Available online at www.sciencedirect.com

C H JOURNAL OF
i SCIENCE@DIRECT° g MAC«)TIAELCY:LSJILSAR
SevaSlies A: CHEMICAL
ELSEVIER Journal of Molecular Catalysis A: Chemical 200 (2003) 291-300

www.elsevier.com/locate/molcata

Effect of promoter Ce on silver-molybdenum-phosphate catalysts
for selective oxidation of propane to acrolein

Xin Zhang?*, Hui-lin Wan®, Wei-zheng Wen8, Xiao-dong Y

@ Jate Key Laboratory of C; Chemistry and Technology, Department of Chemistry,
Tsinghua University, Beijing 100084, PR China
b Sate Key Laboratory of Physical Chemistry for Solid Surfaces, Department of Chemistry,
Xiamen University, Xiamen 361005, PR China

Received 28 June 2002; received in revised form 10 January 2003; accepted 13 January 2003

Abstract

A series of Mg Ago 3sMog 5Po 30, (Me = Cu, Zn, Mn, W, Ce, Pr, Nd) and AgMog 5P 30, catalysts were prepared. The
addition of Ce to Ag.3Mog 5Pp 30, catalysts improved the catalytic performance in selective oxidation of propane to acrolein,
and Ce.1Ago.3M0g 5Py 30, catalysts showed the highest acrolein selectivity (28.7%) and yield (4.4%). The physicochemical
properties of Ag3MogsPp 30, and CgAgo3MogpsPy30, (n = 0.1-0.5) catalysts have been comparatively characterized
by BET, XRD, H-TPR, XPS, EPR and 4Hg(CzHg)-TPD. Significant differences in physicochemical properties between
Ado.3M0g 5P0.30, and Ce doped AgsMog 5P 30, catalysts have been observed, which is due to the formation of the redox
cycle (CE + Mo®" < Cé"™ + Mo®) in the CeAgo3MogsPo 30, catalyst. Such effect modified the reducibility, the
concentration of M&", the activation of propane and the transformation of possible intermediate propene to acroelin, which
inreturn greatly influenced the catalytic performance of Ce dopedoo 5P 30, catalysts in selective oxidation of propane
to acroelin. The proper addition of Ce to fgMog 5P 30, catalyst improved the acrolein selectivity and yield.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tivity and selectivity in selective oxidation of propane,
because the selective oxidation of propane usually
The selective oxidation of light alkane to oxygenate processes via Mars van Krevelen mechanism. It is
is attractive because it is potential utilization of cheap well known that promoters could modify the redox
row materials[1-3]. A great deal of research has al- properties of the catalysts, which in return determine
ready been done so far to achieve selective oxidation the activity and selectivity in selective oxidation of
of propane to acrolein and/or acrylic acid by using propane.
multi-component oxide catalysts, which are based on  The best catalyst for selective oxidation of propane
vanadium and/or molybdenuft-3]. The redox prop-  to acrolein obtained up to now are BiMoVO multi-
erties of catalysts always play important roles in ac- compound catalysts with the Keggin structure de-
veloped by Moro-oka and coworkel8—6]. They
mpondmg author. Tels 86-10-6772592: observed that the_ molybdenum c_o_mponent was neces-
fax: +86-10-62792122. sary for good activity and selectivity to acrolein. The
E-mail address: zhangxinzhangcn@yahoo.com.cn (X. Zhang). vanadium component improved propane conversion

1381-1169/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1381-1169(03)00047-5



292

and the addition of Ag to BiMoVO significantly
enhanced acrolein selectivif$—6]; 65% acrolein se-
lectivity with 13% propane conversion was obtained
on the optimized Ago1Bio.gsM0g 54V 0.4504 catalysts
[4]. Baerns et al[7] reported that acrolein selectivity
amounted to 34 and 20% (yield of 3.2 and 2.7%)
when Ag),oj_Bi0.85M00_54V0.4504/Ca7Bi5|\/|0120x and
Ado.01Bi0.85M00.54V 0.4504/Mg7BisM01,0, catalysts
were used, respectively. However, almost no acrolein
was formed on Ago1Bio.gsM0o 54V 0.4504/Me, O,
(Me, O, = Al>03, TiO2, Si0) catalysts. The differ-
ence in catalytic performance could be due to oxygen
species involved in selective oxidation of propane to
acrolein, influencing the reaction mechanism. Teng
and Kobayashi8] observed that the addition of'Kto

the Fe/SiQ catalysts appreciably enhanced propane
conversion along with high acrolein selectivity. Adja-
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the addition of such promoters could not improve
acrylic acid selectivity. In order to develop effective
catalysts for selective oxidation of propane, system-
atic studies on the effects of promoters should be
done.

In the present work, AgsMogsPp30, and Me
doped Ag 3MogsPy 30, (Me = Cu, Zn, W, Mn, Ce,
Pr, Nd) catalysts were prepared. The performance of
these catalysts in selective oxidation of propane to
acrolein has been tested. The results show that the
promoter Ce obviously enhanced propane conversion
and acrolein selectivity. In order to clarify the role
of promoter Ce, physicochemical properties of the
Ce-doped and undoped catalysts such as the structure,
the redox properties, the Mb/Mo®°t ratio, and the
interaction between propane and the catalysts have
been comparatively characterized by BET, XRD,

cency of Fe and K on the silica surface seemed to be TPR, XPS, EPR and TPD technology, etc. and the

important for the high oxygenate yield.

The most effective catalysts for propane oxida-
tion to acrylic acid are Mo-V-Te-Nb-O catalysts
reported by Ushikubo et a[10], Lin [2] and Lin
and Linsen[9,11,12] The substitution of Sb for Te
in the Mo-V-Te-Nb-O catalyst decreased propane
conversion and acrylic acid selectivity but its over-
all performance is quite goofP]. Takahashi et al.
[13] found that the addition of K to Mo-V-Sb-Nb-O
improved propane conversion. Li et aJl4] re-
ported that the BPM012040(Py) catalyst reduced
by pyridine showed higher catalytic performance in
propane oxidation to acrylic acid than the unreduced
H3PMo012049 catalyst. The HPMo12040(Py) catalyst
is assumed to the highly restrain orthorhombic sec-
ondary structure against reoxidation, and Lewis acid
site was generated with the formation of the primary
oxygen-deficient Keggin structure.

VPO is another promising catalyst for selective
oxidation of propane to arylic acid. A lot of works

have been done about the effect of promoters on the

catalytic performance and properties of VPO. Deng
and coworkerg18,19] reported that the addition of
Zr to the VPO catalyst could significantly enhanced
acrylic acid selectivity. Cheng et aJ20] reported
that 0.01wt.% Ce doped VPO showed 18.8% vyield
acrylic acid, which is the highest acrylic acid yield
reported on VPO catalysts so far. Wang et [all]
investigated the influence of promoters (Co, Bi, Mo,
Te, Nd, B) on the VPO catalyst. They observed that

transformation of possible intermediate propene to
acrolein has been also investigated.

2. Experimental
2.1. Catalyst preparation

Ago_3M00.5P0_30x (Ag/Mo/P = 0.3/0.5/0.3, mol
ratio) catalyst and MgAgo3Mogs5Po30, (Me/Ag/
Mo/P = r/0.3/0.5/0.3, mol ratio, Me= Cu, Zn, W,
Mn, Ce, Pr, Nd) catalysts were, respectively, prepared
by the method of grinding (NPH2PO4, MoOs,
Ag20 and MeQ powder (such as CeQZn0O, CuO,
etc.) with certain amount of deionized water. The
samples were dried overnight in air at 383 K. After
drying, the samples were calcinated at 623K for 5h
and then at 823K for 12 h.

2.2. Catalytic testing

The catalytic test was carried out at atmospheric
pressure in a continuous flow system with a fixed bed
quartz tubular reactor.fi. = 6 mm). To minimize pos-
sible homogeneous reactions, the space of the reactor
up and down the catalyst bed (0.5 g, 60-80 mesh) was
filled with quartz wool. The exit gas were heated to
393 K to prevent products condensation. The feedstock
and products were analyzed with two on-line gas chro-
matographs with three columns, TDX-601 column and
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Al,03 column impregnated with squalane (102-GC,  The electronic paramagnetic resonance (EPR) spec-
TCD) for the separation of §Hg, CsHg, CoHa, CoHg, tra were obtained by a Brucker 200D-SCR spectrom-

CO, CQ, and GDX-103 column (103-GC FID) for  eter at RT. The klystron frequency was 9.6 GHz and

the separation of acrolein, acetone and propanal, etc. magnetic field modulation was 100 KHz.

2.3. Characterization
3. Results

The BET surface area of catalysts was measured by
a ST-03 adsorptionmeter. The phase structures of the3.1. Catalytic performance
catalysts were identified by Rigaku Rotflex D/Max-C
powder X-ray diffractometer (XRD) with Cudl(x = 3.1.1. Propane oxidation
0.15046 nm). The performance of the catalysts in selective ox-

Both the temperature-programmed reduction (TPR) idation of propane to acrolein is shown irable 1
experiments and the temperature-programmed des-The blank reactor did not show activity in oxidation
orption experiments (TPD) were carried out using of propane, indicating that the homogeneous reac-
a temperature-programmed reaction-mass spectrom-tion could not make significant contribution to the
eter (Omnistar GSD 3000) instrument. In the TPR heterogeneous oxidation of propane under our exper-
experiments, the sample (ca. 100mg) was exposediment conditions. AgsMogsPo 30, catalyst showed
to a 20ml/min 5% H/N, flow, and heated at rate 5.6% acrolein selectivity and 67.9% propene selec-
of 10K/min. For the TPD experiments, the sample tivity with 10.9% propane conversion. The addition
was pretreated in 20 ml/min propane (propene) flow of promoter such as Cu, Zn, W, Mn, Ce, Pr, Nd to
for 30 min at room temperature (RT), and then He Ago3MogsPy 30, catalysts changed catalytic activ-
flow was switched to purge the gas phase propaneity and products distribution in selective oxidation of
(propene). The desorption was performed from RT to propane. In all the investigated catalysts, Ce doped
923K at a heating rate of 10 K/min. Ado.3sMog5Po30, catalysts showed higher propane

The X-ray photoelectron spectroscopy (XPS) mea- conversion and higher acrolein selectivity. In the case
surements were performed by VG ESCLAB MK-II of Ce doped Ags3MogsPy30, catalysts, propane
spectrometer wit Al K& (1486.6eV, 10.1kV). The  conversion and products distribution depended on the
spectra were referenced with respect to C 1s line at Ce-content. With the Ce-content increasing, propane

284.7 eV. The measurement erroctif.2 eV. conversion increased; acrolein selectivity firstly
Table 1
Catalytic performance of these catalysts for selective oxidation of propane to acrolein
Catalysts Conversion of Selectivity (%) Yield (%)
CsHe (%) CaHe ACR PA + AT Ca co, ACR
Ago.3M00 5P 30, 10.9 67.9 5.6 4.8 2.8 18.5 0.6
Cup.1Ad0.3M00 5P0.30, 11.6 24.9 Tr 8.8 27.7 38.6 -
Zno.1Ag0.3M0g 5P0 30, 10.2 45.2 6.0 8.0 5.3 35.5 0.6
Mno'lAgo.3M00.5P0430x 5.3 45.3 - - 7.6 47.1 —
Wo.1Ad0.3M00 5P 30, 12.6 37.2 - - 25.3 375 -
Pro.1A00.3M0g 5P0.30, 12.8 66.9 3.9 - 4.3 24.9 0.5
Ndo_lAg0A3M00A5Po_3OX 8.8 38.2 - - 21.5 40.3 -
Cen.05Ag00.3M0g 5P 30« 13.2 43.2 7.0 2.0 20.4 27.4 0.9
Cen.1Ag0.3M0g 5Py 30y 15.3 25.7 28.7 2.0 175 26.0 4.4
Cen.3Agd0.3M00 5P 30, 18.5 26.3 20.6 8.8 1.0 42.6 3.8
Cen5Ag0.3M0g 5Py 30y 22.0 237 14.7 8.0 2.3 50.4 3.2

Reaction conditions: 773K, 4E1g/O2/N, = 3/1/4, 2400 ml/(g cath), atmospheric pressure. ACR: acrolein-BA: propionaldehyde and
acetone; @ CoHg, CoHa and acetaldehyde; GOCO and CQ.



294 X. Zhang et al./Journal of Molecular Catalysis A: Chemical 200 (2003) 291-300

Conversion and selectivity %
Acrolein yield %

720 760 800 840

Temperature /K

Fig. 1. Effect of reaction temperature on the catalytic performance in selective oxidation of propane to acroleir @& €00 5P 30,
catalyst. ACR: acrolein; £ CyHg, C;H4 and acetaldehyde; COCO, and CO.

increased and simultaneously propene selectivity de- were observed with the rising of reaction temperature,
creased and CQselectivity increased. The maximal while propene selectivity monotonically decreased.
4.4% acrolein yield with 28.7% acroelin selectivity Deep oxidation products CObecame favorable at
was obtained on (gaAgo.3Mog5P030,. the high temperatures.

The reaction temperature had great influence on The effect of space velocity on the catalytic perfor-
propane conversion and products distribution of the mance of Cg1Ago3Mog 5Py .30, catalyst in selective
Cen.1Ag0.3Mog 5P 30, catalyst in selective oxidation  oxidation of propane was also investigated. As can be
of propane to acroleinFig. 1). When the reaction  seen inFig. 2, propane conversion and products dis-
temperature was elevated, propane conversion in-tribution varied as a function of space velocity. With
creased. The maximal acrolein selectivity and yield the increase in space velocity, propane conversion
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Fig. 2. Effect of space velocity on the catalytic performance in selective oxidation of propane to acrolein gyAg§sMoosP030,
catalyst. ACR: acrolein; £ CyHg, C;H4 and acetaldehyde; COCO, and CO.
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decreased, while propene selectivity monotonously ity was observed with the Ce-content. It can be noted
increased and acroelin selectivity gave maximal value that propene conversion almost kept constant as the
at the space velocity of 2400 ml/(g cath). In addition, Ce/Mo ratio increased from 0.1 to 0.5, which might
the decrease of COselectivity was observed with  be due to the total consumption of @king place.
increasing space velocity. By combining the propane oxidation and propene
These CgAgo.3sMog sPo.30, catalysts showed good  oxidation data, propene was primary product that was
performance for acrolein formation in selective oxi- then oxidized to acrolein over these catalysts in selec-
dation of propane. This work thus focuses on these tive oxidation of propane. The proper addition of Ce

catalysts. in the catalysts enhanced the conversion of propene to
acrolein, but the oxidation of propene to deep oxida-
3.1.2. Propene oxidation tion products CQ was favorable on the catalysts with

It is well known that the primary products of a Ce/Mo= 0.5.
given reaction can be discriminated from high-order
products by extrapolating products selectivity to zero 3.2. Characterization
conversion. Primary products have non-zero inter-
cepts, while secondary and high-order products have 3.2.1. BET surface area and XRD characterization
zero interceptg415]. In the case of selective oxida- The BET surface area of these catalysts is shown
tion of propane over G&\go.3MogsP30, catalysts in Table 3 Ago.3Mog 5P 30, had the lowest surface
(Fig. 2), it is clear that the dominant primary products area of 10.6 r¥g. The surface area of G&go.3Mog s-
was propene because propene selectivity gradually Po 30, catalysts was higher than that of ggviog s-
increased with the decrease in propane conversion. Pp30,, and slightly increased with increasing
Table 2shows that the results of propene oxidation Ce-content.
over Ag3MogsPo 30, and CgAgo3MogsPo 30, The XRD patterns of GgAgo3MogsPy 30, and
catalysts. Acrolein and COwere main products  Ago.3Mogs5Po.30, catalysts are shown Ifig. 3. MoO3
in propene oxidation. The addition of Ce enhanced and AgMoGQPQO, were main phases in AgMogs-
propene conversion and acrolein yield. Compared Py 30, catalysts. In the case of ¢&go 3Mog 5P 30,
with Ago.3MogsPp 30, catalyst, acrolein selectivity  catalysts, new phases CeMgénd CeQ were found.
was higher on GgAgo.3Mog 5P 30, catalysts when In addition, it can be noted that the peak intensi-
the Ce/Mo ratio was varied from 0.05 to 0.3; however, ties of CeMoQ@ and CeQ increased with increasing
it became lower as the Ce/Mo ratio increased to 0.5. Ce-content, indicating that the amount of CeM@dd
In the case of GEAQo.3M0ogsPo 30, catalysts, the Ce(O increased.
maximal acrolein selectivity and yield were observed
on Ce) 1Ago.3Mog5Po30, catalyst, and acrolein se- 3.2.2. TPR characterization
lectivity and yield monotonously decreased when the  The TPR profiles of GgAgo.3sMogsPo30, cat-

Ce/Mo ratio increased. An increase in C®electiv- alysts, Ag3MogsPo30, catalyst, pure Mo®@ and

Table 2

Catalytic performances of these catalysts in selective oxidation of propene to acrolein

Catalysts Conversion of Selectivity (%) Yield (%)
CaHg (%) ACR PA AT C co, ACR

Ado.3M0o 5P 30, 16.6 24.9 5.6 5.6 31.4 325 4.1

Cen.05Ag00.3M0g 5P 30« 21.0 26.8 7.8 2.9 325 30.0 5.6

Cen.1Ad0.3M0o 5P 30x 34.3 34.8 1.8 1.8 6.2 55.2 11.9

Cen.3Agd0.3M00.5Pp 30, 36.5 31.6 5.3 1.6 7.4 54.1 115

Cen5Ad0.3M00 5P 30 36.1 151 2.7 1.5 18.5 62.2 54

Reaction conditions: 773 K,4Es/O2/N, = 3/1/4, 2400 ml/(g cat h), atmospheric pressure. ACR: acrolein; PA: propionaldehyde; AT: acetone;
Cy: CoHg, CoHa4, and acetaldehyde; GOCO and CQ.
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Table 3

Physicochemical properties of (D&go.3Moo5Po30, catalysts

Catalysts BET area (gfh Surface composition by XPS Relative concentration of
5+

Ag/Mo Ce/Mo P/Mo Mo®" by EPR (a.u.)

Ado.3M0o 5Py 30, 10.6 0.36 - 0.33 21.9

Cen.1Ag0.3M0g 5P 30, 15.7 0.42 0.33 0.34 38.4

Cen.3Ag0.3M0g 5Pp 304 16.3 0.44 0.45 0.36 46.2

Cey5A00.3M00 5P.30, 18.8 0.50 0.55 0.36 55.4

pure CeQ are presented ifFig. 4 The TPR profile In order to estimate the Hconsumption, the area

of pure MoQ showed two reduction peaks at 926 of TPR profile was integrated. The ;Hconsump-
and 1042K, corresponding to the step-wise reduction tion increased in the sequence A0o5P030, <

of Mo®" = Mo*t and Md" = MoY, respectively ~ Cep1Agy3MogsPo30, < Cep3Ady3MogsPo 3O, <
[22,23] CeQ showed two reduction peaks at ca. CeysAgg3MogsPo30, catalyst. The results reveal
811 and 1035K with respect to the reduction of that the reducibility of (Cg)Ago3MogsPg30, cata-
ceét = ceét = ¢ [24]. C&,Ag0.3M005P0.30, lysts improved with increasing Ce-content.
catalysts and AgzMogs5Pp 30, catalysts exhibited

the low temperature reduce peak500K) and the 3.2.3. EPR characterization

high temperature reduce peaks (>700K). The low The EPR spectroscopy was used to investigate the
temperature reduction peak near 420K may be due presence and change of Rfoand Cé* in these cat-
to the reduction of Ag = Ag® [25]. The high tem- alysts Fig. 5. The spectra of the catalysts exhibited
perature reduction peaks could be assigned to thesignals withg; = 1.94 andg, = 1.89 attributed to
contributions of the reduction of Mo- and Ce-oxides. Mo®°* [26,27] No hyperfine structure due to Mb
The reduction peaks (>700K) shifted to the lower (S = 1/2, I = 5/2) was observed, indicating that

temperature when Ce was added tqAM oo 5P 30, Mo®* was not sufficiently apart from one another and
catalysts, and they monotonically shifted toward the the Mot strong interaction had eliminated the hyper-
lower temperature with increasing Ce-content. fine structure. The EPR signal gt = 1.98 due to

Ce* was also found in GeAgo3sMoo5P30, cata-
lysts[28,29]

° MOO3
n mAgMoO,PO,
0 Ce,MoO, 100
D0902 /\
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B N
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Fig. 3. XRD pattern of catalysts: (1) AgMogsPo30:; (2) Fig. 4. H-TPR profiles of catalysts: (1) AgM0o5Po.30;;
Ce.1Ago.3sM0o5P030y; (3) Cé3AgosMoosPo3Oy; (4) Ces- (2) Ce1AdosMogsPo30y; (3) CenszAdosMoosPo3Oy; (4)

Ago.3M0g 5P 30, Cen5Ag0.3M00,5P0.30y; (5) MoCs; (6) CeG.
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Fig. 5. (A) EPR spectra of catalysts: (1) #gM0osP030;; (2)
Cen.1Ag0.3M005P0.30y; (3) Ce3Ago.3M0osPo3Oy; (4) Cens-
Ago3MogsPo30,. (B) EPR spectra of GaAgo.3MopsPo.30,
catalyst treated under different conditions: (1) used catalysts; (2)
fresh catalysts; (3) the catalysts treated withflow at 773K for
15min and then cooled to room temperature in fidw.
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The formulate [; (A pr),'z]/[l(Apr)z] standard sample
could be used to roughly estimate relative concen-
tration of M@* in the catalysts, in which; is in-
tensity of peaks and\Hp, the line width at peak
to peak maximum[32-35] The results are shown
in Table 3 The relative concentration of M& in-
creased following the order of AgMog5Py30, <
Cen.1Ag(3M005P0.30, < Cep3Agg3M0o5P0.30, <
CensAgg 3Mog 5P 30, catalyst.

Fig. 5B gives the EPR spectra of geAgo.3Mog s-
Po.30, treated under different conditions. Compared
with the fresh catalyst, the EPR spectrum of the
used catalyst showed broad and strong peak. Af-
ter the catalyst was treated inpGlow at 773K for
15min and then sealed in a glass tube, the intensity
of Mo®t remarkably reduced. The results suggest
that Mo®*/Mo8*+ and Cé*/Ceé* were involved in
the activation of molecular oxygen and oxidation of
propane.

3.2.4. XPS characterization

In this study, oxidation state and relative surface
concentration of composition have been investigated
by using XPS. The XPS spectra of pure Mp@re
used to identify the possible change of the state of Mo.
The binding energy (BE) of Mo 3gb on MoG; is
233.5eV. The BE of Mo 3g> on Agy.3M0og 5P.30«
was about 233.1eVHg. 6). Cg,Ago3M0g 5P 30,
catalysts showed the lower BE of Mo g¢d than
Ago.3M0ogsPo30, catalyst. The BE of Mo 3¢,
on CeAgo3MogsPo30, decreased from 232.8 to
232.5eV with increasing Ce-content, suggesting that
the electronic density around Mo nucleus increased,
in other words, the coordinatively unsaturated Mo
increased on the surface. In addition, shoulder peaks
near 234.5 eV were observed, which may be assigned
to Mo>* 3ds)2.

Fig. 6 also gives Ce 3d XPS spectra on,B¢o 3-

Moo sPo 30, catalysts. The peaks near 915.6 and
910.5 eV were assigned to €e[16,17] The peak at
885.0eV was due to G& [16,17] With increasing
Ce-content, the BE of Ce slightly fluctuated.

The value corresponding to relative surface concen-
tration is presented iffable 3 Surface concentration
was heavily dependent on the Ce-content in the cat-
alysts. In the case of GAgo3MogsPy 30, catalysts,
we note an increase in Ag and Ce concentrations, re-
spectively, with increasing Ce-content. In addition in,
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Fig. 6. XPS spectra of catalysts: (1) &gM00.5P0.30x; (2) C&y.1Ad0.3M00 5P0.30,; (3) Cey.3Ag00.3M00.5P0.30,; (4) Cer.5Ag0.3M00.5P0.30,.
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Fig. 7. TPD profiles of catalysts: (1) AgM0o.5P0.30;; (2) Ce.1Ad0.3M00.5P0.30;; (3) CésAgo.3M0o5P0.30;.

the ratio of Ag/Mo on CgAgo.3Mog 5P 30, catalysts suggest that the addition of Ce enhanced the interac-

was higher than that on AgMog s5Pg 30 tion between GHg and the catalysts. In the case of
CsHg desorption, one peak due taslds desorption
3.2.5. C3Hg-TPD and C3Hg-TPD characterization was observed on both Ce doped ¢Ai10¢.5P0.30;

In order to investigate the interaction between and Ag)3MogsPo 30, catalysts. The desorption peak
C3Hg(CsHg) and the catalysts, the temperature- temperature shifted to higher temperature with the in-
programmed desorption (TPD) experiments were crease in the Ce-content, indicating that the promoter
carried out. The TPD profiles are shown ig. 7. Ce enhanced $Hg adsorption.

C3Hg-TPD profiles showed one desorption peak

on both Ce doped AfsMogsP30, and undoped

Ago.3Mog 5Py 30; catalyst, indicating that there was 4. Discussion

one kind of active sites for §Hg adsorption on these

catalysts. Compared with AgMog 5P 30;, the des- The addition of promoter Ce in the catalysts mod-
orption peak shifted toward the higher temperature ified the physicochemical properties, which in turn
on Ce doped AgzMog 5P 30, catalysts. The results  influenced the catalytic performance in selective
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oxidation of propane to acroelin. The significant 8
difference in physicochemical properties among
the catalysts has been observed. The promoter Ce
improved the reducibility, increased the relative con-
centration of M8", modified the surface composi-
tion, and enhanced thesHg(CsHg) adsorption on
the catalysts. G&\go3M0oosPo30, catalysts had
higher catalytic performance in selective oxidation of
propane to acrolein than AgMogsPp 30, catalyst.
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Cep.1Ado.3Mog5P0.30, showed the highest 4.4% 0 l l . . 1 ;
acrolein yield with 28.7% acroelin selectivity. In ad- 00 02 04 06 08 10
dition, the proper addition of Ce could enhance the Ce/Mo mole ratio

transformation of possible intermediate propene to

Fig. 8. Relationship of the Mg concentration with the catalytic

acrolein. performance.

The variation of such properties of £Ago.3Mog s-
Po.30, catalysts could be due to the interaction
between Mo and Ce in GAgo.3MoosPo30, cat- yield showed a volcano shape curve and gave the max-
alysts. Both M8" and CéT were detected on imal value on the C&1Ago3MoosPo 30, catalysts
Ce,Ago.3MogsPo.30, catalysts. The redox potential — (Fig. 8). Likewise, an increase in Hconsumption
of Mo®"/Mo®" and Cé+/Ce*" is about 0.3eV, and  was observed with increasing Ce-content, and specific
—1.61eV, respectively. Both Ce and Mo are able to activity increased and the maximal acrolein specific
activate/store oxygen and transform/release oxygenyield was achieved on the ©€Ag0.3M0g 5Pg 30y
species. Hence, the redox cycle fCer Mo+ « catalysts Fig. 9).
Ce** + Mo>") can exist, improving the transfer of In selective oxidation of propane to acrolein on
electron and oxygen species. With the increase in CelAgo.3|\/|00.5P0.3Oy catalysts, the oxygen deficient
the Ce-content, the relative concentration of Wo  site around coordinatively unsaturated Moreacted
gradually increased, the lattice oxygen deficient sites with molecular oxygen to form lattice oxygen species
around the coordinatively unsaturated Mo ion en- that are active species for propane activation; simul-
hanced[14]. The more the lattice oxygen deficient taneously, the coordinatively unsaturated Wawvas

sites, the easier the diffusion of oxygga®,31} Thus, oxidized to M&* (Mars van Krevelen redox mecha-
the reducibility of the catalysts improved with the nism)[3]. The enhancement of reducibility is in favor
increase in the Ce-content. of this process. Therefore, the more the concentration

In order to elucidate such changes to be respon-
sible for the catalytic performance of Ce doped
Ago.3Mogs5Po30, catalysts, several methods have
been employed. The catalytic performance has been
identified in terms of specific activity (specific
activity = mol propane converted fs1)) and
specific yield (specific selectivity="mol acrolein
obtained (Ms™1)). The relationships of Ce-content
with the reducibility and the concentration of Rio
and catalytic performance are presentedrigs. 8
and 9 respectively. A clear correlation was observed
between the catalytic performance and physicochem- . .
ical properties. With the increase in Ce/Mo ratio in o0 02 04 06 08 10
these catalysts, the Mb concentration gradually in- Ce/Mo mol ratio
creased. The specific activity monotonously increased rig. 9. Relationship of the # consumption with the catalytic
with the M@+ concentration; the acrolein specific  performance.
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of Mo®" and the stronger reducibility are, the higher
the specific activity.

On the other hand, propene was the intermediate

for the formation of acrolein in selective oxidation of
peopane. The transformation of propene to acrolein
will be mostly determined by the interaction of

X. Zhang et al./Journal of Molecular Catalysis A: Chemical 200 (2003) 291-300

[2] M.M. Lin, Appl. Catal. A. 207 (2000) 1.

[3] M.M. Bettahar, G. Constentin, L. Savary, Appl. Catal. A. 145
(1996) 1.

[4] Y.C. Kim, W. Ueda, Y. Moro-oka, Appl. Catal. A. 70 (1991)
175.

[5] Y.C. Kim, W. Ueda, Y. Moro-oka, Stud. Surf. Sci. Catal. 50
(1990) 491.

propene with the catalyst surface. As can be seen in [6] Y.C. Kim, W. Ueda, Y. Moro-oka, Catal. Today 13 (1992)

Sections 3.2.5 and 3.1.the proper addition of Ce to

the catalysts resulted in the enhancement of propene

adsorption and transformation of propene to acroelin.
Therefore, high acroelin selectivity and yield were
obtained on Cg1Ago.3MogsPo30, catalyst. How-
ever, owing to much stronger interaction between
propene and the GgAgo.3M0og sPo.30, catalyst, and
the higher reducibility, intermediate propene could
easily suffer deep oxidation to GO Consequently,
acrolein selectivity and yield was decreased on the
Cen5Ag0.3Mog 5P 30, catalyst in selective oxidation
of propane.

5. Conclusions

In conclusion, the addition of promoter Ce to
Ado.3Mogs5P030, modified the physicochemical
properties such as the reducibility, the concentration
of Mo®*, surface composition, the propane adsorp-
tion as well as the transformation of intermediate
propene to acrolein, which in turn determined the
catalytic performance of these catalysts in selec-
tive oxidation of propane to acrolein. The maxi-
mal acrolein selectivity and yield were obtained on
the C@1Ag0.3MogsP30, catalyst. The formation
of redox cycle (C& + Mo®t « Cé* 4+ Mo®")
in Ce,Ago.3Mog 5P 30, catalysts accounts for the
change of physicochemical properties and perfor-
mance of these catalysts.
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