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Abstract

The new catalysts of L-VPO with different dopants were prepared by microwave method and conventional heating method. These catalysts
showed a definite activity for partial oxidation propane to acrylic acid. The catalyst with Ce and La prepared by microwave method, especially,
showed the best activity with the yield and selectivity of acrylic acid being 43.0% and 85.4%. The catalysts were examined with BET, XRD,

IR and LRS techniques. The catalysts prepared by microwave method showed larger specific surface area than the catalysts prepared by usue
heating method. The Ce-doped VPO catalyst prepared by microwave method posses€hd |@efRe, which might be the important factor

to improve the performance of the VPO catalysts.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Ai [3,4] prepared some 305—P,Os-based catalysts and
used them in the selective oxidation of propane. He brought
One of the development trends of petrochemical engi- forward the propane oxidation reaction kinetic: Start from the
neering was using cheaper and more resourceful chemicaloxidative dehydrogenation of propane to form propene and
feeds. One of the most promising reactions was partial oxi- water played a role in this reaction.
dation of propane instead of propene to produce acrylic acid The component of the catalysts was one of the impor-
and acrolein. Acrylic acid and its derivatives were elemen- tant factor determined the activity of the catalysts. The VPO
tary chemical feeds used for chemical fiber, coatings, leatherwith Ce dopant was one of the best catalysts used for par-
and adhesives. The primary method of producing acrylic acid tial oxidation propane to acrylic aci®]. It was found that
was two-step process from propene, and the output of acrylicnot only the component but also the preparation method of
acid from the method was over 85%. Because of the cur- the catalyst could greatly affect the structure or species of
rent abundance and low cost of alkanes, recently, however,formed oxides. Microwave heating method was usually ap-
more and more interests have been generated in the oxidativlied to prepare many catalysts and these catalysts showed
catalytic conversion of alkanes other than olefins to produce better performance in the reaction of selective oxidation alkyl
oxygenates and nitriles in both petroleum and petrochemi- to olefin and other chemical fe¢6-10]. But few papers re-
cal industries, although it was well known that those alkanes lated to VPO catalysts prepared by microwave method when
were low reactive because they had no lone pairs of electronsthey used for selectivity oxidation propane to acrylic acid. In
no empty orbital and the polarity of the-€l bonds was very  present paper, we would like to report the catalyst prepared
little [1,2]. by microwave method in addition to the effect of different
dopant on the VPO catalysts. These catalysts were character-
ized by FT-IR, BET, XRD and LRS. The result illuminated
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2. Experimental
2.1. Catalysts preparation

All the reagents were commercially obtained and used
without further purification.

The catalyst used in this study was aQ5—P,Os. The
molar ratio of V, P and other dopants was listedable 1 L-
VPO was prepared by the method reported elsewidré 2]
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or diluted prior to reaction. The reaction temperature was
723K.

2.3. Catalyst characterization

X-ray diffraction (XRD) analysis was carried out using a
Thermo-X'TRA automated power X-ray diffractometer with
a graphite filter by the continuous scanning/din) with Cu
Ka radiation (400 kV, 120 mA).

(the major dopants was lanthanide series metal oxides, and The specific area was measured by a NOVA 1000E Ma-

the catalysts was named L-VPO),®5 (5 g, AR, 99%) was
reduced in mixture dso-butyl alcohol (100 crd, AR, 99.5%)
and benzyl alcohol (100 cAR, 99.5%) at refluxing tem-
perature for 6 h. Then a definite amount dopant: LagNO
Ce(NQg)z, ((NH4)6M07024)-4H20 or Bi(NO3)3 was added
into the suspended mixture following phosphorus acid (85%).
A black solid was got after the mixture refluxed for 2 h and
separated by filtration.

The black solid was divided into two parts. One was
heated for 2 min by microwave method. The heating condi-
tions were: frequency: 2450 MHz, output power: 160 W. The
other was heating for 4 h at 393 K under atmosphere condi-
tionin an oven. All the dried catalysts were calcined at 723 K
for 6 h.

The catalysts heated by microwave were named A-1, B-1,
C-1 and D-1, and the catalysts with the same composition
heated at oven were named A-2, B-2, C-2 and D-2.

2.2. Catalytic activity test

Selective oxidation of propane to acrolein was carried out
in a tubular fixed bed flow reactor made of stainless steel

terial Physical Structure Determinator. The sample was pre-
treated at 573K under the pressure being 0.67 Pa, then mea-
sured under liquid nitrogen temperature (77 K).

FT-IRwas analyzed at a Nicolet AVATAR 370 FT-IR spec-
trometer.

All laser Raman spectra (LRS) were recorded with an
Almega spectrometer (Thermo Nicolet Co., USA) equipped
with a confocal microscope (50 objective) and CCD detec-
tor. An Ar-laser (532 nm) was used for the excitation of the
Raman spectra.

3. Results and discussion
3.1. BET results

The specific area of the catalysts was showethible 1
The specific surface area of the catalysts heated by microwave
was commonly larger than that of the catalysts heating at
oven, asTable 1showed. The specific area of sample B-1
and D-1 was almost was two times of that of B-2 and D-2
and it of sample A-1 attained 27.281y.

The mechanics of heat diffusing in the traditional heating

(i.d.=6mm) under atmospheric pressure. Analysis of reac- process was that heat gradually diffused from outer to inner.
tants and products were carried out by on-line gas chromatog-Gas and liquid coexist in the pore of the gel and form a menis-
raphy, using two parallel connection column types: (i) Pora- cus following solvent evaporation. The meniscus gradually

pak Q (2.0 mx 1/8in.) to analyze C@ acrolein and acrylic
acid, (ii) molecular sieve 13A (2m 1/8in.) to analyze CO,
N2, Oz, C2Ha, C3Hg, C3He.

shrunk into the pore for the effect of surface tension. The
capillary force drew the pore framework and made it break-
down accompany with the temperature, and then the specific

Other reaction conditions such as feed gas molar ratio surface area and volume of the catalysts became very little.
and GHSV were measured and chose the best one with theSurface tension and capillary force would disappear because
flow of N»/O,/C3zHg=17.5/3.2/5.1 ml/min, amount of the the outer and inner of catalyst was heat simultaneously when
catalysts=200mg in the present paper. Water was intro- it was dried by microwave. It would prevent the collapse of
duced by its saturated vapor at 338 K (water vapor pressurethe gel and the framework (three-dimensional net structure)
was 25.0kPa). The catalysts were not any further reducedof it could be preserved. Then the specific area and pore vol-
ume of the catalyst got larger.

On the other hand, microwave was a non-ionizing elec-
tromagnetic energy and showed special electric field effect.
So it could apace heat the catalysts and could shorten heating

Table 1
Specific surface area of the catalysts with BET

Catalysts  Molar ratio Heating BET Gy 1) X . o .

time. At the same time, the characteristic of microwave could
Al P:ViLa=1.11:0.04 oven 26 render the active constituent more homogeneous and took on
A-2 P:V:La=1.1:1:0.04 Microwave 23 . _IV ; itu g u
B-1 P:V:La:Ce=1.1:1:0.04:0.04  Oven ) better dissemination.
B-2 P:ViLa:Ce=1.1:1:0.04:0.04 Microwave 21
c-1 P:V:La:M0=1.1:1:0.04:0.04 Oven 0 3.2. XRD
C-2 P:ViLa:M0=1.1:1:0.04:0.04 Microwave R
D-1 P:V:Bi=1.1:1:0.04 Oven 7 The effect of preparation method on the XRD patterns
D-2 P:v:Bi=1.1:1:0.04 Microwave 12

of catalysts was different. ABig. 1 showed, a main phase
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h» —— : ! uated at about 1240, 1140, 740chwas identical with the
flexible frequency of PO band in the (VO)P,O; phase.
1 (VO),P,0, 2 V,0; The FT-IR peak at about 1645 cthwas contributed to the
3 VOPO, 4 CeP;0,, absorbance band of the coordinate water. According to both

the result XRD and FT-IR, it could be confirmed that the main
Fig. 1. XRD patterns of different L-VPO catalysts with different dopants. active phase of the catalysts being (%9307_

of (VO)2P.07 (JCPDS 34-1381) appeared in catalyst A pre- 3.4. Laser Raman spectra (LRS)
pared by both microwave and general heating method. A new
phase, CefO14 (JCPDS 34-0021), ¥Os5 (JCPDS 45-1074) Laser Raman spectra of catalysts A-1, B-1, C-1, D-1 and
and (VOY»P,0O7 were the main phases when VPO was inter- A-2, B-2, C-2, D-2 were showed ifig. 3. The main band was
mingled with La and Ce. As to catalysts C-2 and D-2, which situated in the 930-940 cr region with one peak situated at
was heated by microwave,®@s was the only other phase 1188 cnt? for catalysts A-1, B-1 and A-2. They could be as-
accompany with (VQ)P,O7 phase, but VOP®Q(JCPDS 27- signed to (VO)P,0O7 phasg13,15] Some peaks besides the
0948) simultaneously appeared in the catalysts C-1 and D-1labove-mentioned were situated in the 434—654%tmvere
when the catalysts C and D was heated in oven. This proba-observed for catalysts B-2, C-1, D-1, C-2 and D-2 and they
bly illuminated that the structure of catalysts containing rare- could be attributed to ¥Os [16]. Four peaks were situated in
earth elements was impervious to microwave and kept uni- the 897-1073 cm! region for catalyst D-2. A new peak was
form when they were heated either by microwave or oven. situated at 1040 cm could be assigned to VOR(phase
Mo and Bi, however, could promote the formation of high [15] for catalysts B-2, C-1, D-1, C-2 and D-2, respectively.
valence of V when the catalysts were heated in dry oven, and
VOPQ, phase emerged. 932 1188 Al
CeR014 phase was the only phase which was not com-
posed by V and/or P. Ce ion showed two valence state, i.e.,
Cée* and Cé". Ce and V could form two kinds of electron
couples, i.e., C&/Ce** and V**/V>*. Such couples could be
formed by a charge transfer:

V3410 =Vv*+0 and 2Cé" + 20 =Ce" + 0%~

933 A2

B-1

Intensity (a.u)
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The O™ species had been indeed shown to be active in acti-
vation of the G-H bond both in alkane and olefin molecules.
The electron couples were propitious to activation of théiC
bond. The synergic effect between Ce and V, to the contrary,
could make the active phase, (\MB»O7, more stable.

3.3. FT-IR . . '
400 800 1200 1600 2000
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Fig. 2 showed the FT-IR patterns of catalysts A-1, A-2,
B-1 and B-2. The_band situated at about 3375, 970, 6_20’ Fig. 3. Laser Raman spectra of different L-VPO catalysts with different
500 cn1 ! was ascribed to benzyl alcohol. And the band sit- dopants.
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Table 2
The catalytic performance of VPO catalysts
Catalysts Conversion of propane (%) Selectivity (%)

(e{} CcO CsHg Acrolein Acrylic acid
A-1 6.5 230 108 - 32 63.0
A-2 75 213 9.3 - 27 66.7
B-1 490 138 75 0.2 49 73.6
B-2 503 85 4.0 - 20 85.5
C-1 272 298 88 - 136 47.8
C-2 274 303 131 0.4 113 44.9
D-1 240 200 113 0.4 120 55.7
D-2 292 175 145 0.3 89 58.8

Reaction condition: WO,/C3Hg =17.5/3.2/5.1 ml/min; amount of catalysts = 200 mg; reaction temperature: 723 K.

The Raman result was coincided with that of XRD. The FT-IR and LRS characterization of the catalysts prepared
CeR014 could not be observed in the Raman spectrum prob- by different methods that different preparation methods of

ably for its inert sensitivity to the Raman signal. the catalysts could greatly affect the specific surface area
] and active phase. #5 was the main effect on the con-
3.5. Catalytic performance version of propane and (V@07 phase was the main

effect on the selectivity of acrylic acid. Specific surface

area showed few effect on the performance of the catalyst

lysts with different dopant were showedliable 2 As Table 2 thOUQh the (_:gtalysts prepared by microwave method took on
higher specific area The catalyst containing Ce composed by

showed, the performance did not present large discrepancy, X
between the catalysts prepared by different method. The ac-CeM014 and (VORP207 phase, and could promote the cat

tivity of catalyst A-2 was very low although its high specific alﬁlst performance for the synergic effect between these two
surface area. The conversion of propane was high for cata-P125€s:

lysts C and D. it might be explained by the strong oxidizing
property of \bOs phase. All the catalyst containecb®s
phase except catalysts A, according to XRD and Raman re-
sults. Catalyst C-2 showed lower selectivity of acrylic acid [1 m.m. Lin, Appl. Catal. A: Gen. 250 (2003) 287-303.

because it contained minor (V&,07 phase. The catalysts  [2] J.C. Vedrine, E.K. Novakova, E.G. Derouane, Catal. Today 81 (2003)
B, especially B-2 showed the highest selectivity and yield 247-262.

for acrylic acid. The content of 30s in catalyst B-2 was {i} m 2:' ?altﬂa(')-l ng‘;’g’l 4A2. (éazﬁ]) 219174‘?59156) 413

lesser than catalysts C and D, and the content of §P60)7 51 1" cheng, Y. Han, H. Wang, Shiyou Huagong (Chinese) 28 (1999)
phase was lesser than catalyst A, logically, the conversion = gg3.

of propane might be lower than catalysts C and D and the [6] M.T. Radoiu, Y. Chen, M.C. Depew, Appl. Catal. B: Environ. 43
selectivity of acrylic acid might be lower than catalysts A. (2003) 187-193.

Combination with XRD and Raman results, the experimen- [7] N- Janiic, M.S. Scurrell, Catal. Commun. 3 (2002) 253-256.

tal result might be thg synergic effect betwe_gn gmﬂ and (8] E;&a?e::y’el‘eﬁ ’ Z%T?gbg’d?lsélﬁ?gf_ d. N. Lingaiah, PK. Rao, Appl.
(VO)2P207 phase which promoted the stabilization of cata- (9] v. Liu, Y. Lu, P. Liu, R.X. Gao, Y.Q. Yin, Appl. Catal. A: Gen. 170
lyst B and conversion of propane, and enhanced the selectivity  (1998) 207-214.

of acrylic acid. Catalysts C and D all showed lower activity [10] Y. Liu, Y. Lu, S.M. Liu, Y.Q. Yin, Catal. Today 51 (1999) 147-151.
than catalyst B. This meant that the addition of La and Bj [11] Y- Kamiva, E. Nishikawa, Japan Kokai, 11-319860 (1999).

ight te th Il oxidati f [12] Y. Kamiya, E. Nishikawa, A. Satsuma, N. Mizuno, T. Okuhara,
might promote the overall oxidation or propane. Sekiyu Gakkaishi 44 (2001) 265.

[13] S. Irusta, A. Boix, B. Pierini, C. Caspani, J. Petunchi, J. Catal. 187
. (1999) 298-310.
4. Conclusion [15] M.T. Sanags-Schulz, F.B. Abdelouahab, G.J. Hutchings, J.C. Volta,
J. Catal. 163 (1996) 346-353.
It was concluded by the results of reaction from selec- [16] T. Shishido, A. Inoue, T. Konishi, I. Matsuura, K. Takehira, Catal.

tive oxidation propane to acrylic acid and the BET, XRD, Lett. 68 (2000) 215-221.

The reaction results of selective oxidation from propane to
acrylic acid under different preparation method of the cata-
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