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PE®EPAT

[onNXviiH 3punM XyYHUA YINABIPMAn4 awurnargax oyn Tyyxuin 3guinH OoTop
XAPArNI3HNIN XAMXKIAraap HYYpPC Hb 24% opunm BarHa. HUIAT LaxunraaH apumm Xy4HuUin
ynnasapnanuiiH 40 opunM XyBb Hb HYYPCAHA TyNryyprax 6anHa. Xoaunraap OonxXvmH
30MMH 3acar HYYpPCrymrasp OpLUMH TOITHOX apraryn 605oBY Heree Tanaap HyypPCHWUM
X3parnaa Hb Ganranb OpYHbIr BOXMpAyynax YHACSH 39X YYCBIPUMH HAr xaBaap OanHa.
OpUMM XYYHUI 30puynanTtaap HYypCUnr wataax G0MoH TI3BPUNH XIPIrCANNNT NXI3P
alwmrnax Hb HYypcTeperymmH ANOKCUAbIH snrapang XaMrminH nxasp Heneesery XyYmH
3ynn 6ok 6ariHa. Hyypcteperdnini AMOKCMAbIr ypramarn LWMHIadX GanranunH apraap
apunragar 4, XYHWW YA axunnaraaHbl Herneereep araap MadHgan gaxb
HYYPCTOpOrynmH OUOKCUAbLIH aryynra Mxcax 6anraa Hb TyyHwir GavranunH apraap
3annyyrmk 60noxooprym XamKaaHA XYpPracaH. Wnimpg TyyHuUr Hyypcteperd 6apux,
Xagranax, awwurnax apraap Oyypyynax uurnan  apuMMmTan  xenkwxk ©OanHa.
HyypcTteperuniiH amnokemapir Tyyxun 34 G0NroH mMeTaH yWnAaBIpnax Hb HArayraapt
3PYUNM XYYHUA YUNAOBIPUMAH TYYXUA 34 HUANSr GanranuiH xvin ynnasapnax ©60noH

HYYPCTOPOryMnH gMOoKCMabIr araap MaHaang Tapxaxaac CIaprmnnaxag yp awmrtan.

CO2-H MeTaHXyynanT Hb HyypcTeperunnr 6apmnx 6a xagranax (CCS) npouecc 60mnoH
HUAN3M XUAH YUNAB3PNAN A33P YHASCIACIH CIPraargax 3pUUM XyYHUA YMNABIpnang
XOParnaraaar ron ypean oM. OpYuMM XYYHUWA TycrnamKTanraap MeTaH rapraH aBax
XyBUpan Hb yCTOPOrymmr anekTponmsoop ynnaapnax 6onoH CO2-biH MeTaHXyynanT
rAcoH 2 ye watTtanraap asargax 6anHa. Capraargax apymMm Xy4HU Tycriamkram Xun
YMNABIpnaxX yuWnaBapunH yp awur 60noH 6yTaamx Hb CO2-blH MeTaHXyynanTtbiH
NPOLIECCOOC XYYTAMN Xamaapaar. JH3 wantraadHaap cyynumnH 10 XXung HYypCTeperymmH
ANOKCUAObIH MEeTaHXyynanTblH MPOLLECCOOP XMIradx cyaanraa apunmxmk 6amnHa. COz-
blH MeTaHXyynanTblH ypBarnz ron Henee y3yynaar Xy4uH 3ynn Hb WO3BXTAM, COHIOMOTI
YaHap GONOH TOrTBOPXWMNT eHOepTan katanusatop toMm. Cyanaaung OnoH TeprunH
LUMHD TeTeporeH KaTtanusaTopyyabir rapraH aBd, cygancaH ©Gereep Ta4rasp Hb
MEeTaHXyynanTbliH ypBanblH OyTaaMXuir Hamargyyrmk Garraar 1ortoocoH. COz-biH
rMMOPOreHXYYNaNnTUNr yinaapnang OypsH HIBTPYYNSX, YANOBIPNANUNH yp aLurnnr
HOMIArgyynaxaj waappanara xaHracaH katanusaTop (epter baratan, ngsBx, COHroMon
YaHap, TOrTBOPXUNT, HEXEOH CIPraaraax YaHap, AaxXuH almrnanTbiH 33par eHAepTaNn),
OyTaamX eHOepTon Gereen 3AWWH 3acCrMAH XSMH3MTTOW peakTopbiH 3arBap 60noH
yCTeperyMimH yWnaBapnan, TO3BIpnanT, Xxagrananitad xonbootom acyyanyyn

Tynrapgar. img manan cyganraanbl 6ar Hb BHXAY-bIH HanXuHrniH Ax YiingBapuiH



Nx Cypryyntbanm xamtpaH Hyypcuir xuimxyynax COz+Hz npouecct awwurnargax Ni

CyypbTan KaTanua3aTopblH cydarnraar XUmx rynuaTranas.

bug sHaxyy cyaanraaHbl axnaap HyypCcHUIM XUmkyynanTunH cuHTe3 xuin 60nox
CO2+H2 npouecct awwurnargax Ni cyypbTan katanusatopT 3eerd 6uet, NpoMOTOPbIH
y3YyNnax Heneennuur cygannaa. 3eerd 6muetaap ZrO2, MgO, npomMoTopoop raspbiH
XOBOP 3M1EMEHTUINI COHIOH aBY KatanuaaTtopyyabir 63aNTraXx, katanm3aTopyyablH LUMHX
yaHapblH y3yynantyyaunr XRD, SEM, TEM, BET, XPS, H2-TPR, ICP-OES, DRIFT
BaraXuT LUMHXWUNII3raap TOAOPXOWMSIMK, METaHbl rapu, COHIOMOS LWMHX YaHap,
NO3BXMIT KBapL, XOO0N BYXUIN XeAenreeHryn yeT peaktopT ABYYIK Aapaax AyrHanTag

Xypnaa. YyHAa:

1. lapraH aBcaH KaTtanuM3aTopyyablH peHTreH AuddpPakTOMETPUAH YP AYHIA3C
xapaxag AynaaHbl 6onoscpyynantblH Temnepatyp 60noH xyrauaar
nxacraxag auvdpdpakrorpammbiH MUK HapunccaH 6anHa. OH3 Hb TyxXanH
napamMmeTpyyaunr ecreceHeep Tyyxum 34 60N0X HUKENWAH OABCHbI 3aparn
OypaH ABargax katanusaTopyyablH TancT asbiH aryynra HamMaraax 6anraar
xapyynx 6anHa.

2. lWeppepunH TOMBEOroOop TamNCTblH X3MX33r TOOLOOMOX04 HUKEIUH
TancCTblH XaMX33 42.38 HaHOMETPI3C AynaaHbl 60NOBCPYYyNanTbIiH Xyrauaar
ecrexeq 38.93 HaHomeTp, TemnepaTypblr ecrexeq 39.23 HaHoMeTp Oomx
OyypcaH 6ereef 3H3 Hb MeTansbiH TapXanT HAMAra4aXx Ganraar MNIPXUNITK
6anHa. HukenuinH aryynra 5% 6a 20% yepn 9Haxyy 3yn TOrTon axurnargax
GancaH 6on 50% XxypTon HAMaX yen TancCTblH X3MX33 3CPIraspad ecu
DaricaH. QH3 Hb MeTanmnbir UX X3MXI3raap cyynraxag TapxanT Hb Oyypu
Banraar xapyymx 6arnHa.

3. bug katanusatopyyabir 5%, 20% 6a 50% racaH rypBaH eep HUKENWNH
aryynratavWraap rapradH ascaH. Aryynra Tyc Oypa3ac HIr KartanusaTopblH
noaBxtTan metannbiH aryynreir ICP-OES 6Garaxaap Ttogopxounyynaxag
xaprandaH 3.90%, 17.81% 6a 41.76% rapcaH Hb TOOLOOHbI YyTratau
onponuoo GarHa.

4. YpeanbiH TemnepaTyp 300 °C, xuinH ypcranbiH xypa 25000 uar! 6arixag
Ni/Zr-La202CO3 kaTanunsaTopblH XyBUpsbiH 33par 81%, CH4-unH coHromon
yaHap 99.6%, TortBopxmMnT 110 uar ypBan aByynaxrym YHOC3H LUMHX

YaHapaa eepunneeryin 60mnoxbIr To4OPXONICOH.



5. Ni/Zr-La202C0O3, Ni/lLa202CO3 kaTanusatopyyablH LWWMHX  YaHapbIr
xapbuyynaxag Zr H3MIMTT KaTtanu3aTopblH TOrBOPXWUNT GOMOH MeTaHbl
rapu, COHrOMOJT LUMHX YaHap xapbuaHryn camH 6ancaH 6a La202CO3-uiH
(La202%*)n TopHbI gaBxaprag Zr** NoH xan6apaap opLuaor 6eree/] OfoH aepar
Henee y3yyik 6araa MeTaHxyynax ypBarblH AyHraac 6atnargcaH

6. DRIFT-uiH yp ayHraac xapaxag CO2z LWMHMa3X, YCTOPOeryxyynax ypsasnbiH
yeq ragapryyrminH 3aBCcpbliH OYTaaraaxyyHUn XyBUpIbIr TOOOPXOWN XapyyricaH.
Ni/La202CO3 kaTtanuaatopblH ragapryyq 3eBXeH opMaTtblH YCTOPOrvxmx
3am axwurnargcaH 6on Ni/Zr-La202COs kaTanuaatopslH ragapryya CO 6onoH
dopmaTbiH 3aBCPblH OOAMC 33PArLUdH OPLUMX XOEp YCTOPerwKux 3am

axurnargcaH.

CYOANTAAHDBI AXIbIH 30PUIITO

OHAXyy cyganraaHbl axnaap HYYPCTOPerdyuMmH LUOKCUMAbIH MeTaHXyynanTbiH
ypBang awwurnargax Ni cyypbTanm kaTanus3aTop rapraxag OpLUMHO. YT 30punroo
OnenyynaxummH Tyng 4oopX 30puUNnTyyabir TaBMH axunnacaH. YyHA:

1. CO2-00c MeTaH rapraH aBax ypsang awwvrnargax Ni cyypbTan WNHS TepnuimnH
Katanusatopbir rapraH asax. (Katanusatopbir 63nTraxag  TOXUPOMXKTOM
TemnepaTtyp, xyrauaa 6onoH Ni-H aryynrbir Tortoox)

2. XepenreeHryn yet peakTtopT 6ara temnepatypT CO2-UNH XyBUPSbIH 33p3rnmnr
90%-nac 3w, CHa-nnH coHromon wnHx YaHapbir 100%-4 xXyprax.

1. 3eer4 6rvet GONOH NMOIBXMKYYIIAMY Cyypb XOEPbIH aTOMbIH OYTUMIH XapunuaH
xamaapan, wuHx vaHapeir XRD, SEM, TEM, BET, XPS, H2-TPR, ICP-OES,
DRIFT 339par 6araxkunT LWNHXUATI3raap TOO0PXONITOX.

3. Yr TecnuinH xypasHg xamtapcaH 6ar axucaH TyBLWMHA HUWAT 3 OKyTaH, UMNakT
dakTop eHOepTan CITryyna 2 eryynan, AoTooAod 2 eryynan XaBrnyynax, 2

WNTI3M X3N3anuyynax, WWH3 GYTI3NUNH NaTeHT-2-Uir aBax.

CYOAIJTTAAHDbI AXIbIH A4 Xonesoragon

Hyypc, HedTb, LUMHIAPYYNCIH XU 33par BanranviiH rapantan Tymw Hb 3p4YnuMm
Xyd4 rapraH aBax [ro;n 39X YycB3p 0Oereen SArs3punH WwaTaanTtaap snrapcad
HYYPCTOPOrYUmMH OUOKCUA Hb XYSIAMXKUNH XMUT YYCraX araap MaHanbir 6oxvpayynx
B6anHa. HyypcteperuninH guokcuablr MetaH G0NroH XyeBupracHaap araap MaHgang
xasargax b6ynm XynamkunH xvnir yypyyngar yump SKOMoruiH eHaep ad xonboraontoun

IOM.



CO2+H2 ypBan Hb KatanuMsaTopbliH OpPONuUOOTOW fABargaar ypsan Gereepn yr
ypBang Tyrasman awwurnarggar katanmsatopyynaac Ni cyypbTah katanumsaTop Hb
epTer baratan, NO3BXM eHOSPTIN TyN 3OUNH 3aCTUNH XyBb XAMHINTTaM 6angar gasyy
Tantan. WnAmg  HYYpCTeperdnmH  OWOKCUMAbIH — MeTaHXyynanTtblH  ypBarblH
Katanusatopyygaac CyynuiH yed uxa3p aHxaapan TaTtax 6oncoH Ni/Zr, Mg
KatanuaaTtopbir 63NTrax TOXMPOMXKTOM HOXUJSIMIAT TOFTOOX Hb 34UKH 3acrmiH 6onoopn

3KONOrMIMH XyBb, YyXxan ad XxonborgonTon oM.

CYOAINTAAHbBbI AXIbIH LWWMH3NAI TAN

HyypcTeperymiH OMOKCMAOOC MeTaH rapraH aeax npoueccT awwurnargax
MeTaHbl rapL, eH4ep, COHroMos LWMHX YaHap 6onoH TtortBopxunt cantan Ni/Zr, Mg
KaTtanuaaTtopyyablir YUaB3apiax TEXHONOMMIMH OHOBYTOM FOpUM TOFTOOX Dariraapaapaa

LLUNH33T IOM.

Tynxyyp yr: CO2, MeTaH, HuKernb, PeHTreH Audpakuu, peHTreHdnioopecueHum,

ragapryyH tantaw, HuKenb
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H3P TOMBEO, TOBYMIICOH YTUAH TAUNBAP XXAITCAANT

RWGS /Reverse Water Gas Shift/ - YpBYYy YC-XUAH LLUMIMKUNTUNH ypBan
AH /Enthalpy/ - QHTanbnu, ypBanbsiH gynaaHbl Urpan
XRD /X-ray diffraction/ - PeHTreH gudpakromeTp

P w0 P

ICP-OES /Inductively Coupled Plasma Optical Emission Spectroscopy/ -
MHAYKUMH Xon600CT nna3mMbiH ONTUK 3MMYIIbCbIH CNEKTPOMETP

5. SEM /Scanning Electron Microscope/ - CKaHHUHT 351IEKTPOH MUKPOCKON

6. EDS /Energy Dispersion Spectroscopy/ - QHepruiH TapxanTtbliH CNEeKTPOCKOMN

7. H2-TPR - Temperature-programmed reduction of Hydrogen
/TemnepaTtypblH NporpaMmmysnianTan YCTeperdyminH aHrmxkpant/

8. XPS /X-ray photoelectron spectroscopy/ - PeHTreH (hoTO31eKTPOH CMEKTPOCKoMN
9. eV - /electronVolts/ - AnekTpoHBONbT

10.GC /Gas Chromatography/ - XniH xpomaTorpadgwu

11.MFC /Mass Flow Controller/ - XuiiH ypcran xamxur4

12. FWHM /Full Width at Half Maximuum/ - NMKnH eHapUIH XaracbliH 6preHun yTra
13.GHSV /Gas Hourly Space Velocity/ - Llart ypcax XmnH 333nxyyH Xypa,

14.TCD /Thermal Conductivity Detector/ - [lynaaH gamxyynanTblH JETEKTOP
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YOUPTI AN

Hyypc 6on apuuMm Xy4HuiA ron ax yycBap GOMoxooc ragHa YWnaB3pranuviiH
OyTa3araaxyyH rapraH aBax yyxan a4 xonboraonTton TYYXuin 3OUNH Har oM. CyynunH
Xunyyasg HepTMnH 6a XUMUAH TyyXurM 3OUAH Heel, 6araccaHbl yrnmMaac Hyypcunr
GonoBcpyynax ynamknant TexHosnormmr 60noBCpoHryn 60nrox, ynMaap LWWHI
AS3BLWIMNTAT TexHonorn 6onoBcpyynax, xepeHre 6ocrox yunaeap OGapux axung

O9NXUIH YIC OPHYY UX33X3H aHxaapan TaBbX 604uT axnyya Xuncaap banHa.

MaHaw yncblH XyBbA HYYPCHUIN apBUH UX HEOLITAN y4paac TYYHUIAT BONOBCPYYIIK
XWUH BONOH LUMHIAH TYIILW raprax aBax Hb XaMrnH npasaymnTan oM. HyypcHun rapan
YYCan, aHrvnan, LWWHX YaHap xapunuaH agunryn Gamgraac xamaapd Hyypcuur
XUMXKYYM3X TEXHOMOMMMH COHrONT Hb ©ep eep Gawnaar. 3apum cygnaayvygblH XMAC3H
XUWXKYYNINTUAH cydarnraaHbl OYHI3C Xxapaxag XYPaH HYYPC Hb XUWXKYYNaX ypBanbiH
NO3BXN 6HOBPTIN, BUTYMT HYYPC BOMOH KOKC Hb XMMKYYN3AX ypBanblH MA3Bxu 6araTtan
Gonoxeir TOOOpXOMNcoH 6Gawmaar. MoHron opoHg Tynramgaag 6Ganraa araapbiH
doxupanbir OyypyynaxblH Tyng HYYPCUNAT XUKYYITDK HUANSr 6anranuiH Xmin rapraH
aBax, HYYPCHUM OaBxaprblH MeTaH XUWTr cyanaH YUABIPNasna HOBTPYYSIaX 3ansiryn

Wwaapanaratam 6anHa.

Hyypcuir xuikyyrmk HUIRNar 6anrannuini XWAr rapradH aBax ypeang 3ansnwryn
Waapgnaratanm acyyanblH H3r Hb TyXauWH YypBang X3parnargax KatanumsaTopbliH

cyganraa lom.

Ni cyypbTan kaTanuaatopbir HYYPCHI3aC HMnnar 6anranuind xum (SNG), CO2-ooc
MEeTaH rapraH aBaxap, epreH xaparnax 6anHa. Yr katanmsatop Hb CO2-UH XyBUPSIbIH
39par xapbLaHrymn eHgep 6a meTaHbl COHFOMOS LUMHX YaHap canTan, HaMm TemnepaTypT
ypBanblH NO3BXM 6HO6P, TYYHUN3H araapblH ypcranbiH X3aMX33r 6preH XypasHg COHrox
GonomXTOon 33par gasyy TanyyaTanm tom. YpBanbiH siBuag CO aryynra mnx 6angraac
Xamaapy KaTanusaTop Hb amapxaH XopAoX WaaBxuad angnar 6ereeq yr ypeanaap ux
XAMX33HUM aynaad anrapgar Tyn CO-unH XopTon YaHapbIr 3capryyuax Yyagsaptan Ni
CYypbT KaTanmsaTopbIr ©3NTrax Hb yr MeTaHXyyrax MpPOLECCbiH XaMrUMnH 4Yyxarn
acyyanbiH Har oM. nmg 6ung “Hyypeunr xuimkyynax CO2+Hz npoueccT awwurnargax Ni
CyypbTal KaTanu3aTopblH cydanraar’ C343BT aXnbir COHFOH aBy cyganraaHbl axnbir

XUMX TYALSTIanas.
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HAraQyraapr 6YNJAr. OHOJbIH X3Car
1.1. Hyypc, HYYPCUNT XUXKYYIIIX peakTopyyAblH Topern

1.1.1 HyypCHMIK TyXan epeHX1UN OUNronT

OpT ranae UarMiH ypraman aMbTHbI YNA3rA3s ra3pblH XepCeH OfOH 3YYH XWUNaap
XypumTnargaH reoxvmmu, 6uoxmmumnH XyBupang OpPCHOOpP Hyypc yycd 6uin 6ongor.
BanranunH xaTyy TYMWHUM rapan YyCnunWH Tyxan acyygan 9pT Yyeac XYMYYCUWH
COHMPXIbIr TaTCcaap MPCIH. ApTHUN [pekninH punocopmy ApuctoTen HYYPCUNr MOAHbI
HYYPCTAM LUMHX YaHapbIr Hb Xapbuyyrmk 6arncan 6a 315 oHg TyyHuUA waBb TeodhacT
Hyypcuir “YynblH 4ynyy”, “QHTpPakCoOM-OA4OOIMMHXOOP aHTPauUT’ K HOPNAH LUMHX
YaHapbIlr Hb TOAOPXONIMK BaMKa3.

17570HA OpocbiH 3pa3aMTaH M.B. JToMOHOCOB Hb HyYpC XyNapTan Tepen Gereea
TYYH33C YYCC3H Hb rapuaaryi, TYYHTOM WKUIT 30pUIroop aluvriargaHa rox y3xas.
YYH33C 21 XununH gapaa 1778 oHg XyNpuH ypramsbiH aaxum XyBupriaap XypaH 6a
YyIyYH HYYPC YYCHO ra)K TOMEOSCOH beponarapunr HYYpCHUIA YYCIIMWH OPYUH YEUH
OHONbII YHASCOAMY X y34ar.

Hyypc ypramnaac yyccaH 6onox Hb ['tomb6anuinH cyganraaraap terc 6atnargcaH
toM. Tapasp sH3 BYPUIH HYYPCUINT a30TbiH Xy4nn 6epToneTMnH gaBc 60MOH CNUPTI3ap
YWNYUIDK MUKPOCKOMNOOP CyafaH L3LUrMinH TOOCOHLIOP, 34 SCYYAUNT NNPYYITKII.

MyntacovH  reonorMinH 9puH Yyeyyasg Hyypc, OutymT 3aHap, HedTUhH
XypUMTRanbiH ropuM WXun Gangrvir TamMaarnadsg, 9H3 Hb TIAM3PUNH ypramnaac
rapantavH 6atanraa rox y3xa3. Heree Tanaap opraHuk 60auc gaxe HyypCTeOpPerdyninH
N30TOoNbIH BYPA3N HYYPCUNXTAN onponuoo bangar 6arHa. WiHXyy Hyypc ypramnaac
YYCC3H Hb YHACOHO33 MapraaHrymi HOTMOrACOH X Xarmk 6onHo. 9x493 HyypcHMK
YYcan Hb 6uonorn, Xumu, (UMKUAH ONOH XYYUH 3YWNUAH HeneeHa sBaracad
GanrannunH HapuMH HUANM3N YN 9BL y4paac OfioH Taamarnan, oHon 6ancaH 6anHa.

Hyypc Hb xap, Xxap XYpaH 6HreTan, amapxaH Lwarthar HIaraH TepnunuH TyHaman
yynyynar oM. Hyypc Hb 4334 ypramnblH yRA3rgan xynpaac yycax 6a goTpoo XypaH
HYYPC, YyNYyyH HYYPC, aHTpauuT racaH Tepeng XxyBaaraaHa. bypayynard yHOC3H XUMUIAH
3NIeMEHT Hb HyypCTepery, ycteperd Gereef, Xyuynnteperd, Xyxap, as3oT TOAOPXOW
X3MXKI3raap aryynargaHa.

HyypcC Hb 3p4MM Xy4HUI YHOC3H 3X YYCBAp Bereeq HyypCHWU opablir uin 6o5oH gang
yypxanraap awumrnana. AHrnimv xanHuin "Coal" 6ytoy HyypcC ragar yr Hb 'epmaH rapantan
yr (FCepmanaap Kohl, LBenaap kol) 6ereeq Hyypctepery (carbon) ragar Hap TOMbEO

6ac vxun yycanTtan. Mogpir araapry opuvHA XanaaH, TYyHA aryynargax yc, 43raamMxum
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f6oguceir canrax, HyypcteperuyMiH engep aryynratam (Hyypcrteperd 85-95 %), xap
OHIeTAN, XOHIeH, HyX CyB3apXar, OyTpamTram yngargan raprax asaxbir "MogHbl Hyypc"

(Charcoal) raxx HopnaHa [1].

1.1.2. Hyypcuuir Xunxyynax peakTopyyAabiH Tepern
XUMXKYYNANTUAH NPOoUECcCT awurnax Oy Tynw GONOH XUMXKYYNard areHTumr
reHepaTop pyy Opyysrk Ganraaraac Hb Xxamaapyymk XUNH reHepaTopbIr YHACIHA Hb 3

aHrunHa. YyHa:

- XepenreeHT yeT xuiiH reHepatop (Moving bed gasifier)
- byunary yet xunH reHepartop (Fluidised bed gasifier)

- XWWH Xy4Tau ypcrang axunnagar xumrH reHepartop (Entrained flow gasifier)

OH3 TOPNUH reHepaTopbIH ron 3ap4MM Hb HYypC 6a xui acpar ypcranaap siBx
NpOLLeCCT OpAOIT OPLUNHO. ©epeep Xanban UMM XUAH reHepaTopT XUMXKYYNary areHTt
bonox araap/xyumntepery 6a yCHbI yypbIr reHepaTopbiH 4004 Tanaac, TYNWUAr 433,
Tanaac Hb opyyngar 6a Tynw ypeang opX aaxmaap L0OoWNox 6a xumxkux ypeanbiH
AYHA YYCC3H XU HYYPCHUI YEUH OyHAYYP A33LW ercex 6aranaap npouecc asaar.

im ydpaac xe[denreeHT yeT, 3apyM TOXMONAONA Ye33p XUMXKYYSIdX XUMH
reHepaTop ragar. Ep Hb XWKyynanTUH 30HA siBargax ycaH XvinH, byayapbliH G0MOH
MeTaHXMX ypBariaac XMH Harpnara Uxa3xaH xamaapHa. YcaH XUrH ypBan ragar Hb
YCHbI YYp XancaH KOKCTOW ypBarf opX ycteperd 6a HyypCTeperyumH aaH ucan yycrax
3amMaap YCTepeuurH aryynrbir HOMIrgyynaar npouecc oM. XUMKYYNanTUUH 30H[4
YYCC3H XanyyH XWi O33LWW erceH TYNWWAr Xataax, ynMaap A3rgsamxui 6oauc yycrax
npouecc asargax 6a aHx 800°C TemnepaTtypTtam 6ancaH xun gynaaHaa angan 500°C
TemnepaTtyptan ©60nTnoo xepger. OHO TOPNAWWH TeHepaTopT METaH HUNdada WuX
XOMXKI3rasp yycaar. TynwHI3C [argsmMxmin 60amc Anrapyd  HUM33L XOMXKISHUN
Aasupxavnar 6yTaargaxyyH 60M0H XMIH XOnbL, YYCraHa.

Byunary yeT XvinH reHepaTop

Byunary yeT XuMiH reHepaTtopT TYMLWHUA XaTyy X3Cryy4 XWUWH Xy4TaW ypcranTtan
XonungoH ynmaap 6Gyunax ye yycrax 6amgnaap npouecc sisargaHa. TynAWwWHUA YHC
xannax 60noH yaH xapumxan 6angang opBos XOOPOHA00 Haanaax LWMPXarnan ToMpox
Toxuongong dyunax ye yycax npouecc angargax, oyTyy asargax maragnan eHaep Tyn
TemnepaTypbir CarlH XaHax LWaapanaratan. XapaB uim Ganpgang OpBOM YHC Hb
GeerHepeng OpX HartapwuH (agglomeration) Gyunax gaexapra yycax 6Gonomxryin

6ongor. Mimpg Byunary yeT XUMH reHepaTop YHC 3eenpex TemnepaTtypaac AoOLInX

14



Temnepatypt axunnagar. byunard yeT XWWH TreHepaTopblH awurt  YUIUWH
koadppuumeHT 97 % opumm Bavgar 6a 9H3 Hb Heree XOEp TepPIMNH reHepaTopoocC
A0Oryyp Y3YyynanT oM. YUYNp Hb HYYPCTOPOrdnmmH XyBUPIbIH 33par J00oryyp Tyn
HyypcTepery Byxui HArgan aryyncaH yHC yycaar. Xy4unteperdmiH XyBba Xe465reeHT
YET reHepaTopooC MX, ypcranaap Xumxyynard peakropooc 6ara 3apuyyngar.

XVINH Xy4Tan ypcrang axunnagar XmiH reHepaTtop

XWNH Xy4TaKn ypcrang axunnagar XMnH reHepaTopT HapUH LUMPX3rTaN HYYPCUnr
XUMKYYNArd areHTblH XamMT WX XypaTauraap Opyymk eHaep TemnepaTypT, TYpPraH
XyrauyaaHg npoueccbir sByyngar. YpBang Opox Xyrauaa 6ara Tyn Tymw >KUKur
WMpxarTon Ganx waapanaratan 6a Guomacc GOMOH XOr Xaargnbir 3H3 TOPNUNH
reHepatopaap GonoBcpyynaxag XapbUaHryn XyHO tOM. OH3 TepriviH reHepaTopyyad
1950-aag oHooc xouw xenkceH Gereen 20-70 6apbiH gapant, 1400 °C-33c O33Lwwimx
TemnepaTypT FONYMOH YynyyH Hyypcuir ©0MOBCPYySiX, XOC TypOuH Oyxuin cTaHy,
GanryynaH apumm Xy4 rapraH aBy 6anHa.

XUWH Xy4TaM ypcrang axunnagar reHepaTopT XWKUT LUMPXITTON HYYPC YCHbI Yyp
BOMOH XY4UMNATePeryTan XK YUrNaNTan ypcranaap XonungoH ypeang opox 6a yyccaH
YHCUIT xannman Gangnaap ragarwnyyngar Tyn fnpouecchbir YHCHUW Xannax Laraac
eHOep TemnepaTtypT sByynax waapgnaratan. im yuypaac Xy4mnTeperdyninH xaparnas
Oycan reHepaTopaac unyy eHgep 6angar.

XUKyynant eHgep TemnepatypT dAsdar Tyn gaBupxanW, Toc 33par 6oauc
yycooarryn 6a ropumoop Hb axunnyynaxag HyypcTeperdunH XyBupnbiH 33par 99 %
xypaar. TyyH33c ragHa meTaHbl aryynra 6ara 6angar Tyn cavH YaHapblH HUAMNAT XUK
ynnasapnagar. Tynw erent (Xyypaw, 3yypmar), XaHblH mMartepuan (membpaH, rang
TAOCBIPTAM MaTepuan) 33par 3apumM 3yMnnaspad snraatam OfioH TOPSIMAH npoueccyyn
xenkceH 6a opooroop Tekcako (Texaco), Wenn (Shell), Mpantno Oektek (Prenflo

Dectec) 3apar doupmninH reHepatopyyn oyxun 100 rapymn ynnasapyya axunnax 6anHa.
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1-p 3ypar. HyypcHUIA XUIKYYNINTUAH peakTop

XUMXKYYNANTIHA HONeernex Xy4nH 3yusnc

OpraHuk OypanasdxyyHun Henee: XUMKYYN3NTUMH MNPOLECCbIH  OHLIOT,
peakTopbIH 30XMOH BanryynanT, rapraH aBax 6yTaargaxyyHun sopuynanrtaac xamaap
TOOOPXOM LWKMHX YaHap Oyxui Hyypcuir awwvrnaxag 3opuynargcaH ©Ganpar.
XUMKYYNanTUAH ypBan HYYPCHUIA LUMHX YaHap OOMOH ONOH XY4YMH 3YMN33C XxaMmaapax
6a 34ra3paac rof XyYmH 3ymnn Hb:

HyypcHuin gotooa 60noH ragaag 6yTay
HyypcHuin gynaaHsl WKHX YaHap bytoy 6ecex YaHap

Ynaargan HyypcTepery Oyoy xarac KOKCbIH TancTt OyTau
XUMXKYYNINTUIH ypBang opox TYYXUin 34M1H ypBarnblH MA3BXUM Hb Japaax a3pamMbaap
Oyypaar.

XYP3H HYYPC > 4ynyyH HYYPC, Xarac KOKC > aHTpauuT, KOKC, HE(TUNH KOKC
XYP3H HyYpC Hb ragapryyH Tanbam eHgep 6anx Tyn ypBanbiH MO3BXUN UXTIK Ganaar.
HyypcHun 6ecex 4daHap Hb ypcrang XWmKyyriard peakTopbiH axunnaraaHg Henee
Oaratan, xepenreeHT yeT OONoH Oyunax ragapryya XumKyynard peaktopyyabliH
axunnaraaHg ceper Hemee y3yynary LWWHX YaHap oM. [yHO 33parnanunH HacTau
4yyriyyH Hyypc Hb 400-450°C TemnepartypT AynaaHbl 3agpang OpX LUWMHIAH
OYyTI3radXyyH AnrapyyncHbl yriMaac ysiH Xapumxan TeneBT LUMIMKUH 6ecenTt axanaar.
YaH xapumxan TeneB Hb 500°C-33c axnaH xaTyypy axnax 6a 600-800°C 6ypaH xaTyypu

BecenT aAyycaar. OH3 XOOPOHAOX MPOLIECChIr HYYPCHUIA GecenT rax Hapnax bereen
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XYI13p, XYP3H HyypcC, Tapyuur GONOH ypT A6NT 4yfnyyH HyypC, aHTpauuT Hb Gecex
YaHaprym 60onHo.
Opaac BypanaaxyyHun Henee: Opaac bypangaxyyHuUn gapaax WUHX YaHapyyn,

HYYPCHUI XUMXKYYNANTIHA YyXan HeneeTan. YyHAa:

=  Opaac 6ypanasaxyyHUnM HUIT aryynra

= XaTtyynar

= [JlynaaHbl LUMHX YaHap, 3eenpex, Xxannax remneparyp

= Hawpnara

=  KatanusaTopblH LWWHX YaHap
Hyypc Hb apaac 6o0aMc nxaap aryynax Hb XUWKYYN3NTUAH NPOLLECCT Ceper HeneeTan.
HyypcHUn xaTyynar Hb rofifioH TYYHUA YHCHUW XaTyynartam xamaapantan. YHC UXTaun
9CBaN xaTtyynar eHAepTaN YHC aryyncaH HyypC Hb ByTnax, HyHTarnax 3apgarn uxTom Tyn
ypcrang Xumkyynard cuctemg awmrnax Hb TOXMPOMXKIryn. HyypCHUI YHCHUIW Xannant
Hb XWUMXKYYNANTUAH NPOLECCT WUX33X3H HeneeTan OGereen YHCHUN 36enpenTuiH
TemnepaTypaac A33W TemnepaTypT YHC Hb Haangamxah 605K XOOPOHO0O HWUAIDK
BGeerHepeH peakTop AOTOPX ypcranbir 6ernex, gynaaH CONUIILLOOHbI TOX6ePeMKYYaUnr
ooxupgyynaar. XvumkyynanTuiH aBua HYYPCHU 9paac XACar YMmrag angax, 3agpax,
HYYPCTOPOryTan Xonungox 3apar npoueccyyaan opox TyS XUKYYN3NTIap YYCCIH YHC

Hb HYYPCHUI 3PO3C X3CArTan xapbuyynban HarT 6araTtan 6anaar [3].

1.2. Hyypcuir xunxxyynax YHACOH 3 aprbiH XapbuyynanTt

JNypruinn apra: 3H3 apra Hb GyXan LWUMPX3rTarM HYYPCUNT XOA6NTeeHryn ye 03ap
erdy poopooc 33w Hb 3.0MlMa opunm pgapanttard YCHbl  YYpP-XYYUITOPervymimH
XOSIIMMIOOp YN33roH XUMXKYYIax npouecc oM. JIypruiH aprbliH gyTtargantan Tan Hb
HYYPCHUI YEUNH 004 X3CIArT WaTtanT asaracaHaac eHgep TemnepaTtyptan Xum anrapy
ynMaap XYMT3H HYYPCHUA Yeap HOBTPAH 6Hrepexgee TYYHUAT Xanaax nuponusg
opyyrnaar.
WaTtax xuriH HanpnaraHg U3BIpMiaxag XyHOPanTan OGonrogor OyTaarasxyyHyyAa
aryynaracaH 6angar. OH3 Hb XMW L3BIPMaxX GanryynamKkumr HapuinH TeBerTam 60rox,
YHO epTrmnr Hamargyyngar. JlypruiH aprbir eHee yen ax YWNABIPT WXIHXAI
GanranuimH XMAr opnox Xum ymnasapnax G0MoH XMMUINH TEXHOMOIMIH npoueccyyaa
awvrnax 6anna.

Konnepc-ToTueknnH apra: AX yWnaBapT OPreH X3parnaar OfiCOH HYYpPCUIr
XUMKYYN3X TOXOOPOMXKUIH XOEP Aaxb Xanbap Hb Konnepc-TOTLEKUAH XUAH 3yyX HOM.

OH9 XMMH 3yyX aTMocepblH gapantaH YCHbl YYp-XYYUNTOPerdyninH XOnuMrnmr
17



awmrraH HyYPCHUN TOOCHIr XUWXKYYNAar. XUMXKYYNanTUNH NPOLECChIH TeMnepaTyp SH3
Oyp Ganx 60noBY MX3HXO33 HYYPCHUM YHCHUA Xannax Temnepartypaac eHaep Oywoy
1500-1600°C 6anx Tyn YHCUII WNHIH BanganTtanraap 3annyyngar. 43 aproir Tepen
OYPUMH HYYPCUWT XUMXKYYIIaX34 awwurnax OonomxkTon 0ereen HyypCcUWUr TOOCOH
Gangantanm GanTrox waapgnaratan. OH3 apra Hb HYYPCUWr eHgep TemnepartypT
XUKYYNO3T ydpaac NMMponm3ninH ByTaarasxyyHaap watax Xxunr 6oxumpayynaxrymH tyng
LOBIPAX TEXHONOMMIT Xanbap4umik, epTer 3apanbir Hb Byypyynax 6o0n1omx onrogor.
WM xuiiH reHepaTop Hb XOHOIT 1 cast M3 Xuit raprax HanK GyTaaMKTal Gereeq 3H3 Hb
OHee YEUNH Xaparydl, waapgnarbir 6ypaH xaHrax Yagaxryi oM. CyynumH xunyyaag
Konnepc-ToTuekniiH aprbir 60noBCPOHryn G0OMArox Tanaap MX33X3H 3y XUATOdX
BarHa. Tyxannban : XunH reHepaTop Aaxb AapanTbir HOMAr4yyax 3amaap 6y TaaMXKMIAT
Hb MX3CraX YNINAN33P TYPLUMATBLIH axnyyn Xmnragax 6amHa.

BuHknepunH apra: OH3 Texeepemxug Hyypcuir dyunard yeT XUmKyynax Tyn
xatyy 6a xuinH basyyablH XOOpPOHA AynaaHbl GOMOH MacCbiH COMUALOO 3PYUMTIN
aBargaar. XuriH reHepaTopT XKWKUM LUMPXIrTAN HYYPCHUIA Oyuiard yeunmr yycraxgaa
YCHbI YYP-XYYUINTOPOr4YnnH XonmMrmnr atmocdepbiH JapanTtranraap ynaanrax samaap
oun 6onrogor. QH3 yed Hyypc OOMOH YMIBNMMWUH areHTyyn AaeBxaprag Wnyy >Xurg
APUMMTINII3P  XONWMNAAor Tyn wartax XuWWr nMponmsbiH - ByTaaraaxyyHasp
boxupayynaxryi 6amx cavH Tantan. [9x493 XUWH reHepaTop Aaxb XUXKYYIANTUIAH
NPOLLEeCCbIH TemMnepaTypbIr YHCUWT XaTyy apraap 3annyynax HexXunumr yHaac 60mnroH
Togopxomngor. Mima yHCHUM xarmnax TemnepaTyp Hb 6ara HyypcaH4 TemnepaTtypbir
1100-1200°C-3ac uxryn barixaap COHroH aBax xaparTan. [1e3p aypbacaH 3 TepnuiH
XUMH TeHepaTopT HYYPCUNT XUMXKYYNIX34 rapax OyTaarasxyyHuin rapubir 4oopx

XYCH3rTaa y3yynaB.

1-p xXycHarT
Hyypcunr xumxyynaxag rapax 0yTaargaxyyHum rapy
Ne XUmKyynax apryya XuiH Harpnara / MonuinH xysnap /
CcO H2 CO2 CHa Oycag
1 | Nlyprn 20 37 30 12 1
2 | Konnepc-ToTuek 56 29 12 - 3
3 | BuHknep 48 35 14 2 1
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1.3. Napaapap x3aparkyymxk Oym “HyypcHaac OamranmmH Xxunm rapraH aBax

TexHonornya”’

HyypcHaac GanranunH xum yrungBapnax TEXHOSorM Hb Oycag Hyypc XUMWIAH
YANAB3PUNH  TEXHOMOMUTOW Xapblyynaxag TOHOr TOXOOPOMXUAH XWUWL, 3HIUWH,
TEXHOMOrM Hb XapbLaHryn xanbap, ynnasapnanuiiH sBuaj rapax 3konornmH 6oxmpaon
Gara, OyTa3raaxyyHum rapu xapbuaHryn engep 6a xaargan gynaasbir AaxvH awmrnax
OONOMXTOM 33par onoH gasyy Tantan. OnoH yncag HOBTIPC3H HYYPCHI3C HUMNAT

OanranunH Xumn YWNABIPSIAX XaMrMWUH SHIMAH TEXHOMNOrMnH Oyayysumnr 2-p 3ypart

Y3YYNaB.

Cunres
XHUH

v

Metanxkyynax [——>| SNG

Hyype | | Xuibkyymsx |—>

2-p 3ypar. HyypcHaac 6avranvinH xmin ynnaBapnax TEXHONOMMNH Byayysy

1.3.1. Jlyprn koMmnaHum MeTaHXyyrax TeXHOJOrm

epmaH yncbiH Jlypru komnaHbl MeTaHXyyrnax TEXHOSNOMM Hb XYP3H HYYPCUIAT
XUMKYYIICHI3P  YHOC3H  HUMNAr  xuir  ymnaeapnax 6Gereeq H2:CO xapbuaa
oponuooroop 1:3 6aiixaac ragHa enepT 3540M3 HUINAr Gakranuind Xvi ynaBapnax
XYYMH YaganTtan TEXHONOMNH NpoLUecc A3NXNIN HUATIA 6pPreH Xaparnaraax danna. 3-p

3yparT JlyprumH TEXHONOMMNH ByayYBYMIT Xapyyras.

'Rl R2
P 5

PR
T3#33MMAH XHA i

E——

% & -
e Ty

} —

-
KOHAEHCaTop

3-p 3ypar. JlypruH TexHonornnH dyayyeu
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MeTaHxXyynax cxem Hb TOrTBOPTON rOpUMOOP axunnax rypBaH peaktopaac 6ypaaar.
OXHUI 2 peakTop Hb eHaep TemnepatypbliH peakTopyyn 6ereeq CO xyBupy CHas yycax
YHAC3H ypBan Hb 3H3 peakTopyya A0Top siBarajar. 3-p peaktop Hb 6ara TemnepaTtypbiH
peakTop oM. OHAep AapanT 6a yCHbl yyp almrnax ypbaynnan xanaacaH TyyYXun agunr
OyLaaH MeTaHXyynax ypeang opyyrncHaap gyrnaaHbir UX XaMKaaraap rapraH aBgar. AHX
BASF koMmnaHui katanmaartopbir xaparnaaar 6ancaH 6a cyynumnH yea Ya Xin Wan Feng
rpynnblH KatanuaaTtopbir X3parnax OOMNCOH. Yr kaTanmM3aTop Hb XYX3pPT T3CBIPTIM
HACXKWNT ypTTanh, WOIBXUN OHOOPTIN XMMWUWH aX YWUNABIPT OpreH Xaparnargaar

KaTanm3aTtop M.

1.3.2. TREMP™ mMeTaHXyynax TexHosoru

HaHn yncblH Topsoe KOoMNaHWM HyypcH33C GavranuiH Xun rapraH aBax LUem
TEXHOMOrM Hb MeTaHxyyrnax TexHonorn (TREMP™) tom. Yr TexHonoruiiH npoueccTt 3-4
MeTaHXyynax peakTtopbir xaparnagar. 4-p 3ypart TREMP™-piiH  TexHonoruiiH

OyayyBYMIr xapyynas.

Ha={03
00 +C0:

.
L,
Bara EOHISHCITOD

KoMNpeccop TE AN DT Y PT
xanaary

4-p sypar. TREMP™ meTaHxyynax TEXHONOIMMINH CXEM

OH3 TEXHOMOrMop XWUr opyyriaxaac eMHe Yr TOXeOPeMXUHL XYXPWUWT L3BIPIIaxX
TOXOOPOMXUIT AaBxap CyypunyyrncaH OHLSIOITON oM. OXHUI peaKkTopbiH Aapaa XUNH
9PranTUMH HACcoC CYypunyyrK erex 06a Hargyrasp peaktopT kKoHueHTpauutam CO-r
OPYYJK ypBanbIH TeMnepaTypbIr 6yypyyrk Toxmpyynaar. YT TEXHONOrMNH NpoLeccoop
eHAep rapurtan, carH YaHapblH 6anranMH xun raprad aBy 6onox 6ereen MeH eHaep
AapanTaHg 3aBcapbliH OyTaarasxyyHyya raprad asd 6ongor. TREMP™ metamxyynax

TexHonorng MCR-2X MapkuitH KaTannaaTopbIr Xaparnagar.
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MCR-2X kaTtanusatop Hb XapbLiaHryh epreH xs3raapblH TemnepatypT (250-700°C)
YypT XyrauaaHg TOrtBopTon axunnax 6a katanusaTop Hb MA3BXUI3 xadranax yYagsap
canTavraac ragHa 3H3 TEXHOSTOMMINH NPOLIECCT XY4NH Yaaan baratan HacoChIr Xaparnax
BOONOMXTOWN, XUIH 3PranTUAH X3aMXK33r ByypyyricHaap apunuM XYYUAT X3aMH3A3r rax MaT

Or1OH JaByy TanTam.

1.3.3. DAVY KoMnaHu/ MeTaHXyynax TeEXHOSOorm
AHrnn ynceiH DAVY KoMnaHuin MeTaHXyyrax TEXHOMOrMMH npouecchIr 5-p 3ypart
y3yynaB. [Joopx 3ypraac xapaxag yr TEXHONMOMMWH MPOLECCT YHACAH XOE€p Onokt 4

peakTopbIr awmrnagar.

HZ/CO

. B
Ha [ e [ e [ 18

YoHe WY

Tl Lel L

{‘:} J

KOMMNPECcop

e

5-p 3ypar. Davy MeTaHxyynax TEXHONOMMINH CXeM

OXHUA XOEp peakTop Hb TacpanTryh axwunnaraatam 6ereeq — Xo€p Aaxb
MEeTaHXyyrax peaktopaac rapax 3pranTuiH XU Hb OyraaH Conumuordy annaparaap
AaMXUH AynaaHbl conunuooH opX ynmaap temnepatryp 150°C 6onoxond HacOCHBbI
Aapant uxacaar. [lapaa Hb 3XHUW peakTop pyy U3B3P HUWMAIM XUAT OpPYYIK ynmMaap

HArQyrasap peakTopT siBargax ypBanbiH TemMrnepaTypbir TOXMpyynaar.

¥Yr TEXHONOMMNH NpoLeccT Har 6a xo€payraap peaktopaac ypBasbliH 6yTa3raaxyyH
rapax xacart temnepatyp 600°C opuum 6Gangar. OH9 TexHonormt CEG  mapkumnH
KatanusaTop xaparnagar Gereeq Karanu3aTtop Hb JaxXWMH CAOPrax 4vagBap eHAepTau,
HUMNAr xunH xyeba H:C-unH xapbuaar Toxupyynax Lwaapgnararyn, XyBUpPSibiH
(koHBEPCUINH) 33par eHaepTan 33par aasyy Tantan. CEG katanusatop Hb AHY-bIH

HYYPC XUMUIH aXk YANABIPT epreH xaparnaragar [4-5].
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1.4. HyypcTeperuminH gMoKcuabIH Ganranb OpuUMHA Y3YYNnax Hernee

©HeernnH Gananaap xaparnax 6y 3pUMM XyYHUIA YHOCIH XACTUNAT XaTyy TYILWHI33C
rapraH aspar Gereef 9H3 Hb araap Aaxb HYYPCTeperdyMmH AUMOKCUAbIH aryynrbir
NX3CraX, Laawunaag XyIaMKUNH XUNH Herneenseep O3NXUNH aynaapnbIr Yycrax 6anHa.
Xatyy Tynwunr Hap 60M0H CanxmHbl 3pYUM XYY FAX MIT CIPraargaxX IpUYUM XyHHUK
HeeLeep opnyynax Oponanoryya onoH XuiracaH 6avagar. Capraargdx apyuuM XyYHWIA
YWNOBIPNanuMiH ecenTteHn Tynrapdar YHACOH acyyanyydblH H3M Hb 3pYUM XYYHUM
OanaHc OGOMOH WNyy4an 9pyYMM  XYYMUr Xagranaxeir Laapggar 3aBcaprara om.
HereeTaliryyp HyypcTeperymimH AMOKCUAbIr snrapyynax Hb XaTyy Tynw 60M0H HedpTb

XUMUIH “GapunrbiH 610K’ 600X HYYPCTOPOrYNNT NX XaMXKI3raap angax byn xapar om

2].

X3paB CO2 rax M3T aHTPOMOreH rapanTtan XynamxkuiH XMnH anrapant 6yypaxryn 6on

A3NXUNA Aapaax TynramacaH acyyanyyn rapy MpHS raXx y3caH Ganaar:

(1) 2050 oH raxap aprunH raspyyablH aTMmocdepuiiH Temnepatyp 2°C-3ap, 2100 oH

roxag 4°C-39p HOMIrasHa.

(1) OanxunH gotooa temnepatyp 2050 oH raxag 4°C-33p, 2100 oH raxag 7°C-3ap

HOM3AraaHa.
(1) Oanxui gaxmHel XyHCHUIA aoynryi 6angang xypuaap HeneersHe.
(IV) XornnH ypraman HaMargax, O3NXUNH YCHbl Heeuen cepreep HeneersHe.

(V) aH 6onoH yepuiiH Heneereep 3pyysl MaHA3 ceper Henee y3yynax bereeq uar

araapblH Hexuen bangnaac wanTtraanxk xanasapT 6BYHUIN rapanT HOMIrA3Ha.
(V1) On mog TYyMMapT epTex apCa3nTaM.

Xaaunraap OaNxXunH gynaapan AanxmnH 6yx Bycaap Tapxaaryn 4, A3NXUAH AyHOaX
AynaaH HOMIrAaX OGanraa Hb WMX3HX Oycyya XYMTPaxaac wunyy Aynaapy OGauraar
xapyymk 6anHa. CyynuiH yeunH OanxuiH uar yypblH Tannadraap 1880 oHooc xouLu
xXyypawn rasap 6onoH gananH Temnepatyp 10 xun Tytamg ayHmxkaap 0.07°C-3ap ecu
GanHa xaMa3H gypaarcaH. 3H3 Hb 1981 OHOOC XOWMLW eHeer XypTan TemnepaTypbiH

©CeNnTUIH AYHOAX Xypa XOEp AaxuH ux GancaH racaH yr 6onHo [3].
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Hapsel rapaa

XoT Araad Tysa

CFC

CO: sIrapaJ O30HBI JaBXaPIbIH HOOPOJI

VYP aMbCraIbIH 60PYI6.IT Xy 3M:KRHIH XHIH Hos1ee/ I3IXHIH AyTaapan

6-p 3ypar. XaTyy TYNLHUIA WaTantTaac yycax A3NXuUAH AynaaprbiH XyBbcan 60moH

YYp aMbCrarblH 66p4IienT.

1.5. HyypcTeperimmH AMokcmabiH MeTaHXyynanTt

CO2-blH qnrapnbir  Oyypyynax XxamMrumH WX cygnargcaH  TexXHOMOrm  Hb
HYYPCTOperynnH anokcnapir 6apbx aBax, T99B3PNax 6ONOH raszap 4O0Op xaaranax 33par
npoueccyygaac TorrcoH “Hyypcteperuninr 6apbx, xagranax” (CCS) texHonorn towm.
YYH33C ragHa, 6apbX aBcaH HYYPCTOPOrvYMnH QUOKCUAObIN CUHTE3UNH XA YUNABIPNIang
MeTaHbl xyypan puopMuHr acBan COz-bIr rMOPOreHXyymK MeTaH, MeTaHOos 3CBaf
0337 CNNPTIHA, Xymprax 33par TexHonornyaaap Tynw 60M0H XMMUIAH 60QUCT XyBUprax,
awvrnax 6onHo. CabatvepuinH ypBan rarggar MeTaHxyynanTtbiH ypBanbIr 6HrepCceH
3yyHbl 3x33p ®paHy, yncbiH 3paamMTag 6onox lMayn Cabatnep 6onoH XXaH-batuct
CeHaepeHC Hap aHX HI3C3H. YT TEXHONOMMAT aHX aMMUaKblH CUHTE3UNH TYYXUIN 3433C
Bara XaMXX33HUIN HYYPCTOPOerymMiH OKCUAbIr 3annyynax 30punroop awurnax 6arncaH.
CyynuiiH yeq COz-blH MeTaHXyynanTbir 3pYMM XYYHIIC XMW rapraH aBax TexHonormg

awmrnax 6anHa. ApUMM XYYHI3C XU rapraH aBax TEXHOMOTNA WNYYA3N CIPrasarasax
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3PUMM XYHHIIC YNINABIPNArAcaH ycteperd Hb CO2-Ton (LaxunraaH CTaHu, YUnaBapnan
acBan OuoreH npoueccoop OapbCaH) xapunuaH YUNYNanuaX XMMUKH XyBupraap
MeTaHa XyBupaar.

MeTaHxXyynanTblH ypBanbIr YUABIPMana HIBTPYYIAXTaN xonbooTon npouecchiH
napameTpyyd, OyTaarasxyyHunm rapuag y3yynax KatanusaTtopblH Heree 33par
acyyanyygbir  WWMAAB3PNA3X Waapanara opoo 4 bancaap 6amHa.  COgz-biH
MeTaHXyynanTblH ypBanblH KaTanu3aTopblH Heneenen ©OOMOH yWNAB3IPNang
HIBTPYYNAXa4 Tynrapy Oyn acyyanyyabir cygancaH Mx XaMX33HWUA axnyyad XUNracaH
Ganpar. x093 eHeerninH 6ananaap rapraH aBcaH KaTanu3aTopyyd Hb MeTaHbl
COHroMon 4YaHap eHgepTaon bangar 4 6ara TemnepaTypT XyBUPSbIH 33PMNM 6CreX Hb

yyxan acyyaan tom [2].

1.6. COg2-bIr MeTaHXyynax ypBang Xaparnaranar katanusaTtopyyn

Podu kamanu3zamop - HyypcTeperymnH OMokcua Hb kKatanuaaTopbir ncanayynaar
yypaac 3H3 MeTasnsiblH UCIANA3NTUNH 33pPar ypBarnblH XyBuUpang rofl yypar rymuatragar
Gamx 6onHO. Yr katanusaTtop XeHreHuaraaH 3eeryton yen TYYHUW ragapryy A33px

MeTaH YYCanT Hb eHaep Ganaar.

MeTaHbl rapu Hb Temnepatyp, gapant 60MoH npomoTop Hanraa 3caxa3c xaMmaapHa.
bara TemnepatypT Rh-rminH TOM X3MX33TON LUMPXIMNIArYYA Hb XUXI33Ca3 Unyy eHaep
Na3BXTan Ganaar. XeHreH uaraaH 3eery 433p 6apu acBan kanur Hamaxag 300-700°C
TemnepaTypbiH My>XUa KaTanuablH LWMHX YaHapT M3A3rAaxymnL eepynenT rapaar. bapu
aryyncaH Rh/Al203 katanusatop g39p 500°C TemnepaTypaac goow TemnepatypT
MeTaH yycaar 60n TyyHI3C 433 TeMnepaTypT HYYPCTOPeryMinH MOHOOKCUA YyCaar [5—
8].

XyunnTteperunmnr 6ara xamxaarasap HamMax Hb Rh/y-Al203 kaTanusaTtopbiH O3IBXUAT
A93LWNyynaar 60510BY X XaMXKI3raap HaMb6an ceper HeneeTan bangar. CO2-bIr NX33p
WnHraaaar Rh/y-Al203 —r ycTeperymmr nx, HyypcTeperdunH guokcuabir 6ara LWnHraagar
Ni-Al-Tan xonuxoa COz-biH XyBUPIbIH 33par 60M0H MeTaHbl rapu eHaep 6arHa. Rh/TiO:
KatanuaaTtop Hb 6ara TemnepaTypT XaMrMiH MO3BXTAM OOMOBY epTer eHAepTan Tyn

YANAB3IPNANUAH XaMXKI3HA awmrnaragarrym [8].

PymeHu kamanu3zamop - Ru Hb MeTaHXyynanTblH ypBarblH XaMrMnH MO9BXTIN
KatanusaTtopyyabiH Har oM. TyyHun 3eerdeep Al203, TiO2, SiO2, MgO, MgAl204, C

©60onoH Ceo.8Zro.202-r awmrnagar. Ru-rminH katanuabiH MA3BX 60N0OH MeTaHbl COHrOMOI
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YaHap Hb MeTann gasblH TapxanT, 3eer4YnuinH Teper, camkpyynard4/npoMoTop HAIMC3IH

9C3X33C WantraarHa.

CO2-blH MeTaHXyynax ypBanbliH Temnepatypbir 6yypyynaxoiH Tyng Ru/TiO2
katanuaatopbir 1980 OHOOC XOWLL X3parna)x Ganraa. Yr katannsaTopbiH TYPLUUATbIM
ONOH cyanaaung ssyyncaH 6Gereen TypwunTyyn pfastargaxryi 6ancaH. YyHUn
LanTraaH Hb Katanusatopbir 6anTrax apra 6onoH TiO2 433p rmapokcunbiH Bynar yycy

CO2-bIr guccounaumng opyysk 6anraatan xonbooTom rax y3caH [10-13].

CeO2 Hb Ru kaTanusatopT cainH npomMmoTop 6ongor 6a HyypCcTeperyminH Anokcua
LEepUrMiH OKCUAObIH ragapryy A493p aHrmkmpcaHaap 350°C-c gasw TemnepaTtypT
XyBuprbiH 33par eHaep 6Gongor. CeogsRo.0502 Hb 450°C-c ag3aw TemnepatypT
HYYPCTOpPOrynmH OUOKCUAObIH XyBUPAbIH 33par 55%, meTaHbl coHromosn 4YaHap 99%

6angar. Men CeO2-00p MeTannbiH XyBUIAH ragapryyr ecreger.

TiO2-Al203 3eeruton Ru katanusatop Hb Al2O3 3eerdytan katanusatopooc 3.1
AaXUH Unyy ngaBxTan 6angar. OHS Hb TUTaH 6a XeHreHuaraaHbl OkcuA 3eery 033px Ru-
TUIAH XXMKUT X3C3r Hb (2.8 MM) XeHreHuaraaHbl OKCUA 366r4tan 433pxaac (4.3 MM) XXKur

XaMXK33Tan bangartan xonbooton [8].

Mannadu kamanu3zamopyyod - Pd Hb yCTeperdymmH Monekynbir guccoumauma
OPYYITK YCTOPOrymmH atom yycragar. Taaraap Hb Mg cyynracaH okeung aapx COz-biH
ypBanaac YYCCOH MA3BXKYYIICAH ragapryytanm kapboHattam ypBang OpHO. OH3 Hb
mMeTannblH okengooc CO-bIH gecopbumir 6yypyynaar 6ereeg aH3 Hb CO-bIH yyCanTunr
MeTanmblH OKCWA alurnaH 30rcoox 30pUSITOTON. YpPBYY MUKPOAMYNbLCUWH apraap
rapraH ascaH Pd, Mg-H xonbu Hb 450°C-T MeTaHbl coHromorn 4YaHap 95%, HyypcHun

ANOKCAbIH XyBUPAbIH 33par 59% GaiHa [8].

[asp aypbacaH katanudatopyyn Hb Ni KaTan3uTopToW Xapbuyynaxag epTter
eHaepTan Barpar 6a HMKeNb Hb UNYY MA3BX BHOePTAN Banaar yump HyYpCTeperdyninH
ANOKCUAbIH MeTaHxXyynanTtbiH ypeang Ni katanusatopyyabir TYNXyy Cygarnx, Xaparnax

banHa.
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1.7. Hwukenb KaTanusatopyyna

3eerutan Ni kaTanusaTop Hb MeTaHbl YUNABIPIIANA 6HAeP MA3BXTAN 6ONOH epTer
baratan y4ypaac xamMrumH epreH cygnargcaH 6ampar. KatanuabiH LIMHX YaHap Hb
306r4niH LWMHX YaHapaac UX339XaH XaMaapy bangar Tyn yr katanusaTop 433p OfloH

TOPNWIH 3e6r4minr cygancax 6anaar.

Al20330024mal HUKenb kKamasnu3zamop - inM TepnunnH 3eer4ytan katanmsaTop Hb
KaTanuablH MO3BX ©HAepTan 60onoB4Y HyypcTeperdeep amapxaH 0OXMpOooOXooc ragHa

eHAep TeMnepaTypblH HEXLen4 TOrTBOPXUNT MyyTan Ganaar.

Cynnaay Hap Me30 HyX CyB3pXar HaHOTarncT 6yTauTtan y-Al20z 3eerytan sH3 GypuinH
Ni-uiH aryynraTam katanusatopyyabir 63n43X KatanuablH LWUXMHX YaHapbIr cygancaH 6a
0anTracaH katanuaatopyyd ayHaaac 20% Ni-unH aryynratam katanusatop Hb 200-

350°C TemnepaTtypT XxaMrmmH eHagep naaBxTan bereen TorrBopTon GancaH.

KaTanusatopbiH WWHX YaHapbIr camkpyynax NpoMOTOpbIH cydarnraa HUNasgrym
xmracaH 6anpar. CyanaracaH npomoTtopyyaaac CeO:2 Hb XeHreHuaraaHbl OKCUMAbIH
AynaaHbl  TOrTBOPXMNT  OOMOH  3eerd  [33pX  MeTansblH  AUCNEPCKUNTUIAT
HOM3rayynaxaac ragHa 3eerdy, MeTanfblH XapunuaH YANYNaauir HIMIrayyncaHaap
MeTanmblH KaTanuablH LWMHX YaHapbIr camxpyynaar. Tepen 6ypunH npomoTopyyabir
cyanaxag 2 % (maccbiH) CeO2 xamrnnH ngasxram 6ancaH 6a Ni/y-Al2Os-4 XUHIMIAH 2%-
nap CeOgz-bir HoMax34 COgz-biH XyBUpnblH 33par 45%-nac 71% 60K HAIMIrgax,

MeTaHbl COHromos YaHap 99%-mac nx 6ancHbIr cyganraaraap TOrTOOCOH.

Laxuyp 3ee24mali Hukenb kKamasnu3amop - Me30o6yTauTon UaxnypbliH
HaHoXMXUr xacryyaunr (MSN) cyynninH yen katanuabliH cuctemp 3eerd 60nrox eprex

awmrnax 6anHa. OH3 3e6r4yninH aaByy Tas Hb:

- HaHO XOMX33CTau

- 9mx 3ambapaatan ByTayTan

- ragapryyrunH tanban maw eHaepTan

- HYXHUN XaMX33ar 1.5 HM-33C 10 HM-UIH XO0POHA, TOXMPYYITK Bongor.

Cyanaay Hap COgz-biH MeTanxyynantaHg Ni/MSN katanusaTopbIr 30Mb-resiuiH
GonoH WKUrTraH TyHagacxyynax apryygaap 6angax 6ycag katanusaTopyyaTam
XapbLUyymk cypancaH ©avpar. Ypsanoir 150-450°C TemnepaTtypT sByynaxag

KaTanuaaTopyyablH MO3BX Hb Aapaax 3pambaTtan GarcaH GarHa:

Ni/MSN>Ni/MCM-41>Ni/HY>Ni/SiO2>Ni/Al203
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MSN 3eerytan eep eep MeTansblH KaTtanusatopyyabir 63nTrax TypwvnT

sByynaxag uasBx Hb gapaax apambaTan rapcaH bangar:
Rh/MSN>Ru/MSN>Ni/MSN>Ir/MSN>Fe/MSN>Cu/MSN
GaricaH Gereeq ragapryyrminH Tandanm xamrmiH nxtanm He Ni/MSN kaTanusartop 6ancaH.

KatanusatopblH MeTannbliH aryynra 6ara 6anx Tycam MeTanfibiH AUCNEPCKUAT Hb
ecger 6a Ni-unH aryynreir 1%-c 10% XxypTan ecrexeq Tancxunt, ragapryyrmnd Tantamn
GONOH KaTanu3aTopbiH Cyypunar LWuHX YaHap ©Oaracgar. Heree Tanaapaa
KaTanuaaTopbliH NO3BX Hb JOOPX 3apamMbaTan 6ancaH 6ereen CO2-bIH XyBUPAbIH 33par

100% 6GawncaH banHa.
10% Ni/MSN=5% Ni/MSN>3% Ni/MSN>1% Ni/MSN

Llaxnyp 3eerdtam Ni kaTanu3aTopyya Hb yypaHg TortBopryn ©Oanpar 6a
MEeTaHXyynanTtbiH ypBanblH 6yTa3raaxyyHyyaumrmH Har Hb yc 6angar Tyn ninMm TepnunmnH
KatanusaTtopbilr HaMm TemnepaTypT X3parnaxa TOXMPOMXTOW. ©HAep TemnepatypT
MeTaHbl COHrOMOJS1 YaHap eHgep H6anx 60NoBY HyypCTePOrynimH JUOKCUObLIH XyBUPSIbIH

33par b6ara Ganaar.

rudopomanyum 3ee24mali HUKeslb Kamasu3amop - napoTanuUTbIH OYNrnnH
Haranyya 6yiy aaBxap yeTan rmgpokcuayya Hb rmgpokema 6onoH 2 6a 3 BaneHTTam

MeTannyyablH Xxonumor oM. [lapaax epeHxun TOMbEOTOMN:
[M1x2*My3*(OH)2][A™]wn yH20

3Ha: M?*, M®* 2 Ga 3 BaneHTTal MeTarnbiH KaTUoH, A™ - ye XOOpPOHAbIH aHWOH, YCHbI

MOJIEKYN - TanCT OPOHT TOP 3CB3AN ragapryyn copbunoracoH yc 6anHa.
WM TepnninH katanuaaTtopyya 0933P HUKENUNH OUCNEPCKUNTUINH 33par eHaep banaar.

Bycad mepnuliH 3ee24m3li HUuKenb Kamanuszamop - HyypcrteperymiiH
HaHoxoonowur 3eerdeep cygancaH 6onosY Ni-MAH KaTanM3blH MOSBXUAT O3MKUXIYN
OancaH 6ereeq Ce-uir npoOMOTOPOOP HAIMIX3A KaTanuablH NO3BX OONOH TOrTBOPXUNT

HAMargax Gancan.

Ni 6a W-Mg katanusaTtop xamruH eHgep naasxunr W:Ni monuiiH xapbuaa 1:1 6anxag

450°C TemnepatypT y3yyJpk 6ancaH.

Ni-Fe kamanu3amop - Hukenb 60noH Temep katanuaatopbir 1990 oHOOC XONLL

X3parnax axancaH. Cyanaay Hap CO2-bIH rMaporeHXyynanTaHa TeMep KaTannsaTopblH
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NO3BXMIT cygancaH. Tag mesonop 3eeryTan temep katanudatop 6onox Fe-KIT-6-r aHx
yaaa TOMPUH aryynra eHaepTanreep CUHTE3N3C3H. TOMPUNH ragapryyrminH tantanH
OHAep HArTapLwun Hb KaTanu3aTopbiH MeTaHbl COHFOMOST YaHapbIr eHA4ep TeMnepaTypT
Xy4Tanm ecrex 6amcaH. XoguMn TUMM 4 KaTanu3aTtopblH COHFOMOST YaHap Hb 36BX6H

TOMpPUIH aryynraac 6yc TeMpUNH aTOMbIH NCINAINTUNH 33pradc MeH xamaapy 6ancaH.

Cygnaad HapblH TortoocHoop NiO-bIH TapxanTtaHg TOMPUWH rynuaTraxk Ganraa
YYP3r Hb HUKENUMH LUMHX YaHapbir camkpyyrmk GancaH. Ni/ZrO2 6onoH Ni-Fe/ZrO:2
KatanuaaTtopyyablH mMopdonornnr xapbuyyncaH TEM-H yp ayHr xapaxag NiO-uiH
AncnepcnargcaH xmkur xacryya He Ni-Fe/ZrO2 gaapxaac unyy Ni/ZrO2 asap Tapxant

eHOepTan bancaH [8].

1.8. KartanusaTopblH 3eer4 matepuan

3eerutan OOMOH 3eervryn KkatanuaatopbiH snraa Hb TUAM 4 Togopxon Ganparryi.
HarsH TepnunH XMMWNH HanpnaraTam raX TooLoragor 3eerdryn katanusatop 605oH
AaH 3eerymg Hb XypTan XyTranT, MPOMOTOP HAMINT, ragapryyrminH 3cBan MeTansblH

canrant 3CB3J1 KaTtaln3aTopbliH ypBaliblH OP4YHbl HOJIBEHE6C XaMaap4 OJ'IOH-(ba3I:IH

oyTau yayynaar [13].

1.9. Hukenb katanusatopT ZrO2-bIr 366r4 60NroH awmrnax Hb

ZrO2-blH XY4un/CyypumH LWKNHX YaHap OOMNOH HyypCHW MOHO- 6a guokcuAabir
LUMHIA3X YaHap A33p yHA3CNaX CO2-bIH MeTaHxXyynanTtaHg ZrOz-bir epreH awumrnagar
[15-17]. UMpkoHMiA okcug Hb rypBaH nonumopd OyTuaap opwagor Gereeq TyyHMIA

I'IOJ'II/IMOpC*) TeneB Hb KaTaliM3blH LUMHX YaHaAPT Hb XaMrumH nx Heneenger. YYH,D,I

- MOHOKNUHUK (M)

- TeTparoHan (T)

- Ky0 (K) racaH 6yTuyyA OpHO.

MoHoknuHuk TeneB Hb 1000°C TemnepaTtypaac 0OOW TEPMOANHAMMUKUIAH XyBbA

XaMruiH Torreopton 6anaar.

CO2-biH MeTaHnxyynantang amopd Ni-Zr xannwaac 6antracaH Ni/T-ZrO2 Hb 200-
300°C-T1 maw eHgep wmaasx 6onoH Gapar 100% coHromon 4YaHap y3yyngar. OHd
KaTanmsaTopblH MA3BX Hb T-ZrO2-Hbl XaMXka3ar HaMaxag ecaer. Ni/Zr/REE-H xannwaac
Ni/ZrO2-bir 63n439xa4 KaTanuabiH MA3BX Hb M3aaraaxynuy asawmungar. Ni/Zr/5at% Sm-g
camapu Hb TeTparoHan UMPKOHWUT TOrTBOPXYYIK TyyHUW ragapryy 039px Ni-uiH

adTOMbIH TOOI HOMArayynaor.
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KaTanusatopyydblH WO3BXUAT  HIMIrgyyraxviH Tyrng  3eeryeec ragHa
HOMANTa3p npomoTopyyabir Ham erger. COz-biH  MeTanxyynantblH  Ni/ZrO:2
Katanusatop [A33p HOM3X XaMrMrMH epreH cyanaracaH raspblH XOBOP 9fieMeHT
npomoTtop 6on Ce oM. Ce BOMNOH Zr-unH XapunuaH yunynanunH Heneereep Ni-unH
OyTaamx Aaawmnaar. Ce-rminH ron OHUMOr Hb TYYHUW XyuyunTeperdmnH Gartaamk
eHgepTan 6onoH Ni-unr gucnepcnax Yagsap ©HAOPTIN LIMHX YaHap Hb tOM. OHI
TOPSIMIH KaTanusaTop 093P XMNIAC3H cyaanraaHyyaaac xapaxag yr katanusatop A3ap
CO2 Hb CO-g xyeBupgarrym ©Gereepn, KaTanusaToOpblH 366f16H cyypunar YaHapTawn
ragapryy nasp CO2-g agcopbunorgox koBaneHT kapboHataac ruapokapboHar,
TYYH33C BnaeHTaTbiH KapboHaTt yycragar. YyccaH GuaeHTaT Hb ycTeperdeep aHrmxmpy

dhopmmat yycrasg, uaall aHrvikMpy MeTaH sinrapyyngar [8].

CO zascppm ( (HCO)ads H:

ByTesrmaxyyHTit H. B . e
P — T
(Co)ws/_- \ \

CO2-mHuryyn
METaHKYyIIanT

7-p 3ypar. CO2-blH MeTaHXyynanTbiH Xsan6apLuyyncaH ypsanblH MEXaHU3M.

1.10. KartanusaTtop rapraH aBax npowecc

Amap 4 KaTanusaTopbIr rapraH aBax MNpPouUecC Hb OSIOH TOPSIMAH HUMAIIMAN
npoueccyyablH gapaannaac Tortgor 6Gereen  TOAM9PUMH  UX3HX Hb  Fynuag
cyanarpgaaryn 6avpar. bantran axnbliH getanba 6ara 33pruiH eepunent Opoxod n
3UCUNH BYTI3rgaxyyH 60NOX KaTtanua3aTopbiH LWMHX YaHapT M343rgaxyny eepunent

rapaar.

KaTanusatopblH YUNABIPMAANANAH 30pUSITO Hb TOFTBOPTON, MA3BX BONOH COHrOMOJT
YaHap eHOepTan XyaangaaHbl OyTI3argaxyyH YWNABIPMaX HOM. OHIXYY 30punrogoo
XYPOXUWH Tyng Katanusatop O3NTrox XamrumH cavH WAROSMAT  ONoX ECTon

(xaHranTTam engep ragapryyruiH Tanbantanm, CyBapxar YaHap camtanm, mexaHuk 6aT
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Gex cantan katanusatop 6anTtrax). MagapryyrmnH Tanban eHgeptan 6arviBan ypBang
opx Oyn 6oamcyyn Hb XaMrMnH MX TOOTOW MAIBXTAM Tanbang o4k cyyx 6OnOMXKTON

TYN 3H3 Y3YYNaNT Hb YyXan y3yynanT oM.

YVIJ'I,D,BSpJ'ISJ'I,EI, aunrnaxag TOXMpOM)KTOI?] KaTannm3atopblH LWWHX YaHapbIr XOép

XyBaax Y34ar:

(1) KatanusaTtopblH Ua3BX B0OMOH COHrOMOST YaHap 33Prunr TOOOPXOMNAOr LMHX
YaHapyyn; 9HA4 MeTannblH GOMOH ragapryyrmimH XMMWWH Haupnara, 0oToon
MUKPOOYTaL 6a dasbiH Hanpnara vyxarn.

(2) KatanuablH NpoueccT yp HeneeTan Banraa acaxmir 6aratrax WUHX YaHapyya;
3HA AynaaHbl 6a MeXaHUK TOFTBOPXKMIT, CYBIPXAr YaHap, KaTannaaTopbiH XUKUr

XACTYYAUMH XaMX33 6a xanbap opHo.

Ynnaeapnang awmrnaxag TOXMPOMXXTOW, TOFTBOPTOM KaTanu3aTtopbir TOXMPCOH
300r4y COHrox, rapraH aBax aprbif 36B COHIOX 9CB3S1 9HO XOEpbIr XOEYNnaHr Hb 36eB

COHrOCOHOOPp rapraH aBsaar.

ByTUMIH Tanaac XxaMrMinH 3HIMAH Katanua3aTopyyd Hb gaH metann 6a xannw, aax
okcuayya, cynbuayyn, kapowayyn, 6opua 60n0H HUTpMAyyd 39par Har dasTtan
KatanusaTtopyya 6angar. SAraapunr 6aNTraxasd CUCTEMUMH MOJBXTAM Tanban 0339px

ragapryyruiH aHepruir 6yypyynax unyyaan gyrnaaHbl 6onoBcpyynantaac 3anncxmiHa.

Har 6010+ 0noH MeTanmnbiH faH oKeug katanvu3aTop He amopd 3CBaN NonuTancTt
OYTAUT3N HYHTar, Ypan 3CBan Waxman xanbaptan 6anHa. QH3 TepNUIH KaTanmuaaTopbir
6anTrax HUMTNAr apra Hb xaMm TyHagacxkyynax apra 6ereepn yyHun papaa okcug
Xanba3pT opyynaxblH Tyng AynaaHbl XyBupranT xunaar. OkcmayyablH  XOnbLbIr
HyHTarnax, llataaxaj eHaep TemnepaTyp llaapanaratam Tyn Kepamuk apra Hb
TOXVPOMXKIYI apra oM. OAraapaac y3axa katanusatop 03aNTrax apryyablH XenKyynanT
Hb XaM TyHagacxyyncaH matepuanyyabir eHgep TemnepatypT 6onoscpyynaxaac

3anncxunx xaHgnaratam 6oncoH 6anHa.

HarsH TepnuuH reTeporeH Katanu3aTtopyyabir MOJSIEKYSbIH LUMTLLYYP roaar
bereeq yyHA MUKPO HYXTAaM LLEONNUT, XeHreHuaraaHbl gocdat, metann 6050H Laxuyp
Xanarytan adanor, wasap M3TUAH YeTan Haranyyg ©OonoH TogHun  GaraHat
xyBunbapyyn, nepoBCKUT OyTaUTaM yeTanm okcuayyn OOMOH LUMHIAHTON TecTaun

YaHapTan retepoxyynyyq 6arraHa. QH3 TepnunH KaTanusaTopyyabir 63nTrax 6onomx
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Hb MaLw nx 6anarvnH ydmp Hb T3O4HMK TancT 60MoH nonvmep GyTauaa3 atoMyya Hb

XSA3raaprym onoH siH3aap xonboraox 6ongorton xonb6ooTton [13].

1.10.1. TyHapacxyynax apra
TyHagackyynanTblH apra Hb MOHOMeTannT 6a ONoH MeTannT oKCuayyabIH arnb
anvHbIX Hb CUHTE3UIH NPOLIECCT OPreH X3parnaragar apra oM. TyHagacxKyynanTbiH yp
AYHA roMOreH yycmariaac Tacpantrauvraap (asblH canrantranraap) WMH3 xatyy das
Oytoy TyHagac yycgar. TyHagac yyCraxvmiH Tyna XyYmn 3CBaN LWYNT HAIM3X, KOMMMEKC
YYCrary areHT HamMaX, TemnepaTtyp OOMnoH yycrardnmr eepynex 33par tepen OypunH

npoLecchir alumrnagar.

Katanusatopyyablr TyHagacxkyynax apraap ©O3anTrox LWUHXN3X YyXaaHbl
yHOacnanuir aix Marcilly aaBLyyncaH. fomoreH WWHMH (pasaac TyHagac yycax Hb
TemnepaTyp 9CBaN yycrardumr eepynex, yycrardunr yypLuyyrax 33par ou3sunk XyBUpbiH
Heneereep sBarggar 6amk 600X Y4 UXIBYIIAH XYYUST, LWYNT HAMIX, KOMMMEKC YyCrary
areHT awwurnax rax MaT XMMWKH npoueccoop Togopxounoraggor. byx Ttoxuongona

LUMHIAH OPYMHA LUMHA XaTyy a3 Hb HIraH 33p3ar 3CB3N OapaanaH siBarggar Xoép

MPOLECCUH Yp OYHA YYCAST:

(1) Llem yycax (yp xeBpen yycax)—TyHaaacKyynanTblH OpYMHA TOFTBOPTOW LUMHI

XaTyy hasblH XMKUT X3CTYYA YYCY 3XNaX
(2) XKvkur xacryyaunH ecent acBan arnomepaum bytoy 6eerHepen

Cygnaad Hap TyHagacHbl Mopdosnorn, 6ytay 6onoH  Ganryynantbir
Togopxounoxon pH, TemnepaTyp, YypBarKyyablH WWMHX 4aHap, OGoxupgon,
TyHagacxyynax apra 33par 6ycag Xy4vH 3ynnyyasaac UnyyTanrasap cynep xaHanT vyxan
roarunr oHuoncoH 6anpar. Tyxamn6an, cynep xaHanTblH HexLena xaTyy X3acryyaunH
LieM YYCaX Hb TancT yprax xypaaac unyy mx 6angar 6ereepg yyHui yp AyHA ONIOH TOOHbI

MalLLl XXVXKUT X3cryya yycaoar.

TyHagacxkyynanTtaap LUMHIOHI3C TOXMPOMXKTOW TyHagackKyynard areHtyyabir
XOmnbX rapraH aBcaH LUMH3 xaTyy a3 yycasr 6ereeq TyyHUIr Laawng 63anTranuviiH
Oycag waTtyydaap gamkyynaH —MASBXMTOM  KaTanu3aTopT  XyBupragar. OH3
XyBUpPranTbiH SIBLAA KaTanu3aTopblH MeXaHWK LUMHX YaHap OOMOH KaTanu3aTopbiH

Y3YYNANTaHA Heneenex bycaa Xy4vH 3yWncumr Gyrammr Hb HaraH 33par aBy y3gar [13].
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1.10.2. WUurTraH TyHapacxyynax apra

LLInrTran TyHOacxkyynax apraap katanusaTtop 6anTrax yeq ypbadunaH 63anTracaH
3eer4y OONroH awwurnax xaTtyy dasbir KaTanuM3aTopbiH WO3BXTaM MaTepuan n33p
cyynrax, TOrTBopXyyngar. OH3 apraap 3UCUMIAH KaTanmu3aTopblH MEXaHMK LUMHX
YaHapbIr ®eMHe Hb 03anOceH 3eerdeep xsHax 6Oongor 6a 6anTrax npouecc Hb

KaTtanu3aTopblH HArOIUAT X3PX3H Ccyynrax A33p YHAC3IHA33 Tesnepaer [13].

OHI aprbliH yeq sisargaar npoLecc Hb MA3BXTAaN dhasbliH TYYXUIN 34MNAT aryyncaH
TOAOPXOM X3IMXKI3HUIM yycMmanblr XaTyy hastan xapurnuaH (3eerd acBan eep NO3BXTan
xaTyy pas) YUnunyymk gapaa Hb LUMHIA3rAC3H Yycrardunr xataaH 3annyyrax oM. JH3

aprbir 3eer4tan 6OMoH XoNMMor Katanusatop 6anTraxag awwurnagar [17].

lWluemaaH myHadacxyynanmbiH mepsayy0 -—YycManblH 33M3XYYH33C
Xxamaapy xaTyy dasbir yycmanTtan xapunuaH ynnynyynax npouecchbir HOUTOH LUUITI3H
TyHagacxkyynax ©O0MnOH Xyypan LMITrOH TyHagacxkyynax apra rax Xoép aHrungar.
HOMTOH wWurTroH TyHagacxkyynax aprag wunyyaan yycman Xaparnagar. Togopxom
XyrauaaHbl gapaa xatyy dasbir canrax, WUnyygon yycrardvir xataax 3annyyngar.
WnHroargceH gynaadH  GorMHO  Xyrauaang — ragarwumnHa. Xyypan  LUMITraH
TyHagacxyynax aprag (eepeep Kanunnsp WAITraH TyHagacxkyynanTt raXx Hopnaranar)
TOXMPOX KOHLEHTPaUUTan yycmarsblH 3335XYYH Hb 306r4 3CBaJ1 NO3BXTIN XaTyy dpasbiH
HYX CYBHWUI 333NXYYHT3N TOHLYY 3CBan yn snur 6ara 6anHa. Katanuaartopbir 3eery 43ap
LWMITrACOHMM  Japaa TYYHUWr XaTaax, AynaaHbl 6onoBcpyynantaH opyyncaHbl

[lapaaraap aHrvxpyynaar.

llueme3H myHadacxyynax ap2ad Hes1ees10e2 Xy4YuH 3ylnyyl — LUUITI3H
TyHagacxyynax apraap O3nTracaH kaTtanuM3aTopblH LUMHX YaHapT AynaaHbl
GonoBcpyynanTblH TeMnepaTtyp, TYYXUMIA 3OUAH KOHLEHTPAUM aX MIT XYYUH 3ynnyya
Heneenaer. AXunnaraaHbl YEMNH XyBbCax Y3YYNanT Hb TemnepaTyp, 3H3 Hb TYYXWW
3OMNH yycax YaHap GONoH yycmanbliH 3yypangnarag Hemneermk yp OYHA Hb YMArmnX
Xyrauaa eepunergaer. TYYHUN3H, MeTanmbIr XaMriMiiH Ux adaannax 60noMx Hb yycman
Aaxb TYYXUA 3OUMH yycax 4YaHapaap xsasraapnarggar. LUurtraH TyHagacxkyyncad
KOMMOHEHTbIH KOHLIEHTPALUM Hb LUMITI3H TyHagacKyynant 60MoH xaTaanTbiH siBUA HYX

CYBHWIA JOTOPX Macc Aamxyynantaac xamaapgar.

KamanuszamopbiH OynaaHbl 60508cpyynanmbiH memrnepamyp 60/10H
Xya2auaae coOH20x Hb-llaaponaraTtan 6yTay Hanpnaratam katanu3aTopbIir 63NTraxuimH
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Tyng snraatan x4 Xd49H ye wartaac TOrTCOH npouecc saByyngar 6Gereen
KatanusaTtopbIr ypbauyunaH 60noBcpyynax MnpoOLEeCCbiH HeXUen Hb TYYHUR LUMHX
YaHapT dyxan yypar rynuatragar. [Jynaansl 60noBcpyynanTt Hb Katanusatop 63anTrax
ye waTyyabir Ayycrax, aUCUMH KaTanuaaTopbIr rapraH aBaxag X34 X343H Jvyxan yypar
rymuaTragar. Yr npoueccbiH 3XHUM YYPar Hb 366r4YvinH ragapryyn metannbir cyynrax
Oytoy mMeTann OOMNOH 3eerdyviH XOOPOHAbIH XapwiuaH YWN4YnanuMnur XaHracaHaap
KatanusatopblH 6aT 63X YaHapbir HAIMIrayynax M. YYHI3C ragHa AynaaHbl
©onoBcpyynanTblH NPOLECC Hb DOXUPANbIF apunrax, ragapryyrumH HArTbIr XsiHaxag,
Tycnax, 3eerdyviH ragapryyrmiH Tanbanr TOrtoOX, HyX CYBHUM OyTUMIT TYDKUX,
xaTtaantaap OypaH yypwgaarryn XumMuiH xon6ootor GONoH TamncT ycbir yypLuyyrnax

33par yyparTaun.

3eeryTan MeTann kKatanusatopyyablH MO3BX Hb Wartaax 60MoH aHrxpyynax
TemnepaTyp rax MaT ypBasibiH ©MHOX AyfaaHbl 60NoBCpyynanTaac Xy4Tan xamaapgar
rocoH bGanvpar. Wataax Temnepatyp Hb WA3BXTOM MeETaNSbIH KUMKUAT XICTYYAUNH
ANcnepoxmnT  BONMOH  MeTann—3eeryunH  XOOPOHAbIH  XapunuaH  yin4nang

Hereenexeec ragHa KaTannsaTopblH ragapryy 433p Xee YyCaX Xypaag Heneenger.

Cyanaaung pgynaaHbl ©onoBcpyynanTblH  TemnepaTypbiH  KaTanu3aTopblH
ragapryyruiH 0ytusg y3yynax Heneer cygancaH 6ampar Gereef XeHreHuaraaH
3eeryton Ni 6onoH Co kaTanusaTtopT AynaaHbl OONoBCpyynanTblH TemnepaTtyp

KaTanua3aTopbliH MA3BXUAT HAMArAyysk 6anraar TOrtoocoH 6ancaH.

[dynaaHbl 6onoscpyynantbir nxaBunaH 450-850°C TemnepaTypT XOEpPOOC ryy
XYPTANX uarMmH xyrauaaraap ssyyngar. [ynaaHbl 6onoBcpyynanTblH Temnepartyp
GONOH Xyrauaar 3eB COHrOX Hb LLa@apAsiara XaHraxywl, LWWMHX YaHapTan katanm3aTop
rapraH asaxag uJyxan OGampar. YuMp Hb wnyy 3cBan gytyy 6GonoscpyyncaH

KaTanuaaTopblH WWHX YaHap Hb LWaapanara xaHragarryin [19-21].
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XOEPOYIAAP BYJAI. CYOANTAAHBI APTA 3YIM

bug sHaxyy cypanraaHbl axnaap HyypCcHUM XMmkyynanTunH cuHTe3 xuin 60nox
CO2+H2 npoueccT awwurnargax Ni cyypbTan katanusatopT 3eerdy 6uet, NpoMOTOpPbIH
y3YyNnax Heneennuur cygannaa. 3eerd 6muetasp ZrO2, MgO, npomMoTopoop raspblH
XOBOP 93MIEMEHTUNI COHrOH aB4 KaTanu3aTopyyablir siH3 OypuiH apraap 63nTras.
KaTtanusatopyyabiH WWHX YaHapblH y3yynantyygunr XRD, SEM, TEM, BET, XPS, Hz-
TPR, ICP-OES, DRIFT 6050H MeTaHbl rapL,, COHrOMOJS1 LUMHX YaHap, WA3BXUIT KBapL

X00S0M DYXNI Xe4enreeHryn yeT peakTopT XUMXK rmyuaTranas.

2.1. Wvrtran TyHapacxyynax apraap Ni/ZrO; katanusatop 63nTrax

Ni(NO3)2:6H20 gaBcHaac TOOLIOONICOH XaMX33raap TacnaH aBy 6ara XaMxasHum
HApMan ycaH yycraHa. [laBcHbl yycmansir 30 MUHYT xegenreeHryn 6annracHbl japaa
YYP HYXYYpT XWMWH3. Yycman [g33p XUHMN3H aBcaH ZrOz-ooc Gara 6Garaap Hamx
TacpanTtryn xytracaH. Metann aryyncaH yycMmarbir 3eerdymiiH Hyx CyBaHg, 6ypaH cyyTan
Oyloy xonbublr Gapar xyypan 60nTon yyp HyxyypT ovponuooroop 3 uar tacpantrym
xyTracaH. [lapaa Hb O39XUNUr LarMmH WKUnaH 033p Taesbx 110°C temnepatypTt 12 uar
xataaraag, wmyddenuiH 3yyxaHg 400-600°C TtemnepatypT 4-6 uar waTtaax
KatanusaTtopbIr rapraH ascaH. Katanusatopyyapbir 6anTraxgaa HukenuiH aryynra 5%,
20% 6a 50%, gynaaHbl 6onoscpyynanteiH Temnepatyp 400°C 6onoH 600°C 605oH

xyrauaa 4 6a 6 uar racaH Hexuenyyaaap HUUT 12 Wwunpxar katanusaTtop 63nTracaH.
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8-p 3ypar. Katanusatop 6anTrax WNUITraH TyHagacxkyynax aprbiH OyayyBu.
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2-p XyCHarT

KamanusamopyyObiH H3pwunn 6a mad23aspulie eapaaH agcaH HexXyerl

MeTannbiH LLlaTaanTbIH LLlaTaanTbIH
Ne Hapwwun o
aryynra, % Temnepartyp, °C Xyrauaa, uar
1 Cat—1 5 400 4
2 Cat-2 20 400 4
3 Cat—3 5 400 6
4 Cat-—4 20 400 6
5 Cat-5 5 600 4
6 Cat—6 20 600 4
7 Cat-7 5 600 6
8 Cat-8 20 600 6
9 Cat-9 50 400 4
10 Cat-10 50 400 6
11 Cat-11 50 600 4
12 Cat-—12 50 600 6

Gananeir xapyynnaa.

10-p 3yparT kaTanu3aTopbir WUITI3H TyHagacxkyynax apraap rapraH aBy Oy

9-p 3ypar. Ni/ZrO2 katanuaatop 6anTtrax 6yn 6angan
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2.2. Wwurrran TyHapgacxkyynax apraap Ni/La;O2CO3; 6onoH Ni/Zr-La,02CO3

KaTanusaTtop 63nTrax

Ni cyypbTan katanusaTtop rapraH asax npoueccbir 10-p 3yparTt y3yynaB. 3eeruyyg
6onox La202C0O3 6050H Zr-cyynracaH La202COz-unr rugpotepman apraap 63nTracaH.
Zr:La = 1:10 monuinH xapbuaatan Zr-La202CO3z 3eeryninr 6anTraxgas naHTaHbl HATpaT-
20 MMOSfb, UMPKOHWA HUTpaT-2 MMmonb 60noH Mo4yeBuH-100 mmonb, 70 mn
WMOHIYMXKYYNCaH ycaHa 500 apr/MunH xypartanm XyTrax yycracaH. Yycmanbir Tednoh-
AOTOPTON aBTOKNaBT xuK, 12 uarunH Typw 120°C-g siByyncaHbl gapaa TacanraaHbl
TemnepaTyptan 6onTon xeprex, TyHagacbir wyyx, pH=7 ©60nTon MOHrymxyyncaH
ycaap 3amnaag, 100°C-g xataax, 500°C-g 5°C/MuH xanaanTtblH Xypartavraap 4 uar
LwaTaax 039XUUr rapraH aBcaH. YYHUI Japaa LWMITraH TyHagacxkyynax apraap Ni/Zr-
La202CO3 katanu3atop 063anTraxgad HukenunH aryynrbir 5% 6arnxaap TooucoHn 6a
70°C Ttemnepatyp 12 uar, 350°C TemnepaTypT 4 uarT wWaTaax KaTtanusaTopbir
6anTracaH. apraH aBcaH katanuaatopyyabir Ni/La202C0Os3 6a Ni/Zr-La202COs3 rax Tyc

TYC HOPN3C3H.

NHRO:): Q0% OLa* ©Co> Qzr+ O Ni
.
L%NO,), U;oa 6, PR
: HT | Air ] Air Qu¢os°oos o°~ 0’00
, . 500°C,4 h 350°C,4h,
——> l———> I——> d g 0 O
120°C, 12 h ) ) ';;J::c - ©C O 0 ©O
LaC030H La;0,C0O; g Ni/La,0,C0O;4
ZrO(NO,), Ni(F}‘O;)z
%
La{N‘O,), l;rea q} o0 © ©
: HT l Air J Air QO'C 'O‘OOO'CO
X 500 °C, 4 h 350°C,4h, S,
—— l———> I— > @ o' x{ o o
120°C, 12 h ) | HylAr 0 'C{ o7
350 °C, 3 h N

Zr-LaCO;0H Zr-La;0,C0 ” Ni/Zr-La,0,C0

10-p 3ypar. Ni/Zr-La202COs3 kaTtanusaTtop 6anTtrax dyn dangan.
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2.3. baraxuT WKMHXUNIa3HUK apra apraynan

BanTracoH HUKenb KaTanus3aTopyydblH LUMHX YaHapbir TOOOPXOWMOX PEHTreH
ANdPaKUbIH LUMHXUNTIS, 3NEMEHTUIH Havpnara, ragapryyruiiH 6ytal Tapxant 60noH

yCTepequVlH AHTMXXPYYNanTblH LUAHXWTI3r XUMXK FYI?ILI,STFSCSH.

PeHnmeeH dugppakubiH WuHxuneaa /XRD/

KaTanusatopyyablH a3, Hawpriara TOOOPXOWIIOX pPeHTreH AudpakubiH
wnrxkmnraar WYA, &TX-unH Maxima-X XRD-7000 6arax awwurnaH TOLOPXOWCOH.
Wwnrxunraar Cu aHoaton, Ka Tysaraap, 0.154 HM JonrmvoHbl yptag, AvdpakubiH
eHurmiH 10-80° myxuag, 0.02° (20) HapwnBunantanW Ganxaap TOXMpyynaH XWX

rYMUSTIOCIH.

11-p 3ypar. Maxima-X XRD-7000 peHTreH agndpakublH LUNHXUNTI3HUM Barax

PeHTreH gudpakubiH LWMHXUAAAr N'YUUITIAOXMNH 6MHE KaTanna3aTopbIH 039KUNAT
calTap Hyxax OanTraH, 3opuynanTtblH XaBTramg xurg ©anpnyyrncHel gapaa
LWMHXWAM33r axNyynax 6ereen 039Xug OWCOH PEHTreH Tysia AeTeKTopT OypTrargax,
LWMHXWUNTA3HUA Yp OYH Hb KOMMNbOTEPT BoMnoBCcpyynaraaH erergceH nukaap A33KUNH
Hanpnara, 6yTumMnr TogOPXOMNNAOr.

bantracaH katanusatopyyablH XRD LWWHXUIITI9HUM OYHI33C KaTtanuMsaTop Aaxb

NiO 60n0oH 3eer4y GUeTMinH TancTbiH XaMXkaar LieppepninH TarwmnTranasp TOOLIOOSICOH.
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y _ K2
WeppepunH Tarwmtran: L = 3(28) cosd (4)

L - TancmbiH XaMX33, HM
K - LLleppeputiH moammon (0.89)
A - [onauoHbl ypm, (0.154 Hm)

B - MNukuliH eHOpuUlH xazacbklH epeeHult ymaa (FWHM)

6 - JuppakusiH eHusz (°)

PeHTreH andpakublH WWHXUNIA3HUMA OYHraaC katanmsatop gaxb NiO-unH TancTbiH
X3MX33I TOOLLO0SICHOOP 366er4 et 43X MeTaHXyynanTbiH ypBang UA3BXToW MeTann

HUKENUIH TapXanTbir TOAOPXOMNNOX 60NOMXKTON.

AnemeHmMuUH azyyrnea mooopxousiox UHOYKYUUH xonboocm mnasMbiH  ONMUK

AMMYbCbhIH CIEKMPOMEeMPUUH WuHxXunzaa / ICP-OES/

banTraceH katanuaatopyya Oaxb HUKENUAH 60OuT aryynrbir TO4OPXOMIOX
WnHxunraar MeonormnH TeB nabopatopunH 6500ICP-OES wmHAykuminH xonboocT
nnasMblH OMNTUK 3MMYMbCbIH CNEKTPOMETPUMH Barax awuvrnaH Xumk rynudTracaH.
OHaxyy ICP-OES wuHxunrasHun 6arax Hb yenax cuctemunH MarHun (Mg)-aac YpaH

(U) xyptanx 30 anemeHTUnH aryynrbeir ppb-ppm (%) TyBWWHA TOOOPXONNAOT.

;|

|

Thermo

ICAP 2000 Stms's i
J |,_>

12-p 3ypar. 6500ICP-OES cnektpomeTpuiiH barax

CnekTpoMeTpunH BaraxkHbl axunnax 3apyMM Hb 099XuA aryynargax oym
3NIEMEHTUNH TOLOPXOWMOrY PeHTreH uauparunH 3pumM Hb TYYHUI aryynamxaac Lwyyn
xamaapanTan 6angar xyynb 433p YHAICNAX 6a yr apUMUNT XAMXMXK COHroAor apraap

TOOL0OSOH 3NIEMEHTUNH aryynrbIr TO4OPXONNA0T.
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[adapayyauliH 6ymay, mapxasnm modopXouUsiox CKaHHUHe2 3JIeKMPOH MUKPOCKOIMbIH
WuHxuneas / SEM-EDS/

KaTtanusatopyyablH ragapryyrmnH MopdonornnH wnexunraar WYTUC, IMYYC-
UNH “Xa3punH cyganraanbl TeB”-ninH Tabletop Microscope TM-1000 6arax awwurnaH
XUWK TYAUSTIACOH. LUMHXMNraar rynmuatraxgas KatanusaTtopbiH  O39KUUAT  BaKyym
opunHg, 30 kB-4 anekTpoHbl ypcranaap 6embergex, TyxarlH Uar A433pX 3feMEeHTUNH

aryynrbir TO4OPXOWIICOH.

©100IJICOH INCKTPOH

Pentren rysaraap
YHITUNOX

Cyrapcan ’

2JIEKTpoH @

13-p 3ypar. MagapryyrmuiH 6yTtay Togopxonnox TM-1000 6arax

OHAXYY 3HEpPrumH TapxanTtbiH cnekTpockon-EDS 6arax Hb Hb O33XKUNT PEHTIEH
Tyaaraap 6embergex, TyxanH uar A33px K anekTpoH faBxpaaHaac 3NeKTPOH Cyrasnx,
XO00COH 3anmg L [gaBxpaaHaac 9nekpoH WWImKMH cyyxag K 6onoH L gaBxpaaHbl

XOOPOHOOX SHEPIMH TYBLUHUIN 30pyyraap (Ka) anemMeHTUnH aryynrbir To4opxXonngor.
TemniepamypbiH rpogpammyianmad ycmepeadulH aHauxpyynanm /H>-TPR/

KaTanusatopyydblH YCTOPerYMiniH aHrxkpyynantbiH  WnHxunraar BHXAY,
Harxunn Ax YungsapunH Ux Cypryynb, AxucaH TyBWHUN CUHTE3UNH XYPIASIOHTUWH
Micromeritrics Autochemll 2920 6arax awwmrnaH XMk ryuuatracaH. bantracaH 80 mr
KatanuaaTtopbiH A33xunir U-xanbapunH KBapuaH XOONOWT peakTopT 6arnpnyynaH,
200°C temnepatypT, 1 uar 100% Ar XuiH ypcrang XxataacHbl Japaa TacarnraaHbl
TemnepaTyp XypTan xepreHe. YyHUn aapaa tacanraaHbl Temnepatypaac 800°C xypTtan
8.5°C/muH ecex xypaTtan b6avxaap Toxmpyymnx, H2:Ar=10:90 monunH xapbuaa Gyxui
XUAH XONUMIMUWH ypcrang YCTeperdunH 3apuyynantbir XaMXKC3H. 3yyxHbl XanaanTbir
TemnepaTyp Toxupyynardaap XsiHaX, XWWH ypcran Xypablr ypcran Toxupyynardaap

IMFC/ XaMXC3H.
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14-p 3ypar. YCTeperymmH aHrmxkpyynanTtbiH WUHXUNrasHun Autochemll 2920 6arax

YpBanbiH XUNH Harpnarag aynaad gamxyynant 6aratan, aproH Xumnr 3eerdy xun
OOMroH X3parnacaH. ApProH Hb YCTeperdTanW TOrTMOS Xapbuaaraap XOnvngox,
yCcTeperyumH eHaep pAynaaH gamxkyynanTtbiH LWUHX YaHapbir Hb Oyypyynaar.
LLINHXMNrasHUM sBUag XMRH XONIMMOT Hb O33XMAH OPOMTbIH XOOMOWIoop OaMXUXK,
TemnepaTypblH Hefleereep Katann3aTtopbiH MOIBXTIN X3CIArTAN XapusiuaH YUIYnanuyax,
XWUNH ypcran Katanus3aTopblH ragapryyd H9BTIp4Y 9X3NMary AynaaH gamKyyrnanTbiH
AeTekTopT bypTraraaar.

bara TemnepaTypblH MyXXW4 KatanuaatopbliH ragapryy 4a3p XWrWH XONMUMOTUIAT
HOBTPYYNAX yen WMHIAdNT aBargaarryn. XapyvH temnepaTtyp HOMargaxag yCTeperdumnH
MOJEKYIT Hb KaTann3aTopbIH MO3BXTAM X3CAITaN XapunuaH YUnYnanuaXx ycbir yyCcragar.
YpBanaap YYCC3H UIyyaan ycbir 6araxkHbl YMNM LWWHIA3MMUAH XACAIT canrax asgar.
AHMVXPYYNanTblH AYHA XWAH XONUMMOr Adaxb YCTePerdumH Xamxkad Oaracd, XuiH
HanpnarblH aryyrnra Hb aproHbl YWrNang LWUIMKCIHI3P XUAH XOSIMMOTUMWH AynaaH

AdaMXXyynanTblH LUMHX YaHap eepuynergaer.

OnemeHmulH  Halprnaza, eadapayya2ulH mesiee  moOopPXoUsioxX  pPeHmMaeH

pOMO37IeKMPOH CrEeKmMpPOCKOIbIH WUHXU233 /XPS/

KaTanusatopyyablH anemMeHTUH Hanpnara ©0noH ragapryyruiH BaneHTbliH TONBUNT
TOOOPXONNOX PEHTreH POTOINMEKTPOH CNEKTPOCKOMNbIH WUHXMNTaar bHXAY, HaHxuH

Ax  YnngeapunH Wx  Cypryynb, AxucaH TyBwHMA CUHTE3UNH XYPISNSHIMUIAH
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ESCALAB™ 250Xi* 6arax awumrnan Xmmk ryiudtracaH. Wnnxmnraar Ka tysaraap 150

BT-a, 2-1077 Ma gapantTai Hexuena Xumx ryiuaTracaH.

Pentren Tysa

Jlookuiin ragapryyruiin
oTodMeKTPOH MWHHA YaHap

e

e

A

Pentren Tysa - | T DotoyeKTpoHbI
HOBIPX TYH rapaint

Tk

15-p 3ypar. PeHTreH poToanekTpoH cnekTpockonbiH ESCALAB™ 250Xi+ 6arax

PeHTreH (POTOSNEKTPOH CMEKTPOCKOMbIH LUWMHXWUNM33 Hb ragapryy Oaspx
3MEMEHTYYOUMH Hampnara, T3Ar93pPUNH  XUMUAH  XONOOOHbI  LUMHX — YaHapbIr
nnapxuingar. WvHXMNrasHnn aBuag BakyyM OPYUHL O39KUWM PeHTreH Tysaraap
YANUNaxXag MOSBXAKCIH 3apuM ANEKTPOHYYA Hb O3KUNH ragapryya xurg 6yc Tapxaar
60n 3aprM X3Car Hb TYPraH cangar. Araap dNeKTPOHYYAbIH KUHETUK SHeprmnr 6araxmg
OypPTracH33p XONBOOHbI SHEPININH CNEKTp 3yparagar. [o3XunH CnekTp O33PpX MUKUIAT
HYYPCTOpPOryniH Xor600HbI SHEPTUNH SNEKTPOHBONBLTTON XapbLyyrk Tooudor. MeH yr
WMHXUNI33radp 093X  093xug —aryynargax Oyh  onemMeHTYYAWWH — aryynrbir

TOAOPXOMNAor.
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2.4. CO2-MMH MeTaHXyynanTbliH NA3BX TYPLUMX

CO2-00C MeTaH rapraH aBax MpOLECCbIH KaTanu3aTopblH WOIBXUNT XO46NTeeHryI
veT 10 mm gotooa amameTpTtan peaktopT 150 Mr katanusatopbir 1 atM gapantaHg
aByyncaH. Katanusatopbir 350°C-t1 50 mn/muH, 15% H2/N2-biH ypcrang 30 MuHyT
ypbauunan anrvxpyynaag, 200°C xypTan xepreceH.

YpBanblH Tyyxun a4 6onox xunH Hanpnarbir H2:CO2:N2 6ytoy 2:3:5 xapbuaaTtanraap
aBcaH. JH3 yeq xuiH xypa 25000yt 6ancaH. MapanTbiH xunHyyaunr FID 6onon TCD-
TN xon6ocoH xnnH xpomaTorpaduiH (GC) Baraxxaap xsHax siBax 6a XMnH angaranbsir
WHEPTUMH X1 BONOH YCTOPOrYninH EeTEKTOPOOP TOrTMON wWwarnraHa. MeTtaHxyynanTbiH
emMHe katanusatopyyabir 100% Ar XviH ypcrang xataax, YyC YANraac Hb canracHbl
fapaa 100% H2 xuriH ypcrang aHrvkpyymk UAIBXKYYIHI. MeTaHxyynanTbliH
TYPWUNTBIH 9XHUI WaTaHng katanua3atopbir 110°C TemnepatypT, 200 Mn/MUH Ar XUInH
ypcrang xataaxad kaTanusatop YcC, 4vMnraac OypaH canHa. XaTtaanTblH Jdapaa

katanusatop gyHayyp 400°C temnepatypT, Hz Xninr HaBTPYYIK aHIKpyynHa.

16-p sypar. ICES-HNP2R6F mapkninH meTaHxXyynax ypBasiblH peakTop
KaTannsatopblH LWWMHX YaHap TOOOPXOWUMCOH TYPLUMATBIH A3SIT3P3HIYM TOOL0O0SbIr

Aapaax 3pAasM MHXUNTI3HMIA eryynan 60MoH NTMHKI3P OpXK XapK 60rHo.

https://www.sciencedirect.com/science/article/abs/pii/S0021951722002238
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FYPABOYIAAP BYNJ3rI. Ni/ZrO, KATAJIN3ATOPbIH LUMHX YAHAP
TOOOPXOWIICOH AYH

Bug aHaxyy cyganraaHnbl axnaap HyypCcHUA XUIMKYYN3NTUAH CUMHTE3 Xnini 6ONox
CO2+H2 npoueccT awwurnargax Ni cyypbTan katanu3atopTt 3eerdy 6uet, NpoMOTOPbIH

Y3YYJ19X Heneennuinr cyaarcaH yp AyHr 4oop Xxapyynas.
3.1. Ni/ZrOz katanusatopbiH XRD WMHXUNrasHum yp ayH

XRD-7000 peHTreH AnddpakTomeTp Oaraxkaap rapraH aBcaH

KaTtanuaaTtopyyaag asblH LUNHXUT3 XUACIH OYHT JOOPX rpaduKT xapyyras.

3.1.1. Ni/ZrO; kaTanusaTopyyAblH HUKENMUMH aryysira ©ep4usiCeH aAyH

17-p 3ypart Cat-1l, Cat-2 ©6a Cat-9 «katanusaTopyyablH pPeEHTreH

AndbppakTorpaMmmblr Xxapyyrnas.

o-Zr0,
A -NiO

[TuxwmitH spunM (au)

c = :“: o oo H = =2/l o =

1 v 1 v 1 v 1 v 1 ! 1 v 1 v 1

10 20 30 40 50 60 70 a0
26 (OHer)

17-p 3ypar. KatanusatopyyablH peHTreH guddpakrorpamm: a. 5% Ni/ZrO2, b. 20%
Ni/ZrOz2a. 5% Ni/ZrO2, c. 50% Ni/ZrOz, d. 3eeru (ZrOz2).

17-p 3ypart 5% Ni/ZrO2, 20% Ni/ZrO2 6a 50% Ni/ZrO2 kaTanusaTopyyablH
peHTreH auddpakumMnH WNHXUITI9HUW Yp AYHr xapyyncaH. Ouddpakrorpammaac

xapaxag NiO a3 20 = 37.26°, 43.34°, 62.83°, 75.45° 60n0H 79.57° eHuryyq 03ap, ZrO2
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a3 20 = 17.44°, 24.06°, 24.47°, 28.20°, 31.47°, 34.13°, 34.44°, 38.63°, 40.75°, 44.79°,
49.27°,50.18°, 50.58°, 54.06°, 55.35°, 57.26°, 59.89°, 61.87°, 65.68°, 71.17°, 72.46° 6a
78.98° eHuUryya O2sp wunapcaH bereeg Ni - o xapransax NUKUAH 3pYMM MeTansblH

aryyrnra ecexefi HOMaracaH banHa.

3.1.2. Ni/ZrO; kaTanusaTopyyAblH AynaaHbl 6010BCpyynanTbiH TeMnepaTyp

©OpPUMUIICOH AYH

18-p 3ypart Cat-3, Cat-4, Cat-7, Cat-8, Cat-10 6a Cat-12 katanusatopyynbiH

peHTreH anddpakTorpaMmmbir xapyynas.

& -Zr0,
1 A -NiO
f Jo = =1=] i o B 2 B A
= s
\E’ e = I I\ = oD z = o o = 4 A
= !
=
=
o
(4]
o
placs!
=
»
=
=
1 1 1 1 1 1 1 1
10 20 30 40 50 &0 70 80
20 (OHrer)

18-p 3ypar. KatanuaaTtopyyablH peHTreH auddpaktorpamm: a. 5% Ni/ZrO2 /400°C/,
b. 5% Ni/ZrO2 /600°C/, c. 20% Ni/ZrO2 /400°C/, d. 20% Ni/ZrO2 /600°C/, e. 50%
Ni/ZrO2 /400°C/, f. 50% Ni/ZrO2 /600°C/.

18-p 3yprunH (a) 6a (b)-a 400°C 6onoH 600°C TemnepaTypT 6 uar waraacaH
5%Ni/ZrO2 kaTanusatop, (c) 6a (d)-g 400°C 6onoH 600°C TemnepaTypT 6 uar

wartaacaH 20%Ni/ZrO2 katanusatop ©6onoH (e) 6a (f)-o 400°C 6GonoH 600°C

TemneparypT

6

uar

LaTaacaH

50%Ni/ZrO2
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AnddpakTorpammblr  y3yyncaH.  [a3px  rpadukyygaac — xapaxag — AynaaHbl
OonoBcpyynantblH TemnepaTtypbir ecrexeq AauddpakTorpammMmbiH - MUKYYA  UIyy
HapumnccaH Ganraa Hb kaTtanu3aTopbIr rapraH aBaxgaa AynaaHbl 60noBCpyynanTbiH
TemnepaTypbIr ecrexeq HUKENUNH AaBc OYpaH 3agapcaHaap kaTanu3aTop gaxb TancT
dasblH aryynra HaMargax bavraar xapyymnxk 6avHa. YyYH33c ragHa andpdppakrorpamm
A33p eep hasyyn wnpaaryn bariraa Hb katanusaTopyyd siMap HAraH Goxvpaonryn

Oaviraar xapyynx 6anHa.

3.1.3. Ni/ZrO2 kaTanu3aTtopyyAblH AynaaHbl OonoBcpyynanTtbiH Xyrauaa

©OpPUUIICOH AYH

19-p sypart Cat-5, Cat-6, Cat-7, Cat-8, Cat-11 6a Cat-12 katanusatopyyabiH

peHTreH anddpakTorpaMmmbir xapyynas.

o -Zro,
i A -NiO

ITuxuita >punM (au)

10 20 30 40 5 6 70 80
26 (Omer)
19-p 3ypar. KatanusaTtopyyablH peHTreH anddpaktorpamm: a. 5% Ni/ZrOz /4 uar/, b.

5% Ni/ZrO2 /6 uar/, c. 20% Ni/ZrO2 /4 uar/, d. 20% Ni/ZrO2 /6 uar/, e. 50% Ni/ZrO2 /4
uar/, f. 50% Ni/ZrO2 /6 uar/.

19-p 3yprmiH (a) 6a (b)-g 600°C TemnepatypT 4 GonoH 6 uar waTtaacaH
5%Ni/ZrOz kaTtanusatop, (c) 6a (d)-g 600°C TemnepatypT 4 60n0H 6 Lar waTtaacaH

20%Ni/ZrO2 kaTanusaTtop 6onoH (e) 6a (f)-o 600°C TemnepatypT 4 60noH 6 uar
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wartaacaH 50%Ni/ZrO. kaTanusaTopyyablH peHTreH auddpakrorpammbir y3yyrcaH.
padhmkyynaac AynaaHbl GonoBcpyynanTbIH Xyrauaar ypTacraxapg,
AnddpakTorpaMmblH - MUKYYL MEH ©MHexTan agun  HapuiccaH ©Oanraa Hb
KaTtanusaTtopbIr rapraH asaxgaa AynaaHbl 60noBcpyynanTbiH Xyrauaar ecrexep

KaTanvsaTopblH TaNCTXUNT HAMIrA3x Gavraar xapyymx 6anHa.

3-p xycHartaHg XRD LWMHXWUraarasp katanusatopyyablH ¢asblH Hanprara

TOOOPXONNCOH AYHI Xapyynas.

3-p XYCHarT
KamanuzamopyyObiH ¢ha3biH Halpriaza mooopxouUsiCoH OyH
Ne Oaax NiO aryynra, % ZrO2 aryynra, %
1 3eery - 100
2 Cat-1 0.99 99.01
3 Cat-2 13.20 86.80
4 Cat-3 3.63 96.37
5 Cat-4 24,72 75.28
6 Cat-5 3.06 96.94
7 Cat-6 18.37 81.63
8 Cat-7 6.42 93.58
9 Cat-38 29.32 70.68
10 Cat-9 56.41 43.59
11 Cat-10 42.29 57.71
12 Cat - 11 44.40 55.60
13 Cat-12 58.44 41.56

[199px XYyCHArTeac xapaxag, gaH 3eerdy matepuan g33p 100% ZrO2 wnnapcaH
Gereeq rapraH aBCaH KaTanusaTopyyd A33p HUKENWAH OKCUAbIH aryynra raprad
aBaxaap TOOLOOSCOH yTraTam OMpONuUoO WNApPCoH Ganraa Hb MASIBXTAWM MeTan
306rYynnH ragapryya amxumnitanm cyycaH 605oxbir UNapxvnmk ©OanHa. TyyHYnaH
AynaaHbl 6onoBcpyynanTbiH Xyrauaa 60n0oH TemMnepaTtypbir 6Crexeq HUKeNuUH Tanct

dasblH aryynra HaMaracaH 6anHa.

46



XRD WMHXUITaarasp rapraH aBcaH NUKUMH 6HOPUMAH XaracblH YTrbilr aimrinaH
NiO 6onoH ZrO: gasyyablH TancTblH AyHOAX X3IMx3ar LleppepuintH ToMbEOroop

TOOLIOOIMK YP AYHT 4-p XYCHAITa3p Xapyynas.

4-p XYCHarT

®a3yyObIH masricmbiH OyHOaX XIMXK33

Ne [lo3mHuii Hap TancTblH X3MX33, HM
NiO ZrOz
1 3eery - 40.50
2 Cat-1 42.38 43.73
3 Cat-2 42.08 34.53
4 Cat—-3 38.93 26.83
5 Cat-4 41.08 30.88
6 Cat-5 39.23 29.31
7 Cat—-6 34.96 33.26
8 Cat-7 35.88 28.21
9 Cat—-8 39.26 31.67
10 Cat-9 38.21 32.62
11 Cat- 10 42.28 35.17
12 Cat-11 44.76 33.80
13 Cat-12 37.13 34.34

XYCH3rTaac xapaxag katanusaTopyyablH AynaaHbl 60N0BCpyynanTbiH Xyrauaa
©6onoH TemnepaTtypbir ecrexef Ni 6010H ZrO2-bIH TancTyyablH XamMxa3 byypcaH 6anHa.
Tyxann6an, 5% Ni aryynratan 400°C TtemnepatypT 4 uar waTtaax O3NTracaH
katanuaatopT (Cat-1) Ni-H TancTbiH Xamxa3 42.38 Hm OaricaH 6on waTaax xyrauaar 6
uar 6onroH Hamaxag (Cat-3) HMKENUIH TancTblH XaMx33 Hb 38.93 HM 6ok ByypcaH
banHa. YyHun agunaap wataax temnepatypbir 600°C xyptan ecrexeg (Cat-5) TanctbiH
XaMxka3 29.31 Hm B6omx ByypcaH. 20% HUKENUWH aryynraTan katanusatopyyd 493p
agun 3y TorTon axurnaracaH 6on coHupxonton Hb 50% HWKenuH aryynratan
Katanusartopyyn O33p 3Cpar 3y TOrToN axurnargcaH. QH3 Hb yramxnanT LWWITraH
TyHagacxKyynanTblH apraap KatanusartopbIr raprad a4y 6arraa Toxmongong MetansbiH

aryynrbir UX XamMxaaraap HOMaXa TYYHUM TapxanT Oyypaartam [28] xonbdooTon.
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MeTannblH TancTblH Xamxa3 Oyypaxaa TyyHUIi Tapxant Hamargaar [18]. YyHaac
KaTanu3TopblH  AynaaHbl  OonoBcpyynanTblH  Xyrauaa 60noH  TemnepaTtypbir
HAMArgyynaxag TYYHUM TapXxanTblH 39par HAMIAraaXx 6anHa rax y3ax donoxoop 6anHa.
CypanraaHbl axnyyn 099p WA3BXTAN MeTanmblH TapxanT ecexej KaTtanu3aTopbliH

NO3BX camxupaar racaH bangar [28].

OHOXyy cypanraaHbl axrnaap rapraH ascaH KatanusatopyyabliH XRD
LWMHXUTASHMA yp OyHr ©Oycag cygnaaygablH axnblH yp  OYHTAM  XapbLyyricaH

XapbLyynanTbir 5-p XYCH3rTaHA Xapyynas.

5-p XycHarT
XRD yp dyHaulH xapbuyynanm
dazag xapransax
CypanraaHbl axnblH AnddpakTorpaMmmbIH Tancrei NwinanuiH
Ne o X3MX33, HM
Hap eHuer, Ayraap
NiO ZrO2 NiO | ZrO2
17.44,
37.24, 24.06,
1 MaHnan cyganraaHsbl 43.28, 28.20, 34;96 26;83 i
axun 62.83, 75.37 31.47,
6a79.57 |44.79,50.58 | 4470 | 43.73
6a 59.79
Low temperature
methanation of CO:
on high Ni content Ni-
37.0, 43.0,
2 | Ce-Zr0s catalysts 63.0 6a 75.0 - - - [28]
prepared via one-pot
hydrothermal
synthesis

The effect of Si on
3 CO2 methanation over | 37.2,43.3 i i i [29]
Ni-xSi/ZrO2 catalysts 6a 62.9

at low temperature

Facile precipitation
synthesis  structural,
morphological,

4 | photoluminescence 3;5363364 - - - [30]
and photo-catalytic '
properties of Ni doped
ZrO2 nanopatrticles

Synergistic effect of 17.0, 24.0,
oxygen vacancies on 28.0, 32.0, 18.0
5 |tuning selectivity of | 37.0,43.0 | 35.0,41.0, - i [31]
Ni/ZrO2 catalyst for 6a 63.0 50.0, 53.0, 40.0
Hydrogenation of 54.0, 60.0, '
Maleic anhydride into 62.0 6a 65.0
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succinic anhydride
and y-butyrolacetone

Continuous COz2
capture and reduction
in one process: CO2
methanation over
unpromoted and
promoted Ni/ZrO:

37.0, 43.6
6a 63.5

24.0, 28.0

[32]

CO2 methanation over
Ni-ceria-zirconia
catalysts: Effect of
preparation and
operating conditions

37.2,43.0
0a 62.8

14.4 -
26.3

[33]

Developing nickel-
zirconia co-
precipitated catalysts
for production of green
diesel

445,51.8
ba 76.37

(Ni)

17.5

31.1

6.2 -
11.6

[34]

Effect of nickel
precursor and catalyst
activation temperature
on methanation
performance

43.45, 50.63
6a 74.43

[35]

10

Catalytic performance
of lanthanum
promoted Ni/ZrO2 for
carbon dioxide
reforming of methane

28.0, 32.0

28.2, 35.3

[36]

11

High selectivity and
stability of  nickel
catalysts for CO:2
methanation: Support
effects

37.3, 43.3,
62.9, 75.4
6a 79.4

24.05, 28.18

22.0 -
25.0

[37]

12

CO and CO2-
methanation on
Ni/CeO-ZrO2 soft-
templated catalysts

37.2,43.3
6a 63.0

4.0

[38]

13

Dependence of the
preparation  method
on the phase
composition and
particle size of the
binary NiO-ZrO2
system oxides

37.16, 43.18
6a 62.75

17.39,
23.90,
28.12, 31.31
6a 40.62

20.0

38.0

20.0

41.0

[39]

KaTanus3aTopyyablH peHTreH audpdpakTorpamMmblH yp AyH Oycag cyanaaygbliH

[33pXx XYCHArTaaC Xapaxaa MaHall cyaanraaHbl axnaap raprad ascaH Ni/ZrO2

axnyyaran Taapy 6arHa.
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3.2. Ni/ZrO, kaTanusaTtopyyabiH SEM WWHXUNrasHum yp AyH

Bup rapraH aBcaH katanusatopyygan LWWYTWC, HarosarminH Ux CypryynuinH
xamTapcaH XagpunH cyganraanel TeBg SEM-EDS  wuHXMNraa  XMMMracaH.

LUMHXMAraaHUIM Yp AYHr Aapaax 3yparT xapyynas.

Spectrum?

3 cowtzﬁmu:;l
e a2 D0

Specirumd

] R <
oSS0 IFul Scaks 294 cts Cursor. 0.000

ok Assmwuwmzu

a CIRE I T
dceraden S - B EJ

2021/12/07 D43 x15k  50um

20-p 3ypar. SEM 3ypar 6onoH EDS cnektp: a. 3eery b. Ni/ZrOz2, c. 20% Ni/ZrO2 d.
50% Ni/ZrOs2.
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3ypraac xapaxap rapraH aBcaH katanusartopyyaas Hukenb 60M0H LIMPKOHUIooC
©eep ANeMeHT unpaaryn 6arraa Hb KatanusaTopyyn ragHbl ANeMeHTUnH 6oxmpgonryi
Ganraar mnapxmnmk GarHa. TyyHYN3H KaTanua3aTopblH HUKENWWH aryynra ecexef

TYYHO Xapransax NUKMINH 3pYnM ecceH GaiiHa.

Hoopx 3ypart wxun HukenunH aryynratan 400°C-1 4 uar 6onoH 600°C-T 6 uar
AynaaHbl 60MoBCpyynanT XU rapraH aBcaH katanusatopyyabliH SEM 3ypar 6onoH

SEM-EDS cnekTpuinr xapbLyyrK xapyynas.

Spectunit

i bl
Ul Scale 100 ts Cursor. 0.000 ke\II

Specunts

FullScale 100 cis Cursor: 0.000

2021/12/07 D4.3 x1.5k

21-p 3ypar 3ypar. SEM 3ypar 6onoH EDS cnektp: a. 20% Ni/ZrO2 (400°C, 4 uar) b.
20% Ni/ZrO2 (600°C, 6 uar).

OHaxyy 3ypraac xapaxaj eHaep TemnepaTypT, ypT Xyrauaaraap AynaaHbl
GonoBCpyynanT XWX rapraH aBCcaH KaTanu3aTop Hb Ham TemnepaTtypT OOrnHo
XyrauaaHng wataax 63nTracoH KaTanus3aTtTopooC UIyy HaraH xwurg 6ytautan Gereen
XKVKUM Wnpxarnantan 6anHa. 3H3 Hb XRD WMHXUNM3HUA yp AyH BOMOH TancTbiH

X3M>K33 TOOLIOOSICOH AYHT3N HMALAX BGanHa.
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3.3. Ni/ZrO; katanusatopyyabiH ICP-OES WMHXUNArasHum yp AyH

Bug katanusatopyygblH HukenuiuH aryynreir 5%, 20% 6a 50% 6Ganxaap
TOOLOO/MK 6anTracaH Gereen MeTannblH aryynrbir [eonormnH Tes JlabopaTopunH
ICAP-6500 ICP-OES Texeepewmxeep TooOpXOWNyyncaH yp LOYHI 6-p XYCHIrtoHg

xapyynas.
6-p XYyCHarT

[apeaH ascaH kamarnu3zamopyydad HUKenulH azyyrnaa modopxousricoH OyH

Ni aryynra, %
Ne Hoax "apraH aBaxaap XaMXUINTUIH Yp
TOOLOOSICOH yTra AYH
1 Cat—1 5 3.86
2 Cat—7 5 3.90
3 Cat-—8 20 17.81
4 Cat—12 50 41.76

Katanusatop gaxb HUKENWWH aryynra Hb TOOLOOJSICOH yTraac MxaBuniaH Oara
6angar [33]. ICP-OES xaMXUNTUiH yp AYHrA3C Xapaxad, MaHan axIiblH XyBbJ Y4 M6H
KatanuaaTtopbir 63aNTrax433 TOOLIOONCOH yTraac XaMXWUNTUWAH yTra Hb Oara GanHa.
X34 TUAM Y TOOLIOOSICOH BGOMOH XAMXKUATUAH yTra X3T XON 3epyyryn, omponuoo
Ganraa Hb 366r4 AO33p WOSBXTAN METannbir aMXunTTam cyynracaHbir UNIPXUAIIK

OanHa.
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BYNIUAH OYTHANT

Bug wurtraH TyHagacxkyynax apraap HukenunH aryynreir 5%, 20% 6a 50%

barnxaap Toouoomk 400°C 6onoH 600°C Temnepatypt 4 ©6a 6 uar pgynaad

bonoscpyynantang opyyrmk Ni/ZrOz kaTanusaTtopbir rapraH aByd, T3LAM39PUNH LUNMHX

YaHapbIr TOAOPXOMICOHbI YHAC3H A33p Aapaax AYrHaNTaHA Xypnaa. YyHA:

1.

Huint 12 anraatan katanusatop rapraH aBcaH. banaH 60nCoH kaTanunsaTop
Hb caapan eHreTan, HyHTar Gereen HuKenunH aryynra 6ara yen uanBap
caapan eHreTan, HUKENWWH aryynra ux yen unyy 6apaaH caapan eHretau
ok GancaH.

MapraH aBcaH kaTanu3atopyyablH peHTreH AuddpPakTOMETPUIAH YP AYHIA3C
xapaxag AynaaHbl 6onoBcpyynanTblH TemnepaTtyp 60noH Xxyrauaar
nxacraxag auvdpdpakrorpammbiH MUK HapunccaH 6anHa. OH3 Hb TyxXanH
napameTpyyaumnr ecreCeHeep Tyyxun 34 00NOX HUKENWWH AaBCHbI 3agpan
OYp3H siBargax katanusatopyyablH TancT gasblH aryynra HamMaraax 6anraar
xapyyrnx 6anHa.

LeppepninH TOMBEOroOop TanCTblH X3MX33r TOOL0O0MOX04 HUKENUMH
TancCTblH XaMX33 42.38 HaHOMETPI3C AynaaHbl 6oNoBCpyynanTbiH Xyrauaar
ecrexeq 38.93 HaHomMmeTp, TemnepaTypblr ecrexeq 39.23 HaHoMeTp Oomx
OyypcaH Gereeq aH3 Hb MeTanMblH TapxanT HAMAr4aX Ganraar NNIPXUAIK
6anHa. HukenuinH aryynra 5% 6a 20% yepn 9Haxyy 3yn TOrTon axurnargax
B6ancaH 6on 50% XxypTon HAMaX yeq TarncCTblH XOMX33 3CPIraspa’ ecu
DaricaH. QH3 Hb MeTanmbir UX X3MXI3raap cyynraxag TapxanT Hb Oyypu
Gawnraar xapyymnx 6avHa.

KatanusatopyyaelH SEM 3ypar 6onoH EDS cnektpuiH yp AyHrasp
KatanuaaTtopyyaag eep siMap HaroH 3afeMeHTUnH Goxmpgonryn Gawvraa Hb
xapargax 6arnHa. TyyH4UnaH gynaadbl 6onoBcpyynanTtbiH TemnepaTtyp 6050H
Xyrauaar ecrexef Katanumsatop Uiyy HaraH xwurg 0ytautan 6ok 6arcaH.
Bua katanusatopyyabir 5%, 20% 6a 50% racoH rypBaH eep HWUKENUnH
aryynratavWraap rapraH ascaH. Aryynra Tyc 6ypa3ac HAr KartanusaTopblH
noaBxtTan metannbiH aryynreir ICP-OES 6Garaxaap Ttogopxounyynaxag,
xaprandaH 3.90%, 17.81% 6a 41.76% rapcaH Hb TOOLOOHblI YyTratau

onponuoo GarHa.
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ONOPOBOYIM33P BYNAI. Zr HOMANTTAMU Ni-LA20.CO; KATANU3ATOPbIH
LUMHX YAHAP TOOOPXOWICOH AYH
CO2-bIH MeTanxyynax ypeang Ni-Zr eepunnceH Ni/Zr-La202CO3 kaTtanusaTtopblH
LUMHX YaHap TOAOPXOWSICOH AYHI AOOp Xapyynas.
4.1. Katanu3aTopbIH LUMHX YaHap TO4OPXOUSICOH Yp AYH
MmopotepMansiH apraap120°C-g raprad aBcaH Zr** HamanTTan La202C03 3eery
Ovetnir awmrnaH WuUrtraH TyHagacxkyynax apraap 5%-unH Ni aryynra ©Oyxun

katanuaatopbIr 6anTrax, ICP-OES-U1H WMHXUNr33HWUI OYHI 7-p XYCHIrTa4 Xapyynas.

7-p XYCHarT
KaTtanusaTtopbIH 6yTaL
Tloox Whi SBET Vp Dp
(wt.%) (m?/g) (cmd/g) (nm)
La202C0s3 / 12 0.04 19.6
Zr-La202CO0s3 / 20 0.06 14.2
Ni/La202CO3 4.6 8 0.05 23.6
Ni/Zr- La202CO3 4.7 16 0.07 20.7

leTeporeH kaTanuaaTopT 3eerdy O6uer uyxan yypar rynuaTragar. MasBxran
MeTanmnblH adaanan wxun 6Gansan ragapryyrmiH Ttanbam uxtan 3eerd OueTr wunyy
LUMHrIdX YagBap eHaep Oampar. OH3 Hb KaTanM3aTopbiH ragapryy Aaxb WO3BXTAM
TanGanr Hamargyynax 6Gereen ypBanblH  XWUAM  LUMHIM33X, YypBalblH  3aBCPbIH
OYTI3arAdXYYHUIA LWNIDKUATUAT 3MXKAAN. A30TbIH (OM3NK LUMHMANTUIH gecopodumir -196°C
TemnepaTtypT sAByyrnaxag HaManT metann 3eerd 6uetr Zr-La20203-unH ragapryyrmmH
Tan6au 12-ooc 20M?/r xypTan Hamaraae. La20203-Tait xapbLyynaxag ragapryyH tanoai
HaMaracaHa3p Ni aToMbIH TapXanTbir HOM3ArA3X, 6eerHepen yycaxaac coprnnmk darnHa.
Zr HA3MANTUH Herneereep 3eery OMeTUH ragapryyruiH tanbanH eepunent Hb Ni-Al
rMOPOTanuUUT LWNHXUIAT NYY HIMIrAYYIDK, XapunuaH YANYNanuMiur HamarayyncaH. Mex
HamcaH Zr-uiiH aryynra HamMargaxunH xapaap Ni-Zr-Al-LDH-unH ragapryyrminH Tan6am
MeH Hamargaar. Ni-r adaancHbl gapaa 3eerd OMETUMH HyX CYyB YHACSHAO33
eepunergeeryn 6ereen ragapryyrminH Tandan 6ara 3apar 6yypcaH 6anHa.

LlaBap 3eery 6uetr La202C0s3, Zr-La202C03 60n0H Ta4r3apT xapran3ax HuKenb
cyypbTan KatanumsatopyyabiH 6yTau, PUNK-XUMUNH LUNMHXK YaHapbIr TOAOPXOWUSICOH Yp

AYHr 22-p 3ypart xapyynas.
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22-p 3ypar. 3eerd 6uet 60onoH Ni cyypbTan katanusaTtopbliH XRD gyH
3ypraac xapaxag 06yx AsaxyyamnH XRD nuk Hb L3B3p 3ypraaH eHuerT dasblH
La202C0O3 (JCPDS 37 — 0804)-1a1 HUNLax 6anHa. OH3 Hb La203 6a La(OH)s das, Zr
TepnuiH (ZrOz2, Zr2La207 TeTparoHanb xaTyy yycMarn 3CB3a5 MOHOKIMHUK TasriCT CUCTEM )
6onoH Ni TepnunH (metann Ni, NiO okcmg rox MaT) aryynra xapbuaHryn 6ara,

KaTanuaaTopT X X3MXK33raap TapxcaH bamx 60noxbir xapyymk 6anHa.

OpOHT TOpbIH NapamMeTpyyaunH yp AyHraac xapaxag La202C0s3 6a Zr-La202C0s3
3e6r4 GUETUNH XyBb[, OPOHT TOPbIH NapamMeTpuiH yTtra Hb 4.069 6a 4.066A, xapun C
napameTpuiiH yTra Tyc Tyc 15.933 6a 15.946A 6aiiHa. La202C03 gaxb (La2022*)n 6a
COs3% paBxaprblH TapxanTbir OyrHoxag La’*Tam xapbuyynaxag 6ara paguycrait
Zr**noHbir aaBxapnacaH LaOx maTpul pyy opyynax Hb OPOHT TOpbIH Napametp bara
33par arwmxag XypracaH 6anx maragnantan. LeppepninH TOMbEOroop TOOL0OI0X04
La202CO3 6a Zr-La202CO3 36er4 6ueTtuitH TancTblH XaMxkaa 17.7 6a 14.6 Hm, xapuH Ni/
La202C03 6a Ni/Zr-La202C0Os3 katanusatopyys 19.6 6a 16.4 Hm Tyc Tyc 6anHa. 22-p
3yparT y3yyncaH EDX anemeHT aHanuaninH yp ayHa Ni, La, Zr, O, C 33par aH3 6ypuitH

ANEeMEeHTYYAUNH eHaep xurg Tapxantbir unyy Tom Ni 6onoH ZrO2-1am xonbooTton
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BGeemcuir xapyymxk 6anHa.

B0~ Ee

23-p 3ypar. Ni/Zr-La202C0O3 katanusaTtopbiH EDX ayH

Ni GeeMCuMH XaMX33, TapxanT Hb KaTanua3aTopblH MA3BX, OYT33rgaXyyHUN
COHroMon 4aHapT Mx233xaH Heneenger. Ni-unH Har atom COz-uir rmagporeHxXyynaxag
OyTaaraaxyyHum coHromosn 4vaHap CO, xapuH Ni HaHO xacryyd Hb OyTaarasxyyHun
coHromon 4YaHap CHas-g Tyc TyCc Heneemx ©6anHa. YyHUIN 33parudd KatanusaTopblH
ragapryy L39px eHAaep TapxCaH WO9BXTAN MeTanfiblH X3Cryy4 Hb ypBasnblH XWAT
NMO3BXKYYIDK BGarHa. Hz-MRH WKMHME3X TypwunTbiH Yp AyHA YHA3cnaH Ni/La202C0s3
6onoH  Ni/Zr-La202COz-yyabir  xapbuyynaxag Hz-niH X3parnas  magargaxymy
HOMArACAH Hb KaTanua3aTopblH ragapryy A4aap unyy nx naasxutan Ni TapxcaH Ganraar
xapyymx 6arHa. H: Ni monuinH xapbuaar 1 rax y3Ban Hz LOXUNTbIH XSMH3MIAT 010X
TOMbEOHbI Aaryy Toouoornoxoq Ni/Laz02C03 6a Ni/Zr La202COs3 kaTanusatop gaxb Ni-
WAH MOSBXTaM MeTanmnblH ragapryyruid Tan6ai Hb xapransaH 2.9 6a 5.3 m?/r 6aiHa.
XapbuaHryn tapxant Tyc 6yp 9.3% 6a 17.0%, Ni-uiH gyHaax mexnerviH guametp
xapranaaH 10.8 6a 6.0 Hm 6anHa. HamanTaap eepunnceH katanusaTtopT Ni xapbuaHrym

Oara mexnernnH gMameTpTan, eHaep TapxanTtTan 6anHa.
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24-p 3ypar. Ni/La202C0O3 6onoH Ni/Zr-La202CO3 katanusatopyyabliH H2-TPR gyH

24-p 3yparT y3yyncaH H2-TPR WWHXWUArasHui yp AyHraac xapaxag Ni 6a 3eery
OMETUNH XOOPOHA XapunuaH yununanumH xyd carmH 6annHa. Ni/La202COz 6onoH Ni/Zr
La202C0O3 kaTanusatopyyg Hb 720°C 6onoH 735°C TemnepatypT y TOpPiUNWH
aHrvKpanT siBaracaH 6arHa. 3H3 Hb LIaBap naHTaH kapOoHaTbIH 366r4YmMmr rmaporeHxmx
yen naHTaHbl OKCWUA YYCCOHTaW X0nbooTon. Zr** noHbIr kapboHaTan HOMX ercHeep
3eer4y OmeT 3agapy, NaHTaHbl OKCUAbIH TEMNEPATyp HAMArAC3H. QHA Hb Zr-La202CO03

30er4y bMeTuiiH 3agpax MPOLIECCHIr caapyyrk, TOrTBOPTON LUMHXKWUAT HIM3rAyYCaH.

MeH Tyc xoé€p kaTtanusatopyyn 280°C (a1) 6a 350°C ( a2) xapbuaHryn 6Oara

TemnepaTypblH aHIXKpPax My>K MN3PCIH. QHI Hb Ni 60N0H 3eer4y GUeTnitH XoopoHa AyHA
33PrMnH XapunuaH ynnunantanm xondooton. ©Hgep Temnepatyp 6ywoy (>400°C)-a Ni-
TOW XONGOOTON aHrkpax Temnepatyp wnpaaryn. AHrmxkpax asuag Ni-wiH WMOH
xapbuaHryn TortBopTon, LaOx TopoHT TOpTOM xonbormooryn, LaNiOs Hargan
yyccaHtam xonbooton. Ni/La202COs-Tan  xapbuyynaxag Zr-uiH  eepuYusiCeH
Ni/La202CO3 kaTanuaaTop Hb ycTeperdyuiH tanbam nnyy eHgep 6anraa WUHRINT unyy
aBaracaHr xapyyrmk 6avHa. al 6onoH 02 nukunH xyBba TanbanH xapbuaa Ni/Zr-
La202CO3 kaTanusatop Hb XapbuaHryn 6ara 6aviraa Hb Zr MA3BXUXKYYIIAMY Hb 366er4

OMeTUH ragapryyruiH Tanbanr HaMargyynasg 30rCoxXryn xapunuaH YANYnanunH
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XYYUAT HAIMArayyngar 6onoxeir xapyymk 6anHa. Mimaac Zr noHoop Ni kapboHaTbIH
XapunuaH YWANYNanunH AyHO 39prunH  xapunuad ynnunan Hb  Ni/Zr-La202C0s
katanusatopblH CO2-MMH rMOPOreHXyynax ypsan Adaxb KaTanu3aTopbliH WA3IBXUNAT
camxpyynx, Ni/Zr-La202CO3s katanusatop CO2 rmgporeHxyynax npouecchiH
OyTa3raaXyyHun rapu, COHrOMOJ LUMHX YaHap, TOTTBOPXWATBIF HAIMArayymk Ganraa

60nOoXbIr TOLOPXOMIOB.
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25-p 3ypar. La202C03 60noH Zr-La202CO3 3eery 6uet 60mnoH
Ni kaTanusatopblH Raman-Hbl ayH

KaTtanusatopbiH ragapryyrmind 6ytuag nnyy magpamtrum Raman cnektpocKonuiiH
apra Hb KaTanmsaTopblH ragapryy 033px Zr 6onoH Ni-uiiH TapxanTbIr cyaancaH. 25-p
3ypart yayyncHasp 363, 393, 750 cm?! ponrvonbl yptag La202C0Os paxb La-O
X0N60OHbI MUK MN3PCIH. Zr-oop eepyunceH La>02COs3 3eery 6onoH Ni/Zr-La202C03
KaTtanu3aTtopblH XyBbf 34radp LaO nukmnH apunm 6a epreH Hb Tyc TyC cynapu,
eprecceH. TyyHUnaH Zr** GOnoH eepuneraceH 3eerd GOMOH WAIBXMKCOH  Ni
KatanuaaTtop 433p Zr-O xonbooTton Toxmpox bycan nuk axurnargaaryn. Mimaac Zr-Hol
noHyya Hb La202CO3 wnHrax, ZrOz-nir yycraarynr 6atamk 6anHa. 43 XRD-uninH yp
AYHTOM HUAURX BarHa. Ni cyypbTai katanusaTtopblH XyBbad 507 cm™-g NiO-uiiH nuk
nnapcaH. 1087 cmt gonrMoHbl ypTag UnapcaH Nk Hb La202C03 6a Zr-La202COs 3eery
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ragapryy [naspx kapboHaTblH nunk unapcaH. Ni/La202C0Os 6onoH Ni/Zr-La202CO3
KaTtanusaTtopyynan kapboHaTbIH MUK UNBPC3H Hb ragapryyruiH kapboHaTtyyn Hb eHaep
TemnepaTtypT Hz-MiH HamMm TemnepaTypbliH aHrkpax npoUEecCbiH HAIMArgyymx,

KaTanuaaTopblH TorrBopTon 6angang HeneenceH 60N0XbIr xapyymk 6anHa.

4.2. KatanusaTtopbiH na3Bxu 6a TorrBopTon 6ampan To4OPXOUSICOH Yp AYH
26-p 3ypart CO2 xyBupnbIH 33par 60n0H CH4-Hbl COHFOMONN LWMHX YaHap ypBasblH

TeMnepartypaac XxaMmaapCaH XaMaapiblilr Xapyyrias.

1 OO S : r - - . - VJ» N o e oo . g B 1OC
4 EqQuilibrium " >
X 80+ p
(i - 3
s g
@ 60 S
i S
Na]
S
S 40- >
S Q)
S | T
3 Q)
> 20+ 5
< o
s - X
o
0-

> | 5 I : I . | ! |

|
200 250 300 350 400 450
Temnepatyp, °C

26-p 3ypar. CO2 xyBupnbIH 33par 60510H CH4-Hbl COHrOMON WKHX YaHap ypBarnblH
TemnepaTtypaac xamaapcaH xamaapan
150 mr Ni cyypbTai katanusatopbir CO2+H2 npouecct 25000 uar? xuiiH ypcranbiH
xypartan, 200-450°C TemnepaTypblH Xs3raapT aByynaB. X0E€p TOPNNH KaTann3aTopbIH
CO2 xyBuprnbIH 33par 60510H CH4-bIH COHFOMOST LUMHX YaHap ypBaribiH TemnepaTypaac
Wwyyn xamaapanrtan 6arnHa. lNMpouecchiH sBUag X0ep TOPNUIAH KaTann3aTtopblH METaHbI
coHromon wuHx 99.5-99.8% 6arraa Hb Zr HAMaNT Hb Ni-kapboHaTbIH XOOPOHS
xapunuaH ynnunan xyyram 6onoxbir TogopxonnoB. CO2 XyBUPINbIH 33par ypBanblH
TemnepaTtyp HamMargax Tytam (200-350 °C xypTan) ecex Ganraa 60N0XbIr TOFTOOCOH.
YpBanbiH Temnepatyp 350°C-aac xonw TePMOANHAMUKUAH TIHLBIPUNH Xsi3raapTau
(tacapxan wyram) xonbooTon TemnepaTyp Hamargaxsg OyypcaH 3yW  TOrTon

axurnaracaH. JOHO TemnepaTtypbliH xasraapT Zr*t HamanTtTan  Ni/Zr-Ni/La202COs
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katanusatop Hb Ni/La202CO3 kaTannsaTopTomn xapbLyynaxaj Katanm3aTtopbliH UO3BXM
eHaep, ypBan siBargax temnepaTtyp 6ara 6anHa. OH3 TepnuiH ypan Hb 375°C-T
XYBUPIibIH 33par Hb 88 * 1% Xypy, TEPMOAMHAMUKUAH TAHUBIPWUWH YyTrag XypAaar.
X3pBa3 9H3 TOPSIMIH ypBan oHos €coop 50%-MH XyBUPIIbIH 33parTan rax y3san Ni/Zr-
La202CO3 kaTanusaTtopblH ypBarnbiH TemnepaTyp Tso onponuooroop 270°C 6anx
G6ereeq Ni/La202C0O3 kaTanusaTtopblH Tso ytraac 290°C-sac 6ara 6amnHa. 275°C,
25000uar? (GHSV), 4.7wt.% Ni/Zr-La202C0O3 kaTanusatopblH CO2-UiH XyBUPIbIH
33par 56£2% 6anxag Ni/La202COs3 katanuaatop unyy nx Ni adaanax xamxaa (= 9 wt.%)
Wwaapaaar) 6a xapbuaHryin 6ara XuinH ypcranbiH xypa Gytoy 20000 uar?® Ganpar.
Ninmaac aaspx Typwwmnrtaac y3axag Zr HamanTtTan Ni/Zr Ni/La2O2CO3 Hb meTansbiH Ni
avyaanan 6GaraTtan, Katanua3aTopbliH MA3BXWU HAIMAraaar 605oxbir TorToonoo. MeH Ni
CyypbTan XO€p kaTanusaTopblH ypBanbIH TemnepaTyp 275°C temnepatyp 6anxag 6ara
XYBUPAbIH 33partan Oytoy (<10%), Ni/Zr-Ni/La202CO3 6a Ni/La202COs-biH TOF yTra Hb
Tyc 6yp 2.4 6a 2.2 ¢! GaitHa.
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27-p 3ypar. Ni cyypbTait kaTanM3aTopblH TOrBOPXUNTbIH

LUMHX YaHap TOOOPXOMIICOH AYH

KatanuaaTopblH ypT XyrauaaHbl TOrTBOPTOM Gampan Hb KatanusaTopbiH AaByy
OOMOH Cyn TanbIr YHAMN3aX Yyxan LWKHX YaHap 6ereef 9H3 Hb KaTanua3aTopblH OyTUMIAH

TOrTBOPTOM Gananbir UNIPXMNNA3L 30rcoxXryn Kokc yycax, CO-unH xopyy 4YaHapbIr
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xapyyngar. img Zr HamanT Hb kapboHaT TepnuinH 3eerd Guettam Ni cyypbran
KaTanusatopblH TOrTBOPTOM LUMHX YaHap X3PX3H Heneernex Heneennuvinur cynnas.
Typwunteir  300°C, 20000 uar1, 110 uarnnH Typw xoép katanuadatopbir CO2-bIr
MeTaHXyyrnax ypBan sByyncaH. 26-p 3ypart  y3yyncHasp  Ni/Zr-La202C0s3
KaTtanusaTopblH XyBUpPribIH 33par Tyc 6yp 92% 6a 84% 6anxag Ni/La202COs3
KaTanuaaTopblH XyBUPIibIH 39par xapran3aH 73% 6a 64% Tyc Tyc 6arHa. XapBa3 ypBan
HArQyraap 93paMOWAH KUHETUMKMWH Jaryy saBargaHa rax y3san Ni/Zr-La202C03 6a
Ni/La202COs3-uniiH ypBanbiH XypAHbl TortMon Kg Hb 7.1x103 6a 3.8x107 uar’ GaiiHa.
Nim Bara Kq ytra Hb Ni cyypbtan xoép katanusatop 110 uarniH ypBanbiH siBuag 6ara
39par mpaBxryn 6oncHeir mntrax 6a Zr tepnunH Ni/Zr-La202CO3 katanusaTopbiH

TorTBopTOM BGangan eHgep Garraar xapyynx 6anHa.

4.3. CO2-unH apgcop6um
CO2z-nir meTaHxxyynax ypaarsibiH 3xHui anxam 601 CO2-UNH LUMHIINTUNH X3AMXKII
OONOH LUMHIAdNTMIH YaaBap, TyxanH katanuaatopblH CO2-MNH XyBUPMbIH 33par Hb

kapboHaT 6onoH CO-uiH Yageapaap Togopxonnoraaor.
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28-p 3ypar. Ni/-La202C0Os3 60noH Ni/Zr-La202C0Os3 kaTanusatopyyablH
CO2-TPD-MS gyH
28-p 3ypart y3yyncHasp 780°C opuMm eHOep TemnepaTypT XOEp KatanuisaTtop

xoéynaa CO2-ninH gecopbumir nx XamKkaaraap YYCracaH Gereepn 3HS Hb 3eery et
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La2O2C0O3 Hb Lax02 Gomk eHmep TemnepaTypT 3agapgartaim XonbooTon oM.
Ni/La202CO3 kaTtanusatopblH XyBbg 707°C TemnepaTtypT yyccaH 6ereef 39H3 Hb
ragapryy 433apx Xydtan wyntnar xacryyaag COz-bIr LUMHMI9XK aBaartam xonbooTon oM.
Ni/Zr-La202CO3 kaTanuaatopT To4opxon 0ycaa anrax bonomxryn banraa Hb 6aT 63x
eHaepTar CO2 WNHI33NTMIT AapaHrynnax Hemnee y3yyrk 6arnraar xapyymx 6anHa. OHa
Hb Zr-unH Heneereep kKapboHaTblH 3eer4y OMeTUWH LWyYNTNar xacryyg OyypcaHTan
xonoooTon 6amxk 6onHo. Ni cyypbTan Xxo€p katanuaaTtop Hb 220 6a 375°C TemnepatypT
xapbuaHrym 6ara 6a gyHg apunmTan CO2-ninH AecopObuninH NUK yyYCcaH. Anraa Hb Ni/Zr-
La202CO3 kaTanua3aTop Hb AyHA 33pruiiH 6aT 63X WNHIeaxX YaaBapTan 6ereeq aH3 Hb
Zr**-O%-nilH HAM3NT Heneenen Hb AyHA cyypbTait xonbooToin Gaik GonHo. Nimaac
MeTaHXyynax pBarblH 3XHUM 4yxan anxam 6onox Zr-unH eepynent Hb CO2-uinH

XUMUWH LWMHIA3NT 6a nOdBXXKYYIaNTUAH ANCCOLMaLMNAT Camxpyyrmk 6anHa.

4.4. YpBanblH MeXaHU3MbIH cyaasnraaHbl yp AyH

MagapryyruiH  LWUMHMA3ATUAH  YyCan OOMOH XyBUPNbIF TOMTOOXbIH Tyng XOép
katanusatopT CO2 WWMHIAdNTUMAH X3T ynaaH TysiaHbl CNEKTPOCKOMUWH TYPLUUNTbIT
300°C-g xmmk rynuaTtranaa. Katanuaatopbir Hz2/Ar-g ypbaunnaH aHrmxpyynaxblH ©MHe,

300°C-g aproH Xmnraap L3BapsiaB.

8-p XycHarT

Ni cyypbTan katanusatopbiH ragapryy gaxo COz -blH LWUNHIAANT Ga

FMAPOrEHXNX YEUAH rafapryyH LWAHr33NT

Naetamx (cm™)
Tepen Yypar
Ni/La202C0O3 Ni/Zr-La202CO3

Xun CO2 Vas(CO2) 2360,2330 2360,2330
Xun CO V(CO) 2170,2130 2170,2130

LWynyyH 2040 2040
COLUVIHFSGF‘-I

ryyp 1918,1865 1918,1865

Vas(COs3) 1623 1620
BukapboHat

Vs(CO3) 1423 1416

Vas(CO2) 1607,1597 1604,1593
MoHoaeHTaHT chopmat

Vs(CO2) 1340 1337

Vas(CO2) 1578,1570 1582,1573
buageHTaHT cbopmart

Vs(CO2) 1362 1355




Vas(CO3) 1558,1544 1556,1538
buaoeHTaHT kapboHaT
Vs(COs) 1321 1319
Vas(CO3) 1538,1456 1531,1456
MoHoaeHTaHT kapboHaT
Vs(COs) 1340 1337
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29-p 3ypar. Ni/La202COs3 (A, C) 6onoH Ni/Zr-La202COs3 (B, D)
300°C pgaxb CO2 -mrH WNHraanT (1) 60M0OH rmaporeHxumx npouecc (2) npouecchbiH

X3T yrnaaH TysiaHbl CNekTp

29A-p 3ypar 6onoH 8-p xycHartag yayyncHasp Ni/La202C0s katanusatop CO:2
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LUMHI3COHa3C Xonw 30 MUHYTLIH AoTop BukapboHat (1623 6a 1423 cm™'), MmoHoaeHTaT
dopmat (1607, 1597 6a 1340 cm'), GuaeHTaHT dpopmat (1578, 1570 6a 1362 cm™'),
OGuaeHTaHT kapboHaT (1558, 1544 6a 1321 cm™') MoHoaeHTaHT kapboHaT (1538, 1456
6a 1340 cm™) gonrvoHsbl ypTag TyC TYC MUK YYCCaH. LUMHraanTuiiH Xyrauaa HaMargaxminH
XUPI3P MUKUAH 3pumm Hamaraax BanHa. Ni/Zr-La202COs kaTanuaatopbiH ragapryy
A33P MEH WXUI TecTan kapboHaT 6a hopMaTbIH TOPNNNH NUK MN3PCIH 6a 29B-p 3ypart
y3yynaB. Ni/La202CO3 katanusatopbiH 3puuMTan xapbuyynaxag Ni/Zr-La202C0s3
KaTanua3aTopblH LOMAMMOHbI YypT Gara 33par eepunergceH 6GamHa. TyyHunaH Ni/Zr-
La202CO3 kaTtanusatopt 1950-2100cm™ 6a ryyp xen6apuiiH LUMHI3NTUNH X3N6apUitH
(1750-1950cm ') kapGoHunuitH (CO) nukyya axurnaracaH.

CO2 xunm pe3p H2 xunur HAIMcHUW pdapaa ragapryy [493px Typ 3yypblH
TMMOPOreHXUNTUIAr X3T ynaaH TysiaHbl cnekTpockonunH Typwwuntaap 300 °C-t 10
MUHYTbIH Typw xaHaHa. Ni/La202CO3 katanu3aTopbiH XyBbA 29-p 3yparT xapyyrcHaap
X0€p TanT oOpMaTbIH MUK Hb AXHUN X343H MUHYTLIH A0TOP XypAaH anra 6ongor. CH4
YYCCaHTal xonbooTor 3014 6a 1304 cm? OONrMOHbI ypTad LUMHS NMUKYYL WUMSPC3H.
9araap xoép CH4-MMH NUKMIH 3pYNM Hb 1 MUHYTBIH JOTOP XaMIMH 033 X3AMXI3HA39
XYpY, uUaawung rmaporeHXux ypeanbiH yen aaxmaap OyypcaH. [MaporeHxyynax
ypBarnblH ye WaTaHa X0ép ron 3aBCpblH HArgan 6a xoc AeHTaT LWOoProosmKkHbl Xydnn CHx-
nnr CHs 6onroH xysupraHa. MeH Ni kaTanusaTopblH ragapryy A33pX MOHoAeHTaT
dopMaTbiH TOPAYYAUNH MA3BXXKUN M3Aaraaxymny eHgep 6anHa. Ni/La202COs -uiH CO:2
LUMHIANT OBONMOH TYyp 3YYpPblH YCTOPOrYKuMX ypBasblH CAEKTPUAT  LUMHXKUIICHI3P
KapBOOHUNNIH NUKWMIAT Toouoonong opyynaxryi 6amk 6onox 6ereeq 3H3 Hb CO-uiH
3aBCpbIH OyTa3rgaxyyHasp AamkyynaH YCTeperwkux ypsanbir garax Oonomxryu
bonoxeir xapyymk ©6anHa. COz-unH meTawxyynantblH ypBang Ni/LazO2C03
Katanu3atop Hb opMmuaTbir MMOPOreHXYYDK 3apyMaap ypBanbir  siByyngar.
Onponuoox ragapryyrmnH rugpokeun  oynryygunH tycnamxkrtanraap CO:z2 Hb
KaTanusaTopblH ragapryy A33px YHOCIH XACryyasg WUHrax kapboHat 6a hopmmathbiH

HAraAnyyaunr yycrax, gapaa He CHx 6onoH CH4 6ok xyBupgar.
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3aBCcpblH OyTa3raaxyyHaac CHs yycragar.

© Carbonates

)
z O Ni
I

30-p 3ypar. Ni/Zr-La202C0O3 katanuaaTtopblH CO2-bIH MeTaHXyynax ypBasnblH

MexXaHn3M

Ni/Zr-La202CO3 kaTanuaaTopT TYp 3YypbIH TMAPOreH>Xux ypsang 3XHum 1 MUHYTbIH
[OTOp MoOHogeHTaT opmmat GONOH kapboHWNuH Oynar axwurnargaarym 6on
OuvaeHTaT popmmat aaxummaap Yycax, MeTtaH 6onoH xyeupcaH. Ni/Zr-La202COs3
katanusatopbiH XyBba CO+H2 ypeang Ni/La2O2COz g3ap axurnaracaH gpopmmaraac
XyBUpax MpoLEecC WMXun aBaracaH. YYHUIA 39paruasd 3aBCPblH OyTa3arasxyyH xoé€ynaa
TMOPOreHXnx ypBanbiH XypabIr HAMArayymk 6ancad. CO-unH ypBanbiH MEXaHWU3MbIH

XyBb4 hopmuathir axnaag metann Ni-uiH ragapryyH Tanbang saganx, yyccaH CO-unH

XypumTnargcaH ngasxtan metanntam Hargax Ni(CO)s-nir yycragar 6ereeq UHIACHIIP
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Ni metannbiH 6GeerHepnunr Oyypyymk Ni/Zr-La202COs katanusatopbliH 6yTal,
KaTanuaaTopbliH TOrTBOPTON Gamanbir camxpyyngar. XapunuaH ynnunan gax Ni-uiH
aTom BONOH XaxyyrumH 3eerd BMETUNH XOOPOHAbIH XapunuaH ynnunan CO 3aBcpblH
OyTa3argaxyyH yycax 3aunwryn Hexuen 6ongor. OHa yeq Ni-vinH ragapryyn tapxanTtbiH
X3MX33 eHgep ydvpaac Zr 60noH KapboHaTblH XOOPOHA AYyHA 33prunH Xapunuad
YANYan  yycHa. Mimaac  Ni/lLa202C03  katanuasatopton  Ni/Zr-La2O2COsz-mir
XapbLyynaxaz katanusaTopyya Hb 3aBCPblH XyBMpranTt 605oH ByTaaraaxyyH yycaxas
XapbLaHryn apumMm eHOepTan MUK yycragar 6ereeq yyHUW yp AyHAO KaTanu3aTopbiH

rmaporeHXxXmnx nasBx>Kni HamMaraaar banHa.
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31-p 3ypar. Ni/La202COz 60n0oH Ni/Zr-La202CO3 kaTannsaTopblH

H2-D2 conunuox ypsarn

Ni cyypbTan XO€p KaTanusaTopblH YCTOPervYvmnr WAIBXKYYNAX Yansapbir
TypwuxblH TYNa 50°C-1 H2-D2 conunuox ypsan sasyyncaH. 31-p 3yparT y3yyrCHI3p
Ni/Zr-La202C0O3 katanusatop Hb Ni/La202COs katanusatopooc eHgep HD yycrax
Xypabir xapyymk 6anHa. XapunuaH yununan g33px Ni-uiH eHgep TapxanTtrau
xacryyamiH ynmaac Ni/Zr-La202C03 katanmsatopblH H2  nasBxKyynax 4Yagsap
M33r43XynL HOMArACaH 6arHa. YcteperyniiH TycnamxkTanraap CO2-bIr na3BX>Kyynax,
kapboHaT BO0roH 3aBCpbIH (hOpMUATLIN TMOPOrEeHXYYNaX 39par ypBarbiH ron ye wart
OypT AnccouunaunargcaH ycteperd oponugor Tyn He-uinH naasxu, auccoumauma opox
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YyagBap, WOSBXTAN yCTeperdniH xaHranTttanm Heel Hb CO:2 MeTaHXyynax ypBanbir

Xypaacraxag ron Heneer y3yyrk 6arHa.

4.5. CO2 meTaHXyynax ypBanbiH ragapryya CO; yycax TypwunTbiH Yp AYH
32-p 3yparT Ni/Zr-La202COs3 kaTanuaatop 300 °C meTaHxyynax ypeanbiH '3CO2

N30TOMbIH YPp AYHI Xapyynas.
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32-p 3ypar. Ni/Zr-La202COs katanuaaTop 300 °C meTaHxyynax ypsanbiH 3CO2

N30TOMbIH Yp AYH

[a3px Ni/La202C0O3 6onoH Ni/Zr-La202CO3 katanusatopyyablH CO2 LUNMHI3NTUNH
yp AyHraac xapaxag 1500 cm'-aac 1550 cm™' XypTanx OONrMOHLI yTryyaan aepar 6a
ceper NUKYYA 33paruaH opwmx 6anHa. 9araap nukyyn Hb KapboHaTbliH Oynar 6ereep
KaTanusaTopblH ragapryy 4a3px kapboHaTblH AUHAMUK 66pYNenTUNr NN3IpXmnmk 6anHa.
29-p 3yprunH A, B-aac xapaxag CO2 WMHr3anT ragapryyrmimH kapboHaTbliH 3apum
MUKUAH 3PYUM Hb Xyrauaa HIMIrgax TyTampg HAr XaBunH ecentTan GarvicaH 6on Heree
X3Car Hb TOOOPXOM XyrauaaHbl siBuag Oyypy 6amB. 29-p 3yprunH C,D-33c xapaxag
kapboHaTaac MeTaH yyCax NPOLECCbIH e[ KaTtanv3aTopblH ragapryy 433p kapboHaTbIH
NMAKUAH 3PYMUAH eepunenT >xurg Oyc xaBagp Oanraa Hb kapboHatyya 60noH
YyCTOpOrdynmH XOOpPOH XapuruaH YUnynan yycax Oyur xapyyrmk 6anHa. Tummaac La

HaManNTTan La202C03 3eery 6uet Hb ynamxknant metaHxyynax ypsang Ni cyypbran
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NMO3BXTAN XapunuaH ynnunanuir 6un 6onrox 6amHa. XapuH Zr-La202COsz 3eery
OVeTMH XxyBbA YpBanblH SBUA4 YYCCOH A0Toon4 KapOoHaTyyn Hb ragapryyruiH
xapunuaH xysupnaap gamxkuH CO:2 pguccoumaump OpX MeTaHXyymnax npoueccT
oponuox 6anHa.

300°C TemnepaTypbIH Yeq X0€p LaTtTan ruaporeHkyynax ypsang nsoronoop *CO2
6a "2CO2 xuir awmrnacaH. CO2 6onoH AoTtoon kKapboHaTbIH XyBUPIbIr GaTanraaxyyrnx,
13CH4 (m/z=17) 6onoH popmauuiir unpyynaxag MS awwurnacad ?CHs (m/z=16). 12CHjs-
UiAH m/z=16 poxuoHg '*CHs-nitH m/z=16 cpparMeHTUiiH Heneennuiir apunraxsiH Tyna
6ua sH3 OypuiiH dparMeHTYyablH XapbUaHryn apymMumnr xaBuiH ©omnrocoH. Ni/Zr-
La202CO3 KaTanu3ablH ypBanblH 3XHWUI LATaH TOX33MUIAH Xuit Hb *CO2 6a H2 GaitHa.
32-p 3yparT y3yyrICH33p Macc CNekTpT m/z=17 eHOep 3PYNMTIN AOXMO UIIBPCIH Hb UX
X3MX33HUIN ByTaaraaxyyH 3CH4 yyccaHuiir xapyymnx 6ainHa. MaporeHxyynax ypsarnbiH
2-p ye LaTtaHg TIK33MuiiH xuit Hb '2CO2 6a H2 GaiicaH Gereen ypBarn aXnaxaac emMHe
ragapryy 493px 3aBCpblH Oy TaargaxyyHUn yngargnuir apmunraxeid Tyng Hz/Ar 6onoH Ar-
WIAH XonMMmor xui awmrnacaH. '>CHs yycax TortBopToi goxmo (m/z=16) ragHa, axHui
wataHg m/z=17-a unNapcaH nuk Hb 13C-aac "3CHa4 yyccaHuir xapyynx 6anHa. YyHuii ron
luanTraad Hb 9XHWI WaTaH ypBanbliH npouecchiH sBuan *CO2 xuir katanmaaTopbiH
ragapryy 093p YYCC3H YHACOH kapGoHaTaap XyBuprax, Caprasx, Aapaa Hb YyccaH 3C
KapboHaT Hb X0E€p Aaxb WwaTaHg MMAPOreHXux ypsang oponucoH 6amHa. CO2-ooc
MeTaH Yycax ypBanblH yen 3eerd 6uet Zr- La:02COs3 Hb ragapryy [033p YYCC3H
KapOoHaTbIlr AMHaMMKaap capraax banraar 6atamk 6anraa 6ereeq 9H3 Hb KaTanu3blH

ypBang metann-kapboHaTbIH XxapuruaH YANYnanviH MA3BXMINr HaMarayyk 6anHa.
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C 1s (A) 6orioH 1s (B)

33-p 3ypraac xapaxag kapboHaTbiH AABCHbI TOPes Hb KaTtanu3aTopbiH ragapryyn
xapuynuaH agunrym Heneemx 6amHa. Ni/La202CO3 6onoH  Ni/Zr-La202COs3
KatanuaartopblH 3eery 6uetunH das CO2 +Hz ypBanbiH rMaporeHxux temneparyp
XapbLUaHryn eHaep yea TOrTBOPXuUNT camTam 6arncaH. KatanusbliH ypeanbir 110 uar
aByyncHbl gapaax XRD-bIH yp ayHraac xapaxapg La202C03 hasbiH 3pumm eHaep, eHuer
epreH 6GarvicaH Hb ypBarnblH ©MHexXTan agun 6aricaH. 3eerdy GuetunH OyTay Ni/Zr-
La202C03 kaTtanmsatopbir ypT Xyrauaang TortBopTon 6anxag Heneerk Oywnr
TogopxonnnoB. OH3 yen Ni 60noH kapboHaT XOOpOHA XapwnuaH YWNYnan Hb
mMeTaHxyynax ypsang CO2 TacpanTryn yycrax ypsanbiH ngasx 60mnoH rapuag wyya
Heneesx GanHa.

C 1s 6a O 1s-unH XPS cnektpyyd Hb MeTaHXyynanTtbiH ypBarnblH eMHex 6a
Aapaax Xoép KaTanusaTopblH ragapryy 033pX kapboHaTblH XMMWAH Tenes Gananbir
xapyynaB. 33 A 3yparT y3yyncaH C 1s cnektpT 284.8 aB-niiH xon6ooHbI aHepruTanm C-
C nuk, 286—290 3B-ninH xon600Hbl aHeprn 6yxmnin C-O 6a C=0 nukyya TyC TyC UNIPCIH.
C-C xon600HbI NUKMINH 3pYMM XapbuaHryn eHaep 6anHa. OH3 Hb La202COs3-minH O22 Hb

AYHO 33prunH  WynTnar xacryyamir pamxkpar 6ereeq CO2-uiH  oyHA  33prnH
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LUMHMANTMIT S3MXKMXK Banraar nnapxmnmk 6anHa. Ni cyypbTan Xoé€p katanu3aTopblH
ragapryy 093px kapboHaTtbliH OypanaaxyyH X3CTryyOUNH MUKUAH 3PpYMM Hb OPOHT TOpP
9CBAN ragapryyruiH XyuumnteperdunH OypanasxyyH XacryyaTtan xapbuyynaxag
ypBanblH Japaa M3A3raAaxymy HAMIrAcaH. OH3 Hb Har Tanaac CO:2 6a kapboHaTbIH
XO0OPOHOOX XapunuaH ynunantam  xonboot. Heree Tanaac ragapryyrmimH
XYYUNTOPOrymMmMH atoMyyqd Hb LWyNnTnar xacryyamnH xyBba CO:2 WWMHIA3X, ynmaap
ragapryyruiH kapboHaTbir HEXeH CIpraax mnpouecca Oponuox mMaragnan eHaep
banpartan xonbooTton. [193px cnekTpuinH yp AyH Hb CO2 MeTaHXyynax ypBarnbliH yeq
Ni cyypbTan KaTtanuM3aTopblH ragapryy 493p kapboHaTtbir aXuMH CIPraacaH 60moxbir

GaTanraaxyyrncaH 6ereef 3H3 Hb M30TOMbIH TYPLUMITbLIH YP AYHTAN HUALSX GaliHa.
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BYNrUAH OYTHANT

Ni/Zr-La202CO3, Ni/La202CO3z kaTtanusaTtopyyablH Ni-uiH aryynra 5%, Zr**
HOM3ANTTOM OONIOH HAMANTIYW KaTanuaatopyyabir 6anTrax, CO2-00C MeTaHXyynax

ypBang awmrnaxag gapaax ayrHantag xypnas. YyHa:

1. YpBanbiH Temnepatyp 300 °C, xuiH ypcranbiH xypa 25000 uar! 6anxan Ni/Zr-
La202C03 kaTtanusaTopblH XyBUpnbIH 33par 81%, CHs-unH coHromon 4vaHap 99.6%,
TortBopxmnT 110 uar ypsan aByynaxryi YHACSH LWMHX YaHapaa eepyunneeryn 60noxoir

TOAOPXOWSCOH.

2. Ni/Zr-La202C0Os3, Ni/La202CO3 kaTanuMsaTtopyyablH LWMHX YaHapbIr XapbLlyynaxag Zr
HOMANTTN KaTanu3aTopblH TOrBOPXKMAT BONOH MeTaHbl rapl, COHrOMOS LUMHX YaHap
XapbLaHryi caiH GavicaH 6a La202COsz-uitH (La2022*)n TopHbl AaBxaprag Zr** MoH
xan6apaap opwgor 6ereen ofioH 3epar Henee y3yyk banraa meTaHxyyrnax ypBanbiH
AYHraac 6atnaracaH. OH3 Hb Ni 60510H Zr-eepuneraceH kapboHaTbIH 36erd4niH XOOpoHA
AYHAO 39PINNH XY4TIM XapunuaH Yunyunanuir egeex, ynmaap metann Ni-uinH TapxanTbir
camXXpyyrx, KatanmsaTop YCTeperdmnr nasBxXKyynax yagsapbir camxpyyricad. Ni-
KapboHaTbIH XapunuaH yrununan a3ap Zr** HamanT Gaiiraa Hb CO2-UiiH XeMocopoLmMInr
A3MXWXK, fapaa Hb 366r4YmiiH YHACSH LWMHX YaHapbIr carH Toxupyyngar Xy4Tanm YHOC3H

X3CTyyaunr 6yypyynx avccoumnaum sisaracat.

3. DRIFT-unH yp OyHraac xapaxag CO:z LWKMHraax, yCTeperdxyyrnax ypBanbiH yen
ragapryyruiH 3aBcpblH OYTa3raaxyyHun xysupnbir Togopxomn xapyyncat. Ni/La202COs
KaTanusaTopblH ragapryyn 3eBxeH popMaTbiH YCTOPerwxux 3am axurnargcaH 6on
Ni/Zr-La202COs3 katanusatopblH ragapryyn CO 6GonoH dopmaTbiH 3aBcpbiH 6oauc

33P3rL3H OPLUMX XOEP YCTOPOrwKNX 3aM axurnargcaH.
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EPOHXUA OYTHANT

bug sHaxyy cyaanraanbl axnaap HyypcHU XumxyynantumH cuHTe3 xum 60nox

CO2+H2 npoueccT awwurnargax Ni cyypbTaii kaTtanuaaTopT 3eerd 61MeT, MPOMOTOpPbIH

Yy3YYynax Heneennuur cygannaa. 3eerd 6muetasap ZrO2, MgO, npomMoTopoop raspblH

XOBOP 31EMEHTUINI COHIOH aBY KaTanuaaTtopyyabir 63NTraXx, Katanm3aTopyyabiH LWWMHX
yaHapblH y3yynantyygunr XRD, SEM, TEM, BET, XPS, H2-TPR, ICP-OES, DRIFT

OaraxuT

LUMHXXWMT33raap TOOOPXOMIMK, MeTaHbl rapl, COHTOMON LUMHX 4YaHap,

NO3BXMIT KBapL, XOO0MN BYXUIN XeAenreeHryn yeT peaktopT ABYYIK Aapaax OyrHanTag

Xypnaa. YyHAa:

7.

10.

11.

MapraH aBcaH KaTtanuM3aTopyyablH peHTreH oM pakTOMETPUNH Yp OYHIA3C
xapaxag AynaaHbl 6onoscpyynantblH Temnepatyp 6onoH xyrauaar
nxacraxag auvdpdpakrorpammbiH MUK HapunccaH 6anHa. OH3 Hb TyxXanH
napameTpyyaumnr ecreCeHeep Tyyxun 34 00NOX HUKENWWH AaBCHbI 3agpan
OypaH ABargax katanusaTopyyablH TancT gasbiH aryynra HaMaraax 6arvraar
xapyyrnx 6anHa.
LeppepninH TOMBEOroop TanCTblH X3MX33r TOOL0O0MOX04 HUKENUnH
TancCTblH XaMX33 42.38 HaHOMETPI3aC AynaaHbl 60N0BCPYYyNanTbiH Xyrauaar
ecrexeq 38.93 HaHomeTp, TemnepaTypblr ecrexeq 39.23 HaHoOMeTp B0
OyypcaH Gereeq aH3 Hb MeTanMblH TapxanT HAMAr4aX Ganraar NNIPXUAIK
6anHa. HukenuinH aryynra 5% 6a 20% yepn 9Haxyy 3yn TOrTon axurnargax
B6ancaH 6on 50% XxypTon HAMAX yeq TasnCTblH X3MX33 3CP3Iraspad ecu
DaricaH. QH3 Hb MeTanmbir UX X3MXI3raap cyynraxag TapxanT Hb Oyypu
Gawnraar xapyymnx 6avHa.
Bug katanusatopyyabir 5%, 20% 6a 50% racaH rypBaH eep HWUKENUH
aryynrataWraap rapraH ascaH. Aryynra Tyc 6ypa3ac Har KartanusaTopblH
noaBxTan metannbiH aryynreir ICP-OES 6Garaxaap Ttogopxounyynaxag,
xapransaH 3.90%, 17.81% 6a 41.76% rapcaH Hb TOOLOOHbl YyTraTam
onponuoo GarHa.
YpBanbiH Temnepatyp 300 °C, xuiiH ypcranbliH xypa 25000 uar? Gavixan
Ni/Zr-La202CO3 kaTanunsaTopblH XyBUpsbiH 33par 81%, CH4-unH coHromon
YaHap 99.6%, TtortBOopxMnT 110 uar ypsan sByynaxrym YHACSH LUMHX
YaHapaa eepunneeryin 60noxbIr TO4OPXONICOH.

Ni/Zr-La202C03, Ni/LazO2CO3 kaTanu3aTopyyAablH LUWMHX  YaHapbir

Xapbuyynaxag Zr HAManNTTH KaTarnn3aTtopblH TOrBOPXUNT ©ONoH meTaHbl
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12.

rap, COHrOMOJT LUMHX YaHap xXapbuaHryh camH 6ancaH 6a La202CO3z-uiiH
(La202%*)n TopHbI gaBxaprag Zr** noH xan6apaap opigor Gerees oroH aepar
Henese y3yysk barraa MmeTaHxyynax ypBasnblH AyHr3ac 6atnargcaH

DRIFT-ninH yp ayHraac xapaxag CO2 LWKMHIA3X, yCTeperdxyynax ypBasnbiH
yeq ragapryyrmnH 3aBcpbliH OYTaaraaxyyHUn XyBUpIbIr TOOOPXOWN XapyyricaH.
Ni/La202CO3 kaTtanusaTtopblH ragapryy 3eBXeH (OopMaTblH YCTOPOr“xux
3am axurnargcaH 6on Ni/Zr-La202CO3 kaTanusaTtopblH ragapryys CO 6onoH
dopmaTbiH 3aBCPblH OOAMC 33P3rLUdH OPLUMX XOEP YCTOPOerwXux 3am

axurnargcaH.
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ARTICLE INFO ABSTRACT

Neywonde The interaction between metal and support is critical for CO; methanation reaction over supported Ni catalysts.
Heterogeneous catalyss This work provides a modification strategy using surface carh specles foe p g the catalytic perfar-
€O, methunatin mances of lanthana-supported Ni catalyst. The carbonate-modified NL/h;O‘CO, r.n})ﬁ displays a superior
Rlacal camlpus catalytic activity, stability, and CO tal in C0; methanati with Ni/La;0; cat-
::m:mmm alyst The structure of Ni£a;0.C0; interfaces s verified (o be stable agunn thermal decnmposmon and re.
/1440005 catalynt uulyntmlenhroughspecﬁ:new rb The ngth
surface basicity the v of €O, ch ption. The carbonate-modified interfaces facilitate the
fi of d and bed fe as the reaction Intermediates. These species are highly re-
active for further transformation into CHy even in the presence of CO poison, which is benefited 10 both me-
thanation activity and anti-CO abikity.
1. Introduction and oxygen vacancy) [15-20]. For instance, the supported metal na-

nocluster (NC) displays a superior CO, hydrogenation activity in com-
parison with single-atom (SA) and ticle (NP) by reaching a

precise balance between MSI strength and hydrogen spillover effect

Catalytic hydrogenation serves as an efficient approach for the
utilization of CO;z as a C1 feedstock, as it can p a wide variety of

high-value chemicals and high-energy density fuels including methane,
methanol, ethanol, and higher hydrocarbons [1-3]. Considering of the
chemical inertness of CO, molecule, the catalytic CO, activation still
remains a dullenxmg area which requ:ru dwelupmenl of metallic
catalysts with enh d activity, hyd lectivity, and slabl
lity [4-8]. In the case of COz meth Ni-based cataly

catalytically comparable activity and economically feasibility in com-
parison with the noble metal catalysts [9-11]. Nonetheless, the cata.

[21]. In Ir- or Nicatalyzed CO; hydrogenation reactions, the zero-va-
lence and the high-valance metallic sites prefer methanation and RWGS
route, respectively, depending their bonding h with CO* inter-
mediates and the energy barrier in their further hydrogenation to CHy
[22,23]. In addition to metal-oxide MSI effect, various types including
metal.carbide and metalnitride MSI effects have also been proved
catalytically functional [24-25].

Msu‘bal&medlaxed maodification has been employed as one of the

Iytic stability of Ni nﬂlys!s. pecially the stability ag: trace
of co-feeding CO poisoning gas in the reaction, needs further
improvement to meet the requi for cial application.
The catalytic properties of supported metallic catalysts in CO, hy-
drogenation reactions are crucially determined by the metal t

i gies to effectively tune the MSI effects. Specifically,
surface llCO. species formed during in-situ CO; reduction treatment
strongly adsorb on the interfaces of metals and reducible oxides, and
introduce functionalized MSI effects in a way of “self-sacrifice”, for

ple, HCO mediated MSI effects improve the ability of antisin.

interaction (MSI) effects, since the relevant key processes such as re-
verse water-gas shift (RWGS) and hydrogen spillover are sensitive to
the structure and properties of metalsupport interfaces [12-14]. The
MSI effects can be tuned by the size selection and the chemical state of
active metal sites as well as the property of the supports (e.g., basicity

* Corresponding authors.

tering and catalytic activity of CeOz-supported Cu NPs in WGS reaction
and TiOz{NbOs)supported Rh NPs in COz; hydrogenation [30.31].
Since the carbonaterelevant surface species act as the key inter
mediates in the CO, hydrogenation, we expect that the stable metal-
support interfaces modified by these species would improve the
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and bidentate formates were A = 250 on” ' and Av = 250 com ', re-
spectively [34,35]. The spectral bands at 1552 and 1341 em ! owere
assigned 10 monodentate formates, while the bands at 1575 and 1355
cm” ' were attributed tor bidentate formates [16,36]. Two strong peaks
at 3014 and 1304 cm~? were index to methane.

23 Catalytic reoction

The C0y hydrogemation reaction was performed in a quartz tube
fixed-bed reactor (10 mm in inner diameter). 0.2 g of catalyst and 1.0
g of quantz sand were loaded and the pre-reduced in 50 mL/min of 15
vol. % Hz/Nz flow at 300 “C for 0.5 h. After cooling, the reactions were
performed from 200 to 450 °C with COxHz:Nz = R12:5 (GHSV = 20
000 h~", 1 atm). The efluent gases from the reactor were analyeed by
an online gas chromatograph (GC) equipped with both a methane-
conversion furmace-connected flame ionization detector (FID) and a
thermal conductivity detector {TCIY). The O0p; conversion, the se-
lectivity of CO and CH, were determined from the following equations:

Conversion (%) = {[F,(00,) — F,_(00.)] / F(C0L) » 100%
Sebectivity (%) = {Fowlil / [Fin{COz) — Fouu{CO)]} = 100%

where i represented the hydrogenation product (C0 or CH4 ), and Fi) is
the corresponding flow rate.
The formuly of deactivation rate constant (kq):

In [{1 — Xonu) £ Xanal = ka % ¢ + In {1 — Xinpad / Keiniaa
where X represented the C0y conversion at the time £

3. Resuolts and discussion
8.1, Synthesis of Lo-supports and Ni-cotolysts

La-based supports were synthesized by hydrothermal procedure and
subsequent thermal trestment (Scheme 1) LaCOq(0H) was the pure
product from one-pot hydrothermal process at 120 °C, which was
identified by the XRED pattern (Fig. 1), The peaks at 17.6°, 24.47, 30,37,
4307, 438", and 46.8° were ascigned to the characteristic diffractions of
the (00Z), (300, (302), (330), (304), and (332) plane of LaC0,(0H)
(JCPDE 26-0815), respectively. As shown in Fig. 1A, the TG curve of
LaCO5{ O] in adr exhibited three stages of weight losc. Although small
amount of surface adsorbates desorbed at low temperatures, the La-
CO5(0H) phase could maintain until 400 "C. The weight loss stages at
A0 — 500 "C was corresponding to the transformation of LaCO,{0H) to
La 0uC0y, and the stage at 700—800 "C was attributed to further

g : ! Rﬁﬁ
P e Aeee |
:i LaCOy0H)
o
= 2|8 |
T Inin A o :
E I AU WA e s s s |
= = Laa 0,00,
g2 g g gF
| [ ‘_Lﬁh_%“._._ﬁj_n
Lay0y
0 20 30 40 50 60 70 80
2theta [ degres

Fig- 1. XRD patterns of variows La-rel=vant supports.
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decomposition of Laz0m005 to LagQy [37,38]. The Laz0y phase was
stable structure at BO0 "C that no weight los was observed with in-
creasing time period. These two corresponding phase change processes
were evidenced by the XRD patterns. The Lay0-C0, sample, which was
abtained by calcination of LaCO0(0H) precursor at 300 °C, showed the
typical diffraction peaks of hexagonal Lag0o00y phase. The peaks at
11.1°, 2237, 25,97, 27.7°, 304", and 33.8" were well matched with the
{002, (004), (101}, (102), (103}, and (006) plane, respectively (JCPDS
37-0804). For the La,0y sample obtained from calcination of La-
COLMOH) at B °C, the diffraction peaks at 26.17, 29.1°, 30.0°, 39.57,
amd 46.1° were corresponded to the (100), (002}, (101), (102), and
{110) planes of hexagonal Laz0; phase (JCPDS 05-0602). The online
MS signals of OO0 and H:0 were monitored during thermal anabysss of
LaCOOH) and Layg0u 00, with phase transitions, as shown in Fig. ZB.
From the curves of LaCO.{0H) sample, the transformation of La-
COLMOH) to LayDo00, phase at ca. 4B0 "C releassd bath CO; and H 0,
while the transformation of LagO;005 to Lag0y phase at ca. 800 "C
released OO: only. From the curves of Lag0zC0n sample, only one
desorption band of O0; was observed at 800 °C, which was contributed
to the ransformation of Lay0,00, to La,0y phase. The supported Ni
NPs catalysts were prepared by incipient welness impregmation and
following calcimation and reduction treatments, as presented in Scheme
1. Ni/Laz02005 and MNi/Laz0y catalysts possessed 9.0 and 8.8 wi% of
Ni loadings, respectively, based on the ICP-0ES analyses results.

3.2 Comlytic performances

These two Ni catal ysts after pre-reduction at 300 "C were attempted
in OOz methanation reactions at various temperatures from 200 o 450
“C under a OOy:H N, ratio of 3:12:5 and a gaseows hourdy space ve-
ity (GHSWV) of 20 000 h~". As shown in Fig. 3, Ni/Lay;0,00, catalyst
displayed a superior activity than MNi/Laz05 catalyst in the given tem-
perature range. In partscularly, the CO0s conversion of Ni/LagOsC0y
catalyst at 350 "C was 91% that reached the thermodynamic equili-
brium (dash lines), whereas that of Ni‘Lazl, catalyst was 62% at
identical temperature. The conversion of Ni/La 0,00, catalyst reduced
with further increasing temperatures by following the thermodynamics.
As a contrast, the OOz eguilibrium conversion was attained at 450 "Con
Mi/Laz0y catalyst. Ni/Lag02C05 catalyst exhibited over 99.9% s
lectivity toward CH, in high-conversion region at 275350 °C, none-
theless, Ni/La,0y catalyst revealed a maximum selectivity with ap-
proximately 97.7%.

Thie stabilities of two catalysts in long-term reactions at 300 "C were
shown in Fig. 4. Under 20 000 h~" GHSV, Ni/Laz0:00; catalyst dis-
played a slight deactivation that the OO conversion dropped from 85%
1o 74% within 120 h. Howewver, Ni/La 0, catalyst showed a severs
deactivation even under 12 500 b~ GHSV. The conversion remarkably
declined from 32% e 10% within 60 h. If the frst-order deactivation
reaction rate constant {ka) was wsed to quantitatively describe the
catalyst stability, Ni/Laz0:005 catalyst exhibited the ky walue of
57 % 107"h™", which was one order of magnitude lower than
23 = 10-2h~" for Ni/Lag, catalyst. Mot only for the conversion, a
sharp decline in the selectivity from 57.5 % to 81.7% within 60 h was
obtained on Ni/Lag(h, catalyst. In striking contrast, over 99.8% .
lectivity could be maintained on Mi/LagOoC0n catalyst for 120 h
Therefore, stisfactory activity, CHy selectivity, and catalytic stability
were achieved on Ni/La 0,00, catalyst, might be benefited to the
mudified M3l effect by carbonates,

8.5 Structure of Ni/Laz0:00 camlyst

3.5 1. Smohility of surfoce corhonotes

Although Ni-Lay 0,00, interfaces were constructed through thermal
treatment, their structural stability should be verified ficstly in con-
sidering of the infloence from reductive atmesphere of COz hydro-
genation reaction. As shown in Fig. 5A, the unchanged XRD diffraction
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Fig. 4. Long-term stability of Ni/La;0, and Ni/12,0:00, catalysts in OOy
methanation reactices at 300 ‘C.

menoclinic LaOOH phase was observed on the XRD pattern of Ni/La0,
catalyst after 60 h reaction at 300°C [41]. The peaks at 26.17, 30.0°,
39.5°, 46.17, 52.17, 55.4", and 55.9" were attributed to the (100), (101),
(102), (110), (103), (112), and (201) plane of La;0y phase, respectively
(JCPDS 05-0602). The peaks at 21.8°, 27.17, 31.2", and 37.4" were as-
cribed to the (100), (011), (111), (012) plane of LaOOH phase, re-
spectively (JCPDS 19.0656). Unstable structure of La,0, supports and
Ni-La,0, interfaces caused the poor catalyst life for CO, methanation
reactions at given temg Furth _lbe)mDpananofNi/
Laz0; catalyst after the temy reaction
{200-450 C)ewdenoedﬂlefummondhzo_‘m,phasemlhe

suppoart, which was in agr with the experi | observation in
the Ni/La,0,-catalyzed CO, methanati ions by Song et al. [42].
When this pre-reacted Ni/LazO5 catalyst g [220.C0; speci

mnﬂymwawdm&emdnmdtb:umpmm

B
% ®— NilLa;0;CO;
S 80- —e— NilLa,0;
70 | SR DR, DS PR S s |
200 250 300 350 400 450
Temperature / °C
PI;;.:" and CH, selectivity of Ni/Laz0; and NI/1a;0,C0, cataly
asa fi of in CO; meth (dashed line: ther-
mndynlmkeqnﬂlhnmcmmﬂom)

patterns of La,0,00, phase were observed on fresh and spent Ni/
L2,0,00, catalysts, suggesting the stable bulk structure of 12,0,C0,
during the 120 h The R pectra in Fig. 5B showed the
vibration modes of surface carbonates at 361, 740, and 1083 cm ™ for
both fresh and spent Ni/La;0,C0, catalysts [39,40]. Neither D-band (at
ca. 1300 em ") nor G-band (at ca. 1580 cm ') of graphitic carbon
species was observed from the Raman spectrum, which was in accord
with the observation of the absence of coke species from the XRD
pumuns,hlghlnghlng a great anti-coke ability of Ni/Lay02CO; catalyst.

XRD p of the spent catalysts demonstrated the
mhhly of Nl/h,O, catalyst against the methanation reactions, as
shown in Fig. S1. Except of intrinsic L2,0, phase, newly formed

d 1 d ion and CH, selectivity were
observed in P with the perf of the fresh Ni/L2,0,
catalyst in the first run over, as shown in Fig. 82, highlighting the po-
sitive contribution of La;0:C0; species to Ni-catalyzed CO; methati
reactions. Nonetheless, the activity of pre-reacted Ni/La;0; catalyst
wasshlllcwuﬂmdntofo/hzOzCO: catalyst, might be due to the
low of surfa

'ﬂsestabxhly of the ::rbmnespeaesle/la,O,CO, catalyst in H,
flow at 300 Cmsfnnhumveﬁ:phdhymsmbklﬂm-ln
puimem.AsshowninFig 5C, the peaks at 1829 and 1749 cm ™ were

igned to C=0 g mode of u,o,oo, specns, whileﬂu-puh
at 1465, 1086.856.and745 cm ™" were to the
embedded in the (La0);** layers [43.45). The intensities of these
peaks did not obviously change in the reduction p for 1 h. Neither
the characteristic bands of monodentate and bidentate formates, which
served as the common intermediates in Ni-catalyzed methanation

81



Y. Dk, exal Applied Casalysis B: Bvironmessal 277 (2020) 119271
Lt * La,0.CO: [A] | 351 B]
=- . Jo | o I . : !
sP (M e | | 740 1083
= J\-dv WU MWW o]~ | ¢ ; i
> 8 fresh %‘ ; |
R PN ) :
§ § W LS :
\ R S T L S PR -
£ £ ! o (reshq
l\' ; ‘ "
: ; spent
Piame Rrorh Qoo Woertl pRe cPeall  Liag oW T & ] ] . J > \J ! \J
10 20 30 40 50 60 70 80 400 BOO 1200 1600 2000
2theta / degree Raman shift / cm™

1600
Wavenumber /

|
1200
em

Fig. 5. (A) XRD patterns and (8) Raman spectra of fresh and spent NI/La20:C0,; catalysts; (C) DRIFT spectra of Ni/Laz0,00, in Hz at 300 C.

reaction, nor the band of gaseous CHy product was observed. These
results suggested that the surf: rb ies could not react
with H, for further transforming.

XPS spectra at C 1s and O 1s orbits akso d d the

P

291.0 eV in comparison with that on the fresh catalyst. The peak

ratio of C—O and C=0 species of and f lative to
C—C species was 0.7 and 1.7 for the fresh and spent catalyst, respec.
tively (Table S1). These signal changes were contributed to the ex-

the

of stable carbonates species in Ni/La;0,C05 ForClssp of

of f P on the spent catalyst surfaces. For O 1s

fresh and spent catalysts (Fig. 6A), the peaks at 284.6 and 2935 eV
were index to C.C species and adsorbed CO,, respectively. The peaks at
290.0 andd 286.2 eV were observed on the fresh catalyst, which were
assigned to carbonates (C=0 and C-O species) [19,46]. By analyzing
the C 1s spectrum of the spent ly Iative i ity of C-O
peak at 286.2 eV increased and the C=0 peak obviously shifted to

spectra (Fig. 6B), four kinds of oxygen species were observed on both
fresh and spent catalysts. The peaks at 531.5-531.9 and 530.0-530.1
eV were ponding to the surface electrophilic oxygen species
(0:*" and 07), and the peak at 528.6-529.0 eV was related to lattice
oxygen (0%7). The peak of surface C0;*~ species was observed at
532.9 eV on the fresh catalyst [43]. The peak observed on the spent

C1s

Intensity / a.u,

2935 2610 _/
AP

240 A

B

spent

292 288
Binding energy / eV

206

Binding energy / eV
Fig. 6. XPS spectra of fresh and spent N/Laz0,C0; catalysts at (A) € 1s and (B) O 1s ocbits.
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while Mi/Laz0y catalyst without pre-adsorption did not contxin ad-
sorbed OOy molecules. The CO2-TPD profile of Mi/LagOy catalyst dis-
played a weak desorption signal at 590— 750 “C, which was index to
the CO, chemisorption on the strongly basic sites on La 0y, surfaces. In
the case of Ni/Laz0.00; catalyst, a broad band of COz desorption was
abserved from 370 o 610 "C, suggesting the chemisorption of CO; onto
a certain amount of moderately basic sites [43]. Furthermore, a
shoulder peak at 735 "C, which distinguished from the €0, peak ob-
served during Lay0,00y decomposition in the reference TPD experi-
ment, indicated that a small amount of strongly basic sites on the cat-
alyst surfaces might ako be involved in CO: chemisorption. High-
content moderately basic sites on Ni/Laz0:00; catalyst surfaces could
promete the chemisorption of OO, for a superior methanation activity
[54,55]. As comparison, Ni/La,0y catalyst showed a relatively lower
capability of 13 rength CO: cl piion for a lower activity.

reachian

3.5 Surfoce imtermedi in meth

The in-situ DRIFT spectra of steady state C0, methanation reaction
over Ni/Laz0:005 and Ni/Laz0q catalysts were recorded at 300 °C for
30 min, reflecting the formation of active imtermediates species after
€Oy adsorption and activation. For Ni/La 0,00, catalyst (Fig. E), CH,
was steadily produced with unchanged intensities of peaks at 30014 and

K-M signal [ a.u.

—1 r 1T~r r ©rr 1 r7r1;°?
3030 3015 3000 2200 1900 1310 1300 1280
Wavenumber / cm”
monodentate and bidentate formates
L : : LE,
1341

K-M signal [ a.u.

1 I ' I ]
1725 1650 1575 1365 1350
Wavenumber f cm™

Fig. B DRIFT speriva of steady O0s methanation resction over Ni/Lay0u004
catalyst ar 200 "¢

T LI
1335 1320
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1304 em ", The absence of characteristic peak of CO product at 2170
em™ ' was accord with the observations that no CO byproduct was
formel in the reactions. Both monodentate formates {1592 and 1341
em~ ") and bidentate formates (1575 and 1355 cm ™) emerged as the
reaction infermediabes in dynamic balance between generation and
further transformation. For Ki/Laz05 catalyst (Fig. 55), only bidentate
formates ax intermediates species were observed during the reasction.

Furthermore, the tansient-state DRIFT spectra in Hy; flow were
mumnitored on two catalysts after adsorption-desorption balamoe of the
surface intermediate species was achieved by purging with inert N
flow for 1 h following the reaction. The evolution of formates-relevant
intermedistes species represented their hydrogenation activities in the
Mi-catalyzed C0y methanation reactions. The spectra of Ni/La,0g00,
catalyst in Fig. 9A and [ showed that the production of CH, (3014
cru"".l reached the maximum level in 1 min and then remarkably re-
duced within 3min, while the coverages of monodentate formates
{1596 cm™") and bidentate formates (1574 cm ™) continuously de
creased within 30 min. The results suggested that both two kinds of
formates on Ni/Lay0500, surfaces were catalytically active in the fur-
ther transformation into CHs. The spectra of Ni/LagOy catalyst in
Fig. 9B showed that CHy was produced by converting bidentate for-
mates species in the initial stage, nonetheless, bidentate formates and
CH, were no longer obviously changed in the following stage. Ac
oording to the comparative results as drawn in Fig. 9C and D, bidentate
formates preferred to accumulate on the highly basic surfaces of Nif
Laz(0y catalyst, cansing unsatisfactory catalytic activity by inhibiting
the further transformation into CHs. For Ni/LagOoC0y catalyst, the
normalized relstivity of monodentate formate species decreased rapidly
within the initial 3 min, in comparison with that of bidentate formates,
indicating the high reactivity of the former for producing CH,, which
was in agreement with the previously reported experimental observa-
tEons from C0: methanation reactions catalyzed by the supported Ni
catalysts [S6].

5.6, Tolerance for OO poisoning

It was well-known that the co-feeding of small amount of OO gas in
the reactions might cause the surface reconstruction or even deactiva-
tion of active metals by the irreversible OO coverage [57.58]. The de-
activation of Ni-based catalysts in the CO: methanation reaction might
aceur by Ostwald ripening through the formation of [Ni{CD)L] spercies
aml carbon deposition on the Ni surfaces [55,60]. Conssquently, the
CO-resistance issue could not be ignored to study the practical metha-
nation raction of supported Ni catalyst. The Q0 tolerance ability of Ni/
Laz(hy an Ni/Laz0,005 catalysts was verified in the CO: methanation
reaction with co-feeding of 1 wol.% CO gas at 300 "C, and the results
were shown in Fig. 10. In the Ni/Lag0y catalyzed reaction with a space
velocity of 12 500 bt the CH, selectivity significant]ly decreased from
97 % to 70 while a more rapid deactivation with a higher k; valoe
(4.0 % 107% vs. 23 % 10" *h™") was observed within 40 h in com-
parison with that in the 60 h of CO-free reaction (Fig. 56, indicating an
unsatisfactory ability of Ni/Laz(, catalyst for the anti-C0 poisoning.
However, for Ni/La 0,00, catalyst, over 99.5% selectivity was lasted
for 80 h under a higher space velocity of 20 000 h~". The initial con-
version with 7B. 7% was achieved, and the conversion slowly reduced 1o
68.1 % at B0 h. The ky value was 6.9 % 107 h ™" for the deactivation
of Ni/Lay0,C0, catalyst in the presence of co-feeding 0. Similar k,
values (6.8 x 10 h™" for CO-free reaction) indicated that the cata-
Iytic stability of Mi/Lay0.00, catalyst in OOy methanation reaction
omld not be significantly affected by the CO poisoning.

For providing a further insight into the tolerance for OO gas, the
DRIFT spectra of Ni/LagOo00g-catalyzed ©0p methanation reaction
were obtained in the presence of 1 wol.% OO gas, as shown in Fig. 11A
After a steady O0-free methanation reaction for 30 min, OO gas was fed
into the cell, and nonetheless, could not change the peak intensities of
the formed monodentate formate spedes (Fig. 11B). CHy was also
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ditive CO gas. It could be d the cark modified interf:
offered a moderate interaction to anchor the active Ni sites against the
CO poisoning, which benefited to the catalytic stability of Ni/L2,0,C0,
catalyst for CO; methanation reaction.

further clarified to be highly active and CO-poisoning tolerance in the
further transformation into CHy. Our results in this work suggested the
modification with stable reaction intermediate species could be an of-
fective strategy to tune the MSI effect of supported metal catalysts for
€O, hydrogenation.
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Carbonate-modified metal-support interfaces allow Ru/MnCO; catalyst to exhibit over 99% selectivity,
great specific activity and long-term anti-CO poisoning stability in pheric CO, methanation. As a
contrast, Ru/MnO catalyst with metal-axide interfaces prefers reverse water-gas shift rather than metha-
nation route, along with a remarkably lower activity and a less than 15% CHy selectivity. The carbonate-
modified interfaces are found to stabilize the Ru species and activate CO; and Hz molecules. Ru-CO" spe-
cies are identified s the reaction intermediates stexdily formed from CO; dissociation, which show maod-

c“‘D}’ 'm"' o erate adsorption strength and high reaamty in further hydrogenation to CHy. Furthermore, carbonates of
Ru catal Ru/MnCO; are found to be ¢ d by hydrogenation to form CHy and replenished by exchange with
MeO CO;, which are in a dynamic equilibrium dmng the reaction. Modification with surface carbonates is
Carbonate proved as an efficient strategy to endow metal-support interfaces of Ru-based catalysts with unique cat-

Metal-support interface

alytic functions for selective CO; hydrogenation.

© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

Introduction

Efficient hydrogenation of captured carbon dioxide {CO;) is con-
sidered as a promising route to mitigate its emission and acquire
varieties of high-value chemicals and fuels |1-4]. CO; hydrogena-
tion to methane (CH,), carbon monoxide (CO), methanol (CH,0H),
or even Cz. hydrocarbons is thermodynamically favorable at cer-
tain reaction conditions (temperature, pressure, feeding ratio,
etc.), and nonetheless, high activity and selectivity toward desired
product are still difficult to simultaneously achieve owing to high
chemical inertness of CO; and complicated hydrogenation reaction
pathways |5-7]. The catalyst stability is another key issue because
the structure of active metal site is hard to remain intact through
reduction, sintering or CO poisoning during the reaction [8].

Intense efforts have been focused on developing heterogeneous
catalysts of supported metals with enhanced CO; methanation per-
formance. Supported Ni-based less-expensive metal catalysts dis-
play moderate CO; methanation activity and high CH, selectivity
|9-13]. Structure of Ni-related active site and competitive mecha-

* Corresponding authors.
E-mall oddresses: tas_yhda@ngiecheducn (Y. Dai), yhyang@ajtech.educn
(Y. Yangl

https:)/dolorg! L1016/} jechem 2021,04.039

2095-4956(0 2021 Scence Press and Dalian Institute of Chemucal Physics, Chinese A

nism between methanation and reverse water-gas shift (rWGs)
routes have also been particularly examined |14-16]. For noble
metal catalysts, satisfactory specific activity at less metal usage is
significantly necessary to reduce the cost in practical applications.
Noble metal site under low-loading levels tends to highly disperse
on supports through metal-support interaction {MSI) at the inter-
face. However, these sites are found to preferentially follow rWGS
than methanation route at atmospheric pressure, causing low
hydrogenation selectivity to CHs. For instance, both isolated Rh
atoms on TiO, and Ru atoms on Al,0, display higher selectivity
of CO over CH; in initial reaction stages of CO, hydrogenation
[17,18]. CeOz-supported Ir species exist in partially oxidized state
due to the strong metal-support interaction (SMSI) effect, which
also contribute to a near 100% selectivity towards CO because of
facile desorption of CO rather than further reactions [19]. Mono-
layer Ru sites are localized on y-Al;0y support by the modified
MSI effect, coexisting with larger 3D clusters in the 1-3 wt® Ru/
AlOs catalysts, and combining results of kinetics measurement
and calculation demonstrate these two Ru sites prefer rwGS and
methanation route, respectively, for consequently leading to the
coexistence of CO and CH, products |20]. Weak interaction with
CO leads to easy desorption for selecting rWGS route, while strong

<! of

Published by ELSEVIER B.V. and Science Press. All nights reserved.

85



Q, Wang, Y. Coo, C. Tumurboarar et al

three kinds of peaks at 5295, 531.1, and 532.5 eV were corre-
sponding to lattice OF~, the surface electrophilic oxygen species
(02~ and ©), and surface CO%~ species, respectively [36].

A chemisorption analyzer (Micromeritics AutoChem 2920) con-
nected to a mass spectrometer (M3, QGA from Hiden) was used to
perform temperature programmed measurements. For tempera-
ture programmed carbon dioxide desorption (COx-TPD), the cata-
lyst (80 mg) was placed in a U-shape tube. Pre-treatment with
10 vol% Ha/Ar flow (20 mL min~") was proceeded at 773 K for
1 h. When cooled down in Ar to 323 K, the flow was switched to
€0 (20 mL min~") to complete the adsorption for 30 min. Then
Ar (20 mL min~") was purged for 60 min before starting to record
the MS signal with 10 K min~' ramp rate. Blank experiment was
also performed without C0: adsorption. The sample was pre-
treated with Ar (20 mL min-') at 573 K for 1 h. For temperature
programmed hydrogen reduction (Hz-TPR), the sample (100 mg)
was loaded without pretreatment, and the MS signals of C0,,
CHy, Hz0, and Hy were recorded in 20 mL min~" of 10 vol Hz/Ar
with a heating rate of 10 K min~".

The €0y hydrogenation reaction over Bu/MnCO; was monitored
by in-situ diffuse reflectance infrared Fourier transform (DRIFT)
specirta on a Thermo Micolet 510 spectrometer with a liquid
nitro-cooled MCT /A detector and a Harrick elevated temperature
cell. The sample was pre-treated with 10 vol% Hz/Ar {20 mL min ")
at 673 K for 60 min. 20 vols C0y/H, gas mixture (30 mL min ') was
fed in the hydrogenation reaction at 573 K. After 90 min of reac-
tion, the fAow was changed to 10 volE HyJAr (20 mL min~ ") to mon-
itor the reduction processes of surface intermediates. For DRIFT
experiment of 00 adsorption-desorption, the sample was pre-
treated with 10 vol¥ Hy/Ar (20 mL min-") at 673 K for 60 min
and then cooled down in Ar flow (20 mL min~") to 298 K. The
chemisorption of €O (20 mL min~'} was performed at 298 K for
30 min. By switched to Ar purge gas (20 mL min~"}, the spectrum
was acguired for 30 min. 32 accumulating scans and 4 cm ™' reso-
lution were set as the operation parameters.

Catalyric reactions

The C02 hydrogenation performance was evaluated in a quartz
tube fixed-bed reactor. 100 mg of catalyst was pre-reduced by 15
vol® Hz/N: (50 mL min~") at 673 K for 60 min. The reaction
occurred at atmospheric pressure and a gas feeding of COxHa:
Ny = 75:30:12.5 (mL min—'}1 An online gas chromatograph [(GC)
was used to analyze outlet gas products. Detailed calculation
methods of OOy conversion and product selectivity could be found
in previous report |36].

Isotopic experimenis

Hz-Dy exchange reaction was conducted in the fixed-bed reac-
tor at 298 K. Before the reaction, the sample was pre-treated with
15vol% Hz/Ar (20 mL min~") at 673 K for 1 h. When cooled down to
208 K, Hy/DyJAr mixture (6/6/8 in mL min~") was switched for
starting the exchange reaction. M5 signals of outlet gases, includ-
ing H, Dy, HD, and Ar, were monitored.

To study the dynamic exchange between 00z and surface car-
bonate species of Ru/MnC0y catalyst during the C0y methanation
reactions, the isotopic '00, gas was used to replace 200y for
the catalytic reaction under identical conditions. The procedure
included pre-treatment and four-cycle of pre-adsorption, reaction
and purge, as shown in Scheme 51. Pre-reduction of the catalyst
was performed with 15 vol® Hy/Ar (50 ml min~') at 673 K for
60 min. Then the catalyst was cooled to 623 K in Ar for reaching
an equilibration for 30 min. In the 1st stage, pre-adsorption using
37.5 vol% "C0u/Ar was first performed at 673 K for 15 min and
hydrogenation with 3125 vol "“C0y/H,/Ar reaction was lasted
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for 90 min. After purge with Ar for 60 min, the 2nd stage was pro-
ceeded through pre-adsorption of 37.5 vol% CO./Ar for 15 min
and hydrogenation reaction with 3/12/5 vl “COu/H.jAr for
90 min. The 3rd and 4th stages were repeated using ““COy/Ar
and "COu/Ar, respectively. The outlet gases of "“CHam|z = 16),
BHmjz = 17), "0 mjz = 44), “C0(mjz = 45), “CO (m]
z=28] “CCI[m,fz = 29) were monitored by an online M5. The dis-
sociation of "CH, could cause the generation of "CH, fragment,
and the peak intensity ratio of m/z = 17 to mjz = 16 for "*CHy
was 100:88.8. Therefore, such contribution was deducted to rectify
fllue signal value of "CH4 to analyze the formation of "CH4 and
CHs.

Results and discussion
€0, methanation performance

0.8 wi¥ Ru/Mnd and carbonate-modified catalysts were syn-
thesized via incipient wetness impregnation and attempted in
atmospheric C0y hydrogenation reactions at 673 K. By changing
the space velocities to achieve same low-conversion levels, their
specific reaction rates and catalytic hydrogenation selectivities
were obtained, as shown in Fig. 1{a). Ru/Mn0 catalyst displayed
arate of 229-223 mmel £ 'h " and a CH, selectivity of 13.2%-
96% within 3 h reaction. Similar initial activities but increased
CH, selectivities were obtained on warious kinds of Ru/MnO-
carbonate catalysts impregnated with the KxCOu, CalDs, BaCOy
and Cex[C0s)s salts. For Ru/MnO-Cey[C04)s, Ruf/MnO-KzCOs, Ruf
MnO-BaC0; and Fu/MnO-Cal0, catalysts, their initial rates were
close to that of the unmoedified Ru/MnO catalyst. Their initial CH4
selectivities were significantly enhanced, which the values of the
former three catalysts reached - 40% while that of Ru/MnO-
Cal0, catalyst was - 70%. For Ru/MnO-MgCO; and Ru/MnO-
May00y catalysts, their initial rates further increased wp to 50.7
and 656 mmol g 'h" while their CH, selectivities were 66.3%
and T9.3%, respectively. The catalytic properties during the initial
reaction stages were both remarkably higher than that of the
unmodified Ru/MnO catalyst, however, such promotion effect
was not persisted in long-term reactions. The reaction rates
dropped 1.1 and 47 mmol g~ 'h~" within 3 h reaction, and the
CH. selectivities also declined by 15.7% and 69.8% for Ru/MnO-
MgC0, and Ru/MnO-May00, catalyst, respectively. Enhancement
effect of carbonate additives was observed on promoted initial
activities and CH, selectivities of these carbonate-modified Ru/
MnO catalysts relative to the unmodified Ru/MnO catalyst.

MnCOy MPs were directly adopted as the suppaort to localize Ru
sites, and the constructed Ru/MnCOy catalyst with same Ru loading
exhibited steady and high reaction rate and CH, selectivity in 3 h
C0; methanation reaction, which were 166.4-1588 h™' and
90.3%-991%, respectively (Fiz. 1a) Im a temperature-
programmed reaction, Ru/MnCOy catalyst displayed more than
an order of magnitude higher activity and lower startup tempera-
ture in comparison with Ru/Mn0 catalyst. The CHy selectivity of
Ru/MnCO; catalyst could maintain > 99%, whereas that of Ru/
MnO catalyst was less than 15% at 473-723 K (Fiz. 1b and c}. By
regulating the space welocities to acquire low-level conversions
[<8%), the turnover frequency (TOF, 6 e fu-sem ) ¥alues were esti-
mated as 105 and 1435 h™' at 573 K, 453 and 4578 h ™" at 673 K
for Ru/Mn0 and Ru/MnC0, catalyst, respectively. Such high TOFs
of Ru{MnC0s for O0x methanation were comparable to the values
of the state-of-the-art supported Bu catalysts with 0.1-5 wtfe load-
ings (Table 51). Furthermore, Ru/MnCy catalyst revealed a satis-
factory long-term stability in 50 h reaction. The conversion was
B4.0%+1.0% near the thermodynamic equilibrium and the CH4
selectivity was 99.5%8+0.2% (Fig. 2). The construction of localization
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Fig. 2. Long-term stability of Ru/MaCO; in CO; methanation reaction at 673 K.

of Ru sites on the MnCO, carbonates served as an effective strategy
to optimize the Ru-catalyzed CO; methanation with respect to cat-
alytic activity, selectivity and stability, which might be benefited
from the specific structure and properties of the Ru-MnCOs
interfaces.

of Ru/MrO, Ru/MnCO; and carbonate-modified catalysts at 673 K; (band ¢)

41

473 523 573 623 673 723
Temperature (K)

P progs s of Ru/MnD

Structural characterization

A number of characterizations were performed to study the
structural information of Ru/MnCOy catalyst and to clarify the sta-
bility of metal-carbonate interface in the methanation reaction. Ru/
MnO catalyst was also characterized as a reference. According to
the XRD patterns (Fig. S1), pure MnO phase stably existed in both
fresh and spent Ru/MnO catalysts. The co-existence of MnO and
MnCOs phases in the fresh Ru/MnCOs catalyst represented a partial
decomposition of MnCO, into MnO during the reduction pretreat-
ment at 573 K (Fig. 3a). The TGA profile confirmed that the maxi-
mum decomposition of MnCO, NPs occurred at 673 K (Fig. 52),
suggesting a certain amount of carbonate species were still stable
against the reduction during the catalyst synthesis. The spent Ru/
MnCOs catalyst after 50 h CO; methanation reaction exhibited
clear diffraction peaks of MnO and MnCO, phases, indicating that
the carbonate species also showed a great structural stability
against the hydrogenation reaction at 673 K. As shown in Fig. 3b,
the FT-IR spectral signals at 1798, 1404 and 859 cm ' were
observed on the fresh and spent Ru/MnCOjy catalysts, which were
corresponding to the carbonate vibrations [38]. As a contrast, no
carbonate-relevant signal was observed on Ru/MnO catalyst before
or after the reaction. In the TEM images of the fresh Ru/MnCO, cat-
alyst, the fringes on supports were attributed to the distances of
MnCO(110) and Mn({200) planes, indicating that the MnCO,-
anchored Ru NPs dispersed on MnO supports (Fig. 3¢ and
Fig S3a). For the spent Ru/MnCO, catalyst, the MnCO, phase with
exposed (113) plane was observed in the TEM images (Fig. 3d and
Fig. S3b), which confirmed the structural stability of surface
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Fig. 3. (a) XRD patterns, (b) FT-IR spectra and (c and d) TEM images of the fresh and spent Ru/MnCO; catalysts.

carbonates against hydrogenation reactions. The size of Ru NPs in
the fresh and spent Ru/MnCOy catalyst was counted at approxi-
mately 1.6 and 1.7 nm, respectively (Fig. S4a and b), suggesting
that the carbonate-modified MnO supports could well stabilize
the Ru sites for inhibiting their aggregation into larger NPs. A sim-
ilar average size of the Ru NPs was observed on Ru/MnO catalyst
with approximately 2.0 nm (Fig. S4c).

The XPS spectra of Ru/MnO and Ru/MnCO; catalysts before and
after the reactions were examined, providing the states of the Ru
and carbonate species localized on MnO and MnCO, surfaces. The
metallic Ru® and oxidative Ru®" species coexisted in all Ru cata-
lysts. For the Ru 3p profiles, the fitted ratio of Ru*" to Ru® was
37/63 and 32/68 for the fresh and spent Ru/MnO catalyst, respec-
tively (Fig. 55a). Based on the Ru 3d profiles of Ru/MnO catalyst,
the signal of Ru*’ species disappeared during the reaction, and
the reduced Ru” species dominated the spent catalyst surfaces
(Fig. S5b). The spectra of the fresh and spent Ru/MnCO; catalysts
at Ru 3p orbits showed unchanged Ru*/Ru® ratio of 36/64
(Fiz. 4a). At Ru 3d orbit, the Ru*"/Ru® ratio was 44/56 and 36/64
for the fresh and spent catalyst, respectively (Fig 4b). MnCO; dec-
orated on MnO support served as anchors to provide a strong elec-
tronic modification effect and an effective stabilization effect on
the Ru sites [39].

The carbonate-relevant signal at C 1s orbits spectra appeared at
289.4 eV on both the fresh and spent Ru/MnCO, catalysts, and
there was a slight variation in relative peak intensity between
two catalysts (Fig. 4b). As a contrast, no carbonate peak was
reflected on the spectra of the Ru/MnO catalyst before and after
reaction (Fig. S5b). From the O 1s spectra (Fig. 4c), the lattice 0*
species (529.5 eV), surface O~ and O}~ species (531-532 eV), and
carbonate-type oxygen species (532.5 eV) coexisted in Ru/MnCOs

catalysts before and after the 50 h reaction. The ratio between sur-
face oxygen species, carbonates, and lattice oxygen species slightly
changed from 50/6/44 to 59/10/31, suggesting that carbonates
were stable against the reaction even undergoing a minor recon-
struction of the surface species during CO, chemisorption and fix-
ation into carbonates-relevant oxygen species.

CO; adsorption and reaction intermediates

The CO: chemisorption on the catalysts with respect to capabil-
ity and strength was investigated by TPD characterization. A blank
experiment without CO; pre-adsorption was firstly performed on
Ru/MnCO, catalyst in Ar flow. There were a mass of CO, molecules
desorbed from 480 to 650 K, while a trace of them desorbed at
approximately 840 K (Fig. 5). The different decomposition temper-
atures suggested that two kinds of stable carbonate species were
contained in the catalyst though it was pre-reduced at 673 K. For
this pretreated catalyst, its CO,-TPD profile exhibited that CO,
could be re-chemisorbed, and these adsorbed CO; molecules des-
orbed at ca. 490 and 900 K, which was attributed to interactions
of CO; with moderately and strongly basic sites, respectively. As
a contrast, the CO,-TPD profile of Ru/MnO catalyst revealed des-
orption bands at 590-820 and 850-900 K, which responded to
interactions of CO, with high-strength basic sites. Furthermore,
the CO; desorption content of Ru/MnO catalyst was dramatically
less than that of Ru/MnCO; catalyst. Such low CO; dissociative
adsorption ability Jed to a poor catalytic hydrogenation activity
of Ru/MnO catalyst, which was in agreement with the report that
the lower CO, adsorption amount was observed on pristine MnO,
and Ru/MnO, catalysts in comparison with Al:04, CeO2, ZnO and
their supported Ru catalysts [40]. It also explained why no MnCO,-
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relevant phases were formed on Ru/MnO catalyst during the reac-
tion. A greater 00y, chemisorption capability and a moderate inter-
action between C0z and Ru/MnC0; catalyst positively contributed
to a superior catalytic activity [41.42].

To understand the underlying mechanism of Ru/MnCOs-
catalyzed C0, methanation reaction, in-situ DRIFT spectra were
analyzed through following the change of various surface interme-
diates. Two stages included a steady C0,-H, reaction and a reduc-
tion process with Hy. Strong carbonate signal at 1300-1600 cm !
and 1797 cm ™" was observed in both two stages (Fig. 56a and b),
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indicating again the dynamic stability of the surface carbonates.
These bands might cover the low-wavenumber vibration signals
of possibly formed formate-relevant intermediates with relatively
weak intensity. The high-wavenumber characteristic peaks of for-
mate vibrations were also absent in a range of 2800-3000 cm—'.
The peaks at 3014 and 1982 cm~' emerged during the steady-
state reaction in the first 90 min (Fig. Ga), which correspond to
the produced CHs on the catalyst surfaces and the terminal CO°
species bound on the low-coordinated Ru sites, respectively
126,43.44]. The intensities of these two peaks remained unchanged
during the reaction, suggesting the steady conversion of CO, to CH,
through CO® intermediates rather than formates. The transient-
state DRIFT spectra under a C0y-free Hy/Ar flow were further
recorded for unweiling the hydrogenation process of surface CO°
intermediates. The signals of C0* species and CH, were conse-
quently reduced within 5 min and vanished within 10 min
[Fig. Gb), highlighting a high activity of Ru-C0" intermediates to
react with dissociated hydrogen for producing CH,; over Ru/MnC0y
catalyst. These spectral results established thar the dissociative
adsorption of COy to 00 intermediate serves as the first reaction
step of Ru-catalyzed C0: methanation [40,45]. Subsequent CO*-
to-CH, step included two possible pathways: C0° further dissoci-
ated to form C* and O* followed by hydrogenation to CH,* and
CH,; H*-assisted dissociation of C0° formed HCOH® followed by
O-abstraction to produce CH,* and CH, [46.47]. The possible reac-
tion pathway of Ru/MnCOy-catalyzed €0, methanation was pre-
sented in Scheme 52,

The reactivity of Ru-C0*® intermediates depended on the break-
ing of C-0 bond, which was not only related to high coverage and
maderate adsorption strength but was also kinetically determined
by the hydrogen dissociation on the Ru sites |48-50]. Fig. 7 showed
the DRIFT spectra of desorption of chemisorbed CO on Ru/MnC0y
and Ru/MnO catalysts at 298 K. The peaks at 2088, 2032 and
2012 cm " were assigned to multi carbonyls on the partially oxida-
tive Ru™ and Ru®* sites, including dicarbonyl, tricarbonyl and lin-
ear models, while the peak at 1965-1970 cm™' was
corresponding to the linear adsorption of C0 on metallic Ru®
126]. Ru/MnCOs catalyst exhibited a more steady €O adsorption
against desorption with time and one-magnitude higher CO-Ru
peak intensities in comparison with Ru/MnO catalyst. The moder-
ate interaction between CO and Ru sites in Ru/MnC0; catalyst
facilitated further reaction of CO as intermediate into CHy through
hydrogenation, whereas a weak interaction led to desorption of CO
as final product from Ru/MnO catalyst [19,27]. Furthermore, the
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Fig. 7. Descaption DRIFT spectra of CO chemisarbed on (2) Ra/MaCO, and (b) Ru/Ma0 catalysts at 298 K.

hydrogen activation ability of two catalysts was evaluated by H,-
D, exchange reaction at 298 K. The generation rate of HD was
1170 and 425 h ' for Ru/MnCO, and Ru/MnO catalyst, respec-
tively. Such high rates even at room temperature suggested that
both two Ru catalysts were capable of facile dissociative activation
of hydrogen. The concentration of the dissociated hydrogen species
also served as a critical factor. By varying the ratio of H; to CO;
from 1:1 to 8:1, the CH, selectivity and COz conversion of Ru/
MnCO, catalyst were both remarkably increased (Fig. 57). Stoichso-
metric ratio for methanation {Hz/CO; = 4) afforded an efficient
hydrogen supply for active Ru-CO” sites, facilitating the coupling
of CO:-to-CO" dissociation and CO*-to-CH; hydrogenation
processes.

In view of the high reactivity of Ru-CO* species in further
hydrogenation as stated p ly, Ru/MnCO; catalyst might have
an extreme resistance to the poisoning of CO gas. After a steady
stage of regular methanation reaction (~10 h), 1 volX CO gas was
co-fed into the reactor to evaluate the anti-CO performance. Over
99.0% CH, selectivity could be kept, and the conversion could also
fall in a narrow range of 85.5%-88.0% during 120 h reaction in the

2000 1800
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1m -
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m -
1 CO; conversion

&

Conv. & Selec. (%)
3

70 -
Start to feed 1% CO
o Ru/MnCO,
A | LRI S | v | TR
0 24 48 72 96 120
Time on stream (h)

Fig. & Long-term stability of Ru/MnCO, in the presence of 1 volx CO gas a 673 K.
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presence of OO gas ar 673 K (Fig. B Therefore, the existence of OO
in the reaction atmosphere could not skgnificantly affect the high
caralytic activity of Ru/MnC0y catalyst for C0; methanation.

Exchanige berween OOy and corbonares

To wverify whether a dynamic circulation of the carbonates
exhausting and the 00, dissociative adsorption occurred in the
reduction and methanation reaction, the transient reaction prod-
ucts in the presencejabsence of the isotopic "C0; gas [99%-"7C)
were analyzed using an online MS. In a consecutive four-stage
reaction, Hy and "0, gases with 4:1 ratlo were used in the 1st
and 3rd stages, while Hy and "*C0; in the 2nd and dth stages,
and Ar gas was purged in the intermissions berween stages
(Scherne 51). After eliminatbon of the contribution af "*CH, [m]
2= 17) to the peak intensity at mjz = 16 (analysis details in exper-
imental section ), the formation of "3CHy and "CH, during the reac-
tion was shown in Fig 9. In the 1st stage with the co-feeding af
1300, and Ha, the "*CH, channel showed an evident formation peak
within intial 10 min and steadily reducing signals in the following
ED min, while the "CH, signal straightly increased. In the Znd
stage with the feeding of 00, instead of %00y, the formation sig-
nals of "CHy and "'CHy were reversed, which a peak imitially
appearsd in the "CH, channel only. Specifically, the "*CH, forma-
tion peak observed in the 15t stage "SC0y methanation reaction
indicaved the hydrogenarion of the inherent "*C-carbonate species
in Ru/MnO0, catalyst. The formation of "*CHa in the 2nd stage
reaction suggested that "*C0; gas was fixed onto the caalyst
through dissociative exchange processes during the 151 stage reac-
tion. These depasited “C-labelling surface species could be further
hydrogenated to form *CH, during the 2nd stage “00; methana-
tion reaction. The identical sigmals were observed in the subse-
quent 3rd stage ['C0y) and dth stage ["00,) merhanation
reactions, which confirmed again that a dynamic exchange
between COz gas and carbonates of Ru/MrCO, catalyst could easily
oocur (0 the methanation reactions. Therefore, the carbonate spe-
cies in dynamic equilibrium played critical roles in determining
thie catalytic property and structural stability of the interface sites
for OOy, methanation.

Conclusions

In summary, we demonstrared for the Ru-catalyzed COp metha-
natiom reactions that the carbonate-modified meral-support inter-
faces in Ru/MnC0, catalyst had substantial impacts on the
enhanced activity, selecrivity and stability. In the reaction at
673 K with 30000 mL g_\h ", *09% CH, selectivity and - ESX con-
version could be maintained over Ru/MnC0, catalyst for ar least
50 o As a sharp contrast, the CHy sefectivity and 00y conversion
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at identical reaction conditions were both approximarely 15% for
Ru/Mn0 catalyst. The Ru-MnCD, interfaces stabilized the Ru spe-
ches and promoted the activaring dissoclation of both OOy and Ha.
The DRIFT spectra observed in the steady-state reaction and tran-
sient reduction also suggested thar the Ru-C0* intermediate could
efficiently transform into CH, product through rapidly reacting
with dissociared hydrogen, Moderate adsorprion and high activiry
of the intermediate species could consequently accelerate the Ru-
catalyzed CO, methanation. Ru/MnO0, catalyst exhibited great
anti-00 stability during 120 h CO-co-feeding reaction. Further-
more, these carbonates-imohied interfaces were verified m be in
dynamic equilibrium during the reaction by the isotopic experi-
ment results. The modification with adsarbate species has been
proved o be effective to tune the metal-support interfacial proper-
thes for improving catalytic performances of supported merals.
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Article history: ANifZr-La, 0,00, catalyst with interfaces between Ni metal and Zr-modified carbonate support was used
Received 12 March 2002 for atmospheric CO; methanation reaction, exhibiting 812 conversion and 99.6% CH, selectivity at 300 °C.
Revised 30 May 2002 The Zr* jons incorporated in La,0,C0, lattices properly strengthened the Ni-carbonate interaction for

Accepted 1 June 2002

Available online 9 June 2022 enhancing the Ni dispersion and hydrogen activation ability of the catalyst. The Zr-modification could

also tune the surface basic property for promoting the adsorptive dissociation of CO;. In-situ DRIFT spec-
tra demonstrated that only the hydrogenation reaction pathway of formate intermediates was proceeded

z"mﬂr catalysis in NifLa,0;C0y-catalyzed CO; methanation. As a contrast, the hydrogenation pathways of CO and lormate
co, m‘ hanation intermediates with relatively high activity were co-existed at the modified Ni-Zr-Laz0,C0; interfaces.
Ni catalyst Furthermore, the isotopic data evidenced that dynamic reconstruction and interconversion of the surface
Carbonate support carbonate species occurred in the reaction, which might contribute to the key steps of CO; dissociation

Metal-support interaction
Surface reconstruction

and intermediates transformation.

© 2022 Elsevier Inc. Al rights reserved.

1. Introduction

The catalytic hydrogenation with renewable hydrogen to pro-
duce value-added chemicals and fuels is a feasible route for re-
utilization of CO, as an important C, feedstock | 1-3]. Methanation
reaction of CO, and H, possesses the nature of both heating value
increase and molar contraction, serving as a quite attractive route
for energy storage. Furthermore, the corresponding product, syn-
thetic natural gas, is completely compatible with the existing
large-scale infrastructures. The non-noble Ni-based catalysts are
most widely studied methanation catalysts in both academic and
industrial worlds, which is benefited from their comparative
advantages in terms of economic cost and catalytic activity in com-
parison with the noble metal catalysts such as Ru-, Rh- and Ir-
based catalysts [4-9]. However, limitation issues, specifically low
intrinsic activity and severe deactivation, still exist on the Ni cata-
lysts, due to the high chemical inertness of CO; molecule and the
low anti-sintering stability of the active Ni nano-assembles as well
as the coke deposition in the reductive reaction conditions [10].

* Corresponding authors.
E-mail addresses: botungalagtamirédgmai.com (T. Bold), 1as_yhdawngtech.edu
cn (Y. Dail

hitps:)/dolorg/10.1016)) . jcat 2022 06001
0021-9517/© 2022 Elsevier Inc. Al rights reserved.
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Optimizing the structure and properties of the interface
between metallic site and support through tuning the
metal-support interaction (MSI) effect is generally accepted as an
effective strategy to enhance the catalytic performance of the
metal catalysts for CO, hydrogenation reactions [11-13]. The MSI
effect plays diverse catalytic roles in each key reaction step, includ-
ing the activating dissociation of CO;, hydrogen spillover, hydro-
genation of the intermediates, etc. [14-17]. On the other hand,
the MSI effect is generally related to the size, composition, chemi-
cal state and surface property of both the Ni sites and support sites
[ 18-21). For instance, the single-atom Ni sites on the MgO surface
can efficiently catalyze the activation of CO; and H: through
reverse water-gas shift (rWGS) reaction by reducing the binding
strength of CO; at low-coordinated sites, and however, it cannot
achieve further hydrogenation to produce CHs, for which requires
the presence of Ni nanocluster sites [22]. The size of Ni nanoparti-
cles supported on Si0; has a positive correlation relation between
the adsorption strength of CO intermediate in CO, hydrogenation
reaction, evidenced by the operando spectroscopic results {23
Ni-Zr0; and Ni-FeQ, interfaces with different binding energy of
CO intermediates prefer the CO, methanation and rWGS pathway,
respectively, confirming again that the catalytic hydrogenation
mechanism can be significantly determined by the interface
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Scheme 1. Procedure for synthesis of the La-based supports and supported Ni catalysts.

with Ar (30 mL{min) were achieved at 50 =C for 1 h in sequence.
The heating rate was set as 10 "C/min and the temperature was
from 50 to 900 =C.

In-situ diffuse reflectance infrared Fourier transform (DRIFT)
spectra were obtained on a Micolet i510 spectrometer equipped
with a liquid nitrogen-cooled MCT detector and an in-situ cell sup-
plied from Harrick. The pure and dry catalyst was pre-reduced in
10 vol®E HyfAr (20 mLimin) at 350 °C for 30 min and purged in Ar
(20 mL/min] for 30 min. After cooling to 300 °C in Ar, the back-
ground spectrum was recorded in steady state. 10 mLmin of pure
00z was introduced into the cell for monitoring the signals of the
adsorbate species during the adsorption stage. The flow was
switched to Ar (20 ml/min) for purging for 30 min. For the next
stage of transient hydrogenation reaction, Hz (10 mLl/min] was
fed to investigate the evolution of the surface species with the
time. Each spectrum was collected with 32 cumulative scan times
and a resolution of 4 cm ',

2.3, Catalytic reaction

150 mg of catalyst and 1000 mg of quartz sand were mixed in a
quartz tube fixed-bed reactor (10 mm in inner diameter], and the
00, methanation reaction was performed at 1 atm. The catalyst
was pre-reduced in 50 mLimin of 15 vol% Hz/Mz at 350 =C for
30 min and cooled to 200 *C. The feeding gas in the reactions
was Hy-00,:M; (12:3:5, 25000 h* for gaseous hourly ace velocity,
GHEW). The outlet gases were monitored by an online gas chro-
matograph (GC) with a lame ionization detector (FID) and a TCD.
The values of turmover frequency (TOF) per surface Mi atom at
275 °C was estimated according to the Eq. (4],

Finco, * [Conversiongs, |
Mar = W = D = 60 = 22414
where F,, represented the flow rate (mLl/min) of the feeding CO,.
The calculation-relevant details could be found in the previous
report.

The formula to calculate the deactivation rate constant (k) was
the Eq. (50,

In (1 — X ) Xpnat] = kg %t I0](1 — Riggraa ) Kirsria] (5)

where X was the COz conversion at the time t.

= 5871 4

TOF(s ') =

24, Isotopic experiment

Dy (D = 99 8%) and "*C0; [ "*C » 99%) gases were supplied by Suz-
hou Changyou Gas (Suzhouw, China). Ha-D: exchange reaction was
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performed over the Ni catalysts (50 mg) at 50 °C in a fixed bed reac-
tor. The feed gas was consisted of Hy:Dy: M, (6:6:8 mLmin). Before
the reaction, the catalyst was pre-treated with 10 vol® HxfAr
(25 mL/min) at 350 =C for 30 min and cooled down to 50 *C in N,
(25 mL/min). The outlet gases were analyzed with an online MS
(QCA, Hiden)

The isotopic 00y gas and 00, gas were alternately fed in the
hydrogenation reactions owver NifZr-Lay0p00; catalyst to inwvesti-
gate the resource of the carbon atom in CHs product for verifying
whether the reconstruction of the catalyst surface carbonates
through interaction with CO:. Two cycles were conducted, and each
cycle included pre-treatment and methanation reaction stages. In
the first cycle, 50 mg of catalyst was pre-reduced at 350 °C with
10 vl Hal/Ar (25 mL/min) for 30 min, followed by purging with
Ar fior 30 min. After cooling to 300 *C in Ar, the gases of "“C0,:H,:
Ar (3:12:5 vol) was co-fed for starting the reaction, After 40 min
reaction, the catalyst was purged with Ar flow for 60 min to remove
the residues. In the second reaction, 200y HyAr (3:12:5 vol¥)
gases were used. The online MS signals at mjz = 16 ["*CHy), 17
[V3CH, L 44 (*300y) and 450300, ) were recorded. Considering that
the dissociation of "*CH, could generate mjz = 16 fragment for
causing the signal overlapping with '*CH., such contribution was
eliminated by normalizing with the relative intensity ratio of
mjz = 17 to 16 for **CHa based on the standard data.

3. Resulis and discussion
3.1, Caralytic C0y hydrogenation performance

‘With 4.6% MifLaz0u00; and 4.7 wi® Mi/Zr-Lag0,00; as the cat-
alysts, their hydrogenation performances were evaluated from 200
ter 450 *C under 25000 h~' GHSV. The €0z conversion and CHs
selectivity as a function of reaction temperature were presented
in Fig. 1. High CH, selectivity was observed on these bwo Ni cata-
lysts in the high-conversion temperature window from 275 to
400 =C, which was 99.6-99.8% and 99.5-99.7% for Ni/Zr-La 0,00,
and MifLax0xC0s, respectively, suggesting that the presence of Zr
additives could preserwe the high methanation selectivity. For both
catalysts, the CO, conversion increased with temperature from 2 (40
tr 350 °C and decreased as further increasing temperature due to
the thermodynamic equilibrium limitation (the dash line). Within
the whole temperature range, the Zr-modified NifZr-Lay0,00, cat-
alyst exhibited superior catalytic activity with lower light-off tem-
perature than MifLay0u00, catalyst. For Mi/Zr-Lay0,00; catalyst,
thie conversion increased wp to B8 + 1% at 375 °C, reaching the equi-
librium walue, Furthermore, the intrinsic activity of the Ni catalysts
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was measured under < 10% conversion levels at 275 °C, and the TOF
values per surface Ni atom were 2.4 and 2.2 51 for Ni/Zr-La0,00,
and MijLay0,00;, respectively. Such catalytic performance of MifZr-
Laz0C0s catalyst for OOy methanation was comparable to that of
the state-of-the-art supported Mi catalysts (Table 51).

Long-term OOy methanation reaction was performed at 300 =C
and 20000 h~' GHSV for verifying whether the Zr-modification
could affect the catalytic stability of the carbonate-supported Mi
catalyst. For MijZr-La;0x00; catalyst, the initial and final conver-
sion values were 92% and 84%, respectively, while the values were
73% and 64% for NijLay0y00, catalyst, as shown in Fig. 2. By
assuming that the deactivation reaction followed first-order kinet-
ics, the rate constant (k,) could be guantitatively described as
71 = 10 *and 3.8 « 10 h~" for Ni/Zr-Laa0200% and MifLap000s,
respectively. Such similarly low ky wvalues indicated only slight
deactivation of both two Mi catalysts during the 110 h reaction,
highlighting the catalytic stability of the Zr-modified NifLaz0:00s
catalyst.

3.2 Catalyst structure

For the bare Lay0:00% and Zr-Lay0x00: supports and the sup-
ported Mi catalysts, their structural information and physicochem-
ical properties were characterized carefully. The XRD patterns
presented the pure hexagonal Lax0x00s phase [JCPDS 37-0804)
without Lay0y, and Laj0OH)y phases for all these samples, as shown
in Fig 51. Meither Zr-related phases (e.g. tetragonal or monoclinic
Irid, oxide, Zrylay0y solid solution) nor Mi-related phases (e.g.,
metallic Ni or Nid axide) were ohserved in the patterns, indicating
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that these Zr- or Mi-species might be with relatively small crys-
tallinity, highly dispersing in the catalysts. Based on the lattice
parameters refinement results, the value of lattice parameter a
was 4069 and 4066 A while the value of parameter c was
15933 and 15946 A for Lay0:005 and Zr-Las0:00s suppart,
respectively. Considering of the layered structure of {La,02"), and
carbonates, the doping of Zr ions with a smaller radius relative to
La** ions into the layered La0, matrix caused the slight shrink in
the lattice parameter a [30.40]. According to Scherrer formula,
the crystallinity size for LagOx00; and Zr-Lay0:005 support was
estimated as 17.7 and 14.6 nm, respectively. as summarized in
Table 1. The size of the support could not be significantly changed
by the supported Ni species, which was 196 and 164 nm for
MifLaz0.00; and MijZr-La,0,00; catalyst, respectively. The EDX
elemental mapping images of Ni/Zr-Lax0:C05: catalyst illustrated
highly uniform dispersion of various elements including Mi, La,
Zr, 0 and C, as shown in Fig 3. Meither large Mi-relevant assembles
nor Zriz-relevant particles were observed.

The chemisorption amount of hydrogen based on the pulse
adsorption experiments provided the dispersion information of
Mi species. The active metal surface area of Mi was 29 and
53 m?/g, while the corresponding dispersion degree was 9.3%
and 17.0% for MijLaz0:C05 and Mi/Zr-Lay0:005 catalyst, respec-
tively. Furthermore, the average size of Ni nanoparticles was esti-
mated as 108 and 6.0 nm for MijLay0,00; and MifZr-La 0,005
catalyst, respectively, as summarized in Table 1. One of the reasons
for a higher dispersion degree of the Ni sites might be a relatively
larger specific surface area of the Zr-modified Zr-Lay0:005 support
in comparison with Lay0yC0; support, supported by the nitrogen
adsorption-desorption results (Table 1). The Hy-TPR profiles in
Fig. 4 revealed the reduction behavior of the Ni species and sup-
ports, providing the interaction strength between these two com-
ponents. There was a single reduction peak at 720 and 735 °C (y)
on NijLaz0pC0: and Ni/Zr-Lay0:00y catalyst, respectively, which
was consistent with the hydrogen-assisted decomposition of the
pure carbonate support [34]. The incorporation of Zr** ions into
the carbonate matrix might lead to a slightly enhanced anti-
decompasition stability corresponding to a higher temperature
for NijZr-Lax0:005 catalyst. In addition, a dual-peak located at rel-
atively low temperatures of approximately 280 (=) and 350 =C
[22) was also observed on the two Ni catalysts, which was attribu-
ted to the reduction of the Mi species with a moderation interaction
with the supports [41]. The absence of Ni-related reduction peak at
high temperatures indicated that there was no stable LaNiOs solid
solution phase formed through inserting of the Ni ions into the
Laid, lattices. The Zr-modified MifZr-La; 0,00y catalyst exhibited a
higher value of the total peak area in comparison with Mi/Lax0xC0x
catalyst, which agreed with the hydrogen pulse chemisorption
result. Furthermore, with respect to the area ratio of peak @, to
peak @z, NifZr-Laz0.00 catalyst displayed an remarkably lower
ratio, suggesting that the modification of Zr additive on the support
could afford a relative stronger interaction with the Ni species in
Mi/Zr-Lax0: 00 catalyst, in addition to the increased specific sur-
face area of both the Mi species and the support [42]. Therefore,
the Zr-tuned moderate Mi-carbonate interaction led to a superior
Mi dispersion as well as a proper chemical state of metallic Mi spe-
cies for enhancing the catalytic activity and selectivity of Mi/Zr-
Laz0:C0y catalyst in 0Dy hydrogenation reaction. On the other
hand, the Ni-carbonate interaction could also allow the active Mi
species to prevent self-sintering for promoting the catalytic stabil-
ity of MifZr-La,0,00; catalyst.

The Raman spectra in Fig. 5 further provided the distribution
information of Zr- and Mi-relevant species. The characteristic peaks
at 363, 393 and 750 cm™' were assigned to the stretching and
bending vibration modes of the La-0 bond of LagOpC0s [31.43]
For Zr-modified Zr-Lag0p00; support and MifZr-Laz0.00; catalyst,
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Table 1
Structural informatson of the La-based supports and the Ni catalysts.
Sample Wi St Dy (- (. F—— St Vs D,
wtx) g™ %) nm) cm’(g) (am
L2, 0,00, 177 12 0.04 19.6
Zrla,0,K0, f | | 146 20 0.06 142
Ni/La;0£0, 4.6 A 93 10.8 1954 s 0.05 236
NiZrda;0£0, 4.7 53 17.0 6.0 166 16 0.07 20.7
* Wy, = Ni loading amount, which was cbtained using ICP-OES analyses.
b Sy = active surface area of Ni, Dy « dispersion degree of Ni, dy = average size of Ni nanoparticles, which were acquired by the pulse chenusorption of hydrogen
* 0, e * Srain size of La-relevant supports, which was calculated according to the XRD profiles and Scherrer formula
“ Seer = specific surface area, V, = pore volume, D, « pore seze, which were measuerd by N; adsorption-desarption at -196 °C,
S07
v
3
@ 5 B e — .
pe =
S @
= -
a 2
£ @ | A
3 - ———
@ [} )
8 ol < %% 1087
» | ~ 93 10
2 3 750 .
I ‘ A Y
\ I
\ N ". La
T v T — T T T,
| TR (ITSLren] proamer Rl am Wni smvn o 400 600 800 1000 1200 1400
200 4 7 0
300 00 500 EOO 00 80 Raman shift / cm
Temperature / °C
Fig 5. Raman spectra of 13,0,C0; (Lla) and Zr-12;0,C0, (Zr-1a) supports, Ni/La;
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the intensity amd width of these La-0 wvibration peaks became
weaker and broader, respectively, in comparison with the Zr-free
support and the Mi catalyst. Furthermore, no typical peak corre-
sponding to Zr-0 lattice was observed on both the Zr-modified
support and the Mi catalyst. These spectral evidences suggested
that the Zr species were doped into the Lay0,00; matrix but not
aggregated to bulk Zrd; assembles. For the supported Mi catalysts,
the broad peak at 507 em ™" appeared, which was ascribed to the
vibration of NiQ species [ 32 44]. The peak at 1087 cm ' was attrib-
uted to the vibration modes of the surface carbonates species of
Lay 000y and Zr-Lay0,C0y supports. There still existed this charac-
teristic peak for MifLax0:C0y and MNiZr-Lag0y00; catalysts, demon-
strating a high structural stability of the surface carbonates against
the high-temperature reduction of the catalysts.

1.3, €0y chemisorption property

The COx-TPFD profiles were presented in Fig. 6, providing the
capahility and strength of 00, chemisaorption on MifLay0,00, and
MNifZr-La;0:005 catalysts. The release of C0: during high-
temperature decomposition of carbonates caused the presence of
the desorption peak at approximately 780 *C on the profile of pure
Lay0C0y support as the reference [34]. Both two Mi catalysts
showed such decomposition-related peak, and nonetheless, there
was an obvious shoulder peak at ca. 707 =C for Mi/Lay0,00; cata-
lyst, which was attributed to the desorption of high-strength
adsorbed COy on the surface strong basic sites. As a contrast, such
shoulder peak could not be evidently distinguished on MijZr-
Laz {0y catalyst, suggesting a suppression effect of the high-
strength €0y adsorption, which was due to the doping of Zr species
to reduce high-strength basic sites of the carbonate support. The
desorption peaks comresponding to adsorbed C0, with relatively
low-strength and medium-strength were also obtained on fwo Ni
catalysts at approximately 220 and 375 =C, respectively [30,45].
MifZr-Lay0,00; catalyst exhibited a similar amount of low-
strength €0y adsorption but a higher amount of medium-
strength adsorption than MifLaz0:00y catalyst, possibly due to
the contribution of the Zr**-0%- pairs as moderately basic sites
113]. Therefore, the Zr-modification could enhance the chemisorp-
tion and activating dissociation of COy, as the first key step in
methanation reaction, not only through increasing the capability
of medium-strength C0; adsorption but also by inhibiting undesir-
able high-strength adsorption [46].

NVZr-Lay0:C0,

— N ULE:D;EG:|

MS signal of COs / cps

i
T T T 71 T

T T T | | i
400 500 &00 TOO BOO 900
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Fig 6 C05-TPD profiles of NijLaz0s00 (Nifla) and MNifZr-LaO0:005 (MilZr-La)
catalysts.
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34, Surface intermediate species and reaction mechanism

In-situ DRIFT spectra of C0, adsorption on the Mi catalysts were
recorded at 300 =C for identifying the surface adsorbate species
formed. The background spectrum was collected after pre-
reduction of the catalyst in Hy/Ar and following treatment in Ar
flow at 300 =C. As shown in Fig. 7A and Table 2, within the €0,
adsorption on MijLay0,00, catalyst for 30 min, the typical adsor-
bate species were prodwced, including bicarbonate (1623 and
1423 cm "), monodentate formate (1607, 1597 and 1340 cm™ '),
bidentate formate (157§, 1570 and 1362 cm "), bidentate carbon-
ate (1558, 1544 and 1321 cm '), and monodentate carbonate
(1538, 1456 and 1340 cm~ ') [22]. The peak intensity of these sur-
face species increased monotonically with the adsorption time.
Similar carbonate- and formate-related surface species were also
detected on MijZr-La,0,00, catalyst, and their peak frequencies
were slightly shifted with a few wawvenumbers in comparison with
the signal of NijLaz0x00s catalyst, as presented in Fig. 7B. Further-
more, the bands of carbonyl (C0) species with linear adsorption
configuration (1950-2100 cm~ ') and bridge configuration (1750-
1950 cm— ') were clearly observed on NijZr-La, 0,00, catalyst [13]

After switching the gas flow from €0, to H,, the DRIFT specira
of the surface species transient hydrogenation were monitored at
300 =C for 10 min. For NijLay0,00y catalyst, as shown in Fig. 7C,
the signal of monodentate formate species were negligible, while
the peaks of bidentate formate species rapidly dizappeared within
initial few minutes. The new peaks at 3014 and 1304 cm™*
emerged, indicating the formation of CHy product. The intensity
of these two CH, peaks reached the maximum at 1 min and stea-
dily decreased in further hydrogenation reaction. In the hydro-
genation stage, two kinds of the key intermediates, monodentate
and bidentate formates, were converted sequentially into CH, spe-
cies and CHy product for completing the methanation reaction. In
relative terms, monodentate formate species on the Ni catalyst sur-
faces exhibited a significantly higher activity than bidentate for-
mate species in their transformation inte CH4 [47]. By analyzing
the spectra recorded in both €0y adsorption and hydrogenation
reaction on Mi/Lay0,00; catalyst, the negligible signal of carbonyl
species could rule out the reaction route through hydrogenation
of CO intermediate. The formate-mediated hydrogenation was pro-
ceeded as only one primary reaction route in the Niflap000s-
catalyzed C0x methanation. (bi-, mono- and bi-dentate) carbonate
and formate species were generated through COy bonding on the
catalyst surface basic sites with/without the aid of the adjacent
surface hydroxyl species, followed by further hydrogenation into
CH, and CH,.

In the transient hydrogenation process over Ni/Zr-Laz0:00; cat-
alyst, the peaks of both monodentate formate species and carbonyl
species became unobservable within initial 1 min, whereas the
gradual consumption of bidentate formate species and the CHy
production were observed, as shown in Fig. 7D. For NifZr-
Laz(:C04 catalyst, the CO-mediated hydrogenation reaction route
co-existed with the formates-mediated route (similar to MifLay0g-
OOy, catalyst), as shown in Scheme 2. The co-existed intermediate
species over MifZr-Laz0-C0s catalyst, such as CO species and mon-
odentate formate, showed similarly high transformation reaction
rates by following different reaction routes. For the mechanism
of CO-mediated reaction route, the formate species were dissoci-
ated onto the metallic Ni sites, followed by the methanation reac-
tion of the adsorbed CO intermediates to produce CHs 48] The CO
intermediate species preferred further hydrogenation with a high
activity rather than the accumulative deposition to form the Ni
(€O supersaturation, thus inhibiting the agglomeration of MNi spe-
cies for enhancing the structural and catalytic stability of NifZr-
Laz(:C04 catalyst [49]. Considering that the cooperation between
the Mi sites and the adjacent support sites at the interfaces was
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Hig. 7. In-situ DRIFT spectra for | 1) CO; adsorption and | 2) ient hydrogenation reaction over NijLa;0,00; (A, C) and Ni/Zr-La;0£ 0, (B, D) at 300 *C (m = monodentate,
bt = bidentate).
Yabde 2 necessary for the formation of CO intermediates in the CO-
Infrared spectral assig of surface species an the Ni catalysts in €0; chemisarp- mediated reaction route, only NijZr-La;0.C0; catalyst could
tion and bydrmgenation reaction. accomplish this key process owing to its moderate interaction
Species - P— between highly dispersed Ni species and the Zr-tuned carbonate
- — supports. Therefore, Ni/Zr-Lay0,C0s catalyst displayed relatively
Nif2,0,00,  NN2r-Lx0,(0, stronger spectral signals for the formation of the key intermediates
Caseaus €Oy Vel C02) 2360, 2330  2360,2330 and higher transformation rates into the downstream products in
Cc'::“‘ o ::S:rl mg' 2130 m 210 comparison with Ni/La;0,C0; catalyst, leading to its greater cat-
bridged 1918, 1865 1918 1865 alytic hydrogenation activity. :
Bicarbonate V[ C03) 1623 1620 H:-D:; exchange reaction was performed on the Ni catalysts at
vdCOa) 1423 1416 50 =C for evaluating their hydrogen activation ability. As shown in
Monodentate formate ":.(:2:)’ :% 1597 ::‘;; 1593 Fig. 8, NijZr-La,0,C0, catalyst exhibited a significantly higher HD
v, - - o
Biataie Bamate v, (CO,) 1578, 1570 1582, 1573 ft_:rmanon rate than Nllla;O;CO; calalys!_ The en_hanced_ Ha activa-
viCO3) 1362 1355 tion and hydrogen spillover could be owing to highly dispersed Ni
Bidentate carbonate v, [CO,) 1558, 1544 1556, 1538 sites on the interfaces of Ni/Zr-La,0,C0, catalyst. In view of the fact
v CO3) 1321 1319 that the dissociated hydrogen species could participate in every key
Monodentate carbonate z:{%:;’ :5;‘: 1456 :::; 1456 reaction step (for instance, H-assisted CO, activation, hydrogena-
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Scheme 2. Possible reaction routes of C0p methanation over B6Er-Laz0:00;
catalyst.
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Fig- 8. Formation rate of HD over NijLap0:00, and MifZr-La; 0000, catalysts in Hy-
Dy exchange reaction at 50 “C.

formates into CH,, and CH,;), facile H, dissociation and efficient sup-
plement of active hydrogen species benefited to accelerate the C0;
methanation reaction |50.51].

3.5, Reconstruction of surface corbonate species in methanation
reaction

The above-mentioned DRIFT spectra, which were collected on
NifLaz0:C0; and Ni/Zr-Laz0:00;3 catalysts in the C0; adsorption
and hydrogenation reaction, showed the co-existence of positive
and negative peaks in the range from 1500 cm ™' to 1550 cm~'.
These peaks were typically attributed to the different kinds of car-
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bonate species, and such signals indicated the reconstruction of the
carbonate species on the catalyst surfaces. During the C0z adsorp-
tion stage (Fig. 7A-B), the peak intensity for part of surface carbon-
ate species monotonously increased, whereas the other pan
decreased with time. In view of the fact that the background spec-
trum was collected on the pre-treated Mi catalyst before COy
chemisorption, the spectra suggested that the newly formed car-
bonate species might be originated from two pathways, the COy
dissociation and the reconstruction of the intrinsic carbonate spe-
cies with certain vibration modes on the catalyst surfaces. Within
the following stage of transient hydrogenation reaction to produce
CH4 (Fig. 7C-DY), the variation tendency of the peak intensity for the
carbonate species was irregular, indicating the carbonates inter-
conversion process also occurred in the presence of hydrogen.
Therefore, the La-modified Lay0,00; carbonates might serve as a
structure-fixed support to build an active interface with the Ni
sites, accomplishing the conventional methanation reaction
started from OO, dissociation without the participation of the
intrinsic carbonates. Furthermore, these intrinsic carbonates on
Zr-Laz0:C05 support might be involved in the key reaction steps
of both €0y dissociation and methanation processes through sur-
face reconstruction and interconversion.

Isotope-labelled **C0, and non-labelled "0, gases were alter-
nately fed in a two-stage hydrogenation reaction at 300 =C for ver-
ifying the evolution of CO; and the intrinsic carbonate species. An
online M5 was used to monitor the formation signal of "CH,
{mjz=17)and "*CH; (m/z = 16) in the reactions. The relative inten-
sity of various fragments was fully considered for eliminating the
contribution of the mjz = 16 fragment of "ICH, to the mjz = 16 sig-
nal of "“CHa. The NijZr-Laz0.004 catalyst (pre-treated by Hz and
#r) was adopted in the first stage (co-feeding of **C0, and H,).
As shown in Fig. 9, the high-intensity signal at mfz = 17 reflected
the formation of a large amount of **CH, product. The normalized
signal at mjz = 16 with an evident peak corresponding to the
formed "*CHa (not to the "*CHa fragment) was also observed within
initial 4 min and then disappeared in following 40 min. After purge
using Hz/Ar and Ar gases to remove the unreacted surface interme-
diate species, the second stage of hydrogenation reaction run with
co-feeding **C0, and H,. In addition to the stable signal of "5CH,
formation (m|z = 16), a peak at m/z = 17 also appeared in the initial
stage, suggested the formation of the "CH, product by converting
the inherent *C-labelled carbonate species fixed on the catalyst
surfaces during the first reaction process using “*C0q gas rather
than the gaseous "*C0.. This result confirmed that a dynamic
reconstruction of the surface carbonate species of Zr-Lax0:00;
existed in the C0, methanation reaction, might determining the
catalytic pathways as well as the activity of the metal-carbonate
interfaces.
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Fig. 9. Production of '*CHy amd '"CH, ower MijfZrla 0.00; catalyst im €0y
metharation reaction with feeding **00; or "'00; gas by stages.
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ARTICLEINFO ABSTRACT

Keywords: With 5 am Ni nanoparticles anchared by the nanosheet-shaped p-Al;Oy supparts, 2 —10 wt% Ni/ALO; catalyst
Heterogensous catalysis displayed ca. 45% conversion and >98% CH, selectivity in CO, methanation reaction at 300 °C for 450 h.
S?: mm Benefited from stable interfaces between Ni sites and highly dispersed MnO, promoters an Al:Os, a modified Ni-
#ALO, | Mn/ALOs catalyst exhibited 93-88% coaversians, = 99.9% selectivity and great stability in 1100 h reaction. Asa
i._*u‘mm.‘ contrast, a Mo-modified Ni-Mo/Al, O, catalyst showed severe deactivation with declined conversions from >80
to 50% within initial 20 h. The high.dispersion MoO, species in the fresh catalyst occurred aggregation and
reduction during the reaction, reconstructing the Ni-support interfaces. As clarified by insitu DRIFT spectra, the
Oo.gmadlnrd‘ drogenatian reaction pathway was foll d on these Ni catalysts via sequential steps, CO; -
- bid carb — bid fi o 0y = CHy Ni-Mn/AlO; catalyst exhibited
signlﬁﬁutly high and well-matched reaction rates in overall steps, whereas Ni/AL O, catalyst showed low ac-
tivities in key steps of formate decompoasition and COu, methanation. Ni-Mo/AlL:O; catalyst displayed superior
abdlity for CO; dissociation into bicarb and heless, it could not steadily achieve the formation and
hydrogenation of CO,,, species, allowing the inactive surface species to be accumulated and to induce the
catalyst structural change for deactivation.
1. Introduction nonetheless, the relatively high cost limits their large-scale application

Methanation (Sabatier) reaction converts carbon dioxide (00,) into
methane (CHy), serving as one of the efficient routes to recycle the C1
feedstocks |1 31, The produced synthetic natural gas (SNG) with a
relatively high energy density can be intercoanected with the existing
gas network, acting as fuel directly or as energy source to generate
electricity in power plants. Methanation is the maost favorable process in
the thermodynamics for Q02 hydrogenation in comparison with the
processes 1o produce other hydrocarbons, alcohols or acids (1), There-
fore, unremitting efforts have been focused on the development of the
CO2 methanation catalysts with high intrinsic activity and long-term
stability from academic and industrial communities. Amaong the inves-
tigated transition metals-based catalysts, the noble metal catalyss (such
as Ru, Rh and Ir) exhibit the greatest low-lemperature activity, and

* Carrespanding author.
E-mail address: ias vhdai@njtech.eda.cn (Y. Dat).
' These authors contributed equally.
% 0000-0002:1223-5144
* 0000-0001-6470-6983

hrips://dol.org/10.1016/). 500w 2022 102113

{5 10]. The non-noble metal Nibased catalysts are the more
cost-effective candidates suitable for the industrial application [11 20,
The active Ni sites highly dispersed on the supports afford comparable
catalytic activity, whereas they prefer 1o occur self-sintering irreversibly
as well as 1o induce the deposition of coke species, causing the deacti-
vation issue of the Ni catalysts.

The Al Oybased supports have been widely adopted in the Ni-based
methanation catalysts due to their advanced structure features as well as
the good adjustability (21 26). By optimizing the synthesis methods,
the morphology, pore structure and surface basicity of Al203 supports
can be well regulated, and therefore improve the dispersion degree of Ni
atoms and the anti-sintering stability. For instance, the y-Al, O, surfaces
with coordinatively unsaturated pentacoordinate AP sites can anchor
the metallic atoms by strong interaction, allowing the metals 1o be

Received 9 May 2022; Received in revised form 14 June 2022; Accepted 21 June 2022

2212.9820/% 2022 Elsevier Ltd. All rights reserved.
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Table 1

Texture and composition information of three AlxOg-supported Ni catalysts.
Caalysa ey Vi el (W) A "Sniu Tha "

a1
gl e g) - M Mo [mem} {m gl L] LLT]

HIAALD, 1239 [ile-2) LE) - - 49232 111 128 =7
Ni-My A0y 104 0SS &8s LT - 5321 129 153 a7
Ni-Mo/ALD, 118 O0Ed a6 - 18 47 =17 122 150 50

* Sgpr = BET surface area, ¥, = pore volume, caloulated based om the Ny adsomption-desorption isntherm reals

b Weaesl = Mestal content, measured by the ICPZ0ES experiments.

 thy; = statistical average size of Mi nanoparticles by counting > 100 manoparticles from the TEM images.
9 &y = active surface area af Mi, Dy, — dispersion degree of B, dog — average size of Mi nanoparticles, which were calculated by the pulss titration data of hydrogen.

6 x W = 1NN

dy
S ¥

[mm ) = (3

23 Cmalytic OOy methenarion reaction

The reaction wias performed in a fixed-bed reactor with a quarnz tube
(8 mm in inner diameter). The catalyst and quartz sand {20-50 mesh)
were pre-reduced in 50 mL/min of 15 val¥ Hao/Me flow a1 500 “Clor 1 h
and then coaled 1o the w21 temperature. The co-feeding gas was 3/13/5
ODg/Hy/Ar  al 530 mL/min (gas hourly space velocity (GHSV)
=04p0 k!, 1 am). For the programmed temperalure reactions, the
lemperalure range was from 200 1o 450 “C The long-lerm reactions
weere performed at 300 “C and identical GHSV. The effluent gases from
the reactor were analyzed by an online gas chromatograph (GC)
equipped with both a methanizer-connected flame ionization detecior
(FID) and a thermal conductivity detector (TCD). The QO conversion,
the selectivities of 00 and CHs were determined from the following
equations:

Conversiom (%) = [[E 005 = F,iC0u)] § F OOy} « 100% (4]

Selectivity () = [Faedi} § [FilCO2) - FaglCO21]) = 100% (51

where i represented the hydrogenation product (C0 or CH.), and F{i)
is the corresponding Mow rate.

The deactivation rate constant (ka), defined by assuming a first order
kinetics, was derived from the following integraved formula:

I ({1 = Mo F Ml = kg % 1+ In [0 = X i) § Mool (6]

where X represented the O0y conversion at the time .
2.4, In situ DRIFT speceral characterizmtion
In situ diffuse reflectance infrared Fourier iransform (DRIFT) spectra

were recorded on a Thermal i810 spectrometer equipped with a Hartrick
eell and an MCT/A detector cooled by liquid aitrogen. The temperature

was controlled by an Omega programmable temperature controller.
Prior 1o each experiment, the sample was pre-treated in Ha at 500 “C for
60 min, followed by Ar purge (20 mL/min) for 30 min. The background
spectrum al each sel lemperaiire wad collected in steady state with
fowing Ar. The feeding gas in the reaction was B0 % Hy and 20 % OOy
with total Now rate of 20 mL/min. All spectra were recorded by accu-
mulating 100 scans with a resolution of 4 em™.

3. Results and discussion

A1, Coalytic performance

The atmospheric C0; hydrogenation reactions were perfarmed on
Ni#Aly0g and the modified Ni-M/AlD, (M=Fe, W, Mo and Mn) cata-
lysis. Their catalytic performances as a function of the reaction tem-
perature were shown in Fig. 1. A moderate activity was obtained on the
monometallic Ni/AlaDs catalyst. Specifically, the Tio temperature
[corresponding 1o 10 % conversion) was approximately 260 °C, while
the Tgy value (al 50% conversion) was abour 320 °C (Fig. 1A). The
conversion raised wp 1o ca. B3 % at 400 “C, reaching the equilibeivm (the
dash line), while further increased reaction temperalure caused decline
aof the conversion due to the thermodynamic limitation. The COHy
selectivity of Ni/AlzDyq catalyst in the temperature range of 250-400 °C
could maintain at a relatively high level [99.1-99.4%, Fig. 1Bl The
modification with W or Fe additives played negative role on both the
catalytic activity and CHas selectivity. The significantly increased light-
ol temperatures were obtained on Ni-W/AlgDg and Mi-Fe/Aly0, cata-
lysis in comparison with Ni/AlzDs catalyst. Their Ty values were 310
and 3B0 °C, while the Tg, values were 400 and 430 °C, respectively.
Thesie two catalysts also exhibited lower (Hy selectivity of 95-97 % at
the temperatures =325 “C. As a siriking contrast, the modification with
Mo or Mn additives promoted the catalytic performances with respect 1o
the temperature-programmed activity and CHe selectivity. The Tsp
valwes of Ni-Mo/AlaDs and Ni-Mno/AlDs catalysts were ag low as ca.
265 “C, while their 90% converdsions (elose o the equilibrium) were

10014
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£ ra =
.E < o5+
o 3z
= 507 B —a— Ni-Mn
5 T 92- —o— Ni-Mo
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Fig. 1. Catalytic OO0y metharation performances of various ALO -supported Mi catalysts as a function of the reacton temperature (A) conversion {dash Ene

equilibrium value) and {B) CH; selectivity.
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achieved ar 325 “C. Furthermorne, over 99,9 % CHy selectivity could be
msaintained ar the high-conversion levels (275-375 “C) over these two
catalysns,

The catalytic stability of Ni/AlaOs, Ni-Mo/AlxDs and Ni-MasalzOs
catalysts were further evaluated in the long-term OOy methanation re-
actions ar 300 °C. For Ni/AlzDs catalyst, the relatively stable values of
42-47% 00y conversions were obkerved within 450 h time on stream,
wihile the CHy4 selectivity slightly dropped from =99 1o 98%, as shown in
Fig. 2 In the reaction over Ni-Mn/AlaOq catalyst for 1100 b, the CHy
sebectivity could be maintained over 99.9%, and the conversion was
decreased from 93 % to BB % al a deactivation rate (ka) as significantly
low as 7.6 x 107 bl Although Ni-MosAlOy catalyst showed high
initial sctivities and stable CH, selectivities over 99.7%, severs deacti-
vation was observed in 135 h reaction. A remarkable decline of the COx
conversion was obtained from =80% 1o ca. 50% in the inital 20 b, and
the conversion further slowly decreased 1o 42% in the next 115h
duration. The corresponding ka values for these two deactivation stages
were 1.4 « 1072 and B.1 = 107" b, respectively. Therefore, in com-
parison with the catalytic performance of Ni/AloDq catalyst in the QOg
methanation resction, the promotion efects of Mn additives on the ac-
tiwiry and OHg selectivity as well as long-term stability were highlighted
on the Mn-modified Ni-Mo/AlDs catalyst, whereas a high initial ac-
iwiry bur an unsarisfactory stability were observed on the Mo-modified
Mi-Mo/Ala0s catalyst. For unveiling the catalytic roles of the Mn and Mo
additive species in the Ni-catalyzed O0p methanation, careful structural
characterizations of the catalysts before and after the resetions as well as
the in-sitg DRIFT spectral experiments were performed, &3 discussed in
the following sections.

3.2 Coalyst soructire

The XRD patterns of the frech and spent catalysts were shown in
Fig. 3. The typical characteristic diffractions of p-AlxD phase (JCPDS
29-0063), including the peaks at 10.6°, 31.0°, 37.6°, 39.5°, 45.8°_ 60.4°
and 668, were observed on all catalysts. The peaks at 51.8° and 76.3°
weere barely distinguished, which were corres 1o the character-
fstics of (2000 and (220) plane of meallic Ni© plase for the small-size
nanoparticles (JCPDS 04-DB50), respectively. The signals correspond-
img to the Mo- or Ma-related phases were absent over Ni-Mo/Alz0q and
Bi-Min/ Al catalysts, sugpesting that the Mo and Mn species existed in
highly dispersion states on the p-AlaDs supports without obvious ag-
gregation 1o over-large particles in both fresh and spent catalysts,
Furthermore, for the spent Ni/AlaOg (450 h), Ni-MoyAly0s (135 h) and
Mi-Mn/Alz0s (1100 h) catalysis, their diffraction peaks did not show
significant shifi in peak position or variation in half-peak breacth,
indicating that the Ni, Mo and Mn species might not insert into the
reAla0s matrix for changing the lattice parameters, I wid also worth 1o
state that the main diffraction peaks of graphite phase were not emerged
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Fig. 3. XRD patterns of the fresh and spent Ni catalysts.

in the patterns of the spent catalysts, illustrating that no large amount of
highly graphitized coke species was produced during the Mi-catalyzed
00z methanation reactions. The TGA curves were abo measured on
three spent catalysis, as shown in Fig. 4. The weight losss ar below
100 “C were attributed 1o the desorption of water species physically
adsorbed on the catalysis, while the slightly increased weights at
approximately 300 °C were ascribed o the oxidation of metallic Ni
speches [43,44), Less than 1 wi¥ weight losses were obtained at the
further increased lemperatures (300-B00 °C), indicating that there was
no large amount of coke species deposited on these spent catalysts.

The EDX elemental mapping images further illustrated the dispersion
of the individual elements in the fresh and spent catalysis, & shown in
Fig. 5 and Fig. 51. The Mo and M specied were homogeneousdy
distributed on the AlyDy supparts in nano seale, while the assembled Ni
manoparticles with small sizes were anchored by the supports. The TEM
images in Fig. 6A-C confirmed the p-Alx0s nanosheet morphology for
these catalysis. The dispersed nanoparticle average sizes were 4.9 4 23
47 £ 1.7 and 5.3 £ 2.1 am for Ni/al:Os, Ni-Mo/AlsDq and Ni-Mn/
Al catalyst, respectively. In the high-resolution HR-TEM images as
shown in Fig. 6I-F, the clear lattice fringes with d value of 0.303 nm
were abserved on these three catalysis, which were attributed 1o the Ni
(111} planes. Based on the Hy pulse titration data a5 summarized in
Table 1, the dispersion degrees and corresponding nanoparticle sizes af
these three catalysis were approximately 15% and 5 nm, respectively.
Above characterization resulls indicated the uniform dispersion of the
metallic Ni nanoparticles on the bare or modified p-AlsDs nanoshest
aipports.

The Raman spectra of these supported Ni catalysts were shown in

— Mi-450 h
924 Ni-Mo-135 h
— Ni-Mn-1100 h
&0 T T T T T T T
200 400 &h0 800
Temperature / °C

Fig. 4. TGA ourves of the spemt Ni catalysts after loog-ferm methama-
ton reactions.
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Fig. 5. EDX elemental mapping images of Ni/ALO;, Ni-Mo/AL;O; and Ni-Mn/ALO; catalysts,

, providing the state of the Ni-, Mo- and Mn-relevant species on the
catalyst surfaces. For the fresh and spent Ni/Al2Os catalysts, a weak
band at —540 cm™' was observed, which was attributed 1o the longitu-
dinal optical (LO) mode of NiO-like phase that was possibly attached on
the Al O, support through Ni-O-Al bond . A relatively strong band
centered at —580 em ' was observed on the fresh Ni-Mn/AlOs catalyst,
which was associated with the fingerprint of the Mn-O stretching vi-
bration along the chains in the MnO, framework, and this broad band
might cover the weak signal of NiO phase . For the spent
Ni-Mn/Al 04 (1100 h) catalyst, two split bands with the frequencies of

-570 ¢cm™' and above 605 cm™
strain and relaxation process of MnO, lattices might occur during the

were obtained, suggesting that the

long-term reaction for inducing the symmetric stretching vibrations of
the MnOy octahedra with the A, phonon species - A broad band
located at ca. 575 em™' was obtained on the fresh Ni-Mo/ALOs catalyst,
which was assigned to the Al-O stretching mode of Mo-O-Al bond,
indicating the formation of the high-density interfaces between the Mo
species and ALO4 supports . As & contrast, the spectrum of the
spent Ni-Mo/Al;Oq (135 h) catalyst showed not only the band of NiO
species at ca. 540 em ! but also the band of the ortharhombic MoO3 or
Mo, 0y, species with the A/B, , symmetric stretch mode of O=Mo=0
at about 820 em ™’ . Such change in the spectral bands suggested
that the Mo species in Ni-Mo/Alz03 catalyst were evolved from the
highly dispersed Mo-O-Al interfacial sites to the aggregated MoO, spe-
cies during the CO2 methanation reaction. Such unstable structure of the
Mo/AlyOy support for the active Ni sites could partially explain the
reason of its rapid deactivation phenomenon. Furthermore, the char-
acteristic feature of the graphite species with G and D bands at ca. 1600

102

and 1300 em™
gesting again that the mass cokes species could not be produced in the
Ni-catalyzed CO, methanation reactions.
The Ha-TPR profiles (50-750 °C) in
patterns of the monometallic Ni, Mn and Mo (as references) as well as

wias absent in the spectra of all the spent catalysts, sug-

showed different reduction

the bimetallic Ni-Mn, Ni-Mo catalysts, providing the information about
the nature and strength of the interactions between Ni species and Mn-
or Mo-maodified Al,04 nanosheet supports. For Ni/ALO; catalyst, the
maximum Hz consumption was obtained at above 500 “C temperatures
with a remarkable peak centered at ca. 650 °C, suggesting that the NiO,
species in a strong interaction with Al,04 supports dominated over the
catalyst . There were also two low-temperature reduction peaks
at about 170 and 400 °C. The former peak was due to the reduction of
the adsorbed oxygen species on the NiO,-AlOs surfaces, while the latter
peak indicated the co-existence of small amounts of Ni species possess-
ing relatively weaker NiO,-Al Oy interaction. The impregnated bulk
Mn/AlLOs reference sample displayed an asymmetric reduction peak in
the temperature range from 350 to 500 °C, corresponding to the suc-
cessive reduction processes of MnO,-to-MngO, (or MnzO4) at —400 °C
and MngQy (Mn0s)10-MnO at ca. 460 °C . For Ni-Mn/AbLOs
catalyst, a two-stage reduction feature was observed. The main peak at
around 340 °C was due to the moderate interaction between the Ni and
Mn oxidic phases for most of the Ni species . The remarkably weak
peak at 650 “C was associated with the coatribution of the small amount
of the NiO, species with a strong interaction with Al 03 supports, which
was similar to that for Ni/Al,04 catalyst. The impregnated Mo/Al, O,
reference showed a single peak at ca. 520 °C, which was attributed to

the reduction of MoOs to MoO;2 or MogO1) species . For the fresh
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Ni-Mn/AlzO;

Fig. 6. TEM images of (A, D) Ni/ALO;, (B, E) Ni-Mo/AlO; and (C, F) Ni-Mn/ALO; catalysts.
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Fig. 7. Raman spectra of the fresh and spent Ni catalysts.

T
400

Ni-Mo/AlLOs catalyst, two kinds of the Ni species were co-existed. One
possessed a strong interaction with AlO, supports, leading to a
high-temperature reduction peak at ca. 630 “C. Another one showed a
broad reduction peak at below 400 °C, indicating a relatively weak
interaction between the NiO, species and MoO, substances on Al,Oq
supports. For the spent Ni-Mo/AbOs (135h) catalyst, only
low-temperature reduction feature could be maintained, and the
high-temperature peak was disappeared. Such variation in the

- Ni-Mo-135 h
| FN_'__’,_.
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Fig. 8. HxTPR profiles of various supp
MnO,/ALO; (Mn) and MoO,/AL:O; (Mo).

and references of

d Ni cataly

NiOy-related reduction nature between the fresh and spent Ni-Mo/AlzOs
catalysts might be related to the structural transformation for the Mo
species from highly dispersive Mo-O-Al 1o assembled MoO3 phase during
the COz methanation reaction for causing the catalytic deactivation,
which was also evidenced by the Raman spectral results (Fig 7).

The XPS spectra were further collected on the fresh and spent cata-
lysts, artaining the insight into the chemical state of the metal species on
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the catalyst surfaces. The summarized relative proportions of the surface
metal species for these catalysts were summarized in Table 52 In the
firted spectra at Mi 2pa s orhit, as shown in Fig. 9, the binding energies at
8525, B56.0 and BA2.2 eV were amigned 1o the metallic Ni°, oxidative
Mi** and satellite peak, respectively 153,57, The similar peak area ra-
tics of Ni'yWi®" were obtained on thres fresh catalysts, which were
9,91, 10,00 and 10,90 for Ni/AlLOy, Ni-Ma/ALO, and Ni-MasALOg
catalyst, respectively. For the spent NifAlzDs (450 k), Ni-Mo/Alz0y
(11060 b} amed Ni-Mo,/Ale0s (135 b catalysts, their Ni%Ni®* ratio did not
significantly vary, which was 6,94, 595 and 9791, respectively. The
spectra of Mi-Mn/AlxDs catalysis at Mo 2psg orbit were shown in
Fig. 104 The binding energies ar 645.3, 641.6 and 639.7 &V were
attributed 1o the Me**, Ma™ and Ma®* ciate respectively [55]. The
Mt Mot Me®t ratics for the fresh and spemt catalysts were
26,36, 38 and 29/37,/34, respectively. The Mn species were co-exigted
with mixed oxidation states on the AlzOs support surfaces, and these
Mnid, species were stable against the reductive atmosphere of the
methanation reaction. The spectra of Ni-Mo/AlsOy catalysts ar Mo 3d
orbit were shown in Fig. 10B. For the fresh catalyst, the binding energies
&l X35.9, 234.7 and 3329 &V were ascribed 1o Moy, MagD, ; and MoDy
species al Mo 3ds,p orhit, respectively, while that ar 2328, 231.6 and
2298 oV were corresponded 1o their signals at Mo 3ds 2 orbit [59]. The
MoDy /Mo 0y /Mo, ratio was 53425 foe the fresh Ni-MasALOy
catalyst. For the spent Mi-Moy/AlxDs (135 h) catalyst, in addition to the
above thres oxidative species, the peaks of the metallic Mo® species at
Mo 3dg o and 3dg.; orbits were alse observed at 231.9 and 228.7 eV,
respectively. The MoDwMogOu/MoOoMa” ratio was found 1o be
36,/48,5,/11. The declined amount of Moy species and the foemation of
the metallic Ma® species via reduction suggested the srruetural evolution
aof the unstable Moy species at the MoDeNi-AlxDs interfsces during the
reaction, which resulted in the deactivation issue.

MNi 2P L [

Mi-Mn-1100 b

Mi=Mo=-135 h

Intensity f a.u.

Mi-450 h

Mi-fresh
T L T T | i T i I N

BSE B54 830 856 as2 848

Binding enargy / eV

Fig. 9. XPS specira of the fresh and spent B catalysts at Ni 2pg,z orbit.
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Stable structure of Ni/AlaOs and Ni-Ma/AlgDs catalyss againa the
reaction conditions was strongly clarified by the comprehensive char-
acterization results, which benefited 1o their satisfactory long-term
catalyst life in 002 methanation. For Ni-Mn/AlaDs catalyst, the axida-
tive Mnil, promoter species were highly dispersed on the nanoshest-
shaped p-AlaDs supports, and the Ni nanoparticles with approximately
5 nm average size were anchored by the MO, -modified Aly0y supports.
In comparison with Ni/Al:D: catalyst congisting of 5 nm Mi nano-
particles located on the uamodified AleDs nanosheets, Ni-Ma/AkOs
catalyst exhibited moderate reducibility of MOy, species due 1o the muned
interaction between Ni species and MnOy-AlxDs supports. As a sharp
contrast, remarkably unstable structure of Ni-MosAlyDq catalyss during
thi reaction was evidenced, causing a critical deactivation problem with
a high ka value within a short period. In the fresh Mi-Mo/Alx0s catalyst,
similarly sized Ni nanoparticles were stabilized by the supports that
were modified with the homogenously dispersed MoOy, species. How-
ever, with the proceeding reaction, the high-dispersion MoD, species
eveniually evolved into the aggregated MoD, species co-existed with the
metallic Mo® species for the spent Ni-Mo,/Als0y catalyst, and the Mo,
reduction was evidenced by the significantly changed Hy TPR patiesns.
The original Ni-MoQ, interfaces on the Aly0q supports might reconstrwet
under the influence of the surface intermediates (reductive hydrogen or
O] formed in the reaction [59.60). It was reported that the defective
MaoDs_y overayer with oxygen vacancies could be in-situ generated in
the Ru-MoOs-catalysed C0z hydrogenation with the aid of the metallic
Ru gites [6]. The deactivated Ni-Mo/Aly0y catalyss (within 20-135 h)
showed same conversion levels with Ni/Alz0yq catalyst (0-450 h) in the
long-term methanation reactions.

A3 OOy adserpeion and hydrogenation: Intermediates and pahways

The formation of the COg-derived adsorbates and hydrogenation
reaction intermediate species would be explored in this section. The
CO2-TPD-MS profiles of the Ni, Ni-Mn and Ni-Mo catalysis were shown
in Fig. 11, providing the capability and sirength of the 00z chemisorp-
thon on the catalyst surfaces. The moderate-strength chemisorption was
achieved on Ni/AlxDs and Ni-Mn/ALDs catalysis, A peak al approxi-
mately 230 °C was observed on NifalyDy catalysi. Two-stage CDg
desorption occurred on Ni-Mn/Alx0s catalyst, corresponding to a broad
peak &l < 230 °C lemperatures and a peak at ca 350 °C. For the
modified Ni-Mn catalyst, a shift of the maximum desorption peak posi-
thon from 230 1o 350 °C suggested thar the Ni-Mn catalyst possessed
relatively stronger C0; chemisorption strength in comparison with the
monametallic Ni catalyst. In addition, the modification with Mn species
in Ni-Mn/ALDs catalyst could also increase the COo chemisorption
content in view of the larger desorption peak area relative 1o NifalyDg
catalyst. Sweh enhanced OOy chemisorption property of Ni-Ma Al
catalyst was related 1o the contribution of the surface basic sites with a
medium strength, leading 1o the promoted activity in the COy metha-
nation reaction [61]. For Ni-Mo/alz0g catalyst, the low strength bt
high content CDz adsorption corresponding to the strang peak at 120 °C
wiis obtained, indicating that the weak basic sites dominated over the
Mao-modified catalyst surface. The profile also showed a broad desorp-
tion peak an 30-400 °C and & weak peak &t 460 °C, revealing that a
smmall amount of 00y mobecules was adsarbed on the medium-strength
aned strong-strength basic sites.

By combining with the in-sim DRIFT spectral characterization, the
surface adsorbate and intermediate species were further idestified in the
steady-state OO hydrogenation reactions over three pre-reduced Ni
catalysts at 300 °C for 30 min. The collected spectra and the corre-
sponding species assignments were presented in Fig. 12 and Table 2,
respectively. Ina case of Ni/ALyDs catalyst (Fig. 124), the sharp peaks at
3014 and 1304 em™' were observed, indicating the production of
paseois CHy. The methyl peak was observed ar 2003 em. The peaks
located at 1630 and 1429 e were owing o the formation of bicar-
bionate dpecies. The peaks at 1597, 1372 and 1392 em™" were antsibuted
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Fig. 10. XPS spectra of (A) the fresh and spent Ni-Mn/ALO; catalysts at Mn 2ps2 arbits and (B) Ni-Mo/ALO; catalysts at Mo 3d ocbits.

basic sites [63). The absence of the characteristic peaks of monodentate
carbonates and monodentate formates (as hydrogenation product of
N monodentate carbonates) suggested the lack of the surface adsorbed 0

[ \,‘ sites with strong basicity, which well agreed with the CO,TPD-MS
T result. With the aid of the spillover hydrogen species dissociated on the
{ X Ni sites, the bidentate formates could be produced via the hydrogenation
/ \\ - of these (bi)carbonate-relevant adsarbates and further split into CO,4,
~ — \_Ni-Mo intermediate species (6466 ]. The CHa production was finally achieved

by the 00,4 methanation process on the Ni surfaces. The above typical

/J\__ spectral features demonstrated that the Ni/AlOg-catalyzed €O,
Ni-Mn
hhle!

\_’/—\ Ni f1 T 1 assigs of surface species on the Ni catalysts in Q0;
methanation reactions.
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(
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Fig. 11, Q02 TPD profiles of three Ni catalysts. Aethane W) 3014 3014 3014
HCH) 1304 1304 1304
Metdyi UCH) 2903 2903 2903
1o bidentate formate species, while the peaks at 1559 and 1324 cm ™ O linear 2011 2021 258
were assigned to bidentate carbonate species. The peaks at 2011, 1914 bridged 1914 1920 1931
and 1856 em ! in the range from 2100 to 1750 em™ were assigned to 3o beidged 1856 1865 1867
the adsorbed COu species in linear, bridged and three-fold bridged Wicnionms VadCOA) =0 s e
G WC0y) 1429 1433 1435
configurations on the Ni sites, respectively (62]. Bidestate formate 1dCO3) 1597 1592 1592
The facile activation and transformation of 00, could be evidenced WO0) 1373 1374 1375
by not only the observation of bicarbonates through the reaction of COz HCH) 1392 1392 1392
and hydroxyl groups on supports as the weakly basic sites, but also the Bidessate ":("O‘:;’ :E :g :g
detection of bidentate carbonates via CO2 dissociation on the mildly s e
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Fig. 12, Insitu DRIFT spectra recorded in the CO; methanation reactions at 300 “C for 30 min over (A) Ni/AlO;, (B) Ni-Mo/Al20; and (C) Ni-Mn/AlzO; catalysts.
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methanation followed the reaction pathway with OO species a8 the
key intermediates, &8 shown in Scheme 1.

Among three kinds of the formed 0D species, the three-fold
bridged species (1856 cm ') and beidged species (1914 cm™) showed
bath supesior chemigorption strengths and larger proportions in eom-
parison with the linear O species (2011 emi ), indicating that the
planar metallic Ni¥ sites (e.g., Nit111) plane) dominated the Bi surfaces
in Ni/AlxDs catalyst for providing intense Ni-COus interaction [57). In
addition, the peaks of CHa product, OO species and methyl species (as
the intermediate in O0.-10-CHy hydrogenation process) revealed
remarkably weak intensities in comparison with the signals of the
formate- and bicarbonate-relevant intermediate species, which elearly
clarified thar the dissociation of CDy into carbonates and formates could
proceed favorably, and nonetheless, the formation of 004, species from
formates decomposition was inefficient. In the key step of dissociative
hydrogenation of 0D species, the relatively low activity 1o convert the
over-stable OO species could limit the complete C0: methanation
cyele, causing an unsatisfactory sctivity of the monometallic Ni/AlyOy
catalyst. Furthermore, gaseous O0 was nol detected as the by-produet in
both the catalytic reactions and DRIFT speciral characterizations,
highlighting again the high stability of the formed 00, species that
could prefer neither desorption &s the product nor further hydrogena-
tion into CHy The Ni(CO), supersaturation, which usually led 1o
aglomeration of Ni atoms for poisoning the active sites, might not be
happened on Ni/AlaOs catalyst, in view of its high catalytic stability in
the long-term 00y methanation reaction for 450 h [40].

In the spectra of the modified catalysis of Ni-Mo/AlxDs (Fig. 12B)
and Ni-Mn/AlyOy (Fig. 120), in addition 1o CHy product, the typical
surface species, including bicarbonates, bidentate carbonates, bidentate
formates, linear and bridged 00w species, ete., were captured during
the steady-sate reactions at 300 °C, indicating that both two modified
catalysts also followed the CDgemediated hydrogenation reaction
pathway (Scheme 1) Specifically, signals of CHy product and 00
species as the key intermediates over the Ni-Mo and Ni-Mn catalysis
were remarkably enhanced in comparison with that over the mono-
metallic Ni catalyst, which was consistent with their superior catalytic
wetivities. Slight shifts in the peak positions with few wavenumbers were
also observed on the Mo- and Mo-modified catalysis relative 1o the Ni
catalyst, & summarized in Table 2. For instance, for the linear 00
species, the peak position was 2011, 2021 and 2038 cm ™ for Ni, Ni-Mo
and Ni-Mn catalyst, respectively. The modification of Mo and Ma also
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allowied the peak of the bridged O0u species to blue shift (from 1914 1o
1920,/1931, from 1856 1o 1865/1B67, cn'l']:l. Such substantial diffes-
ences for OOy species evidenced the electronic modification effects of
the Mo, or MO, additives on the Ni sites. These oxides served as the
electron acceplor for the d-z electron transfer of the Ni-CO bonding,
leading 1o the high-wavenumber peak shifts. Furthermore, the diseri-
butions af the C0, 4, species were distinctly different over these three Ni
catalysts. The relative propartion of the linear OO, species compared
with two bridged species was significantly increased over the Ni-Mo and
Ni-Mn catalyst than the Ni catalyst, suggesting that the Mo and Mn
promoters played a role in the geometric modification on the Ni sur-
faces. In particular, the inereased proportion of the linear OO, species
confirmed the formation of the high-density Ni-MoQ, or Ni-Mn(,
interface sites rather than the large-size Ni particles with more planar
sites. Therefore, the geometric and electronic modification effects of the
Mo and Mn additives on the Ni sites were verified by the above spectral
resulis.

By analyzing the variation trends of the relevant surface intermedi-
ane species and OHg product during the reactions over the Ni-Mo and Ni-
Mn catalysts, the relative peak intensities of CH,, bicarbonates, biden-
tate formates and linear CO, species (at ca. 3014, 1630, 1592 and
2030 eny !, respectively) were drawn as a fusction of te resction time
on stream, a5 shown in Fig. 13, The maximum peak intensity for each
species was sel as a reference with 100% relativity. For Ni-MnasakOs
catalyst, all four species were monotonically increased with the
increasing reaction tme from 0w 30 min, revealing thar esch sequential
key step, C02 — bicarbonates — bidentate formates — CDga — CHa,
could proceed at high reaction rate, and these reaction rates could
achieve well matching. Therefore, the satisfactory catalytic activity and
long-term stability could be achieved on Ni-Mn/AlaOs catalyss for
1100 h.

Ag @ conlragt, mismatehed rates in thede geps were observed on Ni-
Moy AlaOs catalyss. The formation of bicarbonates rapidly reached the
maximuem intensity within initial 5 min and maintained high level in the
further 35 min (Fig. 13A). Bidentate formates could be steadily pro-
duced with the increasing time (Fig. 15BL The intendities of the formed
00,4 Species and CHy product were raised up 1o the maximum at 7 min
and declined in the following duration, and the decline rate for later step
af CHy formation was relatively higher than that for ©0,,, foroarion
(Fig. 13C-D). Abowe intensity-time relationships for the key species
suggested that C0 activation and dissociation could occur easily o

[« CH,
o oH = ),
H, C | { o-
'l g 3 H
e — 12,
MO,
s
e G0 o~
m -
Ni-MniALD,
CH,
H; €O, (00~
]
WMo Al 0y
a0, @ni @ Mo, @ Moo,

Scheme 1. Proposesd COg-medisted reaction pathway for O0; methanation aver Ni/AlZO;, KM/ Al05 and Ni-Mo/Al(,; catalysts.
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Fig. 13. Variation of relative peak intensities of (A) bicarbonates (1630 cm "), (B) bidentate formates (1592 cm "), (C) linear OO, species (2030 cm ') and (D)
CHy (3014 cm ) in OO0z methamation DRIFT spectra (fram Fig. 12) aver Ni-Maoy/AlO; and Ni-BMe/ AL, cacalysts.

produce bicarbomates, which was in well agreement with the great COg
chemisorption property af Mi-Mo/AlDs catalyst, as evidenced by the
girong 00, desorption peak at low temperature in the COy-TPD-MS
profile. The transformation from bicarbonates o bidentate formares
could also efficiently accomplished. However, as the downstream steps,
the formation of C0,,, species via decomposition of bidentate formanes
anl thie 00 gas-10-CHy step both exhibited remarkably low reaction rates,
causing the socumulation of hidentate formates and the deceleration of
CH4 production. Therefore, these results could be expected 10 explain
the greal initial activity and the severe deactivation issue of Ni-Moy/
Al catalyst

4. Conclusions

Ni/AlzDs, Ni-Mo/AlxDs and Ni-Mn/AlDs catalyas with —10 wi%
Ni loadings were prepared and applied in 00y methanation reactions.
The monometallic Ni catalyst displayed ca. 45% conversion and =98%
CH4 selectivity in the reaction at 300 “C for 450 h. Under the identical
conditions, the modified Ni-Mn catalyst exhibited 93-88% conversion
andl = 99.9% selectivity in 1100 b reaction, whereas the Ni-Mo catalyst
showed severe deactivation with rapidly dropped conversions from =BD
10 50%% within initial 20 h.

As pevealed by the characterization results, Ni/alo0g catalyst was
consisted of Ni nanoparticles with 5 nm size stabilized by the nanosheet-
shaped y-AlyDs supports. For Ni-Moy/Ala0s and Ni-Mn/Alz0g catalysts,
the 5 nm sized Ni nanoparticles were anchored by the highly dispersed
M0, or MnO, species on the p-Al0, nancsheets. In comparison with
MNi/AlzDy catalyss with the Ni-AlaOs interfaces, the distinctly diffesent
reduction degrees af Ni and structural stabilities were observed on Ni-
Moy AlyDs or Ni-Mn/AlyDy catalysts due to the specific interfaces con-
structed berween the Ni sites and the MoO,- or MoO-modified supports.
Beoth. Wi/ Al and B-Mn/AlD, cataly s could maintain the Ni-support
interface structures during the resctions, contributing o their extremely
high catalytie stability. As a contrast, the Moy species in Ni-Moy/AlxOq

1

catalyst could evolve from the high dispersion state into the aggregation
state along with the reduction inte the metallic Mo® species, eauging the
variation in the structure and property of the interfaces berween active
Mi sites and Mo-modified supports, and therefore leading 1o the dra-
matical deactivation issue.

By monitoring the surface intermediave species formed during the
OOz methanation reactions, the in-situ DRIFT spectral observations
deronatrated that these Ni catalysis followed the 0, -mediated hy-
drogenation reaction pathway. The complete catalytic reaction eyele
included O0: — bicarbonates — bidentate carbonates — bidentate fioe-
mates — 00, — CH, — CHy. with the assistance of the disociated
hydrogen species. The significantly high and well-matched reaction
rates in thess ssquential steps over Ni-Mn/Aly 0y catalyst benefited o is
satisfactory catalytic activity as well as greal long-term stability. How-
ever, the low activities of Ni/AlaOs catalyst in the key steps of formate
decomposition and €0, methanation (as the rate-limiting step) seri-
ously limil the whale hydrogenation processes, causing its relatively low
OOz conversions. Ni-Mo/AlaDs catalyst exhibited superior ability for
OOy chemisorpion and dissociation into bicarbonates, which might be
related to its high inital activity. Nonetheless, the formation and by
drogenation of OO, species could not be steadily proceeded, and
therefore, the accumulation of the inactive surface species might induce
the structural change af the Ni-MoOy interfaces and the deactivation
phenomenon,
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ARTICLE INFO ABSTRACT

Keywords: The m!ylx performance of the Ni/Al, Y.doped Ni/AlxY, and Ce-promated Ni-yCe/Al15Y catalysts for 0O,
00 hydrogenaticn was d. The CO, and CH, yield increased in the order of Ni/Al < Ni/ALSY < Ni/
Nicke-hasad catalysty AL2SY < Ni/AL15Y at temperatures below 350 *C. The reduction degree, Hz uptake, and total CO; adsorption
by uptake increased in this order for the Ni/Al-xY catalysts, suggesting that doping y-ALO, with a moderate amount
m““““’ of ¥ improved the interaction between the nickel and the support. When the Ni/AL 15Y catalyst was promoted by
> Ce with different contents (0-5 wi%), the catalyst with 2 wt% Ce exhibited the highest CO; conversion (92.5%)
and CHy yield (92.2%) at < 350 "C. As evidenced by catalyst characterization, cerium promoter results in a
synergetic Ni-Ce interaction over the combined Al-15Y support, leading to the formation of finely dispersed

metal species and numerous active sites for splitting of the stable C-O bond.
1. Introduction are fully oxidized, inert, and quite stable [5.6]. To overcome these

Large amounts of carboa dioxide (CO,) are emitted by the burning of
fossil fuels, the world's main energy resource, which has led 10 global
wirming and climate change. Thus, the development of methods for 0O,
utilization is important to mitigate the impact of CO, on the environ-
ment. Significant progress has been achieved in CO; conversion to
various high-value synthetic fuels and chemicals |1 8], In particular, the
hydrogenation of CO2 to methane (CHy) is considered promising for
renewable energy processes due to its potential application in Power 1o
Gas system (P2G). CHq usage as an energy carrier, in addition, has some
advantages in comparison to “green” H,, namely, possibilities to
distribute, store and transport using the facilities already available for
natural gas (9).

CO, methanation, also called the Sabatier reaction (CO, + 4 Hy —
CHg + 2 H20; AHas x = —165 kJ/mol), is an exothermic peocess,
making this reaction thermodynamically favorable at relatively low

drawbacks, various research efforts have been directed toward
improving Ni-based catalyst activity for CO, methanation. In particular,
upon the addition of another metal 1o the main active phase or support,
suitable interactions between the metals and the support can enhance
CO, adsorption and activation on the modified surface of methanation
catalyst [10.27].

The effects of various promoters (Fe, Co, Zr, V, Cu, La, Ce, Sm, and
Pr) on the catalytic performance of Ni-based catalysts have been
investigated with the aim of developing efficient catalysts for industrial
CO; methanation processes. Both CO; conversion and CHy selectivity
have been demonstrated to be affected by different metal promoters
[11.16). Swirk et al. [15] reported that when V promoted
hydrotalcite-derived nickel catalysts were tested in CO2 methanation,
the promotion with an appropriate amount of vanadium promoter (2 wt
%) could enhance interactions between Ni and the support, and improve

peratures and high p Owing to their cost-effectiveness and

high selectivity toward the main product, Ni c-amlysts have been widely

d for CO2 hanation [1.3,7,8). , Ni catalysts

typically exhibit poor activity at lower lemperalmes and insufficient
stability at higher reaction Furth ©0; molecul

* Corresponding author.
E-mail address enkhsarund bioum.edu.mn (E. Byambajav).
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| fi and proper basicity for this catalyst. Doping of rare
earth metals into Ni cataly d on P materials could
mcmaselheswfambascny andplaya!heeleammodlﬁersfoﬂhc
intensified COz ch P ¢ i\ ly enhanced the low tem-
perature methanaum activity [14). In particular, cerium has high ox-
ygen c ity and unique redox property, therefore it shows
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detected using an Agilent Micro GC 3000 A gas chromatograph equip-
ped with a PLOT U capillary column and a thermal conductivity detector
(TCD).

2.3 Catalytic activity tes

The catalytic reaction was performed under atmospheric pressure in
a fixed-bed reactor with an inner diameter of 10 mm. The catalyst was
predsed into pellets and sieved o 40-60 mesh. Before the catalytic test,
1 g of the caleined catalyst mixed with SiC as inert material was placed
in the reactor and dried in a flow of Ar (200 ml/min) at 110 °C for 2 h.
Then, the catalyst was redwced ag 400 *C for 2 b under a flow of pure Hz
(13 mL/min) using a Hz mass flow controller and then cooled to anbient
temperature. The activity of the catalyst was messured in the 1emper-
ature range of 100-350°C. A feed gas mixture of pure Hz and 002
[withouwt diluent) was introduced into the reactor, controlled by two sets
of mass Aow controllers al & molar ratio of Hy/'OOg = 4. A gas howrly
space velocity (GHSV) was 3000 mL/geat-h. Further, the methanation
activity was determined at 350 “C for 1 h under the same reaction
conditions. The outflow gases were analyzed using a YL-GOA100 gas
chromatograph equipped with a Carboxen packed column and a TCD.
The OO conversion [Xenz), CHy selectivity (Scua), and CHy vield (Yo
were caleulated using the following equations:

T ap———

Ko, (%) = = « 100
Vin, iska
Vi, mata
(B =0———— == |0
Sl = e — Voo
. o Koo, ® 5oy
h"‘m_%

where Veog and Ve, are respectively the volume concentrations (%) of
COz and CHa gas components, and the subseripis inler and outler refer
o, respectively, the inlet and owtlet of the reactor.

5. Results and discussion
3.1, Comalyst characrerization

2.1.1. BET and XRD analysis

The compositions and physicochemical properties of the Ni/Al, Y-
doped Ni/AlxY, and cerium-promoted Ni-yCe/Al-15Y catalysis are
summarized in Table 1. The aciual catalyst compositions determined by
P analysis revealed that the Ni, Y, and Ce promoter contents agreed
well with the nominal values used during preparation. Thus, the
impregnation-coprecipitation preparation method did not greatly in-
Auence the catalyst composition. As shown in Table 1, the NiQ erys-
talline size was the largest (14.1 nm) for the unmodified Ni/al catalyst.
However, doping of the y-Alx0s support with Yoy decreaged the NiD

Table 1

Jogermal af 002 Deilsanon &5 (I0ZT) 102380

erystallite size remarkably from 14.1 1o 5.43 nm. This change has been
artributed to the improved dispersion of Ni species aver the combined
oxide support. For the Ni-yCe/AL-15Y catalysis (v = 1, 2, and 5 widh Cel,
the NiD erystallite sizes (529, 4.36, and 4.79 nam, respectively) were
smaller than those of Ni/ALKY catalysis without & promoter. Further-
mare, in the presence of 2 wi% Ce, a NiD erystallite size of 4.36 nm was
the smallest among the as-synthesized catalysis in the present research.
Thus, the Ce promoter improved Ni dispersion, indicating thar the
interaction between Ni and Ce was significant.

Ag shown in Table 1, doping with Y404 also led 1o an incresse in
surface area (145-165 m*/g for the Ni/Al-xY catalysis), which was
congistent with resulis for Ni Y209-AlDs catalysts reported by Li e al.
130] and ¥y0g-Aly0y mixed oxides reported by Sugunan et al. [32).
Thus, Y205 doped in the AlxOs suppaort scted as an excellent structural
promoter and increased the porous structure of the catalyst. The addi-
tion of Ce promoter decreased the surface area of the corresponding
MNi/Al-15Y eatalyst by blocking the porous structure of the support ma-
terial. Mevertheless, among the Ni-yCe/AL1SY catalysts, the surface
area of the 2 with Ce-promoted catalyst was the largest (128 m®/g), and
thus the loss in surface area was smaller.

The XRD patterns of the Ni/Al Ni/Al-xY, and Ni-yCe/Al-15Y eata-
Iyats are shown in Fig. 1. Peaks corresponding to NiD (20 = 37.58°,
43.45°, and 63.11°; JCPDS 75-0197) and y-AlDs (20 = 37.74°, 39.81°,

L]
a AL,
L= ]
Al - * o
-
MilAl-EY IR B P a
b -
o
; . @ & ¥ &
NUALIEY L - a o
&
i I .
. . - &
(Al -
£ [ NUALISY, - | 1 Z
B &
£ %
E | g1 . s o
£ | Mi1CeiaL15Y J ¢ ag * o &
o
ol J o o -
M-l Al15Y T o k) ¥ o
o
Mi-SCeAl-15Y _]_ o oW °
e L b | A ]
[E1] 20 an 4an k1l il T bl

200", Cu-Kn

Fig. 1. XHD patterns of fresh Ni/AlxY catalysts doped with Y204 (x = 0, 5, 15,
or 25 wi%) and Ce-promated Ni-yCe/A115Y catalysts (y = 1, 2, or 5 wids).

Compasitions and physicochemical properties of Mi/AlL Ni/AkxY, and Ni-yCe/AL15Y catalysts.

Sample MI costent ¥ daplag comtent (1% O prmober content [y, %) Saer NIy erysrallise sl (nm)
%) im0
niminal artual” sl atual il acTial

AL 15.0 1249 - - - - 103 14.1

i /ALEY 15.0 138 5.00 4.329 - - 145 B13

Mi/AL-LSY 15.0 134 150 14.0 - - 165 5.50

N /AL-I5Y 15.0 1249 50 233 - - 157 5.43

Mi-1CerAL-15Y 14.0 124 150 15.1 100 L1l & 5.3

M-20erAL-15Y 130 1249 150 14.4 23 1% 4.38

Mi-50e/A1-15Y 10.0 H04 150 15.8 500 554 nz 4.7

* calculated using the Scherrer squation
Y determined by ICP.OES analysis
© determined by ICP-MS analysis
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45.90°, and 67.28°; JCPDS 49-0134) were observed for all the catalysis.
In addition, peaks corresponding 1o YaOs (20 = 29.20¢, 33.74°, 39.81°,
4B.48°, and 57.57°; JCPDS B2-2415) were observed for the Ni/ALXY and
Ni-yCie/Al-15Y catalysts. The diffraction peaks for Y203 and p-AlaOs a1
39.81° and for NiD and y-AlaDy a1 57.38° overlapped.

The XRD patterns of the Y-modified catalysis (Fig. 1) showed than as
the amount of YoOs doping incressed, the y-AliDy peak intensities
decreaged and even disappeared in the case of Ni/AL-25Y. Thus, even
though the nominal Mi content was 15 wi% for the Ni/Aland the NisAlk
xY catalysts (Table 1), the N0 erystallite sizes became smaller in the
pregence of ¥ doping. Mo diffraction peaks corresponding 1o Ce pro-
miter were observed in the XRD patemns of the Ni-yCe/AF15Y catalysts
owing 1o their low contents (1-2 wi%), good dispersion, and erystalline
characteristics. Even when the loading amount of Ce was 5 wi™ (Ni-
S5Ce/Al-15Y), no diffraction peaks related 1o cerium oxide were observed
(Fig. 11

3.1.2. HeTPR analysis

The reduction properties of the NiZAL Ni/Al-xY, and Ni-yCe/Al-15Y
catalysts as well ag Ce/AlL15Y and the ALISY supporn (&8 references)
were analyzed using Ha-TPR. Three types of nickel oxide on AlaOs
supports have been identified using TPR analysis: a-type (surface
amorphous MiD or bulk Ni0), p-aype (moderately imeracting with the
support or & Ni-rich phase), and ptype (poody reducible, sirongly
imeracting with the support or a Al-rich phase) |22 30 93], As shown in
Fig. 2, Gaussian fining of the Ha-TPR curves for the as-synthesized
catalysis revealed three types of reduction peaks in the emperature
range of 200-800 “C. In the empersture range for the reduction of
frivpe NiD (400-700 “C), deconvolution gave peaks corresponding 1o
fi- and fr-type Ni species on the combined oxide support. Both the
ALL15Y suppart and 2Ce/Al-15Y exhibited & weak broad band from 550°
o THPC owing o the parial reduction of the Llamice oxygen on Y0y,
This result was consistent with the findings of Li et al., who observed a
broad TPR band with a weak intengity st 400-700 “C for pure ¥y0q [30].
The TPR peak positions and integrated areas derived from the peak
finting are summarized in Table 2.

z Y, i
o [raarasy g H
E L !
= [miarasy e |
¥ prpry SES— T
g - |
E - :
§ [nHIceHsy e H
i o |
: T ot
= B j
REICEARISY T S ]
T 1 i
NSl AL | 5Y I i 1
o E s
ERNE 245G e
ALY ___,,_.—-rﬂ_,_____
ST 150 I00 250 M0 350 S0 450 S0 350 600 G50 T T S0
Temperature [}

Fig. 2. Ha-TPR profiles of fresh Ni/AbxY catalysts doped with Y205 (x — 0, &
15, ar 25 wit) and Ce-pramated Ni-pCe/ALLSY catalysts {y = 1, 2, or 5§ wibk).
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Table 2
Chaamtitative Hy-TPR data for Ni-yCe/Al-xY catalysts with different ¥ 0, doping
and Ce promater contents.

Sample Hig ptake, sl g (reduction peak T, °C) Reduerion
™
o Type P mype P Ty Tuoaal e
HiAL n433 0.551 (408} - ogsd 29
(323}
Ni/ALSY - 0.301 (414} 0T Los0 41
(559
NIAALISY - 0.373 (415}  O7M LI6T 46
(576
NIAALESY - 0537452} 0578 L1043
(599
NI-ICeME - 0850 (424]  0E%6 1545 &0
15% (559
HI-ICeml - 0017 [454) 0546 1783 &9
15% (642
NISCedl 0471 0523(507) - 1494 58

15Y 24T}

A Calculated by the amount of H; consumesd during TPRE measaremssnts
divided by that consumed theoretically

According 1o Fig. 2 and Table 2, the o peak only appeared during the
reduction of the Ni/Al and the Ni-5Ce/Al15Y catalysis al temperatires
of 323 and 347 “C respectively. With ¥ doping, the intensity of the
peak increased, with deconvolution clearly revealing - and flo-type Ni
species on the combined oxide supports. These data indicated that ¥
doping of the Ni/Al catalyst strengthened the interaction between the Ni
species and the combined support, improving the dispersion of Ni0
species and enhancing the reduction degree from 39% o0 $6%.
Furthermore, with ¥ doping, the temperatures corresponding to the iy
and fiz peaks gradually ineressed from 414 °C (f1) and 559 °C () for
Ni/AI-SY 1o 452 °C (f;) and 599 °C (f;) for Ni/Al-25Y, suggesting a
stronger inleraction between the Ni and the support material. However,
among the Ni/al-x¥ cataly=ts, the kighest total He uptake was observed
for Ni/AL-1SY (1.167 mmol/g.,,; Table 2). This observation recom-
mended that these was an optimal Y doping amount for Ni/Al catalyss
1o increase Ni dispersion and ereate more §; 1ype- Ni formation on the
surface of the combined YeDs-y-AlaDs support. Fig. 2 also shows the
changes in the reducibility of the Ni-yCe/AI1SY catalyss (v = 1-5 wi
%). The addition of O a5 & promoter further increased the reducibility of
Ni. In particular, for Ni-20e/Al-15Y, the reduction temperatures of the
frtype Mi species shifted 1o higher values and the comeponding peak
intensities increaged significantly. However, the TPR profile of Ni-5Ce/
Al-15Y mainly exhibited an a-type peak, similar to that of the unmodi-
fied Ni/Al catalyst, suggesting the formation of bulk Mi0 in the predence
of large amounts of Ce promoter. As shown in Table 2, both the total Hg
uptake and reduction degree increased in the following order: Ni/AL15Y
<= Ni-5Ce/Al-15Y < Ni-10e/Al-15Y < Ni-2Ce/Al-15Y. In addition o &
small MiD crystallite size of 4.36 nm (Table 1), the Ni-2Ce/Al-15Y
catalyst exhibited the highest Ha uptake (1.763 mmol/gea) and great-
et reduction degres (69%), confirming the superior dispersion of Ni0
and the formation of Mi-Ce interactions over the combined oxide
SupporL.

3.1.3. CO0xTPD analysis

To investigate the bagicity and C0y adsorption ability of the Ni/AL
Ni/Al-xY, and Ni-vCe/Al1SY catalysts, O0xTPD experinents were
performed after frst reducing the samples ar 400 °C for 1 b The COy-
TPD profiles are dlustrated in Fig. 7 and the OOo uptake amounts
caleulated for sites with different basicities are summarized in Table 3.
Generally, for Y-modified catalysis, there are three COg desorption peaks
located &1 approximately 100, 200, and 300 °C, representing weak,
medium, and strong basic sites, respectively. The weak sites are
congidered 10 correspond 1o surface OH, the medium sites 1o metal-
oxygen pairs, and the srong sites 1o low-coosdination surface 07 (27,
30].
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Fig. 3. 02 TPD profiles of Ni/AlxY catalysts doped with Y205 (x — 0, 5, 15,
or 25 wi%t) and Ce-promoted MiyCe/ALLSY catalysts (y — 1, 2, ar 5 wi),

Table 3
Quanttative O0=TPD data for Mi-yCe/AlxY catalysis with different Y305
doping and Ce promoter comtents.

Sample OOy aorption opeake, meed fm  Toml 00 adsonpaion optake,
[desorption peak T, "C) il e
Bedium beeke Sariteg becdke
shes e
Sl 0,083 [244) OO04T (3400 0130
B SALBY 064 [233) 007E (331) 0142
B SAL-1EY [.04F1 [242) 0056 (344) 0.147
i /AL-25Y 0.088 [252) 0SS (369 0145
B-10esAL- 086 [252) 0063 (356] 0149
15¥
-20esAL- 0.088 (238) 00s4 (333) 015z
15¥
.50esAL- 0.031 [228) 014 (310 0.145

15¥

Ag ghown in Fig. 3, 00y desorption peaks corresponding 1o medium
and strong sites were observed for all the investigated catalysis. Table 3
shows that ¥ doping increased the total basicity from 0150 1o
0.147 meol/ geq, demonsirating a moderate improvement in the surface
bagicity of the catalyss. Sugunan et al. reparted that both bagicity and
surface area increased as the concentration of Y205 increased from 5 1o
20 wi% in mived oxides of Yo0q and AlyDy after calcination at 500 °C;
however, the surface area was maximized when the mixed oxide con-
tained 15 wi% Y04 [32].

Ag illustrated in Fig. 3, when the ¥ content in the Ni/ALxY catalysts
increased fram 5 to 20 wi%h, the desorption peaks of the medium and
strong basie sites shifted slightly v higher temperatures, likely repre-
senling an increase in the stability of CD: adsorbed on the catalyst
surface. Among the Ni/Al-xY catalysts, the OO0y adsorption uptake for
the medium basic sites wias maximized at a Y content of 15 wi%. It kas
been proposed that OOy adsorption an strong basic sites is not beneficial
for 0y hydrogenation, whereas medium basic sites influemnce the
desorption and activation of 00z malecules on the catalyst susface
during the initial step of methanation | 15,50 ). Therefore, the Ni catalyst
supported on p-AlxDs doped with 15 wi™ ¥ has the most suitable

Joernal of 002 Deilisarion &F (I0ZT) 102380

compasition owing o s large surface area (Table 1) and high 0Dy
adsorption uptake amount on medium basie sives (Table 3).

As shown in Table 3, the Ce promoter slightly increaged the total
basicity of the Ni-yCe/Al-15Y catalysts. For Ni-2Ce/Al-15Y, the CO2
adsorplion uptake an medium bagie sives and the total OOy sdsarption
uptake were 0.0EE and 0.152 mmol/gew, respectively. However, among
all the investigated eatalyss, the highest COD: adsosplion uptake on
strong basic site was obgerved for Ni-5Ce/Al-15Y. As illustraved in Fig. 3,
conlrary to the lendency observed for ¥ doping, the addition of Ce as a
promoter lowered the temperatures of the OOy desorption peaks for
medium and strong badic sites, CeDs containg both basie sites and oxy-
gen vacancies, and previous studies on C05 methanation have propased
that the stability of adsorbed COg is decreased by the sddition of CeDa
awing o i1s redox properties and oxygen vacancies [54]. When Ce is
added 1o Ni catalysts as a promoter, oxygen vacancies on Ce', which
are produced 1o compensate for the charge imbalance between Nit* and
Ce'" cations, generals metal-oxygen pairs thal ean become active sites
for the dissociation of CDz molecules [19,20.33,35,36). Thus, the
addition of Ce & 4 promoter may facilitate greatly 0y desorption from
the catalyst by changing the Ni surface through Ce redox properties. 1t is
also reported that oxygen vacancies in Cels act a8 bagic sites (18],
Therefore, the Ni-2Ce/Al-15Y catalyst which provided the largest up-
take ar medium basie sites for ©0y adsorption had the supesior NiO
dispersion owing o appropriate inleractions between MNi and Ce active
msetals over the combined support.

3.2, Caalytic activity for 00z methenarion

321, Wfluence of YaOs doping on activity of Ni/p-AleDa catalysrs

To investigate the infl af the ¥ on the b
activity of Nify-AlaDs catalysis, 00z methanation was performed at
100-350 °C in a fixed-bed reactor &1 atmospheric pressure using & feed
gas with a GHEV of 3000 mL/g.,-h and a Hy/ O, ratio of 4. Fig. 4a and
b show the COg conversion and CHy yield, respectively, versus reaction
emperature, including the thermodynamic equilibrivm [37] of 00g
methanation. The low-lemperature catalytic activity (<350 °C) for OD2
methanation wis found 1o increase in the arder of NifAl < NifALSY
< Ni/Al-25Y < NifAl-15Y. The catalytic activities of all the Ni/Al-xY
catalysts were higher than that of the unmodified Misal catalyst, with
Ni/Al-15Y giving the highest 003 conversion and CHy yield below
350 °C. However, the maximum CHy yield of 91.9% was obtained over
Mi/Al-25Y a1 350 °C, which is the equilibrium temperature of the pre-
senl reaction.

The catalytic performance of supparted catalyss depends on the
nature and properties of the support material. Generally, the support
influences the catalytic activity by modifying the dispersion of the active
phase and the catalyst reducibility, which depend on the interaction
between the active phase and the suppost [22). Based on the OO0g
methanation tests (Fig, 1) and the chasacterization results of TPR and
COe-TPD (Figs. 2 and 3), Y doping of the y-AlsDs support evidently
improved the catalyst surface properties. First, the surface area of the
catalyst inereased after doping the alumina support with ¥ (Table 1),
especially for the Ni/Al-15Y catalyst, which is beneficial for the surface
reaction. Second, the addition of ¥ increaged the number of basic sites on
the surfsce af y-Aly0y and provided Bvorable Q05 adsorption sites. As
shown in Table 3, rowal C0: adsorption uptake increased from
0130 mmol/ge o 0147 mmol/ge by Y doping into the support.
Third, a moderate amount of ¥ doping in y-Aly04, as in Ni/AL1SY,
which gave the highest Hy uptake (1.763 mmoligea; Table 2), was
suggested 1o enhance the intesaction berween the Ni phase and the
combined oxide support, generating additional f-type NiD species.
Although several studies have reported activity differences between b -
and fr-type Ni species for 00 hydrogenation |35 40], such variation in
catalytic performance has not yet been reported for OOy methanation.
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322 Influence of Ce promaoter on activity of ¥ doped Niiy-AlyOg catalyss

Tao further improve the CD: methanation activity of the Ni/Al-15Y
catalyst, which had the highest activity in the low-temperature region,
at the equilibrium reaction lemperature of the present reaction, 2 with
Ce promoter was investigated. As shown in Fig. Sa and b, the activity of
the Ni/Al-15Y catalyst was improved by Ce addition. The CHy yields of
Ni/Al Ni/AL-15Y and Ni-2Ce/AR15Y catalyss are compared in Fig. Sh.
The CH, yvield decreased in the following esder: Ni-2Ce/Al15Y = Ni/Al-
15Y = Mi/AL This trend shows that the Ni-2Ce/AL15Y catalyst pro-
duced the Largest vield of CHy among the previous catalysts, tlested in
this wark, throughout the low-temperature region (<350 *C), and this
order was still maintained when the catalysts were evaluated at 350 °C
far 1 h. This improvement incdicated that the intersction between Ni and
Ce over the combined oxide suppart effectively changed the catalyst
surface characteristics of NiZAL1SY, with the synergetic effect between
these metals leading to a more active catalyst. M. Zhu et al. propoged
that the NiCeY catalyst possessed the largest amount of oxygen defecs,
leading 1o the highest 0Dz adsorplion capacity compared to those of NIY
and NiCe catalysts [36). When F. Hu et al. studied an effect of ceria
promoter on OOy methanation of Ni-based catalysis supported on
y-AlyDs, graphene and activated carbon, Ce promoted the Ni dispersion
on the supports as well as accelerate the positive reaction due o the
oxygen vacancies of ceria [19). In our study, the COy-TPD analysis
[Table 3) proved that the Ni-Ce/ALF1SY catalyst gave the highest OOy
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adearplion uptake (0,152 mmoal/ g, ) among all the catalysts. I was also
known from Table 1 that the Ni) erystal size calculated from XRD peak
intensity using by the Scherrer equation for the Ni-2Ce/Al-15Y,
Ni/Al-15Y, and MNi/Al catalysts were 4.36 nm, 5.80 nm, and 14.1 nm,
respectively. The result advised also that the smallest particle sizes af
active metal eould provide the fine dispersion over the combined sup-
part af Ni-2Ce/Al-15Y.

Tir determine the optimal keading amount for the Ce promoter, the
OO methanation activities of the Ni-yCe/ALL15Y catalyss (y =1, 2, or
5 wite) were evaluated. Fig. Ga and b show the eatalytic performance aff
the Mi-yCe/Al-15Y catalysts as functions of reaction temperature and Ce
content, respectively.

For the Ni-yCe/Al-15Y catalysss, the CHg yvields increased with
increasing temperature and were maximized ar 350 °C. In addition, as
shown in Fig. 6b, the CHas selectivity at 350 “C was almost 1000% for all
the catalysis, confirming the significant influence Ce a5 a promoler on
C0y methanation. However, compared with Mi-2Ce/Al-15Y, reducing
the Ce content 1o 1 wi% decreased both the CHy yield and 002 con-
version (90.5% and 91.1%, respectively] at 350 °C. Furthermore,
increasing the Ce content to 5 wi% resulted in the lowest CHa yield and
Q0 conversion (B6.3% and B6.4%, respectively) among all the Ni-yCe/
Al-15Y catalysis and unpromoted Ni/Al-15Y catalyss. As showing in the
results of Hy-TPR and OO TPD analysis, & the Ce loading increased
from 2wi% o 5wi%, the catalyst active surface was altered
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Fig. 5. C(; conversion {a) and CHy yield (b) over Ki/AL Ni/AL1SY, and Mi-20e/A1-15Y catalysts as a function of the reaction temperature for OOz methanation

[GHSEV — 3000 mL/g,, b, Hy/CO, ratic — 4, B — 1 atm).
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significantly. For the Ni-5Ce/Al-15Y catalyst, a reduction peak ap 347 °C
wis generated newly 1o the reduction of relatively free NiQ species,
which interscted weakly with the y-A1203 suppart, and Hy uptake of the
friype NIl species decreased from 00917 mmol/ gea 10 0523 mmolgea.
Concurrently with that data, & the Ce loading increased from 2 wi% 1o
5 wi%, the number of medium basic sites decreased from 0.088 mmol/
Bear L0 0L03] mumvol/ e, I has been explained by some researchers that
the meetal-oxygen bond (Ce-0), which was responsible for the increase of
medium basic sites, on the catalyst surface could be partially broken
under high Ce loading, leading 1o & lower number of medium basic sites
118,41,42]. Another study performed by F. Liu et al. demonstrated that
large amount of Ce promoter for the Ni-CeDg/Aly0y catalysis generally
decreaged catalytic activity for COo methanation due to the coverage of
Cely on the surface of NiQ erystallite [17]. Therefore, based on the
resuiles of catalyst characterization and reaction performance, 2 wit Ce
as a promoter in Ni/AR1SY was optimal for 00z methanation. The su-
perior performance of the WNi-20e/AL6-15Y wid attributed 1o the presence
of a large number of active sites for 002 adsorption with the medium
basic sites and the superior dispersion of NiD owing 1o the synergetic
interaction between Ni and Ce on the combined oxide support.
Canalyst stability was tested for the best sample, subjecting the Ni-
20e/Al-15Y catalyst 1o long on-stream periods al resction conditions
(3000 mL gearh, 350 °C, 24 h). During the tested period, the OOz
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Fig. 7. 00 conversion and CHs selectivity versas time on stream over the Ki-
B/ ALASY catalyst (350 °C, 3000 mL/geb).

conversion and CHy selectivity were constant ai ca. 92.0% and 99.4%
respectively. As shown in Fig. 7, OO and CHy selectivity remain con-
stant over this catalyst, exhibiting high stability during the 24 h time on
SLream.

4. Conclusion

The 00y methanation activities of Ni/AL Y-doped Ni/al-xY, and Ce-
promoted  Ni-yCe/AL1SY catalysts prepared uging an  impregna-
tion-coprecipitation method were investigated. The catalytic activities
increased in the order of Ni/Al < Ni/ALSY < NiAALZSY < NifAl-1SY.
Characterization of the catalysts by BET, XRD, Ha-TPR, and C0xTFD
analyses revealed that Y doping of the y-AlOs support increased the
surface area of the catalyst as well as the number of basic sites on the
surface of y-AlaDs. Furthermore, for the Ni/AL1SY catalyst, the mod-
erate amount of ¥ doping in y-Al305 improved the interaction between
the Mi phase and the combined oxide support, generating large amounts
of fFrype Nil species, which were an active Mi-rich phase that interacted
with the support. While the Ni-yCe/Al-15Y catalysts with Ce contents of
1, 2, or 5 wik were investigated for O0: methanation, the catalyst with
2wt Ce exhibited the highest OOy conversion (92.5%) and CH, yield
(92.2%) at < 350 °C and maintained the highest activity ar 350 °C for
1 h. The Hy-TPR results indicated that the Mi-20e/Al-15Y catalyst also
exhibited the highest Ha uptake (1.765 mmol/ g ) and reduction degree
(69%), demonstrating the superior dispersion of NiD (4.36 nm) and the
formation of Ni-Ce interactions over the combined oxide support. In
addition, the CDxTPD results suggested that the best performance for
00y methanation was abtained with 2 wi% Ce as the promoter because
the OO desorption peak for medium basic sites was shifted 1o a lower
temperalure. Thereby, 00y desorption from the medium basic sives, and
thus 00z methanation, was Facilitated by changes 1o the Ni surface
cauged by the oxygen vacancies of Ce
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Abstract. In this work, the influence of catalyst preparation temperature on its
structure was investigated. We have synthesized 12 different Ni'Zr(): catalysts
by varying the calcination temperature, time, and active metal content, and these
catalysts will be further used in the carbon dioxide methanation reaction.
Structure and properties of the catalysts were determined using XRD and SEM
analysis. Therefore, Mi content of the catalysts were measured by ICP-0OES.
Regarding to the crystal size calculation using XRD data by Scherer equation,
when calcination time was increased the average crystal size of mckel oxide was
decreased from 42.38 nm to 38.93 nm whereas it decreased to 3923 nm when
the calcination temperature was increased. This shows that the distribution of
active metals i the catalyst mncreases when the heat treatment parameters are
increased. In addition, it can be assumed that the activity of the catalyst can be
enhanced when the calcination temperature and time were increases.

Keywords: catalyst calcination time and temperature, x-ray diffraction, crystal

size, impregnation.

1 Introduction

Coal makes 24 percent of resources consumed in world energy production and almost
40 percent of total electricity production is solely based on coal [1]. Even though world
economy strongly depends on coal, its utilization is considered to be one of the main
source of environmental pollution

Due to human activities such as industrialization and urbanization, the concentration of
C0: released into the atmosphere has exceeded the limit that could cause the global
warming, i.e. it has reached more than 440 ppm [2], [3]. Therefore, the carbon capture
and storage (CCS) process has been developing rapidly in recent years to mitigate
carbon dioxide emissions [3]-{7].

The main reaction used in the process is the COy methanation reaction discovered by
Sabatier, which is also being developed for use in combination with renewable energy
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production [2]-[6]. [8]-] 10]. CO: methanation is a catalytic reaction. Noble metals such
as Ru, Rh, Pd and Ni are the most suitable and widely studied for this reaction, and
among them, Ni is drawing much attention due to its high activity, low cost and high
abundance [4], [5], [7]-[13]. The only problem with Ni-based catalysts is deactivation
due to carbon deposition. Therefore, in order to solve this problem and improve the
activity and stability of Ni catalysts, researchers have studied various support materials
such as Al:O;, Si0:, Ce(s, Zr0s, TiO: and hydrotalcite. Among these supports, ZrO;
reduced the carbon deposition by hydrogen spillover phenomenon, and thus increased
the activity and stability of the catalyst, so ZrO: support was widely studied [2], [4],
[5], [9]-[11]. [14].

Ni/Zr0; catalyst has a high degree of CO: conversion and nearly 100%% selectivity to
methane, thus a number of work has been done on this catalyst. For instance, adding
promoters, varying precursor salts, comparing preparation methods and varying
reaction parameters, etc. [2], [5]. [6]. [8], [11]. [15]-[17])-

The activity, structure, and properties of a catalyst depend greatly on the conditions
under which it was synthesized, especially the calcination process. In order to
synthesize a catalyst suitable for implementation to industrial scale, it is necessary to
establish suitable parameters for its preparation. The calcination temperature of a
catalyst is one of the main factors determining its activity, and the activity of supported
metal catalysts strongly depends on the temperature and time of heat treatment [12],
[18]. Therefore, in this work, we aimed to determine the effect of calcination
temperature and time of Ni/ZrO: catalyst to its structure and properties.

2 Experimental

Following preparation parameters were varied in catalyst synthesis. Herein:

1. Nickel content: 5%, 20% and 50%

2. Calcination temperature: 400°C and 600°C

3. Calcination time: 4 and 6 hours

Metal concentration of the catalyst were analyzed by inductively coupled with
plasma-optical emission spectrometer (ICP-OES, iCAP6500, Thermo Scientific). X-
ray diffraction of the samples were performed by X-ray diffractometer (MAXima X
XRD-7000, Shimadzu Scientific Instruments) with Cu-Ka radiation (Ai=1.541874 A).
The operating voltage and current were 40kV and 30mA, respectively. SEM images
were taken by Scanning electron microscopy with energy dispersive spectroscopy TM-
1000 at Field Research laboratory of Mongolian University of Science and Technology
associated with Nagoya University of Japan.

2.1  Ni/fr02 catalyst preparation by impregnation method

Catalysts were developed by the well-known impregnation method [5]. [6]. [13],
[19]. [20]. Nickel nitrate (Ni{NOsz )z 6H20, 99.9%, Tianjin Factory No.3 of Chemicals
and reagents, China) and zirconium dioxide (ZrO:, 99.9%, China) were used as
received. Calculated amount of Ni(NOs):6H20 was dissolved in a small amount of
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deionized water. Afier 30 minutes, measured amount of zirconium dioxide was added
to the solution gradually with continuous stirring. The mixture were stirred in mortar
and pestle until the solution containing active metal has completely deposited in the
pores of support. Formerly the mixture was dried at 110°C for 12 hours and calcined at
different temperatures and times. The lower and upper limits of calcination temperature
and duration were chosen based on previous literature [2], [5], [7]-{9]. [13]), [14], [16]
and heat treatment conditions were illustrated in Table 1.

Totally 12 different catalysts were prepared with nominal nickel contents of 5%,
20% and 50%, and at calcination temperatures of 400°C and 600°C for 4 and 6 hours.

Mickel salt was dissolved in
deionized water

% -

[ Salt solution was added to |
the support gradually during

| continuous stirring |
' 'D N
Drying

(t=12 hours, T = 110°C )

Calcination 1
(T =400~C, 600C: t =4 and

Ehauj]

s R

Final catalyst

¥ -

Figure. 1. Impregnation method scheme of catalyst preparation.
Name of the catalysts corresponding to the preparation conditions are shown below.

Table 1. Catalyst name and corresponding preparation parameter

No. Name Metal Caleination Caleinaton time,
content, % temperature, “C hr
1 Cat — 1 5 400 4
2 Cat -2 20 400 4
3 Cat —3 5 400 (1]
4 Cat—4 20 400 1
5 Cat— 15 5 i 4
i) Cat — 6 M i) 4
7 Cat -7 5 6 &
3 Cat — 8 20 (1] (1]
9 Cat -9 50 400 4
i} Cat — 10 50 400 B
11 Cat—11 il i1 4
12 Cat—12 50 6 &
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3 Results and discussion

Ni/Zr(: catalysts were synthesized by impregnation method at different preparation
conditions mentioned above. Synthesized catalysts were in a form of grey powder and
the color was changed from light to dark grey as the nickel content increases.

3.1 XRD result of NiZr(: catalyst

Phase identification analysis were carried for the catalysts using XRD-7000 X-ray

diffractometer at Instrumental Analysis Center of Institute of Physics and Technology
in Mongolian Academy of Science.

3.1.1. X-ray diffractogram of Ni/Zr(): catalysts with different Ni contents
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Figure. 2. XRD patterns of catalysts: a. 3% NiZr0z (Cat-1], b. 207 Ni/Zr0: (Cat-2), c. 50%
MNUZrDz (Cat-9), d. Support { £r0z).

XRD patterns of 5% N/ZrOz, 20% Ni/ZrO» and 50% NyZrO: catalysts were shown in
Fig. 2. The reflections at 268 = 37.26°, 43.34°, 62.83°, 75.45° and 79° are assigned to
NiO phase while the signals at 20 = 17.44°%, 24.06°% 24.47°, 28.20% 31.47°, 34.13",
34.44°, 38.63°, 40.75° 44.79°, 49.27°, 50.18°, 50.58"°, 54.06°, 55.35", 57.26°, 59.89",
61.87, 65.68° 71.17°, 72.46° and T78.98" are ascribed to ZrO; The diffraction peaks
were in agreement with the previous literature s results [2], [4]. [16], [21]. [5]-[9].[11].
[13].[15].

It can be seen that peak intensity corresponding to NiO phase increased with the Ni
content.
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3.1.2. X-ray diffractogram of Ni/ZrO: catalysts processed at different calcination
temperatures
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Figure. 3. XRD patterns of catalysts: a. 5% NvZr0; /400°C/ (Cat-3). b. 5% Ni/ZrO: /600°C/
(Cat-4), c. 20% Ni/ZrO2 /400°C/ (Cat-7), d. 20% NvZrO:z /600°C/ (Cat-8), ¢. 50% Ni/ZrO2
/400°C/ (Cat-10). . 50% N/ZrO: /600°C/ (Cat-12).

XRD patterns for 5%Ni/ZrO; catalysts calcined at 400°C and 600°C temperatures for 6
hours were shown in (a) and (b), for 20%N1/ZrO; catalysts calcined at 400°C and 600°C
temperatures for 6 hours were shown in (c) and (d), and for 50%Ni/ZrO: catalysts
calcined at 400°C and 600°C temperatures for 6 hours were shown in (e) and (f) of
Fig.3, respectively.

From the diffractogram, it can be seen that the diffractogram peaks became sharper
when the calcination temperature increases. It might indicate that the crystallinity of
the phases were enhanced when increasing the parameter.

3.1.3. X-ray diffractogram of Ni/ZrO: catalysts processed for different calcination
time

XRD patterns of 5%Ni/ZrO, catalysts calcined at 600°C for 4 and 6 hours were shown
in (a) and (b), for 20%NV/ZrO; catalysts calcined at 600°C for 4 and 6 hours were shown
in (¢) and (d), and for 50%N1/ZrO; catalysts calcined at 600°C for 4 and 6 hours were
shown in (e) and (f) of Fig.4, respectively.

It can be seen that, the diffractogram peaks were also sharpened when increasing the
calcination time which also may indicate that the phase crystallinity was increased
when increasing the duration of heat treatment.
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Figure. 4. XRD patterns of catalysts: a. 5% NuZrOz /4 hours' [Cat-5). b. 5% Ni'Zr0z /6 hours/
(Cat-6), c. 200 NUZrD- /4 hours' (Cat-7), d. 20% NyZr: /6 hours/i{Cat-8), e. 509 NVZr0- /4
hours! (Cat-11), £. 50%0 NUZrOz /6 howrs' (Cat-12).

Crystal sizes of Ni0 and ZrD, phases were calculated using FWHM values from
ARD result by Scherer equation and it’s shown in Table 2.

Tahle 2. Average crystal size of phases

N Sample name Crystal size, nm

MNil) frilh
I Support - 40.50
2 Cat— | 42 18 43.73
3 Cat—2 4208 3453
4 Cat—3 3893 2683
5 Cat—4 41.08 3088
f Cat—35 3923 2531
7 Cat—6 3496 3326
g Cat—7 3588 2821
9 Cat— 8 3926 31.67
10 Cat—9 3821 3262
11 Cat — 10 4228 3517
12 Cat - 11 44 76 3380
13 Cat— 12 3713 3434

According to the table, the crystal size of Ni0 and ZrO: phases were decreased when
calcination temperature and time are increased. For instance, the crystal size of NiO of
Cat-1 (5% Ni, calcined at 400°C for 4 hours) was 4238 nm whereas the crystal size of
Cat-3 (5% Ni, calcined at 400°C for 6 hours) were 3893 nm. Similarly, the crystal size
was decreased when increasing the calcination temperature to 600°C (Cat-5) to 39.23
nm. Same trend was observed for catalysts with 20% of nickel content and interestingly
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the opposite trend was observed for catalysts with 50% nickel content. This corresponds
to the fact that, as mentioned in the literature [4], high metal loading reduces its
dispersion when preparing catalysts by impregnation method.

It was reported that in few studies, the calcination temperature had shown significant
impact on the crystallite sizes of the active metal as well as its dispersion and therefore
it has positively affected on the catalyst activity and stability [12], [18]. Moreover, it
has been noted that the activity of the catalyst depends on particle size of the nickel
oxide [15]. Summing up from this, it can be considered that the distribution of metals
in our synthesized catalyst were increased when the calcination temperature and time
were increased. In addition, further research will be held to determine the effect of the
change in crystal size to the catalyst activity.

3.2 SEM analysis result of Ni/ZrO; catalyst

TR 5 o

e DO M e

Figure. 5. SEM image and EDSpectra: a. Support b. Ni/ZrO;, ¢. 20% Ni/ZrO: d. 50%
NyVZrOa2.
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SEM-EDS analysis were conducted for synthesized catalysts at Field research center of
Mongolian University of Science and Technology in association with Nagoya
University. Analysis results are illustrated in following figures.

Regarding to the figure, no other elements were observed other than nickel and
zirconium, which means that the final catalysts doesn’t have any impurities. Therefore,
as the nickel content increases the corresponding peak intensity were shown to be
increased.

Elemental composition of catalysts determined by SEM-EDS was shown in the
following table.

Table 3. Elemental composition

Content, %
. Support Cat-7 Cat—§ Cat—-12
Ni - 148 58.9 87.0
Zr 100.0 85.2 41.1 13.0

In the figure below, SEM images and SEM-EDS spectra of catalysts with same nickel
content and prepared at 400°C for 4 hours and 600°C for 6 hours, were compared.
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Figure. 6. SEM image and EDSpectra: a. 20% NvZrO: (400°C, 4 hours) b. 20% Ni/ZrO;
(600°C, 6 hours).

According to the image, the catalyst prepared under high temperature for long
period of time has more homogenous structure and smaller particles than the catalyst
prepared at lower temperature for a short period of time. Therefore, it’s in agreement
with the XRD result and crystal size calculation.
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3.3 ICP-OES analysis result of NilZr(): catalyst

The nominal nickel contents of catalysts were estimated to be 5%, 20% and 50%, and
its content were determined using [CAP-6500 ICP-OES at Central Geological
Laboratory.

Tabhle 4. Mickel content of catalysts

No Samyile nase Ni content, Vo
o ) Nominal value Experimental value
1 Cat - 1 5 3.E6
2 Cat—7 5 3.90
3 Cat — 8 20 17.81
4 Cat—12 50 41.76

The experimental value of nickel content usually tends to be less than the nominal
value [6]. According to the result of ICP-OES measurement in Table 4, the
experimental value of nickel content was less than the calculated value for this work.
However, the difference between experimental and nominal value was not that big
meaning that the active metal has deposited on the support successfully.

4 Conclusion

According to the results of XRD, SEM and ICP-OES analysis, the catalysts we intend
to obtain were formed free of any impurities and have metal content close to the
nominal value.

From the X-ray diffractogram and crystal size calculation results of the catalysts,
increasing the calcination temperature and time have led to a rise in crystallinity of the
phases and a decrease in the crystal size. This indicates an increase in active metal
dispersion, and it has been mentioned in previous works that increased dispersion has
a positive effect on catalyst activity. Therefore, in our next research work, we will
continue this work and investigate the effect of calcination temperature, time, and
further crystallite size on the catalytic activity.
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