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Abstract

The structure and catalytic properties of BiCeVMoO catalysts with different composition for selective oxidation of propane have been
investigated. It has been shown that bismuth may be substituted by a low amount of cerium while the Scheelite structure of BiVMoO remains
unchanging. With the increasing of Ce (Ce/(Ce + Bi)>0.15), new phases of CaMDCeg(Mo00,); formed. The cerium which probably
entered into the lattice of BiVMoO promotes the forming of acrolein, and the selectivity to acrolein increased to a maximum at Ce/(Ce + Bi)
atomic ratio = 0.15 (45 mol% at30 mol% propane conversion). Further increasing Ce content results in further oxidation of propylene and
acrolein to CQ due to the strong oxidative ability of catalysts. The proper amount of introduced cerium, which probably occupied the lattice
sites of Bf* enhanced the oxidative ability of catalysts moderately by increasing the activity and the amount of surface active oxygen species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction erate catalytic activity for selective oxidation of propane
[13].
Direct oxidation of propane to acrolein could be an in- Cerium has a strong capability as an oxygen caffiéf,

teresting alternative to propylene oxidation, and it has at- low amount of Cerium can accelerate the circulation of
tracted much attention for a long time world widely. Bi-Mo- reduction—oxidation of cataly$i5], Sleight concluded that
based catalysts have been heavily studied for the selectiveCe can been incorporated into Sheelite structure of ABO
oxidation (ammoxidation) of propylene to acrolein (acry- and occupied the A positidd 2]. It is inferred that catalysts
lonitrile). The scheme of the reaction has been establishedcontaining cerium might exhibit different catalytic properties
[1-4] and the role of Bi and Mo are propos¢s—7]. It for the selective oxidation of propane. In this study, we try to
has been revealed that incorporating V into BiMoO en- incorporate Ce into BiVMoO (BigsV0.55M00.4504) catalyst
hanced the activity and selectivity of catalyst for direct oxi- in an effort to further improve the performance of catalysts
dation of propang8—-11], the promotion effects are investi- for the partial oxidation of propane and try to elucidate the
gated and discussg8,12]. Our previous work have shown role of Ce in the reaction.

that the V in tetrahedral BiV@can be substituted by Mo

and forming the tetrahedral M@® species which has mod- .
2. Experimental
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solution of citric acid and oxalic acid at 6C, Ce* n )
was added into BigsVo55M00.4504 according to the a
(Ce + Bi)/V/Mo = 0.85/0.55/0.45 of molar ratio andBiwas ——J‘wawb
substituted by C¥ step by step. All samples were dried !J\ O R | AN,
overnightin air at 110C and then treated in dry air at 600 i X
for 6 h. ﬂ . d

2.2. Catalytic activity tests | f
g

The catalytic experiments were performed in a fixed bed o dox +
continuous flow stainless steel tubular reactor (20 mm i.d.) \ \ h
under atmospheric pressure, 0.5 g of catalyst diluted by 2g i
20-40 mesh quartz was packed and tested over a temperature j
range of 480-500C. A gas mixture was feed at a ratio of _J\_L_L\_A_‘.AJ\M_J_M](
V(C3Hg):V(O2):V(N,) = 45:56:10 with GHSV of 18001 )\ ,A \

(noinner and outer diffusion effects were observed under this ﬂ A | !
m

condition). Post-reaction gases were analyzed online by GC
to determine the propane conversion and product distribution. Wn
(o]

2.3. Test of propene oxidation by lattice oxygen N Al P
20 30 40 50 60

Molecular oxygen oxidation of propylene were conducted 26 (degree)

at 500°C with a feed of pure propylene into a U-shape o 1 XRD B CoVMoO o oxid | "
H H H 1g. 1. patterns (o) I-Ce—V—-Vlo— composﬂe oxlae cataysts witl

stamlless steel tUbUIa:f rezctor (2mm |gmf=.|r dlaorlneter, 30 m%different Cel(Ce + Bi) molar ratio. (a) Ce/(Ce + Bi) = 0.00; (b) Ce/(Ce + Bi)
catalyst), pure He (after deoxygenated) flowed at a rate of _ 5. (¢) ce/(ce + Bi) = 0.10 (d) Ce/(Ce + Bi) = 0.15; (e) mechanical
40 ml/min and carried the propylene to the reactor via a 6- mixture of CeG and Bi gsVo.53M00 4504 With Ce/(Ce + Bi) = 0.15: (f)
way valve, before the reaction were carried, the samples weremechanical mixture of CeV9and Bp gsV0.55M0.45 With Ce/(Ce + Bi) =
preheated at 500C with He flowing for 5 htoremove the pos-  0-15; (9) Ce/(Ce + Bi) = 0.25; (h) Ce/(Ce + Bi) = 0.35; (i) Ce/(Ce + Bi)

: _=0.45; (j) Cel(Ce + Bi) = 0.55; (k) Ce/(Ce + Bi) = 0.65; (I) Ce/(Ce + Bi)
IS|ble adsorbed sulrfac(;a (r)]xygend. The pulse amloungof plr_opy = 0.75: (m) Cel(Ce + Bi) = 0.85; (n) Ce/(Ce + Bi) = 1.00; (0) CeNT)
l;angévas 1.65.mol and the products were analyzed on-line CeOy; (*) CeVOy: (+) Cex(MoOg)a.

y GC.

hedral by oxygen[12] while V®* and MJ&* are tetra-
2.4. Catalytic characterization hedral [12,13] by four coordinated oxygen atoms. For
the samples with Ce/(Ce +Bi) atomic ratie0.15, XRD
XRD patterns were recorded on a Shimadzu-3A diffrac- patterns showed no evident difference from the pattern
tometer using a radiation source of nickel-filtered Ca K of BiggsVo55M0g.4504, No obvious information associ-
(2=0.15418 nm) operating at 35kV and 15 mA. ated with Ce were observed under the experiment con-
FT-Raman spectra were recorded on a RFS-100 FT-ditions. For samples with Ce/(Ce +Bi)>0.25, the profiles
Laser Raman spectrometer (Bruker) with an InGaAs detector showed typical crystallites diffraction peaks of Ceyénd
cooled by liquid nitrogen, Raman excitation at 1064 nm pro- Cey(MoO4)3, and with the increasing of Ce contents, crys-
vided by Nd-YAG laser resource was used for excitation, the tallites peaks intensity of CeVjOkept increasing. XRD
laser power applied on samples was 100 mW and the wavecould not detect the crystallites of Ce@nd CeVQ in
number accuracy was 4 crh the mechanical mixture of Ce® Big g5V 0.55M00.4504 and
For TPR measurement, 30mg catalysts samples wereCeVO4 + B gsVo.55M09.4504 with Ce/(Ce + Bi) = 0.15 nei-
charged in a U-shape quartz tubular reactor and were heatedher, so more sensitive methods were needed for studying the

linearly at a rate of 16C min~! under a flowing H—Ar mix- present state of Ce with low contents in BiCeVMoO.
ture (6.0% H by volume) of 35 mI mint. The consumption The FT-Raman spectra of BiCeVMoO catalysts are pre-
of hydrogen was detected by an on-line GC. sented inFig. 2, Big.gsV0.55M00.4504 sample exhibited two

Raman bands at 887 and 820chwhich could be as-
signed to the vibration of tetrahedral MO and \=O
3. Results and discussion species, respectivelfl6,17] The spectra of BiCeVMoO
samples with Ce/(Ce + B& 0.15 showed no obvious differ-
The XRD patterns of catalysts with various Ce frac- ence from the spectrum of 85V o 55M0g 4504, but the spec-
tions are shown inFig. 1 In the Sheelite type struc- tra of mechanical mixture of CeG Big.gsV.55M00.4504
ture of BipgsVo55M0g 4504 mixed oxides, BY* is octa- and CeVQ + Big g5V 0.55M00 4504 with Ce/(Ce + Bi) atomic
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Fig. 2. FT-LRS spectra of Bi-Ce—V-Mo-0O composite oxide catalysts with different composition of Ce. (a) Ce/(Ce + Bi) = 0.00; (b) Ce/(Ce + Bi) = 0.05; (c)
Ce/(Ce + Bi) = 0.10; (d) Ce/(Ce + Bi) = 0.15; (e) Ce/(Ce + Bi) = 0.25; (f) Ce/(Ce + Bi) = 0.35; (g) Ce/(Ce + Bi) = 0.45; (h) Ce/(Ce + Bi) = 0.55; (i) Ce/(Ce + Bi)
=0.65; (j) Ce/(Ce + Bi) = 0.75; (k) Ce/(Ce + Bi) = 0.85; (I) Ce/(Ce + Bi) = 1.00; (m) CgM@) Ce» (MoO4)3; (0) CeQ; (0') line; (0) ranged in 400-600 cm;

() line; (m) ranged in 8001000 cm; (d) line; (d) ranged in 400-600 cnd; (d”) line; (d) ranged in 800—1000 cm; (p') mechanical mixture of Cefand
Bio.85V0.55M0p 4504 with Ce/(Ce + Bi) = 0.15 ranged in 400-600th (p”’) mechanical mixture of CeViand B gsV.55M0g 4504 with Ce/(Ce + Bi) =

0.15 ranged in 800—1000 cth.

ratio 0.15 showed Raman bands at 464.3 and 8617 cre- acrolein[8,10], our reactivity studies indicates that proper ad-
spectively which are characteristic Raman features for crys- dition of Ce into BiVMoO mixed oxides catalysts improved
talline CeQ and CeVQ [18] (p’ and g/ in Fig. 2A). Thesere- the performance of converting propane to acrolein via propy-
sults suggest that low amount of additive Ce into CeBiVMoO lene, but exceeding Ce caused over oxidation of propylene

catalysts (with Ce/(Ce + B& 0.15) may be incorporated into
the Sheelite structure of BiVMoO and occupied the position
of crystal Bi[12]. When the composition of BiCeVMoO cat-
alysts varied to Ce/(Ce + Bi) > 0.25, the spectra exhibited a
Raman band at 861.7 cth, which is the characteristic Ra-
man band for CeV@[18], and the intensity of the peak kept
increasing with the increase of Ce content, indicates the crys-
tal CeVQ, formation in BiCeVMoO mixed oxides, this was
consistent with the results by XRD.

The catalytic results obtained during the oxidation of
propane on BiCeVMoO catalysts are showrFig. 3. Un-
der about 30 mol% of propane conversion, the selectivity
of cracking products varied not much but the selectivity of
propene and acrolein associated closely with the Ce con-
tent in catalysts. With the increase of Ce contents, com-
plete oxidation products GO(CO and CQ) changed not
much incipiently but propylene selectivity decreased grad-
ually, while acrolein selectivity kept increasing. When the
composition of catalyst reached the vicinity of Ce/(Ce + Bi)
atomic ratio of 0.15, acrolein selectivity attained maximum
(about 45mol%). After this, with the further elevation of
Ce/(Ce +Bi) molar ratios, propylene selectivity kept almost
constant but acrolein selectivity decreased gradually while
complete oxidation products GOncreased sharply. Pub-
lished data showed that propylene is the probable interme-
diate products during the selective oxidation of propane to

on the catalysts.

For investigating the role of low amount of additive Ce, we
studied the oxidative ability of metal cations and the selec-
tive propylene oxidation activity of lattice oxygen species in
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Fig. 3. The catalytic properties of Bi-Ce—V—Mo-O composite oxide cat-
alysts with different Ce/(Ce +Bi) molar ratio for selective oxidation of
propane. (The products selectivity are referred as propane consumption
to respect the reaction stoichiometry.)
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Fig. 4. H-TPR profiles of the Bi-Ce-V-Mo-O composite oxide catalysts T oc
with Ce/(Ce + Bi)< 0.15. (a) Ce/(Ce + Bi) = 0.00; (b) Ce/(Ce + Bi) = 0.05; emperature (°C)
(c) Cel(Ce + Bi) = 0.10; (d) Ce/(Ce + Bi) = 0.15; (e) CeO ) o . .
Fig. 6. Temperature programmed oxidation profiles of Ce-Bi-V-Mo-O

- . . catalysts with varied composition of Ce after reaction with propene: (a)
catalysts. Shown iRig. 4are Hb—TPR profiles of the BiCeV- Cel(Ce +Bi)=0.00: (b) Ce/(Ce+Bi)=0.05; (c) Cel(Ce+Bi)=0.10; (d)

MoO catalysts with Ce/(Ce +Biy 0.15. Two peaks around  ce/(ce +Bi)=0.15.

740 and 797C were observed for sample without Ce (curve

ainFig. 4, Ce/(Ce + Bi) = 0.00), after partial substitution of (1.65umol/pulse) to almost complete deactivation of cat-
Ce for Bi, peak around 740 kept constant while the peak alysts, and estimated amount of lattice oxygen capable of
at higher temperature (peak at 790) shifted obviously to  selectively oxidizing propylene to acrolein (represented by
the lower temperature, this indicates that Ce doped catalysty OC). It can be found that with the substitution of Ce for Bi
are more easily to be reduced and the lattice oxygen com-into Big gsVo.55M00.4504 catalyst, acrolein yield and LOC
bined with metal cations are more active. For revealing the enhanced gradually, indicating that after the partial substitu-
activity of lattice oxygen in BiCeVMoO catalysts, the cat- tion of Ce for Bi, the amount of lattice oxygen which can par-
alysts were performed with pulse of propylene. Shown in ticipate in propylene selective oxidation increased, because
Fig. 5 are the total acrolein yields by pulse of propylene the lattice oxygen species are the main active species for par-
tial oxidation of propane to acrolein via propylefis], so

this low amount of introduced Ce get rise to the yield of

250 250 .
. acrolein.
] The partial oxidation of propane follows the Mars—van
/ Krevelen mechanisril4], after partial oxidation of propy-
200 200 lene to acrolein, the consumed lattice oxygen are compen-

sated by gas-phase oxygen, probably the additive Ce can ac-
celerate the reoxidation process in the reduction—oxidation
cycle of catalysts. Shown iRig. 6 are the temperature pro-
grammed re-oxidation profiles of catalysts after oxidation of
propylene by lattice oxygen. To the catalyst without Ce, its
TPO profile exhibited two oxygen consumption peaks around
403 and 482C, respectively, compared to the complemen-
/ - 100 tary detecting of CQby mass spectroscopy to the exist gas
° of TPO of catalyst (shown ifig. 7), these two peaks could
be assigned to the contribution of oxygen consumption by the
T g T g T - T combustion of carbon deposit on the surface of catalyst. To
0.00 005 0.10 015 the samples with additive Ce, TPO profiles showed oxygen
Ce/(Ce+Bi) (mol ratio) . . R .
consumption peaks in the range <3@) and the intensity
Fig. 5. The reactivity of lattice oxygen in Bi—Ce—v-Mo—0 with ~Of the peaks increased remarkably with the increase of Ce
Cel(Ce +Bi)<0.15. contents; this suggests that for the presence of Ce in cata-

Lattice Oxygen Capacity(umol/g)
[
(=}

yield of acrolein (umol/g)
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20 208 amount of Ce in the samples. Ce in the crystal structure of

o 482 708 BiCeVMoO can promote the selective oxidation activity of

35 the lattice oxygen species in catalysts, enhance the amount
of lattice oxygen which can participate in propylene selective

304 oxidation and simultaneously can accelerate the regeneration
of active oxygen species.

CO2 signal (a.u.)
[3*]
n
1
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