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Abstract

Abstract

The selective oxidation of propane to acrolein is an important reaction for the
utilization of light alkanes. The main challenge for this process is that propane is less
reactive than the desired products, and activation of the reactant needs operating condition
(higher reaction temperature for example) which is detrimental to the stability of the
reaction intermediates and products. A better understanding of the reaction mechanisms and
the involved intermediates as well as their conversion dynamics on the catalyst surface is
the key for the design of the active and selective catalysts.

In the present work, the selective oxidation of propane (SOP) to acrolein over
MoPO/Si0O, catalysts was studied. The effects of P loading and support on the structure,
acid-base and redox properties as well as the catalytic performance of the supported Mo
catalysts were investigated. To elucidate possible reaction pathway for propane selective
oxidation to acrolein over MoPO/SiO, catalyst, the oxidative conversions of propane,
possible intermediates or their probe molecules as well as the reaction products of SOP to
acrolein on the catalyst were studied. The surface species formed by adsorption of these
molecules on the catalyst and the transformation of these adspecies at elevated temperature
were characterized by in situ IR spectroscopy. The main results are summarized as follows:

1) The addition of certain amount of phosphorus to MoO/SiO, increases the activity
and selectivity of the catalyst for propane selective oxidation to acrolein. By forming
Mo-O-P bond with the Mo species, phosphorus component in the catalyst improves the
dispersion of Mo oxide species that will be favorable to the formation of isolate active sites
on the catalyst. The effects of supports on the catalytic behavior of the supported MoPO
catalysts for SOP to acrolein were also investigated.

2) The results of in situ IR studies showed that the IR bands of the adsorbed acetone
and acrolein species were observed over the MoPO/SiO; catalyst after interacting with a
gas mixture of C3;Hg/O, at 200 °C. Similar IR spectrum arising from the adsorption of
isopropanol over the catalyst at the same temperature was observed. The adsorption of
isopropanol and 2-Br-propane at 100 °C result in isopropoxy species, which can either
convert to propene or to acetone at higher temperature. Propene can then convert to
acrolein through allylic process. While the adsorptions of 1-propanol and 1-Br-propane at
100 °C give rise to 1-propoxy species, which mainly converted to propanal at higher
temperature. IR spectrum arising from the interaction of propene with the catalyst at 100
°C shows the IR bands of allyl alcoholate and isopropoxy species. As the temperature was
increased to 150 °C, the bands ascribable to the adsorbed acetone and acrolein were
observed. Based on these results, it is suggested that isopropoxy species is one of the
intermediates for SOP to acrolein over MoPO/SiO, catalyst. The isopropoxy species can
either convert to propene by B-hydrogen elimination or to acetone by dehydrogenation and
the former can further convert to acrolein through allylic process.

Keywords: propane selective oxidation; MoPO/SiO; catalyst; reaction mechanism.
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A 326 3 AR 1AL Tl A s P R DR AR B 20 30 7 S e R S AN RN LT, RO
o SRR T S R TR . SRR SR AR, PRI, H ATRAE
A e P S I A T A A7) 1 2 2 21 o I S S A A ), — s
vV H(R)Mo JeE, KEFSNLTFILA: 1) AgBiMoVO ALl 2)
MoVTe(Sb)NbO fiELH; 3) & P LA, WHEARZIL. VPO MWL hi
W 4y FEAEAR, AR kR AR AL R AT Y B A R AL L
MoVTe(Sb)NbO. Z&Z AT VPO AL )& H R 2 AL 7).

1.2.1 AgBiMoVO # {7

2 HHA L, BN 0S54 (1 Ago.oiBioss Vo.asMoo.ssOs HEAL
R B PR P AU IR RE, IR RN 13.1%, WM
PP 63.5%20.

BiMoO 14 751 J5 ek T 9 0 1A il A 0 1 AR e S A s A I PR f AL 710,
F ] A 2 o8 L oo BT TR o G B S R 2 4 A [ . Moro-oka 45 X6
BiMo(V)O RAMEAFIEAT THITT, KIUEAFIZ A BiossVoasMoossO4
I, DA = et PO N AgT R T AR, RS BT
Ag FI B BT ARARNE, FUE TR ALY, BRIk, Ag Rl G
HER B AE ARG . SXRRE T AR SR A, ek BT R
-8 SR AR, T T NI P . Moro-oka 2538 REBIIT T
I A S LS S o AR PR RE 022, ghIRZR I, I 4%
SR N IR T B I SR I AL, A RN AR SR SO, AL
AN R A

Baerns 5541 AgBiMoVO AL 53 1 118 T MeyOy(ALOs, TiO,, SiO,)
F1 Me;BisMo1,0y(Me=Mg, Ca, Zn)_I, 2522 H G P e s B 48 A il TR J 9 e 12
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(K52 m > DL Me Oy W BRARIN, U e S8 A i 20 P L (VO ) TR i
HO (TS S5 R A AE TR, A R Y SR ATE I I I AR e, W)
BE A& FH T3 P ol v e b0 AN B B [ 5 OB A A A AL I AN T AR . L
Me;BisMo1,0y A B AR, WIEREE RIS Me ZUIAHOC, 80N
CasBisMo 1,0y 1 Mg7BisMo,0y I, AR 1B £ 23 71 D 34% A1 20%.

1.2.2 MoVTe(Sb)NbO &1k 71

MoV TeNbO & H T % T8 FR) A 428 6 S0 A 1l AT TR R 2 4 P il AT 0 IS e
Pk RE S U ML R (GR1-1). SO I Te, AL AL R AR,
AR RRIEBEIEEE 51, 7EMoVSONbOREAL A I — & & UK, W] LA
TR (R A 312421,

Table 1-1 Mixed metal oxide type catalysts for propane oxidation to AA.

Catalyst Feed T Conv AA
(Csy=propane) (°C) (%)  sel.(%)

Mo,V 3Te)23Nbg 1204 Cs/air/H,O 380 80 60
Mo,V 3Tep23Nbg 1,04 Cs/air/H,O 390 71 59
Mo,V 3Te23Nbg 1204 C;/0,/H,0/He 350 23 61
Mo,V 3Sbg.16Nb0.05sOx Cs/air/H,0O 380 50 32
MoV .3Sby.25Nbg.11O0x C5/0,/H,0/N, 400 21 64
Mo, V3Sbg 2sNbg 12K 00130x ~ C3/02/H,O/N, 420 39 64

AA: acrylic acid.

MoVNbO & &b S A i 2 il £ A ATk S AL ) Z RV e 1 R R4
7, Thorsteninson &% A I 1935 155 201 4 22° R U XRDAT S e 53 J5
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JRAE L, AR BEAT 4 AR AL EAR I A 418, Bureh 50 A MoVNbOEL,
FIHMoO3+ MogVsOase MogVoOuMMosNby Oy 4B, 2018 220 (KIFiT 5 ik
XF - MosNb,Oy A, NbHEA 5 Mosk VA & T ad Pk ity kIR B4 AL
H1MoOs IV, 0s 3L R 1 P EARMoVNDOREAL I AE300 °CH s
Nk, EFEE N LR LERICO., TNKIRAE .

Ueda?% ] /K& BT 15414 T MoVMO(M=AL, Ga, Bi, SbAITe)f: 1k 7,
P A R AR (B XRD % 15 75 208k 22 A1 450 B 3 tH BT S0 0, T REXT A, T
MoVO AR HHIERT S SZ AR AT “ b IRMBOMES, AbAT]
AT 5007 ARG IR T A2 57 53 1A A o P A R P TR P 12 A8
R 28 b IR R T B A AR IR PERE A 7, A M PR B )i
“COHBET RGBT N, VR LG SR, DRI S IR A (i
ThIERE.

Ushikubo%5 A 2, #EMoVTeNbOREAL T & /D AFAE A, 20184 9.0,
22.1, 27.2, 29.2M135 4°[FAHMI AT BE T ot id A N bE, 20fE922.2, 28.2, 36.3,
45.2F150.5° FAHM2] 97 BT 26 AR IR, (AL Hh AND A FE MoV A
SERIOVER, B R AR R Ak ) A i SR BOR B, R AR AR RN Temk
Sb, A LA AT DT AR B IR TR PR S R . MilletS5 A HIXPS |
EXAFS. XANESHIMossbauerS5$H ARHFT T MoVTeNbOHE AL 711 Te T 2 1)
MAFIEA BT 5 R W], AR R I Te B2, MIfEHEAL
R L AT DY M Te. EXAFSSEEERW], Tell TeOE(E R AN FL-1-) 45
FIAEAE TMIAR R, LU [ = 0 OUE TeOsE 45 #4746 T-M2AT R . M2
Te [fIFLA 5T SbaMo16031 11 IS,  BL - RAK[EO,Te-O-TeO,E]E 247
E TR, M LA R Tel RT3 55250 T TeMosO 61 [ Te, LA[Te-O].,
FERAFLE TR . AR AT MIURIM2A 6 53 7 3 AT £ 40 51 TeM3019
M TesMy00s7(M=Mo, V, Nb). Mossbauerifi FIEXAFSZ; %8, Te(5s) L
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HA MTFRFE NN, MoRIVER AT N BEIAE T, M TeFINb 2 £ 53 A A
582 13 P 5 R F) 2 — 2490,

T2 S AL AR 1R 21 4% 45 1 2 £E MoV TeNbO i A 71 3R 75 FH AEL ) T4 0
MRSCR I TR B2 —, MRS Bkl Hls iR be R 38 2
MR 25 M S5 PERE . Lin% 2% 58 T A0 00 T SR AA (1) s e /<
SO EAL FIZS R FIPERE RIS , 7R U RS BE I AL AU PO b S A S
AP, MR RERE IR LB Ak 26 4 71%5% ;. Watanable
SRR T AT 8 TR AR S5 A A BE A RE R, AT ) 200 P R
BB AT VE & T AT, i T B ZE s, Ve % 0% A4k
£90%). Twasawa’s: %8¢ T K550 MoV TeNbO AL 7 T4 e 28 S84 il A
KB TERERSEMT, 75 R TUR TR R IR AL ST 2 e 5 5 R rh G 1 — 3,
iR B8 R AT /D B AR U HE Moo O i A Bl RS U P A
(Risn, Pk Rz R, XRDAXPSHRSE BEY], SHSRAT
RGO AL LE R R R B G LD I+ iMoOs, - HMo™ 4l
TV AIND ¥ 55 f b, AT S SO A S PR BRI AT R
MoVTeNbOREALFIA LU T JLANRHE: 7332 VAIMoiEPE Ly VIIMo LUK
MAREAEAE; BEMHMoM R RLIE Ji s NoRI/E A S Akt JF
JE MoV TeNbO, 75 1 AH .

Shishido 5% %% T MoV SbOME £ 71 1) AT e A8 A il AT s 1 S N PR e, s
VLI 430 °CI, TNKEHEAL AR N 6.8%, TAMSIEERETE 420.8%5) . HHE4L 71 H
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Mo00.67-0.77V0.31-0.19Nb0.08-0.04040 25 M A1 L 18, H: H VSbO4 A1 Mo0g.67.0.77V0.31-0.10
Nboos0:Ou e PR ULHIFERRINTEER, 25400 “CRRITI, Pk ib
H30.9%, PIEIREFENE 839.5%). Vedrine5 i % T AR, AbAT]
A HIMo01V(3Sbg 25Nbg sOxfHEAL T FHVSbO4, M0sO235 M0Os,s (V.07M00.93)5014
FIINbo.09M0o 01O 8 W AH 21 ik 14759

1.23 & P LT
1.2.3.1  FEER(ER)ZEMEMLT

MR EA ZMIEIREE M), W1 Keggin, Dawson il Anderson 254514,
FIF- 22 AR B B (1 2 B AT Keggin S5 H—[X"M12040] ¥V R4 Z 1R
B e B 7 XU 12 AN AL A IR MO6 AL RS, 282 IR AL
BT E5 MRk, 1A R R I P B 25 M TR AL P B, B, s 2 IR
WHIE A AR SR, SRR L R A B R0y, HAT SR “ ok
WOAH” AT AR TS, I LS AR SRk IR B AN 2 4
Fa R E e SR L2 Rl e i, O TG ER BT R ) SRR AR X A 2
LRI A AW REA TN S T RE T T R PR AR >

R Z A2 H PIRibe R B i A e . Tk, A2
TR T I B AU T A I R S (R 1-2). 80 4F4#], Rohm A
Haas 2 H) J5c K 2% 22 I A0 70 18 084 R o S84 S R 0 1R B i B, 90
AW, Centi %I HsPVaMoygOao A FITE A e S0 1A 1l A 05 18 S . 36
B — 2 S MR, (BN 1~2 /NI, i LI Keggin 454
Wk, FEUEE R

IRZIRMEA I B R RAE e 2, il RN S A AT E , BRI,
BECEA RS I AL B2 BRER) A 10 U8 1 B e e At
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Table 1-2 Heteropoly compounds for propane oxidation to AA.

Catalyst (C3=1;)ice)gane) TCO C((‘;S)V se?&))
Hi.,Sb,P1Mo01,040 C3/0,/H,0/N, 340 10 19
HsPV>2Mo,0040 C5/0,/N, - 41 22
H;PMo01,040 C3/0,/H,0/N, 340 0
(NH4);PMo01,049 C3/0,/H,0/N, 340 4.5 6
(PyH3);PMo01,04 C3/0,/H,0/N, 340 12 50
H; 26Cs2.5Fe0.0sPVMo011049 C;3/05/N, 380 47 28
H3:,PViMo12.4040/ Cs/air/H,O/N, 400 50.4 21.5

CS3PM012040

AA: acrylic acid.

Ueda %5 H Wt B 38 5 i () HsPMo,04(Py) i 1 %] #F 350 °C .
C3Hg/02/N,=20.4/10/69.6 1) S A1 MMEAL N BEE AL, 3R1 12% I
B2, WIRIRIEREME A 50%, LMRIEREMEA 15%, M(EA HILRE db
b AR A B A AL T A T TR, AR D it
EALFERE SR, AIfEHE Mo IR JEK Mo™,  FEAIA SR AR HIAH B T AR EAEAE
T PUEAL 7 B BB ) Keggin 4546, RS, T utbme i 4E
F ST AN TN (R BH 0 (G JEZS 1K) Mo) T LURISTF Vi[RI F W& A6 7
S PR HIR I EE, AR DO NIRRT A AT
I — B IS (] 5 R T 25 R AR AL, PEREANERE

HHEMATERARR R, Hl&a2 R AL mpe g, i
PRI T RS 5 T 2 A T A TR BT i AR g . TR A AR
N Cs i LS AL TG A Keggin Z5 AR A7 4E, FI Cs', Fe¥ "B Ni* L
H3PMo 04 1 H' . JH VAR Mo, 359 T4 e A e e A 20 0 T A e 5%
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