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CONVERSION OF GASEOUS HYDROCARBONS OVER
MODIFIED ZEOLITE CATALYST

Annotation. The conversion of lower C;-C; alkanes to aromatic hydrocarbons over zeolite catalysts modified
with Mo, Zn, La has been investigated and their resistance to deactivation has been studied. Shown that these
catalysts exhibit different activity and stability in the tested process, the process parameters essentially depend on the
molecular weight of used hydrocarbon in the normal reaction. The method of temperature programmed desorption of
ammonia studied the acidic properties of the catalysts and found the difference in the distribution of acid sites on the
strength and concentration.
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MPEBPALIEHUE I'A300BPA3HBIX YIJIEBO/IOPOJIOB
HA MOJIU®UIINPOBAHHBIX IIEOJIUTCOMAEPKAIIINX
KATAJIM3ATOPAX

Annoramus. Mccrnenopana KOHBEpCHs HU3IMHNX ankaHoB C,-C; B apOMaTHYECKHE YIJICBOJOPOIbI HA IEOJHTCO-
Jep/kKaImuX KaTaam3aTopaxX, MOAU(MIHPOBAHHEIX Mo, Zn u La, u oueHeHa WX YCTOWMHBOCTH K J€3aKTHBAIWH.
HOKa?)aHO, YTO MOJYYCHHBIC KATAJIU3ATOPHI NPOABLAIOT PA3IUYHYH) AKTHBHOCTH H CTAa0UIBHOCTE B HCCIICAY CMOM
MpoLecce, MPUYEM MOKA3aTeNU MPOLECCa CYIMECTBEHHO 3aBUCAT OT MOJCKYJIIPHOH MAacChl HCIOIb3yEMOTO B Peak-
[MH HOPMAJTHGHOTO YIJIEBOIOPOaa. MeToIoM TEpMOMPOTPAMMHPOBAHHON IECOPOLNH AMMHAKA U3YICHBI KACIOTHBIC
CBOMCTBA KaTaIM3aTOPOB H YCTAHOBJICHO OTIMYHC B PACHPEICICHHE MX KUCIOTHBIX IIEHTPOB IO CHJIC H KOHIICH-
TPALHH.

KimoueBnie ciioBa: MeTaH, 3TaH, MPONAH, APOMATHYCCKHE YIICBOJOPOABI, IEOTHT, KOHBEPCHS, AKTHBHOCTS,
CCICKTUBHOCTD, CTAOUILHOCTh

Beenenune. Co3naHue HOBBIX KaTaan3aTOPOB U Pa3pabOTKa TEXHOJIOTHH C MX HCIOIb30BAHUEM TS
MOJMYYICHHS LICHHBIX XHUMHUYCCKHUX MPOAYKTOB W3 MPHPOJHOTO M MOMYTHBIX HC(TAHBIX Ta30B, IIHPOKOH
(bpakiyy JErkKUX YriIeBOAOPOJOB M OTXOSIINX HE(TE3aBOACKUX Ta3oB SIBISICTCS OJHUM W3 OCHOBHBIX
HANpaBICHUM pPa3BUTHS COBPCMEHHOM rasomepepaboTku M razoxuMuu. OCHOBHBIMH KOMIIOHCHTaMU
VKa3aHHBIX BHIOB YIJIEBOJOPOJHOTO CHIPBS SIBISIIOTCS HHU3KOMOJICKYJUSIPHbIC mapadUHbl, KOTOPHIE B
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HACTOSIIEE BPEMs HE HAXOAAT KBATH(HLIUPOBAHHOIO MPUMCHCHHS H3-32 BBICOKOH TEPMOANHAMHYCCKOM
YCTOHYMBOCTH UX MOJIEKYJI H HCIOIB3YIOTCA B KAYSCTBE XHMUUESCKOTO CHIPbS JIHIIb B HCOOIBIIOM YUCTIC
TEXHOJIOTHUYECKUAX IPOLECCOB. Bce MPOMBINUICHHBIE NMPOLECCH MOTYYCHHUS MPOIYKTOB HE(MTCXHMHH-
YECKOTO CHHTE3a M3 MOMYTHBIX M CXKIKCHHBIX HE(QTSHBIX [a30B XapaKTEPU3YIOTCS BBICOKMMH 3HEPreTH-
YUYCCKUMHU W MaTCPUAJIBHBIMH 3aTpaTaMu. OHI/I CJIOKHBI H, 3a4acCTylo, I\/Ia.]'[OpCHTa6e.TIBHbI BCICACTBUC
OONBIIOr0 KOJHYESCTBA CTAAHH W HHU3KOTO BBIXOAA LENEBOro mpoaykra. OZHHM H3 HEPCICKTHBHBIX
HAINPABJICHUH HCIOIB30BAHHA Ta3000Pa3HBIX YIVICBOAOPOAOB ABIICTCA IONYUCHHC U3 HUX apOMATHUCC-
KUX COCAMHCHMH B MPHCYTCTBHH KaTaJH3aTOPOB. JTO JOBOJIBHO CIOXHBIH NpoLlecc W AT €ro
OCYIICCTBIACHHS HEOOXOAMMO HCIONb30BaTh KaTaIM3aTophl, obiazaromue OHYHKIMOHATIBHBIMI
CBOP’ICTBaMPI, CpCau KOTOPBIX MOBBIIICHHBIH HUHTCPCC BBISBIBAKOT BBICOKOKPCMHC3CMHBIC LICOJIUTHI THUIIA
ZSM-5, MoaubHIUPOBAHHBIC AKTHBHEIMH MCTA/UIMYCCKMMH KoMmmoHeHTamu [1-5]. Coueranme B HHX
VHUKQIBHBIX CTPYKTYPHBIX H KHCIOTHBIX CBOHCTB NEHTACHIOB C JCTHAPUPYIOMECH CIOCOOHOCTBIO
MPOMOTHPYIOIIUX METAIIOB MO3BOJIACT MONTYYaTh C BBHICOKOH CEICKTHBHOCTBIO JIETKHE apOMATHUCCKHE
yraeBogopoas! [6-9]. Apomarusarmst HU3KOMOJICKYIBIPHBIX Mapa(yHOB MO3BOISCT PEIINTh ABC BAKHBIC
3adavuu — TIIOJYUCHUC MAOINOJHUTCIBPHOI'O KOJHUCCTBA BBICOKOOKTAHOBBIX KOMIIOHCHTOB MOTOPHOIO
TOIUTUBA U UHAUBUAYAJIBHBIX apOMaTHICCKUX YIJICBOAOPOAOB AJIsA Heq)TeXI/IMI/I‘IeCKOFO CHHTC3a, a TaKXKC
BOBJICUCHHC B XUMHYCCKYIO MEPEPabOTKY MOIMYTHBIX HE(TAHBIX TA30B, UTO MPHBEICT K CYIICCTBCHHYIO
VIYULICHHIO 3KOJIOTMICCKON 0OCTAaHOBKH B paiionax Hedrerazonoberun. B maHHO# crarbe mpHUBOAATCS
pe3yabTaThl IO W3YUCHHIO 3aKOHOMEPHOCTEH NpPEBpalcHus HHAMBHAyaabHbIX ankaHoB C;-C; B
apOMATHYECKHE YIIICBOIOPOIB! Ha MOIU(PHUIIPOBAHHBIX LIEOTHTCOACPIKALINX KATATH3ATOPAX.

JKCIepHMEHTANBHAS YaCTh

IpurorosiacHue MOTUPUIIHMPOBAHHBEIX LICOAUTCOACPKAMMX Karamu3aropoB 5%Mo-2%Zn/ZSM-
5/A1,0; (KTIM-16) u 5%Mo-2%La/ZSM-5/A1,0; (KIIM-19) npoBoxunu METOAOM TIIPOIMTKA CMECH
LEOTUTA M THIPOKCHAA AFOMUHMSI BOJHBIMH PAacTBOPAMH COJICH IMHKA, MOIMOACHA U jmaHTaHa. Ilocme
(OpMOBaHH KaTATH3aTOPOB MPOBOAIMIACE CYLIKA UX Tpany’ mpu temmeparype 150 °C B TeucHue 12 1 n
npokammeanue mpu 550 °C B TeueHHE 6 1.

HccnenoBanne KaTtaiuTHYCCKOH AKTHBHOCTH M CTAOWIBHOCTH ITOJYYCHHBIX LICOTMTCOACPIKAILINX
KaTaJIM3aToOPOB OCYINECTBIIUIH B MPOLIECCAX MPEBPAINCHMS METaHA, STaHA W IMPONAHA B apOMATHYCCKHE
yriaesozopost (ApY).

HeoxucnurenpHyr0 KOHBEPCHIO MeTaHA (CTEHEHb YHCTOTH 99,99% 006.) mMpOBOIWIH B YCTAHOBKE
npoTouHOTro THmna npu Temmnepatype 750 °C u armocdeprom nasnennn. Obpasen karamsaropa (V = 1,0
cM) moMeInany B TpyOUATHI PeakTOp, BBIIOJHCHHBIN U3 KBAPLECBOro crtekia, nuamerpom 12 mwm. [epex
HAYaJIOM PEaKIWHM KaTalu3artop HarpeBaau B Toke remus a0 750 °C, BelAEpKHMBAIH TIPH 3TON
Temreparype B TeucHue 20 MHH, MOC/IC Yer0 HAYHHAIN MOAAaBaTh METAH ¢ 00BbEMHOMU cKkopocThio 1000 1

ITpoxykTsl peakIyy aHATH3UPOBAIN METOAOM TAa30BOH XpomaTtorpaduu, MOAPOOHOE OIMCAHUE
METOAUKH TIPOBEACHHUS SKCIICPUMEHTOB IpUBEACHO B pabdote [10].

Hcrnbrtanmst katann3aTopoB B IMPOIECCaxX MPeBpamneHus dTaHa (creneHb danuctoThl 99,84% 06.) u
npormana (cTerneHp 9ucToTH 99,95% 00.) MPOBOAIN B YCTAHOBKE MPOTOYHOTO THIA C HEIMOIBHIKHBIM
coem karamuzatopa (V = 3 cv’) mpu arMocdepHOM gaBieHHu, Temmeparype peakmuu 450-650 °C u
0GBEMHOI CKOPOCTH MOAAYH MCXOAHOTO Chipbst 500 u ' ITPOAyKTHI Peakiuy aHATH3UPOBAIH METOIOM
KX ¢ ucnonp3osannem xpomarorpada «Xpomarsk-Kpucramn 5000.2». Jlns ompeneneHus cocrasa
KUAKOH (hasel HCHOMB30BaIN KammuBIpHyo KOMoHKY BP-1 PONA (100 m x 0,25 MM x 0,5 MkM), a mis
ompeneNicHus cocTaBa ra3oBou (aser — xammupHy GS-Gas-Pro (60 M x 0,32 MM) 1 HaOHBHYIO
Carbosieve S-II (4 m x 2 MM, 60/80 merr) KOJOHKH.

Ja1 ONEHKHM KaTaIUTHYCCKOM AaKTHBHOCTH HCCICAYEMBIX 00pasLioB OMPEAEITH  CTCHCHb
MPEBPALICHAS HCXOTHOTO YIIEBOJOPOTHOTO CBHIPbS, a TAKKE PACCUUTBHIBAIH BBIXOJ M CEICKTHBHOCTD
00pazoBaHMs Ta3000PA3HBIX U JKHIKHUX MPOAYKTOB PCAKIIHH.

KucrnotHele CBOWCTBA LCOIMTCOACPIKAINMX KATATH3aTOPOB HCCICAOBAIM METOAOM TEPMOIIPOT-
pammvupoBannoit necoporuu (TIT1) ammuaka mo Metoauke, omucanHoi B padore [11]. Cuty KUCTOTHBIX
HECHTPOB KATATH3aTOPOB OLICHUBATH IO TEMIEPATYPHBIM MAaKCHMyMaM HAa TEPMOACCOPOIMOHHBIX
KPUBBIX, & UX KOHICHTPALHIO ONMPCACIUIN MO KOJMYCCTBY aMMHAKa, JCCOPOMPYIOIIETOCS B MOMCHT
(uxcarmy 1eCOpOLHOHHBIX THKOB, U BHIPAXKAIH B MKMOJISIX Ha | r KaTanusaTopa.
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Pe3yJ’leaTbl H HX 06cymeﬂue

VYrneBoaopoaHbIii COCTaB HMCXOJHOW Ta30BOH CMECH OKa3bIBACT CYIIECTBCHHOC BIHSIHHE Ha
MOKa3aTeNy mpouecca ¢ MPEeBpaIleHHs B apOMATHUYCCKHUEC COCAHHCHMS. B CBSI3H C 3THM IPOBEICHEI
HCCIEIOBAHN MO H3YUCHHIO 3aKOHOMEPHOCTEH NPEBPAINEHHUS HWHAWBHUAYATBHBIX KOMIIOHCHTOB 3TOH
ra3000pa3Hoi cMecu Ha neonmTcoaeprkamux karamusaropax KIIM-16 u KITM-19.

HccnenoBanns BIUSHHS XUMHYCCKOTO COCTaBa MONYYCHHBIX OOpPasloOB HA WX KATATHUTHICCKUC
CBOICTBA B MPOLIECCE HEOKUCIUTEIBHON KOHBEPCUU METAHA MOKA3aIM, YTO HAHOOJBIICH AKTHBHOCTBIO
obmamaer karammszatop KIIM-19, coaeprkamuii B CBOeM COCTaBe MOJIHOACH W JIAHTaH. MakcHUManbHAs
kousepcus (10,2%) Ha Hem gocturaetcs 3a nepseic 20 MuH paboTel katamusaropa (puc. la). B Teuenne
nepBeix 60 muH pabdoter katanmmuzaropa KIIM-19 HaGmrogaercss HamboJee PE3KOE CHIDKCHUE KOHBCPCHH
METaHa, TMOCJAC Yero CKopocTh ¢ maacHus 3amequsercs. Kartamuzarop KIIM-16 mposiBaseT ropasno
MEHBLIYIO aKTHBHOCTb B JaHHOM mpouecce. B mccneyeMoM BPEMEHHOM HHTEPBATIE KOHBEPCHS METaHA
mmensercs or 4,9 (20 mur) mo 0,9% (140 muu). HamGompmee KOAMYECTBO apOMAaTHUCCKUX
yriaeBonopoaos obpasyercsa Ha karamnzarope KIIM-19 (8,1%) B mepsbie 20 MuH paboTEl KaTauzaTopa
(puc. 16). 3a 60 mMuH peakuuH HAOMIOJACTCSA PE3KOC CHIDKCHHE KOHLCHTPALUH apOMAaTHUCCKUX
yriaesoxopoaos (o 2,9%) B mpoAyKTax, a 3aTeéM CKOPOCTh CHIDKCHHSI OOpPA30BAHHUS apOMaTHUCCKHX
yraesogoponoB 3ameamsiercs. Ha xarammzarope KIIM-16 ofpasyercss CyINECTBEHHO MEHbLIC
APOMATHUYCCKUX YIIICBOAOPOAOB — MAKCHMAIBHBIH HX BBIXOX COCTaBsieT okono 4% 3a 20 mMuH ero
padoThL.
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Pucynok 1 - I3MeHeHHe KOHBEPCHH (@) U BBIXO/Ia apOMaTUUIECKUX YIIIEBOI0POIOB (6)
O BpeMeHeM PaGoThI KaTATH3aTOPOB B Ipoliecce IpeBparrieHus Merasa rpy 750 °C i 1000 u!

Ha puc. 2 npuseaeHBI CPAaBHATEIBHBIC XaPAKTCPUCTHKU AKTHBHOCTH U CEIICKTHBHOCTH UCCIICAYCMBIX
KaTaJIM3aTOPOB B MPOIECCCE apoMaTu3aluu dTaHa mnpu temmeparype peakuuu 650 °C u oObeMHOM
cKOpOCTH moAaur criphst 500 u . BuaHo, uto HAMGObIICH AKTHBHOCTBIO B JAHHOM MPOIIECCE 0071a1aeT
katammzaTop KIIM-16 — koHBEpCHS 3TaHA M BHIXOJ APOMATHYCCKHUX YITICBOAOPOAOB HA HEM COCTABIIIIOT
cootBeTcTBeHHO 86,3 1 15,5%. Karammsarop KIIM-19 nposgsageT Goee HU3KYIO aKTHBHOCTD B TIPOLIECCE
HPEBPALICHHA 3TaHA B apOMATHYCCKHE YITICBOJOPOABI — KOHBEPCHS 3TaHA HA HCM COCTABIIIET BCETO
33,5%, a BBIXOA apOMATHYCCKUX YIIICBOAOPOAOB — 8,3%, UT0 cOOTBeTCTBCHHO B 2,6 U 1,9 pa3 meHsIe,
gem autst odpasua KIIM-16.
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PricyHok 2 - OCHOBHBIE TTOKa3aTeNH IIpoliecca apoMaTH3alK STaHa Ha IieonuTcoiepxantux katamsaropax (T = 650 °C)

JlaHHbIE TT0 U3MEHEHUIO CTEIICHH MPEBPAINCHHS ITaHA M BBIXOAA APOMATHICCKUX YII€BOJOPOIOB €O
BpeMeHeM paboThl HCCIEAYEMbIX KaTaau3aTopoB MPEeACTaBACHb Ha puc. 3. BuanO, 4TO KOHBEPCHA 3TaHa
U BBIXOJ apOMATHYECKUX VYINIEBOAOPoJoB B TteucHue 240 mun pabGorthl karamusaropa KITM-19
H3MCHSIOTCA HE3HAYHTETIBHO, B TO BpeMms Kak Jmi obOpasua KIIM-16 Habmomaercs NpakTHYECKH
JMHCHHOC CHIDKCHHE KaK KOHBEPCHH STAHA, TaK M BBIXOJA APOMATHYCCKHX YITIEBOAOPOAOB. OTO MOXKHO
00bsICHUTL 0OJICC HU3KOM MEPBOHAYAIBHON akTHBHOCTHIO oOpasma KIIM-19 B peakmmm apomaTu3ammm
3TaHa, 9TO M MPHBOJAMT K [UIABHOMY CHIDKCHHIO €0 aKTHBHOCTH CO BPEMEHEM PabOTHI.
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Pucynox 3 - V3mcHeHme KoHBepcHH (a) M BHIXOJA ApOMAaTHYECKHX YTIeBOAOpoaoB (0),

obpasyromuxcs Ha LCOMMTCOACPKAIMMX KATalHU3aTopax, €O BPEMEHEM MX paboThl B Ipolecce
npespamenus 3taHa (T = 650 °C)

Iporman MOABEPracTCs KaTATMTHYCCKOMY MPEBPALICHUI0 B apPOMATHUYECKHE YINICBOXOPOIBI IPH
Gonee HHU3KOH TeMmmeparype MO CPaBHCHHIO C 3TaHOM. Tak, 3aMeTHOE IPEBpALICHHWE MpONaHa Ha
HCCNICAyEMBIX KaTan3aTopax HauuHaetcs yoxe mpu 450 °C, a npu Temneparype peakiwu 550 °C u Beimme
MPOUCXOMUT OOPa3OBAHHE APOMATHUCCKUX YITIEBOZOPOAOB, COCTOAIINX NPEUMYIICCTBEHHO U3 OCH30/a,
TOYOJa W KCHJIOJIOB, B HEOOBIINX KOIMUECTBAX Takke obpasyrorcs amkunbensons! Co., HapTammue u
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ankuwiHadranmuasl (tabn. 1, puc. 4). [loGouHBIe MPOIYKTHI MPEICTABICHBI ra3000pa3HbBIMU YTICBOIOPO-
JaMH — METAHOM H 3TAaHOM, B HE3HAYHTEJIEHOM KOJHYECTBE MPUCYTCTBYIOT Boaopod u oneunst C,-Cy, a
TaKoKe HEMPEBPAIIECHHBIM npomaH. C pocToOM TeMIlepaTypsl MPOLECca MPOUCXOAUT YBEIHICHUE CTCIICHH
MPCBPALICHHUS MPOIAHA W BEIXOJA apOMATHUYCCKUX yrieBoopoos. [lpu temmeparype peakimu 600 °C
KOHBEPCHSI U BBIXOJ[ apOMATHUYCCKHUX YIIIeBOAOpPoaoB Ha obpasie KIIM-16 mocTHraroT COOTBETCTBEHHO
85 u 31,9%. Karamuzarop KIIM-19 xapaktepu3yercs HECKOIBKO 0Onee BBICOKOH OOMICH aKTHBHOCTBIO
(ollcHHBACMOI MO CTCICHH MPEBPAICHMS MPONAHA), HO HPH 3TOM OH MPOABIACT OOnee HHUBKYIO
ApOMATH3UPYIOIIYIO AKTHBHOCTb.

TaGnurra 1 - TTokasarenu mpoliecca apoMaTu3aliy IporiaHa Ha katamuzatopax KIIM-16 u KITM-19

CeNneKTUBHOCTh 00Pa30BaHUs IIPOyKTOB,
Karami3atop T X, % 4w
°C % % I CH AJKaHbt AJKeHBI ADCHEL
2 4 C-Cs C-Cy P
450 11 1,9 7.8 15,6 43,8 153 17:5
KIIM-16 500 33 5.9 6,9 21,8 42,5 10,8 18,0
550 80 29.8 42 204 32,7 54 373
600 85 31,9 3,9 26,8 32,9 3.2 332
450 17 0.9 1,9 18,8 60,3 134 5,6
KIIM-19 500 35 3.1 33 30,1 42,1 15,6 8,9
550 68 222 2.8 33,9 194 11,2 32,7
600 90 31,7 3.4 37.9 13,7 9,6 354

IIpumeuanue. T — Temmiepatypa; X — KOHBEPCHST, A — BBIXO/] apOMATHYECKUX YITIECBOAOPOIOB.

Ha puc. 4 mpuseacHBI JaHHBIE IO COCTABY JKHAKUX MPOAYKTOB MPEBPAIICHMS MPOMAHA HA
HCCIIEAYEMBIX LICONUTCOACPKAMUX KATATH3aTOpaX. MOXKHO OTMETHTh, YTO HA OOOHMX KaTaaM3aTopax
obpasyeTcs AOCTATOYHO OOJIBINOE KOIHYECTBO MOHOLMKIMYECKHX APOMATHYCCKHX YIJIEBOAOPOJOB
(OcH30ma, TOMYOIa, KCHIIONOB), CYMMapHas OIS KOTOPBIX B JKHAKOM MPOAYKTe mHpesbimact 65%.
3ameTHO MeHbIe HaTalTuHAa W €ro MpOH3BOAHBIX mMoiydaercs Ha karamusatope KIIM-19. Takum
00pa3oM, BBEACHHE B COCTaB Mo-COACPKAMMUX LEOTUTHBIX KATATH3ATOPOB IIMHKA U JAHTAHA MPHUBOJUT K
MOJIYYCHUIO 00Pa3LOB, OTIHYAOIIUXCS 10 CBOUM KaTATHTHICCKHM CBOHCTBAM.

60 7 MBenson BTonyon B A kunGeH30160
2 ] OHadramuu B AnxuHad TatuHbL
X 1
£ 401
é 1
5 301
=
= 1
) i
M 20 4
] N
" \ %
4 Y_
0] ZZA . %&\
KIIM-16 KIIM-19

PucyHok 4 - Cocta *KUAKUX IIPOIYKTOB IIPEBpaIlieHUs IIpollaHa Ha IeoIuTcoaepxammmx katammsaropax (T = 600 °C)

Pesynpratel  mccneaoBaHus CTaOWIBHOCTH PA0OTHL KATAIM3aTOPOB B MPOLECCE ApOMATH3ALUH
npomana npeacrasicHsl B Tadm. 2. Jma obpazua KIIM-16 HabmrozacTest pe3koe CHIKCHHC KaK OOIICH,







