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CHUHTE3 U3 TUTAHAIPOCUIIA
Me3onopuctbix cucreM TiO,—Si0; ¢ HaHeceHHBIM V,0s,
UX PU3NKO-XMMHYECKHE U KATATIMTUYECKUE CBOMCTBA
I. 'uaporepManbHBIA CHHTE3,

KHCJIOTHBIE U KaTagauTtndeckue ceorcra Ti-MCM-41
B Ipollecce JeruApUpPoOBaHMs MPOIMAHA

A.B. Peovkuna 1, H.JI. Konosanosa 1, K.H. Xomenko 1, 1O.B. Benoxonvimos*

! Hnemumym cop6yuu u npoGem sndosxonoeuu HAH Yipaune,
Yxpauna, 03164 Kues, yn. I'enepana Haymosa, 13
?Hayuonansibiti asuayuonmslii yuusepcumen,
Yxpauna, 03680 Kues, npocn. Kocmonasma Komaposa, 1

[loka3aHo, 4YTO TMAPOTEPMATBHBIA TEMIUIATHBIA ILEJOYHOW CHUHTE3 ME30IOpPHCTOM CTPYKTYpPbI
Ti-MCM-41 Ha OCHOBE TIMPOTEHHOTO THUTAHA3POCHIA ¢ M30MOP(HO BBEACHHHIMH FOHAMU THUTAaHA
BMECTO FOHOB KpeMHHs1 B Matpuiie SiO, 1aeT BOSMOYKHOCTh YIPOCTUTH CHHTE3 ME30IIOPHICTOrO Ma-
Teprana, COXpaHssl MPH 3TOM FCXOIHOE COCTOSHHE FIOHOB TUTAaHA. YCTAHOBIIEHO, YTO ITONYYCHHAS
ME30MOpHCTast CHCTEMa COJICPXKUT OoJiee M30JIMPOBaHHbIE 1 OOJiee CHITBHBIE KUCIIOTHBIE LIEHTPBI TI0
CPaBHEHHIO C TaKOBBIMH B THTaHA’POCHIIE M NPOSIBIISIET OOJiee BBICOKYIO KAaTAIUTHUECKYIO aKTHB-
HOCTb B TIpOLIEccax AErHIPUPOBaHMS IPOIaHa B NPONMICH KaK B KUCJIOPOACOZEpIKaIleH, TaK U B
OCCKICIIOPO/THOI PEaKIIOHHOM CMECH TPOITaHa C HHEPTHBIM Ta30M.

HccnenoBanre cnocoOOB MOTyYEHHUS U CBOMCTB THUTa-
HOCHITMKATHBIX Me30MopucThix cucteM Ti-MCM-41 Ha-
Yaioch TOCJE YCIIENIHOTO THAPOTEPMATBFHOTO CHHTE3a
(I'TC) B 1983 1. MUKpOMOPHUCTOTO THTAH3AMEIIEHHOTO
ueomra TS-1 [1] myTeM B3auMOIEHUCTBUS AIIKOOKCHIIOB
KpeMHHSI ¥ THTaHa B CPEIe OPraHNYeCKOTO OCHOBAHWS —
TETparponuiIaMMOHUIA TUApokcuaa. Lleonmut umen kpu-
CTaJUTMYECKyt0 CTpykTypy Turna MFI (Takyro e, kKak y
cuHTeTHYIecKoro Al-3amertienroro 1ieonmra ZSM-5 [2]), B
KOTOpPOH 4acTh aTroMOB Si ObUTa M30MOP(HO 3aMellicHa
voHaMu Tutana (IV) u xapaxkrepuzoBajics TpeXMEpPHOIM
cetkoil kaHaioB auamerpoM 0,53-0,56 mm [3]. [lomoGHO
ZSM-5, TIOCITY>KUBIIIEMY OCHOBOH TSI TIPOU3BOACTBA 3()-
(hEKTHBHBIX KHCJIOTHBIX KaTAIM3aTOPOB MHOTMX MHOIO-
TOHH2XHBIX TIPOIIECCOB B Hedrenepepadorke [4], TS-1
OKa3aiICs JIydIM TBEPIBIM KaTaJH3aToOpOM PeaKIvid
KUAKO(PA3HOTO OKUCIICHHS! OPraHMYECKHX COCAMHEHHI
BOJIHBIM PacTBOPOM TepoKcHia Boxopoaa [5, 6]. Karamu-
TUYECKast aKTUBHOCTh TS-1 3aBucena ot coaepxaHus TeT-
padapIIecky KOOPANHUPOBAHHBIX KATHOHOB THTaHA B €T0
crpykrype. Baectpykrypubii TiO, ¢ OKTa’mpuuecKoit
KOOpIMHAIWEH KAaTHOHOB THTaHa CIIOCOOCTBOBAI Pa3iio-
xerro HyO, 1 CHIDKEHHIO CEeJIeKTHBHOCTH TIPOIIECCOB [3].
OnHako B OTIIMYKE OT LIEOJIMTOB THIa ZSM-5, B Kapkacax
KOTOpBIX COOTHOmIeHHEe Si:Al MOXHO OBUIO M3MEHSTH B
MPOKHX Tipenenax (ot 2,5 o 100 u Gomnee), B CTPYKTYpy
TS-1 ymaBanocsk BkrOunThH TONMBKO 1,0-2,5 % THTaHa (110
Macce) [7]. D10 OOBSACHSIETCS 3HAUMTEIBEHBIM Pa3duieM
nonHbIX pamycoB Tit (0,64 A) u Sit" (0,39 A) [8] (310

CYILIECTBEHHO Ootbirie BenmurHbl 0,15, KOTOpas, coriacHo
JTAHHBIM PaboThI [9], orpaHMuMBaeT BO3MOKHOCTH H30-
MOpGhHOro 0OMeHa), a TAKKE OTHOIICHHEM pamxycoB Ti'
u O° (1,36 A), pasrom 0,470, B otymune ot mapsl Sit u
Oz_, Uit kotopoit oHo paBHO 0,287 [8]. Bmecte ¢ Tem, 1o
JTAHHBIM paboTsI [10], mpu 00pa3oBaHUN TUTAHOCHITHKATC-
neit poncxomio momopdHoe 3amenterne Sit Ha Ti' B
HIMPOKOM MHTepBalie coaeprkanus TiO, (MonbpHas 1oms 10
15 %, Si:Ti = 5,7). Kak cuuraror aBTops! padots! [11], 310
3HAYUT, YTO B OTCYTCTBHE YETKOTO ONIKHEro Mopsika
JKECTKUX CTPYKTYPHBIX OTpaHWYEHHI HEKOTOpbIE Pasiiv-
Ynsl B XMUMHYECKOH TMPHPOJIE U CTPOSHHH KHCIOPOIHBIX
coemuHaeHni Si 1 Ti He MPENSITCTBYIOT WX H30MOP(PHOMY
COUETaHHIO B THTAHOCKJIMKATHOM KapKace.

B 1992 r. 6biia omyOnmkoBana padora [12], moces-
IIIEHHasl CHHTE3y ME30MOPUCTHIX CHJIMKATHBIX MaTepHa-
70B, HazBaHHBIX M41S nmn MCM-41. ABrops! chopmu-
pOBal HOBOE HamnpaBlieHHE HAaHOTEXHOJIOTWMH, OCHOBAH-
HOE Ha COOCKICHUH HEOPraHWIECKOrO0 Marepraia ¢ HaJl-
MOJIEKYJISIPHBIM arperaTtoM OpPraHIYeCcKUX MOJIEKYI — TO-
BEpPXHOCTHO-aKTHBHBIMH BeriectBamu (ITAB umm cypdak-
TaHTaMu — S), COIMPOBOXKAAIOIIEECS CaMOCOOPKOW K-
KOKpHCTanIecknx Me3odas. Ilocne ynamenus [1AB u3
cucteM (HOPMHPOBAIIICH ME30TOPHUCTBIE MaTepUabl —
MCM, TeKcTypa KOTOPBIX XapaKTepHU30Ballach JalbHAM
TIOPSITKOM MEPUOJIMYHOCTH U PETYIISIPHOM TeKCaroHaIbHON
YNaKOBKOM IWIMHAPUYECKHX Mop JuaMerpoM 3,0-3,5 HwM,
pa3zeneHHbIX TOHKOW aMOpP(HOH CHIMKATHOW CTEHKOW
(<1 am). MCM-41 c Ti B cTpyKType BIiepBbIe ObLT CHHTE-
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supoBad B 1993 r. [13]. Oxunanock, 4To ME30MOPUCTAs
crpykrypa Ti-MCM-41 nipr oOTCYTCTBUH B HEH OJIFDKHETO
TIOpSIKa MO3BOJIMT BBECTH OOJIBIIIE TETPA3APUUECKH KOOp-
muHrpoBanHoro Ti, wem B TS-1, u TeM cambIM co3/iath
OonpIlee KOJIMYECTBO AKTUBHBIX KATAIMTHYECKUX IIeH-
TPOB, HO OXKWJAHWE He ompapraiock. Buenpenue Ti B
crpykrypy MCM-41 compoBoKAanoch yBeIUICHUEM Ia-
paMETPOB PEIIeTKA M TOMIMHBI cTeHkH (oT 0,8 10 1,0-1,5
HM) [14]. be3 paspymenus crpykrypsl MCM-41 moxHO
obu10 BBectH oT 0,35 1o 2,50 % Ti (mo macce). OmHako
nipu MaccoBoit ore Ti Beime 1 % B fomonHeHne K 00bIY-
HBIM Me3010paM B 00pasile BOHUKAJIM BTOPUYHBIE Hepe-
TYJSIPHBIC BIOAJIMHBI U YETKOCTh CTPYKTYPhI HCKaXaJlach
[15]. Tlo mHeHuto aBTOpOB paboTHI [16], Takoe HecoBep-
MIeHCTBO CTPYKTYpel Ti-MCM-41 cBsi3aHO ¢ HEOAHOPOI-
HOCTBIO KOOPAMHAIIMOHHOTO COCTOSHHMS, HEeperyJIsipHO-
CTBIO JIOKam3auy atoMoB Ti B kapkace MCM u Hanmmun-
eM BHeKkapkacHoOro Ti — BIUIOTh 10 00pa3oBaHUS OT/IENb-
Hoii (hazel TiO,.

YcranosieHo [15, 17, 18], 4to B TeTpasapuiecKon Ko-
opmuHaimy Ti BHeapsietcst B cTpykrypy MCM-41 Hanbo-
nee monHo, ecym npyu ['TC B kadecTBe WCTOUYHHMKOB HC-
MOJNB30BaTh akokcubl Ti u Si (Hanpumep, TOpOrocTosi-
e Terpasrmwioprocuikar Si(OC,Hs), 1 TeTpastumnopro-
tutanatr Ti(OC,Hs),). OmHako, TOCKONBKY THAPOIN3 CO-
€IMHEHUI TUTaHa MPOUCXOIUT HAMHOTO OBICTpee, TO I
npenoTBpauieHus odpaszoBanust cBszeit Ti-O-Ti mpu
koHAeHcanmu rpynn Ti—-OH u obecrnieverns: BO3MOXKHO-
CTH BKJTIOYEHHS TUTAHA B CTPYKTYPY CHIIMKAaTHBIX 00pa3-
LIOB TaKol CHHTE3 HEOOXOAUMO CTPOrO KOHTPOJIMPOBATH,
YTO OCYIIECTBIAETCS JO0aBIEHHEM B PEAKIIHOHHYIO
CMeCh CHHTE3a KOMIDIEKCOOOpa3oBaTeNei, COpacTBOPH-
TeNe Wi cocy(ppakTaHTOB. V30BITOUHBIN, HEBHEIPECH-
Helid Ti oOpasyeT a3y OKTasmpHyYecKd KOOPIHHUPOBAH-
Horo TiO, [15, 17, 18].

Jlori4HO MPeoNoXKUTh, YTO CUHTE3 MUKPO- WITH Me-
30IOPUCTBIX TUTAHCHIMKATHBIX CHUCTEM MOXKHO YIIPO-
CTUTBh, €CITM UCXONHAS PEeaKIHOHHAs cMech OyIeT cozep-
KaTh CTPYKTYPHBIE eIUHHUITBI co cBs3siMu Ti—O-Si u Ter-
pakoopMHUPOBaHHBIMU MOHamMU THTaHa(IV). B kauecTtBe
TaKOro Marepuajia TPUTOIHBI BBHICOKOAMCIIEPCHBIE CMe-
IIIaHHBIE OKCU/IBI TUTaHA M KPEMHHS — IIMPOTeHHBIE TUTaH-
aspocuiel (TAC), momydaeMble B YKpanHE B 3aBOJICKUX
ycnoBusix. OHU TPOM3BOASTCSI COBMECTHBIM T'MAPOIN30M
mapoB SiCly; u TiCly B BO3IYIIHO-BOIOPOIHOM IUTAMEHH
npu Temreparypax > 1000 °C. B 3THX KECTKHUX YCIOBHSIX
LIEMHOM Pa3BETBIICHHBIA MPOIECC TOPEHUs BOAOPOAa C
00pa3oBaHMEM MPOMEXKYTOUHBIX AKTHUBHBIX paMKajIoB
CO3JaeT MHOXKECTBO KaHAIOB reHepaimu csizelt Si—O-Si,
Si-O-Ti, Ti-O-Ti [19]. ITpu amr3koit KoumeHTparmu TiCly
B peaKIFIOHHON cMecu atoMbl 11 B popmupyromemes TAC
B TETPadPHUYECKO KOOPIVHALMU C KHCIOPOZOM H30-
MopdHO 3amermarotT Si B Matpuiie SiO, (Mac. gons He 0o-
nee 2,5 % conepxxarust Ti0O,) M COCPEAOTOUMBAIOTCS B TI0-
BEPXHOCTHOM CJIO€ TJI00YiT ero aMmopdHoi cTpykryphl. C
yBenuueHneM MaccoBoit noiu TiO, cepx 5 % dopmupy-

ercst OTIelbHas KpUCTaUTieckas (ha3a OKTadApUUeCKH
KOOpIMHUpOBaHHOTO Ti, CBS3aHHAs C KPEMHEKHCIOPOI-
HBIMH TETpa3paMH Yepe3 aToMbl KUCIIOpoaa, U oOpasy-
foTCs neroukn cBszert Si—-O-Ti [20].

Hcxomst n3 31010, JIOTWYHO TPENOJIOKHITh, 9TO CHCTE-
MBI [ TC Ti-MCM-41 MOXHO YyCOBEpIICHCTBOBATb, IPH-
Menstst TAC Kak eQUHCTBEHHBIM MCTOYHMK T1 M Si 1o-
CKONBKY Haymawe B cocTaBe TAC BHEIPEHHBIX TETPaKo-
opanMHNpoBaHHbIX HOHOB Ti(IV) MoXeT ObITh COXpaHeHo U
TIEPEHECEHO B CTPYKTYpPY MOPHUCTOrO MaTepHaia: MpUcyT-
CTBHE CTPYKTYPHBIX eiuHuI] co cBsismu Si—O-Ti mpe-
HUMYIIIECTBEHHO Ha TIoBepxHOCTH 1100y TAC MoXeT cro-
COOCTBOBAaTh MX TEPBOOYEPEIHOMY B3aHMMOJICHCTBHIO C
(hYHKUIMOHANBPHRIMK TPYTIIAMU  TEMIUIATa, TTOKPHIBAsChH
3aTeM IHOKCHAOM KpPEeMHUS, TI09TOMY TIOCIE y/IaiIeHHs
TeMIIIaTa MOBEPXHOCTh OOPAa30BaHHBIX ME3OIMOpP MOXKET
ObITH OOOralIeHa KaTaIMTHYECKH AKTHBHBIMH IIEHTPAMHU
WOHOB THTaHA.

HUccnenosanue cpoiictB cuctemsl Ti-MCM-41 B peax-
UM KUIKO(a3HOTO OKHCIICHHS JIETKUX AJIKEHOB TTEPOKCH-
JIOM BOJIOPOJA TIOKa3aJo, YTO €€ KUCJIOTHOCTh M aKTHB-
HOCTh HamHOTO HIDKe, yeM TS-1 [14,17], HO Me3omopu-
CTOCTb, OOJNBIlIast IUIOMIANL BHYTPEHHEH MOBEPXHOCTH
(~ 1000 M*/r), 3HAYHTETHHOE KOTMYECTBO MOBEPXHOCTHBIX
OH-rpymi 1 HaM4¥e aKTUBHBIX IEHTPOB TETPadAPUIECKH
KoopauHupoBaHHOTO Ti B cTpyKType Aenaror Ti-MCM-41
MIEPCTIEKTUBHBIM KaTaIM3aTOPOM KpPEKUHTa YITIEBOAOPO-
ToB [21] n okucenus 6obIx Monekyn [22, 23]. 3ame-
YeHO TaKXke, YTo Hammare noHoB ThTaHa(lV) B crnmkar-
HOM HOCHUTeJIe aKTUBHOH (a3bl IPpOLIecca OKUCIUTEHHO-
ro geruapupoanus (OJIl') mpomaHa U ero CTpykTypa
MCM-41 cnocoOCTBYIOT YBEITMUSHUIO BBIXOA TIPOITHIIC-
Ha [24-26].

[NonmyueHue npornmieHa IeruIpUpOBaHUEM MPONaHa Ha
OKCHIIe BaHAIWs, HAaHECEHHOM Ha Pa3IMYHBIE TTOPHCTHIC
HOCHTENM, B HACTOSIIEe BpeMs IIMPOKO HCCIEAyeTcs B
CBSI3M CO 3HAYMTENBHBIM MOBBIIICHHEM CIIPOCa Ha YHCTHIN
nipormiieH [27]. B pabote [28] mokazaHo, 4TO TIpH HaHece-
HUM OKCHa BaHamus Ha TutaHaspocwi TAC-1,4, comep-
armi nonsl THTaHa(IV) Toipko B BUIE M30MOpQHOrO
3amernieHnss nvu HoHOB Si(IV), BEIXOX mpormieHa B mpo-
niecce O/II" mporana CyIIecTBEHHO OOJIBIIE, YeM TIpH Ha-
Hecennu Ha adpocun W TAC, conepxkanme dazy TiO,. B
TIePBOH YacTh 3ToW paboThl OblIa MOCTaBIEHa 3a7ada U3
TAC-1,4 cuntesuposarh cuctemy Ti-MCM-41, unenTu-
(bUIIPOBATh €€ CTPYKTYpPY, OMPEACIHTh aICOPOIIMOHHO-
TEKCTYpHBIE MapaMeTPbl, KUCIOTHBIE CBOIMCTBA M KaTaiu-
THYECKYIO aKTUBHOCTB; BO BTOPOU — OIIPENeIUTh BIMSHHIE
HAHCCCHWS aKTUBHOW a3kl BaHAIWMs HA CTAOMIIBHOCTD
ctpykrypsl Ti-MCM-41 1 akTHBHOCTH TIOJTyYEHHOTO Ha-
HECEHHOTO Karajn3atopa B TIpoIlecce JeTHAPUPOBAHUS
TIpOTIaHa B MPOTIHJIEH.

DKcnepumenmanbHan 4acmo

I'mpporepmanbHbLl CHHTE3 THTAHOCHIMKATHOM ME30-
nioprctoit cTpykTypbl — Ti-MCM-41 — mpoBo iy U3 Tens
TTPOTCHHOTO TUTAHA3POCHIIA TAC-14 yTeM
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ANIEKTPOCTATUYECKOTO B3aUMOCHCTBUS KAaTHOHOB Opra-
HMYECKOTO TEMIUIAaTa S~ M HEOPraHWYecKHX aHHOHOB I B
LIENOYHON cpezie. TeMIuaToM Juisl MOMydeHUs] ME30IOpHU-
CTBIX MOJICKYJSIDHBIX CHT CIIYKWIT IICTUIITPUMETHII-
ammvonmii-Opomunt (LITMA-Br) — #-Cy¢H33(CH;3);NBr. Co-
CTaB PEaKIMOHHOW cMecH (B MOJISIX B Iepecyere Ha OKCH-
1e1) Obut cnemyronmm: Ti0,:Si0,:NaOH:IITMA-Br:H,O =
=0,01:1:0,2:0,2:30.

Paccunrannsie kommuectBa NaOH u Temriara pactBo-
PITM B IUCTUIUIMPOBAHHOM BOZIE IPU OCTOPOKHOM Harpe-
BaHUU W TIepEeMEIMBAaHIY MarHUTHON MEIIAIKOH JI0 TIOJI-
HOT'O pacTBOPEHUsI TeMIuIaTa. B mosyueHHbI Npo3padyHbIii
pacTBop M00aBISUTM paccunTaHHble KommuecTBa TAC,
CMeCh TOMOTCHI3UPOBAIN TIEpEMEIINBAHIEM B YIIBTpa-
3BYKOBOM jwcrepratope. OOpa30oBaBIIMiics Teib TIepEeHO-
CWIM B Te(DJIOHOBBIM CTAKAHYMK, MMOMEIIAIM B CTAJBHOM
TepPMETHYHBIH aBTOKJIaB M OCTAaBIISUIN €T0 MPH KOMHATHON
TeMreparype Ha 1 CyT. Ui pOTeKaHHsl Mpoliecca crape-
HUS Tessl. 3aTeM aBTOKJIaB B TedeHHe | CyT. BBIIEP/KIBAITH
B cynmibHOM 1mkady mpu 140 °C. IpoaykT, omydeHHbIH
npu ['TC, mpoMeBaI 0 HEHTpATBHONW pPEAKIWX TIPO-
MBIBHBIX Bog, cymmm nipu 110 °C w1 ymamsim TemMiniat
MPOKATMBAaHIEM 00pasia Ha poTsokeHnd 6 1 ipu 560 °C.
Jst mepeBona obpasiia B aKTI/IBHYIO H-dopmy mposomimi
peakumio HoHHOro ooMeHa Na', cofepskallerocs B nopax
obpasia, Ha H' myTem 06pa60n<1z1 2 M pacreopom NH,Cl
B Tedenne 6 4 mpu 90 °C. 3arem obpazer] GpumbTpoBaiy,
MPOMBIBAJIH, CYILIMIM U TpokaBay pu 560 °C.

JndpakrorpaMMbl peHTTeHO(a30BOTr0 aHaIM3a Mccie-
JIyeMbIX 00pa3lioB PErHCTPUPOBAIN Ha JUPPAKTOMETpe
JIPOH-4-07 B mnmyyenrm Cu K, quavm asoma ¢ Ni-
(WIBTPOM B OTPKEHHOM ITyUKE C TEOMETPHEH ChEMKH 10
Bparry-bperTano. Jloctyn k MajoyTiioBoi 00IacTi ocy-
TIECTBIBIICS C TTOMOIIBIO IOTIOJTHATETHFHO YCTAHOBJIEHHBIX
KOJUTUMHPYIOIIHX IIeNIeH Tiepei 00pa3iioM U CYETIUHKOM.

Komgecto TiO, B cCHHTE3MPOBAaHHOM Matepuae Ofl-
penens  PeHTreHO(IIyOPECHIEHTHRIM ~ CIIEKTPOMETpHYe-
cknM aHamzoM (POCA) Ha SHEpromucriepcHOM peHTre-
HoduryopectenTHOM criektpomerpe “ElvaX 2.7”. Jlns xa-
JTMOPOBKHM TIPHOOPA UCTIONB30BaAIN HaBeckw 4rcToro Ti0,.

Criektpel quddy3uornoro orpaxernus ([10) obpas-
110B B Y®- u Buaumoit obnactsx ceera (20-800 uMm) cHU-
Maiu Ha ciektpodoromerpe Specord M-40 (“Carl Zeiss”,
Jena, Germany) 06e3 mpeaBapUTEIILHON BaKyyMHOM 00pa-
6oTKH.

MuxkpodoTorpaduil CHHTE3UPOBAHHBIX CTPYKTYp IO-
Jy4YaJid METOJIOM TIPOCBEUMBAOIIEH 3JIEKTPOHHONW MHKPO-
ckorrr (TOM) ¢ TOMOIIIBIO 3IEKTPOHHOTO MHKPOCKOIIA
JEOL JEM 100 CX 11. INoporiku o0pasIioB B BUIE CycC-
TIEH3UH B 0CO00 YHCTOM alleTOHEe HAaHOCHIN Ha YTIIEPO.I-
HYIO TIOJJIO’KKY M CHAMAITH TIPH YCKOPSIFOIIIEM HarpshKe-
unu 100 xB.

W3otepmbl afcopOimm a3ota moiyvaad Ha Hproope
ASAP 2405 N Micromeritics 10 cTaHIapTHON TPOLIEype
Tocrie BakyyMHO# 06pabotku nipu 623 K. Mx nomsepramm
TPaAMLIOHHOMY aHAJIM3Y, KOTOPBIA BKIIOYa] OMpeese-

Hue ynenbHbIX moBepxHocTe BET (Sper) B 00BIMHO wiC-
none3yemoit oomactu P/Py, = 0,05-0,30. PacnipenencHue
Top 1o pa3Mepam paccuutbiBa Metonamu BJH (Dgmy) 1
NLDFT (Dper), 0o0bem mukporiop (Vi) — -METoIoM.
[Nomsbie 0ObeMbI TOPOBOTO TpocTpaHcTea (V5) ObUH 1o-
JydeHbl W3 3Ha4YeHWi afcopOnmm Tpu MaBieHun P/Py =
0,95.

Kucnoraocts 00pasiioB onpeiesisiin METOJIOM TePMO-
niporpammupoBanHoi necopormu (TITJ]) ammuaka mocrne
ero anacopOumu mpu KomHaTHOM Temmepatype (20 °C),
niontaveid 103 NH; B IOTOK raza-HOCHTEIS TeIHS JI0 TIOTHOTO
HACBIIIICHUS TTOBEPXHOCTU U YIAJICHUS MPOAYBKOM B HEM
(suuecku ancopoupoBanHoro NHz. CkopocTs MoBbiIiie-
Hust Temriepatypsl ipu TI1/] cocramsima 8 rpam/mumn. Ton-
PpOOHO METOMKA U3MEPEHUI U3NToKeHa B pabote [29].

Katamrudaeckyro aktuBHOCTh 00pasioB (0,3 T, gacTu-
pl pasmepom 0,25-0,5 MM) ompenensiii B MPOTOYHOM
KBapLEeBOM peakTope JHoW 30 CM ¥ BHYTPEHHUM JHa-
metpoMm 0,5 cm. IlycToif 06seM peakTopa 10 ¥ Mocie CIos
Karajau3artopa WHEPTHBIM HAIOJHUTENICM HE 3arlONTHSIIH.
Peaxtmonnast cMech cocrosiia u3 C;Hg (00. monst 7 %) u
0, (3,5 %) B resmm i C;Hg (7 %) B aprone. Bpemst koH-
TaKTa CMECH C KaTaJn3aTopoM TOJUICPKUBAIM Ha YPOBHE
4 c. Ilocne mposenenust peakimu nipu 300 °C B TeueHue 2
4, TEMITEpATypy IMOBBIIIANH HA 25 TPaIyCoB Yepe3 KaxK/Iple
30 mun 110 700 °C. IIpoayKThl peakiiy aHATTM3UPOBAITN Ha
XpoMarorpaIeckux KOJIOHKAX, HAIOJHEHHBIX CHIIMKA-
TeJeM ¥ MOJIEKYJISIPHBIMHI CHTaMH C FICTIONG30BAHIEM TIIa-
MEHHO-MOHM3AIMOHHOTO JIeTeKTopa U karapomerpa. Kara-
JIUTUYECKUE XapaKTEPUCTHKU PACCUUTHIBAII B BUJIE CTe-
TICHH TPEBPAILIEHNS TIPONaHa — Xcpyg, CENEKTUBHOCTH 00-
PaszoBaHMs HPONUIEHA — Scy,, TPOMYKTOB KPEKHHTA —
Scen, (CHy, GHg, GoHy), mpomyxToB okucienust — Sco,
(CO u CO,) n BrIXOIA POTIHIIEHA — Yoy,

Pezynomamul uccinedoeanuii u ux oocyryncoenue

Judpakrorpammer 1 YD-/1O-CrieKTpsl  TIOMTY9ICHHOM
CTPYKTYpBI TIpHBEIeHbI Ha puc. 1, a—. Ha mudpakro-
rpaMMe oOpaslia, THAPOTEPMATIFHO CUHTE3HMPOBAHHOTO U3
TAC-1,4 mocie ymajgeHws TeMIUiata, B OOJaCTH MAaJIbIX
yrIoB (puc. 1, a) BRIIEISIOTCSI MHTCHCUBHBINA MK C MHICK-
COM MEXIUTIOCKOCTHBIX paccrosiauii (hkl) — (100) u Tpu
Oomnee crmabeix mmka — (110), (200), (210). Otu pediexch
XapaKTepHU3yIOT Me30CTPYKTYPHUPOBAHHBIE MATEPHAIIBI C
TEKCarOHAIbHOM YIAaKOBKOW LWJIMHIAPUYECKUX ME3OIIOP,
tarmaaHoi it Ti-MCM-41 [14, 17, 30]. B cootBeTcTBUH
C METOZIOM OIIEHKH pa3Mepa Me30TIop, MPEeLTOKEHHBIM B
pabote [30], BHYTpeHHSIsSI CTPYKTypa Takod Me30(hasbl Xa-
pakTepu3yeTcsl 3HAUCHUSMU MEXKIUIOCKOCTHBIX PaccTOsl-
HUH — djyy ¥ TIApaMeTPOM DJIEMEHTApHOW SUCHKY HIIcaTh-
HOM TreKCaroHaJIbHOM YIAKOBKU IIMJIMHIPOB — 0, PABHBIM
cymMme aramerpa Me30¢asbl (Dy) 1 TONIMHBI CTEHKH Me-
30tazet (hy): o9 = Dye + hy. [ nByxmepHO#t rexcaro-
HAJIBHOH (COTOBOM) YIIAKOBKH ME30IIOP 0lp MOKHO OTIpEIIe-
JIUTh U3 PEHTTCHOTpa(pUUECKUX JTAHHBIX, TIPH 3TOM JIOJDK-
HO HaOJTIOAATHCSI PABEHCTBO COOTHOIICHHUI: 0. = 2d100/\/3 =
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Puc. 1. Tnppaxrorpamma Ha MaTbIX () 1 OONBIINX (6) yriiax Me3onoprcToro TuraHociwmkara Ti-MCM-41 u cpaBaeHme

Y®-J10 criextpos (6) TAC-1,4 — / u Ti-MCM-41 — 2

= 2dy10 = 4dro/\N3 = 2dy1\NTN3 [30]. BHaueHHs: MeXIUIO-
CKOCTHBIX PAaCCTOSHUH djy; OTIPENENSIOTCS TI0 YPABHEHHIO
Bperra—Bymsda: nh = 2 dyy sin 0 (rme xkoaddurment or-
paxkenus n = 1, mHa BomHb! m3mydennst CuK, A = 1,5418
A). Pacuer BemuuuH dyy U 0t W3 3HAYEHMIA YTTIOB, COOTBET-
CTBYIOIIIMX TIMKaM Ha puc. 1, a, mpuBeneH B Tabm. 1. Kak
BUJIMM, TIApaMETP 0 MPAKTHYCCKU MOCTOSHHBIH, M0 STUM
JTAHHBIM T€KCArOHATBHYIO YIAKOBKY TOpP MOYKHO CUUTAaTh
nokazanHoi. CormacHo pabore [17], muk (100) y Ti-
MCM-41 nmeer MMpHUHY Ha TOTYBBICOTE (W), PABHYIO
(0,4-0,7)°. Jluaws1, mpoBeneHHas Ha puc. 1, a, mocpenuHe
BeIcOTHI mrKa (100), mokaseBaer, uto wy, = 2,30-1,72 =
= (0,58)°. HomomHUTEIHHO B 00IACTH OONBIINX YITIOB Me-
30MOPUCTHIA TUTAHCHIMKAT (puc. 1, 6) TOKa3bIBaeT
amop(HOe Taso, TUIMYHOE JUISl HEKPUCTATNIECKUX CHC-
TeM, B ToM dncie U mist Ti-MCM-41.

Y®-cniekrpockorust  AUQGY3HOHHOTO OTPaKEHHS —
HauOonee JOCTYIHBIA METON ONPEICICHUS COCTOSHUS
noHoB Ti(IV). CoriiacHO MHOTOYHCIICHHBIM JIATEpaTyp-
HBIM JIaHHBIM, 4YacToTa KoyeOanmii B Y®D-JIO-criekTpax
TUTAaHOCUIIMKATOB 3aBUCHUT KaK OT KOOPIMHAIMOHHOTO
grcna Ti(IV), Tak ¥ OT cTENeHH €ro M30IMPOBAHHOCTH
(macniepcHOocTH) B cwimkaTHoM Marpurie [17]. YO-HO-
CIIEKTP CHHTE3MPOBAHHOTO oOpaslia 10 CPaBHEHHIO CO
cnektpoM ucxomHoro TAC-1,4, CHATBIM TP KOMHATHOM
Temrieparype Oe3 MpelBapuUTENIbHOTO MPOrpeBa U BaKyy
MUPOBaHUsI, MPUBEICHBI Ha puc. 1, 6. OHU XapakTepu3y-

TaOmiiia 1. Pacyer cTPyKTYpHBIX MapaMeTpoB d,; U ay Me-
30M0PUCTOr0 THTAHOCH/IMKATA

hkl 20 sin®,-10° | dyq, HM 0o, HM
(100) 2,14 1,8674 412821  4,76699
(110) 3,70 3,283 238794 477579
(200) 428 3,7341 2,06447 476782
210) 564 49198 1,56692  4,78707

JOTCS TIOJIOXKEHUEM Kpasi CHIIBHOTO OTP)KEHUsS U MAKCH-
MyMaMH TI0JIOC TTOITIOIICHHS, ONPEACIISIEMBIMU IIEPEHOCOM
3apsia JIMTaHAOB Ha HE3AIONHEHHYIO d-OpONTalTh METall-
mrgeckoro noHa (I13JIM): muransst 0>, OH, SiO", TiO™;
von Ti*". Monocy ¢ makcumymom I13JIM mpu 205208
nm 210225 HM, HAOMFOJAIOIITYIOCS B CIIEKTPaX BaKyyMH-
POBaHHOTO WM HEBAaKyyMHPOBaHHOTO TS-1, oTHOCAT K
nepeHocy 3apana or O° k msomaposansoMy Ti', Haxoms-
IeMyCsl B TETPa3APUUECKOM KOOPAMHALIMOHHOM OKpYKe-
ain B ctpykrype TS-1 [3, 31-33]. Ilomoca mpu 250280
HM COOTBETCTBYET OKTa PHIECKH CKOOPIUHUPOBAHHOMY
BHecTpykTypHOMY Ti(IV) [31, 34]. B Y®-JIO-cnekrpax
ME30MOPUCTBIX TUTAHOCHINKATOB C COAEP)KAHUEM TUTaHA
MeHbIIe 2,5 %, Kak MpaBuiio, HAOIIOIACTCS OCHOBHAS TI0-
yoca ¢ MakcuMyMoM Tipu 220-230 HM, Ha KOTOpOI YacTo
uMeercs iedo B obmacte 250-280 um [17, 32, 33]. [omo-
Cy OTHOCAT K m3ospoBaHHoMy coctostauio Ti(IV) B wc-
KKEHHOM TeTpasApudeckoM [35] win meHTa(oKTa) Ipu-
YeCKOoM [3, 32, 36] KOOPIMHALIMOHHOM OKPYKEHHU.

W3 npuBeneHHbIX criekTpoB BUmHO, 90 TAC-1,4 xa-
paKTEepU3YIOTCd WHTEHCHMBHOM Y3Koil mosocoit 113JIM c
MakCUMyMOM TIpH 217 HM, KOTOpPYIO, YUMTHIBas YCIOBUS
3aIICH CIIEKTPA, COIVIACHO JaHHBIM JIUTEPATYPBhI, MOXKHO C
YBEPEHHOCTBIO OTHECTH K HM30JMPOBAHHOMY COCTOSTHHIO
tutana(lV) B TeTpa’apuyeckoM KOOPIMHALMOHHOM OK-
pyxenr O B amopdmoii ctpykrype TAC. MHTeHCHB-
HOCTb 3TOM IIOJIOCHI COXPAHSIETCS U B CHHTE3MPOBAHHOM
Ti-MCM-41, a ee MakCUMyM JIa’Ke HEMHOTO CMEIIAeTCs B
MHKPOBOJIHOBYIO 001acts (0T 217 1o 215 HM). D10 MOKET
yKa3bIBaTh Ha MOJIHBINA MEPEHOC MOHOB TUTAaHA, COIAEPKa-
mmxcs B TAC-1,4, B CHHTE3MPOBaHHYIO TTOPUCTYIO CHCTe-
MY ¥ COXpaHEHHE WM YBEMYEHUE B HUX CTENEHH M30JI1-
posarHOcTH HOHOB Ti*'B MaTpHIe KpeMHe3eMa.

CrpykTypy 00pasiioB, OMPEACICHHYIO IO JaHHBIM
PDA, nmoareepxIar0T M 31EKTPOHHO-MUKPOCKOITIYECKUE
caumku TOM, npuBeneHHble Ha puc. 2. OHU HATISAHO
nokaspiBaroT Hamare y Ti-MCM-41 peryisipHoit moprc-
TOI CTPYKTYpBI TAJTbHETO TIOpsIIKa C TeKcaroHaabHOM yra-
KOBKOW YHH(DHIIMPOBAHHBIX ME30IIOP.



Kamanu3 u negpmexumusn, 2012, Ne 21

Puc. 2. CemononbHOe m300pakeHne Me3onoprcToro Ti-MCM-41 nipu pa3HbIX paKypcax v yBemieHusx. TOM-
MuKpodoTorpadim Ha 31ekTporHOM MuKpockorie JEOL JEM-100 CX 11

B Tabm. 2 cpaBHEHBI TEKCTYpHBIE XapaKTEPHCTHKU
TAC-1,4, cuarezupoanHoro Ti-MCM-41 u ero H-dop-
MBI, MOJIy4eHHBIE B pe3yJbTaTe aHalli3a M30TepM HU3KO-
TeMIiepaTypHol afgcopOuuu a3ota (puc. 3, a), U pe3ynbTa-
ThI ONpENENeHHs CONEPKaHus TUTaHa B oOpaslax MeTo-
JIOM PEHTTeHO(ITYOpECLICHTHOrO aHanmm3a. Kak BuaHO,
POCA He nokaspiBaeT n3MeHeHni KoHieHTpaun Ti0, B
cucteme Ti-MCM-41 HE B €€ NCXOIHOH, HU B aKTUBHPO-
BanHoi H-(hopme mo cpapuenwto ¢ TAC-1,4.

Wzorepma TAC-1,4 umeer Bug m3orepm Il tuma [37],
XapakTepHBII I HEMOPUCTBIX TBEpABIX Ted (puc. 3, a,
kpuBas 3). Takue H30TepMbI YaCTO OMKCHIBAIOTCS ypaBHE-
HueM Jlenrmropa. 3anosHeHHe MOBEpXHOCTU M JANIbHEH-
mas HOJMMONEKyJIsApHas (r3udeckas ancopOums asora
TIPOVCXOMAT TIpH Oojiee BBHICOKHMX 3Ha4YeHWsIX P/Py [37].
[pu onpeneneHy pactpeaenieHrst 00beMa 1mop 1o pa3mMe-
Py MX PagMycoB METOIOM TEOPHH HEJOKATBHOTO (yHK-
moraa iotHoctd NLDFT [38, 39] y TAC-1,4 BhIsiBiIe-
HBI OTCYTCTBHE BBIPAKECHHON TIOPUCTOCTH (PHC. 3, 6, KpH-
Bad 3) U HaIMUME TEKCTYpHOM MHKPOMOPHUCTOCTH Ha IO-
BEPXHOCTU YaCTULl THUTaHaspocwia. CpemHuil quamerp
M3MEPEHHOTO MEXJacTHIHOro mpocrtpancrea TAC-1,4
BBICOK M paBeH ~50 HM.

Wsorepma Ti-MCM-41 — Tunmynas n3otepma IV Tuna
(puc. 3, a, kpusas 1). OHa XapakTepHa I ME30TIOPUCTBIX
O0OBEKTOB M CBUJIETENLCTBYET O HATMYUH TIOP C XapakTep-
HBIMU pazMepamu B auamnazoHe 2—-100 HM, KoTopele 3a-
TIOJTHSIFOTCS [0 MEXAHM3MY KalWJUIAPHON KOHZIeHcaimu. B
9TOW M30TEpME MOTYT OBITh BBIICNICHBI TPH Pa3INuHbIC
ayicopOronHbie oonactu: niepsas — 0,01< P/Py < 0,42 —

COOTBETCTBYET CMEIICHHIO afCOPOMPOBAHHBIX CIIOEB Ha
cTeHkax 1opsl; Bropas — 0,42 < P/Py < 0,80 — cBs3aHa ¢
KaWJULIPHOW KOHAGHCALMEH a30Ta B MOPax; TPEThsl 00-
jactb — P/Py > 0,80 — OTHOCHTCSI K MHOI'OCJIOMHON aji-
COpOIMM Ha BHEITHEH MOBEPXHOCTH TBEPIOTO 0Opaslia.
Touka octporo neperuda npu P/Py > 0,3 (mexay 0,35 u
0,40), xapakTepHas 111 KalWUIIPHOX KOHICHCALMH, YKa-
3bIBAET Ha OJJHOPOJHOE pacIipelieieHre pa3mMepa Me3011op,
turmmaHoe st MCM 41 [40, 41]. [paktudeckoe oTCyTCT-
BHE Ha M30TepMe OOBIYHOIO THCTEpE3WcCa, KOrna paBHO-
BECHasl ACCOPOLIMOHHAS BETBb M30TEPMBI PACIIONaracTcst
HaJl PABHOBECHOM aJICOPOIIMOHHOM, TAKKE CBUICTCIILCTRY-
er 00 OJTHOPOIHOM XapakTepe Me3omop [41].
Paccunrannsie montans nosepxaoctd o BET (~700
M/T) ¥ IMAMETp ME30TOp CHHTE3UPOBAHHOM CHCTEMBI Me-
togoM NLDFT Dpgr (~3,5 HM) COOTBETCTBYFOT OITyOJIMKO-
BaHHBIM B JIUTEpaType 3HAUCHHSIM, XapakTepHbM misl Ti—
MCM-41 [17]. Pacuer TeKCTypHBIX MapaMeTpOB KIIACCH-
yeckuMm MeTtoroM BJH [42], He yuuThIBaromINM, Kak H3-
BecTHO [33], mopsl pasmepom MeHee 2,0 HM U Ooriee yeM
Ha 1,0 HM HeZoOLEHUBAIOLIMM pa3sMep mesorop [38], co-
OTBETCTBEHHO TPHUBOAUT K MEHBIINM 3Ha49eHMsIM Dpy
(tabm. 2). [lepesox Ti-MCM-41 B H-popmy HemHOTO pa-
3yHOPSIIOYNBACT CUCTEMY — CIVIKUBACTCA CTYIIEHb Iepe-
rrba Ha m3oTepMe oOpasia (puc. 3, a, KpuBas 2), yMeHb-
maercst wiotiaak BET moBepxaOocTH 00pasiia, yBemmumnBa-
eTCsl BHEIIHSS TIOBEPXHOCTh Me30(hasbl (Tabi. 2). Y3koe
NLDFT-pacnpeneneaue Me30mop MO paycaM, Xapak-
TepHoe 1y ucxoaHoi Ti-MCM-41 (puc. 3, 6), HECKOIIBKO
pacumpsiercsi, 1 y H-Ti-MCM-41 nposinsiercst HeOO0b-

Tabmia 2. XapakTepucTHKH MIOBEPXHOCTH M CTPYKTYPbI THTAHOCWINKATOB

O0paszen % TiO, SEET, Vs, PMess VMics Dgm, Do, D, hw,
POCA MT eM/r oMt eM it HM HM HM HM
TAC-1,4 2,5 173 2,165 0,006 50,1
Ti-MCM-41 2,5 714 0,737 0,624 0 245 3,64 4,14 1,13
H-Ti-MCM-41 2,5 564 0,746 0,61 0,008 2,09 341 5,41 1,36
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NLDFT (6): 1 — Ti-MCM+41, 2 -H-Ti-MCM-41, 3 - TAC-1,4

mas TeKCTypHasT MHKPOIIOPUCTOCTh, YTO MOXKHO OOBsIC-
HHUTh, KaK U B padore [39], oOpazoBaHneM MajeHBKUX
TPEIIMH B CTCHKAX TI0p.

Pacder ToMImMHBI CTEHKH MEXTy Me3oropamu (/1,,) 1o
PazHOCTH MEXIy BEIIIUYUHON 0, BRIUHCICHHON M3 PEHTTe-
HOCTPYKTYPHBIX JaHHBIX U Dppr, OMPEISICHHON METOIOM
NLDEFT (tabmn. 2) nokaza, uro 4, Ti-MCM-41 npu nepe-
Bozie B H-hopmy yBemmumBaercs ot 1,13 mo 1,36 um. Ta-
Kas TormmmHa /4, (1,0-1,5 HM) 00braHO XapakTepHa 1yt Ti—
MCM-41 [17].

Januple katamuTuaeckux ucnbrannii H-Ti-MCM-41
o cpaBHeHHIo ¢ maHHBIMEA LT TAC-1,4 1 m3MepeHrsIMH
TOMOTEHHOTO TIPOTEKAHHS PEAKIIMN B ITyCTOM pPEakToOpe B
nporecce OJII' mporana mpezncTasineHs! Ha puc. 4. Kak
oTMedarnock B pabote [43], memHast pauKaIbHAs PeaKIust
TEPMHUUYECKOTO Pa3JIoKEHHS MPoIaHa MPH HATMYIUHN KUCIIO-
poa HAaYMHACTCSA C OOpa3OBaHUS CJICOBBIX KOJIHYCCTB
TIPONMIIEHA, KOTOPBIH SBISIETCS IPOMEXYTOYHBIM TPOITYK-
TOM pEaKIMi TIOJHOTO OKWCIeHws1 mporaHa. [logpoOHo
CTJMM 3TOrO Tporecca ObUM ormmcaHbl B pabdote [28].
Axtueabie 1ieHTpsl Ti(VI), conepkanmecs B8 TAC-1,4 u
H-Ti-MCM-41, KaTam3upyIoT ICTHAPHPOBAHUE TTPOTIA-
Ha, CIIOCOOCTBYSI, BEPOSITHO, €r0 aKTHUBAIMKU U 00pa3oBa-
HUIO TPOIMIIBHBIX PAJIMKAIOB, YTO MPUBOMT K TIOBBIIIIC-
HHIO CENIeKTMBHOCTH W BBIXOZA TporieHa (puc. 4, 6, 2).
[Tpu stom H-Ti-MCM-41 B Oombireit mepe, gem TAC-
1,4, yBenMYMBACT CTENCHb MPEBpAIICHUS IPOIaHa TpH
300650 °C (puc. 4, a). B pesynprare mpu HECKOIBKO
MEHBIIICH CEICKTHBHOCTA OOpa30BaHUs MpOITHeHa (pHC.
4, 6), Berxop npormieHa Ha H-Ti-MCM-41 sBnsiercs cy-
IeCTBEHHO OOBIIM (pHc. 4, 2). Ipu Temmeparype, Omi3-
koii k 700 °C, HaymMume KaTtaam3aropa M KUCIopoza B pe-
AKIIMOHHOM TIOTOKE TOPMO3UT MHTEHCUBHO MPOTEKAOIITYHO
HCTHYI0 PAJUKAIBHYIO PEaKIMIO, W BBIXOJA TPOMHUIICHA
CHIDKAETCsI, YTO COTIIACYeTCsI C JaHHBIMHU PaboThI [43].

Fiuie B OonbINeil CTEEHU KATAJUTHYECKOE IEHCTBHE
akTUBHBIX TIeHTPoB Ti(VI) mposBisieTcss py IETHAPHPO-
Banny (/1)) mpomaxa B peakIMOHHON CMeCH, He coaepKa-
et O, (puc. 5). [Ipu OTCYTCTBUM YCKOPSIIOIIETO BIMSHUS
KUCIIOpoZia oOpa3oBaHue cie/oBbIx KommuectB C;Hg B
MyCTOM PEaKTope HaOIIOAeTCs JIMIIb TIPH JIOCTKEHHU
550 °C, B To Bpems kak Ha TAC-1,4 u H-Ti-MCM-41 on
CO 3HAYUTENILHO OOJNBIEH CEeNIEKTUBHOCTBIO 00pazyercs
yxe mpu 400 °C (puc.5, 6). B nponecce JI' Xc,n, Himke,
gem B O/ (puc 5, a), HO Scyp, BbIIIE, TOOTOMY YesH, K

~700 °C (puc. 5, &) nocTaraeT 3Ha4YeHUH, OIIMBKUX K IOy~
gaembM 1ipu O/1I°, mpu s3tom Ha H-Ti-MCM-41 BBIXO#
C;Hg Taxoke BEIIIIE.

Takne ommums KaraauTudeckor aktmeHOocTH H-Ti—
MCM-41 mo cpaBrermio ¢ TakoBoit mit TAC-1,4 mMoryt
OBbITh CBsI3aHbI HE TOJIBKO ¢ (DOPMHUPOBAHHEM IOPUCTOM
CTPYKTYpBI, HO U C U3MEHEHHEM KUCJIOTHBIX CBOMCTB MO-
BEPXHOCTH CHCTeMBI. M3mepenue ajcopOrmy aMmuaka Ha
TIOBEPXHOCTH O00pa3IOB IOKa3ano, 4To OOImias KUCIIOT-
Hocth y TAC-1,4 Bemie, yem y H-Ti-MCM-41, Tak kak
komm4ecTBo NHj, XeMOocOpOMpOBAaHHOTO TP KOMHATHOM
Temriepatype, coctapisier coorBerctBeHHo 0,868 u 0,740
mmome NHyr wm 5107 u 1,310° mmoms NHyM
MeHbliias KOHIIGHTpAIWsl KHUCJIOTHBIX LIEHTPOB Ha IIO-
BepxHocTH H-Ti-MCM-41 MOXET CBUICTEIILCTBOBATH O
TOM, YTO TaKHe LIEHTPbI HAXOJATCS B OoJee M30JMPOBaH-
HOM nosioxeHnd, yeM Ha TAC-1,4. imeHHo u3011poBaH-
HOCTh aKTHUBHBIX IIEHTPOB, IO MHEHHIO MHOTHX aBTOPOB,
Hanpumep pabotr [44, 45], cnocoOCTBYET MOIYYEHHIO
OOMNBIIMX CEIEKTUBHOCTH M HAYAJIbHOW CKOpOCTH 00pa-
3oBanusi CsHg B mpouecce katamutuueckoro O mpo-
TIaHa, TIOCKOJIBKY TaKOe TMOJIOKEHHE [IEHTPOB, 00eCTIeuH-
Bas aKTWBAIMIO TIPOTIAHA, YMEHBIIIAET BO3MOXKHOCTh
JAJIBHEHINero TpeBpanieHns 00pa30BaBIIerocs: MPOIH-
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Puc. 4. 3aBucrIMOCTH CTeNEHH TPEBPAILEHKs MPOTaHa (@), CETIeKTUBHOCTH 00pa3oBaHMs TPOIIEHA (6), MPOAYKTOB TTOITHOTO
OKHCIIeHHS (8) M BBIXOJIa TIporiieHa (2) oT Temreparypsl peakiwi O/l mporana B mmycrom peakrope (psax 1), Ha TAC-1,4 (pan 2) u
Ha H-Ti-MCM-41 (psiz 3). Peaximionnas cmech: 00. momst C;Hg 7 %; 06. moms O, 3,5 % B He; Bpems konTakTa 4 ¢

nena. OHaKo, Kak BUIHO M3 PHC. 4, 5, Sc;h,, MOTydacMasn
Ha H-Ti-MCM-41 ¢ quametpom mop ~3,5 HM, HIDKE, YeM
Ha HeropuctoM TAC-1,4 co cpeaHuM pa3MepoM MeKdac-
THYHOTO TIpocTpaHcTBa ~50 HM (Tabm. 1). 310 MOXKHO 00B-
SICHUTh KaK BJIMSHHEM CyMMAapHOTO OObeMa MEK4acTH4-
HOTO Y TIOPOBOTO MPOCTPAHCTBA V5 Ha MpOTEKaHHe TOMO-
TEHHO-TETEPOTeHHON PEaKIH, TaK M OOJBIICH CHIION KH-
cnotHbIX LeHTpoB y H-Ti-MCM-41.

Cnextpsr TI1J] NH; npusenerst Ha puc 6. Bumro, 9ato
aMMHaK JiecopOrpyeTcsl B IIMPOKOM HMHTEpBajie TeMIlepa-
Typ — oT 20 mo 650 °C, T. €. IOBEpXHOCTh 0Opa3IIoB CO-
JIEPYKUT KUCIIOTHBIE EHTPBI pa3IM4IHOM cuiibl. Ha KpUBBIX
TI1JI HabmomaroTCs 1Ba MHKA ¢ MAKCHMYMaMH TIpU TeM-
neparypax (7;,) 7o 300 u Bemme 300 °C. Kak nokazamu
npepIayIre noapooHsie uccienosanus TI1 NH; ¢ mo-
BepxHocteir TAC, SiO, u TiO, [29], mepBblit HU3KOTEMITS-
paTypHBI TIMK MOXHO OTHecTH K AecopOumu NH; c Si-
cozieprKaIlX IEHTPOB, BTOPOii, BRICOKOTEMITEPATYPHBINA —

K JIeCOpOIMHI CHITBHOKHUCIIOTHBIX LIEHTPOB TPYIII CO CBS-
3610 Ti—O-Si, comepkanux 3MeKTPOPUIBHBIA KUCTIOPOI.
B mpomykrax mecopOmmm Broporo mmka TIIJ] BMmecte c
NH; anamsupyercst u NO [29]. Kak sumHo, TI1/I-criektp
H-Ti-MCM-41 o dopme nonobe criektpy TAC-1,4, HO
MaKCHMYMBbI TIHKOB ¥ ME30TIOPUCTON CUCTEMBI CMEIICHBI B
CTOPOHY OoJiee BBICOKHX TEMIIEpaTyp.

Ckopoctb Beierienns raza nipu TI1/] B oOmem cydae
onMchiBaeTcs ypaBHenvieM [lonsuBuraepa [46]: —AO/AT =
= A/B0"exp(—E/RT), Tie 6 — KOIMYECTBO aICOPOUPYEMO-
IO BEIIECTBA, OCTABIIETOCsS Ha MOBEPXHOCTU IPHU JOCTH-
eHuH oOpasiom Temneparypsl T, K; AO — xonmdectBo
BBIJICJIMBILICTOCS BELIECTBA IIPH YBEJIMUECHUY TEMIIEPATYPhI
Ha AT, A— TIpemPKCIIOHCHIMATBHBIA MHOXUTEND, F; —
SHEPIUs aKTUBAIMK JECOpOIMH; [3 — CKOPOCTh TMOBBIIIIE-
HHSL TEMIIEPaTypbl; R — YHUBEpCAIbHAS Ta30Bas MOCTOSH-
Hast, 77 — TIOPSZIOK PeaK|y JiecopOrmy. MakcumabHas
CKOPOCTh ZiecopOIK  HaOJFoJaeTcsl TP TEMIIepaType



Kamanu3 u negpmexumusn, 2012, Ne 21

75 : ;

400 450 500 550 600 650 700
Temnepatypa, °C

a

400 450 500 550 600 650 700
Temnepatypa, °C

400 450 500 550 600 650 700
Temnepatypa, °C

6

Puc. 5. 3aBrucrMocTH CTereHN TIPEBpaIeH s MPoTana (@), CeNEKTUBHOCTH 00pa30BaHKs TPOTIUIeHa (6) M BEIXO/A TIPOITIICHA (8)
oT Temrieparypsl peakuyy JI” npornana B mycrom peakrope (psx 1), Ha TAC-1,4 (psn 2) u va H-Ti-MCM-41 (psn 3). Peakuponnas

cMechk: 00. 1omst C3Hg B Ar 7 %; Bpemst koHTakTa 4 ¢

MaKcUMyMa Tiika necopormu — 7,,. V3 ypaBHeHUST BBIBO-
murcs, uro E; = [In(4/B) — In(-AO/AT®"] T, /R =
= In(AATO"/AOB) T,/R = K,T,, T.€. MOIDKHA COOIIOIATHCS
MpUOTM3UTENHHAS TIPOTIOPITMOHATFHOCTD MEXKITY SHEPIHCH
AKTUBAIIMY JICCOPOIMH BEIIECTBA U MOJIOKEHHEM T, TIMKa
ero JecopOIMH Ha TEPMOIECOPOIMOHHON KprBOH. BOb-
e 3Ha4enus 1, Ha kpusoil TI1JI NH; ¢ nosepxHoctn H—
Ti-MCM-41 mo cpasaenmto ¢ 7, mia TAC-1,4 moryt
CBUJICTENIHCTBOBATH O 0OJIee BRICOKOM SHEPIUH aKTHBAIIAH
JIlecopOIMM aMMHaka ¢ KHCJIOTHBIX IICHTPOB ME3OIIOPH-
CTOH CHCTEMEI M, COOTBETCTBEHHO, 00 MX OOJIBLILICH CHIIE.

B pabote [47] mpemiokeH YIIPOIIEHHBIN OLEHOYHBIA
Croco0 BeIUKCIICHNS E;, BRIBEICHHBIM MaTeMaTHyecku. Mc-
none3ys 3HadeHus Ty, 15, 0y, 6,, IO KpHBO# Tepmozecopo-
I MOYKHO TIPHOJIMDKEHHO BBIYMCITATE SHEPTHIO AKTUBAITAH
necoporm 1o gopmyite: Ey; = In(0,/0,) R T\ T/(1>-11), tie
T\ 1 T; — COOTBETCTBYIOT 3HAYECHUSIM TEMIIEPATYPHBIX Tpa-
HHI] IIAPUHBI TIMKA JIECOPOLIMY HA CEPEINHE €r0 BHICOTHI
(kaK TIOKa3aHO Ha puC. 6); 0; 1 0, BEIUKCIIIOTCS KaK y4a-
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Puc. 6. Crextp TIIJ NH; ¢ moepxuocti: 1 — TAC-1,4,2 —

H-Ti-MCM-41; Temmeparypa ancopommm 20 °C; CKOpOCTh
TIOBBIIICHHS TEMIIEPaTypbl — 8 Ipaz/MuH

cTku 1wiowmaau nox kpusod TIIM, cooTBeTCTBYIOIIME KO-
JIMYECTBY BEILIECTBA, OCTABIIErOCsS Ha TMOBEPXHOCTU IPHU
Joctkenuu temmeparyp 1h u 1.

OrieHKa BETUYUHEI £, 10 3TOMY YPaBHEHHUIO IS TIep-
Boro muka TIIJ[ xpuBoit TAC-1,4 maer 3HaueHue ~28
kJlx/MoJb, a i Broporo mvka ~69 klhx/monb. Takim
00pa3oM, TIepBBIN TIHK, COOTBETCTBYET necopOimm NHj
co cy1a0BIX KHUCIIOTHBIX IIEHTPOB, a BTOPOM — ¢ Gosee cu-
nbHBIX. COOTBETCTBYIOIIAS OLICHKA E,; MO MHUKaM KPUBOM
TIIJ amvmaka H-Ti-MCM-41 npuBOIWT K TIOIY9ICHHAIO
3Hauenuii £, coorBeTcTBeHHO ~35 1 ~80 K/ )x/Moitb. 3ame-
THM, YTO TIOCTICAHSSI BeNMUKHa E,; 110 3HAYEHUIO COBIIAIaeT
c osHepruei aktuBaimu AeruapupoBanus CsHg (~80
K JI>K/MOJIb) TT0 KITACCHYIECKOMY MEXaHN3MY TIepeIaty TIPO-
TOHA MEK/Ty TIOBEPXHOCTHBIMU KapOSHUYM-HOHAMHU U pea-
THPYIOIIMMI MOJIEKYJIaMH, XapaKTepHOTO JUIT HU3KHX
TeMITepaTyp peakimu [48].

Takum 00pa3oM, THIPOTEPMAIILHBIN TEMILIATHBIN CHH-
te3 H-Ti-MCM-41 Ha ocHOBE aMOpP(HOrO MUPOTEHHOTO
THTaHA’POCHIIA, COMEPIKAIIIEr0 TETPAKOOPANHHUPOBAHHBIE
WOHBI TUTaHa, coxpanseT coctosiHue noHoB Ti(IV) u maer
BO3MOKHOCTbH TIOJTyYUTh YIOPSAOUCHHYIO ME3OMOPUCTYIO
CHCTEMY C Pa3BUTOH MOBEPXHOCTHIO, OOJIee CHIBHBIMU H
Ooree M30MPOBAHHBIMY AKTUBHBIMHA KHCIIOTHBIMH IICH-
TpaMy, MPOSBISIONIYI0 OTHOCHUTEIHFHO BBICOKYIO AKTHB-
HOCTb B IIPOLIECCE JETUIPHPOBAHI TIPOTIaHA B TIPOTIHIICH.
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CuHTE3 i3 TUTAHAEPOCHILY
Me3onopyBatux cucrem TiO,—SiO, 3 Hanecennm V,0s,
IX (Pi3MKO-XIMIYHI Ta KATAIITUYHI BJIACTUBOCTI
L. TinporepmajibHuil CUHTE3,

KHMCJIOTHI i KaTajgiTuyHi BjaactuBocti T-MCM-41
B IIPOLIECi AerIPYBAHHS MPONAHY

A.B. Peovkina 1, H_/I. Konosanoea 1, KM. Xomenko I, 1O.B. Binoxonumos’

' Inemumym cop6uyii ma npoénem endoexonoeii HAH Yipainu,
Yxpaina, 03164 Kuis, eyn. 'enepana Haymosa, 13
’Hayionanenuii agiayiiinuii yrisepcumem,

Yxpaina, 03680 Kuis, npocn. Kocmonaema Komaposa, 1

Iokasano, 1o TiApoTepMATIbHIN TEMIUIATHUN JIy)KHHUI CHHTE3 Me30HopyBaToi cIpykrypu Ti-MCM-41 Ha
OCHOBI MPOr€HHOTO THTAHAEPOCKITY 3 130MOP(HO BBEICHNMH i0HAMH THTAHY 3aMiCTh 10HIB KPEMHIIO B Mart-
pui SiO, 1a€ MOKIHBICTH CIIPOCTUTH CHHTE3 ME30TIOPYBATOr0 Matepiaty i 30eperTd IpH [bOMY TIOYaTKOBHIA
CTaH iOHIB THTaHy. BcTaHOBIEHO, 110 OTpHMAaHa Me30I0pyBaTa CHCTEMA MICTUTB OUIBII 130J1b0BAHI 1 CHITBHIII
KHCJIOTHI LIEHTPH MOPIBHSHO 3 TUTAHOAEPOCWIIOM 1 BHSIBIISIE OUIBLIY KaTaliTHYHY aKTHBHICTB Y TIpOLiecax Jeri-
JIPYBaHHsI [IPOTIAHY B IPOIILJICH SIK y KHCEHBBMICHIMH, TaK i y OE3KHMCHEBIi peaKiiiHili CyMillli IIporaHy 3 iHepT-
HUM Ta30M.

Synthesis from titanaerosil
mesoporous of systems of TiO,—SiO, with supported V,0Os,
their physical-chemical and catalytic properties
I. Hydrothermal synthesis,
acidic and catalytic properties of Ti-MCM-41
in the process of dehydrogenation of propane
A.V. Redkina’, N.D. Konovalova ', K.N. Khomenko ", Yu.V. Belokopytov’

!Institute of Sorption and Problem Endoecology of NAS of Ukraine,
13, Gen. Naumov Str., 03164 Kiev, Ukraine
’National Aviation University of Ukraine,
1, Cosmonaut Komarov Av., 03680 Kyiv, Ukraine
E-mail: toniamail@rambler.ru

It has been shown that the hydrothermal template alkaline synthesis of mesoporous Ti-MCM-41
structure on the basis of pyrogenic titanaerosil, that contains titan ions as an isomorphic substitution
of silicon ions with the titan ions in the matrix of SiO,, allows to simplify the synthesis of structure
and to save the initial state of titan ions. It has been established that the obtained mesoporous system
contains more isolated and more strong acidic sites, as compared to titanaerosil, and displays higher
catalytic activity in the processes of dehydrogenation of propane to propylene in the presence and in
the absence of oxygen in a reactionary mix of propane — rare gas.
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CHUHTE3 U3 TUTAHAIPOCUIIA
Me3onopuctbix cucreM TiO,—Si0; ¢ HaHeceHHBIM V,0s,
UX PU3NKO-XMMHYECKHE U KATATIMTUYECKUE CBOMCTBA
IL. IHony4yenune karasmsaropa V.0, /H-Ti-MCM-41
U ero CBOICTBA B nmpoiecce AeruAprupoBaHus
MPOINAHA B NPONWJICH
A.B. Peovkuna 1, H.JI. Konosanosa 1, K.H. Xomenko 1, E.H. Opanckasn 2

! Hnemumym cop6yuu u npoGem sndosxonoeuu HAH Yipaune,
Yxpauna, 03164 Kues, yn. I'enepana Haymosa, 13
Hncmumym xumuu nosepxnocmu un. A.A. Yyiiko HAH Vpaun,
VYxpauna, 03164 Kues, yn. I'enepana Haymosa, 17

INokazaHo, 9TO MPH HAHECEHUH OKCUJIA BAHAUS METOIOM OKUCIUTENIBHOTO PA3TIOKEHHS OKCAIaTHO-
IO ¥ aleTHIIALIETOHATHOTO KOMIUIEKCOB BaHAIIA Ha MOBEPXHOCTH H-popMBI Me30IoprcTOl CTpyK-
Typsl Ti-MCM-41 ee yropsimoueHHOCTh HapyIIAeTCs, AMaMETP 1 00bEM ME30TIOP YMEHBIIAIOTCS, HO
B Ipolieccax JIerHIAPUPOBAHIS NPOIIAaHa B IIPOIIHJIEH KaK B OTCYTCTBHUE, TaK U B IIPUCYTCTBUM KUCIIO-
pola B PEaKUMOHHOW CMECH IpONaH—MHEPTHBIN ra3 MOJIyYeHHbIE KaTalu3aTopbl BHICOKOAKTHBHBL
MakcrMasTbHBIH BBIXOI MpormieHa pu 650—-675 °C sKcTpeMabHO 3aBUCHT OT C(HOPMHUPOBAHHOTO
o0beMa TIop ¥ €ro COOTHOLIEHHS C KUCIIOTHOCTBIO aKTHBHBIX IIEHTPOB HA IOBEPXHOCTH CHCTEM M
TIpUXOOUTC Ha OHpeﬂeﬂeHHbIﬁ OINTUMAIBHBIA JHaIta3OH U3MCHCHUS OTHUX BEJIMYWH.

[Ipormnen — KpyMHOTOHHAKHBIA 0a30BBIM IOMYTIPO-
KT HepTeXxumudecKkoi mpomsbiinieHHocTH [1]. Y3 Hero
HOJTy4aroT MOJIMIIPONIIJIEH, aKPOJIEHH, aKpUJIOBYIO KHCTIO-
Ty, aKPWJIOHUTPUII, M30TIPOIIHIIOBBIN CITUPT, AllETOH, OKCH]
TIPONMJIEHA, TIEHOTONMYpETaH, CMa304HblE Macia, H30-
TIpEH, aleTaabAerH, MacsHbIA albIerus, OyTaHONIbI, U3
OeH3071a 1 MPOTMIIEHA MOTyYaloT KyMOJI, & U3 TIOCIIETHETO
— (heHONBHBIE cMOJIHI [2]. BOmbiiast yacTs mponuieHa npo-
W3BOAMTCS TPAAULIMOHHBIMU CIIOCO0AMH HA YCTaHOBKAaX
TEPMUYECKOTO KPEeKHHTa M rmpoiisa (~60 %) n karanm-
THYECKOro kuKodasnoro kpekunra (~30 %) mpoaykToB
niepepaboTku chipoit HedTy [1, 3]. OmMHAKO OCHOBHBIM Ia-
3000pa3HbIM IPOIYKTOM 3TUX IPOM3BOJICTB SBJIAETCS ITH-
ned. B 2010 r. mupoBsle MomHOcTH 1o BBITycKy Cs;Hg
coctaism ~80 mimH T [3]. Oxkumaercs, uro k 2020 r.
COpPOC Ha MPOIMWIECH IOCTHUIHET ypoBHS B 120 mMimH T
C;Hg/rom, 9T0 3HAYMTENILHO TPEBBICHT 00BEMBI €TI0 TIPO-
u3BOJICTBA [3, 4]. YcTpaHeHue 3Toro AeuImTa BO3MOKHO
aIlbTePHATHBHBIM “‘He He(TSHBIM , IIH TEJIEBBIM, CITOCO-
0O0M — IOJIydeHHEeM MPOIIIICHA ITyTeM KaTaIMTUYECKOIO
nerunpupoBanvs (L) npornana [4]. Homs AI° B MupoBom
npomsBozicTBe npomuieHa B 2010 r. cocrasmsia ~10 %,
POCT TONYYEeHHsI TAKOTO IPONMJICHA BBICOKOH YHCTOTHI
oxuzaercs Ha yposre 22,5 % B rox, npotuB 2-5 % ero
pocTa B TPaAMLIMOHHBIX MPou3BoACTBax [3, 4]. Jlns opra-
HM3aLMH TOTyYeHHs MpormieHa o TexHonorud I tpe-
OyeTcst MEHBIIIC KalUTATOBIIOKeHNH. OTHAKO TIPOBEICHUE
Tporiecca OCTIOXKHSAETCS TeM, YTO Ui TIPOTeKaHHus oOpa-
TUMOW PaBHOBECHOM SHIOTEPMHUUYECKON pPEAKUUU JETU-

PHUpOBaHUA
C3Hg s C3H6 + H2 (AH: 124,3 KIL)K/MOJ'IB) (1)

HEeoOXo/IrMa BBICOKAsI TEMIIEpaTypa, 9TO JENAeT MPOIEece
OYeHb DHEProeMKuM. [Ipu 3TOM TPOUCXOMIT MOOOYHEIC
peaKkumm — MeHee SHAOTEPMUYECKUI KPEKUHT U JaIbHEM-
1ree KOKcooOpazoBaHue [5].

[lpumeHeHne KaTamM3aTopoB, CHOCOOHBIX WU30Mpa-
TEJFHO aKTWBHPOBATh B MOJICKYJIC MpOIaHa 0ojee Mmpoy-
Hyt0 cBs13b C—H no cpaBHeHuto co cBs3pto C—C mo3Boiser
npoBoauth JI' mipy Ootee HU3KKX TeMIleparypax, Koraa
MOOOYHBIE PEaKIUK MPOTEKAIOT MemIeHHee [4-6]. B kara-
yurtrdeckoM [ mpomnana aktuBHBI Okcuabl: Cr,03, MoOs,
V,0s, TiO,, GeO, [6]. OTMeuaroTCs OTIIMYHBIC CBOHCTBA
V,0; KaK yCTONYMBOTO M HE MOABEPKEHHOTO KaTaUTHIC-
cKuM siiaM [7, 8]. B HacTosiiiiee Bpemsi B MPOMBIILICHHOCTH
1uist J1I riporiaHa MCTIONB3YFOT MPOIIECChI, OCHOBAHHBIE TIpe-
HUMYIIECTBEHHO Ha KaTauTHuecknX cucreMax: Cr,Os/y-
A,0; 1 Pt=Sn/y-A,0s, TpuMEHsIeMbIe TAKKe I ACTHIPH-
poBanus apyrux napaduso [4, 9]. Ipu 550-650 °C u
KOHBEpCUH TporaHa ~25-65 % 1o 3TUM TEXHOJOTHSIM
HPOIIJIEH oOpasyercsi ¢ CeneKTHMBHOCTBIO ~90 %. Ot
TIPOIIECCHl HE JIMIIEHBI HEIOCTaTKOB — TpeOyeTcs Mmepuo-
JIYecKas pereHepanysi KaTalu3aTopoB, IOITOMY IMOMCK
Oomnee S(pPEeKTUBHBIX KATAIUTUYECKIX CUCTEM H TEXHOJIO-
ruit JII” mponana nmpomormkaetcs [4].

11 CHWKEHUsT SHEpros3arpar, yBEJIWYEHUS BBIXOZA
MPOMNWIICHA M YMCHBIICHHUS KOKCOBAaHMS KaTalau3aTopa
TpeyIaraeTcsi CMECTHTh paBHOBecHe peakrmu (1) BrpaBo
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myteM npoBeneHus I npu Hamunu O, B peakLMOHHON
cmecH [10]. Dr3oTepMITdecKas peakIwst OKHCIICHHIS BbIICc-
JISTIOILIETOCS. BOZOpOia

H,+0,5 0, — H,O (AH = -241,8 kJlx/Monb) Q)
JIETIAeT K30TEPMIIECKAM CyMMapPHBIH IPOIIECC
C3Hs +0,5 0, — CiHg + HO (AH=-117,5 k[bx/mons) (3)

Takoro okuciutensHoro aeruapupoBanust (OD). ITpose-
JICHHBIC HccienoBanus, Harpumep [ 11-15], mokazamm, 9aro
B O/I' mpomana akTWBHBI HAHECCHHBIC OKCHJIHBIC BaHa-
JCBBIC KaTAIM3aToOPbl, U YTO HE TOJLKO pa3BUTas I0-
BEPXHOCTB, HO ¥ TIOPHCTas! CTPYKTYpa U XUMHUUECKas! TIpH-
poIIa OKCHITHOTO HOCHTENS CYIIECTBEHHO BIIHSIIOT HA TIPO-
TekaHue peakuyd. CpaBHUTENBHBIM HcTbITanieM SiO, u
ME30IOPUCTBIX CHIMKATHBIX MaTepUajioB CO CTPYKTYpOM
MCM-41, SBA 15, MCF B kauectBe HOCcuTener V,Os [16]
ycTaHoBJIeHO, uto B miporiecce OJII" mpomana Gomnee ak-
tBHA cucreMa V,05—MCM-41. OTMEUYCHO IOJI0KUTENb-
HOE BIIMSTHUE Ha YBEIIMYSHNE BBIXO/Ia TpormiieHa Ha MoO;
HAIMIUSL TICHTPOB TETPAKOOPIMHUPOBAHHOTO THTAHA B
crpykrype Hocurens TiO,—SiO, ¢ cootHorenuem Si:Ti =
=1 [17]. Bmmsiare Hocutenst Ti—-MCM-41 Ha miporiecc nie-
THIPUPOBAHIIS TIPOTIAHA Ha OKCH/IE BAaHAHS HE M3YYEHO.

Lenbto 3T10i wactu paboThl OBUIO MPUTOTOBJIEHHUE U
WCCIIeZIOBaHNE CBOVMCTB BAaHAIMMOKCHIIHOTO KaTalli3aTopa,
HAHECEHHOTO Ha THTAHOCHIMKATHYIO ME3OTIOPHCTYIO CHC-
temy Ti-MCM-41.

DKcnepumeHmanbHas 4acmo

Mesonopucrast cuctema Ti-MCM-41 Obina nomyyena
B TIEPBOI YaCTH 3TOM pabOTHI THIPOTEPMATBHBIM TEM-
TUIATHBIM CHHTE30M B IIEJIOYHOM Cpefie W3 TMHPOTeHHOTO
tutaHaspocunia TAC-1,4. KowueHnTtpaimsi TeTpakoopay-
HHPOBAHHBIX C KHCJIOPOJIOM HOHOB TUTAaHA B 00OMX MaTe-
pHasax HailijieHa Kak OJMHAKOBasi ¥ paBHAsi MacCOBOM J10J1e
TiO, B HuX 2,5 %.

Okcun Banamust HaHocwm Ha H-dopmy Ti-MCM-41
METOJIOM PA3JIOKEHHEM Ha TIOBEPXHOCTH MeTaJLIOpraHrye-
CKMX KOMIUIEKCOB BaHA/IJ1a B BOTHOM M HEBOIHOM Cpefiax.

V,0s5 Majo pacTBOpHM B BOJIC U OPraHUYCCKHUX Pac-
TBOPUTEISIX, TOITOMY OOIIMM CHOCOOOM TTOJTOTOBKH
OKCHJTHBIX HaHECEHHBIX BAaHAJWMEBBIX KaTaIM3aTOPOB SB-
JISIETCSI TIPOITUTKA HOCUTENSI BOJHBEIM PacTBOPOM METaBa-
Hajara aMMOHMS B ILaBesieBoM kuciote. [lomyueHHsii
TITyOOKOCHHHI pacTBop coziepKan KOMILJIEKC
(NHy),[VO(C,04),'H,O]'H,O, xotopbiii 00BIMHO Hazbl-
BAIOT BaHAIMAOKCAJIATHBIM KOMIUIEKCOM. B cBOOOIHOM
cocTostHUM OH mMeeT pasmepsl ~0,8 x 0,5 um [16]. Pac-
cuntagHoe konmdectBo NH,VO; mis sanecenus V,0s ot
5 1o 25 % 1o Macce, HCXOAs U3 BJaroeMKOCTH HOCHTENS,
JOOABISLT B PACTBOp INABENICBOM KHUCIOTHL. MOIBHOE
cootHomenne NH,VO;:H,C,O4 paBsinocs 1:2 win BbI-
me, 4YToObl TapaHTUPOBaTh TIONHOE  pacTBOPEHHE
NH4VOs;. Ilponuranable 00pa3ibl BBICYIIMBAIN IIPU
KOMHaTHOM Temrreparype, pu 100 °C B Teuenue 3 4 u
npokanuBany Ha Bozayxe npu 500 °C B Teuenue 6 4. Pe-
aKIMs Pa3IOKEeHH KOMITIEKCa B BO3AYIIIHON cperie:

2 (NHa)o[VO(C,04)yH,OHO +2,5 O, — 4 NH31 +
+ V205 +8 COzT +6 Hzo (AH: ~-336 K,ZL}I(/MOJTL). (4)

Karanmmzatopel, TPUTOTOBIIEHHBIE TaKkM 00pazoMm,
00o3HaueHs! Kak x % V,0s/H-Ti-MCM-41.

JpyruM criocoOoM HaHeCEHHWs OKCHia BaHaIUs ObLia
MPOMNUTKA PACTBOPOM alleTHJalleTOHaTa BaHAAWIA —
VO(CsH;0,),, mm cokpamiendo VO(acac),, B anpoToH-
HoM pactBopurenie — aneronutpusie CH;CN. VO(acac), —
BHYTPUKOMIUIEKCHOE XEJATHOE COCAWHEHHE Pa3MepoM B
cBobomHOM coctosianm ~1,0 x 0,8 M [18]. Pasnokenue
3TOr0 KOMIUIEKCA B BO3IYIIIHOW Cpefie MOXKET MPUBECTH K
00pa3oBaHMI0 HAa TOBEPXHOCTH Hocutene V,0s, V,0;
W/WIHY CBSI3aHHBIX BaHAAWIBHBIX rpyrm VO,

VO(CsH0,),+11,50,— VO, +10COM+7H,0  (5)
(AH=~-494432 x]>x/M0mB).

O0pa3te! roToBuH U3 pacuera 2-30 % (1o Macce) Ha-
HeceHus rpyrmn VO. VX BeIcylMBaiy 1 MpOKaIUBaId aHa-
norugHo Metony 1. IlomydeHHple Kartamm3aTopsl 0003Ha-
yenbl Kak x % VO,/H-Ti-MCM-41.

JuddepeHrmanbapii  TepMOTpaBUMETPUYUESCKUN  aHa-
3 (ATT'A) 0OpasiioB MPOBOHIH TTOCIIE TIPOIUTKY HaBe-
cok H-Ti-MCM-41 pactBopamur NH,VO; B KOHIIEHTpH-
poBaHHOM BogHOM pactBope H,C,O, wmmm  pactBope
VO(acac), B CH;CN u nepen u3MepeHHsIMU BBICYILIMBAIN
nocyxa npu 20-100 °C. AHanu3 NpoBOAWIIM Ha CEPUITHOM
nepuBarorpage Q-1500D (MOM, Bynamnernir) B mHTEpBa-
ne temmeparyp 20-650 °C B kepamuyeckux TUILIX. B
KadecTBe craHapta npuMersi Al,O;. CKopocTs Harpea
cocrapisuia 10 rpan/muH, Macca HaBecok o0pasuoB — 100
+ 0,1 mr, TourocTh m3MepeHns + 2 °C. UK-crrekTpb! oTpa-
eHus B obmacty 4000 — 400 cM ' 3amuCHIBATM Ha CIIEK-
Tpodoromerpe Percin-Elmer Spectrum One FT-IR Spec-
trometer.

Pentrenodazoreiii anam3 (POA) karamsaropos, or-
penernenue conepskanust V U Ti B HUX METOIOM peHTIe-
HO(ITyOPECIIEHTHOTO  CHEKTPOCKOIIMYECKOTO  aHaIM3a
(POCA), aHanmu3bl METOJIOM CIEKTPOCKOMNH i (Dy3HOH-
Horo otpaxeHus (YP-J10O), usMepenue TEeKCTYpHBIX Ma-
pamMeTpoB METOJOM HU3KOTEMIIEPaTYpHOM  aicopOLmu
a30Ta, orpereyeHe KUCIOTHOCTH TIOBEPXHOCTH METOIIOM
TepMmonporpamMmupoBanHoi aecopormu (TI1/I) ammuaka,
OlpezielicHue KaTATUTHYECKUX XapaKTEPHUCTHK 00pasLoB
(cTeneny TMpeBpaIleHusl MponaHa Xc,p,, CENEKTUBHOCTH
00pa3oBaHMsl MPOIMIIEHA Sc,H,, NPOMYKTOB KPEKHHIA Sc i,
(CHy4, GHg, GyHy), npomykToB okucnenus Sco, (CO u
CO,) u BbIXOMA IpONHIIEHA Ye 11, B PEAKIIMH JETUIPHPOBA-
Hus (1) mpornaHa B mponuiieH Kak Mpu OTCYTCTBUH, TaK U
NpY HAMYAK KHCoposia B peakiwmonHor cmecu (O/11)
MIPOBOJIMIIN TaK, KaK OIMCAHO B IIEPBO YaCTH CTATHU.

Pezynomamut uccinedosanuii u ux oocysycoenue

Ha puc. 1 npuBeneHs! 1epuBaTOrpaMMbl HCXOIHBIX OK-
CAJIATHOTO M aleTUJIAIICTOHATHOIO KOMIUIEKCOB BaHAMIa
Y UX Pa3JIoXEHUs 1ocie ancopOLmu Ha MoBepXHOCTH H—
MCM-41 na npumepe 06pasiioB ¢ HarneceHrem 20 % V,0s
u 5 % VO, (o macce). BanaauiiokcanaTHbIA KOMITIEKC
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V,04H-Ti-MCM+41; 2 — (NH4),[VO(CO.HOTH,0; 3 -5 %
VOH-T+=MCM-41;4—VO(CsH/O,),

pazmaraercs B Tpu cramun notepu maccel (DTG): mpu
~100-200, 250-300 u 300400 °C. IlepByto (cmabyro)
CTaJIMI0 MO>KHO COOTHECTH C YAAJIEHHEM TIpHMecel IaBe-
JIEBOW KWCJIOTH, HE CBS3aHHOW B KOMIUIGKC (7,
H2C204‘2H20 paBHa 105 OC; H2C204* 189,5 OC). BTOpaf[
(MHTEHCHBHASA) CTAMsl OTHOCHTCS K Haualy pasfiosKEHUS
KOMIUIEKca IpH BblaeneHun 1Byx monekya NH4OH u on-
HoM m3 aByx Mmonekyn HyC,Oy, BXoOmsIel B KOMIDICKC.
BbineneHmio Takux TPOIYKTOB COOTBETCTBYET TMOTEps
Macchl B ~ 27 %, onpenenseMast Iy 3TOM CTaJliu 10 Kpu-
Boi TG. Tperws cTagust ¢ OKOHYATENBbHOM MOTepel Macchl
1o ~79 % (mpm Beigenennu CO, u H,O) 1o pacyery coot-
BeTcTBYeT oOpazoBaHHio V,0s M3 OCTaBIIEHCS YacTH Ba-
HaJIMHOKCATIATHOTO KOMILJIEKCA U COTIPOBOXKIACTCS 3HAYH-
TeMBHBIM 3K30TepMudeckiM dpdexrom (DTA). Ilocme
HaHeceHus Ha ioBepxHocTh H-MCM-41 xomrineke pazia-
raeTcs TakKe B TPHU CTA[IMU TIOTEPH MacChl B MHTEPBAIIC
100-150, 150-200 u 200300 °C (puc. 1, kpuas 1). [1ep-
BbIE J[BE CTa[MM MOYXHO OTHECTH K yJAICHUIO BOJHON H
0e3BOHO IIABENICBOM KUCTIOTHL TpeThs ¢ T,y HA KPHBOM
DTG B 270 °C TO4HO cOBIAAacT ¢ MOJOKEHUEM DK30Tep-
MHYECKOro MakcuMyma Ha KpuBoit DTA 1 ¢ mosoxkeHnem
T DTG mepBoii cTaguy pa3inoxeHHs: YUCTOTO BaHaHil-
OKCaJIATHOTO KOMILIEKCA, OTHOCSINEHCS K BBIIETICHUIO W3
HETO TIePBOM MOJICKYITHI TIABENICBON KUCTIOTHL. OOBSCHUTD
9TO MOYKHO CJIEIYIOUIUM 00pa3oM. AZCOpOLMs BaHAIHIA-
OKCaJIATHOTO KOMITIEKCA TIPOMCXOUT U3 KHCIIOrO PacTBO-
pa, mostomy OH-rpynms1 HocuTens nmpucoemuasior H'
€ro TIOBEPXHOCTH 3apsDKAeTCs MOJIOKUTEIBHO COTJIACHO
peakiu [16]:

Hocurens-OH + H — (Hocurens-OH,) . 6)

B Teyenne nponuTky yxKe Ipy KOMHATHOW TeMIiepary-
pe TPOUCXOJUT peakuys 3aMeHbl JIMTaHfa, M0 KOTOpPOH
YacTh JIMTAQHAKOMIDIEKCOB OOMEHHBAaeTCsS C (PYHKIMO-
HAJTGHBIMH TPYTIIIaMy OKCHUTHOTO HOCHTEIIS ¢ 00pa30BaHH-
€M KOBAJICHTHO CBSI3aHHOTO BaHawis [16]:

x (Hocurens-OH,)" + [VO(C,04), ‘H,OF —

— (Hocurems-O),[VO(Cy04 )] + x HoC,0, + HO,  (7)

roex =1 v 2.

Pacuer no xpuBoil nmorepu maccel TG obpasua 20 %
V,05s:H-Ti-MCM+41 (puc. 1, xpuBas 1) mokaspIBaer, 4to
npu nporpese 10 230 °C Ha mepBbIX IByx cragusix DTG
obpaszery Tepsier ~15 % maccpl, a ipu niporpese 110 300 °C
Ha TPEThel CTaauK — NOMOMHUTENBHO ete ~24 %. 31o co-
OTBETCTBYET BBIIETICHHIO Ha TIEPBBIX CTAUSX MOJIEKYJIbI
H,C,04 u BoABI MOCTE TPEABAPUTEIILHOIO YATCHUS aM-
MHaKa U 00pa3oBaHUIO Ha Tperheil cramm V,0s 13 ocTar-
KOB KOMITJIEKCA TIPH BBIZIEITICHHH BTOPOit MOJeKyIbl HyCoO4.

Arnernnarieronar Banaawia (puc. 1, kpusas 4) pasnara-
€rcsl B JIBE CTA[IMU C MHTEHCUBHBIM MUHUMYMoM DTG npu
300 °C u cnabemv mpu 440 °C, COBIaJAOIINMU C TOJIOKE-
HHEM SK30TepMUYecKiX MakcuMyMoB DTA, oTHocsImxcst
K TEIIOBEIM 3(h¢eKTaM OKUCIUTEILHOTO Pa3JIOKEHIIS
KOMILIEKCa 1 00pa30BaHus OKcUa BaHamusl. Pacyer note-
U Macchl OKa3ai, 4to Ha nepBoi craauu DTG komruiekce
Tepser 66 % Macchl, 9TO COOTBETCTBYET BBIICICHUIO U3
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Ha MCM-41 raBHEIM 00pa3oM TPOHCXOAUT TIO

520-770 ! 3660 .
200l ! 6 | MEXaHN3My 00pa30BaHMS BOJOPOIHBIX CBs3eH (R ~
1
v s 1,8-2,0)[19, 20].
= FTIR-cniexktper V,05, H-Ti-MCM-41 u Heko-
5 160 4 TOPBIX OOPA3LOB C PA3IMIHBIM KOJINYECTBOM OKCH-
g 3 Jla BaHAJWs, HAHECEHHOTO OKHCIIUTENIHHOW JIecT-
£ 120 5 PYKLHEH KOMIUIGKCOB BaHAIMNA, TNpPUBEACHBI Ha
) puc. 2. Kak BUIUM, HHTEHCUBHOCTb I0JIOC MOIJIO-
g , 3745 4
$ 80 1 : IHGP]II/I}I B IMpokoM jauanazoHe gactot 4000 u 3000
8 o CM ', OOBIYHO MPHUIHMCBHIBAEMBIX CHMMETPHYHBIM U
° 0 ACUMMETPHYIHBIM BaJICHTHHIM KOJICOAHHUSIM MOJIEKY.T
BoBI [18], cBsI3aHHOW C BHEINIHEH TOBEPXHOCTHIO
o (3400 cM '), u xoneGarmsam OH-rpynm B npezenax
e e Pa3MMUHBIX cUITaHONBHBIX SiOH-rpymm (u30mmpo-
400 800 1200 1600 2000 2400 2800 3200 3600 4000

v, cm!

Puc. 2. Cpasuenuie FTIR-cnexktpoB V,0s (1), ucxomnoro H—
Ti-MCM-41 (2) u 006pa3iioB ¢ HaHeceHHeM Ha Hero 5 % V,0s (3);
5 % VO4 (4); 30 % VOx (5); 25 % V,0s (6) oT Macchl HOCHTES,
00pa30BaHHBIX TPH Pa3lIO’KEHNH BaHAIMHOKCAIATHOTO M aleTHII-

AlICTOHATHOI'O KOMIUICKCOB BaHaIxuIa

HETO TMPUMEPHO JIBYX MOJIEKYII arleTiiaeToHa. JlampHel-
1Iee yMeHbIIIeHre Macchl Ha 22 % MOXHO OOBSICHUTH pas-
noxeHueM anerunanerona 0 CO, u H,O npu nornore-
HHM KUCIIOpO/ia Tra30Boil (a3bl. HaneceHne komMruiekca Ha
H-MCM-41 cnpuraeT MHTEpPBAILI CTAIHA €T0 pasJioKe-
HUS B CTOPOHY MEHBIIMX Temriepatyp (puc. 1, kpusas 3),
YTO MOXKET CBUJIETEIBCTBOBATH O B3aMMOJEHCTBUM KOM-
wiekca ¢ noBepxHocTbio H-MCM-41. Munnmym DTG
niput 100 °C M0KHO OOBSCHUTBH YIAJIEHHEM H3 ITOp 00pasiia
M30BITOYHOTO PACTBOPHUTEITS — allETOHUTPHIIA, UMEFOIIIETO
Tam. 81,6 °C, unmm Bozipl, TaKk KaK HOCHUTENb MEpel] HaHece-
mueM VO(acac), He mpokammBaid. s cpaBHEHUS: Ty
alIeTHIIALIETOHA, KOTOPBI MOT OBl BBIAEIATHCS NP B3aH-
MOJICHCTBIM KOMILJIEKCA C TTOBEPXHOCTHEO HOCHUTEINS, CO-
crapister 139 °C. Pacuer notepr Macchl MOKazajl, 4To HU-
K€ YPOBHS BBIJICTICHNS] PAaCTBOPHTENS FIIM BOIBI 0Opaserl
TEepsieT Maccy B TOM K€ IPONOPLMH, YTO U YHCTBIN aleTo-
HAaT BaHaIWNa, T.€. BBIJIEJICHNE MOJIEKYJT alleTHIAlleTOHa 13
HAHECEHHOTO KOMILIEKCA TaKKe MPOUCXOUT HE TIOCIEO-
BaTeJbHO.

WzBectHo [18-20], yrto ompenenuTs MEXaHU3M pPEak-
un B3amMogeiictBrs VO(acac), ¢ HOCHTEeM MOYKHO H3
OTHOIIIEHNS

R = mmonb (acac) (r HocuTenst) /mmons (V) (T HocuTe-

1) = n (acac) /n (V). ®)

[Ipu R = 2 cBs3pIBaHME KOMIUIEKCA C MOBEPXHOCTHIO
HOCHUTENISI TIPOMCXOIUT TOJIBKO TPHU 0Opa3oBaHWUM BOJIO-
POIHBIX CBsA3eH, Ipu R = 1 — B pe3ynbTare BOSHUKHOBEHUS
KOBAJICHTHBIX CBsi3ei, Tpr R < 2 — 3a c4eT 00OHX THIIOB
cBs3eit. OIEHOYHBIH pacyeT BEIMUMHBI R 110 3TOMY COOT-
HOILIEHHIO TTOKa3al, 4To R~2. DT0 coriacyercs ¢ JaHHBIMH
pador [18-20], B KOTOpBIX IIOKA3aHO, YTO HAHECEHHE
VO(acac), za amopubIit SiO, MPUBOAUT HCKITIOYUTEIILHO
K €ro BOIOpOJHOMY CBsi3bIBaHMIO (R = 2) [18], HaHecenue

BAHHBIX TIPH 3745 cM ', BHYTpeHHHX — mpu 3650

CM ' WIM COSIMHEHHBIX BOJOPOIHBIMU CBSI3AMU —
npu 3540 cM ') u momock! mpu 1630 cM ', oTHOCS-
mieiicst kK H-O-H-copme ancopOupoBanHOi BOIBI,
YMEHBIIIACTCS TIPY YBEIMYEHUH KOJIMYECTBA HaHe-
ceHHOM (pa3bl. CHaHONBHBIE TPYIIIBI IOCTEIIEHHO
PacXONMyIOTCSl TIPA YBEIIMYEHUN Harpy3Kd BaHAHS
BCIIEZICTBHC (DOPMHUPOBAHUS CBs3el HOCHTETb—O—
VO, [20].

OCOOEHHOCTBIO ATHX CHEKTPOB SIBISIETCS] HEOOIBIIIOS
yBeITHUEHHE afcopoimm B obmacti 520-770 cM ' mpu yBe-
JIM4EeHUH KoymyecTBa HaHeceHHoro VO, 10 30 % wm
V,0s5 10 25 % (o Macce) 1 IpOSIBIICHUE B CIIEKTPE 00pas-
ma 25 % V,05/H-Ti-MCM-41 1oJoch! moriomieH s pu
~550 cM ', 9TO MOKET CBHJICTENHCTBOBATH 00 YBEMHUCHHH
CTENeH! KpucTalmmiHOCTH ucxoaHoro H-Ti-MCM-41
[21]. U3BecTHO [22-24], uTto Tonockl norsomienust FTIR
Mexay 520 1 670 cM ' OTHOCSTCS K Ae)OPMALMOHHBIM
KkonebarmsM cesiseit V-O-V, mpu 670-770 1 830 cM ' — k
BJICHTHBIM KoJiebaHmsIM 3THX cBsizell. [loocy morore-
Hst ipet 980 CM | [IPHITHCHIBAIOT BAICHTHOMY KOJIEOAHHIO
ez V=0 B amoproM V,0s, a ipu 1020 cM ' OTHOCAT K
KOJIEOaHMIO 3TOHM CBSI3M B KpucTaummieckoM V,Os, oHa
McYe3aeT B MOHOCIIOSIX HaHeCeHHOTo okcuma. [lomocy npu
~3670 cM ' oTHOCAT K KoneGamio csi3n V-OH.

Io aHanorum ¢ BEIBOJIAMH, CIICTIAHHBIMU B pabote [22],
MOXKHO 3aKJFOUYWTh, YTO HEOONBINOE YBEIWYeHHE WHTCH-
CHBHOCTH Tiosioc nornommerns V-0-V B auamnazone 550—
800 cM ' (pwic. 2), CBUICTENBCTBYET O MOBBIIICHHH CTETIC-
HU arperaiyy M YMEHbIIeHuH aucrepcHoctd V,0s mpu
YBEIIMYEHNH KOJIMYECTBA OKCHIA BaHAIHs, HAHOCUMOTO Ha
H-Ti-MCM-41. Ilpu 3ToM Tarke MposBIsieTcs ciadast
T10J10CA TIOIVIOMICHHs TIpH 3660 CM ', OTHOCSIIASCS K TIO-
BepxHOocTHbIM V—OH-rpynmawm [19, 22].

Taxoli ke BBIBOJIT MOKHO C/IeJIaTh U3 cpaBHeHus1 Y D-
JO-criekTpoB 00pasiioB, IPUBEICHHBIX HA pUC. 3. AHATI3
OTHECEHHUSI MAKCUMYMOB TIOJIOXKEHHSI TIOJIOC TTOTJIONIECHHS,
OTpeIeIsIeMbIX TIEPEHOCOM 3apsfa JIMTAHIOB HAa METaIlT
(TI3JIM), aHanorm4HeIA crejaHHOMY B pabotax [14, 15,
19], moATBEepAMII, YTO OKCH BaHAIWS, HAHCCCHHBIA Ha
nioBepxHocTh H-Ti-MCM-41, BbisiBII:

— Haymupe V' -IIeHTPOB B M30IMPOBAHHBIX TETPAdAPAX
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Puc. 3. YO-JIO-criektpsi. (@): 1 — H-Ti-MCM-41; 2 — 5 % V,05/H-Ti-MCM-41; 3 — 25 % V,05H-Ti- MCM41; (6) 1 -5 %

VO,/ H-Ti-MCM-41; 2 -30 % VO,/ H-Ti-MCM-41

(I13JIM mpm 250-300 HM), TIpH 3TOM MAKCUMYM TIOJTIOCHI
cMeraercs ot 250 1o 270 HM 1py pocTe CoAepKaHusl Ba-
Ha/Is;

— YBEIMYECHHE MHTEHCHBHOCTH IOJIOCHI TIOIVIOILCHHS
Mexy 300400 HM, OTHOCAIIEHCS K TTOJIMMEPU3UPOBAH-
HBIM TpyrmaM VO, TeTpasaprieckit KOOPIUHUPOBAHHOTO
v npu HaHecenuu 25 %V,0s u 30 % VO,;

— Haymumre craboro mieda B obmactu 480 HM, Xapak-
TEPHOTO JUISI TOJIOCHI TOTJIOIIECHUSI KPUCTAILUTHYECKOTO
V,0s5 (00pazoBanust MasieHbKHUX KpucTammToB V,0s [19]).
BunHO Taroke, 4TO MpU YBEIMYEHUH KOJIMYECTBA HAHOCH-
MOTO OKCHZA 3HAUMTENIBHO BO3PACTaeT HWHTEHCHBHOCTh
TIOJIOCHI, XapaKTepU3yIoIIeH repeHoc 3apsiaa mpu 380—390
HM oT Jmrann—-H,O Ha Merau-TeTpa’apuyecKu KOOpIu-
HHpOBaHHBIA V' ¢ 00pa30BAHIEM MICEBIOOKTAIIPHICCKH
KOOP/IMHMPOBAHHBIX HOHOB V' ¢ MoNeKynamu Bojbl [14,
15]. 'HTEHCHBHOCTB 3TOH TOJIOCH! YBEJMUMBACTCS M IIPU
HaHeceHnu 13 VO(acac),, Tak Kak KOMILIEKC B cperie pac-
TBOpHTess CH3;CN HaHOCHIIN Ha MCXOHYIO MTOBEPXHOCTh
H-Ti-MCM-41 6e3 ee npenBapUTeIbHON JeTHAPATALIH.

Ha puc. 4 npuseneHs! audpakrorpamMMsl B Maio- U
MIIMPOKOYTIIOBOH obnacTr m3mepeHnst it V,0s, HCXOTHO-
ro H-Ti-MCM-41 u 00pa31ioB ¢ HaHECEHHEM Ha HEro 5—
25 % V,0s5u 5-30 % VO,. Cucrema Ti—-MCM-41 runpo-
JIMTUYECKU MalOCTaOWIIbHA, TIOITOMY IIPH IIEPEBOZIE €€ B
aktuBHylo H-(popMy myTem ynanenus uoHoB Na™ u3 mop
o6pasiia 06MeHoM Ha HoHbl H' nHTeHCHBHOCTS mHKa (100)
y H-Ti-MCM-41 1o cpaBHEHHUIO C €T0 WHTEHCUBHOCTBIO
it Ti-MCM-41 (cm. | gacth craten) ymenbimaercs. [pu
YBEJIMYEHHH KOJIMYECTBA HAHECEHHOTO BaHAIWS WHTEH-
CHBHOCTb 3TOTO ITMKa CHIDKACTCSI elie B OONbIIIel cTeneHn
(puc. 4, a). B obmacti 6obimx yrioB (puc. 4, 6) y odpas-
oB 20-25 % V,0s/ H-Ti-MCM-41 Ha amopdHOM Tajno
TIPOSIBILIIOTCS] MAICHBKUE pe(IeKChI, OTHOCSIIHECS K Hau-
0oJree MHTEHCUBHBIM AU(DPAKITMOHABIM MaKCIMyMaM TICH-
Taokcuna Banamus, a Ha 30 % VO,/ H-Ti-MCM-41 — ger-
kit ciiextp V,0s. BMecte ¢ Tem HabmonatoTest pediekcsl

(hazer ipu 20° = 23,85-23,1, He oTHOCsIMECT K V,Os, UTO
MOXKET CBHUZCTENHCTBOBATH O YaCTHYHOUN KPHCTAIUTH3AIINH
HOCHTEJTSI B pe3yJIbTaTe HAHECEHNS OKCHIA BAHA S,

U3 puc. 4, 6 Tarke BHIHO, YTO UHTCHCUBHOCTH ped-
nekcoB 20° = 23,1 npy HaHECEHWM BO3PACTAFOIIETO KOJIH-
YecTBa OKCHIA BaHA[Ms U3 BAaHAJIUIMOKCAIATHOTO KOM-
TieKca yBenmmumBaercs, a u3 VO(acac), u3MeHseTCs JIUIIb
TI0 UX OTHOCUTEIIEHOMY TOJIOKEHHIO — OT 20° = 23,85 mpu
5 % nanecenusa VO, mo 23,1 npu 30 % VO,. 310 MO)KHO
O0BSICHUTH ClIeAyoNMM obpa3oM. M3eecTHo [25, 26], uto
HanOoJiee CUTbHbIE OPEHCTEIOBCKUE KHCIIOTHBIE LIEHTPHI B
TAC u, BeposSITHO, B CUHTE3UPOBAHHOM U3 HETO MOPHUCTON
CHCTEME COCPEIOTOYCHBI Y TUTaHOCHIOKCAHOBOH MOCTH-
koBoii csizu: Ti-O-Si(OH), Si—-O-Ti~(OH) mm Si—-O(H)—
Ti. KonmaecTBo TakuxX IIEHTPOB BTPOE MPEBBIIIAST YHCIIO
aTOMOB THTaHa, COIEepKamXcs B oopasiax. OTHOIICHHE
yncia monelt HaneceHHoro VO (macc. 10115 5 %) K auciy
moner TiO, (macc. nomst 2,5 %), comeprkarierocst B 5 %
VO,/H-Ti-MCM-41, cocTaBiseT 2, T.. Ha KaKIBII aTOM
HAHOCWIMOTO BaHAIWs B 0Opasie mpuxoauTes ~1,5 criib-
HOTO 1IeHTpa bpeHcrena y THTaHOCHIIOKCAaHOBOM MOCTHKO-
Bo# cBs13u. KpoMe Toro, kak ObLIO TIOKa3aHo B padote [27],
ANMEKTPOPWIBLHBIA KUCIOPOA B CBM3IX Ti—O-Si MoxkeT
CIOCOOCTBOBATh JICCTPYKTHBHOM a7COPOIMH 3JIEKTPOIO-
HOPHBIX MOJICKYJI H, CIICJIOBATENILHO, IPUHUMATh YYacTUe
B nmectpykim VO(acac),. HemocrarkoM Me30mopHCTBIX
THUTaHOCWJIMKATOB, KaK CYMTAIOT aBTOPBI paboThl [28], sB-
nseTcst HYBKasi mpovHocTh cBsideit Ti—O-Si. Takue “Ha-
TPsDKEHHBIE” MOCTHKOBBIE TPYIITHI, UMEIONIHE JePUIINT
JJIEKTPOHOB, TI0 MHEHHIO aBTOPOB PaboTHI [19], sBisroTcst
HanOoJee AaKTHBHBIMH IIGHTPaMH JUISI COCIMHEHHS C
VO(acac),, MOXXHO TIPeqIoNOKHUTh, YTO CBS3H, 0Opazye-
MBIE Yepe3 atoM V, MeXIy TaKiMH IEHTpaMH TP B3au-
MOJICHCTBIM C JIMTAHJaMH alleTHIALCTOHATA BaHA A
CIOCOOCTBYIOT “TIEPECTPOMKE” MJIM YaCTHYHOM ““KPHCTAII-
JM3aly”  ME30MOPUCTON TUTAHOCUIIMKATHOW CHCTEMBI,
oTpaxkaeMol audpakrorpammont oopasiia 5 % VO,/ H-Ti—
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Puc. 4. CpaBHenue mudpaxrorpaMm 00pasoB B 00yacT Maibix (@) ¥ 0oibmx (6) yriioB ucxomoro H-Ti-MCM-41 (/) u 06-
pasmoB ¢ HaHeceHreM Ha HUX: 5 % V,0s (2); 15 % V,0s5 (3); 20 % V505 (4); 25 % V5,05 (5); 5 % VO (6); 30 % VO (7) oT Macchl Ho-
crTers, 00pa30BAHHBIX TIPH PA3JIOKEHNH BAaHAIUHOKCAIATHOTO U alleTUITAIIETOHATHOTO KOMIUIEKCOB BaHamia; 8 — V,Os

MCM-41. VBemmaeHne komrdectsa HaHocuMoro VO, 10
30 % Ha 3TOT TpoIIecC BIMSET MaJIo, TaK KaK OH YK€ IpaK-
THYECKH 3aBEPIIIEH.

CornacHo 0030py [29], Hanecenne VO, Ha MOBEpx-
HOCTh HEOPTaHHYECKOTO OKCHIIa MOYKET TIPHBECTH K 00pa-
30BaHHIO CIICAYIOIIMX MOJICKYJSPHBIX KOH(HUIYparuii:
M30JIMPOBAaHHBIX MOHOB BaHAIMsl; JUMEPHBIX MM IOJH-
MEpHBIX TPYIII; HEMOYeK MOHOB BaHAIMsI, OOPa3yFOIIX
JIBYMEPHBIN CBEPXCIION OKCHA; TPEXMEPHOTO KPUCTAIUIU-
YecKOro okcuza Banaaus (Hampumep, V,0s).

W3BectHO, 4TO cHcTeMa OHOMEPHBIX TTOP ME30TIOPH-
CTOTO JIFIOKCHIAa KPEMHHS M IIEOJIATOB MOYKET HCIIONB30-
BaTbCSd B Ka4ecTBE TBEPHO(A3HBIX HAHOPEAKTOPOB JUIS
CHHTE3a YTIOPSIIOUYSHHBIX MACCHBOB OTHOMEPHBIX HAHOCT-
PYKTYp COENMHEHWM TepeXOAHbIX MeTawioB. IIpu stom
pEeaKIOHHAs 30Ha, OTPaHMYEHHAs CTEHKaMH T0p, CO3/1aeT
ycnoBus utst cuHTe3a Hanogas [30, 31]. [luporennsle a3-
POCHIT M, COOTBETCTBEHHO, THTAHA’POCHI SIBIISIIOTCS Ca-
MBIMH THUIPO(QUIEHEMH MartephallaMi KpemHezema [32,
33]. B mporiecce HaHECEHMsI METATIOOPTaHMIECKUX KOM-
TUIEKCOB BaHaauma Ha moBepxHocts H-Ti-MCM-41, mo-
myuerHoro u3 TAC-1,4, seigensiercs Boza. Ilporiecc rua-
paTariy OKCH/Ia BaHa/IKs1, HAHECEHHOTO Ha Si0,, onvcaH B
pabore [34]. [Ipu rumparamuy TpyIIbel BaHAIWS JTOJDKHBI
MIPOUTH Pl TOCIEAOBATENILHBIX CTaUid, T.€. THUAPOIU3
cs3eit V-O-Si, go0asiieHre Bojbl, (GOPMUPOBAHUE OJIH-
TOMEPOB, IIEMHU TOJMMEPOB, JBYMEPHBIX IOJMMEPOB U,

HaKOHell, 00pa3oBaHME ABYMEPHOM CIIOMCTOM CTPYKTYPbI
V,05nH,O [34]. Tlozxke komOmHarmelt meromoB IR,
Raman, UV-vis u EXAFS [35] Obla nmoka3aHa oueHb Bbl-
COKasl UyBCTBHTENIBHOCTb K BOAE  KaTalM3aToOpOB
V,05/S8i0,, THAPOKCHINPOBaHAE HAYMHAJIOCH MTHOBEHHO
TIocyIe BO3/IEHCTBYS CIIE/IOB BJIard M MPHBOAMIIO K 00pa3o-
BaHHIO IW- WM TIONUMEPOB U V-V-TUIpaTUPOBaHHBIX
o0pazoBaHuii. ABTOpBI PabOTHI [35] MPEIIOKIIN CXeMY
MeXaHI3Ma 00€3BOKUBAHUS/TICPETHAPATAIINN  KaTaIn3a-
TopoB V,05/Si0;, M0 KOTOPOii OKCH BaHAIXS COICPIKHUTCS
B CBOCTO POAA >KUIKOM (haze MOMIOKKH, TOKPBIBAOLIEH
TIOBEPXHOCTh aMOpgHOro OoKkchaa. Habmromaemas Hu3kas
MHTEHCUBHOCTH Tosioc noromieHns: V-OH-rpyrm B K-
criekTpax npu 3660 cM ' oGwscHseTcs B pabotax [35, 36]
UX HU3KOH YCTOMYMBOCTBIO, OHHM OOPAa3yrOTCSl IPOMEXY-
TOYHO U OBICTPO BBIIEIISFOT BOILY.

[Tokazano [24, 37, 38], 4T0O HAHOKOMIIO3HUTHI CO CIIOU-
croii ctpykrypoit V,0s5-nH,0, oTHOCAILIMECS K MUHEPAIb-
HBIM >KHAKUM KPHUCTAIUIaM WM HEOPraHMIECKHM I10JIIMe-
pam, ipu 1 ~ 1,6 UMEIOT XapaKTePUCTUUECKUE TU(PPaKITH-
OHHBIC MaKCUMyMbI Tipu ~ 7,8; 23,1; 30,8 u 38,7 20°. [1pu
YBEJIMYEHHUH COZIEP KaHMs B HUX BOZBI PeIIeKChl CTPYKTY-
PBI CMEIIAIOTCA B CTOPOHY MEHBIIMX 3HaueHud 20° [37].
Omnako y V,0snH,0, HaHECEHHBIX WM HHTEPKAIUPO-
BaHHBIX B aMOP(MHBIN CHIIMKATHBIA Martephal, TrdpakTo-
rpaMMa MOXKeT OBITh HEYETKOH, TTOKa3bIBaTh mpu 20° nBa
mika ~ 7,5 u 23 [24], omud ik ~ 31 [38] wm He IMETh UX
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Puc. 5. M3menenne hopMbl H30TepM aacopOImu (a) U pacyeT pacipeaesieHust mop 1o pasMepam 1o mporpammve NLDFT-silica (6)
nipu Harecernn V,0s (Mac. 1011, %) Ha H-Ti-MCM-41 u3 BaHamifoKcanaTHOro koMiuiekca, (1o psmam): 1 —0 %; 2 —5 %; 3 — 10 %;

4-15%;5-20%;6-25%

BOBCE, UTO OOBSCHACTCS 00Pa30BaHMEM TOMOICHHON CMe-
CH JIByX HEOPTaHHUYECKUX TOJIMMEPOB M HU3KOM KpPHCTAI-
JIMYHOCTBIO COEMMHEHMS. [103TOMY TMOSIBIICHHE ITUKOB TIPH
26° ~23 (puc. 2) na mudpakrorpamme H-Ti-MCM-41 npu
HAHECEHHH BO3PACTAIONIErO KOJIMYECTBA OKCHIA BAHAHS
MOXXHO 00BsICHUTE 0OpazoBanreM V,0s7nH,0.

NzeectHo [39, 40], uto ctpykTypsl V,0s5nH,0 umeror
CMEIIIaHHBI MOHHO-3JIEKTPOHHBIA THI MPOBOIMMOCTH U
00JIa7Iat0T MOJICKYJIIPHO-CUTOBBIMM 1 KaTATUTHYCCKAMHU
CBOMCTBaMH. 3HAHHE MOJIEKY/IPHON CTPYKTYPBI THAPATH-
POBaHHBIX HAHECCHHBIX OKCHITHBIX BAHAIMCBBIX KATATH3a~
TOPOB HEOOXOJIMMO ISl JIYHIIIerO TIOHUMAHUS UX KaTad-
THYECKOTO JICHCTBUS, OCOOCHHO B PEAKIUSX, MMPOTCKA0-
nmx ¢ obpazoBannem H,O, Wi MexaHu3M KOTOPBIX MO-
KET ONPEJENATHC BHICOKOH TOJIBUIKHOCTBIO TIPOTOHA TIO
CETKE BOJIOPOJIHBIX CBSA3CH M3 MOJICKYJT BOJIbI, TAKUX, Ha-
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npumep, kak O/ u [AI" mpornana. KBaHTOBO-XUMITYECKIM
pacuerom [41] mokazaHo, 4TO 0Opa3OBaHUE AKTUBHBIX
LEHTPOB nepokcuaa BaHanus B npucyrtcrsud H,O u O,
3HAYUTEIBPHO CHIDKAET SHEPreTUUEcKuid Oaphep aKTuBa-
LU AETHIPUPOBAHUS MIPOIIaHa.

Ha puc. 5 u 6 mpuBeeHpI H30TePMBI acOpOIH a30Ta
Ha HAHECCHHBIX OKCHIHOBAHANMEBBIX KAaTaIM3aTopax M
pacnipenienienre mop mo pasmepam (PSD), paccumranHoe
METOJIOM TEOPUH HENTOKAIBHOTO (PYHKIHOHANA TIOTHOCTH
no nporpamme NLDFT-silica u3 ancopOIIOHHBIX BETBEH
3THX U30TepPM. BHUIHO, UTO B3aMMOJIEHCTBUE OKCH/IA BaHa-
IS, 00pa3yroLIerocsi MpH Pa3jIoyKEeHNH BaHAJUHOpraHH-
YeCKHX KOMIUIEKCOB, ¢ ToBepxHOocThio H-Ti-MCM-41
HPUBOIMT K W3MEHEHHIO (POPMBI M30TEPMBI — CITIAKHBA-
HHIO TIeperuda B 00JacTy KalMUIPHON KOHASHCALMU U
YMEHBIICHHIO 00beMa afcopOupoBaHHOro raza. IIpu Ha-
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Puc. 6. 3menenne ¢hopmer m3otepM ancopormn (a) u pacder Meronom NLDFT-silica PSD (6) mst: 1 — H-Ti-MCM-41;

2-5% VO,/H-Ti-MCM-41; 3 -30 % VO,/ H-Ti-MCM-41
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Puc. 7. U3venenne katammmudeckux xapakrepuctuk mpu OJII mporana Ha: 20 % V,0s/H-Ti-MCM-41 (@) u 5 % VO/H-Ti—
MCM-41 (6) ({ — Scsng 2 — Scows 3 — Scutte 4 — Xagngs I — Yogne: CMeck — 7 06. % CsHg, 3,5 00. % O, B He) u u3MeHeHue KaTauTyHye-
ckux xapakrepuctux npu [ nponana Ha: 5 % V,05/H-Ti-MCM-41 (¢) u 5 % VO/H-Ti-MCM-41 (2) ({ — S c3u6> 2 — Scan 3 —
Xengs 4— Yegne Cvech — 7 00. % C3Hg B Ar). Bpemst konTakTa 2,5 ¢, ckopocTb oToka 30 MI/MUH

Hecenm 15 % V,0su mmb S % VO, pamnyc mezomop H—
Ti-MCM-41 ymenbinaercs ot ~ 1,70 go 1,25 um. PSD
ncxoxuoro H-Ti-MCM-41 noka3bIBaeT HaIM4UE MajIEHb-
KOTO ITMKa, COOTBETCTBYFOIIEro pamuycy mop ~ 0,7 Hm.
[omoOHEI pe3yibTaT ObUT MmoJydeH 1pH pacdere PSD Si—
MCM-41 no Takoii xe monenmu NLDFT B paGore [42].
Oty ucxomHyr Mukporopuctocte H-Ti-MCM-41, co-
TJIACHO JaHHBIM paboT [28, 42], MOXHO OOBSICHHUTH BO3-
MOYKHBIM HAJIMUMEM MaJIeHBKUX TPEIMH B CTEHKaxX Iop, a
TaKKe CHIKEHUEM CTPYKTYPHOH CTaOMJIBHOCTH CHCTEMBI
Mpy MBOMOP(GHOM 3aMeIlleHHH OOMBIINX, YeM HOHBI Si
noHoB Ti B crpyktype MCM-41 u mepeBone ee B H-
¢dopmy. Kak BUIIHO U3 JaHHBIX puUC. 5, 6 U 6, 6, 00beM
MHUKPOIIOp CHUCTEMEI MPU POCTE KOJIMYECTBA HAHECCH-
HOT'O OKCH/Ia BaHAAWS YBEININBACTCH.

B Tabnuue mpHBEnEHBI OCHOBHBIE —CTPYKTYPHO-
aJICOpPOLIMOHHBIE XapaKTEPUCTHKH 00PA3LOB C PA3IUIHbIM
cozlepKaHMeM BaHAMSA, OTpelelIeHHBIM pPEeHTTeHO(ITI00-
PECLCHTHBIM aHAJIM30M, M PE3YJIbTaThl HM3MEPEHUS KH-

CIIOTHOCTH TIOBEPXHOCTH 00pasIioB (A), MOIydeHHBIC Me-
tomoM TI1/] amMmMuaka mocse afcopOIMy Mpyu KOMHATHOM
TeMIieparype U yaaneHusi (pU3MIecKu ancopOHpOBaHHON
¢opmer NH;. JlaHHBIC OmnpemeneHus MHUKPOIIOPUCTOCTH
o6paznoB MetonoM DFT monrBepkmatoTcst v pe3yiibTara-
MH aHaJl3a UX f-rpaduKoB, NPUBEICHHBIX B TaOIuIe B
rpade V. O6bEM MUKpPOIIOp U €ro OTHOIIEHHE K 00beMy
Me30m0p Vi/ Vprr PacTeT MpH yBEIMYEHUH KOJIMYECTBA
HaHeCeHHOTo OKchia BaHaaws. OOMIast KHCJIOTHOCTH IT0-
BEPXHOCTH CHCTEM IPH 3TOM TAKKe MOBBIIIACTCS.

Ha puc. 7 nprBeneHsl IpuMepbl U3MEHEHUS! KaTalUuTH-
YeCKHX XapaKTepPUCTUK HAaHECEHHBIX CHUCTEM IIpU ITOBBI-
IIeHuH Temrieparypsl B nponeccax Ol u ' nponana.
IIpu OI" nponana nocne cHwkenus modtd 100 %-i Ha-
YaJIbHOM CEJIEKTUBHOCTY I10 TPOIMICHY, B CIEAOBBIX KO-
JIMYecTBaX OOpa3yIOLIErocsi Mpy HU3KHUX TeMIleparypax
PeaKliy, yCTaHAaBIMBAETCS €€ MPaKTHYECKU TTOCTOSHHBIN
80 %-11 ypoBens. [Ipu 3T0M Sco,, B 3aBUCUMOCTH OT KOJIU-
YecTBa HAHECEHHOTO OKCH/IA IPOXOAUT Yepe3 PasInuHON
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Tabmuma. CTpyKTypHO-aIcOpOLMOHHBIE H KHCJIOTHBIE XapaKTepucTHKH nosepxnocru V,.0,/ H-Ti-MCM-41

PDCA, % SBET, VoFTS VMics Wi/ Vorr | Dorr, | A,vmmoms | A/Vppr

vV | TiO, M/ em/r em/r HM NHyr
H-Ti-MCM-+41 2,5 564,3 0,61 0,008 0,013 341 0,74 27,17
5%V,0s/H-Ti-MCM-41 2,5 24 518,6 0,567 0,012 0,021 341 0,767 30,03
10%V,0s5/H-Ti-MCM-41 52 22 3883 0,478 0,025 0,052 341 0,927 43,44
15%V,0s/H-Ti-MCM-41 7.3 2,1 374,1 0,463 0,033 0,071 2,50 1111 53,75
20%V,0s/H-Ti-MCM41 93 2,0 3484 0,397 0,045 0,113 2,50 1,233 69,57
25%V,0s/H-Ti-MCM-41 11,0 19 3239 0,269 0,091 0,338 2,50 1,400 116,6
2%VO,/H-Ti-MCM-41 1,5 2,5 5152 0,516 0,01 0,019 341 0,816 3542
5%VOy/H-Ti-MCM-41 3,5 23 392,9 0,383 0,023 0,061 2,58 0,918 52,91
15%VO/H-Ti-MCM-41 9,9 2,1 320,2 0,340 0,029 0,085 2,58 1,244 81,95
30%VOy/H-Ti-MCM-41 176 18 2331 0,251 0,036 0,143 2,58 1,636 146,0

WHTEHCUBHOCTH MakcuMyM. B cratse [43 ] ObUTo mokazaHo,
YTO 3TO CBS3aHO C MPOMCXOAIINM BOCCTAaHOBICHHEM OK-
CHJa BaHA[Ws B TPOLIECCE PEAKIMU TPH JIECTPYKTHBHOM
asIcopOLMH TIPOIIMIIEHA Ha €r0 OKUCIIEHHOH TIOBEPXHOCTH C
obpazoBarreM CO,. Ha BoccTaHOBJICHHON TOBEPXHOCTH
C;Hg ancopOupyercst IpeMMyILECTBEHHO 00PaTHMO U Scy,
yBenuuuBaercs. [lpu temmeparypax 650675 °C BbIxon
C;Hg mpu OJII" gocTrraeT CBOST0 MaKkCHMAILHOTO 3Have-
Hust ~ 50 % (Mo J071s1), @ CeNeKTUBHOCTh €ro 00pa3oBa-
HUSl HauWHAeT cHWkKarhes. [lpu Heokucimrensrom JII1
nponana (puc. 7, 8, ) Sy, MPAKTUUECKH BO BCEM JHaria-
30HE M3MEHEHHUS TeMITIePaTyphl MPOIecca OCTaeTCS Ha BhI-
COKOM M TIOYTH TIOCTOSIHHOM YpOBHE, OnmmskoM K 95 %
MOJb. MakcuMyM Yy, TAKXKE TOCTUTACTCS MPU BBICOKHX
TeMrneparypax 1 oH ~ Ha 20 % Oosnblle, 4eM B Iporecce
OJI'. UnTepecHo, uto Ha 20 % V,0s/ H-Ti-MCM-41 u
5% VO,/ H-Ti-MCM-41 xak npu O/, Tak u mpu I’
npornana Y ¢y, HOYTH OJJMHAKOBBI.

Ha puc. 8 cpeanuii BbIxos pornmieHa mpy TeMIepary-
pe peakrm 650675 °C Ha 00pasiax ¢ coaepkaHueM Ha-
HECEHHOTO OKCHJIa BaHAWs, MPUBEICHHOM B TalOiuIle,
COTIOCTABIIEH C 00BEMOM HX ME30MOp — Vppr U €ro cooT-
HOIIIEHNEM C HM3MEPEHHOW KHCIIOTHOCTHIO TIOBEPXHOCTH
crcteM — A/Vper, BUIHO, 4T0 MakCHMMaJIbHBINA BBIXOZ MPO-
MIMJIeHa, MOJTyYaeMblii Ha 00pasuax ¢ pa3iMyHbIM COnep-
JKaHWEM OKCHIAa BaHAWS, TIPUXOAMTCS Ha OIPE/ICIICHHBIH,
OINTUMAITHHBIH THara30H M3MEHEHHS STHX BEJTNYMH.

Heo0xommMocTs HamMuust Y HAaHECEHHBIX KaTalnu3aTo-
POB H30JIMPOBAHHBIX U YMEPEHHO KHICIBIX aKTHBHBIX IICH-
TPOB /UTS TIONMydYeHHsl OOJBIIETO BBIXOAA TPOIJICHA B
nporieccax JI' u O/I" mponana mokasana B psiie pador,
Hanpumep [44-46]. Haubonee cribHBIE KUCIOTHBIE IICH-
TPBI CHIOCOOCTBYIOT IECTPYKIIMH MOJIEKYJ, a YMEPEHHO
KHCJIbIE IIEHTPHI BBI3BIBAIOT AETHAPUPOBAHHE MporaHa [44,
45]. KaramszaTtop Tarke, BEPOATHO, YUacTBYeT B 3apOx-

JICHUH TIPOTIFIIGHBIX PAJMKAIOB Ha TIOBEPXHOCTH, U 00-
M MEXaHW3M PEaKIMH CKIIA/IBIBACTCS U3 TeTePOreHHbIX,
TeTePOreHHO-TOMOTEHHBIX ¥ TOMOT€HHBIX CTauii [45, 46].
O BimmsiHUM pa3Mepa TI0p CHIIMKATHOTO HOCHTENS Ha TIPO-
TeKaHWE PeaKINy AETHIPHPOBAHMS TIpOIaHa Ha OKCHIE
BaHa s MOJTYYCHBI IIPOTUBOPEUMBLIC aHHbIe. Harpumep,
B pabote [15] cocraBbl, 0Opa3yroImecs mpyu HAHECCHUH ~
4 % BaHagus (MO Macce) HA ME3OIOPHCThIE CHITMKATHI
MCEF, SBA-15 u MCM-41 nverm quameTtp mop ~20; 6,5 u
2,5 aM cootBercTBeHHO. B mporecce OJIT mist cmecu ¢
cootHomienneM C;Hg:Or:He = 1:1:8 u mpu oTHOLICHNH
HABECKH KaTajm3aropa K ckopocTu notoka cMecu WiF =1
(Txar.c/Mo1) Oombrimit Beixox CsHg (27,8 %) mpu 550 °C
6611 ioyueH B cucteMe V-MCF. B pabote [16] o6pasiist
MPUMEPHO TAKHMX K€ COCTaBa M CTPYKTYPbI HCIIHITAHBI B
Ooree pazOapieHHON cMecu ¢ cootHomeHneM C;Hg:O,:He
= 5:5:95 npu MeHbIIEM BpeMEHHM KOHTAKTa, COOTBETCT-
ByroreM oTHomeHnto W:F = 0,1 (T, "c/MJT), IpK 5TOM Hau-
Ooree axTMBHBIM Okazaiicsi obpazerr V-MCM-41 (Y, =
=19 % mpu 600 °C). OcHOBBIBasICh HA 3THX JaHHBIX,
MOKHO TIPEATIONOKHTD, UTO I SPGEKTHBHON pabOTHI
Karajau3aropa B TPoIlecce NEeTUIpHUPOBaHMS MPOTaHa He-
00XOIMMO OOCCIICUNTh TaKKE ONTUMAIBHYIO YacTOTy
B3aUMOJICHCTBYS MPOIaHa ¢ aKTHMBHBIMH KaTATUTHYCCKH-
MH IICHTpaMH Ha TMOBEPXHOCTH CTEHOK ME30IIOp, BBI3bI-
BAOIIMMY aKTHBAIHIO TIPOTIAHA C TIPOJIOJDKEHNEM LIETTHOH
peaximu B 00beMe TIop. ITOMY CIIOCOOCTBYET OIpeiesieH-
HbIM, 3aBUCSIIMI OT KOHLIEHTPALMM CMECH, BPEMEHHU €€
KOHTAaKTa 1 KOHIICHTPAIIMH aKTUBHBIX IICHTPOB ONTHMATh-
HBI pasMep auaMerpa u oobeMa mop Hocurens. [lomy-
YCHHBIC HAMHU DKCTPEMaJIbHbIC 3aBUCHMOCTH BBIXOJa
MIPOMIIICHA OT BEIMYMHBI 00beMa Me30II0p KaTalln3a-
topoB V,0,/H-Ti-MCM-41 1 0T ero cooTHOIICHUs C
KUCJIOTHOCTBIO aKTHUBHBIX IICHTPOB Ha MOBEPXHOCTH 00-
pasioB (puc. §) MOATBEPIKAAIOT TAKOE MIPEATIONIOKEHHE.
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Puc. 8. 3aBrcMocTh BBIXO/Ia TIPOIICHA TpH cpemaeit TeMrepatype 650-675 °C B mportecce OI (a), (0) u A mpomana (8), (2)
Ha x % V,05/H-Ti-MCM-41 — touxu (0) u x %VO,/H-Ti-MCM-41 — Touku (®) OT BeIMU1HbI 00beMa ME30IIOp KaTAIM3aTopoB (4, 6)

1 OT OTHOIIICHHS KUCIIOTHOCTH FIX TTIOBEPXHOCTH K 00BeMy Me30mop (6, 2)

st Goriee TOYHOTO CYXIEHHS O MOJIEKYJISIPHOM CTPYKTY-
€ aKTUBHBIX LICHTPOB HAHECCHHOTO OKCHJIA BAHAMSI, KaK
CIIeNTaNM BBIBOXT M aBTOpPHI padot [29, 35], HeoOxommma
Oonee TONHAsT WX XapaKTEPUCTHKA C HCIOIB30BAHUEM
MHOTHX CIEKTPOCKOITMYECKUX COBPEMEHHBIX METOZIOB
WCCIIe/IOBaHMSL.

B 3akmovenne ciemyer moadepKHYTh, YTO TPHUMEHE-
Hue Me3onopuctoii cuctembl Ti-MCM-41 B kadecTBe HO-
CHTENSl OKCHJIHOBAaHAIMEBOTO KaTAIIM3aTOpa TIO3BOJIHIIO
3HAYUTENHHO YBEJIMYUTH BBIXOJ TIPOIMIJIEHA B TIPOIIECCAX
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CuHTe3 I3 THTAHAEPOCUITY
Me3onopyBatux cucrem TiO,—SiO, 3 Hanecennm V,0s,
IX (Pi3MKO-XIMIYHI TA KATANITUYHI BJIACTUBOCTI
II. Orpumanns karamaizaropa V,0,/H-Ti-MCM-41
i 1Oro BJIACTHBOCTI y MPOLIECi AeriIipyBaHHSA
MPOINAHY B MPOILJIEH

A.B. Peovkina 1, H.JI. Konosanosa 1, K.M. Xomenko 1, 0.1 Opancexa 2

! Tnemumym cop6uyii ma npoénem endoexonozii HAH Ypaiiu,
VYpaina, 03164 Kuis, éyn. I 'enepana Haymosa, 13
2 Incmumym ximii nosepxwi im. O.0. Yyiika HAH Yipainu,
Yxpaina, 03164 Kuis, éyn. I'enepana Haymosa, 17

INoka3aHo, 1110 IPY HAHECEHHI OKCHITy BaHaIil0 METOIOM OKHCHIOBAJIBHOIO PO3KJIANAHHs OKCATATHOTO H arle-
THJTALIETOHATHOTO KOMIUIEKCIB BaHaMIITy Ha roBepxHio H-(opmu mesonopysaroi cipykrypu Ti-MCM-41 i
BIIOPSIKOBAHICTh MOPYILYETHCSL, aMeTp 1 00'eM ME30II0p 3MEHIIYIOTHCS, ajle B MPOLecax JeripyBaHHs Ipo-
HaHy B MPOIIIJICH sIK 32 BIJICYTHOCTI, TaK i 33 HASBHOCTI KHCHIO B PEAKLiHIi CyMillli mporaH—iHepTHHI ra3
OTpHMMaHi KaTani3aTopy BUCOKOAKTHBHI. MakcHMatbHuii BUXiz mporiieny 3a 650-675 °C ekcTpeMalbHO 3a-
JIKHTH BiJl c(hOpMOBAHOTO 00'eMy TIOp Ta HOro CHIBBIIHOLICHHS 3 KUCJIOTHICTIO aKTUBHHUX IICHTPIB Ha MOBEp-
XHI CHCTEeM 1 TIpHIIa/ia€ Ha IeBHUH ONTUMATHHHI [Hiarla30H 3MiHH LIHX BEJIYHH.

Synthesis from titanaerosil,
of mesoporous systems TiO,—SiO,
with supported V,0s,
their physical-chemical and catalytic properties
II. Obtaining of catalyst V,O,/H-Ti-MCM-41
and its properties in the processes
of dehydrogenation of propane to propylene

A.V. Redkina’, N.D. Konovalova ', K.N. Khomenko, E.I. Oranskaya 2

'Institute of Sorption and Problem Endoecology NAS of Ukraine,
13, General Naumov Str., 03164 Kiev, Ukraine
’A.A. Chuiko Institute of Surface Chemistry, NAS of Ukraine,
17, General Naumov Str., 03164 Kiev, Ukraine

It has been shown that upon supporting oxide of vanadium by the method of oxidizing decomposi-
tion of vanadium oxalate and vanadium acetylacetonate complexes on the H-form surface of
mesoporous structure of Ti-MCM-41 its order is violated, diameter and volume of mesopores is
diminished, but in the processes of dehydrogenation of propane to propylene, both in the absence
and in the presence of oxygen in reactionary mixture propane — rare gas the obtained catalysts dem-
onstrates high activity. The maximal yield of propylene at 650-675 °C depends extremely on the
formed volume of pores and the volume correlation with acidity of active sites on the surface of the
systems and falls within a certain optimal range of the values change.



Kamanu3 u negpmexumusn, 2012, Ne 21

23

YK 541.138:547.466

©2012
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O-JTUII0EBOI KMCJIOTBI
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[pu nccnenoBanmm MeTonoM AU(phepeHIMATEHON UMITYJIECHOIM BOTBTAMIIEPOMETPHN HA METHOM H
TUTATHHOBOM OJIEKTPOJIaX PEAKIMI SIIEKTPOKATATUTHYECKOTO OKHCICHHS U JJIEKTPOXUMHYECKOTO
BOCCTAHOBJIEHIS O-JIUTIOGBOW KHCJIOTHI YCTAHOBJIEHBI OCOOCHHOCTH €€ aHTHOKCHIAHTHOTO JICHCTBIISL.
ITo B3arMOJENCTBHIO € THPOKCHUIIBHBIMU PAUKAIaMU U TIEPOKCHUIOM BOJOPO/IA O-JIUTIOEBOM KHCIIO-
ThI OTPEJICNICHA €€ aHTHPIMKAIBHAS U aHTUOKHUCIIUTENIbHAST aKTUBHOCTD, a TI0 B3aMMOJIEUCTBHIO C
HOHOM JIBYXBAJIEHTHOT'O JKeJie3a — MPEBEHTHBHAS aHTUOKCHU/IAHTHASI aKTUBHOCTh. Y CTAHOBIIEHO, YTO
ANEKTPOKATATUTUUECKHE U DJEKTPOXUMUYECKHE PEAKIMK (-JIMIIOEBON KUCIIOTHI COMPOBOXKIAOTCS
aricopOImerl Ha METHOM U IUIATHHOBOM 3JIeKTposiaX. [lokazaHo, 9To acKOpOMHOBAs KUCIIOTA YCHITH-
BaeT aHTUOKCHIAHTHOE JICHCTBHE OL-JINTIOCBOI KHCIIOTBI.

Karamurraeckne peakimn OHONOTHYECKH AKTUBHBIX
OpraHWYEeCKUX COCIMHEHHH B OpraHM3Me, KakK MpaBHIIo,
MPOTEKAIOT C YIacTHEM (PEpMEHTOB, KOTOPBIE PETYIIHPYIOT
WX HarpaBJICHUE M CKOPOCTh. MHTeHCH(UKaIMs Karaiu-
THYECKUX PEaKIyii MOJ BIFSHAEM aKTHBHBIX (DOPM KH-
cropoza (APK), Takux Kak MepoKCcHl BOAOPOIA U THAPO-
KCUJIbHBIE PAIUKaJIbl, T. €. TIPU BO3HUKHOBEHHH ‘‘KHCIIO-
POIHOTO CcTpecca”, MPUBOUT K Pa3IMYHBIM TaTOJOTHIM
KU3HEHHO BaKHBIX CHCTeM opraHmsMa. lIpotuBoctonT
5TOMY aHTHOKCHIAHTHAs! CHCTeMa, KOTOpasi KpoMe LIeIoi
apMHUH BHICOKOMOJIEKYISIPHBIX (PEpMEHTOB MMEET Ha BOO-
PYKEHHH Ps HU3KOMOJIEKYISIPHBIX 3HIOT€HHBIX aHTHOK-
cuanToB. K HUM, B 4aCTHOCTH, OTHOCSITCS TAKHE aMHHO-
KHUCIIOTBI, KaK IUCTENH, aueTWIIMCTEHH, TPUIICITH TTy-
TaTUOH U o-JuroeBas kucnora [1]. CylecTBoBaHHE 3THX
COGIMHEHMI B IBYX (OpMax — BOCCTaHOBIICHHOM, cozep-
JKalllel THONBHYIO TPYIITY, M OKHUCIICHHOW, copepyKarieit
JWCYITH(DUITHYFO TPYIITY, UTPAET KIFOYEBYIO POJIb B 3aIllHi-
Te >KU3HEHHO BAKHBIX CHCTEM OpraHW3Ma TPH TepeKuc-
HOM OKHCJICHWUH JIUTIH/IOB M TIEPEKHCHON MOIM(HKALN
MakpoMosiekyn Oenmka. Kpome npyrux QyHKIMA o-
JIMITOEBAsT KUCIIOTA BBIIONHACT POJIb HamOoee ek THB-
HOTO 3HJOTEHHOTO AHTHOKCHIAHTa M PaJUOIPOTEKTOpa,
NPUHAMAET y4acThe B JE3aKTHBALMM 3HAYUTEILHOTO KO-
JIM9YECTBa CBOOOIHBIX PAIANKAIOB, Pa3pyIIAIOIINX MHUTO-
XOHZPHUHN 1 MEMOpaHBI KJIETOK MHOTHX CHCTEM OpraHm3Ma
[1]. YHuBepcanbHBIE CBOMCTBA OAFTMIIOCBOM KHUCJIOTHI, €€
JIOKAITM3aIsl B KJIETOYHBIX MEMOpaHax, IIUTOIIIa3Me 1 BHE-
KIIETOYHOH JKHIAKOCTH, a TakoKe €€ CIIOCOOHOCTh K COBMECT-
HOMY JICHCTBHIO, B YaCTHOCTH C aCKOPOMHOBON KHICIIOTOM M
TTyTaTHOHOM TIPH AHTHOKCHIAHTHOW 3aIlUTE OpraHn3Ma,
BBI3BIBAIOT BCE BO3PACTAOLIMI MHTEPEC UCCIe0BaTeel K
M3Yy4YEHUIO HAa MOJIEKYJIIPHOM YPOBHE MEXaHW3Ma OKHC