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AHHOTanusa. AKmya/sbHocms, B cBsi3u ¢ pocTOM NOTPeGHOCTH B ojlepHHAX, B YACTHOCTU B U3006yTH/IEHE, TPe6GyeTCsl MOBBI-
meHre 3GPEKTUBHOCTH PABOThl TEXHOJOTHYECKHX MPOLECCOB, a TAKXKE KaTaJnu3aTOPOB. B ciiyyae OKCHIHO-XPOMOBBIX CH-
CTeM TpeOyeTCs NMOBbIILIEHHE aKTUBHOCTH U CTAaGUJIBHOCTU UX pa6oThbl. [[OMUMO 3TOro, OKHUCJIUTENbHOE JETHIPHUPOBAHME
HU3IIUX aJKaHOB B KPyMHOTOHHAXXHOM NPOU3BO/CTBE NMPUBOAUT K yTHIM3aL MK napHUKoBoro ra3a CO2. B nponecce o6pa-
3yeTCsl yrapHbld ras, KOTOPbIH SBJSETCS BaXXHBIM KOMIOHEHTOM Ji/Is1 IPOU3BO/CTBA CUHTETUYECKHUX YTIJIEBOJOPO0B. Leas.
Onpefie/IUThb BJIUSHKE IPOMOTOPOB META/IJIOB 2 IPYNIbl HA aKTUBHOCTb U CTAGUJIBHOCTh OKCH/HO-XPOMOBBIX KaTa/IM3aTo-
POB IIPY OKUCJIUTEJIBHOM JIeTHPUPOBAaHUU H306yTaHa. Memodsl CucteMHoe ucciaenoBaHue Ca, Sr 1 Ba 106aBok ¢ ucnosib-
30BaHueM SiO2 66110 IpoBefieHo s Cr-cofiepKalliux KaTaJlu3aToOpOB JeruApupoBaHus u3obyTaHa B npucytctsuu CO2. [lnsa
MoJUUKALMK CTPYKTYPhl KaTAJIUTHYECKHUX CUCTEM U NOBbILIEHUS 3QPEKTUBHOCTH JerupUpOBaHuUs GblIM BBeJEHbl Me-
TOZIOM PaBHOBECHOH aZiCOPOIIMK MeTaJlJIbl 2 IPYIIbl B KayeCcTBe MOJUPUIMPYIOIUX A06aBOK. AHA/IU3 NOBEPXHOCTH KaTa-
JIMTUYECKUX CUCTEM OCYILECTBJISJICS TEPMONPOrpaMUpyeMbIM BOCCTAaHOBJIEHHEM. Pe3y 1bmamul u 86180061 VicciesoBaHue
MOJUUIIMPOBAHHOTO OKCHHO-XPOMOBOTO KaTaJM3aTopa M0Ka3aJjo, YTO MPOMOTOPBl HA OCHOBE MeTaJlJIOB 2 TPYIbI I0-
BBIIAIOT 3QPeKTUBHOCTb PabOThl B Mpoliecce JerupupoBaHus U3o6ytana B npucyrctsuu COz, oTpakaeMoe B BBICOKOM
BBIXOJle 11eJIEBOTr'0 MPOAYKTA. BhICOKMMHU MoOKa3aTeJsIMH BbixoZa obJagatoT o6pasusl Cr (3 %) Ox/PA (10) - Ca /KCKT u Cr
(3 %) Ox/PA (20) - Ba/KCKT (55 u 54 % cooTBeTCTBEHHO). BblJI0 BBISIBJIEHO, YTO COZEP)KaHHE MOAUPULUPYIOIIHUX A0O6ABOK
CUJIBHO BJIMSIET Ha pabOTY KaTaJM3aTopa, B C/Iyyae MOBbIILEHHUS COAePKAHUS KaJIblusA HabJII0AaeTcsl yBeJlMdyeHue aKTUBH0-
CTH U CTaGUJIbHOCTH KaTaJUTUYECKOH CUCTEMBI, YTO OTPaX<aeTCsl Ha IMOBBIIIEHHUH BbIX0/IA LieJIeBOro npojykra. TepMmonpo-
rpaMHUpyeMoe BOCCTaHOBJIEHHE MOAUPHUIIMPOBAHHOrO KaTaJlM3aTopa 0Ka3aJio, YTO BBEJEHHE METAJVIOB 2 TPYIIIbI CHUXKA-
€T JI0JI10 IOCTYIHOTO XpOMa Ha MOBEPXHOCTH HOCHUTEJIS.
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Abstract. Relevance. Growing demand for olefins, in particular, for isobutylene. Increasing productivity requires an increase
in the efficiency of technological processes, as well as catalysts. In the case of chromium oxide catalysts, increased activity and
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stability are required. In addition, the increase in the use of CO2 greenhouse gas in large-scale production leads to recycling.
Aim. To determine the effect of 2nd group metal promoters on the activity and stability of chromium oxide catalysts during
oxidative dehydrogenation of isobutane. Methods. A systematic study of Ca, Sr and Ba additives using SiO2 was conducted for
Cr-containing isobutane dehydrogenation catalysts in the presence of COz. To modify the structure of the catalyst and in-
crease the efficiency of dehydrogenation, the 2nd group metals were introduced by the method of equilibrium adsorption as
modifying additives. The analysis of the surface of the catalytic systems was carried out by thermoprogrammable reduction.
Results and conclusions. A study of a modified chromium oxide catalyst showed that promoters based on the 2nd group metals
increase the efficiency of isobutane dehydrogenation in the presence of COz, reflected in the high yield of the target pro-duct.
The samples of Cr (3%) Ox/RA (10) - Ca/KSKG and Cr (3%) Ox/RA (20) - Ba/KSKG (55 and 54%, respectively) have high yield
indicators. The authors have revealed that the content of modifying additives strongly affects the operation of the catalyst, in the
case of calcium content growth, an increase in the activity and stability of the catalytic system is observed, which is reflected in
an increase in the yield of the target product. Thermoprogrammable reduction of the modified catalyst showed that the introduc-
tion of the 2nd group metals reduces the proportion of available chromium on the surface of the carrier.

Keywords: alkaline earth metals, chromium oxide catalyst, oxidative dehydrogenation of isobutane, thermoprogrammable
reduction with hydrogen, isobutylene
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BBeaeHue

Uzo0yTuneH sBiseTcss BaKHBIM IIPOMEKYTOUHBIM
MPOAYKTOM uIss Hedrexummuyeckoro cuureza [1-5].
OpHaKo TPOU3BOJACTBO HM300yTEHA TPaTUIIMOHHBIMU
criocodbamMyu He MOXET O0ECHEUYHTh €ro J0CTaTOYHOE
KOJIMYECTBO IS YAOBJIECTBOPEHUS PACTYILETO PHIHOY-
HOro crpoca [2]. B mocnennue roapl mporecc mpous-
BOJICTBa M300yTeHa U3 M300yTaHa IETUAPUPOBAHUEM
MPUBJIEK IMUPOKOE BHUMAaHUE HCCIIeaoBaTeneit u obec-
MEYNBACT YKOHOMUYECKU 3()(DHEKTHBHBIA MyTh MPOU3-
BozacTBa [6, 7]. Kpome TOro, 3penoctb TEXHOJIOTHH
JIOOBIMM CITaHIICBOTO Ta3a CHH3MIA IICHY Ha HU3IIHE
QIIKaHBl M CO3JaJla XOPOIIUE YCIOBHUS ISl NETHAPHPO-
BaHUs U300yTaHa C IENbI0 MoNydeHus n300yTeHa [8].

B mpoMBmnIeHHBIX TIporieccax  JEeTHUAPUPOBAHFIS
MPUMEHSIOTCS KaTaIN3aTOPEl HA OCHOBE XPOMa IJIH TIIa-
THUHBI, O6I)I‘IHO Ha TJIMHO3EMHOM HOCHUTCJIE U MPOMOTHU-
POBaHHbBIE MIETIOYHBIMU MeTaiiaMu [9]. HecmoTpst Ha TO,
9TO OBUTH CIENAHBI 3HAYUTEIBHBIC YITyUIIeHHs s 000-
HUX TUIIOB KATAIUTUYCCKUX MATCPHUAJIOB, OCTACTCA PALg
OKOHOMHNYECKHUX, OJKOJIOIrMYECKHMX M TEXHOJOI'MYCCKUX
mpo0JIeM, KOTOpEIE elle MPEeNCTOMT permmTb. HecMmotpst
Ha XOpOIIKE TOKA3aTe/M JCTUIPUPOBAHUS KaTaIH3aTo-
poB Ha ocHoBe CrOy [10-16], Henb3st HTHOPHUPOBATH UX
TOKCUYHOCTh [IJIS1 OKpYy»Karomien cpenpl. [lnatunoconep-
JKaIue KaTan3aTopsl 00JIanaroT OBICTPOH e3aKTUBALIU-
el B pe3yJbTaTe OCAKICHHUSI KOKCa M CIICKAHWS B XOIC
PaboTBI ¥ BEICOKOH CTOMMOCTBIO ITPOU3BOJICTBA.

B Hacrosiee BpeMst MCCIIEIOBAHMS IPOIIECCOB KaTa-
JIMTUYECKOTO JISTHIIPUPOBAHMS JIETKNX TaparHOB cocpe-
JOTOYCHBI Ha ONTUMU3AIUN KaTaJIM3aTOPOB KaK C TOYKHU
3pEHUsI aKTUBHOCTH, TaK M C TOYKH 3PEHHUS CTAOMIIBHOCTHL
B kadectBe HamnpaBieHNI1 ONTUMU3AIMN PACCMATPUBAETCS
BapeupoBanue Hocutens (TiO,, Al,Os, mopucThie crika-
TBI). KpoMe Toro, akTHBHO M3Yy4aroTCsl Pa3iIMIHbIC MOIW-
¢dupyronwe 100aBKYM, HAPUMEP, B BUJIE IIETIOYHBIX
[17] n menouHo3emMenbHbIX MeTauioB [18].

W3BecTHO, 9UTO HAa aKTUBHOCTH KaTaJIM3aTOPOB IIPO-
mecca JeruApupoBaHus Ha ocHoBe Cr BIHUSIOT IEN0Y-
HbIe U UIeIOYHO3eMeNbHbIE MeTaluTbl. [IpoMoTopsl U3
[IETIOYHO3EMETBHBIX METAIIOB MOTYT CIIOCOOCTBOBATH
obpazoBannio komiuiekcoB CrOs, KOTOpble B BOCCTa-
HOBUTEIBHOU aTMoc(epe MpeBpalialoTcs B KaTalTUuTH-
yecku akTuBHBIA Cr,O3 [19]. KuciaotHocTh Katanmsa-
Topa Ha ocHoBe Cr Tarxke ObUTa M3MEHEHa, YTO CIIO-
COOCTBOBAJIO IMOJABJICHUIO MOOOYHBIX PEaKUui, TaKUX
KaK KpEeKMHT U M30oMepHu3alus. AKTUBHOCTh U CEJIeK-
TUBHOCTH IO OTHOIIEHHIO K alKeHaM MPOIYKTa, COOT-
BCTCTBCHHO, ITOBBIINAJIUCH. B cBsi3u ¢ oM HacToOsast
paboTa MOCBsIIeHa W3YYEHUIO BO3MOXXHOCTEH MOJU-
¢urmmpoBanus CrO,/SiO, mien09HO03eMETbHBIMA  Me-
TAJUIAMH B JETHIPUPOBAHUHM HM300yTaHa B IPHUCYT-
ctBun CO,.

JKcrnepUuMeHTa/IbHAA YaCTh
B nacrosumeit pabote u3ydaeTcs BIMSHHE IIEIOY-

HO3EMEIIbHBIX J00aBOK Ha 3(P(PEKTUBHOCTH OKCHIIHO-

XPOMOBBIX CHCTEM, HAaHECEHHBIX Ha CHIIMKareib. J¢d-

¢extuBHOCTH Cr/Si0; KaTanu3aTopoB B JETUAPUPOBA-

HUW W300yTaHa ObLTa MoKa3aHa Bhime. OJHAKO 3Ta

CHCTEMA MMEET BO3MOKHOCTH K ONTHMHU3AIMHU II0 CTa-

OWIILHOCTH K aKTHBHOH (a3ze.

Samayu:

1. TIpuroToBiCHHE OKCHIHO-XPOMOBBIX KaTajau3aTo-
POB ¢ moOaBKaMH JBYXBAJICHTHBIX METAIJIOB C pa3-
JIMYHBIM COJCPIKAHUCM.

2. VcnplTaHWe MPHUTOTOBJICHHBIX KaTaJU3aTOPOB B
peaknuu JIETUAPHPOBAHMS H300yTaHAa B IPUCYT-
ctBun COs.

MeToaMKa NpoOBeAeHMs IKCIIEpUMEHTa

lazoBast cmech, cocrosimas W3 HU300yTaHa, yrie-
KHCJIOTO ra3a M a30Ta B OOBEMHOM COOTHOIICHHH
0,1:0,35:0,55, u3 GamioHa mocTymnana B PeakIMOHHBIN
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LUKJ cO cKopocThio 1 muTp B vac. TemnepaTypa peak-
nun cocrasisina 550 u 600 °C. IIpogykToBas cMmech
MOCJIe PeakTopa Hampapysuiachk B XpoMarorpad.
PeakunonHas 30Ha BKJIOYanga B ceOsi peakTop u
aNeKTporeyb. PeakTop H3roTOBJIEH M3 KBaplEBOTO
crexina U-o0pasHoit TpyOku. C MOMOIIBIO XPOMEIb-
ATIOMHHHAEBON TEPMONApHI OCYIIECTBILUICS KOHTPOJb
U U3MEpeHue TeMmIepaTypbl ciod katanuzaropa. Cra-
LIMOHAPHBIN CIIOW KaTamu3aTopa HaXOIWICS MEXTY
CJIOEB KBapIla Ha CTEKIITHHON ceTke 00bemMoM 15 ,Z[M3.

Hcxoauble BellecTBa U CUCTEMA OYHUCTKH
[Ipu mpoBeeHUN 3KCTIEPUMEHTOB OBLITH HUCIOB30-

BaHBI:

e m300yTaH ocoboii unctoTs! (99,8 %);

e JIMOKCHJI YIJIepoJia ¢ BBICOKOW CTENEHBIO YHCTOTHI
(99,9 %);

e a30T 99,8 % YNCTOTEHI,

e kucnopon 99,8 % 4HCTOTHI;

e XpoM HUTpaT HaHoruapat — 99 %; Oapuii rugpat
OKHCH — X4Y; CTPOHIMH HUTpaT — 99 %; xambprmil
HUTpAT Terparuapar — 99 %;

o cumukarens — KSKG.

C uenpio coOIII0IeHNs IIOCTOSHCTBA COCTaBa roTO-
BHJIaCh CMECh C COJIEpKAHHEM KOMIIOHCHTOB W30-
C4H10:CO2:N,=10:35:55 cnenyromum obpazom: B Ga-
JoH eMKocThio 10 11 Hamyckanmoch 3,75 aTMm. n3o0yTa-
Ha, 7,5 aTM. IByOKHCH yIJIepoJia U a30TOM OOIIee J1aB-
JIEHHE JOBOAMIOCH 10 25 aTM. ¢ MCIOJIB30BaHUU OO-
pasioBoro Manomerpa. CocTaB TMOJy4CHHOW CMeCH
AHAITM3APOBAJIM XPOMATOrpaUIECKH.

MeToauKa npoBeAeHus

xpomaTtorpaduyecKkoro aHajJm3a
AHaM3 MPOAYKTOB PEaKIWH MPOBOAMICS HA XpPO-

Matorpagpe JIXM-8M]I, ocCHaIlIeCHHOM KaTapoOMETPOM B

KauecTBe JIETEKTOpA.

[IpomyKTHI peaknuu MPOXOIWIN Yepe3 ABE XpoMa-

TorpapuUecKrue KOJOHKH:

1) 2000 +3 MM, 3aOJHEHHYIO MOJICKYJISIPHBIMU CHTa-
MU SA, pakius 0,25-0,5 MM, 1715 onpeaencHus B
CMECH KHCIIOpPOAa, a30Ta, MOHOOKCHIA YIiepoaa U
MeTaHa;

2) 3000 +3 wmwm, 3amojHeHHYI (a3oii Porapak-Q,
¢pakaus 40-60 memr., IS ONMPEENCHAS B CMECH
MeTaHa, THOKCHUIA YIIIepoaa, oNe(hUHOB M HU3IINX
napauHOB, 00pa30BABIINXCS B IPOLIECCE.
Hanuume nByX KOJOHOK HEOOXOAMMO Hjsl MpPOBe-

JICHUSI CPABHEHUS [IMKOB XpPOMATOTrPAMMBI.
Temnepatypa B KoJ0HKax cocTaBisuia 75 °C u Oblna

MOCTOSTHHOM. ['a30M-HOCHTENEM SABIISUICA TENWM, MOfa-

BaeMbIi B KOJIOHKH CO CKOPOCThIO 1,8 TUTPOB B yac.
OO6paboTka pe3ylbTaToB XpoMaTorpaduieckoro

aHaJM3a MPOBOAMIACH B MpOTrpaMMe «DKOXPOM», pac-

YeT MOJIY4YEeHHBIX JaHHBIX MPOU3BOAMIICS B MPOrpaMMme

«Excel».

IIpUroToB/ieHUE KaTaJIN3aTOPOB

Karanuzarop roTtoBmim mo MeTOQy paBHOBECHOM
azcopOuMy M3 BOAHOTO pacTBOpa HHUTpara XpoMa Ha
CHITHKarenb. MeTOI COCTOWT W3 HECKOJNBKHX OIepa-
LUH:
e TpaHYJIHPOBAHUE;
® TIPOKAIMBAaHWE HOCHUTENS (CHIIMKATEIIb);
e HaHecenue akTHBHOM (a3sl (CrOy);
e yIaJeHue BOJpbI;
® TIpPOKaIHBaHHUE.

KomnnuecTBo HUTPaTOB METAJUIOB M) XpoMma, 0a-
pUs, CTPOHIIUS W KaJbIUs, HEOOXOMUMBIX ISl TIPUTO-
TOBJICHUS KAaTAIN3aTOPA, PACCUUTHIBAJIIOCH IO (hopMyIIe

():

me) "M |

M) =

C(%Me) 1)

M(me) (100—C(gme))’

rIe M) — Macca HOCUTENsT; M) — MoleKyJIsIpHas Mac-
ca conu; M(ve) — aTOMHBIN BEC HAHOCMMOI'O METAJLIA,
C(%Me) — HEOOXOMMOE COZIEpPKAHHE HAHOCUMOIO Me-
Taja.

PaccunTanHyro Maccy COJIM pacTBOPSIN B JHCTHII-
JMPOBAaHHOH Bojie. 3aTeM B PacTBOp JOOABIISIIN HOCH-
Tenb TNpH NepeMenMBaHuu. [lepen STHM HOCHTENb
MIPOKAIMBAIM TIPU ToJade BO3AyXa U OCYIIKH IIpH
600 °C B Teuenue 1 yaca. [lanee cymmiay KaTaau3aTop
JI0 CYXOT'O COCTOSIHHS Y IIPOBOAMIIN TIPOKAJIKY HIPH TOH
XKe TeMmIlepaTrype, 9TO W JUIi HOCHTENs, B TEUeHHE
5 gacos.

MeTo/J paBHOBECHOM aJcCOpOLUU

Hanecenne mpoMOTOpPOB OCYIIECTBIBIOCH ITyTEM
MOTPY)KEHUSI HOCHUTENsI B BOAHBI PacTBOp HUTPATOB
METaJUIOB TIPH MEJICHHOM BBIIAPUBAHUU U TEpeMe-
[IMBAaHUH IO CYXOT'O COCTOSHUS.

[IpomoTop B BHJIE OKCHJIa METaJIa HAHOCUTCS MIpeI-
BapUTENTbHO Mepe]] aKTUBHBIM METAJUIOM METOJIOM PaB-
HOBECHOW ancopOrmu. Iyl 3TOro TOTOBUTCS PacTBOP
conu Metayuia. KoHIeHTpaiums Bapbupyercst oT 5 110
30 mac. % MeTaiuia UL IIOJIHOIO OCAXKIEHHUS Ha CHIU-
karenb. CHITHKareb MPOKAJIMBAIOT U TOOABIIAIOT B pac-
TBOp MPH TIIATEILHOM IEpEeMEIINBAHUM. 3aTeM o0pa-
3€ll OCTABISIOT HA HOYb. Jlanee BeCh pacTBOP COJH Jie-
KaHTUPYIOT ¥ TIPOCYIIMBAIOT CUIIMKArellb Ha BOISHOU
0aHe TpU IepeMEIIMBaHWK. B KBapueBoM peakTope
MIPOBOJIMTCS MIPOKAJIKA B TOKE BO3yXa MPH TeMIIEpaTy-
pe 60 0°C B Teuenue 5 yacoB. Ha cienyromiem srame
HAHOCHJICS] aKTUBHBIA METAJUT METOIOM OCaXKICHHUSL.

IIpoBeaeHUe TepMONIPOrpaMUpPyeMOro
BOCCTAHOBJIEHUA

HccnenoBanus TepMOIPOrpaMUPYyEMOIO  BOCCTa-
HOBIIEHUS 00pasioB katanusatopos (TTIB-H;) nposo-
IV Ha MPOTOYHON YCTaHOBKE, CHAOXEHHOH CHCTe-
MOW JHHEHHOro HarpeBa 00pasloB, COCAMHCHHOW C
JeTekTopoM Mo TerutonpoBoaHoctu. Ilepen TIIB-H;
HU3MEPCHHUAMH 00pa3Iipl 00pabaTHIBAIN B TOKE CYXOTO
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requst npu 250 °C B teuenue 1 u. [lnsg mposeneHus
TIIB ucnons3oBanu cmech Hy:Ar=10:90 (% 00.), cko-
pPOCTH TOAAYM CMECH COCTaBlssla 2 JI/4, CKOPOCTb
HarpeBanust — 10-20 °/mun. Ilepen nerextopom Obla
YCTaHOBJIEHA JIOBYILKA ISl yIaBIMBAHHS BOJBI C TEM-
niepatypout oxosio 100 °C.

Pe3y/ibTaThl MCC/I€JOBAHNA

MonudunupoBanue KaTaan3aTopoB INEIOYHBIME U
IIEJIOYHO3EMENIBHBIMUA METAIIaMU  SIBJISIETCSL  PacIIpo-
CTPaHEHHBIM CHOCOOOM HMX ONTHMH3ALMH. JTO OTHO-
CUTCS M K KaTajau3aTopaM JIeTHIPHPOBAHMS JIETKHX
napaMHOB Ha OCHOBE IIEPEXOJHBIX METAJUIOB, TAKHX
KaK XpoM, HuKelb U apyrue [20].

100 -

Ha mepBoM 3Tarme ObLIM MPUTOTOBICHBI H UCCIICHO-
BaHBl KAaTaIM3aTOPBl ¢ noOaBieHWeM Kanbius. [lo
MPUBEICHHBIM PE3yJbTaTaM HCCIICOBAaHHS KaTain3a-
topa Cr (3 %) O,/PA (5) — Ca/KCKI" BuaHO, 4TO IaH-
Has CHCTeMa TepsieT aKTHBHOCTh B IpoIecce padoThI,
OUEBHUIHO, BCJCICTBHE KOKCOOTJIOKEHHH (puc. 1).
CTouT OTMETHTH, 4TO HoOamieHue 5 % Kajablusg HE
MPUBOAUT K MOBBIMCHUIO 3PPEKTUBHOCTH PAOOTHI
OKCHJIHO-XpPOMOBOTO  KaTaju3aTopa, MOCKOJIBKY
HaOMIOAaeMblid BBIXOJ IO LENCBOMY MPOJYKTY HIKE,
gyem Ha obpasie Cr (3 %) O/KCKT (puc. 1, B).

Hnst obpasua xarammzaropa Cr (3 %) Oy /PA (5) —
Ca/KCKI' Bpxom mo wu300yTmiieHy cocTaBmsier 45 %
(puc. 1, B), Ha Hemomubuimposanaom obpasiie Cr (3 %)
O/KCKT BbIxon Haxoautcst Ha ypoBHe 47 % (puc. 1, B).
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o0 -
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& o = ="
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- 80 ~ i\/ e - 1/”{1 \
31 N 39)0,/PA(10) — S miae
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5 W :
) %9 2 e
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Puc. 1. CpasHeHue pabombl OKCUOHO-XpOMOB020 KAMAAU3AMOPA C PA3AUMHbIMU 006a8KaMU Memaano8 2 2zpynnol:
A) KoHgepcus uzobymaHa 8 nepuod pabomsl kamaauzamopa; 5) cesekmusHocms uzo6ymuaena 6 nepuod pabomul
Kamaauzamopa; B) 8bixo0 uzo6ymusieHa 8 nepuod pabomul Kamaauzamopa

Fig. 1. Comparison of the operation of the chromium oxide catalyst with various additives of the 21nd group metals:

A) isobutane conversion during the catalyst operation; b) isobutylene selectivity during the catalyst operation;

B) isobutylene yield during the catalyst operation
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Ha cnenmyromem stane paboTsl ObUT HCCIIEIOBAH OK-
CHITHO-XPOMOBBIN  KaTamu3arop, MOAUGHUINPOBAHHBIN
crpoamuem (Cr (3 %) Oy /PA (10) — Sr/KCKI).
Ha puc. 1 mpuBeneHbl JaHHBIE W3MCHCHUS KOHBEPCHHU
n300yTaHa, CENEKTHBHOCTH W BBIXOJA MO IIEJIEBOMY
mpoaykTy. JlaHHBIH MOIU(HUKATOp MMEET aKTHBHOCTH
BBIIIIE, YeM Y KaJIbIIUEBOro MoupukaTopa B TeueHue 10
gyacoB paboThl Katanuzaropa (okosno 70 % (puc. 1, A)).
Brixon mo meneBoMy HpPOIYKTY MOAACPKUBACTCS HA
BBICOKOM ypoBHe (okoio 50 % (puc. 1, B)).

B xagectBe cnemyroriero MogudUKaTopa s KaTaiu-
3atopa CrOx/KCKI" 6bu1 BbIOpan Oapuii. Karamwmsarop,
copepxanmit Gapuit (Cr (3 %) Ox/PA (20) — Ba/KCKI"
(puc. 1)), AEMOHCTpUpPYET aKTUBHOCTb, AHAIIOTUYHYIO
00pasily CO CTPOHIMEM. YPOBEHb aKTHBHOCTH OCTaeTcs
BbIcOKUM (BbiIte 60 % (puc. 1, A)) Ha NPOTSHKEHUH BCETO
skcnepuMenTa. OOpasell MoKas3blBaeT BHICOKOE 3HAYECHUE
BbIxoz1a m300yTHieHa (Boie 50 % (puc. 1, B)). 310 00B-

100

SICHSICTCSI BEICOKMM TIOKa3aTelieM CEIEKTUBHOCTH TI0 Iie-
neBomy Tiponykty (oxoso 80 % (puc. 1, b)). U3 Bcero
CKa3aHHOTO MOYXKHO 3aKIIIOUUTh, YTO JT0OaBIeHHE Oapus
MOBBIIAET dPPEKTUBHOCTH OKCUITHO-XPOMOBOT'O KaTaIIH-
3aTopa B Ipoliecce IerupupoBaHs H300yTaHa.

JanpHeNmuii TpoIecc OKUCIUTENBHOTO JETUAPHU-
poBaHUsI M300yTaHa IPOBOAWIN C YBEIHYCHHEM CO-
JepKaHusT MOAUGUIMPYIOIUX T00aBOK METAIOB 2
rpynnsl. [lpuBeneHHbIE pe3yNbTaThl ACTHIPUPOBAHUS
cucremsl Cr (3 %)O,/PA (10) — Ca/KCKT (puc. 2) mo-
Ka3bIBAIOT, YTO KaTAIN3aTOp IIOBBIIIACT HAYAIBHYIO
akTBHOCTH o cpaBHeHuio ¢ Cr (3 %) O/PA (5) —
Ca/KCKTI'. JJaxe mocne 12 4acoB paOOThI BBIXOJ IO
n300yTeHy He omyckaercs Hmke 50 % (puc. 2, B). Ta-
KHM 00pa30M, MOBBIINICHUE COJCPIKAHHS KANbIUSI B
OKCHJTHO-XPOMOBBIX KaTaJIM3aTopax sBiseTcs dhdek-
TUBHBIM, TIOCKOJIBKY BO3PaCTaeT BBIXOJI IIEJIEBOIO U30-
OyTHIICHA U CTAaOUIBHOCTE PaOOTHL.
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CpasHeHue pabombl OKCUOHO-XPOMOB0O20 KamMaausamopd ¢ ygeaudeHHslM codepicanHuem moouduyupyrowux do6asok

Memannos 2 zpynnel: A) KoH8epcus uzo6ymaua 8 nepuod pabomst kamaauzamopa; 5) cenekmusHocms usobymusena
8 nepuod pabomol Kamaauzamopa; B) svixod uzobymusieHa 8 nepuod paboms! kKamaaudamopa

Fig. 2.

Comparison of the operation of the chromium oxide catalyst with an increased content of various modifying additives of

the 2nd group metals: A) isobutane conversion during the catalyst operation; 5) isobutylene selectivity during the
catalyst operation; B) isobutylene yield during the catalyst operation
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[lo mpuBenEHHBIM JaHHBIM U3MCHEHUS] KOHBEPCHUH
n300yTaHa Ha OKCHIHO-XPOMOBOM KaTaJH3aTope, MO-
mudunuposanHoM crporueM (Cr (3 %) Oy /PA (20) —
St/KCKTI'), CeneKTMBHOCTH M BBIXO/a IO IEICBOMY
npoaykry mnpu temmepatype 550 °C (puc. 2, 5, B, co-
OTBETCTBEHHO) BHJHO, YTO TIOBBIIMICHHE COACPKAHUS
CTPOHIIUS, TPUBOINUT K CHIDKCHHIO aKTHBHOCTH KaTa-
nmu3aropa (KOHBepcus CHIXKaeTcst B cpenHeM Ha 10 %)
(puc. 2, A). Beixox mo n3o00yTeHy He mpeBbimaet 48 %
(puc. 2, B). Takum 00pa3oM, CyIECTBYET HEKHUH ONTH-
MYM COJEepKaHHs IIEIOYHO3eMeNIbHBIX METauloB B
OKCHJ/IHO-XPOMOBBIX CHCTEMaxX, I10cie KOTOpPOTo Ipo-
MOTHPYIOIHNH 3 (HEKT CHIKaeTCS.

ITo pesynpTaTaM HccienOBaHUS aKTHBHOCTH KaTa-
mu3zaropa Cr (3 %) Ox/PA (30) — Ba/KCKI" BumHO, 4TO
C POCTOM cojepKaHHsI OapHsi aKTHBHOCTH KaTaJIH3aTo-
pa CHJIBHO CHWKaeTcs (HadasibHasi akTHBHOCTH it Cr

(3 %) O4/PA (20) — Ba/KCKT oxkomo 82 % (puc. 1, 4),
it Cr (3 %) Oy/PA (30) — Ba/KCKI okono 72 %
(puc. 2, A)). Heo6XoauMo OTMETHTBH, YTO BBIXOX IIO
LEJIEBOMY TPOAYKTY COXpAaHIETCS Ha IOCTAaTOYHOM
BBICOKOM ypoBHE (47—50 % (puc. 2, B)), XOTs 1 nagaer
B xone pabotel. Takum 00pa3oM, Kak M B ClIydae MO-
IU(GUIIPOBAHUS OKCHIHO-XPOMOBOTO KaTalnu3aTopa
KaJbllUEM U CTPOHIUEM TNPOMOTUpYOUMA 3hdexT
MMEET ONTUMYM [0 COAEPKAHUIO Oapus, IPEBHIICHUE
9TOTO ONTHUMAJIBHOTO COACPIKAHUS COTIPOBOIKIACTCS
CHIDKCHUEM AaKTUBHOCTH M CTa0MIBHOCTH OKCHUIIHO-
XPOMOBBIX KaTaJH3aTOPOB HA OCHOBE CHIJIMKATEIIS.

UT0OB!I OIICHUTH BO3MOKHOCTH 00pa3IoB KaTaln3a-
topoB Cr (3 %) Oy /PA (10) — Ca/KCKT, Cr (3 %)
O/PA (10) — St/KCKT, Cr (3 %) OxPA (20) —
Ba/KCKT', 6bU10 penieHo W3yuuTh WX aKTHBHOCTH NPU
temnepatype 600 °C.

o
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7106 2 epynnul: A) KOH8epcusi u3o6ymaHa 8 nepuod pabomol kamaauzamopa; b) cenekmugHocms uzofymu.ieHa 8 nepu-
0d pabomvul Kamasauzamopa; B) 8bixod uzo6ymusexa 8 nepuod pabomul Kama.auzamopa

Fig. 3.

Comparison of chromium oxide catalyst operation at 600 °C with various extractions of the 2nd group metals: A)

isobutane conversion during the catalyst operation; B) isobutylene selectivity during the catalyst operation; B)

isobutylene yield during the catalyst operation
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Io pesynbTaTtaM BHIHO, YTO C POCTOM TeMIlepary-
PBI COOTHOIICHHE MEX/Iy KaTaln3aTopaMu B aKTHBHO-
CTH W CEJEKTUBHOCTH MeHsercs. HamOomee cuimpHO
M3MEHSETCsl aKTUBHOCTh KaTajlM3aTopa, MOIu(UIMpo-
BaHHOTO OapueM. BugHo, uto mpu 550 °C xo1 KOHBEp-
cumn u3o0yrtana (puc. 1, A) CX0X ¢ aHATOTHYHBIM ISt
Cr (3 %) O,/PA (20) — Ba/KCKT', oxnako mpu 600 °C
yYpOBEHb KOHBepcHuU (puc. 3, A) 3aMETHO BBIIIE U Ce-
JIEKTUBHOCTh TIO M300YTHJICHY CWJIBHO TMajaeT (HUXe
40 % (puc. 3, B)). DTO NPUBOIUT K TOMY, YTO BEIXOBI
1o M300yTeHy BO BpeMs SKCIEPUMEHTa IpH TeMIiepa-
Type 600 °C HamHoro Hmxe, uyeM mnpu 550 °C. Beixon
MOJICPKUBAETCSI Ha BBICOKOM ypoBHe (okoso 50 %
(puc. 3, B)) B TeueHHe BCErO KCIIEPUMEHTA.

OTHocUTENBHO ~ Jpyrux  o6OpasuoB  Oapwuii-
MPOMOTHPOBAHHEIA KaTaIN3aToOp IEMOHCTPUPYET BBI-
COKYIO HayaJIbHYI0 aKTHBHOCTh, OJJHAKO €r0 CEeJICKTUB-
HOCTb W3HauyaJbHO HU3Ka. CeNeKTHBHOCTb, BIPOYEM,
OBICTPO PacTeT B X0 IKCIIEPUMEHTA, U depe3 7 4acoB
paboTHl BEIXOJ O IIETICBOMY IPOAYKTY CTAaHOBUTCS
CPaBHHUM C JIy4IIUMH 00pa3iaMy, KaKOBBIMH SIBIISIOTCS
KaTalln3aTophl, COJEpIKaIlue KaabIMd W CTPOHIIUHN
(BbIxox no u300yTeny Bhiie 50 % (puc. 3, B)).

HccnenoBanust OKCHAHO-XPOMOBOTO KaTalu3aropa,
MoaudunupoBansoro crpormueM (Cr (3 %) O, /PA
(10) — St/KCKT') ipu Temmeparype 600 °C, moka3siBa-
IOT TIOBBIIIEHHE KOHBEPCHH, HO CEJEKTUBHOCTH IO
M300yTUIIEHY TTaJiaeT HAaCTOJIbKO, HACKOJIEKO BO3pacTa-
€T KOHBEpCHs. DTO MPUBOIHUT K TOMY, UTO BBIXOJ IIO
n300yTeHY BO BpeMs DKCIIEPUMEHTA MIPH TeMIeparype
600 °C yxe gyepe3 300 MuHYT pabOTBl TOCTUTAET MaK-
cuMyMa, B To BpeMms kak ripu 550 °C Beixon (puc. 1, B)
MOJICPKUBAETCS] Ha BBICOKOM ypoBHE (okoino 50 %) B
TEUeHHE BCEro KCIEPHMEHTA.

Tarke HEOOXOAUMO OTMETHTH, YTO KaTaJH3aTop,
MOIU(HUINPOBAHHBIN CTPOHIIEM, HaXKE MCHEE aKTH-
BEH, YeM He MOAM(DUIIMPOBAHHBIM 00pa3el, MpH 3TOM
BBICOKasi CEIIEKTHBHOCTD MO 1I€JIEBOMY IPOAYKTY I03-
BOJISIET TOJY4YaTh €ro C BBHICOKMM BBIXOZoM. Kak u B
ciydae He MOAM(HUIMPOBAHHOTO 00pasiia, MOBHILIICHHE
Temnepatypsl 0onee 550 °C He MO3BONSIET YBEIUYHUTh
BEIXOJ] IIENICBOTO MPOIYKTa, TONBKO MPUBOIUT K CHH-
KCHUIO CEJIEKTUBHOCTH.

PesysibTaThl ucciegoBanusa TIIB-H;
NPOMOTHUPOBAHHBIX KATA/IU3aTOPOB

[To mpencraBieHHBIM pe3yibTaTaM HCCIEIOBAHUSA
TIIB-H, nns xatamu3aTopoB, IIPOMOTHPOBAHHBIX Me-
TajajaamMu 2 rpynrbl, BUIHO, YTO C POCTOM COJACPKAHUA
Kanplusi ¥ cTpoHuus (puc. 4, 5, COOTBETCTBEHHO)
CHIDKAeTCsl YAEIbHOE TMOIJIONICHHE BOXOpOAa MpHU
TIIB-H,. 310 MOXeT CBUAETENBLCTBOBATh 00 00pa3o-
BaHUU TPYAHOBOCCTAaHABIIMBAEMBIX YacCTHUI], BKJIOYa-
IOLIMX XPOM U ILEIOYHO3EMENbHbIE MeTabl. M3BecT-
HO, 4TO XpoMaTtThbl MICJIOYHO3CMCIIbHBIX MCTAJIJIOB SAB-
JSIOTCS  TEPMUYECKH  CTaOWIBHBIMH  BIUIOTH 1O

1000 °C. B ciryuae BBeleHHS Kalblds HAOIIOMACTCS
SIBHOE TPHUCYTCTBHUE JBYX PAa3HBIX BHIOB OKCHIHO-
XPOMOBBIX YaCTHUI], KOTOPBIC Pa3IHYAIOTCS MO TeMIIe-
patype BOCCTaHOBJICHUS.
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Puc. 4. Kpusvie TIIB-Hz 0159 kamaauzamopos, Moouguyu-
posaHHbix kaavyuem: 1 - Cr(3 %)O0x/KCKI; 2 - Cr
(3 %) Ox/PA (5) - Ca/KCKI; 3 - Cr (3 %) Ox/PA
(10) - Ca/KCKT

Fig. 4. TPV-H; curves for calcium modified catalysts: 1 -
Cr(3%)0x/KSKG; 2 - Cr (3%) Ox/RA (5) - Ca/KSKG;
3-Cr(3%) Ox/RA (10) - Ca/KSKG
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Puc. 5. Kpusvie TIIB-Hz a5 kama.auzamopos, Moouguyu-
posaHHbix cmporyuem: 1 - Cr(3 %)O0x/KCKT; 2 - Cr
(3 %) Ox/PA (10) - Sr/KCKT; 3 - Cr (3 %) Ox/PA
(20) - Sr/KCKT

TPV-H:z curves for catalysts modified with strontium:
1 - Cr(3%)Ox/KSKG; 2 - Cr (3%) Ox/RA (10) -
Sr/KSKG; 3 - Cr (3%) Ox/RA (20) - Sr/KSKG

Fig. 5.

[pucyrctBue Gapus B karammzatope Cr (3 %)
O4/PA (20) — Ba/KCKT (puc. 6), mo cpaBHEHHIO C HE
MOJU(UITIPOBAHHBIM 00pa3IoOM, XOTS M NPHUBOIUT K
YMEHBILICHUIO MHUKa IMOMIOLIEHUS BOAOPOJAA, HO MpHU
5TOM COIPOBOXKIAETCSI €0 PACHIUPEHHUEM B CTOPOHY
BBICOKHMX U HHU3KHX TEMIICpaTyp, OJHAKO IUIOLIAIh MO-
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TJIOIIEHUS MIPAKTUYECKH HEe MeHsieTcs. Takoil pe3yiib-
TaT yKa3bIBaeT Ha MOSABJIEHHS HOBBIX ()OPM OKCHJIIHO-
XPOMOBBIX YaCTHII, CBSI3aHHBIX C OapreM, HO IIPH 3TOM
JOCTYITHOCTh ATHX YaCTHII JUIsl B3aUMOAEHUCTBUS C BO-
JOPOJIOM MIPAKTUYECKH HE MEHAETCSL.
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Puc. 6. Kpusvie TIIB-Hz d1a kamaausamopos, moduguyu-
posauHblx 6apuem: 1 - Cr(3 %)Ox/KCKI; 2 - Cr
(3 %) Ox/PA (20) - Ba/KCKI"

TPV-Hz curves for barium modified catalysts: 1 - Cr
(3%)0x/KSKG; 2 - Cr (3%) Ox/RA (20) - Ba/KSKG

Fig. 6.

Takum o0Opa3oMm, Mpu CpPaBHUTEIHHO HHU3KHX CO-
Jep)KaHUAX IIEJIOYHO3EMENbHBIX METalIoB OOHAapYy-
KHUBAeTCS SBHOC MX BIMSHAE HA OKCHIHO-XPOMOBYIO
(azy, 6e3 u3MEHEHHs JOCTYITHOCTH XpOMa U aKTHBHBIX
LIEHTPOB Ha €ro OCHOBE Ul B3aMMOJEHCTBHS C KOM-
MMOHEHTaMU ra3oBoi (asel. [Ipu 3ToM 0OHapyxHUBaeTCs
3HAYHUTENBHOE MOJOKUTENBHOE BIMSHUEC OT BBEICHHUS
MOJU(PUKATOPOB Ha 3(PPEKTUBHOCTH KATAIN3ATOPOB B
JeTHpUpPOBaHNK HW300yTaHa. I30BbITOUHOE KoNUue-
CTBO MOIHM(HUKATOPa, MPUBOIIIEE K TOSBICHUIO 3Ha-
YHUTEJBHOI'O KOJMYECTBA HOBBIX (Pa3OBBIX COCTOSHHMN
aKTHUBHOM IMOBEPXHOCTH, HAIPOTHUB, CHIDKACT 3(ddek-

CITMCOK JIMTEPATYPbI

TUBHOCTb OKCHJIHO-XPOMOBBIX CHCTEM B JETHIPUPOBaA-
HUM H300yTaHa. Takoil 3¢(eKT oOBsCHSAET CHIKEHHE
BEIXOJa IlelieBoro mpoxykra Ha obOpasme Cr (3 %)
O,/PA (20) — St/KCKT.

3akyloyeHue
MoauduimpoBanie OKCHIHOXPOMOBOTO KaTalnu3a-

TOpa IIEIOYHO3EMENFHBIME METAJUTAMHU JEMOHCTPUPY-

€T BBICOKHE TOKA3aTEeIH KOHBEPCHH W CENICKTHBHOCTH

IpoIiecca, 4TO JOKA3bIBACT MX ITOJIOKUTEIHHOE BITHS-

HUE Ha IIPOBEIICHUE PEAKIIUH OKUCIUTEIBHOTO ICTUAPH-

poBaHus U300yTaHa.

Ha nanaoM 3Tare paboThl ObLTH TIPOBEICHBI HCCIIe-
JOBaHWsI BBEACHUS MOTUPHIUPYIONINX T00ABOK Me-
TAJUTOB 2 TPYIIBL, CPaBHEHH MX aKTUBHOCTH U CTa-
owrbHOCTH. [lOKa3aH IOJIOKUTENBHBIA 3(PQeKT uc-
MOJIb30BAHUS KANBIUS U OTPULATEIBHBINA d(GEKT uc-
MOJIb30BAHUSI CTPOHITUS B KavyeCTBE MOJH(PUKATOPOB
OKCHIHOXPOMOBBIX KaTalIW3aTOPOB ACTHAPUPOBAHUS
n3o0ytana B npucyrctBun CO,.

Heo0xoaumMo oTMETUTS:

1. Bricokoe coaepkaHne MOAU(DHUKATOPOB B IICIIOM
CHIDKAeT aKTUBHOCTH KaTalN3aTOPOB, OCOOCHHO
3aMETHO 3TO MPOSBIISIETCS B CIy4ac BBEACHUS B Ka-
TAN3aTOP CTPOHIHUS — BBIXOIBI IO H300YTHICHY
CHIDKAIOTCS B cpeiHeM Ha 5—7 %.

2. Karanmzatop, MOTU(PHUIMUPOBAHHBIA CTPOHIIHEM,
Ja’ke MEHee aKTHBEH, 9YeM He MOIU(UIIIPOBAHHEIHA
o0paser], TPy 3TOM BBICOKas CEJICKTUBHOCTB TI0 Ie-
JICBOMY IMPOAYKTY IMO3BOJIIET MOJYYaTh €ro C BBI-
COKHUM BBIXOJ0M.

3. bapmii moBbImaeT 3(P(GHEKTUBHOCTH  OKCHIHO-
XPOMOBOI CHCTEMBbI B AETHAPUPOBAHNH H300yTaHa,
onHaKoO ero 3((}EeKTUBHOCTh CHUJIBHO CHHXAETCA
MIPH BBICOKHUX TEMIIEPATypax.

4. ViccrenoBaHWe TEpMOIIPOTPAMUPYEMOTO BOCCTa-
HOBJICHUS KaTaJM3aTOPOB MOKA3aj0, YTO BBEACHHUEC
METaJUIOB 2 TPYIIBI NPUBOIANT K CHIDKEHHIO JTOJIH
CBOOOIHOTO XpOMa Ha IMOBEPXHOCTH KaTaIH3aTopa.
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