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Catalytic performance and the surface character of the Ga,O3 supported Bi-Mo complex oxides were studied to
achieve direct formation of methacrolein from isobutane.

BixMo03012 (o phase) and BixMo,0s (¥ phase) showed higher catalytic activity than BixMo0,Oo (3 phase) for
isobutane partial oxidation. Supporting Ga>Os, which is an active catalyst for dehydrogenation of hydrocarbons,
onto the oxides, enhanced the catalytic activity.

The optimum amount of supported Ga,O3 on Bio-Mo030O1> was about 3 wt% for methacrolein formation. In the
presence of oxygen, a remarkable amounts of hydrogen over Ga>Os during the isobutane oxidation but no hydro-
gen was formed over Ga;O3/BixM030,. It is confirmed from TPR that Ga,O3 and Bi,Mo30,, were not reduced
until 550°C but the reduction of Ga,03/Bi,Mo30, started at 350-380°C. The on-set temperature in TPR of the
Bi-Mo complex oxides decreased to 350-380°C from 500°C by the supporting Ga>Os onto the oxides, and the cat-
alysts after TPR measurement are composed of BiO, Bi, and MoO; in addition to Bi»M030;,. These results sug-
gest that the hydrogen spillover took place over supported catalyst.

Gax03/BixMo30» catalyst showed higher activity and high selectivity for methacrolein at 450°C. The
improvement in the selectivity for methacrolein of the Ga>O3/BixMo030;» may be explained as following.
Isobutane is adsorbed on the surface of Ga,Os3 to form hydrogen atom and #-butyl fragment and both formed
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species migrates to Bi-Mo3O» surface.

Migrated hydrogen may modify the Bio-Mo3O» surface property by the

reaction with oxide ions, which is active for the deep oxidation resulting in high selectivity for methacrolein.
In the non-aerobic oxidation of isobutane over the Ga,03/BizMo030; catalyst, the formation rate of CO, signifi-
cantly reduced, and methacrolein and isobutene were selectively obtained when the reduction degree of the cata-

lyst was lower than 0.3% at 450°C.
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BAOTET UL AT, AVTT DB AT 7)) VEED
ARIERDEHIIZ3EOTORRAELR->TLE ),
i-C4Hio + 1/20, — i-C4Hg + H,O (1)
i-C4Hg + O, —> CH,CCH3CHO + H,O (2
CH>CCH;CHO + 1/2 0, — CH,CCH;COOH (3)

LAaL, SHETREEEMETHY, G A 52050 T, KX
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' (BiaMo,0g) 1, FNZENEEED Bi(NOs);- 5SH,O DRY R
& (NH4)M0o7O04+ 4H0 DIKIER % (A L 7o, TR L,
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XRD (X-ray diffraction) %X, X MM AT E (Rigaku
#1 RINT-2000, CuK,#, Ni 7 1)V & —ffiH) % Tiro 72,
onkif sy — &, JCPDS 7—% 7 7 A W L bR L,
FNEND Bi-Mo LY B & O BisGaMo0,01» 122 W T bhHH
W5 AL R LT,

BN V38 0 ] 58 R i i T U2 18 & Vv 72, filfE i ld 4
em® & L, BB A AL i-CiHio: 02: Na=10:12: 78 Tt &
% 40 cm’/min & L Ciro 72, SATICIEA A7 ax M7k
MS # vz, e 7 0¥y 7 BRI Ko # ALK % i-
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TPR (temperature programmed reduction) {52 Cld, ¥kl 1g
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Pa) TEAL 30min L7z, £Df%, 10C/min TEiRE T
Pl L, KFE 5% *&LEHEL 20 cm’min Tt S €72, F
s It1d 10°C/min TE2> 5 550C £ THUM L 72,

NH;-TPD (temperature programmed desorption) il %E (&, #F
500 mg % He % H T 550°C T 1h g L 72#, 100C 12k
L, 107 Torr LLFIC7% % £ CHEZEPR L72e D, 100C T
NH; % 100 Torr (27 % & 9 12 A L 10 min 35 L 72, RO
NH; % HZ2HER L 72#, 50 em¥min @ He & H € 10°C/min T
600C T CTHIRL 72,

ESCA (electron spectroscopy for chemical analysis) {ll5Z1%, X
BT t##E (KRATOS ANALYTICAL # AXIS 165, Al
Ke#) ZHWTITo 720

3. RBRBEREER

3.1. BUEOEE

Bi-Mo EEALW 2 4L, HEOR % 2 o (BiaMosOn), B
(BizM0209), 7 (BizM01Os) D 3 HAELET 5, Fig. 112, &
HHEF O BizM03012 & Ga,05 & 1 L 72 BixMo3Oi, O XRD /78 ¥
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(a) Bi;Mo3012, (b) Ga203(5 W[%)/Bi2M03O]27 (C) Ga203(10 Wt%)/
BixMo03012, (d) Ga,03(30 wt%)/BizM03012, (€) Gax03(50 wt%)/
Bi2M03012, v Bi3GaM02012.

Fig. 1 XRD Patterns of BixMo3O1; and Ga;O3/BixMo3O12
Catalysts
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W3 2EE% TRL TV, GaOs HEFEA 1~ 10 wt%
OB T, atHOREIFE =27 L2Ed LN >72, Gafll
FEPKWHEETIE, GaoyEaiLlTwbeExonsd,
ETAD, Ga0s % 30 wt%, 50 wt% FHIEL 2B T, oM
PAMI/NE 2 ¥ — 7 N7z, 2 i BisGaMo,0p, O [l &
— 7R TE /s a HEREEY ) 7 A OKBWICHEAL, 7%
FE L T EEBINZRIC oo —E oL T
BisGaiMoOpn S L B 2 &7z TOALEW D Bi &
Mo DENIIF o MlOZFN LG RLE DL, L2LEDS, Bik
Mo DENILDEZ B BAHR y HICHRT 2 [T ¥ — 7 DFfR
ETELhol,

3.2. Bi-Mo B{L#fhi%, Ga,0y/Bi-Mo B{L#fli s AL /-

1Y 752 EBERIE

a (BixMo3O12), B (BixM020s), y (BixMoiOs) @ 3 #H DAL
B E NS Gay0s HEFE L 22D 4 v 77 VERALERTEC
DWTHET L7z (Table 1) R\ SUBHREE Tl o AHOEEAS
L, BHE yHIEER ICRIBTEEICZ LA o7z, BT
550C T A V7% IdbTHMI21.6% D b L7272 Tdh -
720 T OHRALER L AL T OB & Ol & 5 & G
A 50T EVDIZhhbbT, A¥70b Ay OBERE N
Ero7ze y D 450C, 500C CTOEALFITE Lo 7oAs
550C TIEEBMIC EA L7z, L2 L, Mmoo fln
450C % BT CO, DAL R PUL MR S Nz —H, @
MTEAY 70 LA VEPEEDR 23~40% L@, 1 VT T
v 7u¥l roBEREOSTHINRE S22 5 3
60% &7, COGEIFRIIIEFITNE o7z TDLHITHE
B RBASEER a, y> B THY, yHITEERILERE
A L, BHIRTEEAME L, 4V 7% v OESEILICIE at
DL TWBE I DTz,
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Kz, s 3HEEHO Bi-Mo BRI IZ Ga05 % 5 wt% FHHE
L 72filiE % T A v 78 ¥ OFRALRIE %47 - 720 Table 17
L5 £ 912 Ga0s #HFFT A 2 LICL D) o, BHTIERIG
EEAI L, y M CTIIEEAMT Lze o AHICHHFR L 7o il
TEED R D <, 450°C THAEERIZ 4.1% (272 o720 LaoL,
GO ZHFFTHZLICLY, Ay 7OL A VR4V TI VD
BPERIIRE T L, CONDEEALT A S 7z, BH
(ZHIFE L 22 o FOC T, S bRom bz E ) K& hro
720 ZOfEETIE 550C T RnflERId 4.0% FEEL T CO, DIEIR
FH65% (2 DIE LTz, y AHIHHER L 72l o I3 IR 12K
TL2D, BILDHERR TV y HOBRERZ0F TR0
oo TLTAY 70V A VOEBITIZEAERON o7,

DB oGRS i, B2 RANICEHIT % & Ga,0s D
HARE LT ol RmDEL TWDL I DG o70 72 a,
BHITIE Gar0s  FF T % & IBTEMEAD I L3 2 2 &b,
Ga, 03 FCRUBHBIIE L T b 2 EAURIB S N7z,

3.3. BixMo:Op BUED RIS IC RIT T Gax0; HIFEDHE

HIEC GayOs DI L L TXENHE DA V7 5 » OFERLS
FRIGEEDAC Y o M L T A EEZONL I EDND, al
AND Gay03 DIHFFEDA V78 VEALRICIZ G- 2 5 58 % g
oo TOMERE Fig. 210K LT A VT Ty, A¥ 70l A
¥ DEHEFE I Ga,Os 1HIF RO > TR L 724, 1V
TTv, A ruab A iE3wt% Hio) TERAERL, ZO
B L7 —F, CODAERBEEX, Ga0s lFE S wt%
FCHEEO AL L ICABICHKL, Z0RITHECHIIH
KL%z TNED Ga0; D 3wt% FTORMIEA V77 D
LI 2 R &R 208, FNU EOBFRER LAY 7T
v, Ay alb A rOBRBILERESEDL LD Gro T,
BULHT O o LA O IERTFEIZ 1.0mYg THo7oe £2 A
HRIBFIZIE 3.0 mYg 12 A7 L72s Gax0s DA H O ¢ il 12

Table 1 Isobutane Oxidation over BixM03O1 (), Bi-M0,Os (), and Bi-M0Os () Phases and Ga,Os (5 wt%) Supported Catalysts
Catalyst Temp.  Conv. Selectivity [%]

[C] [%] CH4 CyHy CsHg C4Hs CO CO, ATN ACL MAL
BixMo0301> 450 0.2 4.7 55.8 39.5

500 1.8 3.1 18.2 39.3 39.4

550 10.9 6.1 0.8 29.0 29.7 59 3.6 2.0 229
BizMOzOg 450 0.01<

500 0.2 3.7 14.8 3.7 77.8

550 1.6 6.4 0.4 7.1 0.4 16.9 18.0 50.8
Bi:Mo0,0s 450 0.02 25.0 75.0

500 1.7 2.2 1.1 6.9 1.1 74.3 5.8 8.7

550 22.1 6.2 4.8 9.3 0.1 9.0 57.9 0.7 7.1 3.9
Gay03/Bi,M03012 450 4.1 0.4 0.8 10.2 24.2 40.4 2.3 21.6

500 11.3 0.6 0.3 3.2 30.1 49.0 0.8 1.9 11.7

550 21.9 0.3 1.3 0.1 0.5 35.2 52.5 0.9 24 6.2
Ga;03/Bi,M0,09 450 0.2 5.1 12.8 82.1

500 1.0 1.7 2.3 20.3 22.1 7.7 459

550 4.0 1.1 0.5 0.7 1.1 26.3 38.8 74 23.1
Gay03/Bi,Mo,0¢ 450 0.04 25.0 12.5 62.5

500 1.0 4.0 4.0 34 88.7

550 24 3.0 7.7 9.5 2.8 77.0

Feed gas concentration (mol%) 10.0 C4Hjo, 12.0 O,, balance N»; Feed rate: 40 cm*/min; ATN: CH;COCH;, ACL: CH, = CHCHO, MAL:

CH, = CCH3;CHO.
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Rate of formation (umol/min)

Amount of Ga,0, (wt%)

Catalyst: 7.50 g; Feed gas concentration: isobutane 10 mol% ,
0, 12 mol%, balance N»; Feed rate: 40 cm®/min; Temperature
450°C; < Total, A isobutene, O CH, = C(CH3)CHO, @ CO..

Fig. 2 Effect of Ga;O3; Loading on Isobutane Oxidation over
Ga03/Bi;Mo301; Catalysts

BEaExE2Z5E, 3wt% O Ga03 28 3.0 m¥Yg O a HALAW
DORMENH—ICHIFSN L T2 W40 LERHE SN, b
LAAY BT AL HHTHA I L, HED atfin
BHL T2 HETHHSI) o TOMPELLTIW®% 28
RHBBELTVDE I L% b, AITHT yMHICHFF L 28 E 13K
IR IGTEAET L7225, GaOs # HEE L7z y O R WAL 1
m¥g L2072, 22T, Ga0s & 5wt% fHIF L 72 y Mfil
BEOFMMEZ XPS THE L& 25, Ga33.2%, Bid4.9%,
Mo21.9% Tdh o7z, o AHIEFFMEED TN E T 2 L, Ga D
FIEMBEAT3.5% LA LTz, COfRIT o ELD D yH
LOFPHEFEFENT GaOos KL F 25K E L, FoaflLL DD
B LE K OEERT % GaO; EBE L TWAH I LERLTW
bo CNOIEMEKTOBKNTH 255 L\, Table 3 (2
XPS Tl L TR 72 Ga 03 $HFFfl I D LT AR 2 7R L 720
Ga,0; DFEMHAMK L, Ga0; HHFFE S wt% FEE T CHFF=ICIL
Bl L CTHER L7245, GaOs = 10wt% TiEA L L7z,
FEREY > 7OV B RA L 723N £ 2 MBI L Cw v o
THEMITEEE FATYDEY, 5wi% T TOEFETIRVTFR
DL Bi & Mo DIt BB LIFIT2:38%->Twh, L
L&A, GaOs HHE R 10 wt% DOFEHT R Bi DAV S
WEHICH RS, CREBHFEENIREC L EHEEINL
GayOs DR TR EL BB L § 5 L EZFHMT LI LNTE

Bo AT Y YOEBALKIET, GaOs $HEFR 3 wt% 54 vV 77

v, Ay oual A rOERHEENPRDKRE L hoAY, Tk

FHEE S N7z GayO3 DR FAV/INE , BEEICIEAL S U3 I ik

WatICBEIT 5720 L HETHIENTE S,

3.4. Ga0; i, Ga,0:/Bi;Mo;O, EICEZ IV THL
BIENDBRRBEDZE

INFTCRIUCHT AFOMBEDEE % 12mol% IZ[EE LT
Mt LC & 720 RAMMER O SR L0, #IWEIC
WEB2HEEZLNL, FIC, KIBH AROEBEEIRED A
VT8 AL BT RO W THR72, Table 3 12
Ga03 (5 wt%)/BixMosOp, filllfElC X B 4V 7% VL O# T %
L 7ze SRALERIGMRIEE OB RICON T LA L7275, BN
T CREICHITL Lo 7o BERIREDS 1 mol% DR,
Forual A vk CO,DEIRFIT40% BETHY), AV TT v
DENIRIT% Tholz, BRFREDVHERTLEA VT TV L
CO, BIREN FH L, 2y 7L A /BIREDPHA Lz, LA
L5, Ot X 2 e TIEKREDAEBRIIFRD 5N n
5726 Lo T, Zofitit ETds (1) OmRbefiks
KB, (2) OAF 70 A VERKIDE AY 70 A Y DOBER
BALBUCASEAT S 2 b Db s, 2 LT, BRFEIRE A
THLWTNORIEHED LAT 5205, (4) NOBEKEEILOH
FEAYEICR R ST 2 IKFHA KRS oL b s,

CH,CCH;CHO + 0, —> CO, CO; + H,0 (4)

Table 3 |ZMEHHEFD GO, fillfii i L 5 4 vV 74 Y ERILICH T
B MBI DB PRTRER TR L7z FHFRE I L C il
AR 12 Tfroc, BREEMBLEVEA VT8 v DRl
TIIKEL148% ICHFEL, ZOBAFOEEYIET 7O YL
ST DT PICER L ZDANEA VT T v ERESAER L
Too THUS LD, EEAHEED GayOs filfh b C i i 2 A 3 RO
WHATT B EDGD b, & 2AHD, FIBH AL 24mol% D
WEN AR EED L, 4V T T v L IREDERHEE 58
IZITF L, COn%60% b DEIRFTHEKT 5 L9 12% 572,
OB OEALFEIE WFXINSE WIS 20bL T,
Ga;,03/BixMo3Op il 12 X B 4V 7% YL DE LR L 1) 2R
REV, BRFELFIZLBA VT8 VEALRDETIZ0,, H5
WISER BRI KRB IS £ 0 BB L 72 HoO DS S S 1,
AV75 sk EELLELDEEZ NS,

TR % S 5 |CHIK X 5 LEMLERITBR IS AL, [
V7T Y OBFRFIMET L, CO DEIRFABAL 72, CO, D
BRI 60% TIEEALZALL o 720 KFED R
A THBE, BREIEIAT, 24mol% AT TIEKIB L7
AT 5 OWERELIZIZHEENDOKREVPER LIz, E2AHN)

Table 2 Composition of the Elements at the Surface of Ga;03/Bi,Mo0302

Ga,03 loading [wt%]

0 3.0 5.0 10.0
Composition Ga 0 21.8 29.7 24.8
[atomic %] Bi 419 32.5 (41.6) 29.8 (42.4) 29.0 (38.6)
Mo 58.1 45.7 (58.4) 40.5 (57.6) 46.2 (61.4)

XPS: Al Ky anode, 15 kV-10 mA, Ga(2p), Bi(4p), Mo(3d), calibrated by Au 83.8 eV.

Percentage of Bi or Mo of total (Bi and Mo) is shown in parentheses.
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Table 3 Effects of Oxygen Concentration on the Reaction of Isobutane over Ga;O3(5 wt% )/BixMo301, and Ga,0s Catalysts

Rate of H; formation

0, i-C4Hio Selectivity [%] .
Catalyst conc. conv. [mol/min]

[mol %] [%] CHy CoHy CsHe¢  i-C4Hg CO CO; MAL Calc.)  Obs.”
Gay03(5 wt%)/ 1.0 1.8 1.9 7.1 43.9 384 0.0
BixMo3O1» 5.0 3.3 0.4 0.4 11.5 17.5 41.2 26.5 0.0
8.0g) 12.0 4.1 0.4 0.8 10.2 24.2 40.4 21.6 0.0
Gax03 0.0 14.8 t t 0.4 99.6 24.0 20.5
(4.184 g) 2.4 4.0 0.2 1.6 1.7 36.3 t 60.3 6.5 6.0
4.9 6.7 0.2 1.0 4.0 22.8 10.2 61.4 10.9 16.0
8.0 9.2 0.3 1.2 4.4 18.8 11.1 61.9 14.9 23.8
11.6 10.8 0.3 1.3 4.5 15.9 14.5 63.6 17.5 33.3

Feed gas concentration (mol%): 10.0 C4Hio, balance N,; Feed rate: 40 cm®/min; Reaction temperature: 450°C; Products: MAL CH, =

CCH3CHO.

a) on the assumption that simple dehydrogenation of isobutane into isobutene proceeds.

b) Observed.

Table 4 Effects of Oxygen Concentration on the Reaction of Isobutene over Ga,O3 Catalyst

0. i-CeHy Selectivity [%] Rate of H, formation
Catalyst conc. conv.
[mol%] [%] CH4 C2H4 C3H6 CO C02 [umo]/min]
Ga03 0.0 0.9 32 1.0 1.0 0.0 0.0 6.4
(4.184 2) 2.38 17.6 1.0 3.0 10.9 80.3 6.7
11.9 69.9 0.2 1.2 15.4 81.1 35.9

Feed gas concentration (mol % ): 1.77 C4Hs, balance N»; Feed rate: 40 cm®/min; Reaction temperature: 450C.

BIkD 5 2 L1, LA RIRE OB KIZ O TKED AR
VBRI K R BB ATEAT L7z & ARGE L 72 ARG BE & ) b K& 7
fEZR L7 BRFEIRFE 49mol%, 11.6mol% TlXZFhZh
50%, 90% dMENERLITe COTODEMICBIT HEEE
DIEALRIZZNEN788% & 588% TH Y, FILHED T AL
BEPMEIEAEL TN, 2O X IIEEIAAET H DI
B A A K EDFTRIET 5 2 L 13 Ga05 DIRALIG DS Z i &
KELBWIEZRLTWE, TNHDORRIE, 1V T 0D
HABKEZUE B L A V78 v DS D RALKED &k #Eh
BLTWLIZEERLTWD, 4V T8 YBALICBIT 5 RILK
FOTERDEIA VT Ty THALDT, AV TT VBT LD
KREDERINZDOWTHE L7zs O %% Table 4 1278 L7z,
BEAEA VT TV DIREEA VT OB BIT AL VT
52 OB HEE TV 1,77 mol%  (#9 28 pmol/min) & L 72,
BREEMR L v e A4 V77 OWFREEIIIEF IS, F
P LRUBIEHEAT Lo 7oe RICHEFR 2 MG T 5 & JULDSEST
L, 1 3EAELTHCO, CONEFALGEES NIz, BRFEIREE
24% OW, AV 75 YBRILD CO+CO, AEBGEE (0.54+4.0
pmol/min) &4V 7% Y ERALDOEED CO, A E (3.9 umol/
min) & T LD o 70, BERIEER 12 mol% ORFZ LT %
&, AVTE VEBALDORED JiAS CO, COx AEBHEEIZ R E Ao
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Fig. 3 NH3-TPD Spectra of GaO3; and Ga,03/BixMo030i»
Catalysts
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Fig. 4 TPR Spectra of Bi-Mo Oxides, Ga,O3/Bi-Mo Oxides
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Fig. 5 XRD Patterns of Bi;Mo03O, and GaxO3(5 wt%)/
BixM030, Catalysts before and after TPR
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BizGa;Mo,0,, Catalysts
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Catalyst: 7.50 g; Feed gas concentration: isobutane 10 mol%,
balance N,; Feed rate: 40 cm®/min; Temperature 450C; &
Total, A isobutene, ¥ CH, = CHCHO, O CH, = C(CH3)CHO,
@ CO..

Fig. 7 Non-aerobic Oxidation of Isobutane over Ga,O3(5
wt%)/BixMo30;, Catalyst
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before and after Non-aerobic Oxidation of Isobutane
for 6 h
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balance N; Feed rate: 40 cm*/min; Temperature 450C; <>
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@ CO..

Fig. 9 Non-aerobic Oxidation of Isobutane over Ga;Os3(10
wt% )/Bi2Mo0301, Catalyst
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Catalyst: 7.50 g; Feed gas concentration: isobutane 10 mol% ,
balance Nj; Feed rate: 40 cm®/min; Temperature 450C ;O
Total, A isobutene, ¥V CH, = CHCHO, O CH, = C(CH3)CHO,
@ CO..
Fig. 10 Non-aerobic Oxidation of Isobutane over Ga,O3(3 wt% )/
BixMo0301; Catalyst
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