOrO B IEJIHTEIb MOTOKA,
IIng TepMOAMHAMHYECKMX IEJHMTeNeit:
Gi@x) =kiG@x) t (1 - k)Gx),
Cix) # Cu = Cjp.
TO €CTh MPOMCXOINT A€JIEHHE IO KaXI0MY KOMIIOHEHTY OTAENLHO.

MaTemaTHyecKoe ONMHMCAHHME peaKTopa OCHOBBIBAETCA Ha 3aJaHHM CTENEHH
NpeBpallleHHs KTOYEBOro KOMIIOHEHTa H HMCNONb30BaHMM K03 dHLIHEHTOB cTe-
XHUOMETPHYECKHX YPaBHEHHH 6pyTTo-npeBpalleHyii 1751 CII0XKHOI peakLyH.
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[Ipn aHanMze ¥ ONTHMH3ALIMH B BApHAHTAX TEXHOJIOTMYECKOM CXEMBI colep-
xamock oT 20 xo 25 anmapaToB, B peaXIIHOHHOM CMeCH yYHThIBaIoch 10 KoMIo-
HEHTOB.

Cramst nepepaboTKH TEXHMYECKOro MATOYHHMKA B YK33aHHOM aHaJlHM3e He
paccMaTpHBANaCh.

[IpoBeneHHe aHAMH3a U ONTHUMM3AIHH PACYETHBIM ITYTEM HMCXOMHOI MpPOEKT-
HOI TEXHOJIOTMYECKOi CXeMbl AEHCTBYIOLUEr0 MNpPOM3BOACTBA IMEHTAPHTPHUTA
$hopMHATHBIM METOIAOM COMPOBOXAANOCH NpoBeAeHHEM KaK JIAGopaTOpHBIX, TaK K
OITLITHO-NPOMBINYIEHHBIX 3KCIIEPHUMEHTOB C MOCJIEAYIOLUIHM BHECEHHEM Keppek-
THB B AEHCTBYIOIIYIO TEXHOJIOTHYECKYIO CXEMY MPOH3BOJCTBA.

BomionHeHHas paGoTa MO3BOJIWIA OMpeNeNMTb MYTH OIFTMMH3ALMM OTiellb-
HBIX CTaIvii B TEXHOJIOTHYECKOM CXeMe, a Takke MOBBICUTh KAaYeCTBO BBIMTyCKae-
MOro TOBAapHOTO NEHTAPUTPHTA, OPraHM30BaTH BBIMIYCK ToBapHoro dopmiata
HaTpHs, 3HAYKUTEJIbHO COKPATHTH KOJIMYECTBO CTOYHBIX BOIA M TBEPIbIX OTXOHOB H
CHHM3UTb NOTpebJIeHHE TEMJIOBOI 3HEPTHH. )

B pesynbTaTe npoBeleHHBIX HCCIIEeNOBAHHIA:

- pa3paGoTaHbl PEeKOMEHIALMH MO MOATOTOBKE M MoJaye B TEXHOJIOTHYECKHIH
MPOLIECC CHIPhEBBIX KOMITOHEHTOB;

- Ha OCHOBe pa3paboTaHHOM KHHETHYECKOH MoJe/M peakilMH oOpa3oBaHMsI
MEHTA3PUTPHTA C YYETOM IMpPOBEACHHBIX METONOM PAAHOAKTHBHBIX HHIMKATOPOB
TMIPOAMHAMHYECKHX MCCJICAOBAHMI NEHCTBYIOLIMX PEAKTOPOB MpelloXKeHa HoBast
KOHCTPYKUHSI peakTopa KOHIEHCALHH aJIbAErMAOB, BHEApPEHHE KOTOpOW NpH Of-
HOBpPEMEHHOM H3MEHEHHH psiia TEXHOJIOTMYECKHX MapaMeTpPoB Ha 3Tol CTaluu
MO3BOJTIIO MOBBICHTD CEJIEKTHBHOCTh 00pa30oBaHMS MEHTA3pHUTPHTA Ko 96% BMec-
70 80% MO NMpOEKTY ¥ MOBBICHTH MPOMU3BOAUTENHLHOCTD 3TOH cTaguH Ha 20-25%;

- pa3paboTaHbl M BHEAPEHbl PEKOMEHAAUMH MO CTaGWIM3aLUMH paGoThl y3a
OITOHKHM (opMaibiernia M3 KOHIEHCALIMOHHOTO pacTBOpa, HOCTHIHYTO CHIDKe-
HHME OCTAaTOYHBIX aJbAErMaoB B KyGe koyioHHbI mo 0,06-0,08% Bec., MOBBILIEHO
HaBJIeAMe Bepxa KOJIOHHBI, YTO MO3BOJIWIO PEeLIUTh MPaKTHYECKH MpobGiieMy pe-
uMKna ¢popMaJibAErHaa B MPOLIECC, CHIXEH PacXoAd IPelollero napa B KHISATWIb-
HMIKE KOJIOHHBI,
~ omnpeznesieHbl pexXuMbl paGoThl CTAAMH YNApHUBAHHA KOHIEHCALHOHHOTO pacTBO-
pa, 4To obGecreynno cTaGMIIBHBIN pexdmM paboThl craguii GWUIBTpPaUMKM M Mpo-
MBIBKH NMEHTASPUTPHTA, POCT KAaYeCTBEHHBIX INOKa3aTellell TOBAPHOTO NMEHTa3pH-
TPUTa];

-npoBeeHHasd paboTa MO3BONMJIA COKPATHTH KOJIMYECTBO COKOBOTO KOHHEH-
caTa, BBIXOJSLUEr0 Ha YTHJIM3ALMI0 M3 NMPOM3BOACTBA, ¢ 2587 Kr/T MEHTA3pHUTPH-
Ta Ao 2350 XT/T, CHU3UTh COAEpXAHHE OPraHNUYECKMX KOMITOHEHTOB, T1aBHbIM
0o6pa3oM, MEHTAIPUTPHUTA, B TEXHHYECKOM MATOYHHKe B 1,4 pasa. yMEHBIIMTH
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KOJIMYECTBO, BOABI, YXOondlliee Ha IepepaboTKYy ¢ TEXHUYECKMM MATOYHHMKOM, C
2587 xr/T neHTa’puTpuTa o 2218 xr/T.

Pa3paGoraHa M nepenaHa A BHeApeHHs B OeiiCTBYIOLLee IMPOU3BOJCTBO CXe-
Ma TepepaboTKH TEXHHWYECKOTOo MATOYHHMKA C HCIOIb30BAHHEM OYHUCTHTENBHBIX
CEnapaTopoB M MOCJIEAYIOIIMM BEIIEJIEHHEM M3 OCBETIEHHOIO MAaTOYHMKA TOBap-
Horo ¢opMHaTa HaTpHS.

B xayecTBe omHOro M3 BapHAHTOB NEepepaboOTKH TBepHOi (asbl, BbIAETIEHHOM
Npy  OCBETIEHUH TEXHWYECKOTO MATOYHHMKA Ha OYHCTHTEIbHBIX CcelapaTopax,
TNIPHHAT 3KCTPaKTUBHBIA METOM C HUCMOAB30BAHMEM B Ka4YeCTBE IKCTpaTeHTa M30-
@yruioBoro ciMpra. BhimeneHHble TakMM MeToooM GopManM INeHTA3pUTPUTA
rocyie OTTOHKM M300YTHJIOBOTO CIHMPTa MOABEPraloTCsA KHCJIOTHOMY paclieriie-
HHIO C TIOJIy4YeHHEM NEHTa3pUTPUTAa M pacTBopa dopMammieruaa.

TaxuM oGpa3oM, MpoBedeHHE AAHHONH paGOThI MO3BOIMIO HPEACTABUTH TEX-
HOJIOTMYECKYIO CXEMY TIPOM3BOACTBA MEHTA3pHTPHTa GOPMHUATHBIM METOIOM JIO-
TUYecKH 3aBepilleHHOMW 10 BCEM CTaAMAM, yIOBJIETBOPSIOIYI0 COBPEMEHHBIM TeX-
}HHKO-3KOHOMHMYECKHUM M 3KOJIOTUYECKUM TPeOOBaHHSIM.
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TEXHOJIOTHH YTHIN3ALIHUH ITPOMBIINIEHHBIX CEPHUCTHIX
TA30B HA OCHOBE CHHOCOBA COX

3.I1.fTait, A.EpmakoBa

Tocydapcmeaennwii naysuwii yenmp “Hucmumym xamanusa um. I K. Bopeckoea
C@® PAH", Hoeocutiupck, Poccus

B HacTrosiuiee BpeMsi AecyJibypH3aLMsi OTXOASIUMX IMPOMBILLUIEHHBIX Fa30B
3aHMMaeT OJHO M3 KAIOYEBHIX MeCT B 06GJIaCTH OXpaHBl OKpyXawllei cpegbl. B
GOJIBIUMHCTBE CTPAaH C BBHICOKMM YPOBHEM Ppa3BHUTHS ITPOMBILIJICHHOCTH,
necynbypU3aLUs OTXOMALUMX TMPOMBILLJIEHHBIX Ta30B CTaNa CaMOCTONTEbHOMN
OTPACJIbIO XO3SACTBA.

B mnepBoHayasNbHOI IOCTAaHOBKE pelleHUs mpobJieMbl Aecyibdypi3aiiui
rasoB, MCXOOMJIM TIpeXIe BCEro M3 3alayM .CHUXEHHs BbiOpocoB SO, B
MPOMBILUIEHHBIX paitfoHaX. Takoit OMHOCTOPOHHMII MOOXod K IMpobjieMe IpHBEN
K TOMY, YTO IId HOCTIMKEHHM TIIOCTaBiEHHON LeJM B CTpaHax LieHTpaJibHOM!
Esponel, CIHA, a Takke B fAnoHuH, HaWOONBIUYI0O TIOJAEPKKY H
pacrnpocTpaHeHHe TNOJy4YWIM TeXHOJIOTHH JecysbhypU3allMd B OCHOBE KOTODBIX
HMCIOJIb30BAJIUCh XKIKO(a3Hble METOABI TPOCTON a6COPOLIMOHHON OYMUCTKHU Ta30B
(HepereHepauMoHHoro THma). Takue TeHAEHUMHM GHUIM XapaKTepHBI BIUIOTH AQ
KoHUa 70-X romoB, KOTOphlE, B CBOI0 O4Yepedb, NMPHUBEIHM K BO3HHMKHOBECHRIO
HOBBIX Ipo6:eM, CBA3aHHBEIX C OXpaHOH oxpyxalouxe}"{' cpensl. IlpuMeHeHue
METOHOB LIEJIOYHOM, MBOIHOM LIEJIOYHOM WAM HM3BECTKOBOM (HM3BECTHSKOBOH)
OYHMCTKH BJIeyeT 3a coboif obpa3oBaHUe OOJBIUMX KOJHUYECTB TBEPIBIX M XHUIKHX
OTXOIOB.

IIpu u3BjieYeHHH cepbl U3 Ta30B MOXHO IOJIyYaThb pa3jIMYHBIE IPOAYKTHI, B
3aBUCHUMOCTM OT THIA TIPUMEHSEMOIl  TexXHOJOrMd. Hampuamep, 1m
3JIEKTPOCTAHIMH ¢ 6i10KkoM MoliHocTeio 500 MBr., pabotamouieit na vrae npu
colepxaHUM cepbl - 3,5% co cTemeHbI0 H3BJleYeHHs cepbl u3 rasza 95%,
obpasyercs (yac) [1]:

- 90 1. cynbdUT-cyIbhaTHON MyJIbIBI UK

- 45 T. runca, WM

- 31 1. cyapdaTa aMMOHHSA, WK
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- 23 T. CcpHOM KHCJIOTRI, WJIH

- 15 T. IMoxcKnaa cepel, WK

- 7.5 1. cepnl

B cBere HoBoro noaxona K nponeme gecysibQypH3alMH ra3oB, BO3MOXHOCTh
HCNOJIb30BaHUSI 3THX MNMPOJNYKTOB OMNpedesisieT, KaKasg W3 TEMHOJOTHH OYMCTKH
MoxeT OBITb IpHMEHEHa B KOHKPETHOM CHTYalMH. B uesoM, HecMoTps Ha
6onplioe KoJIMYECTBO pabor, IPOBOOMMBIX BO BCEM MHpe Mo pa3paboTke
TEXHOJIOTHIX OYMCTKM ra3oB oT SQ;, HaubGoJiblllee pacnpocTpaHEeHHe MOJYYHIIH
XHaKogasHbie METOIbl, 3TO NMpeXAe BCero HepereHepalMoHHbIA HM3BECTHSIKOBBIN
MeTon (6osiee 70% mEACTBYIOLUMX YCTAHOBOK necynmp){pmauuu paboTawT mno
9TOMY METONy) M percHepalHoOHHbIE: CYIbOUT-OHUCYIbGUT HATPHEBBI MeETO.
"Wellman Lord” (37 ycTaHoBOK) M ammMauHbiii npouecc "IFP" (Gonmee 40
yeranosok) [2). :

PaccMmarpuBasl pereHepallMOHHBIE MpoLecChl, KaK HauboJiee nepcrneKTHBHbIE
C TOYKHM 3pEHHs HX Oe30TXONHOCTHM, clieNyeT OTMETHTb, YTO TEXHOJIOTHYECKHE
cxeMbl yKazadHbIX npoueccoB "Wellman Lord” u ammuauHblii mpouecc "IFP”
MOryT OBITh OpraHH30BaHBl 10 HECKOJILKMM BapHaHTaM C TOJIydeHHEeM
PasIMMHBIX TMPOAYKTOB (KOHU. SOj, cepHON KHCIOTH, cepbl WM cyjbdara
aMMOHHs) B 3aBHCHMOMTH OT OTPAci¥ MPOMBILUICHHOCTH, B KOTOpPO# 3TH
TEeXHOJOrMM npuMeHsoTcs. K  abcopOLMOHHO-BOCCTaHOBHUTENBLHBEIM METOaM
OTHOCATCA T€ BapHaHTHl JaHHBIX TEXHOJIOTMii, TIde KOHEYHBIM IPOAYKTOM
SIBJISICTCS cepa.

B Hucrutyte xaranmsa um.IK.Bopeckopa CO PAH B TeueHMH psina JieT
MPOBOAMJIMCEL MCCJIENOBAaHMS NO3BoJiMBLUKE co3aaTth Meton COX (cepoounctka
XunkocasHast), KOTOphI B IOCJEICTBHH CTad OCHOBOHM IUII CO3HaHMs IPYIIIBI
TEXHOJIOTHMii, TpeqHa3HaYeHHBIX ISl OYHMCTKM IPOMBILUIEHHBEIX  ra3oB,
coilepXalMx He TOJIbKO JHOKCHI CEephl, HO M CEpOBOJOPOJ, LMaHHA BOAOPOIa,
okcul Mblwbsika (11I), a Takxe okcuabl asoTa.

TlepBoHayaJibHO Mpolecc pa3pabaTbiBajicsl OJIs1 JOOYHCTKH "XBOCTOBBIX" I'a30B
ycraifoBoK Kilayca M OTXOOSIUIMX Tra30B METAJUIyPrMYeCKMX IIPOM3BOJICTB,
cocpxawux auokcun cepol (Puc.l, n.n.1,2). IlpyHUMNHaabHOEe OTJMYME METola
COX or cyuwecrBylowux abcopOLHOHHO-BOCCTAHOBHTEJILHBIX  METOLOB

3aK.TI04Ya€TCA B TOM, YTO pE€akKLHs Knayca B XHAKOHN (1)336 OCYLUECTBIISCTCSA B
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MPUCYTCTBMM roMoreHHoro Karaiausatopa UK-27-1 wnu UK-27-2, wur UK-27-3.
Xemocopbuuio SO; M3 rasa OCyLIECTBASIOT pacTBopoM ¢ocdaToB amMoHHS B
KOMOHMHAUMH ¢ THOCYJIbdaToM NMpH TeMIepaTtype 20-50°C u pH pactBopa 3,5-4,5
B anmapare, NMpeJNOYTUTENIbHO THIIa ckpybbepa BeHTypu. PereHepaiuio pactsopa
cepoBooponoM Beayr npH Temmnepatype 40-70°C B GapboraxHoM amnmapaTe
(npemaywectBeHHo  ras-iudTHoro THma). IIpy  3TOM  oGecneunBaloT
cooTHouteHHe H,S : SO; B nofaBaeMsIx rasax B HTeppaje I,5-4.
Tlo3nHee, NMPHMEHHUTENBHO K METAJyprHYeCKUM [a3aM ObUIM 11pENIOKEHBI
TPU BapHaHTa TexHoJoruit [3):
1. COX-2 - yrtuam3auus cepbl M3 "cnabeix” SOjz-comepxkautux TrasoB
(£3,5%06.).

2. COX-3 KOMILIEKCHass nepepaborka "kpenkux" M "cnabsix” SOp-
COZIepKalllHX ra30B C MOJYYEHHEM CEPBI.

3. COX-As - KOMILUIEKCHasi OYMCTHA rasoB, comepxawux SO; u As»O;3 c
MoJiy4eHHeM cepbl U cyab¢uaa Meliubska ().

Hns nepepabotku Kucibix rasos (HyS + CO;) HedTe- M KOKCOXHMUYCCKUX
MpeANnpHUATHI Ohisa NMpeafioXeHa TeXHONOrHs, BKIAloYalollas B cebs ciaenyolye
CTaINM: TePMHYECKYI0, XHIKodasHylo, KaTaJIUTHYECKYl0 M OTHEeJeHHe cephl OT
pactBopa (Puc.l, n.3). OcobeHHocTbio crocoba (COXK-KOKC), nepepaborku
KHMCJIBIX Ta30B, CONEPXAWIMX UHaHHA BONOpPOAR, HBJSETCS TO, HTO Mph
crieyua’bHO BHIOpaHHBIX peXuMax npoBelneHust peakuun Kiayca B xunxoit ¢ase
abcopOHpoBaHHBIN LMAHHA BOJOpOJA NepepabaThiBaETCS B PONAHYLT \MMOHHS
{4]). O6nacTb NpUMeHEeHUsT AAHHOTO CIocoda orpaHUYeHa npoﬁh‘soﬂme 7 bHOCTBIO
YCTaHOBKHM Mo cepe. [IpM MOIIHOCTH YCTAHOBKM He MNpeBbluiatoliieii 5 ThiC.T.
cepsl B roJ JaHHasl TEXHOJIOTHS CTaHOBUTCSI SKOHOMMYeCKH 6osee BITCIHOl MO
CPaBHEHHIO C TpPamUIIMOHHOI TexHosorueit rasodasHoro Kiayc-npouecca,
KOTOpbIA He3aMeHMM npH nepepaborke OonbuiMx mnoTokeB H-S-raza ¢
MPOH3BOIHTEABHOCTBIO YCTAaHOBOK AocTHrawontux 100 Teic. T. cepbt  roii. Kak 3To
HMeeT MECTO B Ira30BOii MPOMAILIIEHHOCTH.

OnHoit M3 nocneiHHX Moaudukauuit npouecca ssiasercs COR-T3I,
npeJHa3HaYeHHas 1 COBMECTHOM OYMCTKH ABIMOBBIX ra3oB oT SO, i1 MOy [5].
B OTAMYMM OT M3BECTHBIX METOHOB abCOPGLIMOHHO-BOCCTAHOBHTCALHOID THIA
Meron COX-TOL:
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o He TpeOyeT BBEAEHHS CIEIMAILHOTO BOCCTAHOBMTENS /11 OKCHEOB a30Ta, TaK
KaK B KAYecTBe BOCCTRHOBMTEIIS MCTIQB3YROTCA NPOAYKTH aGeopbign SOy;
e TI03BOJIAET YTWIH3MPOBATH M3BIEKaeMble IIPHMECH B BHIE LEHHBIX
TOBapHbIX MPOXYKTOB: 3IEMEHTHOI cephl ¥ YA06peHHs aMModoCHs.
JU1 BeeX pACCMOTDEHHBIX BAapHANTOB TexHosiontt COX MonyyeHMe TOBADHEK

NPOJYKTOB I03BOJIAET OKYNAaTh TEKyUe SKCIMYaTAMOHHBiE pacxXombl, a s
YCTaHOBKH MNepepabotky xuammk rasop (H,S + CO,) mpouspoduMas cepa MO3BOAT
OXYIIHTL KANMUTATEHKIE 33TPATH Ha CYPOHTR/ILCTEO YCTAHOBKH 32 2-3 rofa.
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OP.C28
ITPSIMOE OKHCJEHHUE CEPOBOJIOPO/IA C OGPA3OBAHUEM
3JEMEHTAPHOI1 CEPbI IO JABJEHUEM

Kypuanos I'.T., Moruasheix 10.H., Xanaes B.M., Jle6enes M.IO.
Hucnumym xamanusa ww. I'.K Bopeckosa CO PAH, Hosocubupck

1.Beeniene. Ha NpOTAXEHHH NOC/TENHEro N@CATHICTH B FIHCTHTYTe KaTalusa HM.
T.K. BopeckoBa Beayrcs paboTel MO CO3MAaHHIO  HOBBIX TEXHOJIOTHYECKHX
DPOUECCOB OYHCTKH ra3oB OT CEPOBOAOPOAA M MOJYYEHHA Cepbl, OCHOBAHHEIX
¥a OCYLIECTBICHHH TeTePOreHHOH KaTaJHTHYECKOH peakUHH OKHCIEHHA

CSDOROAOPOAA KHCIIOPOAOM:

(1) HS+20, —);I;S,,+H10

IIpHeMnemas CeNeKTHBHOCTb peaKLUHH OOecrneyHBaeTcs ITpH TeMNepaTypax HHXe
360 ¢C. Heo6XOOHMMOCTb peaJi3allMH  3TOFO Npouecca  NpH MOBBIUIEHHBIX
maBneHnax (1o 100 aTM.)CBs3aHa C NEPCMNEKTHBOH CO3daHHA Bﬁlcoxoacpcpexmnuux
KDYNMHOTOHHAXHBIX TEXHOJIOTHH OYHCTKH TNPHPOAHBIX H INOMNYTHBIX ra3’oB  OT

¢epoBoAOpOia 6e3 CHHXEHHA HMX eCTECTBEHHOTIO NaBJIEHHS.

B paccMaTpyHBaeMbIX YCJIIOBHSX OCHOBHbI€ TDYOHOCTH pe€aiii3allHH Npouecca CBA3aHbl
< npobieMaMH OTIOXEHHS KOHAEHCHPOBAHHOM cepbl Ha KaTaJH3aTOpe H OTBONOM
Tenia M3 peakuHoHHoro obwema. JloctaToyHo 3ddekTHBHO 3TH mpoGiembl MOTYT

OBbITb PELLCH&! HA OCHOBE OCyIlieCTBﬂeHHﬂ npoitecca B NNCeBAOOXHXEHHOM ClIOe.

2. MaTesMaTHUECKOE  MOJepOBaHHe  peaKiopa ¢ ACEBAOOMHKEHHLIM CAOEM
KaTam3aTopa. B obueM ciayyae, kpome peakitiiy (1), MpH HaJM4YHH cepoBOmOpoda H
Ki1CJIOpOJIa BO3MOXHBI H ApyiHe peakuuH /1,2/, koTopble HEOGXOOHMO paccMaTpHBAaThb

npH pacyere KOHBEPCHH M CE&JIEKTHBHOCTH MNpeBpallleHHA CepOBOAOPOMAAa B CEpY.

J3-3a nepememniBaHHs B OJHOM H TOM Xe€ TMOMEPEYHOM CEYEHHH CHOA MOTYT
HaXOOHUTbCA YAacTHUbI KaTakiH3aTOpa ¢ Pa3NHyHbBIM collepXaHHeM cepbl G(0<yp <@m).
Ecnn pacnpelieiieHHe yacTHU [0 COAEPXaHHIO Cepbl B CEYEHHH X peakTopa 3alaTh C

nomole0 GYHKINH pacnpereneHms
iy P

@) Axg) = f%———} Aoy =
v 3
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rae n- YHCJIO YacTHL B eOHHHLE 66'Beua CIOS Ha BHICOTE X, WMEIOWHMX COREpPXaHHe
cepsl OT cp-llZdtpﬁno [0} +l/2&q> » Is=Nx(X)- YHCJIO YaCTHL B eAHHHUe oOnema cJIos Ha
BBICOTE X, TO CPE[HIOIO 110 CEYEHHIO X CKOPOCTb 06pa30BaHHs i-TO KOMNOHEHTa MOXHO
TNPEeLCTaBHTh COOTHOLIEHHEM T

©Y7 (x) = :‘: 2,: VW ,(E,, q:)}a((p, x)dq)‘

rIe i- HoMep BelecTBa, ¥ - CTEXHOMETPHYECKHH KO3D(]HLUHEHT, Cc - KOHUEHTPaLHH
BELECTB B MIOTHOH pase (Monb/M3), wj - CKOPOCTb peakUHH j, Monb/(c M3 (NOTH. cnost
KaT.).

Huxe B nmoctaToyHo oOwed MOCTaHOBKE pacCMaTpPHBAaeTCs M30TEPMHYEcCKas
mByxdasHas MOZenb MPOTOYHOrO MO  YAacTHUAM KaTalHTHYECKOTO PeakTopa
TICEBIOOXKHKEHHOTO CJIOS B IPEANOJIOKEHHH, YTO CBOHCTBA C/NOS M3MEHSIOTCS JIHLIb
B MPOJONbLHOM HAMPABJIEHHH, a MEXaHH3M TiepeMeLIHBaHHs YacTHL - TH(Y3HOHHDIH
/3,4/. Monenb BKOYaeT CIeMyIOLHE ypaBHEHHS:

s ypaBHeHue GanaHca YacTHU

I,y P, A0 _,
(4) + D, —= i +U, c’éc é’{p
rae Det - apdexrupnblii koadpduuueHT nuddysuu yactuu (M¥c) /4/, U, - pacxoanas
CKOPOCTb 4aCTHI B PeakTope (1O MIOTHOMY ci1010) (M/c);

® COOTHOLUCHHE NIt CKOPOCTH H3MEHEeHHs conep)xaﬂml Cepbl B yaCTHLE

4” /V ) M:W”’l(et9¢)
= - »
p(1-¢,) ‘
roe Vs, Vp - o6eM cepbl B yacTHlle H 0OLeM qac‘rnubj, M:, ps - MomApHas Macca

(xr/MONb) H MAOTHOCTb (Kr/M3) cephl, & - MOPO3HOCTh IUIOTHOIH € (a3bl, ys - mons

cepbl, OCTaBLIeiCs Ha YacTHIle, OT obpa3oBaBlUeiics Ha YacTHIle.

e  MartepuanbHblii  6anaHC i-ro- kOMMOHeHTa  .muis- Ga3bl  ny3biped - H

3MYNbCHOHHOH da3bl (Ta3 ABHXETCA B PeXHME HIeaIbHOTO BLITECHEHHS):

0 Aa) AB0) g (e, e )1 ) =0
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(7)5(5 %) , AU ")+p (cu —cs) - =0
=c"” (muA cepel),

T Jie HHIEKCEI €,b,s- moTHas da3sa, ¢asa mysuipeii, cepa, fo- mona Ceyenus, 3aHATas

¢a3soit ny3uipeit, By - ko3P duuneHT MaccooGmena (1/c).

e. M3menenne o6sema raaaspwyns'ra'ré peakuuu: ’
g f"m é(f;’Ub)=(l—f;)V,,[Z"-{(x)+(c”—c,b')ﬂgj|

rae V,‘ MOJ’IIlprlH o6bem (M3/MoIB).

L4 l'paﬂw-mble H HaYaJIbHbIE YCITOBHA:

Lp=0
(9)f=<?'-/’(r,x,¢)={oz>0, 6 =0, ¢,=0

Pp
X=0:—-—=0, =C,;X= ;
& Cop =Cos X = 1— _f(, 3P=Po

rae L- BeIcOTa HeMo ABHXXHOTO €105 (M), HHAEKC O- BXOA B PEakTOP.

K coxanenuro, u3 - 3a OTCyTCTBHS KHHETHYECKHX OAHHBIX B HAaCTOsllee BpeMs BONPOC O
CEJIEKTMBHOCTH He MOXET ObITh HCCIENOBaH Ha OCHOBE MPEIIOXeHHOH MomenH. B
KayeCTBE YMPOLIEHHOTO MNpHMEpa MNPHMEHEHHS MOIENH, MO3BOJSIOLUErO MONYYHTH
AaHAJIMTHYECKHE  pELIeHHs, PacCMOTPHM BONPOC O KOHBEPCHH CEPOBOAOPOJA,
nmpeanonaras, 4YTo TNepeMelldBaHHe ra3a M YacTHL B IUIOTHOH ¢ase - HIealbHOE,
IIPOTOYHBI TO YacTHLAM peakTop pPaGOTAaeT B CTALHOHADHOM PEXHME, BECh ra3
TIPOXOMHUT uepe3 CIIoH B BUIE My3bipell (3TO NpEANONOXEHHE MIOXO paGOTaeT JHILbL
B ClIyuae TNCEBIOOXHXEHHA T'DyGONMCIEPCHOrO MaTepuana), H3MeHeHHe oGnema
rasa B pe3yibTaTeé pPEaklUHH Majio, B peakTope NpOTEeKAaeT eAMHCTBEHHas peakLHs
(1) nepeoro mopsmka MO  KOHLUEHTpauUMH cepoBomoponma. B cmywae ommoif
peakuMH 3HaK CYMMHPOBaHHs MOXHO onmycTHTk. [IpHHMMas Jnanee 3aBHCHMOCTb
ckopocTH peakuun (1) or cbnep)xanm Cepbl aHAJIOTHYHO YCTaHOBIIEHHOH B /5/,

MOXHO 3anucaTb

(10) 7(x)= -2?[1«:,[1 - pij Ae)dp
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C y4eTOM NpHHATLIK OrpaHH4eHHIl YPABHEHHA TpEANaraeMoii MOJIENH NEpenHLIeM B

BUOE
) _(p.-0) -
(11)5‘%)=(T, {p(w)dwl
(12) Uri%ll+ﬂ‘(c, - X1-£4)=0,0<x<L/(1-f,),x=0¢ =c,,
e
(D B,(-c)ix=FL

(149 Ué%:—") +B4cs —c"}=0, x=0c, =c,

roe U- npuBemeHHas X MOJIHOMY CEYEHHIO PeakTopa CKOpPOCTb  rasa,

 KOHLEHTPALHH cepOBOIOPOa H ceprr, B8=L/U;.

Peluenue cucreMel JaeT (ecam = il _.L_,c"‘ {

WL
1 o -{46-po)/{ 40)
15p=—1-2
15p AQ[ %)
. A6 M yW(c,)
16 = N A: 3 =
( )P ¢MA9+¢’;: - p;(l_go)

(7 ¢ (x) ={ey -c,) exp(—ﬂgx 1 ) +c,
(13) ¢, (x) = (c,o -c”)exp(—ﬂgx/ U) +c”

o (1~ exp(—B L1 1))
(1-exp(-B,L/ U) + k(1- 5/ ¢,)1 U)

@) ()= 2D ‘Cc”("'»)

{19 cg(x) =

c,

Cs -

. COBEpIUEHHO - aHANIOTHYHbIE Pe3yNbTaThl MONYYEHbl, NPH ONpENENCHHH $ C

HCONME3OBanHeM (YHKUMH DacnpellefleHHs 4acTHU 1O BPEMEHH NMpeGhiBaHHs B

PpeaxTope.

Ha puc. npe/cTaBlleHbl PACCYHTAHHBIE MO MOJIyYEHHBIM COOTHOIUEHHSM 3aBHCHMOCTH

'KOHBEDCHH CEPOBONOPOJa  HAa BBIXOAE M3 PeakTopa B 3aBHCHMOCTH OT CKOPOCTH

UHMPKYIALUMH KaTalu3aTopa 4Yepe3 peakrop [Uis Pa3jIH4HbIX 3HAYEHHiH mapamMeTpoB
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mozenn. KauectenHo ﬁpemraweunue KpHBLIE COOTBETCTBYIOT Hab/momaeMbiM B
' 3kcnepuMeHTax. IIpH Hamuyuu uHct:opmau}m 'O peasbHOH KHHETHKE peaKliHii,
KOTOPYIO MpeHfoNaraeTcs MOXy4YHuTb B Omixaiiimem OymymeM, HmaHHas MoOZIeNs
obecrieunt Gonee TOUHBIE pacyeThl KOHBEPCHH ‘H CEJIEKTHBHOCTH B 3aBHCHMOCTH OT

YcaOBHA OCYLIECTBJICHH A MpoLecca.

1.00 —

Puc. 3aBHCHMOCTbL KOHBeEp-
CHH CepoBOZOpOJa OT
CKOPOCTH [HMPKYJISALHH
YacCTHI

'0.50 —
: 1 - k=10 lc, Be=5 lc, u=0.5

m/c, ©=0.5, L=2 m; 2 -
k=0.10 1/c, Bg=5 l/c, u=0.5
‘ m/c, ¢o=0.5, L=1 m; 3 - k=10
0.00 T T L ) le, Bg=5 llc, u=0.5 mlc,
0.00 ; 0.04 0.08 ©=0.5, L=1 m; 4 - k=1 Ifc, .
Up Be=5 e, u=0.5 m/c, ¢o=0.5

L=Im

Jlumepamypa 7

4.ANXa30B T.T " AMHpI‘yJiﬂH H.C./fKuneTnka u xaTanu3. 1.23, Buin.5, 1982, c.1130-
11345 -2.Alkhazov T.C,, Virzoev ILMJ//Soviet- French seminar on catalysis. B
. Novosibirsk.’ 1990.; 3Kysumnos TI.T., MorsibHbIX I0.H. IpenpHHT. -
Hosocubupck.; Hﬂéruryr xartanuza CO AH CCCP. 1990 55 c. ; 4.Kysuwnuos I'.T.,
Morﬂnbﬁblx }O H. // U3s. CO AH CCCP. Cep. TexH. Hayk. Boinm. 2 1990. C.17- 24.
5.3aropyiiko A H., Moxpuuckwii B.B., Mapu.mena B.H., Matpoc I0.1HL. // Kunetnka u
KaTanus. 1993. T.34, Ne6. C.1049.
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KOMBHHHPOBAHHAS TEXHOJOI' M5l TPOY3BO/ICTBA
®OPMAJIB/IETHJIA U MYPABEHHOM KHCJAOTHI HA BA3E AO
"META®PAKC"

Hayr B.A., Makapenxo M.T.*, Heanos.C.10.**, Aunpywkesnu T.B.**,

Tonosa I'.5T**, 3exkosen T.A**,

"AO METADPAKC", 2. I'y6axa
*4 0 "Kamanusamop”, 2. Hoeocubupck
**ncmumym Kamanusa un. I'K. Bopeckoea, 2. Hogocubupck

Pa3paGoTKa HOBBIX BLICOKO3(D(EKTHBHBIX KATAIMTHYECKHX NPOLECCOB 3a4acTyso
NO3BOJIAET PAaCLIMPHTL TEXHOJNIOTHYECKHE H TEXHHKO - H5KOHOMHYECKHE BO3MOXHOCTH
CYL{ECTBYIOLUMX XHMHYECKHX POU3BOACTB. TEXHONOIMs NPAMOTO CHHTE3Aa MYpPaBbUHOI
KHCJIOTHI 13 ¢opmanbieruna BbICOKOPEHTabenbHas, 3KOJOTHYECKH 4YMCTas W He
ob6peMeHeHHas GOJIbIIMMH KaNHUTadbHBIMH 3aTPAaTaMH, NPEICTABISET CAMOCTOSTEIbHbIH
MHTEpeC IR peamM3allid B NPOMBILUIEHHOCTH. B coBokymHocTH ¢ mnpoueccoM
nonyyeHus ¢opmanaMHa OHAa TNO3BOMAET CYWIECTBEHHO IOBBICHTb TEXHMKO -
S5KOHOMHMYECKHE IIOKa3aTelIM HEKOTOPbIX CMEXHBIX INPOM3BOICTB, HaNpHMEP,
NEHTA3PHTPHUTA.

H3meHeHHe cTpyKTypbl NOTPEGIIEHHS, LEH H ChIPLEBBIX NMOTOKOB B CIIOXHBIIHXCS
SKOHOMHYECKHX YCJOBHSX IOMKTYeT HEO6XOOMMOCTb mnepepabOTKH  MeTaHOJa
HETIOCPENICTBEHHO Ha NPENPHATHH - USTOTOBHTEJIE.

Mcxons u3 atux coobpaxenuiit AO "Metadpakc” (I. ['y6axa) NpHHANO peleHHe
O CTPOMTENBCTBE MPOM3BOACTBA GE3METAHONBHOrO (OPMAalMHA C Y3NIOM MONYYEHHs
MYPaBbHHOIi KHCIIOTb! B LieX€ NEHTa3PUTPHTA.

Texunomorus npousBoncTBa Ge3MeTaHONLHOTO GopManMHa B agMabaTHYECKOM
PEaKTOpe Ha OKCHIHOM  XKEJE30MOJMOIEHOBOM KaTajM3aTOPE MHOTOKPAaTHO
peanM30BaHa B POMbILIJIEHHOCTH.

HoBas TexHoMOrust NosyyeHuss MypaBbHHOH KHCAOTH paspab6oTana B MHcTHTYTE
Kartamsa CO PAH B conpyxectse.c "Hnxeneproit Komnanueii HHctutyTa Katamamsa
- XXI". TIpouecc OCHOBaH Ha NpsAMOM OKMcHEHHH (opmanbaeruga  KMCIOPOIOM
BO3@yXa B TpPy6yaTOM peakTOpe B NPHCYTCTBMH OKCHHOIO BaHaIWHTHTAHOBOI'O

KaTajausaTopa [1] c nocnenyrowmei KOHAEHCaUHeH NPOaYKTa.
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B c¢paBHenuu ¢ 'rpaimuuounbmu TEXHOJIOTHAMH y HOBOH HMMEIOTCA CIeXyIoLlHe

1PEHMYILECTBA:

¢ HauGomee mnNpocTas M HAleXHAas TeXHONOrMyeckag Cxema C MHHHMAaJIbHBIM
KOJIH4€CTBOM cranixi&; .

e nomHas aKonoruieckas 6e30nacHOCTb, OOYCIOBIEHHAs OTCYTCTBHEM CTOYHBIX BO,
rnépnblx OTXOLOB H BPEAHBIX ra30BbIX BLIOPOCOB;

e  HHM3Kas ce6ecroﬁiwocrs KOHEYHOTO NPOAYKTa;

¢ HauMeHblUHe yaelbHble KalHTaIbHble BIOXEHHS H CPOKH HX OKYNaeMOCTH;

¢ BO3MOXHOCTb CO3JaHHA HeGONLIIHX MPOM3BOJACTB B HEMOCPEMCTBEHHOH GIM30CTH
oT norpeburens; ’

® YMCnonb30BaHHE CTAHAAPTHOTO TEXHOTIOTHYECKOrO 0GOPYIOBaHUS;

¢ HaWMEHbIIHE 3aHHMaeMbI€ IIPOH3BOACTBEHHbIC IO AL H.

OcBoeHHe y371a MONy4YeHHs MYPaBbHHOM KHCIOThI IIAaHHPYeTCs orycyu.[eyc'rnu'rb B
IiBa 3Tana: ’ V

TlepBblif 3Tan npegycMaTpHBaeT MNONy4YeHHE MYPaBbHHOM KHCTIOTBI C MAacCOBOIi
moiyreit ocHoBHoro BewlectBa S50-57 %. Ilpu »sToM cramus :06e3BOXHBaHHA
¢dopmansIerua- ComepKalllHX ra3oB OTCYTETBYET.

Bropoii sTan npemycMaTpuBaeT MONyYeHHE MYPaBbHHOH KHCIOThI C MacCOBOH
IoJieii OCHOBHOTO BeleCTBa IO 85 %.

TexHOMOrHYeCKkH npouecc NONy4YeHHAs MYypaBbHHOH KHCIOTHI Ha 6ase
NpPOH3BOACTBA (pOPMaIHHA SBIAETCS HEMPEPBIBHBIM H BKIIOYAET CIeAyOL e CTaIHH:

- 06e3BOXHBaHHE (POPMANBIACTHICONEPXALIHX [a30B (B cmyyae momydeHHs
MYpPaBLHHOMN KHCITOTHI C KOHUEHTpauHel Gomee 57 %),

- KOHTaK THOe npeBpalilenHe popManbaeriia B MypaBbHHYIO KHCIIOTY;

- KOHIEHCALUA MYPaBbHHOI KHCIOTBI.

Ode3soscusarsie o pMATLOE2UICOePHCAUUX 2306.

Yacts popmanbaeruacoaepxkaliix ra3soB arperata nonydeHus GopMaidHa Ha
OKCHIHBbIX KaTaJlM3aTOpax OTBOAMTCA H3 JIMHHM MOJaud rasoB Ha abcopOuuio u
HanpasiseTcs aM6O cpa3y Ha KaTaNHTHYECKHH peakTop mid noiyudeHus S50-57%-oi
MypaBbHHOH kHCIOTHl, JHOO B NapuManbHBIE XOHIOEHCAaTOp i‘pannuuomoﬁ
KOHCTPYKUHH [2], T Ie MPOHCXOAUT GBICTPOE OXJIaXIEeHHe Ta30B, KOHACHCAIHUS BOIbI H
yacTH4YHO (opmambaernma. Jlng yBenHueHHs comepxaHHs ¢opMmaibIerHia B rase

Npe/lyCMOTpeHa BO3MOXHOCTD MOAMUTKH KOHUEHTPHPOBAHHBIM (POPMaIHHOM.
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B MeXTpy6HOE MpPOCTPAHCTBO NapLHAILHOTO KOHAEHCATOpa MOAAercs XOJIOK C
TeMrnepaTypoi Ha Bxomde MHHycC 10 °C. Kounencar B BHAe cHaboro pactBopa
¢dopMarTMHa HanpaBmseTCR B . CTAHNAPTH3aTOphl  (DOPMAIMHOBOTO  Aarperara,
obecrnieyBas OTCYTCTBHE CTOYHBIX BOA. IIpH 3TOM cramus a6cop6uﬁu¢opmanuﬂonpro

arperata HONMXHa pa6oTaTb B peXHMe, O6eCHEYHBAIOIIMM KOHLEHTDPALHMIO

¢dopmambaernna B kKy6e konoHHb 00 -50 %, YTO NOCTHraeTcs yMEHbILIEHHEM MNOXAa4H

TEXHOJIOCTHYECKO# BOAL HA OpOILLIEHHE.

Koimaxmuoe npespamiente PopMansOezuda 8 MypPASSUHYIO KUCKOMY.

Tlpu nomyuenun xonueﬂrpupoaannoii KHCIOTBI OCyuieHHbIH B NapLHaIbHOM
KOHJ(eHcaTOpe  (HOpMAaNbIeTHACONEPXalluii Fa3 MOKOTpeBaercs B Tennoo6MeHHUKe
napoM mo temnepaTypsl 115 - 120 °C. Jlamee ra3bl CMEHIHBAIOTCH C BO3YXOM s
obecnieuenus 3anaHHou KOHUEHTPAlHH KHCIOPOLA M HanpamisloTcs B peakTop. B
KOHTaKTHbIe TPYOKH pemopa 3arpyXeH OKCHIHtH BAHA TMHTUTAHOBEIA KaTalM3aTop.

B»peax'rope NpOTeKaer KaTalHTHYECKHH NPOLec: OKHGTEHHS (GOpMaNbIeTHaa B

MYPaBbHHYIO KHCIIOTY 1O peaxumm. -

OCHOBHas peaxuHs
CH;0 + 0,50: —» CH202 + 272 X,II)K
noGquble peaxmm
CH:0; - CO + Hi0 + 524 kX -
'CH,0 +.0,50, > CO; + H:0 + 230 xJx )

v ~Temnevpa'r'ypa ra’oB Ha BbIXOHE H3 peéxro'pa 120-130 °C. Tenmo peakuuu
OTBOJHTCA MAaciioM, unpxynupyrémum MO MEXTPYGHOMY MPOCTPAHCTBY ~peaKkTOpa.
Macito nocrynaer B peakTop ¢ TemnepaTtypo#t 110-120 °C u, CHHMas TEmiIo peaxuHH,
HarpeBaeTca Ha 10 °C. K3 MeXXTpyGHOTO NIpOCTPAHCTBA peakTOpa Macio NOCTynaerT B
TenI0oGMEeHHHK, TJe OTHAeT CBOE TEIo Ha NojIyyeHHe ropsuei BoAkt. CTaGuiusauns
-rémnepa-rypﬂoro pexuMa B peakTope OCYIIeCTRiercs 6alnacCHpOBaHHEM YacTH
rppﬁqero MacJjia MUMO TemITooGMeHHHKa. )

Iepex nyckoM NpOM3BOAMTGS pasOrpeB Macia NapoM B IMYCKOBOM

TeMTI006MEHHHKE.

Kondencasun mypassmioil Kucioms.
Ilocie peaktopa rasmi c ,Temneparypoii 120-130 °C nocTynailotr B

IIBYXCTYNEHYaTHLIH KOHIEHCATOp, TA€ Ha NEepPBOH CTYMEHH Tasbl OXIAXIAIOTCSH
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o60poTHOIt BOXO# ¢ TémmepaTypoit 20 °C Ha BXOZe; Ha BTOPOil CTyNeHH OXIaXAeHUe
NPOHCXOMHT C MOMOLILIO NMOJayH B TPYOHOE MPOCTPAHCTBO XOJIOAA C TEMINEPATypoit
MHHYC 8 °C.

KounneHcar, - cogepxawmit S0 - 57% wnnu 85% MypaBbHHOM KHCIIOTHI, H
COOTBETCTBYIOLIlEE KOJIHYECTBO .BOABI, COOHpaercs B COOpHHMKE KHCIOTBHI, OTKyJHa
HanpaBJAETCA B CTAHAAPTH3aTOPbl. ['OTOBBI MPOMYKT NMOJAETCA B CKJIALCKHE EMKOCTH
Y 1asiee - B MPOU3BOACTBO NEHTa3PHTPHTA.

OTxomswHe raspl MNOCiHEe KOHJAECaTOpa HAMPpaBIAIOTCS B JOXHraTelb

¢dopmaMHOBOTO arperara.

KomnonoBka mnpoussoacTBa ¢(opManHHa C NPOM3BOACTBOM MYpPaBbHHOMH
KHCJIOTHI MO3BOJIAET Tiybxe nepepabaThiBaTb MeTaHOJ, Npou3BoAHMBbIi B I'ybaxe, B
6Goyee IMPOKHIf acCCOPTHMEHT MPOMYKTOB: (OPMAIHH, MYPaBbHHYIO KHCIOTY,
MEHTa3pHTPHT.

ExeromHele HOPMBI pacxoJa OCHOBHBIX BHIOB ChIpbsi, MaTepHanoB H

3HEpropecypcoB Ha | T MypaBbHHOH KHCJIOTHI (B mepecyere Ha 85%) npHBedeHbl B

Tabnuue:
HaumeHoBaHHe - - 3HaueHHe

MerTaHoi, kr 848
Karanusatop okCHAHBIi, KT - 1.34-1.64
Macio, kr 1.0
Bona oxsaxzarowas ¢ nepenagom Temnepatypsl [0°C, M3 32
Xonon, I'kan 0.7
Cxartslit Bo3nyx KUII, um? - 20
CxaTblif BO3XyX TEXHOJIOTHYECKHH, HM? 0.1

- [Ipoussoaumas ropsyas poaa(90°C), 'kan 1.38
INap 12 aTh Ha nepuon nycka, ['kan 0.0t

CebecTOHMOCTb MYPaBbHHOM KHCJIOTHl MO 3TOH TEXHOJIOTHH COCTaBISET

215 - 225 USD 3a ToHHY B nepecuere Ha 85%-yIo.

JIuteparypa:
[1] MakapeHko MF., Anppywkesny T.B., 3enkoseu I''A., Crioco6 nomyyenus
MypaBbHHO# kucnoThl, [TatenT Poccun 2049770, BU 34, 1995.
[2] Oropoaunkos C.K. ®opmanbaerug, JI., 1984.
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FeTeporennnie KATATHTHYECKHE PEAKTOPH C TBEPILIM
MEJKOJHCHEPCHMM TEILUIOHOCHTEIeM.

Kpymux JI.U., Oscuenxo I1.B., @ypen 3.JI.

TocHAH “Xummexronoeusn’. e.Cesepodoneyx. Yrpauna.

PeakTopbl ¢ HEMOABIDKHEIM 3epHMCTBIM CJIOEM KaTalH3aTopa - HauGoliee
pacrpoCTpaHEeHHENI THH amnmapaToB WIA TpOBeJeHNs  KaTUIMTHYECKHX
MpoleccoB. YPOBeHb TEMITEPATYphl H KOJIMYECTBO OTBOIMMOrO (nozcaommofb)
TeIIa B 30HEe KaTalM3a UTPaloT Pellalollyl0 POJib IPH MPOTEKaHUH XMMITYECKHX
TIPOLIECCOB C JXKECTKMMH TeMIIepaTYPHBIMM OTpaHMYeHUsIMM (KOHBEpCHS
TIpPUPOJHOro ra3a, CMHTe3 MeTaHOJIa, CHHTE3 aMMHaKa U 1p.) o6yclIoBIeHHBIMHU
C OMHON CTOPOHBI aKTHBHOCIBIO KaTanM3aTopa, a C APYrod - paBHOBeCcHeM
XUMHYecKOoro npespaiieHnsa. [Ipu aToM ecrecrBeHHble TpeGoBaHHMA oGecreyeHH
BBICOKHMX CKOPOCTei PeaKi[M M BBICOKOH YIe/ILHOM IPOM3BOANTEIBHOCTH CIIOS
KaTamM3aTopa 3a4acTyl0 COMNPSDKEHbl HCKIIOYUTEIBHO C HHTEHCHBHOCTSIMM
MPOLIECCOB TEIUIO-Macco6MeHa B KaTATH3aTOPHOM CJIOE.

TpamnmonHnle MeToabl ¢GOPMHPOBaHUSA TeMIlepaTypHOro mpodwis mo
BBICOTE KAaTAIMTHYECKOrO PpeakTopa, KakK IPaBHJIO, CBOIATCS K CTyNeHYaTOMY
OTBOAY TeIUla peakKilil B peakropax C aXuabaTHYeCKNMHM CJIOSIMH, JHG60
peaM3ylOT NPHUHIMD IlepeHOCa TelUla M3 30HBI KaTalu3a  4epe3
TeIJIolepeaaloliylo TOBEpXHOCTh B TIpyOYaTOM peakTope.

CylitecTBEHHO HOBOE TEXHMYECKOe pellleHHe, pa3paGoTaHHOe HHCTHTYTOM
"XuMTexHomor¥s", B OPraHM3alliM TEIUIOHANPSDKEHHBIX KATAIHTHYECKHX
TIpOLIECCOB NMOAYMHEHO Haee GopMHPOBaHHMS 3aJaHHOTO TeMIIEPaTYpPHOro
npodHiA B CIIOe KaTaaM3aTopa 3a CYeT COYETAaHMA H3BECTHBIX MpPeHMYILECTB
pa6GoTHI HEMMOABIDKHOIO ‘M TCEBIOOXIDKEHHOrO0 3epPHMCTHIX cJoeB. IIpyHimm
‘OCHOBaH Ha YyBeJIMYeHMM o0O0beMHON TeIUIOEeMKOCTH Tra3oBOii cMecH H
3¢ GeKTHBHON TEIUIONPOBOAHOCTH CJIOS KaTalIM3aTopa NMPH BBoAe B MOCJIeqHMIA
TBEpPJOro MeJKOTUCIepcHoro TemoHocuTena (TMT) B BHAe YacTHII ChIIyyero
MaTepuana pa3MepoM 50-100 MKM.

Ha pwuc.l NMpeacTaBleHbl  HECKOJBKO THTIOB reTeporeHHbIX

KaTanITUYECKNX PEaKTOPOB C HEMOABMDKHEIM CJIOEM KaTallU3aTopa, pealn-
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3YIOUIX TIPUHLIMN TIEpEHOCa M OTBOAA TEIUIAa PEaKUMHM C IIOMOIUBIO IIPOME-
xytoudoro TMT. Ilosicznmd pa6ory peakropa ¢ TMT Ha npumepe pa6otsl
peakTopa no Tumy “B”. JIBHrasich BBEPX BIOJb OCH peakTopa B 06BhEME KaMepHI
Tennoo6MeHa # B O6beMe IIOPOBOro MpPOCTPAaHCTBA 30HBI KaTalu3a C
HETIOABYDKHRIM CJIOEM KATaM3aTopa CHHTe3-ra3 (rajoBbiil NOTOK) KOHTAKTHPYET
¢ MenxomucrepcHaiMH dacrauamu TMT, mnepeBoas ¥x B IICEBIOOXFDKEHHOE
cocTosmsie 10 Bcel BbicoTe peaktopa. ITo Mepe NpoTeKaHHS XIMITYECKOTO
NpeBpallleHHsA, HanpHMep  SK30TepMHYEcKol  peakuuu,yactiigmi TMT
aKKYMYIMIPYIOT TEIUIO PEaKUIMH, IepepaclipeesioT €ro 3a CYeT IepeMelsBaHUs
B 06BEMe 30HBI KaTa/mi3a M BhIHOCAT 3a mpefensl mnocnemieil. Ha Berxome M3
Qos KaTamuzatopa YacTHibl TMT OTAENsAIOTCS OT rasoBOro IIOTOKa H IO
TIEpeTOKY BO3BpalllaldTcd B KaMepy TeIUIoOOMEeHa, IO€ TEIUIO PeaKiMu
BOCIIPUHHMMaeTcsl LHPKyampylollel mo Tpy6aM BCTPOEHHOTO TEILUIOOOMEHH®IKA
KuIEiei Booit M pacxofyeTcsl Ha 06pa3oBaHHe Tlapa 3a[laHHEX TIapaMerpoB. B
TerwioobMeHHoH KaMepe dactuubl TMT cMemnmBaloTCd C IIOTOKOM CBEXEro

CHHTE3-Ta3a M 1K1 MMOBTOpsIETCA.

Puc.1 Peaxmope ¢ npomexcymounsim TMT.
a) Peaxmop c samopmoscennom Kunsugim croenm. G) Peaxmop c nepugpepuiinem
nepemoxom TMT. 6) Pearmop c yewnpaassoim nepemoxom TMT.

1-mennoobmennan xamepa. 2- 301a kamaausa. 3-nepemox.
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PaHee BO3MOXHOCTH MeTOAa SKCIEPHMEHTANBHO TIPOIEMOHCTPHPOBAHEI
Ha IpuMepe paOOTBI OINBITHOIO peakTopa CHHTE32 MeETaHOlMa C OGBEMOM
xaramzaropa 3 . [1].

B HacrodiieM [oxjade H3IIOXKEHbI HEKOTOPHIE PE3YJIBTATBI - U3YUYCHHMS
THIpOMIHAMITYECKHMX aCIMeKTOB paboThl KaTATHTHYECKHX PEaKTOpOB C LIMPKY-
JITIOHTHiM KOoHTYpoM TMT.

B peakTopax ¢ OpraHM30BaHHBIM UHMPKY/ITIHOHHLIM KOHTYPOM YaCTHIl
TMT B cioe xaTanusaropa HOMHHHDYET TIPOHOJIbHEI KOHBEKTHBHBIH IMEpEHOC
Teria, a BEJMYUHOM, OMNpeaeNnsiouieii HHTEHCMBHOCTD MepeHoca TeIvla SBIsAeTCS

ckopocth aBikeHus uactull TMT B KowType MAM X pacXojHas MaccoBas

KOHUEHTpalsi pl.
IlIpu peliieHUM 3agayM O UHMPKYITIIEH

TMT B peakTope C 3aTOPMOXEHHBIM
xwwpguM cnoeM TMT u  ueHr-

panmbHBIM MepeToKOM (puc.1B)

M!:’n

HCXOOWJIH M3 MNpeaCTaBJICHHUA, UYTO

IBYOKYILEH cunoil 1mpkynguun TMT

e

ABNIAETCA Ppa3HOCTh T'MOPOCTaTHYeC-
Kux nasineHmii cronba TMT B cnoe

KarajRi3aTopa - U IlepeToke. 3amac

NOTeHIIHAJIbHOM 5SHeprim, oO0yclIoB-

JICHHBIM 3TOM pa3HMIlell pacxofyercs
& = A (puc.2) Ha co3gaHMe UMPKYASLMA

Puc. 2. Bxeusanenmnas sudpasmmeckas TMT B neperoke co ckopocthio Vg ,
oxXemMa YUPKYAAYUOKHOZ0 KOHMY pa :
MT.

B CJIoe KaTajqu3aTopa CO CKOpPOCTbIO
Va , B HEDisIeil 30He cO cKopoc-Tbl0 V} , B BepXHeil 30He CO CKOpPOCThIO V3 M
Ha KomneHacipno norepb AEpoer . Ilomaras cmech rasa m TMT xBasu-
TOMOT'€HHOH XWIKOCThbIO, MoTepH AEpgr MOXHO INpEACTaBHTh B BHIE CyMMEI
IBYX CJlaraeMbIX OHHO H3 KOTOPHIX YYHMTHIBAaCT TpPEHHE KBA3MTOMOTEHHOI
XMIKOCTH O BHYTPCHHIOKO IIOBEPXHOCTh NEpeToKa M CJIoS KaTadams3aTopa, a

BTOpO€ - IIOTCPH, CBA3aHHBICE C HM3MCHCHHEM IUIOLLAAM TNOMNEpEYHOro CEYCHHUA
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MOTOKa TPH €ro JBIDKEHMH BIOJIb IHPKY/IIHOHHOro KOoHTypa. TakiM o6pasoM

MOJIY4YCHO BbHIPAKCHHE

€

v =12 1_8. p'r(l_e-) : (l)
" D +D,+D, .
rae t°=~2—!l-t-+2}—l1:.; - D =148+
. Rs T

o =[1—e.\.f s. ]z s648));  Dy- z(iJ.(l—s.J
2 l—e.J Le.So A s7As ) =g,
W3 Brpaxenus mia V, cneayer, yto ckopocts TMT B neperoke sABIsercs
~Gysxameii 9 aprymenToB V; = V( H, Sy, S, €, €y Esxms Prs Tus Ta)s KOTOPBIE B
COBOKYIIHOCTH TIOJTHOCTBIO XapaKTepPH3yIOT KaK TIeOMETPHYECKHE pa3Mephl
ammapaTa,TaKk H ¢H3HKxo MexaHMyeckue cBoiictrBa TMT u cios karamisaTopa.
W3 ypaprHenms (1) crnenyer Taxke ycmopue uMpKy'siumu TMT B peakTope:

To
prgH

Ilpn maHHOM pasMepe TablIeTOK KaTalIH3aTopa M (GH3MKO-MEXaHHYECKHMX

Eyu —€p >

cpofictreax TMT ynmpaiare BeNMYMHOM IIOTOKa  TEIUIOHOCHTENsS M,
CJIEAOBaTEIbHO, B&JIMYMHON PacXOJHOH MaccOBOM KOHIIEHTpaLMM | MOXHO
IyTeM U3MEHEHHS TeOMETPHYECKHX pa3MEPOB IepeToKa. 4

Onpenemnmm CBA3b MeXay OCHOBHO¥ THUAPOIMTHAMMYECKOM
XapaKTepHCTHKO#M peakTopoB. ¢ TMT - pacxomHolf MaccoBoif KOHIIEHTpaumeil p
M TePMOXMMHMYECKMMM IIapaMeTpaMH DeaklMH, IIpoTeKalolleli B amilapaTe C
TMT. 3aBenoMo oOrpaHMYMMCS TPHOGIDKEHHOH OLIEHKOH BO3MOXHOCTH
TervlonepeHoca B Tra3o¢asHbIX KaTUTUTHYECKHX ' peaKTopaX C eCTECTBEHHOM
1MpKymseit TMT.

- s TIpOCTOTHI PacCMOTPMM YpaBHEHME TEIIONepeHoca B OJHOMEPHOM

aTHabaTHYeCKOM peaKTope HAEATbHOro BbITECHEHHA IIPOHM3BIBAEMOM IIOTOKOM
TMT nnoTHOCTBIO Pgr CO CKOPOCTBIO Wr. IIpHMeM Takke, 4TO TeIUIOBOMH

a¢dekT peaxu  AH He 3aBHCHT OT TeMnepaTyphl. 3armiieM

e ati=pepw LromerweT
AAH=pCPW — +parCTWT ;-
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P Wr _ . dac
Yuursisas uro oW B TA=W ——'Ldl
TMOMywHM BBIPaXEHWE MUl BEMIYMHBL ANMAGATHYECKOTO pA3OIPEBa B
‘ AHC,0 X
npucyretsun TMT: ATy= c';o 4— (@)
L+ u P s

BeipaxeHue (2) oaeT npHGIIDKEHHYIO CBA3b MEXIY PACXOXHOM MaccoBoii
KOHLIEHTpaLlMel § M MapaMeTpaMH, XapaKTEPH3YIOLNMH XHMHYECKYIO CTOPOHY
npoliecca - Te[UIoBBiAe/ieHHe peakuuy AH, cremeHb npespalueHHs peareHTa A -
XA , HayaJBbHYIO KOHLeHTpauuio peareHTa - Cyzo H  BEJIMYHHY
aMMaGaTHYECKOTO Pa3orpeBa CJIosi KaTATM3aTopa AT,y -

3amaBasi TepMOMIMHMYECKHE IapaMeTpbl TMpoliecca MOXHO MOJIYYuUTh
npeacTaBlieHHE O HeoOXOOWMOH BETMYHHE |1, YWTO CJIYXHT OCHOBAaHHEM VI

IanbHeHIero ruApoJHHAMHYECKOTO pacueTa KaTaATMTHYeckoro peakTopa ¢ TMT.

Cnucox o6o3naueruil.

H - BBICOTa CJloA KaTanu3aTopa, 8 - TUIOWAAb TIOMEPeYHOro CeYeHHs
MEpETOKAa U PeaKTopa, €,EHs EMHs Eifs - MOPo3HOCTh Kumswero cnosa TMT,
TIOPO3HOCTh CJIOSl KATaIM3aTopa, Mopo3HocTh kunswero ciod TMT B 30He
KaTaJIM3aTOpa, MOpo3HOCTH nBickyierocas cios TMT B neperoke, pr -
mioTHocTk YactHu TMT, 1Tn ,ty - HanpsDKeHHe TpeHHs Ha . MOBEPXHOCTH
MIEPETOKa M B CJIOE KATAIM3aTOpa, Ty - CKOPOCTb peaklHH, . Pp,Py - IUIOTHOCTH

notoka TMT B nepetoke H Hacamke, C - TeII0eMKOCTb, W - CKOPOCTb Ta3a.

Cnucox aumepamypm.
1. Kmpnik L.L, Pavlova N.P., Fedorchenko A.N. Methanot reactors:
" Principle of effective organization of catalytic processes. Unsteady state processes

in catalysis. Proceeding of intesnational conference 5-8 june, 1990, Novosibirsk.
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JIByxcTynendaTsili peaKrop KOHBEPCHE: NPHPOXHOFO ra3a C TBEepAbiM
MEJTKOAMCIIEPCHRIM TeIIOHOCHTENEM.

Kpynmik JLH., ®ypen B, Oneitnuk B.H., Oscuerko I1.B.
TocHHH “Xummexnoaozus”. e.Cesepodoneyx. Yepaurna

IIpupoxHsii ra3 HaxoOMT WNMPOKOEe IIpHMEHEHHe B XHMHYECKOMH
NPOMHILIJIEHHOCTH B KadecTBe ChIPhiA. B mpon3Boacrsax amMmmaka, METaHON2,
BOAOpOJa, YKCYCHOH KMCIJIOTHI IPHPOAHBINA a3 IOJBepraercs KaTaTUTHYeCKOi
KOHBEpCHM C BOOSHEDM IapoM, KHCJIOPOOAOM M OHOKCMAOM Yyrjiepoma. B
COBPEMEHHENK  IIPOM3BOICTBAX  YKa3aHHBIX INPOAYKTOB IapoBasg WM
NapoyrJIeKUCIOTHasT KOHBEpPCHsl IpoBOgWTCS B  TpYOuarelx Ieyax, a
TIapOKHCJIOpOJHAs MJIM NMapoBO3AYILHAsA B LIAXTHHIX 2AHabaTHYECKHUX peaKTopax.
C ueJsipl0 yMeHbLUEHUs rabapHToB ailllapaTOB M CO3[aHMs arperaToB OOJIBLIOH
eBIDMYHOM  MOIUHOCTH, a Takke /i1 CHBDKEHMS 9Hepro3aTtpaT Ha
KOMIIpEHHPOBaHME Ha CTaOWsX CHHTe3a IIpollecC KOHBEPCHMM HpPOBOISAT IIOX
nmaeyteHneM no 4 MIla. TemmepaTypa ra3a B peaKUMOHHBIX TpyOax meyei
KOHBEpPCHH H3MeHseTcs oT 4500C Ha Bxone mo 860°C Ha BrIXome; TeMIlepaTypa
B IIAXTHBIX peakTopax Ha BeIXoge cocTapiser 950°C -1000°C. B kauecTse
KaTaJM3aTOpOB KaK Ha IepBOM, TaK M Ha BTOPOH CTYIEHSK KOHBEPCHH
HCIIOMB3YeTCSI HUKENEBBIil KATAIH3aTop.

Ilpoecc mapoBoif KOHBEpPCMM IIPUPOJHOrO Fa3a HMAET C OOMbLINM
MOTJIOLLEHUEM TeIUla, KOTOpOe TOABOOMTCS Yepe3 CTEHKHM PpeaKTOPHBIX TpYO
neyeit pucdopmuyra, Terwio obOpasyercss 3a CcYeT CXWTaHMs TOIUIMBaA B
MeXTpYOHOM IIpOCTpaHCTBe medeii. PeakKiMoHHbIe TPYOB! HOCKHBI BbIAEPXUBATH
naeieHne go 4 MIla u TemnepaTypy do 9300C - 960°C 1 M3roTaBIMBaOTCA U3
XapOoNpOYHBIX HUKEIb-XPOMOBbIX cTalleil. Ileun pudopmMuHra B 3aBUCMMOCTH OT
MOLILHOCTH arperaToB MMEIOT OT HECKOMKHX HECATKOB OO0 HECKOJIbKYX COTeH
PeakL#OHHBIX TPYO0 M SABJIAIOTCS BeChbMa OODOTOCTOSL(MMM HHRKEHEDHbBIMI
COOpYXeHiisfny. B npou3BoacTBax aMMuaka, MeTaHOJIa, BOOOpPOJa Ha CT2AMkG
KOHBEPCUM MpUPOAHOro rasa mnpuxogurca S0 - 70% xanuTambHBIX |

3KCIUTYaTaUMOHHBIX 3aTpaT.
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B aByxcTyneHYaTHIX CXeMaX KOHBEPCHH NPHPOTHOIO rasa, rie Ha MepBoii
CTYIIeHH MPOBOMTCS NapoBasi KOHBEPCHs, a Ha BTOPOM - MapOKMCJIOPOAHAs W
NapOBOSAYNIHAS KOHBEPCHs, OBbLIO TNpEIUIOXEHO NPOBOMMTL IEPBYIO CTYNEHDb
KOHBEpCHM B TPYGYaTOM peakTope 0GOrpeBaeMOM TEmOM KOHBEPTHPOBAHHOIO
rasa, BbIXOHSALIEro U3 Bropoil CTYIIEHM KOHBEDCHY U MMEIOLLEro TeMIIepaTypy
nopsinka 10000C.

Pa3sMeprl TpybuaToro peakropa ropa3ao MeHblle rabapurtoB TpyO4yaToit
neyH, TaK KaK pacCTOSTHHE MeXy TpybaMH B TpyOUaTOM peakTope 3HaYHMTEeTLHO
MeHblie, yeM B TpyGuaToii meuys. JlamneHHe peaKlMOHHOM cMecH B Tpybax
TpyO4yaTOro peaxropa BELiie OaBJIEHWS KOHBEPTHPOBAIHHOIO ra3a B MeXTpyOrOM
npoctpaicTBe Ha 03 - 0.5 MIla, yro mno3BojisgeT HCNOML30BaTh OGoJiee
TOHKOCTEHHBIE TpYOBl, HeXeJln B TpyOuaThIX Ieyax. ITOCKOJIbBKY peaklLHOHHbIE
TPyOBl TpyOyaToro peakropa MWCHBITHIBAIOT BIMSHHE pa3HOCTH [OaBlieH i B
Tpy6ax M MeXTpYOHOM IIpOCTPaHCTBE, 3TO IO3BOJISET NPOBOINTH IIPOLIECC
KOHBEPCHU TNpU JI0O0OM [aBJIEHWH, T.e. W TON [ARAECHHEM MOCJIEAYIOLIETO
‘cuHTe32. KOHBepcHs NpPHPOOHOro rasa OO HOaBIeHHEM CHHTe3a HCKIIoYaeT
KOMKIpEMHPOBAaHHE CHHTE3-Ta3a, Yyro NPHBOIUT K CHIDKEHHIO SHEPreTHYECKHX M
KallUTaNbHBIX 3aTparT.

B TpybuaToM peaxTope,Kak M B TpybyaTodi meww, moaBoa TemAa st
NMpoBeJeHHA Mpoliecca NMapoBoii KOHBEPCHHM INMPHPOTHOTO ra3a OCYLUEeCTBIAETCS
yepe3 CTEHKY PeaKLMOHHBIX TpYO, M3rOTOBJIEHHBIX M3 XapOIIPOYHOH CTalH.

JAns mnpoBedeHMs OBYXCTYIIEHYaTol KOHBEpPCHHM IIPUPOJHOrO . rasa
pa3paboraH peakTop TMO3BOJSIOIIMI HCK/IIOWITh INPUMEHeHHe TpybyaToii
KOHCTPYKU¥M Ha TIepBOii CTymeHM KoHBepcud. IlomBox Temna Ha MEpBYIO -
NapoByI0 CTYNeHb KOHBEPCHH OCYIUECTBNSIETCS TBEPABIM MeEJIKOXMCIIEPCHBIM
TerwioHocaTeneM  (TMT),  KoTopblif  HarpeBaeTcd 3a  cYeT  TeIUla
KOHBEPTHPOBAHHOTIO ra3a Iocjie BTOPOH CTYNeHH KOHBEPCHH.

Ha puc.l npuseneHa npmmnmaaﬁbﬂaa cXeMa [JBYXCTYIIEHYaTOro
peakTopa. CMech NpPHUPOAHOrO ra3a ¢ BOAAHBLIM IIapoOM MOHAeTCsA CHU3Y Ha
MepByl0 cTyneHb KoHBepcuM. Iloa cioeM Karajnu3aTopa IaporasoBas CMeCh
(IITC) cMmewnBaercsa ¢ HarpetsiM TMT, HarpeBaeTcs OO TeMNepaTyphl Mopsiaka
700°C u mocTymaeT Ha KaTaju3aTop IIepBOM CTYNEHH, pacrOJIOXEHHBI B

LHWIMHAPUYecKOM o6eyalike B LIEHTpaATbHOM yacTH amnmapata. Ha mnepBoit
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CTyIIeHM KOHBEPCHM TMpPOLECC OCYLUECTBAMETCS B PpEXHME 3aTOPMOXEHHOro
xunsaiero ciosi TMT, KoToprsii MMIMT B MOPOBOM IIDOCTPaHCTBE MEXTY

3epHaMH KaraIM3aTopa.
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Puc.|. Ilpunyunugnsuas cxema OgyxcmyneHwamozo peaxmopa xoHeepcuu
npupodHoz0 2a3a ¢ MEEPILM MERKOOUCHEDCHYIM MENAOROCUMENeM.

T'paHynbi KaTaim3atopa Ha Mepsod CTYINEHH MMEKT (bopMy IDULEIPOB
HWJIM KoOJell C BHEIUHHMM IHAaMeTPOM M BbICOTOM mnpHMepHo 15 MM, T.e.

MCTIOMb3YIOTCA TaKMeE Xe KATATH3aTOphl, KaK M TpYy6uaroM peakKTope. B KauecTBe
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TMT wucnonb3yercss kopyHx cdepudyeckoit ¢opMM c pa3MepoM 4YacTHL
0.2-0.3 Mmm.

IlpotekaHMe 3HIOTEpMMYECKOrO IIpollecca IMMApoBOii  KOHBEPCHH
yrJICBOAOPOJOB NPHBOMMT K CHWDKCHHIO TEMIIEPAaTyphl Ha BBIXOAE M3 IEpBOM
crynenu Ha 30 - 500C. Temwio IS nNpoTeKaHHS PEaKUMM IOJBOIMTCS, B
OCHOBHOM, 3a CYeT TeiUla akkymyiaupoBahHoro TMT.

Hax cimoeM KaTamM3atopa B 30HE CBOOOJHOrO KHIIUETO CJIOS
npoucxomuT oraenenue yactiy TMT or III'C.

II'C nopmaercs B HICKHIO YacTh BTOPOi CTYNMEHH KOHBEpTOpa, rie
MPOMCXOMMT CMeEIlIEHHEe C KHCJIOPOJACOAEPXAIUMM IIOTOKOM. B HibkHeM
cBOOOMHOM 00beMe BTOPOH CTYNEHH ITPOMCXOOWT B3aMMOJEHCTBHE TOPIOYMX
KommoHeHToB III'C, B OCHOBHOM, BOJOpOAa ¢ KHMCJIOPOJOM M TEMIlepaTypa 3a
CYET 3TOro 3K30TEPMHMYECKOTro IIpoliecca MoBbluaerca no 1200 - 13000C. C
takoii Temmepartypoit II'C mnocrymaer Ha KaTanusaTop BTOPO# - CTYNMEHH
KOHBEPTOpa, KOTOpBI pacroyaraercsi B KOJIbLIEBOM IPOCTPAaHCTBE MeXIy
NnepBoi CTyneHbl0 M (yrepoBaHHOH CTEHKOH ammapata. 3a cyeT NpOTeKaHUs
SHIOTEPMHYECKOI peaKLIMH KOHBEPCHM METaHa C BOASHBIM IapoM TeMIlepaTypa
Ha BTOpOIif CTyneHH KOHBEPCHM CHHKAeTCS M Ha BBIXOJE M3 CJIOSl KaTalnu3aTopa
cocrarnsger nopsamka 1000°C. Han cioeM KaTanMsaTopa BTOPOH CTyNeHH
xoHBeptHpoBaHHas III'C ormaer Teruto TMT, KoTopelii mocTymaeT ¢ BepxHeid
YaCcTH IepBoif cTyneHM mno nepetokaM. Harpee TMT ocymectrisiercss B
cBobomgHoM kumaAwmeM cioe. TMT HarpeBaercd, a KoHBepTHpoBaHHag III'C
oxIaxaaeTcss mpuMepHo no 720 - 7300C. Harpetniii TMT nmo nepetoky
CILTOIUHBIM HHCXOJSUIMM CJIOEM TNOJAeTCsl Ha BXOA NMepBOi CTYNMEHH M LIMKII Mo
TMT 3aMbiKaercs.

Pa3paGoTaHHbIi ABYXCTyMEeHYaThIi peaKTop KOHBEPCHM TPHPOIHOro rasa
MO3BOJIIET COBMECTHTh IIPOBEACHHE IEPBOi - IMapoBOii M BTOPOi - MapOKHC
JIOpOOHOH KOHBEPCMM B OJHOM amnmapate, OTKa3aThCss OT INPHMEHEHHd Ha
MEepBOil CTyTIEeHH TpyO4aToro peaxropa M obGecrieyduT paboTy ciios KaTajiM3aTopa
Ha 3TOH CTamMi B PeXHMeE,0/IM3KOM K H30TEPMHYECKOMY.

Jna orpaboTku mnpouecca M KOHCTPYKIMM KOHBEPTOpa CO3[JAeTCA ONBITHO-

NMpoMBINIITIEHHas ycTaHOBKa Ha YepkacckoM OAO "Asor".
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NOVEL BURNER DESIGN FOR AUTOTHERMAL AND SECONDARY
REFORMERS
Ivar. 1. Primdahl
Haldor Topsze A/S, Engineering Development Depariment, Denmark

Introduction

Production of synthesis gas from light hydrocarbons by the steam reforming

processes is important for the chemical industry. The products range from ammo-

nia and methanol synthesis gas to carbon monoxide-hydrogen mixtures and as

pure hydrogen, e.g. for hydrotreating in refineries. In many cases an oxygen-con-

taining gas is part of the process scheme. The oxygen acts as source for internal

combustion of the feedstock (or partly converted feedstock), thereby aiding con-

version of methane and other hydrocarbons and providing heat for the final equili-

bration to synthesis gas by the endothermic steam reforniing reactions. The rele-

vant technologies; which may be referred to as high-temperature processes, are:

e Air-blown secondary reforining

o Oxygen-blown secondary reforming

» Autothermal reforming (oxygen or enriched air based)
The reactor consists of a refractory-lined vessel with a burner, a combustion
chamber, and a catalyst bed. The reactions taking place are combinations of
combustion and steam reforming. The main function of the burner is to provide
mixing of the reactants. In the combustion chamber, i.e. the space between the
burner and the catalyst bed, combustion takes place in a turbulent diffusion
flame.

Feedstock and Temperature

Feedstock characteristics and operating parameters are different for the three high

temperature reforming processes. The operating temperatures are highest in

autothermal reforming and lowest 'in air-blown secondary reforming. The

concentration of hydrocarbons to be combusted is much higher in autothermal

reformers than in the secondary reformess, In the secondary reformers, compared to

the autothermal reformer, a relatively small volume of oxidant stream must be

mixed with the hydrocarbon-containing stream. Thus, the requirements to the

242



OP-C32
burners are diffierent for the three processes, and the burners must be individually
designed to obtain the best possible performance.

Burner and Catalyst

The burner and the combustion chamber should ideally be designed in such a way
that the gas has a uniform temperature, composition, flow direction, and veldcity
when it reaches the surface of the catalyst bed. In the catalyst.-bed the conversion
is completed by establishment of the thermodynamic equilibriuin for the shift
reaction and the steam reforming reaction. Furthermore, the catalyst bed has the
very important function to convert soot precursors formed during combustion so
that soot-free operation is ensured.

The catalyst employed is the same for the three processes, and also space velocity
is similar for autothermal and secondary reformirig. The catalyst noérmally specified

by Topsee:is a highly temperature-resistant reforming catalyst, type RKS-2-7H.
Burner Operation Characteristics

Operation of secondary reformers and autothermal reformess in industry has from
time to time faced problems, often related to burner design. The problems may
range from catastrophic failure to burmer wear without any serious process
implications.

1. Catastrophic Failure

Catastrophic failure of process burners includes situations where the defective
burner causes damage to the refractory and ultimately to the pressure vessel
resulting in production loss and necessary repair or replacement of the reactor
vessel or the refractory lining.

II. Malperformance with Increased Production Cost

Uneven flow. and temperature distribution in the combustion chamber at the
entrance to the catalyst bed may cause an increased average methane-leakage from
the catalyst- bed or poor approach to equilibrium. This may lead to reduced
production capacity or inc¢reased consumption of feedstocks and utilities. Another
effect of irregular flow pattern in the combustion chamber is milling or other .

modes of destruction of the top layer of the catalyst bed. These situations are often
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wrongly assumed as malperforinance of the catalyst. However, most often they are

related to the burner and caused by one of the following factors:

e poor burner design

e damaged burner

e inadequate sizing of combustion chamber

H1. Mechanical Wear

Some bumers are exposed to local wear or cracks resulting in change of their
physical appearance. Bumer wear of this nature develops slowly and has no impact
on the plant performance. However, maintenance repair or replacement of critical
parts may be needed at scheduled shutdown.

Burner Design

The size and the shape of the conical space between the burner and the catalyst
bed is primarily determined by the mechanical design of the pressure vessel and
stability of the refractory lining. By the detailed design of the burner this given
geometry niust be taken into account. However, the distance from the burner to
the catalyst bed surface cim be varied within limits by varying the volume of
catalyst.

In the design of the burner, the following engineering aspects are of general
importance:

« Effective mixing at the burner nozzles

« Low metal temperatures of the burner

» Soot-free combustion

« Homogeneous gas and temperature distribution at the inlet to the catalyst bed

+ Protection of the refractory lining from the liot flame core

Recirculation of the reacted gas from the theninal zone back to the burner can
protect the refractory and the burner from the flame core and ensure a
homogeneous gas and temperature distribution at the entrance to the catalyst bed.
Autothermal and secondary reformers both oxygen- and air -blown - have been
designed by Topsee for more than 30 years. Satisfactory and predictable
performance has been secured by periodical inspection of the burner, the
refractory lining in the reactor and the surfiace of the catalyst bed, and by repair or
change of burner parts if necessary. Tops@é embarked some years ago on a

program to develop a better basis for process design and burner design. The
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ultimate goal was a maintenance-free burner which is not exposed to wear. One
result of the effort has been the introduction of new burner types to the industry:

« Improved bumers for secondary reformers
¢ New CTS burness for autothermal and secondary reforiners
Patents covering the new burner types have been applied for in contries worldwide.

Tools for Burner Development and Design

For the development of better burners a number of tools have been used. Three of
these techniques are essential in design of advanced process burners:

e Computational Fluid Dynamics

» Isothermal physical modelling (hydraulic modelling)

» Pilot plant testing

Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) software is a general purpose fluid flow
simulation software which makes it possible to analyze turbitlent and laminar flow
problems in arbitrary complex geometries. Tops@e uses CFDS-FLOW3D software
which allows modelling of:

« Turbulent of laminar flows

¢ Steady-state or transient flows

¢ Isothermal or non-isothernial flows

o Flowstlirough packed beds

+ Flows with reacting chemical constituents, f.inst. combustion

» Compressible or incompressible fluids

Isothermal Physical Modelling (Hydraulic Modelling)

Isothermal physical modelling or -hydraulic modelling s a well-known technique
for simulation of flame processes and for design of burners and combustion
equipment. Contrary to the CFD modéliing, which shows only a steady-sta%c
picture of the flame and of the flow pattern in the combustion chamber, the
hydraulic modelling technique can be used for studies of transient and local
phenomena such as turbulent flow eddies and local recirculations. Moreover,

skewness and other not rotationak symmetric phienomena can be studied. -
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The isothermal tests have also been simulated by CFD calculations and the match

between the two modelling techniques has been excellent.

Pilot Plant Testing

With the double purpose of demonstrating advanced process concepts and testing
new burner developments an autothernnal reforming pilot plant was constructed at
Topsoe’s facilities in Houston, Texas.

The final CTS burner design was tested in the pilot plant a two-month test at a
steam to carbon ratio of 0,6 and outlet pressure/temperature 24,5 bar/10659C.
The adiabatic flame temperature of the test conditions was above 2000°C. No

burner wear could be observed after the experiment.

Industrial Experience

Burner for Secondary Reformer in Ammonia Plants

Traditionally, Topsoe has used ring burners i secondary reformers in ammonia
plants. In general, these have performed well. However, in some cases there has
been a tendency to erosion/corrosion of the edges of the holes, probably due to
backflow of hot gas caused by small irregularities in the machining of the "holes.
‘This has never affected process performance, but as a safety measure the bumer
was inspected during shutdown and repaired as required.

In order to avoid the maintenance of the burner, a new design has been
developed with nozzles fitted to the holes. Nozzles have been installed in the
burner in several ammonia plants since spring 1993 with exellent results.

Topsze CTS Burners for Autothermal and Oxygen-blown Secondary Reformers

The Topsee CTS burners were introduced to the industry in 1992. At present CTS
burners are in operation in three autotherinal reforiner units, and burners for a
number of oxygen-blown secondary reforiner units have been put onstream.
Conclusion /

During the last six years theoretical methods, e.g. fundamental fluid dynamics and
metallurgy have become an integrated part of modern burner design. The
combination of predictive methods with empirical .methods and know-how has
im]iro;/ed the development and design of burners and reactors for secondary and

autothenimal reforming.
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MOJIENIHPOBAHHE ITPOIIECCOB SHEPI'OTEXHOJOIrMYECKON
MEPEPABOTKH YTOJBHON MBI B IOTOKE

B.U. Beixos, T.U.Bumnesckas, H.M. lupynsunyenko, A.C. BecenoB

Buomucaumensnwti enmp CO PAH 2 Kpachospck,

Hayuno-uccaedosamenscicuti usnxo-mexniseckiii uncmumym KTy

OaHMM U3 OCHOBHBIX HampaBieHyi#l CO3JaHUS SKOJIOTMYECKM YHMCTOM
3JIEKTPUYECKOI CTAHLIMHM Ha TBEPAOM TOIIMBE SIBJIIETCS COeIMHEHHE npoixeccon
nepepaGoTKM TBEPAOro TOIMUIMBA C CYILECTBYIOIUEH TEXHOJIOTHENH CXHUraHUsS
(3HEpProTeXHOJIOTMYeCKHEe YCTAHOBKM C TpollecCaMy MNMpPOAM3a, Tapora3oBble
TEIDIOBBIE 3NIEKTPOCTAaHLMHM C TpeNBapUTE/IbHOM rasubwmkaumeit). BpeaeHue
3HEProTeXHOJIOTHYECKOH TMOArOTOBKM TBEpAOro TOIUIMBA M3MEHSET BCIO
OUHAMMKY -TOPEHHA (TIPOMCXOOMT CXWraHMe TNPHHUMINHAJIBHO HOBOTO BHIA
TOIUIB2 - aKTMBUPOBAaHHOIO KOKCHMKa MiM CHHTe3-ra3oB). B paae cayyaeB aTo
MO3BOJIIET M3MEHHUTh MEXaHU3MBl (OPMHPOBAaHHSA BpEeAHBIX AJSA OKpYXAloLIei
cpednl BelllecTB (OKMCJBI a30Ta, COEAMHEHHUS Cepbl M  TMOJMUMKJIHYECKHE
YEJIEBOIOPObI). -

Ha pgaHHOM 3Tane pa3sBUTHA TefUI0SHEPreTHKHM pacCMaTpHBaeTcs 'pad
TEXHOJIOTHYECKNX BapHaHTOB CO3fAaHMsA 3Koaorndyecku yucthix TOC. Haubonee
KapAMHAJIBHO PEIUMTD-9KOJIOTHYEeCKHE MNpo6sieMbl BO3MOXHO NMYyTeM OpraHMU3alLluH
CUCTEMBI rasu(HKaluU YroJbHOM MbUIM C MOCJEAYIONIEH OYUCTKOM M CXHUraHHEM
ra3oo6pa3HeIX MPOAYKTOB rasidukauuy. KpoMe 3roro CylecTBYeT DSl TeX-
HOJIOTHH COBEPLUEHCTBYIOIMX COBPEMEHHbIE METOABI CXHMIaHHUs M OCHOBaHHblE
Ha COBCPIUEHCTBOBAaHMHM AWHAMMKH (aKeJIbHOro CXHraHMs yfonbﬂoﬁ nsun. Ha
HacTo- sillleM 3Tare B COOTBECTBHM C MporpaMmoii MHHHaykH Mo 'coa.c(aumq
"sKkojiorsyeckl unctoit TOC 3akaHYMBalOTCA TPOEKTHbie pa3paboTKH msyxA
TexHosoruit: TOC ¢ cXHraHMeM TNpOBApUTEJIBHO MMOJOTPETOM O TeMIEparyphl
600 - C yronsHOil mNBUIM M TEXHOJIOTHHM CXWraHHS TIPOAYKTOB Tra3subUKaLUH

MbLIEBUAHOrO 6Yporo yrisi.
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.. B IaHHOM pabore l'lpOBb).'lPlTCH NOMkITKa pa3paboTaTh yHMBepcallbHOe MaTe-
MATHYECKOE OMMCAHHe, TIO3BOJSTOIIEE WYMCIEHHO MONEIHMPOBAaTh ITHHAMMKY
m@ec“ peamiimt H ﬁ:mbmacconepciiocar s cﬁgreu 3HEProTeXHOJIOrH~
; qecxoﬁ ﬁépepaﬁ;mm FIbUTEBHEOrO TBEPAOro TOTUIMBA.

Paspaborana ' MaTeMaTHYecKasi MOMeRb (H3UKO-XMMHYECKMX MpPOLECCOB
3HEeproTeXHOJIOrHYeCKOMH ncpepaﬁorxn YIONbHOM TMNBUIM TNPHMEHHTENIBHO K
;I)axe;lbm.m (npbro%) peakTopaM. YpOBEHb MaTeMaTHYeCKOro MO}IeJIHpO-' .
BaHMS .~ tbuain(o~nmmqecxuc SIBJIEHHs], TIPOTEKAIOLINe B OTHEJIbHBK yacTHLaX
TBEpAOro TOIUIMBa M ra3oBoM obbeme. B obuiem mpouecce ropeHHs-rasudu-
KalMM OTIeNIbHbIK, YaCTHLl TBEpAOro TOIUIMBA YCJIOBHO BBIIEAIOTCSH CTaOHH:
CyllIKa, NHPOJIM3 H COOGCTBEHHO TIOMO- H TreTepOreHHblE pPEaKUHH TOpEHHsI-
. Fa3(HKAIMH TOPIOUHX KOMITOHEHTOB JIeTy4#X BELUECTB yIjiiepoda KOKCOBOIO
" grcratka. V

Ycnosus MaTeMaTHYeCKOro MOIEMPOBAHMA ~COOTBETCTBYIOT — IIPOMBILLI-
JIEHHHIM YCJIOBHSIM TIpOBe€HHsl MPOLIECCOB TMHUPOJIM3a, TOpeHHsI U rasHdHKaLHH
yroJbHOMH NMBUH B ¢akere: noymaKCIiepCHble YaCTHUBI TBEPAOTO TOIUINBA pa3Me-
paMH or 3 mo 1000 MKM BBOASTCA B [BIKYWieics ‘BbICOKOTeMl'lepaTyprlﬁ
" ra3oBblif TIOTOK (MCXOAHas TeMﬂépaTypa rasa 1000-2000 K, yncimo Re mns teep-
ARIX YacTHLl B [a3oBOM MOTOKe H3MeHstieca oT S0 1o 0, B TOTOKE HMéeTcs
CBOGOMHBIA XHCJIOpPOA H CBA33HHEK) OKHCIIHTENb {BOJIAHOM mMap M IBYOKHCH
yrnepoga). [lo Mépe pasroHa yroJbHBIX YaCTHIL npoucxoﬁm ‘MIpO LIecChl Harpesa
TBEpHOH (basbl,” OXNAXAEHNS I'430BOrO TOTOKA, CONMpOBOXHRIONUMECS  GBICTPO
NpoTeKaloUMMH (Gal0BbIMH TepexoJaMH M XHMHYECKHMHM peakumsMu. [Ipu
COCTaBNEHHH MATeMATHYECKOTO OMHCAaHMsl HCMONB30BATHCH O6LUeNpPHHATbIE
NpeAnonoXeHus -MHorodasHol aspoquHaMuky /1 /. /

QOcHoBy MAaTeMATHYeCKOH MOZENH coc’rannxé’r cucreMa augpdepeHLHANTbHbBIX
ypaBHEHHI! TEIUIO H MaccCOMepeHoca B OTAEMbHBIX YaCTHLAX MoMA(paKIMOHHOM
yronbHoii nbumy /2 /. ®a3oBble MepeXoQbl B MOPHCTOi YaCTH YTOJNBHBIX YaCTHL
OCYIIECTRASIIOTCS BCJICACTBHE HMCMapeHHs GU3MYECKOH BjIard TOIUIMBA, a TakKKe
TP TEPMHYECKOM Pa3IOXEeHWH OopraHuyeckod Maccel yras. Jiist razoBoil dasbl
PeIaloTCsl YpaBHEHMS XMMHYECKOH KMHETHKH, MO3BOJAIOLINE pAacCYMTAIBATL
IHHaMHKY HOpPMMPOBAHHMS OKHCIOB a30T2 M BO3MOXHOCTH HX DacKHMCJIEHHs 3a

" CYeT OpraHM3allMH BOCCTaHOBHTENbHbIX 30H /3/. [IlepeHoc BbiAENSIOLIMXCS
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Mapora3oBbiX NPOAYKTOB BHYTPH TMOPHMCTHIX YacCTHL TOIUIMBAa OCYLUETBIsIETCH
nocpeactBoM 3¢dekTBHON aHUdIY3MH, a TakkKe KOHBEKTHMBHOTO TEYEHMS,
BbI3BaHHOTO TPaJiMeHTOM [aBjieHus. Ui onpenmeneHHsi TeMMEpPaTYpHBIX MoJei
YrOJIbHBIX YacTHL MCTIONB30BATHCH anddepeHUHaNbHBIE YPaBHEHHSI B 4aCTHBIX
MPOU3BOOHBIX, BbIBEJEHHbIE M3 3aKOHa cCoXpaHeHHs1 3Heprun /1/. B kauecre
rPaHUYHBIX YCJIOBHI. ra3-yrojibHasi yacrMLia MCHOJIb30BAJIUCh. TPAHUYHBIE YCJIOBHS
TpeThEro poja.

Hna YUCJIEHHOr O pelleHNs anddepeHLIHATBHBIX ypaBHEHMIt
HCIIOMb30BATTCH KOHEYHO-pasHOCTHble MeToabl /4/. TIp 3TOM KOHCepBaTHBHbIE
Pa3HOCTHbIE CX€MbI TOCTPOEHbI Ha OCHOBAaHMM MHTErpO-HHTEPNOISLIMOHHOrO
Merona. [lonyyeHbl ycToiiuMBble HesIBHbIE KOHEYHO-PAa3HOCTHBIE CXEMBI, TaK KakK
KOHBEKTHUBHBIH 4JI€H anmnpoKCUMHPOBAICA MO MNPHHUMIY OPHEHTHPOBAHHOrO
yrosika /4/.

BeruMcnuTeNbHBIH 3KCMEPUMEHT MPOBOAWICA NMPH M3MEHEHHH TEMIIEPATyphl
ra3oBoro IMOTOKAa, HAYaJIbHOrO BJIArocoAepXaHHsi TBEpAOro TOIUIMBa M M3Me-
HEHMH OOJIM YaCTHLl TOIUIMBAa pa3JIMYHOro paauyca B 3arpy3o4yHoi ¢pakuuu.
HcxonHble mapaMeTphl 3arpy3KH M MoJlydeHHble pacyeTHble JaHHble HaXoosATCs B
COOTBETCBMH C 3KCIEpUMEHTATbHbIMH.

OTMeyeHHble B YMCJIEHHOM 3KCMEPUMEHTE BBICOKHME IIOTHOCTH BOISIHOTO
napa M JIETYYHX BELUECTB SIRJIIIOTCS OJHOM M3 OCHOBHBIX NMPUYMH HM3MEHEHMS
dpakuMoHHOro cocrtaBa yronbHOH mbUIM. B pesynsrate GMbloif cepun ymc-
JIEHHBIX 3KCIEPUMEHTOB YCTaHOBJIEHO, YTO B (akeJbHBIX Mpolleccax MHPOJIN3a,
ropeHHst ¥ rasuduKaLMM yroJbHOM NMbUIM, JUHAMHMKa Mpoliecca BbIxoJa BOJSHOTO
1apa M JIETYYNX BELECTB ONPEIENETCS KOHBEKTHBHBIMH MTOTOKaMH.

®Dusnyeckas MoaeSb NpeacTaBisieT co60if CeKLIMOHUPOBAHHBIA MPOTOYHBIH
peakTop Ha BXOJ KOTOPOro MoJaloTcs MpoayKbl CropaHus ¢ TeMmneparypoii 1000 - ‘
2000 'K n MoHodpakunoHHas yronbHasi cMech. OCHOBHasi LieJib 3KCIEpHMEH-
TQIBHBIX MCCIEN0BaHMIf MPOBOAMMBIX Ha MPOTOYHOM pEaKTOpe - TMOJNydYeHHe
3¢ eKTHBHBIX KMHETHYECKHX TapaMeTpoOB MHPOJIM3a M COGCTBEHHO peakuMid
ropeHHusi-razuuKaluy yrJIepoaHbIX YaCTHLL. l'lpummnﬁanmbm B IaH- HOM
cllyyae SBJISIETCSI MCMOJIb30BAHWE HEU30TEPMHYECKOTO CEKLIMOHHMPOBAaHHOrO
peakropa M KOMIUIEKCHOTO aHaJiM3a TBEpAbIX M Tra3oo0pa3HbIX- MPOAYKTOB

3HEepProTexHOJMIornyeckoil mepepaborkn. B nmpouecce npoBeaeHMss  OMbITOB
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" BKCTIEPHMEHTANILHO  YJAeTCH , H3MEPHTD NWHAMHUKY | raéoo'ﬁpaém BEIlECTE B
- TIDOAyKTax MHPOJIH3a, raaudmxaunn yrwxmou MbLIM B HECTALlMOHADHBIX
:ycnomsx SKCnCpHMeHTaHbHHe HCCJIEAOBAHHS - np0BeD.eHbI VISl YacTHL 6yporo
:6epo- 30BCKOT'O YrJist 3¢¢cmubm pa3mepom 50 o,

)Ialmas paGora mpoBoAMTICA MO nporpauue “"DKOJIOTHYECKH YHCTas
aHepretHKa” MunHayku P® u paay rgamon VMmmpnpoum P® u Mimisysa PO.
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MATEMATUYECKOE MOJENUPOBAHME NPOLIECCA TEPMOKQHfAKTH_OI'O

MAPOJU3A BbICOKO30JIbHOI O KAMEHHOIO Y1l B HENOABUXHOM

3EPHAUCTOM CJIOE :
- Naukos B.M.
OmeneHMe BN3 UN3 HAHY, Kues, YKpaMHa

Tepmoxumuyeckas, nepepaﬁoma(nuponua, CKMraHMe W rasudukayus)
BbICOKO30/bHbIX KaMeHHbIX yrnew noA AaBneHvem B uu‘pxynupylomem KMNswieM
cnoe (UKC)-oauH u3a Haubonee nepcnekTUBHbBIX n_yTeﬁ: ux adieKTMBHOro
BOBNEYeHUA B Tonnnsuo'-auepfe‘ruuecxue ‘6anaHcbl cTpaH CHI",/ npgbnbneuuﬂ
cyu;eémyrou;ero 3HepreTUYecKoro Kpuauca u péLueHun':'-;Konoruqecxux npbﬁneM,
CBf3aHHbIX C YMeHbLUEeHUeM epenngx BLIGPOCOR B aTMocdepy OKUCNOB Cephi
asoraf1]. e _ V

B OTaeneHuu BbicokoTeMnepaTypHOro npeoﬁpaaoéauunanepmu WHctutyTa
npo6nem aHeprocGepexerns HAH YkpauHs! B HacTosijee BpeMs paspabaTbiBaeTcs
TeXHONOrMYeCcKas MUMOTHAA YCTaHOBKA NPOW3BOANTENLHOCTLIO 1 TOHHA Yrns B Yac
ans Jiayxcranuﬁnoﬁ raancpukaumm BbICOKO30MbHBIX KaMeHHBIX yrnen, 8 UKC c
BbLICOKOW KpPaTHOCTbIO LIUPKYNALMM KOKCO3oNbHOro ocTaTtka(go 100) Ha Bo3ayLiHOM
AyTee Ao 2.5 Mna [11.0aHOA M3 ee OTAMUUTENbHBIX ocobeHHocTeli sBnseTcs
HanMuMe NUPONM3epa C MeANEHHO OnycKaloWMMCA(NNOTHLIM). CNoeM Ha TpakTe
BoaBpaTa KOKCO30MIbHOFO ocTaTka, MpeAHa3HaYeHHOro AN  OcYWecTBneHU:
npeaBapUTenLHowM TepMMuecKoii NOArOTOBKM TONNMBa NyTeM NMpONM3a npu
NOBLILEHHLIX AABNEHUSX W BLICOKOCKOPOCTHOM Harpese ,a Taioke NoNyyeHus
BbiCOKOKanNOPUAHOro raaa[1 \2).

B yensx .noatanHoro co3paHus obleid MeToponorMM MaTemaTUYecKoro
MofienvpoBakus, pacieTa u oNTUMU3ALNN CROXHLIX XMMUKO-TEXHOMOFUYECKNX CXEM
Ans TEepMOXUMUYECKON NepepaboTKM = BbICOKO3OMLHBLIX HWU3KOCOPTHbIX
3HepreTvdeckux yrnei YkpauHbi B HacTosweld pabote baccma‘rpuaano‘rca
MaTemaTU4eckoe OnUcaHue, anropuTM U nporpamMma  pacueta npoyecca
TEPMUYECKOrO pa3noXeHUs BLICOKOIONLHOTO KaMeHHoro yrns Mapku [ClI B
nuponuaepe TexHonoruyeckomn ycraHosku[1,2].

Mpouecc TepMuyeckoro pasnoXeHWs TBEPAbIX TONAMB B MHEPTHOW cpepe
ABNAETCA CNOXHLIM KOMNNEKCOM MHOXeCcTBa HeobpaTUMbIX OU3NKO-XMMUHECKAX

NpeBpaLLieHuii,-B peaynsTaTe KOTOPLIX M3 UCXOAHOTO ToNnMBa obpaayloTcs Teepable,
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XuaKvMe U raaoobpasHbie NpoAykThl. Bbixod UM coctae o6pasyloyuxcs NPoAyKTos

aaéucm' OT 0cO6EHHOCTEH MX MONEeKyNspHOWA AECTPYK{UM U YCNOBUA HarpeBaHus.
Hanbonee nonHo uayyeHb Npoyecct NUponuaa yrmen npu atMocthepHoM AaBneHnn
M MeANeHHOM Hal;peae, KaK OCHOBbI TEXHOMOTMW KOKCOBAHUS WU MONYKOKCOBAHMUS
[3).3KcnepuMeHTaanbix RaHHbIX 110 AUHAMWKE U MaKPOKMHETUKE CKOPOCTHOrO
nuponuéé W3BECTHO KpaliHe Mano ,a fAaHHbie no CKOPOCTHOMY NMPONUay NoA
AaBneHneM ,NM60 NpU OFPaHUYEHHOW CKOPOCTH 3BaKyauuu NPOAYKTOB, kak W
kbppekTHue MaTemMaTuveckMe  OMMCAHUS ;{Torb npoyecca  Boobue
oTcyTcTByioT{3).OTMEeHHOE OBCTORTENCTBO CyW|eCTBEHHO - 3aTpyAHSeT ouenxy‘
BpemMeH npebbiBaHWA YacTUY ANRA BbIXO4a OCHOBHOM YacTU NeTyu4ux - BaXHeWwero
napameTpa AnA Bblbopa onTuMmansHbix cnocobos nogaun yrns  ANA ero
nocnepytoweii rasucpukayum 8 LIKC [1,2]. 7
PaccmaTtpusaembliit annapar npenc'raangé'r co6oli yunuHapnYeckuii peaktop,
BHYTPU KOTOPOFO  HaxoAMTCH COBOKYNHOCTL  ABYX ,BaaVMMHOHPOH,MKaIOl;LmX
KOHTUHYYMOB: TBepAoW ¢aski, BKAIOYAWeEN NopuUcTbie o¢epviquKue cBEXEro
Yrns, KOKCO30NLHOro ocTaTka W 30Mbi, NoAaBaeMble B annapaT cBepXxy, U Fa3oBoM
daswi, cogepxalyeii NPoAyKTH NUponuaa Tonnuea unbTpyoWMecs yepea mea-
‘NeHHo onyckalowuiica  cnoid Tonnuea cHu3ay. [peanonaraeTcs,yTo NPOAYKTHI
nMponuaa paccMaTpueaeMoro B HacTosiiel paboTe AOHELKOro ra3oBoro yrfis Mapku
rcuw cocToNAT K] nerkwx rasoo6pa3aHbix npoAaykTos
(Co,,CO,H,0,H,,N,,CH,,C,H,,C,H,),a TakKke NapoB CMON U YrNeBOAOPOAOB,
SBNAIOLUXCA  NPOAYKTOM (hadoBbIX(MCHAPEHNA-KOHABHCALMN) W XMMUYECKMX
NpeBpaLyeHUii BHYTPU NOPUCTOM CTPYKTypbl YronbHbIX 4acTuy. Beugy Toro, yTo
peanbHbiii COCTaB CMON i YrNeBOAOPOAOB, 06pa3ylowUxcs NpU TepMUYEecKon
AecTpyKumm taucoxopeaxquouuux 6ypbix yrnew, k Yucny KoTopbix OTHOCMTCA‘ " yfpnb
mapku [CLU, pectMa cnoxeH. M MHoroo6GpaseH W npaKTUYeckw Hen3BecTeH,
NPWHUMAETCS, YTO B paccCMaTpUBAEMOM Cflyyae cCOCTaB CMOSbl MOXeT 6biTh onucaH
cembio 6a30BLIMU(KMIOYEBLIMN) 'KOMNOHEHTaMM, COBOKYNHOCTL KOTOPbIX OTpaqKaeT
OCHOBHblE CTPYKTYpbl, BXOAsWME B Monekynol yrns: 6eHsosnom C,H,, Tonyonom
C,H,, deHonom C,HOH, cdeHatpeHom C, H,, C, H,,, nnmerunﬂa¢>réﬁunon
C,H,, v meTunTéTpaammHoM C,H,. B raaoBom fnoToke fpoTekaloT BTOPUYHbIE

roMoreHHble U reTeporeHHbieé peakyun ykasaHHbiX Bbille rasoobpa3aHbix NpoayKToB,
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napos cMon u yrnesogopoaos ¢ ob6pasoBaHUMeM CMONsiHOrO kokca, Gnokupytouwero

nopbl YacTuy W 3aTpyAHsAtoLWero rasosbigeneHue nevyyux {4]. NepeHoc BewjecTsa v
3HEeprM no Cnolo ocyulecTBnAeTcs nytem 3ddekTuBHon Audcdysm u
TennonpoBogHOCTH, (bUNbTpayum U KOHBEKTUBHOrO TennoMaccoobmeHa Mexgy
Yacruyamu Tonnusea u 3onbl B cBo6ogHOM oGbeme crios.

OcobeHHOCTHIO NpepnaraeMoli MaTemaTUdeckoli Modenu SBNSeTca yueT
npoyeccoB nepeHoca BHYTPU MNOPWUCTOA CTPYKTYypbl YronbHbIX YacTuy W nporpesa
WHEPTHbIX YacTuy 3onbl. BHyTpu nop yronbHbIx YacTuy paccmaTpusatotca [5]:1)
adpdexTusHan auddyana un TenﬁonposoAHOCTb; 2) KOHBEKTMBHO-UNbTPaUNOHHBbINA
nepeHoc; 3) ebiaeneHue Br{aru u neTyuux; 4) cda3losblie nepexofgbl (ucnapeHue-
KOHAEHCauua) CMon W YrnesBoAopoAoB; 5) BTOPUYHLIE reTeporeHHble peakiuu
saaumogeﬁcfsuﬂ KOKCO30NbHOro - octatka TOnnMBa C Nerkumu rasoo6pa3aHbiMu
npoayktamu nuponusa(CO,,H,0,H, ,CH,). CTagum nepsuyHoro sbiaeneHns sBnaru n
NeTyuyMx BHYTPU MNop npegnonaraloTcA 6ObicTPbIMM, a TemnepaTtypbl a3
oAuHakoBbiMU, NpUHUMaeTCA Hanuuue BHYTpU flop Tpex B3aumopercTByowmx daa:
OpraHo-MMHepasnbLHOro  ckesieTa  {KOKCO30NMbHOrO  ocTaTka W 30”nbl),
NPOMEXYTOYHON  (KOHLEHCHPOBAHHOM), BKNOYalOUEed YNOMsHYTble  Bbilwe
CKOHAEHCUpPOBaHHbIE WNU  pacTBopeHHble 6a3oBble  KOMMOHEHTHI  CMOSbI,
razoo6pasHon. OCHOBHbIMU cbakropamy, BNUAIOWMUMM Ha NPOrpeB 30MNOBbIX
vYacTuy, sBnAlTcA addeKTMBHaA HecTayuMoHapHas TEennonpoBOAHOCTb WU
KOHBEKTUBHLIA TENNOOBMEH C raacBbM AOTOKOM B cBO6OAHOM obbeMe CNOS.
MpUHUMAETCS, YTO KOKCO3ONbHBIA OCTATOK MOCTYNAeT B MMPONU3EP U3 LMKNOHA B
npeHebpexumo Manbix KonuyecTBax MO CPaBHEHUIO W PacxXofoM CBEXErC Yrna w
npotekawowue B HEM MNpOUECCH He OKa3biBaloT CyU{ECTBEHHOrO BNUSIHUA Ha
TEPMUYECKOE  pa3noXeHWe  UCXogHOro  Tonnuea. Cuctema  ypaBHeHWi
MaTemaTuM4yecKoi Moaenu npoyecca TEPMOKOHTAKTHOTO MMPONWU3a BbICOKO3ONbHOMO
KaMeHHHOro yrns B nponu3epe B NPUGNMXEHUM HENOABWKHOrO 3€pPHUCTOro Cnost
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Dna pewenns cucTemsl ypasHeHuii (1-17) paspabotaH anroputm pacueta,
aHanoruyHbli Metogy 3eiipens. Ero oTnuuuTenbHoil ocobeHHOCTbIO ABNAETCS
UTEPaLMOHHBIA pacyeT NONHOW CKOPOCTU ha3oBOro Nepexoda KOHAEHCUPOBAHHOM
¢haasl BHYTPU MOPUCTON CTPYKTYPbl YrOMbHBIX YacTWL 3a CYeT HaNoXeHUs Ha
paccMaTpuBaemylo CUCTeMy AONONHUTENBHOrO NPEeAnoSIoKEHUs O TepMOAMHa-
MUYECKOM PaBHOBECUM MeXAY KOHUEHTPAUWSIMU KOMMOHEHTOB B ra3oBOA W
KOHEHCUpOBaHHOW ba3ax,. NO3BONSIOLIUM - CAENaTb ee NepeonpefeneHHon W
McnonbaoBaTb HEKOTOPbIE M3 YpaBHEHWA AaHHOK CHCTeMbl(Hanpumep, ypaBHEHUs
nepeHoca B KOHAEHCUpOBaHHOW hase (4) ‘ans BbiuMCneHUn cKopocTel - a3osbix
nepexofoB. KOHUEHTPaUM¥ KOHAEHCUPOBAHHLIX KOMMOHEHTOB NpW 3ToM onpe-
AensiloTCs Ha OCHoBe KOMGMHMpoaaHHoro 3akoHa Payns-flansToHa.

MporpamMma pacyeTa npouyecca B NUMPONU3epe peanu3oBaHa Ha sA3blke
FORTRAN-77 cdupmbl MICROSOFT (v.4.1 u 5.0).MNo3sonseT paccuutbiBaTh NONSA
OCHOBHbIX XapaKTepPUCTUK NPOL eCCOB TEPMOKOHTAKTHOrO fIMPONN3a BbICOKO30NbHbLIX
KaMeHHbIX yrnei noj AaBneHWeM NO BbICOTE CMNOSA U paguycCy YronbHbIX U 30N0BbIX
YacTUY B pa3nuyHble MOMEHTb! BPEMEHM.

Mpu uucneHHoM aHanu3ae mojemnm Ha MN3BM IBM PC AT 386/387
uccrnefoBaHo BNUsHUE PEXUMHBIX napameTpoBs hyHKYMOHUpOBaHUSA
npoeKTUpyemoi NUNOTHOM ycTaHoBKU[1,2] Ha ripoTekaHWe npoiiecca TepMU4ECKOro
pa3fnoxeHust AoHeukoro rasosoro yrna Mapku [CHI - PeaynbTaTel pacuetos
NOATBEP#AaloT paHee BbiCKa3aHHyIO B [3] runoTeay o HanuMuuM B .Nopax yrofbHbIX
YacTUL TNPOMEXYTOYHOW(KOHAEHCUPOBaHHOW) cpasbl, coAepxalleid CKOHAEHCUPO-
BaHHble W pacTBOpPEeHHble ra3bl, XWAKWe CMonbl U yrnesofopoAb, W ee
CyweCTBEHHOM BNWUSHUM Ha NpoTekaHWe NPOLEeCCOB TEPMOKOHTaKTHOrO NMponuaa
BbICOKO30OMbHbIX  KAMEeHHblX  Yrned Npu  NOBLILEHHbIX  AaBNEHUAX U
BbICOKOCKOPOCTHOM Harpese. Co3faHue rasudukauyuoHHol cpeabl B cBo6oaHOM
obbeme cnos nyTem BsBedeHns B rasosyto cpeay CO,,CO,H,0.H, w nossileHue
AaBnenns cnocobCTBYIOT MHTEHCUUKALMU NPoLecca U CHIWKEHUIO 3 eKTUBHLIX
BpeMeH Bbixoja netyuux. PaspaboTaHHble MaTeMaTuyeckass MoAesb, anfropuTM u
nporpamma 6yayT B AanbHedlWeM WUCMONb3oBaHbl Npu oTpaboTke PeXuMos
UCNbiTaHUY U NNaHUPOBaHUA JKCNEPUMEHTOB B nvponuaepe, Bbibope onTUManbHbIX
cnocoboB nogauum KOKCO30MbHOFO OcTaTka Tonnuea ANA  nocnepgytoulen
raaucdukayum B peaktope-rasoreHepartope, pa3paboTke MaTemaTuU4yeckoy Moaenw,
MEeTOAMKM pacyeTa WU  ONTUMMIAUMM  AEMOHCTPaUUOHHOK  TEXHONOru4EeCKoW
ycraHoBkum LIKC-1.0 c pabouum pasnenvem 0,8-2,5 MMA no AByxcTaawitHoM
rasucukayun. HU3KOKanopwWwHbIX. yKpauHckux  yrneW{1,2].flaHHan  ycTaHoBKz
ABNSETCA NPoobpasoM ONbITHO-NPOMLILLNEHHOW ycTaHoBKM Ha 10 T yrnafyac Ha
MupoHosckoti TP3C.
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OBO3HAMEHUA

D-koacbpnymeHT auddysum; j-HoMep KOMNOHEHTA; X-KoopAMHATa BbICOTHI CROS; €-
NOPO3HOCTb;  P-NNOTHOCTb;  C-KOHLUEHTpauus, BecoBble AONY;  U-CKOPOTTb
KOHBEKTUBHO-(hUILTPaLMOHHOrO NepeHoca; B-ko3chdULMEHT KOHBEKTMBHONO Macco-
obmeHa [8]; F-noBepxHOCTb;¢x,, @, — CPeAHEUHTErpanbHele 4ONKU Yrnepoaa U 30Mbl
B CNnoe; r-koopauHaTta paauyca 4actyy; g,n, —Homep 1 obujee uucno rOMOreHHBIX
peakuyui; v-ctexmomeTpudeckuii koaccuuymneHT; W-ckopocTb peakuyuy; t-spems; A-
KoachcMyneHT TennonpoBofHocTH; T-TemnepaTypa; Cp-TennoeMKocTb, -
koachhuLMeHT TennoobmeHa [8] M obbeMHas fons; g,,&, —CTENEHN YEPHOTLI
yrnepofa U 30Mbl; co-KoaddUUUEHT U3NyyeHUs abCoMOTHO YepHoro Tena; enp-
npusefieHHass CcTeNeHb YepHOTHI FasoBoro noToka; Q-TennoBoi addexT;
C’,A? -pons yrnepoaa M 3onbl B TonnuBe Ha pabouyio Maccy; W on —nonHas
ckopocTb pasoBoro nepexofa KoHAEHCUpOBaHHOM dasbl;g,,q,, —CKOPOCTH
nepBUYHOro BbigeneHus netyuux u Bnaru [6]; AHucn, AHw-TennoTbl ucnapeHus
KOHAEHCUPOBaHHbIX KOMMNOHEHTOB W BRarW; s,n,—Homep W obuwee uyucno
reTeporeHHbIX peakuui; m,m, -obwme uucna KOHAEHCUPOBaHHbLIX WU rasoBbix
KoMnoHeHToB; P-paBnenve;H-BbicoTa; R-yHUBepcanbHas rasobas noctosHHas; M-
MonexynspHas macca; Z; —CKOpOCTb UCTEYEHUs TBepAoro MaTepuMana M3 annapaTta -

[7, T -cpepHemaccoBas TeMmnepaTypa ABYxcasHoro noToka Ha Bxoje B
nuponusep.

HHUXHHE HHAEKCb]
j-HOMep KOMNOHEHTa; i-Homep chasbl:1 -ras, 2-Teepaan ¢asa, 3-koHAeHCMpoBaHHas
¢asa; *-3HayeHUs NepeMeHHbIX B ONYCKHOM cTosike yctaHosku [1]; b-cnou; O-
HayanbHoe UM oNopHoe 3HAYeHWUe; p-4acTuLa; s-HoMep reTeporeHHoW peakuuu; c-
yrnepof; K-KOHBEKTUBHbIW; a-3ona; g-HOMep FoMoreHHoW peakuyuu; dhn-cga3oBbii
nepexop; v-neTyune; w-nara; ud-yaenbHoli; st-cteHka; ucn-ucnapetue.

'BEPXHWE UHOEKCbI
X-npogonbHble cocTasnsiowmue acpdekTUBHLIX KoadbduymeHToB NepeHoca; b-cnoi;
c-yrnepoj; g-c-cocTaensiouie TennoobMeHa ras-yacTuybl yrnepoaa;g-a-cocTaBns-
rowme TennoobmeHa ras-yacTuybl 3onbl;a-3ona; g-st-coctaensiowne TennoobmeHa
ras-cTeHka; e-acppeKkTuBHbLIE cocTaBnsiowmne KoachdUUUeHToB nepeHoca; p-paBHo-
BEeCHOe 3HauyeHue; *-NepBUYHOE COoAepXKaHWe NEeTYuUX; *+-NepBUYHOE cofepXKaHue
Bnaru. :
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MATEMATMYECKOE MOAEJIMPOBAHME NPOLIECCA
OKMCAIUTEALHOIO AMMOHOJIM3A METAHA HA MAATMHOBOM
KATANW3ATOPE
npod.Cavetmon A.C., ppod. I'pwiw [LH.. Gonpaperno WU.B.

Xapukosckhit FocyaapcTeersadi MomiTexmuecknit yrmsepcuTeT

KOHTaKTHO® OKMCNeHME CMECH METaHa U BMMWAKA KMCOPOROM BOYXa
HA MNATMHOPOAMERBOM KaTasm3aTope NpoTexaeT B8 o6nacTu exeluHen Audysum
W BpeMA KOHTAKTMDomErsfS  HaXogutcs 8 npeaensx 10°-10% [1-7).
SOALWMHCTBO MCCNeROBAHMII,  M3YHaBLIMX KMHETUYECKME  XapPakTepueTIKN
nofiyYeHms  CUHMABHOW KMCSIOTLI MO MeToay AngpyccoBa, OfPaHMYMBAIMCb
SMMPUHECKNM OTHACAHAEM NPOLLECCA OKUCIMTENMHHOMO SMMOHOIM3A METaHA.
EAnHCTBEHHAR MSBECTHAA MOMbLITKA ONPefeneHNs  KMHETWKM - fpolecca
npuHaanexwsT fledy n Porty [8, 9], koTopble cgenasm 8bEOZ O TOM, UYTO
obpasoBanme LMAHMCTONO BoAopoAa MAEeT MO peaky MEPBOFo MOpRAKA
oTHocuTeMbHO CHy 1 NH;.

06pa6maa pesynkTaThl CBOMX 3kcnepumeHTos, fleH 1 Pot1T npeanoxmm
cnefylowee AMMMpUYEcKOoe YPaBHEeHUEe 3ABICUMOCTI CTENeH KOHBepPCWn OT
napameTpoB cuHTe3a [8): - ' .

O HCN/NHg= 170,22 - 875,145 (CH.;/NH;,) +

ﬂ— 0,562et - 46,587 (CH,/NH3)® -

- 647010 %1 + 0,888 (CH,/NHg)st,
HEKOPPEeKTHOCTb  KOTOPOro  3ax/liodaeTc B TOM, HTO  @yToTepMuyHas
Temniepatypa cuHTe3a () He MOXeT paccMaTpuBaTBCA B KayecTse
He3aBUCHMOro napamerpa CHHTe3a, MOCKOSbKY, KaKk MoKasaHo Temu xe
asTopamin [10],' spnseTcs ¢yHKkumeli cocTtaBa CMecH, nocTyhanomeﬁ Ha
Katamtu4eckoe B3anmMoaeiicTene.

Kak nokasam Hawmn wuccnepoBarms [11], ocobeHHOCTbIO nNpouecca
OKMCIMTEALHOTO aMMOHONM3a MeTaHa (OAM) sBnsieTca TO, 4YTO CKOPOCTb ero
onpenesnineTcs BHEWUHWUM MacCo- - U TennofiepeHOCOM W Ha KuMHetudecxue
XapakTepucTUKN  UCMEKAIOLEE BMSHME OKASbIBAET CKOPOCTb MPOLECCOB
nepeHoca.A Mpy uccneposarun npouecca cuHtesa HCN pasgesmTb npoueccs!
XMHYECKOrO NpespalLeHns U nepeHoca Tenna, BellecTsa He NpefcTasnsevcs
BO3MOXGH5IM. B CBSI3W C 3TMM MOAENIMPOBAHNE NPOLLECCA CBOANTCS K MOMYHEHID
CTPYKTYPb! MaTemMaTM4eckoro OonucaHus Mpouecca B Choe KaTamsaTopa ¢
y4eTOM MpOLECCOB MNepeHOCa HAa OCHOBE COBPeMEHHSE: NPeACTABNeHuil o
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Mexanyame peaxiimi. [ICCTPOeHUS MoJerm U ee UCCAeRoBaHUE MPOBOAUSIOCH
MICCNSAOBATENERO N0 MACLLTABHSM YPOBHAM NPOTEKAaHA Mpouscca.
Viconenoranme MOXBMMSME DOIKUMM oKMcsemms CMacyl NH; u CH, wa
ananase  roxasama {3, 18], 4TO rnepBoHsHaEHO Ha NOBSPITIoOTY KATAMMISToDR2
SMPYSTER B OCHOBMOM 8 AVCCOUMWPEBAHHOM COSTORHWM wiciiopoA. Mpu

MSTOMO-BMLINEYHO-BOROYIGHeR CMBCKM HA TICBERMHOCTY KOaTAIMSATORE
EBEMIUHOTSR CTALMOHBEDHLIS KOHUSHTPALIMM KICAORGHS, CIMMMAKR, METSHE
3 caoDogHoll roBepOSTY! TNATUMDL HE CROSonMOR NOBERXHOCTV NARTWHLI
LSHNET NpoucxefwT:  amcopbuys AMMUBKa, MeTang ¥ oBpasoBsins
TRcMEXYTOuREIX cogguiHern NH,, CH,, H, OH v gp. TNpomexyTouHbie BauiecTea
pearupyioT Mexay cobolt ¢ ofpasosarmen npogyxvog HCN, H,0, CO, CC;, H,,
XOTORBIE MPAKTMNE~EM HE &8coRp3r~ 7TCR HE M/BTMHKE NPY TeMNepaTypax
1173-1273 K, noxwamot &g, 5zzof0Xiss NoEepXHocTe AN9 aacopSuuw
CrBRY:OLUMX aTCMOB KICNOPOAS.

8 csasi ¢ 3TUM  Mogenuposanue npotecca OAM CROQUTSS K MOMYYSHMWIO
STRYRTYPEl MOTEMATYECKOIO OMIACaHMS B C08 KaTasmsaTopa €  yuivw
TIDCLECCOB MEPeHsCa Ha CCHOBS GOBPSeMEHHLIX MPeAcTasneHull o MeXaHuame
Deaxiii 1 NOMYUSHHBIX SKCTIOPWMEHTANbHBIX AaHHbIX,

Ha oCHOBaHW TEOPETVINECKMX Vi SKCTIEPUMEHTANbHEIX AaHHbLX Sbin BbIBPaH

cTexvioMeTpudeckuy Basuc MaplpyTos:

CH, + 150, --r1-- HCOOH + Hy0 (1
HCOOH + NH; --r2-- HON + 2 H0 e
NHy +0750, --r3— 05N, + 1.5 H,0 (3)
CH, + 050, -—-p4- CO + 2 H, (4)
CH, + Op -5 CO, + 2 H, (5)

BbiBoa knHeTWueckoid Mopenu npouecca NpoBeAeH Ha OCHOBE Teopuw
CTaUMOHAPHbIX CKOPOCTE peakuuid NpU  HEKOTOPbIX  AONYLLEHUsX ©
COOTHOLUEHUWN CKOPOCTEW OTAENbHLIX CTaAUA U KOHLLEHTPAUMIA MPOMEXYTONHbIX
npoayktoB. CkopocTW pacxoAoBaHUs aMMuaka, MeTaHa, Kucsiopofa #
oBpasoBanus HCN, H,0, CO, CO,, H,, N, onpeaensioTcs 13 ypaBHeHMil:

1. (P/RT) (NH3) (CY(NH,)-C™(NH;))=-k2 [HCN] [H,0]-0,75k3[NHg] [O,]

2. (P/RTHCH,)(C*(CH,}-CCH,))=-1,5K1[CH,][0.]-0,75KA[CH,1{D,]-K5
[CH4] [O2]

3. (P/RT)O,)(C%O,) - C(O,)) =-1,5K1[CH,)[0;]-0,75k3 [NH3) [O,)-0,5K4
(CH,] [Og] - K5[CH,] [O,)
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4. (P/RT)(HCN)(C*(HCN) - C"(HCN)) = K2[HCN] [H,0]

5. (P/RT)(H,0)(C°(H,0)-C"(Hz0))=0,5[CH,]J[O,]+K2[HCN][H,0]+ 0,75K3
[NH3] [O.]

6. (B/RT)CO)(CXCO)-C(CO)) = 0,5 K4 [CH,] [O,]

7. (P/RT) (CO,)(C%(CO,)-C'(CO,))=K5 [CH4] [O,)

8. (P/RT) (H2)(C%(H) - C'(H)) = 0,5K4 [CH,] [O;] + K5 [CHy] [O)

9. (P/RT)(N2) (CY(N,) -C"(N2)) = 0,75K3 [NHa] [O;)

MNpennoxertble ypaBHEHUS U MEXBHM3SM fpoliecca Mo3so/MoT co3faTb
MaTepuanbHylo Mofeflb OKMC/IMTENbHOTO aMMOHONN3a MeTaHa W, yunTbiBas
aKcnNepriMeHTanbHbie AaHHble, paccYnTaTh KOHCTaHThl CKOpocTM peakumii (1-5).
MaTeMaTuuyecKoe onucaHme npolecca B Csi0e MAATMHOMAHBLIX CETOK MOMHO
38MMCaTb Kak CUCTeMy YpaBHeHuli MaTepuasibHOro &anaHca Mo ammuaxy,
MeTaHy U K1csiopoay, a Takke no npoayxtam peakumn (HCN, H,O, CO, CO,, Hy,
No):

dXe /dT = (S /10°Yoe) (Ye-Yse) e=1,2,3 (6)

dXk /dT = (Sk/ 10°Yok) (Yk-Ysk) k=4,56,7,89 (7)

KoHueHTpawumio BelllecTB Ha MOBEPXHOCTU ONPEAENsAN U3 CReAyloLu el
cuUCTeMbl ypaBHeHul, onucbiBaiowlelr BHewHeANddY3INOHHbIAR Npotiecc Ha He
OPMCTON MOBEPXHOCTW Katanm3aTopa B CTAlMoOHAPHbI YCMIOBUSX C Y4HEeTOM
fiPoLleccoB NapeHoca

e

(B P/RT) (Yi-Ys)= £ V4R i=1,23,4,567.8 (8)
5 =
a(Ts -To) =% QR Ts=const 9
g I
Ys9 =1 Ys, {10)

=1

{paHnuHble yenoBus: T=0 x =0

Xe - cTeneHb npesBpatuenns NH;, CHy, Oy
Xk - koanyecTBo oSpasosasumxcs moneit HCN, H,;0, CO, CO,, Hy, N:;
Y, KOHI{eHTPauMs B rasosoM obbeme KomroHeHTa (NH;, CH,, Oy, HCN, H,O,
CO, CO,, Hj, Ny), {MonsHble nom];
Ys;- TO Xe Ha NOBEPXHOCTH KaTanMsaropa;
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5  yRenbHas NOBEPXHOCTb KATAM3ATOPA, [M2M°);

B - xoadduULMeHT MaccooTAaun OT NOTOKA. K fl0BePXHOCT AN KOMITOHEHTOS,
[xr/M%.c{Monb. Ros)];

@ - KosbOuLMeHT Tefvionepedaun OT CETOK K  rasoBoMy  MOTOKY,
[KOxAM-crpan)];

Ts - TemMnepaTypa NOBEPXHOCTW KaTamaatopa, K;

To - TemnepaTypa cmecy B rasoBoM ofveme, K;

R, - cxopocts peayin 110 | MapLUPYTY;

Q; - TervioBoit addexT peakivm Mo j MapLUpYTy;

Vi - crexmomeTpuuecKmit koahdULMEHT i KOMNOHEHTA;

Cuctema auddeperipianuibix ypasHenmii (6-7) BMecte ¢ cucTemoil
anreBpavueckix ypassHermii (8-10) COCTABNSIOT MaTeMmaTvideckoe orwcaime
BHELUHe AN DY3NOHHOrO MPOUCCa OKMCIMTENbHOFO aMMOHOM3a MeTaHa Ha
nnaMHoMBHOM KaTammaaTope. Ha atane Teopetuueckoli omTummaaumin Gbina
rocTagseHa W pelueHa 3agjava Beifopa onmTUManbHOro obmeHa  MeXIy
FOBEPXHOCTLIO KATA/M3aTopa W MOTOKOM PeakLMOHHOW CMech, MpPU KOTOPOM
AocTMraeTcs MakCUManbHbiA BLIXOA LiaHUcToro BogopoAaa. [1pu HeorriManbHbIX
koapduLmeHTax ofMeHa npoucxoguT ofpasosaHne CO, CO, H,, N, umm
OTNOXEHWE yrnepoaa Ha NOBEPXHOCTW KaTanmaaTopa. PelueHneM cucTems!
ypasHeHuiA {8-10) HalineHbl koaddnUMEeHTH 06MeHa, PU KOTOPbLIX aMMuak
MeTaH CenNeKTUBHO NPEBPaLialoTCA B LMAHUCTLI BOAOPOA, NMPWU  pPa3siNyHbIX
cTeneHsix BHetHeAUPDY3UOHHOTO TopMoXeHus. [flokazaHo, uTo npouecc
omicnermsi cmecu NH; u  CH, Heobxogumo npoBoAuTh BO  BHeluHe
Aanddy3nonHHol obnacTu Ans MoNyyeHUst MakcumasnsHoli uatupaTtensbHocTU U
Bbixoaa HCN.
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Development of gases separation teclinology by Pressure Swing Adsorption (PSA)

E‘I_;i‘k-ch‘c;lobov VA, Noskov A. S., Fenelonov V. B., Zolotarskii I. A, Pokrovskaya S. A,
Melgunov M. S., Derevyankin A. J., Effemov D. K., Chumakova N. A., Baronskaya N. A,
Occel L. G; Duplyakin V. K., Plaksin G. V., Bobrov N. N., Parmon V. N.

Federal Research Center of Russia Federation “Boreskov Institute of Catalysis”(BIC)
SB RAS, Novosibirsk, Russia.

PSA separation method by Skarstrom (1960) is based on gases adsorption separation in short cycles
without any heating during desorption. In Fig. 1 you can see the common PSA scheme. Adsorber [ is at
the adsorption stage (room temperature, adsorption pressure P, ~ 0.1-1 MPa), adsorber II is at the
desorption one with ﬁressure P4<P, (0.01-1 MPa) at the same temperature. Desorption is provided by a
feed of purified gas. This is the scheme of gas purification from more than all adsorbed
components. Usually one can obtain the product with 98-99% purity, but it is possible to obtain more
purified gas (99.9999%), if it is nessesory (for example, for hydrogen purification in Wilson camera).
The scheme for the most complete gases separation by PSA technology includes the stages you can
see in Fig. 2 : I) adsorption at P, pressure, II) depressuration, III) adsorber washing by pumping or pure
gas feeding, IV) desorption of the product component obtaining at P4 pressure, V) repressuration to Pa.
The whole cycle time is varying in a range of 1-10 min. Sorbents employees are zeolites, carbon
molecular sieves (CMS) and so on. Industrial plants based on this method with output up to 10*
m*/hour were designed. The main applications: N or O, in air separation, separation of Ar/O,, H2/CH,,
H,/CO, CH4/CO mixtures, gases drying and others. There are thousands of such plants in USA, rather
more than 400 ones in China. In Russia PSA technology is under designing and only small devices are
produced.

To maintain the development of PSA technology in BIC the Aimed Priority Program was adopted in
1995. We have achieved the following results:

1. Creation of experimental basis (automatic pilot device KBA-2-2, methods and equipment for
adsorption kinetics, dynamics and statics studying).

2. Elaboration of mathematical models for some stages of PSA processes based at the level of
adsorbent particle and layer. Mathematical model parametres are determined from physical
experiment.

3. Elaboration of the best models to be followed in understanding structure of adsorbents for PSA
- modified zeolites or CMS for separation of permanent gases. Here it is possible to use different
adsorption and desorption rates and equilibrium constants. Models of modified adsorbents
where absorption takesplace in a modificator volume have beenelaborated too.

4. The first CMS samnples with optimized for PSA structure obtained.

In future we are going to create the experimental and theoretical basis of PSA technology for
separation, purification and drying gases mixtures:

a) Macro-PSA (with output of 1000 m3/hour; industrial technology);



b) Meso-PSA4  (with output of 1-10 m3/hour-Oz generators for medicine, N2 - for defense
atmospheres and so on);

) Micro-PSA ' (with output of 0.01-1 I/min -- gases generators and purificators for laboratory
equipment and so on).

Fig. 1 PSA gases purification

_7¢__’ scheme (extracting of N,
D

(CMS) or i, (zeolites)
Vacuum
Pump

from air).
High pressure : .
feed ) »

v | MY
Repressuration Adsorption Depressuration Pure gas feeding Desorption

Fig. 2 PSA cycle stages for purification process.
Equation for i component in gaseous p hase:
edc;fot + 0 (uc;)/ol + (1-e Joafot =0
Mass transfer rate for i component:
da /ot =ky(a; - a;).
Adsorption isoterm equation (modified Langmuir equation) for / component:

(1-¢)a;” =[ra,"bip" V1 +Sbp}.
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®upma ICI KATAICO

®@upma ICl Katalco, Bxomsaumas B rpynny ICI, ssisiercs BeoylIMM IOCTaBLUIMKOM
BBICOKOKAYECTBEHHBIX KaTaIM3aTOPOB M INPOLECCOB LN5i XMMHUECKOH, HedTeXUMH-
yecKoil M HedrenepepabaTbiBaiollleif ITPOMBIMJIEGHHOCTH BO BceM Mupe. OHa
MpefocTamsieT 3aKadyMkaM HauGojlee UIMPOKMM  IepeueHb  YCiyr, HCHO.b3ya
COBOKYITHOCTb NPOAYKTOB, OIKITa M 3HAHHWIif, HAKOIUIEHHBIX MOApa3fieNeHUSAMHU BCei
rpyninbl ICL. ICI Katalce moamep>kuBacTcsi KpYNMHBIMM OTAeJiaMU cObrra B YMKaro u
XploctoHe B CIIIA u B r. Kaunyp B MHiuu, a taxke IIMPOKOH cerblo GUPM M
MeCTHBIX KOHTOD rpyrnbl ICI noBcioxy B MHpe.

KaTtasmzaTopsl

e« @upna ICI Katalco nocrapnsieT KaTaau3aTopbl 6ostee 500 3akasyukam B 6ojiee, yeM
60 crpaHaX, B OcoOeHHOCTM A7isl IPOM3BOACTBA METaHOJIA, aMMHMaKa M BOAOpOJa M
JUTH peaMiuii TMIPOTeHHM3alHH.

e @upMa HMMeeT HeCpaBHEHHBI ONBLIT BO BCEX acnekrax pa3paboTKH U
HCTIOIb30BaHUSA KaTamn3aTopoB. Karanusatopsl paspabaThiBaiotest B HamieM IlexTpe
HayuyHO-MCCJIEOBATEILCKMX M TEXHHYeCKHuX paboOT M HUCIEITHIBAIOTCS Ha CoOCT-
BEHHLIX MMOJYMPOMBIUJIEHHBIX M KPYMHOTOHHAXHBIX MPOHU3BOACTBEHHBIX  yCra-
HoBkax ¢upMbl ICI. 1leHTp McelienoBaHMH TeTEpOFEHHOTO KaTajM3a MpeACTaB;igeT
co60Ji YHHMKaJIbHYI0O COBOKYITHOCTE HaBBHIKOB M MeTONOB. B HeM paGoTaeT GosnhiIoe
YHMCIHO Y4eHbIX, MHXXEHepOoB M oOCJlyxHBaloilero nepcoHara. lleHTp oGopyaoBaH
caMbIMH COBPEMEHHBIMH MpHGOpaMU.

.}IHHCHSHPOBRHHE TEXHOJIOTHH

« @upma ICI Katalco HeceT OTBETCTBEHHOCTb 3a pa3paboTKy M JIMIEH3HpOBaHHeE
TEXHONIOTHI, KOTOpbI€ HCMOJIb3OBaJIMCh i MocTpoiiku Gosiee S00 ycTaHOBOK BO
BceM Mupe. TIpoliecc MPOHU3BOACTBA MeTaHOJia MPM HU3KOM gaBneHUH ¢pupMbl 1CI
Haubojlee pacrpocTpaHeH cpedd TPOM3BOAMTENEH MetaHosa. DBhiia BBedeHa B
3KcIUTyaTaluio S1 ycTaHOBKa ¢ obllei MpoU3BOAUTEIkHOCTEIO 17.1 MJTH TOHH/TOX,
cTpoATcA elle 3 YyCTAHOBKH..

e Tpynna IC] 3aHMMaet AMaMpyiollee NojloxXeHHe B oIacTH MPOU3BOACTRA aMMHaKa.
Pa3spaboraHHbiit ¢upmoii ICl yHHMKafabHBIN 9HeprocOeperaloliuii mpouecc AMV
SIBJIAETCS] OJHUM M3 MEepCreXTUBHBIX MPOLECCOB B MUPE.

¢ K Hozeitmium paspaborkam ICI Katalco oTHoc#rcs mpouecchl PURASPECTM g
OYMCTKH TA3006pasHbIX M KMIKHMX YIIeBOZopoaoB. mnpoueccel OXISPEC™ xpia
OYHUCTKHU CTOYHBIX BOJ M AP.

YeayTd CneuHaiancTos

®upma Process Plant Services, 4acts ¢upmbl 1CI Katalco, siBnseTcsi KOHCaTTHHIOBOM
¢dupMoOH, naiouleit HOCTYN K IIMPOKOMY CIIEKTPY TeXHOJIOPHWYeCKOIo M 3KCiuTya-
TalFOHHOTO OTATa M HAaBBIKOB, HapaboraHHbIX Ipyrnmnoi ICI B Takux obnactsix, Kak
TEXHONOTHA MW  TexoOCiyXHBaHHe, YIMpamBlIeHWEe TIpoilieccaMH, IPOEeXTHPOBaHHE
MpO1IECCOB U MHOTHX IPYTHX.

ICI Katalco 1CI Moscow Office, a/sa 440

PO Boxl Billingham, Cleveland yJ1. YcaueBa, 35-1, Mocksa 119048
TS23 1LB, England Ten. (095) 245 5970

Tel. 44 (1642) 52 33 43 {095) 245 5096

Fax 44 (1642) 52 25 42 Fax. (095) 245 5017



CASALE COMPANIES

7N

AMMONIA CASALE S.A.
Leaders in Converter Design
anq Upgrading

UREA CASALE S.A

Leaders in Plant Retrofit
Technology.

Ammonia Casale S.A. was founded in 1921 by
one of the pioneers of ammonia synthesis,
Dr. Luigi Casale. In the early 1880°’s Casale developed a
new converter design for new plants and for retrofitting
existing axial flow/coarse catalyst converters. The
design, usually based on three catalyst beds, is flexible
and can be tailored to meet the demands of the Client.
Over 100 have been/are being retrofitted; the recipient
plants benefit from capacity increases{often exceeding
20%), improved ammonia conversioins (exceeding 21%
mol at reactor outlet), reduced pressure drops (down to
2.5 bar and less) and energy saving (of 0.3-0.4 Gcal per
ton of ammonia). Due to the design of the existing
reactor, over half of the revamps have been "in-situ™
revamps whereby the new reactor internals are
prefabricated in sections for assembly with the cartridge
inside the reactor vessel during a turnaround.

Urea Casale S.A. is a more recent sister company,
having undertaken urea revamping projects, upgrading
the performance of existing area plants of the total
recycle type and of the more recently built GOz and NH3
stripping plants.

In particular, the adoption of new vapor distribution trays
provides a substantial increase in mass transfer rate,
resulting in a better approach to equilibrium and
consequent increase in reactor productivity. Conversion
rates have been improved with an additional 6% above

‘usual Vvalues. Other technotogical contributions have

been introduced with new passivation techniques for the
control of stainless steel corrosion, the recovery of urea
in the vapors scribbing operations.



CASALE COMPANIES

Q)

METHANOL CASALE S.A.
Leaders in Synthesis
Process

C

CASALE CHEMICALS S.A.
L eaders in Formaldehyde
and Derivatives Technology

Methanol Casale S.A. has extended the field, of
application of the main sister company tec_hnolbgy
covering heterogeneous catalysis to the syntti'ééfé‘?;)fof
methanol. Reactor retrofitting activity and new plants
engineering led the Company to the position when 18%
of the world methanol synthesis output is based on
Casale reactor design. Technological contributions
regard catalytic bed optimization, improved gas mixing,
pressure drop lowering, uniform temperature
distribution, longer catalysts life.

Casale Chemicals S.A. is the most recently started
company, completing the frame of the activities by
dealing with hydrogen generation, formaldehyde as ¢ne
of the main outputs for methanol, from which it is
obtained by catalytic oxidation. A new reactor of
adiabatic type has been purposefully designed for
methanol oxidation, claiming better performance, longer
catalysts life and lower cost with respect to the
conventional technologies.

The company offers also processes regaf’dihg
formaldehyde derivatives, as resins ‘and molding
compounds obtained by reaction of the formaldehyde
with urea or melamine.

Via Sorengo 7

6900 Lugano, Switzeriand
phone 091-967-4182
fax 091-967-4289
telex 844070 acsa ch



KaranusaTopsl u rexHosoruu Tonce - pe3ynbraT Hay9HBIX
pa3paboTOX W ONBITA HPOMBINLICHROH 3KCIUIyaTaIHH

Harckan dupma "Xansnmop Tonce A/Q", ocHoBaHHas QoxToposm Xamwnopom Tonce 8 1940
rOmy. 32aENMacTcA pa3paboTKOMN KaTAIM3aTOPOB M TeTeporeiHO-KaTaTHTIHE KX IPOeccOB
¥ ABJSETCA OFHOM H3 BEIYUMX KOMITaAHHA Mupa B 3Toi1 o6acTd. llta6-kBapTHpa H HayHHO-
HCCIIEN0BATENLCKUE IEHTP «hupMbl pacnonoXeHsl B JIloHr610, npurcpome KoneHrarena,
32BOX5! 0 TIPOH3BONCTBY KaTanu3aTopos - B Openepukcyne. dauns, u B XpioctoHe, CUIA.
duruansl ¥ NpedCTaBRTeNsCTBa pHpMsl "XamsXop Terrce A/O" maxoaaTcs B Kmrae.
Baxpenne. Haaun, Anoruu. Poccun u CUIA.

hbupma "Xamezop Tonce A/O" npeanaraeT HOY-Xay., KaTaJH3aTepbl M HHEKHHHDHNT LIS
CJIEAVIOUIIFX APOH3BONCTB:

Ipom3BOCTBO MEHEPAIBARX YI0OpeHXH: * AJNKHIHPOBaHHE
* AMMuak = OYHUCTKA ra308 0T cephl H
* Cepxas KHclIOTa peRynepauus

0TpaloTaHHO CEPHON KHMCIOTHI
XAMudecERas WAPOMBIINIeRHEOCTE:

* CHHTe3-ra3 fIpEponooxpaxunie
~ MeTaHon Teonoras/ Jaepre T BKa:
* QopMaTbIerHn * OynCTRa a308 OT cephi - WSA
* YKCycHAY KICHOTa * @YHCTKA ra308 OT OKCHIOB a30Ta -
* M3 DEN®X
= KoMBUH1pOBaEHbIR rIpOUecs
Hedrenepepaborka: ¥ OaJIeHHA Cephbl i OKCHIGB 23074 -
= Boropog, SNOX
* [UIpOOYHCTRA * Ynanenue neTvymx OpPraHM4ecKHx
* MunpooBeccepuBanie i coegunennit - CATOX/REGENOX
JeapoMaTn3anHs QH3. TOMJIKEA * TONMHBHBIE 37€MEHTHI
HALD ] s-
OR TOPSOE A L- _J
OAHMSA POCCHUA
HALDOR TOPSOE AfS XANBOAOP TONCE AJO XAJILOP TOMCE
P.0.Box 213 MOCKOBCKOS NPLACTABHTENBCTED 32KpsITOs aKUHOUEPHOE
Nymsllevej 55 103009, Macxsa, obwecTae
DK-2800 Lyngby Bptocos mep., 11, 4-61% ITAK 150040. Apocnagas.
Phone: +4545 27 2000 Tenedou: (093) 229 6350/7380/9100 ya. PecnivBanxanckas, 42
Telex: 37442 hus Tenedaxc: {095} 956 3275, Tenedox: (0852) 252558259656

Telefax: +45.45 27 29 &9 Tenetaxe: (0852) 292558



AkumoHepHoe xummn4eckoe obwectso ‘XUMMNIIACT™ nawnHaer cBoxd uctopua ¢ gexabps 1941 r., xorga
wa HoBocufiupckoM XuMu4eckom aaBoge Gbiia nonyseHa Mepsas NPOAYKUMS. B macroswee spems Mo
MOXEM peAnoXnT NoTpeburensm 6onee 40 HAMMEHOBaHNIT XUMHSECKOA NPORYKLMA,

Axumoneproe obuwecrtso "XUMNITACT” 281867TC8 O8HIM U3 KDYITHBIX XAMUHOCKX NPe Anpnsatuit Cubupu m
HamsHero Boctoka Ha NPoM3BOACTES NPOAYKUNM M3 ANACTADPULMPOBANHOTIO f10IMBANNIXAOPKAA,

AKUMOHEPHOE OBLWECTBO “XUMNNACT”
Mpouaeroaum U peanuayem:

+ KABEJIbHbIE NBX NNACTUKATbBI - mapku ¥140-13A, (-40, M045-12, O-50, BeayTca
paboTbl N0 BHEAPEHUIO HeropioYnX MapoK NNacTUKaToB

« JNEHTHBI NUNKMUE NBX - Ans npombiluneHHocTn, ana 6uita, ana 3awmtsl 7py6 ot
KOppo3un

« JINCTOBDLIE NBX NNACTUKATHI -~ mapku NNB, NX-2, peu. 57-40

« MNNEHO4HbLIE NBX NJIACTUKATBI - nneHka ANA NaApHWKOB M Tenauy, KneeHka
MeAaNLMHCKAan KOMNPEeCcCHas, NneHKa CeNbCKOX03NCTBEHHO O Ha3HaYeHUs

« OBYBHbBIE NNIACTUKATDI - mapkn NJ1-2, NiN-2

OcsoeHo npoussaacreo FNMEKUX TPYEOK U3 MBX ang 3awursl TOKOBeAywnx yacred
Pa3NYHbBIX 3NEKTPOTEXHUYECKUX YCTPOWCT8. BHYTREHHUV anametp Tpybok oT 6 o 30 mm.

Forosul suinyckars rpaHyns [1BX ans npovssoacTsa nosaumepHod Tapsl (ByToinox) Ans
NUWeBHIX Y HenuiLlesbIxX NPoAyKTos.

Kpome Toro AO “XUMIMJIACT” NPOU3BOANT:
¢ MEHTaA3PUTPUT  ~ ANM NAKOKPACOWHOW  NPOMBILLAEHHOCTH,  NPOM3BOACTBA
nonurpaduyeckux Kpacok, neHrannacTa, CMa3o4HbIX Maces.
dopMuaT xanbuust - ANA KOXKEBEHHOW NPOMBILNEHHOCTW B KayecTBe areHta ansa
HeiTpam3auvm unn npeasaputensHoro aybnenus, B uenniono3Ho-6ymaxHoW Npomsitl-
NEHHOCTU Kak KoarynaHT npu otbenueanun Gymarn, B cTpouTenscTge ANA NOBbIWEHUS
MOPO30CTOMKOCTH BeToHa, B CeNnbCKOM XO39iNCTBe B KayeCcTBe KOHCepBaHTa KOPMOB.
+ MmnacTudukaTopbl - Mmapku A6, 10D, JAD-6, AOC - ana nnacTudukaumm BUHUNOBbLIX
" cMOn M ApYruX NOMMMEPOB B MPOM3BOACTBE KabBenbHbiX NAACTUKATOB, MCKYCCTBEHHbIX
KOX, Pe3UHOTEXHUYeCKUX  u3genuit, NONUMEpPHbIX CTPOUTENbHbIX  MaTepuanos,
NIMHONEYMOB, YNaKOBOUHbIX NNEHOK.
amuHornacT (Mapka KDA-2) - aAna u3rotoBneHus uagenmii TeXHWYECKOro, 31eKTpo-
TexHudeckoro, ObITOBOro HasHayeHus, a TakKxe W3Aenuil, ConpukKacaiolwmuxcs C
nuLIeBbIMU NPOAYKTAMU.
« MNEeHKH, NeHTbl, usaenus us dropornacra-4

Wmess BGonee, yem 50-nerHuid Npou3BOACTBEHHBLIE ONLIT,  Nepenosbie TexHOoruu,
MOWHBIA NPOU3BOACTBEHHBI NOTEHUNAN, KOHKYREHTHOCMOCOOHYIO NPOAYKLMIO, Mbl xOTenu
66l Ha npasax B3aUMOBbLIFOAHOIO COTRYAHUYECTBA C03[arb COBMECTHbIe [1POV3BOACTBA,
0OCBOUTL HOBbIE TEXHOMOI U, PACLINPUTS Chepbl cObITa Haled npoaykumy.

TIPHUFNIALAEM K COTPYAHHUYECTBY!
630090, Poccus, HoBocnbupck-007, yn.dabpuqHas, 10
Tenedakc: (3832)10 23-32  Ten. (3832)23 33 27 (oraen cbbiTa) daxc: {3832)23 9 42



AB'VGmMbH

Pnpma SY-LAB

npeanaraet Hanbonee COBpeMeEHHOE

o6opynoBaHue amepukaHckon hupmel MICROMERITICS ans nonHbix
ancopbUMOHHbLIX TEKCTYPHbBIX MCCNEAOBAHWI KaTannaaTopoB, HOCUTENEN,
apncopbeHToB, 1 OpYrnX NOPUCTLIX Ten, BKNOYan NOPOLUKW, rpaHynbl,
npobneHble matepuanel, nonydabpukaTtel MNU M3Qenns.

MpuBopbl aBTOMATU3NPOBAaHbl U CHAOXEHbl YyHUKANbHbLIM
nporpaMmMHeiMm obecneyeHnem. 3To Ny4Wne U3 U3BECTHbIX HAa
MWPOBOM pblHKE NPUBOPOB ANA 3TUX Lenewn.

s ABTomaTunueckun 6biICTpOAENCTBYOLUNA aHann3aTop pasmepa
vyacTuy CEQUIPA@® 5100 s quanasore O 1-300 MKkMm, pesynsTaTsl
MoryT 6bITb NpeacTasneHbl B Buge 171 TunoB rpadukos, B naMaTu
KOMNbOTepa xpaHaTcs pesynsTaTel 6onee 6000 namepeHun.

ACCUPYC

s ABTOMatuyeckun Npeun3noHHbIN refneBbin
NUKHOMETP AR U3MEPEHUS UCTUHHOW NAIOTHOCTU
tBepabix Betiects AKKY MWK 1330. (pw
o6beme npobbl 0.5-150 cm® norpelwHocTb
namepeHuin 1%.

2= AsTomaTtuueckun npubop FEGMUK 1380

ANAN3MepeHna 0 6beMHON NNOTHOCTW NOPUCTLIX MaTepuanos {onpenenseTcd
06bem obpasua, BKIovaowun obbem nop; NorpeLtHocTs nameperuin 0.5%].

% YHumBepcanbHble aBToOMaTu3npoBaHHbIe

. Npnbopbl ANA AeTanbHbIX U3MEPEHUN YAENLHON
NOBEPXHOCTW W pacnpefgeneHuWa MNop nNo
pasMmepam B AuanasoHe 3(pdpekTuUBHbLIX
anameTtpoB 3—300 HM 1 N3MepeHNT CyMMapHOF 0

: obbema Mykponop no agcopbunn N, npu 77 k ~

-+ npubopsl ACAIN 2010, ACAN 2405.

% [Mpubopbl AnA AeTanbHOro uccne-—
[OBaHUA pacnpefeneHua’ Mukponop no
pasmepam  {gunanasoH adhhekTuBHbIX
anametpos 0.3-3 nv)} ACARN 2010M
npubop AONA  3KCNPecCcHOro aHanusa
pacnpefeneHns nop W noBepxHocTen —

AXXEMWHWN 2375.

Gemini



%t [onHOCTLH aBTOMATU3NPOBAHHbLIA PTYTHLIN NOPO3UMETP
ABTONOP 9420 anA xapakTepucTiku Meso—- u Makpo nop B
ananasoHe pasamMepoB {anameTpoB} 4 Hv— 360 MM,

% CoBpemMeHHble npubopbl Aonqa
n3yyeHns xemocopbiyun, katanuaa nyTem
TEpMONporpaMmMupoBaHHon gecopbuuu,
peakunn BOCCTaHOBNEHUSA U OKUCIEHUA B
ycnoBuax 3afjlaHHOW TemnepaTypsbl
{ananuzatop TAOA/TAOP 2800,
xemocopbep ACAN 2010C).

TPOITPR

Kpome Toro, upma SY-LAB npenctasnsaeT hupmy XAPCKO/
Teanop-¥Yoprton (CLUA-epmanHunal ~ BCEMUPHO M3BECTHOrO Nuaepa
B 06nacTi KPUOrEHHOW TEXHONOr MKW, KOTOpPaa NPoOV3BOAUT:

s 60NbLLWNE EMKOCTU N ra3ngukaTopbl HU3KOI 0 gaBneHunsa Ans
XNOKUX ra3os; .

¥ nepenBWXXHbIE pe3epByapbl ANA XXUAKMX ra3os, cocyabl [boapa;

% HMBKOTEeMNnepaTypHble (KpUoreHHbie) ycTaHOBKU-XpaHunuula
©C cUCTeMoOn aBTOMaTU4eCKOr 0 KOHTPONS.

BonbLinHcTBO NpuBopoB cooTBETCTBYET cTaHpapTam ASTM,
HEKOTopbie aTtTecToBaHbl Poccunckum occTtaHgapTom. VIMEHHO 3Tm
NpuB0opwl UCNONbL3YIOTCA B Takux Beayuwmux nHcTutytTax Poccuinckon
akagemMun Hayk, kaxk VIHcTuTyT katanunsa umenn I.K. Bopeckosa, VIHCTUTyT
Hed Texumun umenun ybkuna, HAO “fennedTexum”, HlenTp nopowkoson
meTannyprun B MuHcke, a Takxe B pafe nepenoBbiX MPOMbILLINEHHbIX
npeanpuatun  Poccumn (A0 "Omckun HM3", AO "Anrapckan
Hedrexuwmunieckasa komnanua', AC "CanaBaTHeTeoprecuntes” n ap.),
MHOTUX NPEANPUATUAX reonoropassenKky, NoPOLLKOBOM MeTannypruv u T.4.

Tonbko 371 Npubopbl o6ecnednBaloT Ka4ecTBO U3MEPEHUN U
KOHKYPEHTHOCMOCOOHOCTL HA MUPOBOM PbIHKE.

fpenctaBntenscTBO NpMbI
SY-LAB Vertriebsges.m.b.H. [AscTpna]
B Poccum n ctpanax CH ™

1 ’?7049,‘Moc;<aa, Kpeimckuii Ban, 4, 28.
Ten.: (095) 238-77-51, (095) 238-27=35 =
dakc (095) 238-29-35
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