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HeTpa,DMLWIOHHbIe MeToAbl aKTUBaLMN OKCUAOHbIX KaTalin3aTopoB
C HaHeCeéHHbIMN NOHaMM nNepexoaHbIX MeTansnos

B. H. LlenumoB

BOPUC HUKOJIAEBUY LLIEJIMMOB — dokmop xumuyecKkux Hayk, eedywull Hay4YHbil compyOHUK MIHcmumyma op-
2aHu4eckol xumuu um. H.A. 3enuHckozo PAH (MOX PAH). Obnacmb Hay4HbIX UHMepPecos: 2emepo2eHHbIlU Kama-

Ju3.

117913 Mocksa, JleHuHckut npocn., 47, MOX PAH, men

OkcugHble CUCTEMbl, COAepXKalliue HaHeceHHble Ha
HocuTENb (3aKpermneHHble Ha MOBEPXHOCTU) WOHbI Nepexop-
HbIX METanmnoB, SIBNSAOTCA akTUBHbIMK KaTanuaaTopamu
pa3HooGpasHbiX peakuuii NpeBpalleHnsl YrieBoaopoaoB
(AuMepur3zaums, onuroMepusalus, Metate3uc oneduHoOB),
rMOPOOYUCTKM, BOCCTAHOBIEHUS OKCUAOB a3oTa U Apyrux
MPOLIECCOB U LUMPOKO UCMONb3YHTCA Ha npakTuke. B kaue-
CTBE HOCUTENEN TakuUX KaTanvM3aTopoB NMPUMEHSIHOT MHEPTHbIE
WNM MaroaKkTVBHbIE B KaTanua3e OKCUAbl C BbICOKOPa3BUTOW
MOBEPXHOCTbIO (CUNMKarerb, OKCUAbI anioMUHWS, TUTaHa W
Op.). OBblMHO HaHeceHHble KaTanuaaTopbl TOTOBAT NyTem
MPOMUTKMA HOCUTENS! UMW METOAOM WOHHOMO 0GMeHa C UCTOrb-
30BaHWEM PaCTBOPOB COEAVHEHW NepexodHbiX METansioB B
BbICLLIMX CTEMEHSIX OKMCTIEHUSI.

MpennonaraeTtcsi, YTO aKTUBHLIMM LieHTpamu katanusa-
TOPOB ANSl yKa3aHHbIX BbllUE PeaKUWi SBNSOTCA YacTUYHO
BOCCTaHOBMEHHbIE WOHbI MEPEXOAHLIX METanmoB, KOTopble
obpa3syloTcs Ha cTaguu npeasapuTenbHOW, OBbIYHO TepMu-
YecKoM aKTMBaLMM KaTanv3aTopoB B BOCCTAHOBUTENbHOW
aTMocepe UM HEMOCPEACTBEHHO B XO4e peakuuu B npu-
cyTcTBUM cybcTpaTta npu TemnepaType kaTtanusa. [MoBepx-
HOCTHbIE KOOPAWHALMOHHO HEHACILLEHHbIE MOHBI Nepexos-
HbIX METanmnoB B MNPOMEXYTOYHbIX CTENEHSIX OKWUCIEHUs
06pa3yloT C MOMeKynaMu peareHTOB aKTWBHble MOBEPXHO-
CTHblEe WHTEpPMEeQMaThl, YTO 3HAUUTENBLHO YCKOPSIET NpoTe-
KaHWe KkaTanuTuyeckon peakuum B uenom. OgHako B 6onb-
LUMHCTBE CIy4YaeB TEPMUYECKOE BOCCTaHOBIIEHNE MPUBOAUT
K reHepauuu LUMPOKOrO Habopa BaneHTHLIX COCTOSIHWIA
HaHECEHHbIX MOHOB, MHOTME M3 KOTOPbIX B KaTanuse yda-
CTUS He npuHUMMatoT. [Mo3ToMy HEoBXOAMMBIM YCroBUEM
MONyYeHNUs BbICOKOAKTMBHbLIX KaTanu3aTopoB sIBMSiETCS
BO3MOXHO Goriee CenekTMBHOE BOCCTaHOBIIEHWE HaHECEH-
HbIX VOHOB [10 OMpeAeneHHbIX NMPOMEXYTOUHbIX BaNeHTHbIX
COCTOSIHWI, CNOCOGHbLIX JaBaTb MpW KOHTaKTe C peareHTamu
aKTUBHbIE NMOBEPXHOCTHbIE UHTEPMEANATHI.

B HacToswen cratbe obcyxaaroTcs HETPaAMUMOHHbIE
METOAbl YBENMUYEHUs1 KaTanuTUYECKOW aKTMBHOCTU HaHe-
CEHHbIX OKCWAHbIX CUCTEM, OCHOBaHHbIE Ha CEMNEKTUBHOM
BOCCT@HOBIEHUN MOHOB MEPEXOAHbIX MEeTarnoB NPy HU3KNX
Temnepatypax nog gencreuem Y®-ceeta, y-nyvyen u mexa-
HOXUMMYeckon 06paboTkn B BOCCTAHOBUTENbHOW aTtMo-
cdepe. YuutbiBasi, YTO HU3KOTEMMNEPaTypHOe BOCCTaHOBIIE-
HMe NPOXOAMT BeCbMa CenekTMBHO ¢ 06pa3oBaHMEM HU3KO-
KOOPAMHMPOBAHHBIX MOBEPXHOCTHBIX MOHOB, MOXHO OXM-
OaTb MOSAIBMEHUS MHTEPECHbIX KaTanuTUYecKnx CBOWCTB B
Takux cuctemax. Kpome Toro, Bbicokass cTeneHb OAHOPOA-
HOCTM BOCCT@HOBIIEHHbIX KaTWMOHOB AenaeT 3TW CUCTEMBbI
0ocobeHHO npuBneKkaTenbHbIMU AN BbIACHEHUS TOHKMX

. (095)135-53-07, E-mail bns@ioc.ac.ru

JeTaneii MexaHM3aMa KaTanuTUYeckux peakuui, npotekaHue
KOTOpbIX BO3MOXHO M Ha TEPMUYECKM BOCCTaHOBIEHHbIX
cuctemax. BecbMma BaxHbIM SIBRISIETCS 1 BOMPOC O Nepcnek-
TUBE MPaKTUYECKOro MCMOMb30BaHWUsl 0GMyYeHHbIX CUCTEM,
KOTOpblE LUMPOKO MPUMEHSIOTCH B OOLIMHOM «TEpMUYe-
CKOM» KaTanuae.

B nocnegHue rogbl OKCUAHLIE CUCTEMBI C HAHECEHHBIMM
MOHaMW NEepexoaHbIX METarnsoB Y MENKUMU MeTanmmyecku-
MK KrnacTepamu npuobpeTaloT Bce Gorbliuee 3HaYeHWe B
CBSA3U ¢ npobnemMoit Npeobpa3oBaHNs COMHEYHON 3HEPTUM.
OueBuaHO, YTO co3aaHue 3EKTUBHBIX hoToKaTanMTUYe-
ckux npeobpasoBaTernelt HeMbIClIMMO 6e3 AeTanbHOro U3y-
YeHUs ANEeMEHTapPHbIX CTaaui (hOTOXUMUYECKKX NPOLIECCOB,
MPOTEKaKoLLMX B 3TUX CUCTEMAX.

AKTUBaUUA OKCUAHLIX KaTanusaTtopoB npu Y-
o6ny4yeHuM B BOCCTaHOBUTENbHOM aTMocdepe

PaccmoTpum npeasapuTenbHO CTPYKTYPY HaHECEHHbIX
OKCUAHBIX CUCTEM W MpOLeCcChl, NPOUCXOAsLLME B HUX MpU
MOrnoLleHN KBaHTa CBeTa.

B okcuaHbIX cucTeMax HaHeCeHHbIe MOHbI MepexoAHbIX
METanmnoB, ecnn MUX KOHUEeHTpauun HeBbicokn (4o 1—2%),
KaK MpaBuio, XOPOLUO AMCreprypoBaHbl MO MOBEPXHOCTH
HocuTenss M He opMupylOT OTAENbHOW MNOBEPXHOCTHOM
okcupHon asbl. MoHel M™ oBpasyloT crneuudmyeckie
NMOBEPXHOCTHbIE KOMMMEKChI (puc. 1), B KOTOPbIX B Ka4ecTBe
NUraHAOB MOFYT BbICTYNaTh aHWoHbl O, OH-rpynnbl HocU-
Tens wnu agcopbupoBaHHble monekynbl (L). Wiccnegosa-
HWIO CMeKTpanbHbIX WM MIOMUHECLIEHTHBIX CBOWCTB TakKuX
KOMMIEKCOB MOCBsilleHa cepusi paboT, BbIMOSMHEHHbIX B
MOX PAH [1—4]. OcHoBHble pe3ynbTaTbl MOMyYeHbl Ansi
noHos V°' u M06+, HaHEeCeHHbIX Ha CUNuKarenb, B MEHbLLEN
CTENEeHM U3yyeHbl KoMmmnekckl noHos W n Cr’*.
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Puc. 1. Tunbl KOMNNEKCOB NepexoAHbIX MeTarnnoB Ha NoBepXx-
HOCTU cunukarens
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B onTuueckmx cnektpax cuctem M™/okcup umetoTCS
nonockl nornowexust B obnactn 30000—45000 cm™ , KOoTOo-
pble obycrnoBneHbl Nepexogammn ¢ NepeHocoM 3apﬂp,a MeX-
Ay KuCropoaHbIMi muraHgamu O n voHamu M™. MMpu
MOrnoweHnn KBaHTa CBEeTa, 3HEepPrus KOTOporo COOTBETCT-
BYET MOrioce nepeHoca 3apsga, NPoNCXoauT NepeHoC arek-
TpoHa ¢ O? Ha M™ c oBpasoBaHueM BO3GYXAEHHbIX CO-
CTOSIHUN [M(”’”J'O’]'. Bpemsi xun3Hu Bo30YXOEHHbBIX COCTOS-
HWA 3aBUCUT OT NPMPOAbLI MPUMECHOTO MOHa W HOCUTENS.
Mpu 77K OHO NeXnT B UHTEpBAne oT COTEH MUKPOCEKYHA OO0
HECKONbKMX OEeCATKOB MunnucekyHa [4, 5], 4to nossonser
oTHecTn Habngaemoe cBeyeHune Kk dhocdopecueHumu, a
BO30OYy)XAEHHOEe COCTOSIHNE — K TPUMMETHOMY COCTOSHMIO.
Bonbloe Bpems Xun3HW BO30yXOEHHOrO TPUMMETHOrO KOM-
nrekca [M(”’ )J'O’]' M HanuMune B HEM BblCOKOPEaKLUOHHO-
cnocobHon vactuubl O genalT BeCcbMa BEPOSITHbIM €ro
B3avMogencTBme ¢ aacopbmpoBaHHBIMU UMK HaneTaloLWMMm
13 ra3oBol hasbl Momnekynamu npu HU3KMX TemnepaTypax.
O™ akTopbl 06ecneynBaloT BO3MOXHOCTb OCYLUECTBIe-
HUA  HM3KOTEeMMepaTypHOro (HOTOBOCCTAHOBIIEHNS HaHe-
CEHHbIX MOHOB NepexodHblX METanNoB B BOCCTAHOBUTENb-
Hou cpege (H2 n CO).

Hwxe npuBoaaTcs pesynbTaTbl U3y4YeHUs B3aMMOOENCT-
BMS BO3DYXOEHHbIX KOMMIEKCOB HAHECEHHbIX MepexoAHbIX
meTannoB ¢ monekynamu Hz n CO. B kayectBe 06beKTOB
nccnegoBaHust UCNonb3oBanu rmaBHblM 0bpa3om obpasubl
cunukarensi Unn NOpucToro crekna «Bukop», cogepxaiine
HebomMblUME KOHLEHTpaumm §1—2 % Mmacc.) MpUMeCHbIX
(HaHeceHHbIX) MoHoB Mo®*, V**, Ni?*, Cu®*, Cu**, Fe* u ap.
OcHoBHOE BHUMaHve 6bino yneneHo nepBbIM YeTbIPEM
MOHaM B CBSI3U C TEM, YTO 3TW MOHbI BXOAAT B COCTaB OK-
CMAHBIX KaTanuaaTopoB, LUMPOKO MCMOMb3yeMblX Ha Mpak-
TUKe ONs NPOBEAeHUsl peakuui MetaTesuca U onuromepu-
3aumu onedrHOB, rMOPUPOBaHNS, TMAPOOYNCTKN 1 Op.

doTOoBOCCTAHOBNEHNE Bo,qoponom Mpu Y®-06-
AyYeHUn cUnuKarensi ¢ HaHeceHHsIMu Mo®, V®*, Cr®* n Ni**
B atMocdepe Bogopoaa npu 77 wnu 300 K npoucxoaut
YacTU4YHoe MX BOCCTaHoBneHve. PopmarnbHbIf 3apsg BOC-
CTaHOBIIEHHbIX MOHOB Ha €dVMHWLY MeHblue, Yem 3apsg
MNCXOAHBIX MOHOB. [IMHHOBOMHOBAs rpaHvua OTOXMMUYe-
CKW aKTMBHOrO CBeTa ANS AaHHbIX MOHOB MeXWT B obnactu
26000—36000 cM ™', T.e. MPUGRU3NTENLHO COBMAAAET C
AONVHHOBOSHOBBLIMW  FPaHMLamMyn nepexoga C NepeHocoM
3apsiga COOTBETCTBYHOLUMX MOHOB, W BMOMHe OBOCHOBaHHO
MOXHO nonaraTb, 4YTO (DPOTOBOCCTAHOBMEHME NPOUCXOAUT
no cxeme:

2— 20— 2—- - * -
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(1)

AHanus cnektpoB JINP obpa3syoLwmxcs napamarHuTHbIX
MOHOB [6—9] I'IO3BOJ'IFleT c,u,enaTb 3a|<moquV|e 4TO BOCCTa-
HOBMeHHble uoHbl Mo®, V¥, Cr** u Ni* HaxoasaTcs B UCKa-
YKEHHOM TeTpaanpmquKOM oKkpyxeHun. TockonbKy ¢oTo-
BOCCTa@HOBIIEHWE peanu3yeTcs Mpyv HU3KUX TemnepaTtypax
(77—300 K), obpasytoLimecs MOHbI, CKopee BCero, coxpa-
HAKT Ty X€ KOOpPAWHALMI0, KOTOPY OHUM MMENU B UCXOn-
HbIX 06pas3Lax, Tak kak kakne-nmbo nepecTporikn nNuraHaHo-
ro OKPYXXEHWUSI MpU HU3KNX TeMMepaTtypax NpeacTaBnsitoTcs
KparHe ManoBeposiTHbIMKU. Takum obpasom, ¢oToBOCCTa-
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HOBMEHHbIN MOH OKa3biBaeTCs CBOeOOpasHOW napamarHuT-
HOWM «MeTKOW», KOTopasi MO3BOMsET nonyyatb nHpopmauumio
006 MCXOOQHOM, HEBOCCTAHOBMEHHOM MOHE.
dOTOBOCCTAHOBMNEHNE HAHECEHHbIX MOHOB M06+, V5+,
cr® u Ni#* npu BblIOOpe COOTBETCTBYHOLLEA ANUHBI BOSHbI
cBeTa MpoTekaeT C BbICOKOW CeleKTUBHOCTBHO. Bbixoapl
(POTOBOCCTAHOBMNEHHbIX VIOHOB Mo5+ V¥ uNi MOryT JOCTU-
ratb 5—30%. MoHbl Mo®* n V°* MoryT nonBepraTbm qac-
T4HO Gonee rMyGoKoMy BOCCTaHOBMEHWIo — Ao Mo n V¥
MpY NOCNEeAoBaTeNbHOM MOMOLLEHMM [iBYX KBAHTOB CBeTa

no peakuusim, aHanorniHbiM (1). Mowsl Nit u Cr** k parnb-
HeileMy pOTOBOCCTaHOBNEHMIO HECTIOCOBHbI.
®doTOBOCCTAaHOBNEHME MOHOOKCMAOM  yrnepopa.

doTtoBoccTaHoBrEHME 1oHoB Mo®*, V" n Cr®*, HaHeceHHbIX
Ha cunukarenb, B aTmoccbepe COn JDVI 293 K [pusoauT K
06pa3oBaHNi0 MOHOB Mo*" u Cr¥" wnn cr* , T.e. K no-
HWKEHNIO CTeneHn omcnequ MeTanmnoB cpasy Ha 2 unu 4
eanHuubl [8, 10—13].

doToBOCCTaHOBMEHUE MoHOB Mo n V°* npoTekaet c
BbICOKOVI CeJ'IeKTI/IBHOCTbPO U3 cnektpoB AP cnepyer, 4TO
B Mo®/SiO; 1 V°*/SiO, nocne BoccTaHOBREHMS! [0nsi NOHOB
Mo®™ n V¥ He npesblwaeT 1—3% oT obLero konuyecTsa
BOCCTa@HOBIIEHHbIX MOHOB. MakcumanbHasi cteneHb QoTo-
BOCCTaHoBneHus B atmocdepe CO 3HauMTeENbHO BbILLIe
YyeMm B Cryvae peakuuu B cpefe Bogopoaa, v ang Mo®*/SiO,
npuonuxkaetcs k 100%.

Kak n npu ¢oToBOCCTAHOBNEHUM BOLOPOLAOM, AJIMHHO-
BOMHOBas rpaHvua (QOTOXMMUYECKN aKTMBHOIO CBETA Mpu-
MEPHO COOTBETCTBYET KPAaCHOW OMTUYECKOW rpaHuLe nepe-
xona 0> > M™. 310 yKasblBaeT Ha TO, YTO U B JaHHOM
crnyvyae peakuusi npoTtekaet L|epe3 ctaguto oBpasosaHust
Bo3GykaeHHoro komnnekca [M™ 0T
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Takum 06pa30M, (bOTOBOCCTaHOBJ'IeHMG MOHOOKCM,D,O(\%)
yrnepoga dBndetca (baKTVI'-IeCKI/I npoueccoMm [OByXaJlek-
TPOHHOIO0 nepeHoca, npoucxoaduero npu nornoweHnn
OOHOro KBaHTa cBeTa.

anIMepr KaTanmMuTu4eckKux peaKLWIFI, ocyuiecTBNIAeMbIX
Ha CPOToaKTVIBVIPOBaHHbIX KaTtanusartopax

HenTtepo-BoaopoaHbiM o6MeH. Hamu 6bino obHapy-
XeHo [14—16], yto nocne Y®-obnyyeHus npu 77 K B atmo-
cdepe Ho cunukarens, co,qepmau.l,mm HaHeCeHHble WOHbI
Co?, Ni#*, cr**, Mn?, Fe*, V®, Cu?" B HeBornbLuMX KOH-
ueHTpaumnsax (1—2 % Macc.), CTaHOBVITCFl aKTVMBHbIM KaTa-
Nn3aToOpoM peakuun genTepo-BogopogHoro obmeHa (OBO).
Peakuns npoTtekaeT ¢ 60MbLIMMK CKOPOCTSIMU Aaxe npu 77
K (tabn. 1).

Ham60nbLuyro aKTUBHOCTb B OBO nposensoT 0b6ny4veH-
Hble cucTembl Co?*/SiOz u NiZ*/SiOs. Peakuusi Ha aTuXx Ka-
TanuM3aTopax WMMeeT OYeHb HU3KYID JHEpruil akTuBaumu
(<4,1 xOx/monb). Mopagok peakumn No BOAOPOAY B UHTEP-
Bane AasneHun 60—400 MNMa npubnuanTenbsHO paBeH eau-
HuLe.



Tabnuua 1

CKopocCTb AenTepo-Bo4OPOAHOro ooMeHa
Hz +D 2 : 2HD
npu 77 K Ha hoTOaKTUBUPOBAHHbIX KaTanusaTopax.

sz =0,67 MM pT. CT.

Kartanusarop CKOpOCTb peakuuu, r sMuH ™"
Cuvnukarenb He aktvBeH

Co™/Si0,” 3,0

Ni**/Si0,” 22

Cr¥Isio, 1,9

Mn?*/SiO, 1,5

Fe*/Sio,’ 06

V¥ISiO, 0,4

Cu*'/SiO, 0,3

a, 6 — [nuHHOBOMHOBas rpaHuua OTOaKTMBaLMM KaTanusaropa

COOTBETCTBEHHO 28000 1 33000 cm ™.

Mpu 77 K akTUBHOCTbL OGITyYEHHBIX KaTannsaTopoB npwu
MHOrOKpaTHbIX NocregoBaTeNbHbIX BMYCKax CBEXUX NOpLUi
cmecn Hy + D2 He MeHsieTcd B TeveHWe HeorpaHuyeHHo
Jonroro BpemeHun. Takum obpa3om, MOXHO nonaratb, YTO B
xone Y®-o6nydeHns obpasuoB B aTmocdepe Hy npoucxo-
OUT HaKomnmeHne akTUBHbIX, YCTONYMBbLIX Npu 77 K ueHTpos,
KOHLIEHTpaLMs KOTOPbIX CyLLECTBEHHO He MeHsieTcs mnocne
npekpaLieHns obnyyeHust.

C noBblleHVeM TemnepaTypbl KaTanuTuieckas akTue-
HOCTb MOCTEMEHHO «OTXKUraeTcsy, npuyeM TepMuyeckas
YyCTOMYMBOCTb (POTOMHOYLMPOBAHHON aKTUBHOCTW 3aBUCUT
OT npupoabl MpuMecHoro woHa. Hanpumep, o06pa3ubl
Co?/SiO2 n Ni**/SiO, cOXpaHsIOT CBOK AKTUBHOCTb [0
370—420 K, B T0 Bpems kak V°*/SiO, TepsieT ee yxe npm
=140 K.

OnvHHoBONHOBas rpaHuua OToakTMBauUMM KaTanusa-
Topa [deWiTepo-BOA4OpOAHOro obmeHa npubnuanTenbHo
coBrnafjaeT C MUHUMarnbHOW 3Heprnen kBaHTa Y®-ceeTa,
Heobxogumon AN  (POTOBOCCTAHOBMEHUS  HaHECEHHbIX
MOHOB (CM. Tabn. 1). OTo ykasblBaeT Ha OOLHOCTb NepBUY-

HOro (hOTOXMMMYECKOro akTa, 3akntovarollerocsi B obpaso-
BaHUM BO36YyxaeHHoro coctositus MO, OpHako
MHOYUMPOBaHUE KaTanuTUYeCKON akTUBHOCTM Henocpenct-
BEHHO He CBS3aHo C doToBoccTaHosneHnem M. Cosokyn-
HOCTb MOMYYeHHbIX AaHHbIX NO3BONSET NPEanoNnoXnUTb, YTO
(hOoTOaKTMBALMS HAHECEHHbLIX CUCTeM obycrioBneHa obpa-
30BaHMEM TEPMUYECKM HECTabUNbHOW AMamarHUTHoOn cop-
Mbl XEMOCOPOGUPOBAHHOrO BOAOpOAA — «TMOPUA-UOHOB»
M™H™

M™'OT +H, > M™H +OH™  (3)

OTa peakuns npoTekaeT napannenbHo ¢ peakuuen (1).
Yactnubl M™H™ aBRSAI0TCA akKTUBHBLIMI LiIeHTpamm npoLiecca
OBO [15]:

Mm H- +D, == M"™ D- + HD
M™D- + H, ©—= M™H-+ HD

4)
®)

B 3akntoyeHne conoctaBuM MOMy4veHHble pesynbTaTtbl C
nUTepPaTypHbIMU OaHHBIMU MO KMHETWKE U MEXaHWU3My HK3-
KOTeMrnepaTypHOro Aentepo-BoAopodHOro obmeHa Ha Ok-
cuaHbIX cucTemax. [Mpexae Bcero criegyer MOAYEPKHYTb,
4YTO cnocobHOCTbI0 KaTanuauposaTb OBO npu HU3KMX TeM-
nepatypax (bnusknx k 77 K) obnagaet BecbMa orpaHu4eH-
HO€e KOMMYeCTBO OKCUAHbIX cucTeM. K HUM OTHOCSITCH HeKo-
Topble oKcuabl MepexogHbix Metannos (Hanpumep, Crz0s,
NiO, Co304 [21]), a Takke okcugpl MgO [22], ZnO [20]
nocne BbICOKOTEMMepaTypHor obpaboTkM B Bakyyme, psig
HaHECeHHbIX CUCTEM, COAEpXaliMX MOHbI NepexodHbIX Me-
Tannos (Cu®/MgO [17], Cr**/SiO, [19], Cr**/MgO [18]), y-
06nyYeHHbIi cunvkarens ¢ npumecsimn A1 1 aniomocunu-
kaTbl [23—26]. B aTom Habope HM OAWH U3 KaTanu3aTopoB
He aKTMBMpoBaH mMeTogom Y®P-obnyyeHus. Takum obpasom,
obHapyxeHHas Hamu doTomHAyLmpoBaHHas peakuns OBO
npu 77 K Ha cunvkarene ¢ HaHeCEHHbIMU MOHaMW Nepexoa-
HbIX MeTarnnoB SiIBNSETCA €AWHCTBEHHbIM NMPUMEPOM TaKoro
poaa peakuun.

B tabn. 2 conoctaBneHbl akTMBHOCTU Pa3fUYHbIX OK-
CMOHBIX CUCTEeM B Hu3koTemnepaTypHon peakumm OBO wu
npegcTaBrneHbl MOAENW ee aKTUMBHbIX LieHTpoB. And cpas-
HEeHWs1 KaTanuMTUYEeCKMX aKTUBHOCTEW pasfUyHbIX CUCTEM

Tabnuua 2
AKTUBHOCTb OKCUAHbIX KaTanu3aTopoB B HU3KOTeMMepaTy pHOW peakumMn AenTepo-Bo40pPOaHOro ooMeHa
Karanusatop Cnoco6 akTMBauMu KaTanusarto- Temnepatypa YoenbHas aKTVIBHOCTb*, Mogenb Ccbinka
pa peakuuum, K monek. Ha/(akT. ueHTpec) aKTMBHOIO LeHTpa
Cu®*/MgO BoccraHossneHue H, npu 575 K 77 1,8¢1072 Cu'o” [17]
Cr2+/MgO BoccraHoBneHue H, npu 1873 K 100 1,4 H, D..D [18]
c2t 02+
Cr**/SiO, BoccraHonexne CO npu 623 K 100 (1—2)+107 H,H D [19]
—O0  —cr2+
/\
e} (0]
ZnO Mporpes B Bakyyme 1 O, npu 723 K 138 10°—107"" Zn—H, Zn—OH [20]
V*ISIO; Y-06nydeHe B H, npu 77 K 77 341072 V¥*H™ [14—16]
Co*/SiO, Toxe 77 2,0 Co™'H"

3pecb 1 panee uucrno o6opoTos,
LIEHTpE B CEKyHAY.

BbIp@XEHHOE 4epe3 KOMMYeCcTBO MOMNeKyn cybcTpara, MpeBpallatolMxcst Ha OOHOM

aKTUBHOM

" KOHLIEHTPaLIWSt aKTUBHBIX LIGHTPOB HEU3BECTHA, YMCIIO 0BOPOTOB PACCUUTaHO B npeanonoxeHuy, uto Ny = 10'°—10™ cm™.
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yAoOHO Ucnonb3oBaTh TakoW napameTp, Kak 4mcno obopo-
TOB peakuuu, T.e. B JAHHOM Cflydae 4Mcno Momnekyn Bogo-
poga, OoOMeHMBaKLWMXCA aToMaMuM Ha OOHOM aKTMBHOM
ueHTpe 3a 1 c. OgHako Takue AaHHble He BCcerga AOCTYMHbI,
1 B psge paboT aKkTMBHOCTb KaTanvM3aTopoB (TOYHee, CKO-
poCTb AeWTepo-BO4OPOAHOr0 0bMeHa) BblpaXkeHa B €4uHU-
Lax cm ¢’ [21, 25, 26]. MNMocKOMbKy YMCIO aKTUBHbIX LieH-
TPOB HEM3BECTHO, a KONMMYeCTBO MOMEKyn Bogopoda B pe-
aKkuMoHHOM obbeme, Kak MpaBwuro, He yKasblBaeTcd, Mps-
MO€e CpaBHEHMe aKTUBHOCTW PasfUyHbIX OKCUAHbIX KaTanu-
3aTOpPOB OKa3blBaeTCsi HEBO3MOXHbIM. TeM He MeHee, Mpu-
BedeHHble B Tabn. 2 yucna obOpOTOB MOKa3biBalOT, YTO
peKkopaHylo akTMBHOCTb (2,0 Monek. Hp/akT. ueHTpec), npe-
BOCXOAALLYI0 akTMBHOCTE Cr**/MgO (mpu 100 K), umeioT
hoToOBNyYeHHbIe kKaTanuaaTopbl Co’*/SiO,. Uncna o6opo-
TOB Anst 06nyyeHHbIX kaTannsaTopos V°*/SiO; u Cu®*/MgO
rnocne TepMUYeCKOro BOCCTaHOBIEHUs Bnu3ku mexay co-
6on. O6palyaet Ha cebst BHUMaHMe TOT (hakT, YTo, MO Ha-
LIMM oLeHKaM, uncno obopoTtos Ans ZnO okasanoch cylue-
CTBEHHO MeHblue, YeM Ans 0bnyyYeHHbIX CUCTEM, XOTS MO-
Oenn akTMBHbIX LEHTPOB peakuMn obMeHa B 3TMX OKcuaax
6rm3kn mexay cobon.

Oumepusaumsa 3TuneHa Ha ¢oOTOaAKTUBUMPOBAHHLIX
HUKenbcoaepXawmx Kartanusatopax. Ewe B 1955r1. B
paboTte XoraHa u gp. [27] ObiNo 0GHAPYXEHO, YTO HUKEb-
cogepxalume okcuabl SBNSATCH XOPOLMMUK KaTanu3aTopa-
MW onuromepusaumm atuneHa. B panbHeliwem mexaHusm
3TOW peakuuu usyyancs Bo MHorux pabotax. B HacToswee
BPEMSI HE BbI3bIBAET COMHEHWM, YTO WMOHbI HUKENs Heno-
CPEACTBEHHO y4acTBYylOT B (DOPMUPOBAHUN KaTanuTU4eCKu
aKTUBHbIX LlEHTPOB, OJHAKO CTereHb OKUCIEHWUS U Koopau-
HaumoHHoe cocTosiHMe Ni B akTVBHbIX LEHTpax Bce elle
ABMSAOTCA NPEAMETOM AUCKYCCUM.

Kak ynomuHanocb Bbllle, B pesynbrate coToBocCTa-
HOBMNEHUS1 MOHOB Ni2+, HaHeceHHbIX Ha SiO; unu A1,03, a
TaKKe BBeAEHHbIX MOHHbIM OOMeHOM B ueormT Tuna Y,
o6pasytotcst moHbl Ni, KOTopble AETEeKTUPYIOTCS MEeTOaoM
OlP. Takue oTOBOCCTAHOBIEHHbIE 00pasubl ABNSATCH
XOpOLUMMKY KaTanm3aTopaMu peakuuvM guMepusauun atune-
Ha B ByTWneH, KOTopasi OCYLLUECTBSIETCA B MATKMX YCIOBU-
AX (Npu KOMHaTHOW TemnepaType) [28, 29]. OeTanbHO wnc-
cnenoeaHa ponb noHos Ni* B 3Tol peakuum, npoTekatoLLeil
Ha 4YacTuyHo BoccTaHosneHHom ueonute NiCaY, [30]. Ou-
MepusauMio 3TUNeHa W nponuneHa Ha Kartanu3aTope
Ni/SiO2 n ueonutax NiCaX nsyvanu tarxke B pabote [31].

Ha HeBoccTaHoBneHHbix obpasuax NiCaY B TeyeHue
nepsbix 10—20 MWH nocrne Bnycka aTuneHa npyM KOMHaTHON
TemnepaType KOHBEpPCUSI 3TUIeHa He npoucxogut (puc. 2),
T. e. HabnogaeTca nepuog MHAyKUMW. Ha npeasapuTtensHo
aKTUBUPOBAHHbIX TEPMWYECKUM BOCCTAHOBMEHMEM WK
coToBoccTaHoBNEeHMem obpasuax NiCaY, cogepxatmx Ni',
AVMepu3aunsa aTuneHa nNpu KOMHaTHOM TemnepaTtype Hauu-
HaeTcsa cpasy, Npu4eM ee HavanbHasi CKOPOCTb 3aBUCUT OT
NPOJOMKNTENBHOCTU NpeaBapuTenbHOro (hoTOBOCCTaHOB-
nexHusi (cMm. puc. 2).

KatanuTuyeckas akTMBHOCTb OKWUCIIEHHOTO W Tepmude-
Cku BoccTaHoBneHHoro obpasuos NiCaY, kak BUgHO 13 puc.
2, BOBOMNbHO ObICTPO YMEHbLUAETCS, B TO BpeMsi kak ¢oTo-
BOCCTaHOBIEHHble 06pa3ubl NPOSABMSAOT ropasgo 6onbLuyto
cTabunbHOCTb. AKTMBHOCTb (POTOBOCCTaHOBMEHHbIX 06pas-
LOB MOXET ObITb pereHepupoBaHa OO WCXOOHOTO YPOBHS
nyTem gecopbunm npodyktos peakumm npu 370—420 K.

CeneKkTMBHOCTb AuMepu3aumn atuneHa (Bbixod OyTune-
HOB) Ha doToBOCCTaHOBMEHHbIX obpasuax NiCaY B 5—7
pas3 Bbille, YEM Ha TEPMUYECKN BOCCTAHOBIEHHOM HUKEMb-
cogepxaliem ueonuTte. OTa pasHuua, no-sMgnMomy, oby-
CrnoBrfeHa MpUCYTCTBMEM B TEPMOBOCCTAHOBIIEHHOM KaTa-
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Puc. 2. KuHetTnyeckue KpuBblie gUMepu3auumn sTuneHa

Ha LeonuTHbIXx katanusatopax NiCaY.
KaTtanusatopsbl: HeBoccTaHoBneHHbIM NiCaY (1), doToBOCCTaHOBMEH-
Hole B Hy npu 77 K B Teuenne 05 4 (2), 2 4 (3) un
5 4 (5), doroBoccTaHoBrneHHbI B H, npu 473 K, 2 4 (4).
HauanbHoe aaeneHne C,H; 65—70 MM pT. CT., 06bEM peaKLMOHHOM
cuctembl 543 cm®, Macca Katanusaropa 3 r

nu3atope NiCaY 6Gonblero konuyectsa GpeHCTe[OBCKMX
KMCMOTHBIX LEHTPOB, HEOOXOOUMBIX AN COXPaHEHWUs arek-
TPOHENTPanbHOCTN PeLIeTKM LeonnuTa, Ha KOTOpbIX Ierko
OCyLLecTBNseTCcs onuromepusaums oneduHos [32]. Mpu
TEpMMYECKOM BOCCTaHOBMeHUU B aTMocdepe Hz Hapsaay c
noHamm Ni* dopmupyeTtcs hasza METannMYecKkoro HUKens.
PoTOBOCCTAHOBIEHME NPOTEKaeT ropasfgo bonee cenekTme-
HO, basa Ni® He obpasyeTcs, BCneacTeue 4vero Bbixon Oy-
TUMNEHOB 3HA4YMTENbHO NOBbLILLIAETCS.

HarpgeHa koppensuusa mexay HayvanbHOW CKOpPOCTbIO
KOHBEPCUWN 3TUMEeHa Ha (POTOBOCCTAHOBIIEHHOM LIEONuUTe
NiCaY u konuuectsom noHos Ni* B oBpasue katannsatopa
[29, 30] (puc. 3). JluHenHas 3aBMCMMOCTb Ha puC. 3 B LUK-
pokoM uHTepBane Nco, @ 3Ha4WT W KoHUeHTpauuii Ni*, no-
3BONSIET caenaTh BbIBOA O TOM, YTO MoHbI Ni¥ npuHumaloT
HernocpeacTBeHHOe yyacTue B (DOPMUPOBAHWMM aKTUBHbLIX
LEHTPOB WNU SABMSIOTCA NpedlwecTBEHHUKaMN Takux LeH-
TpOB.

—_
[*))
T

Wo, MM PT.CT./MUH
o]
T

0 4 8 12
NCO°IO’17, MOJIEK.

Puc. 3. 3aBMCMMOCTb Ha4anbHON CKOPOCTU KOHBEPCUM
3TMneHa oT cogepxaHmsa noHos Ni* B hoToBOCCTaHOB-
neHHom ueonute NiCaY

3a kormuecTso Ni* npuHMMani namepsiemoe uncrio Moriekyn CO, aecop-
BupyroLLMXCS C MOBEPXHOCTU KaTanm3aatopa npy 300—400 K nocne ero
koHTakta ¢ CO npum KOMHaTHOM Temneparype



Tabnuua 3

AxTuBHOCTb KaTanusaropoB Mo/SiO; B peakuun metaTtesuca nponuneHa npu 300 K

CopepxaHue YcnoBusa akTuBauum Kkatanuvsartopa HayanbHoe YaoenbHasi akTUBHOCTb, Ccbinka
Mo, % macc. aaeneHne CsHe, monek. C3;Hg/(aT. Moec)
MM pT. CT.
1,0 dotosoccTaHosrneHne B CO npum 300 K 85 0,42 [40]
1,0 doToBoccTaHoBneHe B CO + obpaboTka LmMKIo- 157 5,05 [43, 44]
nponaHom npu 300 K

0,1 Toxe 150 12,8 [43,44]

2,5 dotosoccTaHoBneHne B CH4 npm 300 K 250 >1 [48]

1,0 dotoBoccTaHoBneHne B Hy npu 300 K 84 0,16 [40]

1,0 Tepmuyeckoe BoccTaHoBneHue B Hy npu 773 K 48 0,003 [40]

120’ 0,007 [36]
1,0 Tepmunyeckoe BoccTtaHoBneHue B CO npu 773 K 64 0,06 [40]

" Peakums npu 363 K.

MeTaTte3uc onedmHoB. Peakunsi metaTteanca (gucnpo-
NopLUMOHMPOBaHNE) onedurHOB

2 R'CH=CHR’ == R'CH=CHR' + R’CH=CHR2

oTkpbITad BaHkcom n Bennu B 60-x rogax [33], npeacras-
NSieT MHTEpeC Kak C Hay4YHOW, Tak U C MPaKTUYECKON ToYek
3peHus. KaTanutuueckui meTtatesnc ABMASETCS OOHUM K3
HEeMHOIMX NMPUMePOB MPOLLECCOB, MPOTEKAOWMX NO LEenHOo-
My MexaHu3My C yyacTmeM KapOeHOBbIX WMHTepMeanaToB.
OTa peakuusi MO3BOMSET MOMNy4vaTb TEXHUYECKU BaXHble
oneduHbl U NonuoneduHbl, a Takke LUMPOKUN KPYyr GOyHK-
LIMOHanbHbIX NPOU3BOAHbLIX OpraHNYecKnx coegnHeHun. Psg
npoLeccoB NoJ406HOro Tuna peanv3oBaH B MPOMbILLIEHHOM
macLiTabe.

B kayecTBe reteporeHHbIX kaTtanu3aTtopoB MeTaTesuca
onedurHOB 06bIYHO MCMOMb3YTCA HaHeceHHble Ha Al.Oz 1
SiO, okcuabl Mo, W unun Re. Cpeaun Hux Hanbonbluen ak-
TUBHOCTbIO 0O6nagatT katanusatopbl Re/Al,Os.  Okcup
Bonbdpama Ha KpemHe3eme BeAeT peakuuio Metatesuca
NVWb NPU BBICOKMX TeMnepaTtypax WU ero rmaBHOe Mpeumy-
LLLeCTBO 3aknioyaeTrcs B CTabunbHOCTM U Marnow YyBCTBU-
TENMbHOCTM K KaTanuTU4ecknm sgam.

Kamanuzamopbl Mo/SiOz, ¢homoakmueuposaHHbie 8
ammocghepe MOHOOKcuda yenepoda u eodopoda. Hesoc-
CTaHOBMEHHbIE KaTann3aTopbl Mo®*/SiO2 ManoakTuBHbI B
peakuusix MeTaTesuca. VIx 3ameTHasi akTMBHOCTb Habnoga-
€TCs TONMbKO MpW JOBOMbHO BbICOKUX TeMnepaTtypax (673—
773 K) [34, 35]. [lNpepBaputenbHoe BOCCTaHOBIIEHWNE
Mo®/SiO, B cpeae Hz, CO mnu mponuneHe npuBOauT K
YBENUYEHNIO aKTUBHOCTM W CHIDKEHUIO TemnepaTypbl peak-
unn [36—39]. MNpeanonaraetcs, YTO NPU 3TOM NPOUCXOAUT
YaCTU4HOe BoOCCTaHoBMeHMe Mo®" [0 npoMexyTOuHbIX
cTeneHen OKUCMEHUs U obpasyloTca akTUBHbIE NMOBEPXHO-
CTHble KOMMMekcbl. B cBA3M C 3TMM BO3HMKAeT BOMPOC O
cTeneHn okucneHnss Mo, BXOAsiLLero B COCTaB aKTUBHbIX
LleHTPOB peakumn meTaTesuca.

OpHo3Ha4yHO OTBETUTBL Ha 3TOT BOMPOC B Cryyae kaTta-
nu3atopoB Mo/SiO2, nonyyaemblx METOAOM MPOMUTKA C
nocnegytoLlein Tepmmnyeckon obpaboTkon, TPyAHO, Tak Kak
BbICOKOTEMMNEPATYPHOE BOCCTAHOBIIEHNE MPOUCXOOUT He-
CeneKkTUBHO M NpMBOAWT K 0b6pa3oBaHWo MOHOB Monubae-
Ha B pasNMyHbIX BaneHTHbIX U KOOPAUHALMOHHbIX COCTOS-
HMAX. B pamkax aTon npobnembl NpeacTaBnsnoch Leneco-
06pasHbIM M3y4nTb 3aKOHOMEPHOCTW peakuun Mmetatesuca

Ha boToBOCCTaHOBMEHHbIX obpa3suax Mo/SiOz, nockonbKy
(hOTOBOCCTAHOBIIEHNE MO3BOMSET CEMEKTUBHO MonyyaTtb
MoHbl Mo B onpefeneHHOM BaneHTHOM COCTOSTHUM.

Mocne dotoBoccTaHoBneHnss Mo/SiO, (1% macc.) B
atmocdepe CO npm 300 K, T.e. B ycnosusx, korga obpasy-
I0TCS B BbICOKOW KOHLIEHTpaLMu MoHsl Mo**, cuctema npu-
obpeTaeT BbLICOKYIO aKTMBHOCTb B peakuuy MeTaTesuca
nponuneHa npu KOMHaTHoW Temnepatype [40]. B 1abn. 3 co-
noctaeneHbl  aKTMBHOCTW  KaTarnuMTWYECKOM  CUCTEMbI
Mo/SiO,, akTMBUpOBaHHOW Pa3NUYHLIMU METOAAMMW.

OaHHble Tabn. 3 nokasbiBaloT, YTO aKTMBHOCTb hoTo-
BOCCTaHoBIeHHbIX B cpege CO n H katanMsaTopoB 3Hauu-
TENbHO NMPEBOCXOAMT aKTUBHOCTb cucTembl Mo/SiO;, aktu-
BMPOBAHHOM TepMMYecKkuM BoccTaHoBrneHnem B CO mnu Ho.
Mpn doToBOCCTAHOBNEHNM AOCTUralOTCA AOCTATOYHO Bbl-
COKWe KOHLieHTpauun noHoB Mo, urpatowmx ponb npea-
LUECTBEHHMKOB aKTVBHbIX LIEHTPOB peakuun MeTtaTesuca.
YuacTue 3TX MOHOB B MeTaTesuce HarnsigHoO noaTBepxaia-
eTcs IKCrepnMeHToM (puc. 4), B KOTOpoM ObIno ycTaHoBre-
HO, YTO ANs POTOBOCCTAHOBIEHHBLIX 06pa3uoB Yncna obo-
poTOB B nepecyeTe Ha 1 noH Mo** ocTaloTcsi npakTUyeckm
MOCTOSIHHLIMM MpU NoyTy 10-KpaTHOM M3MEHEHWW KOHLEH-
Tpauun Mo** B obpasue. [lpyrue aokasaTenbcTBa CBS3W
aKTMBHOCTU C HanuuueMm MWoHoB Mo'* B kaTanmsaTopax
MOXHO HawTu B paboTe [40].

Mo3gHee B Hawwux pabotax [41—45] GbIno nokasaHo,
4yTo JononHuTenbHas obpaboTka uuknonponaHom OTo-
BOCCTaHOBMeHHbIX B CO 06pa3tios Mo**/SiO, aaet apcpekt

1,0
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T
[ ]

VienbpHas aKTUBHOCTD,
monek. C;Hg/(ron Mo* «c)
L[]
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N (Mo“)-lOl’(l)x a

Puc. 4. YaenbHasa akTMBHOCTb (pOTOBOCCTaHOBIEHHbIX
KaTanusaTopoB Mo*'/SiO, B meTaTe3uce nponuneHa (300 K)
Npy pasnnUyHbIX KONIMYECTBaxX UOHOB Mo* B KaTanusartope
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Cxema 1. BsaumogencTeBue umMknonponaHa ¢ MOHaMun Mo* B ¢doToBOCCTaHOBNEHHOM cucteme Mo/SiO,

Pes3Koro yBenuuyeHusi NX akTMBHOCTU B peakuun metatesuca
nponureHa u gpyrux oneduHoB. YTobbl pa3obpaTtbcs B
MexaHu3Me 3TOro SIBfieHusl, NpoBegeHO AeTanbHoe chek-
TPOCKONUYECKOe U Macc-CNekTpoMeTpuyeckoe uccrnegosa-
Hue xemocopbummn uuknonponaHa Ha (POTOBOCCTAHOBIIEH-
HbIX obpa3suax.

XemocopGuus LMKnonponaHa Ha uoHax Mo*" mpomcxo-
ant yke npun 293 K n npuBoanT K packpbITUIO LuKonpona-
HOBOro Komnbua 1 obpasoBaHuio Mo-UMKNOGYTaHOBbLIX KOM-
nnekcoB (cxema 1). bornblasa YyacTb 3TUX KOMMIEKCOB pac-
nagaetca c ob6pa3oBaHMeM KapOeHOBbIX KOMIMIIEKCOB
Mo=CH. n C;Hs4, npnyem nocnegHum xemocopbupyetcsi Ha
coceaHux noHax Mo**, 06pasys T-komnnekcl (MyTb a). Mpwu
nporpeBe B Bakyyme npu 623 K atuneH gecopbupyetcs B
rasoByto ¢pasy, B To Bpemsi kak kapbeHbl Mo=CH. ocTatoTtcs
Ha MOBEPXHOCTM M UX KOHLEHTpauMs MOYTU He MeHsieTcsl.
MeHbLIasa vyacTb UMKNOOYTaHOBLIX KOMMMEKCOB MonmbaeHa
n3omepuayetca npu 293 K B TEKOMMNEKCHI, KOTOpbIE Mpu
623 K pasnaratotcs ¢ BblgeneHnem nponuneHa (nyTe 6).

Cxema 1 noateepxgaeTcsi aHanM3oM NPOAYKTOB Tep-
moaecopbunmn, KoTopble B OCHOBHOM COCTOSAT M3 3TUNeHa
(=95%), a Takxke MK-CneKkTpoCKONMYECKMN U3MEPEHUSIMM
cuctembl Mo/SiO; B obnactu BaneHTHbIx konebaHun C—H un

3000
CM

2800 3200

C-D (puc. 5). MNMocne xemocopbumu unknonponaHa npu 293
K Ha choToBOCCTaHOBMEHHOM obGpasle Mo'*/SiO, Habrio-
JaeTcs [OOBONbHO CIOXHbIN cnekTp (puc.5 6), koTopbiv
npegcTaBnseT cobor cynepno3numio CNeKTPOB HECKOMNbKMX
TUMOB  MOBEPXHOCTHbIX  4Yactuy  (kapbeHos, Mo-
LMknobyTaHoB, TEKOMMEKcoB). CnekTp, NMoMnyYeHHbIN nocne
BaKyyMHOW TepmoobpaboTku katanusartopa npu 623 K, cocro-
UT BCEro NuLlb 13 ABYX nonoc nornotuexuns npy 3080 n 2945
oM™ (puc. 58), KOTOPbIE MOTYT BbiTh OTHECEHBI COOTBETCTBEHHO
K CUMMETPUYHOMY M aHTUcummeTpudHoMy C—H konebaHusm
kapbeHoBoro komnnekca Mo=CH,. VigeHTndpukaums kapbeHa
Mo=CH, noaTeepxgaetca B OMbiTax C OeATEPUPOBaHHbLIM
atuneHom C,Ds4. lMocne Bnycka CyDs4 npu 293 K nonochl
nornoweHns kapbeHoBbix komnnekcoB Mo=CH, ncuesatoT,
a B obnactn BaneHTHbix C-D konebaHui nosBnsioTcA ABe
HOBble Monockl, NpuHagnexawme Mo=CD, (puc. 52). 3ToT
apdekT 0O6bACHAETCH Tak Has3biBaeMblM HENpOAYKTWB-
HbIM MeTaTe3ncoM aTuneHa

Mo=CH, + C,D,« Mo=CD, + CH,=CD,
Mocne otkaykm CyD4 n Bnycka CoHs monockl nornote-

HuMa komnnekcoB Mo=CD; uc4yesatloT, a Nonockl nornoLle-
H1a Mo=CH. nosiBnsitotcst BHOBb (pumc. 50).

2160
2245

2100 2200 2300

CcM

Puc. 5. UK-cnekTpbl andipy3Horo paccesHus katanusatopa Mo/SiO,, 3apernctpMpoBaHHble Ha CTagusiX ero KOHTakTa

C UMKnonpomnaHom (cM. cxemy 1) u aTuneHom:

a — boToBoCCTaHOBMEHHbIN B CO Mo*"/SiO,; 6 — nocne apcopbuum LuknonponaHa Ha obpasel a 1 otkadku npu 293 K;
8 — rocrie oTkayku obpasua 6 npu 623 K; 2 — nocne Bnycka C,D4 Ha obpa3seL 8;  — nocne Bnycka C,H4 Ha obpasel 2
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Tabnuua 4

XapaKTepVICTVIKVI KaTanm3atopoB MeTaTe3uca U co-MeTaTte3mca MeTusn- u 3aTurnoneartoB

XapaKTepucTuku Mo*/SiO, /LN Re;0,/Si0,*Al,0;/SnMe, Mo0Os-Re;0,/Al,0;/SnMe, [47]
[45] [46]

CybeTpar STunonear Metunonear Metunonear+H-rekceH
3Ttunonear+5-geueH

CybcTpart: katanusarop, Monb/Morb 250:1 60:1 100:1

Temnepartypa peakuum, K 343 293 298

Bpemsi MakcumanbHom koHBepcumn, MuH - 10 (MeTatesuc) 120 180
7 (co-meTaresuc)

MakcumanbHas koHBepeus, % 50 (meTatesunc) 50 80
58 (co-meTtartesuc)

lMpousBoguTenbHoCcTb  Katanu3atopa, 125 (meTtartesuc) 30 80

Monb cybCT./Monb Kar. 145 (co-meTaTeauc)

OueHka koHueHTpaumm Mo=CH, nytem un3mepeHus
konuuectsa CO,, obpasytowierocs npu nporpese obpabo-
TaHHOrO LMKMonponaHomM obpastia Mo**/SiO, B Toke kucrio-
poga npu 850-900 K, nokasana, yto [Mo=CH;] = = 3410 1~
! ans 1% Mo/SiO,, 1.e. =90% wnoHoB Mo*" cnocoBHbi obpa-
30BbIBaTh kapbeHbl Mo=CH..

KaTanuTuieckasi aktueHocTb Mo**/SiO; B meTaTeauce
nponurneHa nocrie 06paboTky LMKIONPONaHOM pe3ko BO3-
pactaeT 6narogaps NpPUCYTCTBMIO Ha MOBEPXHOCTU 3HaYM-
TenbHbIX KonnyecTs kommnnekcoB Mo=CH>, koTopble urpatoT
pOfb MPOMEXYTOYHbIX aKTUBHbIX UHTEpMeanaToB. Peakuuns
mMeTaTte3nca nponureHa npoTekaeT No crnegyloLwen LiernHomn
cxeme:

CH, CH-CH;
e} Nz e} %M,/
M [
PR + CH,=CHCH, — N +CH, =CH,
e} e} 0 0o
CH - CH3 lo) C H2
° N4 N 7
Mo  + CH,=CHCH4 = Mo + CH,CH=CHCH,
/ N\ /7 N\
o) o) (6] (6]

11 11

Camas BbIcOKas ygernbHas akTMBHOCTb (pOTOaKTMBMPO-
BaHHbIX KaTanu3aTopoB (4YMcno 06opoToB) Nocrne AONOMHNU-
TenbHom ux obpaboTkm uuknonponaHom (LIM) 6bina nony-
YeHa ans obpasua 0,1% Mo/SiO; /UMM (cm. Tabn. 3). Bepo-
ATHO, 3TO MOXHO 06bsACHUTL Gonee rrmybokum OTOBOC-
CcTaHoBreHnem Takmx katanusatopoB B CO (70%) no cpas-

2 Eto\n/(CH2)7. . ,(CH2)7\ —

o aTunonear o

EtO\n/(CH2)7\ _ CHN 4

(0]

= EtO\ﬂ/(CHmE/\/\

(0]

TMnNMuUpucToonear

Eto\ﬂ/(CHZ)7 _ ,(CH2)7\n/ OEt

HeHuto ¢ 1% Mo/SiO; (50%) 6narogaps 6onbluen cteneHn
OVCNEePrMpoBaHns WMOHOB MonubaeHa NO NOBEPXHOCTU.
CooTBeTCTBEHHO UM  BbIxog kapbeHOBOro  kommnnekca
Mo=CH, Bbiwe gnsa o6pasua 0,1% Mo/SiOy/LlM, yem ans
1% Mo/SiO/LiMM.

doToBoccTaHoBreHHble cuctemMbl 1% Mo/SiOx/LIN Bbinm
uCcMbITaHbl B peakuuMn xugkodpasHoro  mertatesuca
1-rekceHa [42]. OOHapyxeHa BbICOKas KaTanuTuieckas
aKTUBHOCTb, KOTOpPas CyLIEeCTBEHHO MPEBOCXOAWUT aKTuB-
HOCTb APYIMX U3BECTHbIX KaTanMTUYECKNMX CUCTEM Ha OCHO-
Be monunbgeHa ([0 monek. CgHio/(aT.Moec) npu 293 K).
CeneKkTMBHOCTb NO MPOAYKTY MeTaTeauca — 5-AeLieHy Cco-
ctaBnana (5%, a Npou3BoAUTENLHOCTL KaTanusaropa A4oCTu-
rana 5300 monb CeH12/Monb Mo.

[pyroi nHTepecHbln NnpuMep 3aPPEKTUBHOrO UCMNOIb-
30BaHMa  (POTOAKTMBMPOBAHHBLIX KaTanusaTopoB 1%
Mo/SiO2/UIN — meTatesnc yHKUMOHANbHO 3aMeLLeHHbIX
orneduHOB ¢ NoNsapHLIMKU rpynnamu [45].

Tak, Hamu Gbin NpoBefeH MeTaTe3nC 3TuroneaTa u ero
CO-MeTaTe3unc ¢ 5-AeLeHOM (CM. CXEMY HIKE).

B T1abn. 4 conocraBneHbl XapakTepUCTMKM PasfnyHbIX
KaTanMTU4ecKMX CUCTEM, aKTMBHbIX B MeTaTe3nce MeTun- un
aTunoneaToB. Katanusatop Mo**/SiO/LIM umeeT 3Haun-
TenbHO 0Oonee BbLICOKYD MNPOU3BOAUTENBHOCTb, YeM Ka-
TanuMTnyeckMe cucTemMbl Ha OCHOBe peHus. [pyrow 3ameya-
TEMbHOMW  OCOBEHHOCTbIO  KaTanuTUYecKoW  CUCTEMbI
Mo**/SiO/LIM sBrsieTcsi ee BbiCOKasi HauanbHas aKTUB-
HOCTb: MakcumarnbHas KOHBepcus aTunoneara JocTuraeTcs
B npegdenax 7—10 MuH, B TO BpeMsi Kak Ha peHMEBbIX KaTa-
nu3atopax MakcumarnbHas KoHBepcusi oneduHOB JocTura-
eTcs TONbKO Yepes 2—3 u.

_A(CHy~ T

% 9-okTaneLeH

Anacmp

P T S 2 N
‘_
5-peueH

QI N

5-TerpageueH
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Kamanuzamopbsl Mo/SiO,, ¢gpomoakmusupo-
8aHHble 8 npucymcmeuu ankaHos. OnucaHHbIN
Bbllle Crnocob npeaBapuTEnNbHOW — akTMBauun
Mo®*/SiO2 no CyLLEeCTBY CBOAUTCS K OBYXCTaaun-
HOMY cWHTe3y Mo-kap6eHOoBbIX KOMMMEKCOB Ha
noBepxHOCTM cunukarens. Hamu paspaboTtaH
METO, CUHTEe3a 3TWX KOMMMEKCOB, OCyLlecTBnsie-
MbIi B OOHY cTaguio nytem Y®-o6nyyeHus
Mo®/SiO, B npucyTcTBUM ankaHos [48].

Okasarnocb, 4To Ha obpa3suax 2,5% Mo/SiO,,
Y®-06nyyeHHbIX B aTMocdepe MeTaHa B TeHYeHNE
6 4, MertaTeanc nponuneHa npu 293 K unget ¢
OYeHb BbICOKOM CKOpPOCTbI0. TOYHO U3MepUTb
CKOpPOCTb peakuuyM HEBO3MOXHO BBMAY Anddy3u-
OHHbIX 3aTpyAHeHuin. MNpubnusutenbHble OLEeHKN
MoKasblBaloT, YTO HavanbHble 4YMcra obopoTOoB B
meTaTesnce coctaensoT 6onee 1 monek. CsHg/(aT.
Moec). 310 3ameTHO Gonblue, YeM Ana KaTanuaa-
TOPOB, aKTVBMPOBAHHbLIX (POTOBOCCTAHOBMEHWEM
B atmocdepe CO, HO CyLECTBEHHO MeHbLUe, YeM
ans  obpasuoB, [OOMNOMHUTENBHO  0BpPabOTaHHbIX
LMKrionponaHoM (cm. Tabn. 3).

M3 uccnenoBaHHbix kaTanu3atopoB Mo/SiOg,
(POTOBOCCTAHOBIEHHBIX B aTMocdepe arnkaHos,
HambonbLlen NPOU3BOAUTENBHOCTBIO B XWAOKO-
dasHoM MeTaTesuce 1-rekceHa obragatroT kaTa-
nu3artopbl, obmnyyeHHble B TeyeHue 8,5 4 B H-
6yTaHe u u3o-bytaHe (Tabn. 5). Heckonbko meHee
aKTUBHbI 06pa3Lbl, NoMyyYeHHble Npu 0bryyYeHnn B
TeyeHve 6 4 B MeTaHe u H-OyTaHe, XOoTa pasnuyve
He oyeHb Benuko. MNpon3BoAUTENbHOCTE KaTanu-
3atopoB, ¢oToakTMBMpoBaHHbIX B CHs n CsHyg,
[OBONbHO BbICOKAsi, OAHAKO OHa CYLLECTBEHHO HIDKE
npoussoaguTenbHocT  Mo/SiO,,  akTVBMPOBaHHOIO
doToBoccTaHoBrneHem B CO c nocnegytowent 06-
pabotkov uuknonponaHom (3300 monb CgHiz/Monb
Mo [42]). CenekTMBHOCTb MO OCHOBHOMY MPOAYKTY
meTaTesnca 1-rekceHa — 5-geLieHy BO BCEX OMnblTax
6bina 6nmska k 100%.

YCTaHOBMEHO TaKkke, YTO KaTanusatopbl, ¢0-
TOaKTMBMPOBaHHbIE B aTMocdepe ankaHoB, CO-
XpaHSAT NPOU3BOANTENBHOCTb, €CNN XPaHUTb UX
B BaKkyyMme npu KOMHaTHOWM Temneparype.

OKcnepuMeHTarnbHble JaHHbIE HE OCTaBMAOT CO-
MHEHUs1 B TOM, YTO B XOde npeasapuTenbHoro Y-
obnyyeHust Mo/SiO, B aTmocdepe ankaHoB obpa-
3ylOTCA NOBEPXHOCTHbIE KapOeHOBble KOMMMEKChI
Mo=CH.. K coxaneHnuio, oxapakrtepusoBaTb 3Tu
LleHTpbl CMEeKTPOCKOMMYECKUMI MeTodamMu B Cy-
Yae MCrnonb3oBaHWA JaHHOro cnocoba akTmesaumm
KaTanuM3aTopoB OKasanocb CroXHee, 4eM npwu
doTtoBoccTaHoBreHnn B CO ¢ nocnegytolen o6-
paboTko/ uuWKronponaHoMm u3-3a 6onee HW3KOW
CEeneKkTMBHOCTY 0bpa3oBaHNs KapOeHOBbIX KOMIEK-
COB UM reHepaumn pasHoobpasHbix Mo-cogepxalumx
YacTuL, Ha MOBEPXHOCTMU.

Ha ocHOBaHWM MNOMyYeHHbIX AaHHbIX Hamu
npegnoXxeHa Cxema MpoLeccoB, MpOTeKaloLWwmnx
npu Y®-obnyyeHun Mo/SiO, B atmoccepe meTa-
Ha [48] (cxema 2).

Kak nokasaHo Hamu B [49], HayanbHOU ¢oTO-
MHOYLMPOBaHHOW CTaguen npouecca BOCCTaHOB-
neHusi noHoB Mo®* sBnsieTcs B3auMopaencTBUE
BO30YXAEHHbIX KOPOTKOXMBYLLMX KomnriekcoB 1 ¢
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Tabnuua 5

MpoussoautenbHoOCTb katanusatopoB Mo/SiO,, Y ®-akTMBMPOBaHHbIX

B NPUCYTCTBUM arnkaHoOB, B Xuakodga3HoM meTaTe3uce 1-rekceHa

AnkaH Bpems KoH- MpoussoauTeNnbLHOCTb,
obnyyeHms, 4 Bepcus monb CgHiz/Monb Mo
CeHiz, %
CH. 6 34 769
H-CsH1o 8,5 62 1030
H-C4H1o + nporpeB B 6 42 1030
Bakyyme npu 573K
u30-C4H1o 8,5 34 816
0 — *
O\M// AV OQM/O' cH, OQM - OH .
(0] —n . — » .
/N K ZRRN RN T CHs (1)
(0) O 0] (0) (0) O
1 2
o 0 0 OCH
N . XN - 3
Mo + CH; —= Mo
/N /N (2)
(0) (0) (0) (0)
3
OQM LOH Oy _OH
AR + CH; —=n /MO_CH3 (3)
(0) (0) o o
2 4
O% _OCHj; O§ _OCH3
M : MA~cn 4
3
0 o) + CH3 —n o o ( )
3 5
H~ -H
O%M/OHCH w, 0Ny /_OHCH OSu= cn
o— —= 0= ==
/N 3 VERN 2w RN 2 (5)
(0) (0) (0) (0) (0) (0)
4
hv HO _OCHj;
Mo =—CH,
7/ N\
0 0 (6a)
O%M _ OCHj pv HOL_ _OH CH,
o —_ Mo ¢
/N T CHjs RN CH (66)
o] o] 0 o] 2
5
O%M 40
— R 4yl (66}
(0) (0)

Cxema 2. Mpouecchbl, npotekatowue npu YP-o6nyyeHum cuctembl Mo/SiO,

B NPUCYTCTBUM MeTaHa



MeTaHOM C obpa3oBaHMem Komnrekca 2 u pagukana *CHs
(peakums (1). MeTunbHbIi pagukan cnocobeH npucoenu-
HATbLCA K Kucropoay AsonHon cessn Mo=0O c obpa3oBaHu-
em komnnekca 3, peakuus (2). OTMeTUM, YTO aToOM MONnoG-
AeHa B Komnnekcax 2 u 3 siBnsetca dopmanbHO nNATUBa-
NeHTHbIM. HakonneHne B o6pastjax MoHoB Mo®* Gbiro 3a-
dumkenposaHo metogamu MNP u NK-cnektpockonuu.

MpYHUMNNaNBHO BaXKHBIM MOMEHTOM (KOTOpPbIA He Obin
y4TeH Hamu B [48]) ABnsieTcs BO3MOXHOCTb 06pasoBaHus
cBs3n Mo—C npu B3aMMOAEWCTBUM MSATUBANEHTHOTO MO-
nnbaeHa B komnnekcax 2 n 3 ¢ pagukanom«CHs, peakunm
(3) n (4). 31 Npouecchl pekoMbMHauun ABYX paguKkanbHbIX
LleHTPOB MpeACTaBnsAlTCa BeCbMa BEpPOSTHLIMU U CKOpee
BCEro OHW npoTekatoT 6e3 aHeprum aktmeauun. Peakumm (3)
N (4) ABNSAIOTCS KMIOYEBBIMW AfS MOHUMAaHUS MexaHu3ma
obpa3oBaHna kapbeHoBbIX LEHTPOB npu hoToobnyyeHum
cuctembl MoO3/SiO2 B npucyTCTBUM ankaHoB.

O6pa3soBaHne Mo-kapOEHOBbLIX KOMMMEKCOB  MOXET
npoucxoguntb no peakumam (5) u (6a), KoTopble, No cylle-
CTBY, SIBAAIOTCA peakuusiMm n3omepum3saumnm KOMNnekcos 4 un
5 ¢ nepeHocom npoToHa. No-BuanmMomy, Ans nx ocyLlecTs-
neHusi HeobxoguMo MorfolleHe KBaHTa ceeTa. [loaTomy
obpa3oBaHune kapbeHOBbIX LEHTPOB B 3aMETHON CTEneHu
NpOUCXOONT TOMbKO MOCMEe HAaKOMMEHUS B CUCTEME KOM-
nnekcos 4 u 5, T.e. nocne gnuTenbHoro o6ny4yeHus obpas-
LiOB.

MapannensHo ¢ peakuuen (6a) komnnekc 5 moxer, no-
BMAUMOMY, (DOTOM30MEPU30BaTLCH B TFKOMMMEKC C aTuIe-
HOM (peakuusi (66), koTopblA ObiN NAEHTUULMPOBAH MO
Y®-cnektpam. MNpu HarpeBaHun o6ny4veHHbIX 0bpasuos Ao
573 K tekomnnekc pacnagaetcs, n B rasosyto ¢asy Bbije-
nslTCA  3TMNEeH UM 3TaH. OTaH obpasyerca  npu
TepMMYeckoM pacnage komnnekca 5 no peakumm (68). Bos-
MOXHO TaKxe, YTO KOMMMeKC 5 4YacTUYHO nsomepusyercs B
Mo-kapbeH no peakuun (6a) u npu HarpeBaHun. ATUM 00b-
AcHseTCA 3ddeKT yBennyeHUs akTMBHOCTU OBMy4eHHbIX
obpa3uoB B MeTaTe3ance 1-rekceHa mocrie nporpesa obny-
yeHHoro B H-C4Hio obpasua B Bakyyme npu 573 K (cm.
Tabn. 5).

Cxema 2 3anucaHa gns cnyyast oTOBOCCTaHOBEHUS B
cpefe CHa, ogHako oHa MOXeT ObITb ferko aKcTpanonMpo-
BaHa W AnA npouecca B NPUCYTCTBUM APYrUX arkaHoB.
EcTecTBeHHO, B 9TOM cryyae OOSMKHbI Monyyatbcs kapbe-
HOBblE U T-KOMMMEKChbl Honee CNoXHOro CTPOEHMS.

AKTMBaUMs KaTanu3aTopoB Npu Y-06ny4eHUn
B npucytcTteum CO n ankaHoB.
KaTanuzaTtopbl meTaTe3unca onecduHoB

Metog  doToakTMBaumm  MonubAeH-cunuKareneBbiX
KaTanmM3aTopoB MeTaTesuca oneduHOB okasancs Head-
PEeKTUBHbIM MPUMEHUTENBHO K OKCUAHBIM KaTanusatopam,
cogepxXalyM MOoHbl peHust 1 Bonbdpama. NpuunHa aToro,
cKopee BCero, 3akrn4vaeTcs B TOM, YTO (DOTOBOCCTaHOBIIE-
Hue Re”™ n W% B aTmocdepe CO unu ankaHoB npoTekaeT
BeCbMa He3HauuTenbHO Mnu gaxe BoobLle He OcyLlecTB-
nsieTcsa BCrneacTame ObICTPON Ae3akTuBauum Bo30YyXaAeHHbIX
KOMMJSIEKCOB C NepeHOoCoM 3apsaa [M”J'...O’]', obpasyowmx-
Cs nNpy nornoLwieHun kBaHTa ceeTa. CuTyaumsi, ogHako, B
KOpHe MeHsieTcsl, ecnn BMecTo Y®-06nyyeHus npoBoauTb
o6pabotky y-nyyamu (*°Co) npu komHaTHOII TemnepaType
Re- n W-cogepxawmx katanusaTtopoB B atmoccepe CO
unu ankaHoB. B aTom cnyyae Ha MOBepxHOCTU KaTanuaaTo-
POB HakannuMBalTCs MOHbI NEPEXOdHbIX METaNMoB B MOHW-

XEHHbIX CTeneHAX OKUCINEeHUA, KOTopble CMoCo6HbI urpatb
PONb aKTUBHbIX LEHTPOB uUnn nx npelectBeHHUKOB B Me-
Taresnce OJ'Ie(bVIHOB.

BrnepBble BO3MOXHOCTb UCMOMb30BaHUSA  Y-U3ITyYeHUs]
ans aktmBauumn cucteMbl MoOs/SiO, nokaszaHa B Haluen
pabote [50]. Mo3gHee GbiNo NpoBeaeHo Gonee AeTanbHoe
uccnegosaHve pagvauuMoHHon aktueaumm Re-, W- u
Mo-copepxawumx katanusatopos [51—53].

B T1abn. 6 npeacraBneHbl pe3ynbTaTbl U3MEPEHUS ak-
TUBHOCTW Y-00mnyyeHHbIX Re n Mo-cogepxalwmx katanusa-
TOpPOB B peakuuu meTaTeanca nponwuneHa. Katanutnyeckas
akTuBHoCTb Re-06pa3uoB, y-aktmeBmpoBaHHbIX B CHs vmn
C4H10, NnpumepHO Ha Nopsaok GonbLue akTMBHOCTU Heobny-
YeHHbIX KaTanu3aTopoB. OTMETUM, 4TO NpU XpaHeHun ob-
NyyYeHHbIX 0bpasuoB NpuM KOMHATHOW TemnepaType B Teue-
HMEe HeorpaHNYeHHO JONIoro BPEMEHU UX aKTUBHOCTb OCTa-
erca HemsmeHHon. y-O6nydvenne B cpege CO HecKomnbko
CHWXKaeT KaTanuTUyeckylo akTuBHocTb (obpasey 4), HO
nocrie 06paboTkM LMKIONPONaHOM OHa Pe3ko BO3pacTaeT.

AKTMBHOCTb Y-06ryyeHHbIX Re-kaTanusaTopoB yMeHb-
LiaeTca No Mepe npoTekaHusi peakuun. [oaTomy mpu no-
BTOPHOM BMycKe nponureHa Ha obpasey 4ncno o6opoToB
3aMeTHO HWXe MO CpaBHEHMWIO C nepBbiM Bnyckom. OgHako
nocrie nporpesa obpasua B Bakyyme npu 423 K ero aktus-
HOCTb BO3pacTaeT NoyTu 4O MCXOOHOW Benu4yuHbl (obpasel,
3). BeposiTHO, nocTeneHHoe CHMKEHNE akTUBHOCTW CBSI3aHO
Cc apcopbuuen MoBOYHBLIX MPOAYKTOB MeTatesuca Ha no-
BEPXHOCTW, KOTOpble BMOKMPYIOT aKTUBHbBIE LIEHTPbI.

AkTMBHOCTbL Re-kaTanusatopoB nocrne TepMU4ecKomn
aktuaummn B CO nnmn Hz 3aMeTHO HuXe, 4eMm y-065y4eHHbIX
kaTanm3aTopos (obpasubl 5 1 9).

O6paboTtka UMKIONponaHoMm Y-06ny4eHHbIX 06pasLoB
Re207/A1,03Si02 n Rex07/Al,03 npuBOAWT K 3HAYUTEMb-
HOMY YBEMWYEHUIO MX KaTanMTUYECKOW aKTMBHOCTWU. JTO,
HECOMHEHHO, yKa3biBaeT Ha 06pa3oBaHWe MOBEPXHOCTHbIX
peHnn-kapbeHOBbIX KOMMEKCOB.

O6pasubl WO3/SiO2 n WO3/AI,03 nocne npeasapu-
TENbHOWN TePMOBaKyyMHOW 06paboTku He NPOSIBNSAIT UaMe-
PUMOW aKTMBHOCTU B MeTaTe3uce Aaxe Mpu NOBbILLEHHbIX
Temnepatypax (go 573 K). TepMmuyeckun BOCCTaHOBMEHHbIE
B cpede Hy obpasubl MMelOT BeCbMa HU3KYI0 aKTMBHOCTb
npyn 573 K, U3MepuTb KOTOPYHO B YCMOBUAX HaLUMX SKC-
NnepyMeHTOB He NPeaCcTaBnsANoCh BO3MOXKHbLIM.

y-ObnyyeHne WO3/SiO, B atmocdepe CHs npu-
BOOMUT K MOSIBIIEHUIO BMOMHE W3MEPUMOWN aKTWBHOCTU B
mMeTaTe3nce Yyxe MpW KOMHaTHoOM Temnepatype (obpa-
sey 10). YgenbHas akTMBHOCTb 9TOro obpasua conocTa-
BMMa (Bcero nmuwb B 3—5 pa3 MeHblue) C aKTUBHOCTbIO
ogHoOro u3 Hanbonee akTVBHbIX KaTannsaTopoB MeTaTe3uca
Re207/Al,03+Si0,, akTMBMpoBaHHOrO y-o6nyveHmem B CHy
[51]. MosTopHOE Yy-06ny4eHne B CH4 Oe3akTMBMPOBaHHbIX
obpasuoB WO3/SiO, nocrne obpaboTku B Kucnopoge npu
923 K npakTMyeckym nonHOCTLI0O BOCCTaHaBMMBaEeT WX
nepBoHaYanbHy akTMBHOCTL (0bpasel 11).

YoenbHasi aKkTMBHOCTb Y-O6My4YeHHbIX KaTanusaTtopoB
WO3/SiO2 He U3MeHSIeTCH, eCnn OHW XPaHSTCH B BaKyyMme.
BmecTe ¢ Tem, nocne BblAepXku B kucnopoge npu 293 K
X aKTUBHOCTb pPe3Ko CHwxaeTcsl. Kpome Toro, akTuBHbIE
LeHTpbl y-06nyyeHHbIx W-cogepxalumnx
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Tabnuuya 6

Katanutnuyeckas akTMBHOCTb Y-06ny4YeHHbIx Re- 1 W-kaTanusaTopoB B MeTaTe3nce nponurneHa

Po ¢ Hy = 44 mm pT. CT., Ao3a y-06nyvenHust 100 Mpag

Karanusatop Ne O6paboTka kKaTanusaropa Temnepartypa YaeneHas aKTUBHOCTL*10°,
obpas- peakuuum, K monek. C;Hg
ua aT. Re(W)ec
6% Re;07/Al;,03°SiO, 1 Be3 obpabotku 293 7,5
2 y-O6nyyeHune B CHy4, oTkauka npum 293 K 293 100
3 y-O6nyyeHune B H-C4H1o, oTKauka npm 493 K 293 95
MoeTopHbIN Bryck C3Hs nocne npoBeneHust peak- 293 55

umm B TedeHne 14

Mocne otkauku npn 423 K, 14 293 75
4 y-O6nyyeHune B CO, oTkadka npu 293 K 293 3,8
O6pabotka uykronponaHom npu 293 K 293 42
5 TepmooccTaHoBneHve B CO npu 673 K, 14 293 12
O6pabotka uykronponaHom npum 293 K 293 12
6% Re,0;/Al,0; 6 Be3 obpabotku 293 1,2
7 y-O6nyyeHune B CHy4, oTkauka npum 293 K 293 140
8 y-O6nyueHune B CO, oTkauka npu 493 K, obpabotka 293 95
uuknonponaHom npu 293 K
9 TepmooccTaHoBneHve B CO npu 623 K, 0,5 4 293 1,8
3% WO3/SiO, 10 y-O6nyyeHune B CHy4, oTkauka npum 293 K 293 2,9
11 MporpeB obpasua 1 8 O, npu 923 K, 293 2,7
noBTOpHOE Yy-0brnyyeHune B CHy4, oTkauka
npu 293 K
12 y-O6nyyeHune B CO, oTkayka npu 293 K 423 220
13 O6pabotka obpasua 3 yuknonpornaHom 423 200
npmn 293 K
14 y-O6nyyeHune B CO, oTkayka npu 423 K 423 160
15 O6pabotka obpasua 5 yuknonpornaHom 423 300
npu 293 K
3% WOs/Al,03 16 y-O6nyyeHune B CHy4, oTkauka npum 293 K 423 18
17 Toxe 493 72
18 y-O6nyyeHune B CO, oTkayka npu 423 K 423 14
19 Toxe 493 580
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Tabnuua 7

XapakTepucTuku akTuBUpoBaHHbIx Mo- n Re-cogepxalumnx katanusaTtopoB B xuakodasHOM MeTaTesuce 1-rekceHa npu 293 K

[Hosa y-06nyueHus 100 Mpag

Ne O6paboTka HavyanbHoe cooTHoOLleHue B Bpems KoHBepcus Cenektus- MpoussoguTtenn-
obpasua KaTanusaropa peakuum C¢Hi2/Mo(Re), peakuum, CeH12, % HOCTb HOCTb,
Monb/MoOnb y no Cy, mMonb CgHq2
% monb Mo(Re)
MoOs/SiO,
1 y-Obnyuerue B CHy 1290 [o nonHo- 36 690
ro 3a-
BEpLLEHUS
peakuum
2 y-O6nyyeHune B C4H1o 1630 Toxe 59 1213
3 y-O6nyyeHune B C4H1o, Nporpes B 1590 -«- 61 1206
Bakyyme (573 K, 15 MuH)
4 y-O6nyueHve B C4H1o, Nporpes B Bakyyme 1000 -«- 37 543
(573 K, 15 muH), akcnoavums B O, npu
293 K (2,8 Mm pT.CT.,"15 MUWH)
5 y-O6nyueHve B C4H1o, Nporpes B Bakyyme 1150 -«- 0,5 12
(573 K, 15 muH) akcnoanuus B O, npu 293
K (40 mm pT.CT., 5 MUH)
6 MexaHoxummnyeckas obpaboTka 5600 -«- 5 285
B CH, + He
6% R9207IA|203' S|02
7 y-O6nyuenune B CO, oTkauka npu 293 K, 2000—3000 48 42,1 90,2 1130
apcopbuus LukronponaHa
npu 293 K
8 y-O6nyyeHune B CH4, oTkauka 2000—3000 1 46,1 94,2 1150
npu 293 K 48 81,8 66,7 1710
9 y-O6nyyeHune B C4H1o, OTKauka 2000—3000 1 27 96,1 920
npu 293 K
3% R9207IA|203' S|02
10 y-O6nyyeHune B CH4, oTkauka npu 293 K 2000—3000 1 30,3 94,5 1600
48 66,6 76,3 2740
6% R9207IA|203
11 y-O6nyyeHune B CH4, oTkauka 2000—3000 1 58,8 98,6 1050
npu 293 K 24 52,0 98,5 2000
12 y-O6nyyeHune B CO, oTkauka 2000—3000 1 46,0 98,6 1050
;gg :1(23 K, agcopbuust uuknonponaHa npu 24 40,6 98,5 1860

* NoGasreHo ewue 10 cm® 1-rekceHa.
** MNoBTOpHOE Yy-06ny4eHre nocre nporpesa B O, 1 B Bakyyme npu 823 K.
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KaTanm3aTopoB TEepMUYECKM HEYCTOMYMBbI W MpU Tem-
nepatypax 2573K HeobpaTMmoO TepsitoT CBOK aKTMBHOCTb.
OTMeTMM, 4YTO MNPUMEPHO Takas e 3aKOHOMEPHOCTb
Habmiogaetcs M ansg  y-0bnydeHHbIX Re-cogepxalimx ka-
Tanusartopos [51].

y-O6nyyerue B cpege CO Takke MHOYyLMPYET akTUBHOCTb
WO3/SiO, B meTate3nce nponvneHa npu 423 K (obpasey 12).
Kak n B cnyyae cuctem Re/Al,O3 n Re/Al;03:SiO, [51],
o6HapyxunBaeTcs adekT yBennyeHs akTMBHOCTU KaTanu-
3atopa WO3/SiO,, y-0bnyyeHHOro B cpege MOHoOoOKcvaa
yrnepoga nocne o6paboTku umknonponaHomM (obpasey 15).
OpHako 3TOoT 3dpekT CyweCTBEHHO MeHblue, 4YeM Aans
Re/Al;03-SiO, (yBenuueHne akTMBHOCTW BCEro B ABa pasa),
N OH MPOSIBNSIETCS TONbKO Ans 06pa3uos, NpegBapuTenbsHO
BakyymupoBaHHbIX npu 423 K (cp. obpasubl 13 u 15). 310
CBS13aHO, NO-BMAMMOMY, C TEM, YTO MpWU BaKyyMUPOBaHWUN Npu
MOBbILIEHHON Temnepatype C MOBEPXHOCTU yAansaTcs
agcopbupoBaHHble  Momekynbl  CO  w/win  NpoaykThl
paguonusa, u nocnegyolas xemocopbums umknonponaHa
npvBoauT K Habnogaemomy addpekty. Kak u B cnyyae Re-
KaTannm3aTopoB, MOXHO MPEeANoNoXuTb, Y4To Npu obpaboTke
W-kaTanusaTopoB uUuknonponaHoMm o6bpasyloTcss  BOfb-
hpam-kapbeHOoBble aKTUBHbIE LIEHTPbI.

Uto kacaetca cuctembl WO3/Al,O3, To nocne y-06-
nyyeHuns B atmoccepe MetaHa unm CO oHa Takke NposiB-
nsieT aKTUBHOCTb B MeTaTe3nce nponuneHa. OgHako cko-
pPOCTb 3TOM peakumu B COMOCTaBUMbIX YCMOBUSX Npnbnmamn-
TEMbHO Ha NopsdoK Huxke, 4em peakuum Ha WO3/SiOo.
OueBungHo, npupoga Hocutens B cnyyvae W-cogepalimx
KaTannM3aTopoB CYLLUEeCTBEHHO BNUSET Ha hOPMMPOBaHNE U
Ha KOHLeHTpauuio obpasyoLmxcs npu y-obrnyyeHnm aktme-
HbIX LLlEeHTPOB MeTaTe3uca.

BbICOKyto akTMBHOCTb B MeTaTtesuce nponureHa npu 293
K nokasann ob6pasubl MoOs3/SiO,, akTMBMPOBaHHbIE Y-
obnyyeHnem B aTtmoccepe MeTaHa wunm H-OytaHa. M3-3a
ONddY3NOHHBIX 3aTpyOHEHUI ydenbHas KatanuTuyeckas
aKTMBHOCTb Takmx obpasuoB He onpegensnacb. bonee
JeTtanbHO 3TW cuCTeMbl OblNn M3yveHbl B XmgkodpasHoum
peakuum metaTesuca 1-rekceHa (tabn. 7).

HaunbonbLuen Npon3BoANTENbHOCTLIO 0bMNadaeT katanusa-
TOp, Y-aKTUBMPOBAHHLIA B H-OyTaHe (obpasey 2). Obpaseu,
obnyyeHHbIi B CH4, MeHee akTuBeH. [Mpov3BoaMTenbHOCTb
KaTanmsaTopoB, aKTUBMPOBAHHbLIX Y-00ryYyeHueM B MeTaHe U
OyTaHe, nNpubONM3NTENLHO Takas e, Kak U obpasLoB
MoOs/SiO,, YP-06nydeHHbIX B aTMocdepe 3TvX ankaHos (769
n 1030 mMonb CgH12/Monbe Mo, cooTBeTCTBEHHO, CM. Tabn. 5).
CeneKkTMBHOCTb MO OCHOBHOMY MpPOAYKTY MeTatesvca 1-
rekceHa — 5-geueHy 6rmska k 100%.

Mporpes y-06ny4eHHoro B 6yTaHe o6pa3ua 3 B Bakyyme
npy 573 K He npuBOAUT K 3HAYUTENMLHOMY CHWKEHUIO €ro
NpogyKTUBHOCTM B MeTaTesuce, YTO CBMAETENbCTBYeT 00
YCTOMYMBOCTU aKTUBHbIX LIEHTPOB MpW 3TOW TemrepaType.
OKCno3numMs e B KUCNOpoAde BbI3biBAET CyLLECTBEHHOE
CHWXKeHVe NpOou3BOAWTENbHOCTM KaTanuM3atopoB (CMm. 00-
pasubl MoO3/SiO2 4 n 5). [Ons Bcex mccrneqoBaHHbIX Re-
cogepxXalmx  KatanusatopoB,  aKTMBUPOBAHHbIX Y-
obnyyeHnem B CO un ankaHax, Npou3BOAUTENbHOCTb B
XnakodasHom meTaTesnce 1-rekceHa nonagaeT B MHTepBan
ot 1000 mo 2700 monb CgHiz/Monb Re HesaBucMMO OT
npoueaypbl aktneauum (cMm. Tabn. 7). CpaBHeHve ¢ nuTepa-
TYPHbIMWU AaHHBIMU MOKa3blBAET, YTO MPOM3BOAUTENBHOCTb
y-061y4€eHHbIX PEHMEBBIX KaTanusaTtopoB He YCTynaeT npo-
N3BOAUTENBbHOCTN KaTanu3aTopoB, aKTMBMPOBAHHLIX Tpa-
OVLMOHHBIM MeToaoM — obpaboTkon MeTannoopraHude-
CKUMK nNpomoTopamu. Hanpumep, MakcumanbHasi Npon3Bo-
OWTENbHOCTb HaHeCEeHHOro aueTunueToHaTa peHust — karta-
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nu3atopa 2,8% Re(acac)s/Al,03, aktveuposaHHoro Pb(Et)s, B
metateance 1-rekceHa npu 323 K n cootHoLweHnn onedmH/Re
= 5000 paBHa 1460 monb CeH12 / Monb Re [54].

CenektuBHocTb no Cio (5-geueHy) CyLueCTBEHHO 3aBu-
CUT OT BPEMEHW KOHTaKTa KaTanusatopa C cybcTpatom.
OHa Bblwe 94% npu manbix BpemeHax koHTakTa (1 4), a
npu 6onblwnx BpemeHax (24—48 4) cenektmBHocTb Mo Cqo
ana  Re;07/Al,03-SiO2 3ameTHO yMeHbluaetcs. [lo-Bu-
OVMOMY, 3TO CBS3aHO CO CABWUIOM [BOWHOW CBA3W B One-
dMHax, KOTOPbIN KaTanusnpyeTcsl KUCMOTHbIMW LieHTpamu
HocuTens. OB6pasylowmecs Npu 3TOM NPOAYKTbl BCTynaroT
3aTeM B peakuuo MeTaTesuca u galT Habop oneduHoB oT
Cs po C11.

O6pa3soBaHue npu y-061y4eHnn katanM3aTtopos B aTMo-
cdpepe CO u ankaHoB noHoB Re, W 1 Mo B MOHWMXEHHbIX
CTeneHsiX OKUCNeHus1 NoaTBepxaaeTcs AaHHbIMU Y- n VK-
cnekTpockonuu. M'MnoTeTuYecknii MexaHnsm pagmaumoHHO-
ro BOCCT@HOBIEHMWS MOBEPXHOCTHbIX MOHOB (Ha npumMepe
Mo) B atmocdepe CO B npucyTCTBUM LMKNONpONaHa Mox-
HO nNpeAcTaBuTb CreayroLmm obpasom:

0
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o * . »
7 N / ({ —
0 0 0 0 o,
CH,
co O%MO, A 08 7
_— Y \- e — /M({

OHeprus y-kBaHTOB B OCHOBHOM MOrNOLLAeTCs HocuTte-
nem (SiO2) u panee nepeHOCUTCA Ha MOBEPXHOCTHbIE
CcTpykTYpbl Mo. Bo036yXAEHHbIN KOMMIEKC C MEPEHOCOM
3apsiga, KOTOpblA reHepupyeTcs B 3TOM npouecce, pearu-
pyeT ¢ CO ¢ oGpa3oBaHNeM BOCCTAHOBMEHHOMO noHa Mo™.
MocnenHwi pearMpyeT ¢ LMKMIONponaHoM, AaBasi kapbeHo-
BbIn KoMnnekc Mo=CH,, akTuBHbIA B MeTaTe3nce. 910 00b-
SICHSIET PE3Koe YBENUYEHWNE aKTUBHOCTU U NPOU3BOAUTENb-
HOCTU B MeTaTesnce o6pa3uoB, y-06nyyeHHbix B CO n 06-
paboTaHHbIX UMKnonponaHom. [lo-BUAUMOMY, TOMbKO He-
6onbluas Oons BOCCTAHOBMEHHbLIX MOHOB MEPEXOHbIX Me-
Tannoe cnocobHa BCTynaTb B peakLuio C LIMKIONPOraHoM.

Mpu y-0bnyyeHnn B npucyTcTBUM ankaHoB Mo-
kapbeHoBbIE KOMMIEKCbl 06pasylTcs No  NpUBEOEHHON
HIKE CXeMe, 3anncaHHON NPUMEHUTENbHO K METaHy:
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KnioueBon ctaguen ABNsieTCA B3aMMOAENCTBME MeTaHa
C B030OYyXAEeHHbIM Komnnekcom Mo, B pesynbTaTe KOTOpOro
dopmupyetca  cBa3b  Mo—CHs. BeposiTHo, komnnekc
Mo=CH, obpasyeTca npu nocnegyloLieMm nepeHoce npoTo-
Ha MY NpY yaaneHum Mosekyrbl Boabl.



PasymeeTcsi, NpvBefeHHbIE Bhille CXeMbl pauaLMOHHO-
ro BOCCTaHOBMEHUS M oGpasoBaHUs kapGeHOB SIBNSIIOTCS
TOnbKO rMnoTesamu. B mx pamkax Henb3si oGbSCHUTbL BCe
Mofly4YeHHble 3KCMEPUMEHTamNbHblE [aHHble, Hanpumep,
BOCCTaHOBIIEHWE VUOHOB MepexoiHbIX MeTansoB A0 pasnuy-
HbIX BalleHTHbIX COCTOSIHUA. TeM He MeHee, 3TV CXeMbl
06 BACHSAT 3hheKT 06paBboTkU LMKMONPONaHOM U akTuBa-
UMW KaTanusaTopoB Mpu y-0GIyYeHnn B NPUCYTCTBUMN arnka-
HOB.

MexaHoxumuuyeckas akTMBauusa MonubaeH-
cunukKareneBbIX U XpOM-CUNUKareneBbIX KaTanusaro-
poB

KaTanusatopbl Mo®*/SiO2 n Cr**/SiO2 MoryT GbiTh akTu-
BMPOBaHbl NpeaBapuTenbHON MexaHnyeckon obpaboTkon B
BOCCTaHOBUTENbHOW WM MHEPTHOW aTtMmocdepe. 3TOT Me-
To4 OblN NMpUMEHeH HamMW ANS akTMBaUUWM KaTanv3aTopoB
Cr®*/SiO, monumepusauun atuneHa [55]. Bbino nokasaHo,
4YTo B pesynbTate MexaHudeckow obpabotkm Cr/SiO, B
aTMocdepe renus Hapsgy C pasnuyHbiMM gedektamu Ho-
cutens (=Sie, =SiO+ 1 gp.) NponcxoanT YacTU4HOe BOCCTa-
HOBIIEHME MOHOB XPOMa, MPU y4acTuM KOTOPbIX B AanbHeu-
LeM OCyLLecTBRsieTcs nonumepusauuns aTuneHa. Boccra-
HOBfIEHME MOHOB XpoMa MPOMCXOAUT 3a CYeT nepexoga
aTOMOB KuCropoda W3 KOOPAUHALMOHHOW cdepbl MOHOB
Cr®* k =Si+ pagukanam. MpoTekaHWo 3TOTO MpoLIEcca Crio-
cobcTByeT obpasoBaHue npoyvHoun cBsAsmn =Si-0 (460—500
kx/monb).

MexaHoxumnyeckaa obpaboTka B mHepTHou (He) wunun
BOCCTaHoBuUTensHon (Hz) atmMocdepe npu KOMHaTHOW TeM-
nepatype 6bina ncnonb3oBaHa Takke Ans akTuBauuu kaTa-
nu3atopoB Mo/SiO, metatesnca oneduHoB [56]. YcTaHoB-
NeHo, YTO HayanbHasa ygenbHas akTMBHOCTb KaTanusarto-
poB B MeTaTe3nce nponurneHa u 1-rekceHa 3aBUCUT OT YyC-
noeun mx obpabotku: cuctema Mo/SiO,, obpaboTaHHas B
H>+He, cywectBeHHO Gonee akTMBHa, YeM TOT Xe KaTanu-
3aTop, aKTMBMPOBaHHbLIV B He, npyM 0AuHaKoBOW MpOAoKu-
TENbHOCTM MEeXaHOXMMUYecKoro BosgencTausi. Yncna obo-
pPOTOB MNPV Ha4yanbHOM AaBrieHuy nponuneHa 50 Mm pT. CT.
nexat B uHTepane 0,50—0,56 monek. CsHs /(aT. Moe<c ).
KaTanunsaTtop, aktuBMpoBaHHbIN B cpeae Hp+He, nokasbiBa-
€T MHOroKpaTHOe NOBbILLEHNE aKTUBHOCTU NOCIe AOMOMHU-
TenbHOM obpaboTku B uuknonponaHe (Ao 3,6 monek. CsHg
/(aT. Moec ). Katanusatop Mo/SiO2 nocne mexaHuyeckomn
06paboTtkn B CHy+He cTaHOBUTCHA akTMBHBIM B Xugkodas-
HOW peakuun metaTesuca 1-rekceHa [52] (cm. Tabn. 7, 06-
pase 6).

MHayumMpoBaHue kaTanuTuyeckon akTUBHOCTM CBSI3aHO,
no BCeW BEPOSATHOCTU, C 0Bpa3oBaHNEM B XO4e MexXaHOXM-
Muyeckon o6paboTkn rnyboko BOCCTaHOBMEHHBIX WMOHOB
Mo™ (n < 4), aBRAIIMXCS «MPeALIECTBEHHIKaMUy aKTUB-
HbIX LEHTPOB peakuumnm meTaTeauca. CxemMbl MpoLEeccoB,
npoTeKalLWwmx Npn MexaHoxummyeckon obpabotke Mo/SiOo,
npuseneHsl B [52, 56].

3aknioveHue

Kak nokasblBaloT akcrepuMMeHTanbHble AaHHble, HeTpa-
OVLMOHHBIE MeToAbl aKTUBALMN OKCUAHbIX CUCTEM C HaHe-
CEHHbIMWU WMOHaMW MepexodHbIX MeTannoB — npeaBapu-
TenbHoe Y®-06nyyeHne unu BO3OENCTBUE Y-Ny4Yen, Mexa-
Huyeckas obpaboTka B BOCCTAHOBUTENbHOW aTMocdepe —
ABMsAOTCA BecbMa addpekTBHbIMU. OBpaboTaHHble Takum
o6pa3oM kaTanusaTopbl AEMOHCTPUPYIOT BbLICOKYIO aKTUB-

HOCTb B pPa3sfUuHbIX XMMUYECKMX peakumsax (aenTepo-
BOAOPOAHbI 0OMeH, MeTaTesuc, onmromepusaums u nonu-
mMepusaumsa oneduHoB u Ap.). Npvpoda akTUBHBIX UHTEp-
MeAuaToB pasnuyHa U Ao KoHua He u3dyyeHa. OgHako MOX-
HO onpedeneHHO KOHCTaTMpoBaTb, YTO B OCHOBE MNpedna-
raemblx CrnocoboB akTMBaLMW NEXUT BOCCTAHOBIEHWE Ha-
HECEHHbIX WMOHOB MEepexodHblX MeTannoB A0 BareHTHbIX
COCTOSIHMI, HeobxoauMbIX Ansi 06pa3oBaHWA 3TUX WMHTEp-
MeauaToB.

Llenbn psg katanusatopoB, obpaboTaHHbIX HeTpaau-
LUMOHHBIMM MeToAaMK, MpPOSIBMASIET YHUKANbHO BbICOKYHO
aKTUBHOCTb W CENEeKTUBHOCTb, HEAOCTYMHYO AN KaTtanusa-
TOPOB, aKTUBMPOBAHHbIX TPAAULMOHHBIMA METOAAMW BbICO-
KOTeMMnepaTypHOro nporpesa wnuM npomMoTupoBaHus. B
nepByl0 oyepedb 9TO OTHOCUTCH K (POTOBOCCTaHOBMEHHBIM
KaTanm3aTopam metaTte3auca Mo/SiO,, o6paboTaHHbIM LMK-
1IONpOoMnaHoMm.

BaxxHbIM JOCTOMHCTBOM (POTOAKTUBMPOBAHHBIX KaTanu-
3aTOpPOB SABMNSETCA BO3MOXHOCTb Goree getanbHOro u3yde-
HWA MexaHu3ma peakuuii ¢ UxX y4acTMeM 1 npupogbl akTuB-
HbIX LeHTpoB. B Hambonbluel cTeneHuM 3TO OTHOCMTCS K
(POTOBOCCTAHOBIEHHBIM KaTanu3aTopam Mo/SiO, B KoTO-
pbIX JOCTUraeTcsl BblCOKasi CTeneHb OAHOPOAHOCTU WMOHOB
Mo*", 6rnarofapst YeMy OTKPLIBAIOTCS LUMPOKME BO3MOXHO-
CTU NPUMEHEHNS MeTOAOB OMNTMYECKOW CMEKTPOCKONUMU Ans
M3yyeHnsi Npupodbl aKTUBHOIO COCTOSIHUS UM KapbeHOBbIX
KoMmnnekcoB. bonee Bbicokasi cenekTMBHOCTb hoToBOCCTa-
Hoenernst Ni?* go Ni* B NiCaY u Ni**/SiO, nossonsiet no-
Ny4nTb CNEKTPOCKOMMYeckn Bornee OQHOPOLOHYIO CUCTeEMy,
yAoGHyo Ans n3yyeHns metogom JMNP. B crniyyae Tepmuye-
CKOrO BOCCTaHOBMeHuWs obpasuoB npumeHeHve Ol1P-
CMEKTPOCKOMMN OCIIOXHEHO U3-3a CUMNbHOrO dheppomarHe-
TU3ma, 06yCnoBneHHoro )a3on MeTanIMyeckoro HUKens.
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