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Abstract

By applying fumed Si@ as support material, introducing the additive of polyethylene glycol (PEG) in the preparation medium and a
deposition-precipitation method based on organic phase, we prepared the novel fumedgi@rted VPO catalysts. The catalysts are the
most selective in comparison to the various supported VPO counterparts for the partial oxidatnarie to maleic anhydride. At 653 K the
derived samples showed butane conversion of 33—40% and MA selectivity of 87—65 mol%. The catalysts not only showed good performance
at lower reaction temperatures, but also maintained higher MA selectivity at different loadings. In addition to the unique nature of fumed
SiO;, the highly uniform dispersion of VPO component and the involved VPO-support interaction, co-existence of predomindOi/O)
phase and minor VOPQmay also be beneficial to the good performance on the unique fumeeb&s@d catalysts. In addition, broadening
of the (2 00) diffraction line of (VO)P,O; phase is an indication of structural disorder, one considered to be relevant to MA formation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction such as silica that interacts less strongly with the active
phase/species, would improve the selectivity but decrease
Selective oxidation ofn-butane to maleic anhydride the conversion. Harding et al. reported that an MA selectiv-
(MA) is currently the only commercialized process for light ity of 50% can be achieved by adopting an unusually high
paraffin conversion, and the effective catalysts are primarily P/V ratio of greater than 2 in the cataly$i®]. Previously,
unsupported vanadyl pyrophosphate, (Y07 [1,2]. Sup- we prepared supported VPO catalysts on MCM-41 ang SiO
ported catalysts, however, have several potential advantage®f large pore, and found that the MCM-41-supported VPO
over the unsupported ones, and attempts to prepare supspecimen at an appropriate VPO loading showed consider-
ported VPO catalysts on S}OTiO», and AbO3 have been  ably improved MA selectivity{11]. It was also found that
reported[3—6]. The use of support, however, may introduce the medium (aqueous or organic) for catalyst preparation
support—oxide interactions that could hinder the formation of had a great effect on the behavior of the cata[¢&f. In
the active (VO)P,O7 phase, and the resulted catalysts gener- this study, we adopted fumed SiCa unique kind of silica
ally exhibited low butane conversion and poor MA selectiv- which is non-porous in the primary particles, with opti-
ity [7-9]. The type and/or nature of support materials showed mized synthesis method to prepare a new kind of supported
a significant influence on reaction performance. When there VPO for the target reaction. The results of characterization
is a strong interaction between VPO and a reducible support,and evaluation of this series of catalysts are reported.
such as titania and zirconia, the VPO components became
more reducible, and enhancement in catalytic activity is
remarkable. On the other hand, the application of a support2. Experimental

2.1. Catalyst preparation
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patenf13]. Briefly speaking, the catalyst precursor was pre- outlet mixture; the carbon balance was usually better than
pared in an organic medium by the reaction gfO¢ with 95%.

a mixture ofiso-butanol and benzyl alcohol (volume ratio

of 1:1). After the reaction mixture was refluxed at 413K

for 5h, certain amount of PEG 20,000 was added and then3. Results and discussion

the fumed Si@ material was introduced. The reaction mix-

ture was refluxed for 1 h, and phosphoric acid was added at The surface area of the fumed SiGupport is 250 rf/g,

a vanadium/phosphorus ratio of 1.0/1.2. After refluxing for and the surface areas of the 15, 28, and 57% VPO/fumed
another 6 h, the turbid reaction mixture was filtered. The re- SiO, samples are 206, 178, and 117/g) respectively. Apart
sulted precipitate was washed wile-butanol and acetone, from the effect of increasing content of VPO and decreas-
respectively; then dried in air at 393K for 24 h. The dried ing content of the support in the sample, the presence of
precursor was in situ activated in the reaction mixture of VPO phase does not notably affect the surface area of fumed
1.5%n-butane/air at a rate of 2 K/min from room tempera- SiO,. The surface of samples will increase with increas-
ture to 673 K and kept at this temperature for 15 h to obtain ing VPO content if the amount of silica is taken constant

the fresh activated catalyst. in the samples, and this is due to the contribution of the
VPO phase to the surface area. On the other hand, even at
2.2. Characterization 57% VPO content, the sample showed the surface area of

117 /g, indicating that the porosity between the primary
The characterization of the freshly activated samples was particles of fumed Si@was roomy for the accommodation

conducted by means of BET, XRD, XPS, SEM, and TPR of supported VPO. The results of XRD studies are shown in
measurements. Specific surface areas were measured bfig. 1L It was found that even at low loadings, the supported
nitrogen adsorption—desorption at 77 K on the Micromerit- VPO component existed mostly in the form of (\VB)O7
ics ASA2000 apparatus. X-ray diffraction patterns were phase, differing considerably from that observed over other
recorded at room temperature using a Shimadzu XD-3A supported VPO catalys{8—6,11-14] Birkeland et al.[3]
diffraction meter with Graphite-filtered Cu Kradiation. and Bueno et al6] reported that the:-VOPQy, y-VOPQO;,
The samples were mounted on a mylar foil using Vaseline, and VO(SIO)BO; phases could form in large quantities in
and X-ray tube was operated at 35-40 kV and 100—200 mA. the conventional Si@supported VPO samples, especially
XPS measurement was performed on an X-ray photoelec-when the samples were prepared in aqueous media. On the
tron spectrometer VG ESCALAB MK I, with 1253.6eV  Al-containing MCM-41-supported samples, the VPO com-
(Mg Ka) radiation at a setting of 12kV and 20 mA. The ponentwas found to be in amorphous form even at high load-
binding energies (BE) were calibrated against the C 1s signalings[11], while on a SiQ-supported sample of large pores,
(284.6 eV) of contaminant carbon. Removal of O 1s satellite some (VO»P,0O7-H»0 phase would appear at high loadings
and curve-fitting of the V 2g, peak were performed by [12]. When the VPO component was deposited on the sil-
using the SCAKAB software. The surface concentrations ica support by means of electrochemical process, Overbeek
of the elements were estimated on the basis of the corre-et al. reported that the supported VPO was also in amor-
sponding peak areas normalized by using the Wagner Factor
database. The morphology of the samples was examined
on an SEM-200 Scanning Electron Microscopy (JEOL).
Temperature-programmed reduction (TPR) was performed A
within the temperature range of 298-1023 K, anti0 mg
sample was placed in a quartz reactor and reduced in a
mixture of 7.2% H in balanced N at a rate of 10 K/min.
Raman spectra were collected on a LABRAM-HR Raman c ° A
spectrometer at room temperature with excitation source of
513 nm and power of 1.5 mW.

>

2.3. Catalyst evaluation )

Catalytic performance for partial oxidation wfbutane to 1
MA was evaluated in a quartz fixed-bed micro-reactdr (
= 8 mm) with a continuous down-flow. The samples were y T i T : T " T
pressed to pellets and then crushed and sieved. Typically, 10 2 0 40 0
0.5 g 25-40 mesh sample was used for the reaction. The feed 20/°
composition was 1.5%-C4H10, 17.5% Q and balanced N Fig. 1. XRD patterns of (1) 15% VPO/fumed SiQ2) 28% VPO/fumed

The gas hourly space velocity (GHSV) was ca. 120Bh  5io, and (3) 57% VPO/fumed SO (A) (VO)2P,0r: (B) v-VOPQy; (C)
On-line gas chromatography system was used to analyze the/o(H,PQy),.
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phous statg13,14] These results reflect the difference in
texture and other characteristics between fumed, Sitd
conventional SiQ, large-pore Si@as well as MCM-41. Be-
sides the major (VQP,07 phase, there appears other minor
phases, namely VO@#POy), and y-VOPQ, in the fumed
SiOp-supported samples, and these minor phases may have
an impact on the overall reaction performance even in small
quantities.
The XPS technique was adopted for the investigation of
surface properties, and the results are summariz&alite 1
The V 2/, binding energies for ¥ in (VO),P,0; and
V>t in VOPQ, are found to be 516.6 and 517.7 eV, respec-
tively [14]. FromTable 1it was found that the binding ener-
gies of the elements of V, P, and O for the VPO/fumedSiO . : i : . :
catalysts are close to the values reported for QFaD7 600 800 1000 1200
[14], suggesting that the oxidation state of the major vana- Raman shift/cni’
dium phase is 4. It was also revealed that the element of
P was enriched on the surface, and this is a common phe- Fig. 2. Raman spectra of the fumed Si€upported VPO catalysts.
nomenon observed on unsupported VPO catalji€isl 6]
Note that the BE of vanadium increased at high VPO load- the samples. Unfortunately, due to weak Raman signals, it
ing, indicating more amount of ¥ phase existing in the  is impossible to obtain information related tGVspecies.
high loading sample, and this is in concord with the XRD  The SEM photographs showed the morphology of the
observation. Note also that the surface V/Si ratio obtained fumed SiQ-supported sample&ig. 3). The small plate-like
in XPS measurement was fairly low, implying that a large species adhered to the aggregated particles of fumed SiO
portion of VPO could be enclosed inside the fumed 5iO are recognized the (V@,0O; phase and they are one of
support and was hardly detected by XPSTéble 1 the data the typical morphologies observed. The number of plate-like
for another VPO/TiQ@-SIiO, supported sample (28% load- particles of (VOYP,O7 is limited in the loading sample,
ing) are also included for comparison. It can be seen thatand increased notably with increasing VPO content. Inter-
both the binding energies of the elements of V, P, and O asestingly, even in the sample of highest VPO loading, the
well as the ratios of P/V and V/Si are notably different from particle size of VPO component does not enlarge remark-
those of the fumed Si@supported samples. In other words, ably, while the quantity of VPO particles is considerably in-
the characters of the supported component are greatly decreasedKig. 3(c); indicating that the distribution of VPO
termined by the nature of support material as well as the component is highly uniform in these PEG-derived fumed
strength of interaction between oxide and support. SiOp-supported samples due to the function of the applied
The Raman spectra of the samples are presenteid irz. PEG additive[19].
It is found that the Raman signals are rather weak for allthe The partial oxidation ofn-butane on VPO catalyst is
samples, which may be due to the nature of the fumed SiO known to proceed via a redox mechanigh therefore, the
support. The Raman signals increased with increasing VPOreduction property of a catalyst is a key factor accounting for
loading. The major band at ca. 920Thcould be due to  reaction behavior. The reduction behavior of a catalyst can be
the vasp—o—p iN P,O72~ unit of (VO),P»07, and the rather examined by means of the temperature-programmed reduc-
weak bands at 1130 and 1180chare the characteristics of  tion (TPR) technique. For the partial oxidationrebutane,
the (VO)LP,07 specieg17,18} itis also likely to be the ev-  the redox cycle of vanadium only involves the reduction of
idence for the presence of the (VMP»O; component inside V4 and \P*, and the further reduction of % is not the
main concern of this study. Therefore, the adopted tempera-
ture range (from RT to 1023 K) for TPR is usually sufficient
Table 1 for reduction of VW and \Pt according to our previous
B?nding energies, surface P/V and V/Si atomic ratios of the fumed studies[11,19} One can see frorfig. 4 that the consump-
SiOy-supported samples . . .
tion of Hy starts at around 673K but the major reduction

57%-VPO/Fumed SiO,

28%-VPO/Fumed SiO,

15%-VPO/Fumed SiO,
M

Sample BE (eV) PV VIS process of V¥t in (VO),P,0O; phase is not completed as
V 23/ P 2p O 1s the temperature is raised to 1023 K. After being held in the
15% loading £16.6 1336 — s 0.02 redugn_g atmosphere at 1023.K ford5 min, the reduct.lon
28% loading 5171 1342 5327 13 0oa Of V*Tis nearly completed. Itis apparent that reduction of
28% loading 516.8 133.7 532.4 15 016 V components (¥ as well as Vt) supported on fumed
57% loading 517.1 134.2 532.6 1.8 0.10  SiOy is more difficult as compared to the unsupported VPO

a20n the TiIQ-SiO; support (atomic ratio of Ti/Si 0.04), data listed counterpart$19] or to_t_he ones supp_or_t_ed on AI-conta_ining
for comparison. MCM-41 [11]. In addition, the reducibility (on the basis of
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Fig. 3. SEM of (a) 15%-, (b) 28%- and (c) 57% VPO/fumed Sicatalysts.

the content of reduced VPO) decreased, and the onset tembetween the VPO component and fumed SiO, support varies
perature for reduction shifted to higher temperatures with with both the nature of support and VPO loading, and hence
increased loadings, indicating that there is an obvious vari- affects the reduction property of lattice oxygen.
ation in the strength of oxide—support interaction with load-  The fumed SiO,-supported VPO catalysts show excep-
ing, which in turn shows an effect on the reduction behavior tional performance for the target reaction (Table 2 and
of the supported component. ThéV cations of VOPQ Fig. 5), and the typical catalytic performance at 653K are
specimen are reduced at lower temperatures, as evidence83-40% of n-butane conversion and 87-65mol% of MA
by the asymmetrical shape of the major reduction peak over selectivity, giving 26-29 mol% MA yield. Generally speak-
the samples of higher loadings. It is clear that the interaction ing, butane conversion increased with increasing reaction
temperature, but such increment was not significant. On the
other hand, MA selectivity increased with increasing VPO

2 | pEEpT— o) v loading but declined. gradual!y at elevated temperatures.
200 | —e—28% VPO/fumed Si0,) J v Under the same reaction conditions, unsupported VPO cat-
180 | 4~ 28% vPOIsioz-Tio, v/' Yy alyst showed ca. 35mol% of MA yield, with 56% of butane

{[7Z57% VPO/lumed SIOy 7 Akay vy conversion and 63 mol% of MA selectivity, respectively. On
= 1601 v,/"‘ ‘AA“\A N the basis of per unit mass of catalyst, the performance of
8 1404 " Fa
S ] v A e, Teble 2
*é_ 120'_ vy v’ s NG 4 .'o... The reaction performances of the fumed SiO,-supported VPO catalysts

_A-A-A-AT . ~o-o

51009 4 A - Sample Temperature ~ Corversion  Selectivity  Yield

5 oo veeeeene® (K) (%) (mol%) (%)
~ 1 o ey 15% loading 613 19.2 205 174
T 0] f;’ ", 633 28.1 77.9 21.9
40 653 394 64.5 254

20]  gawuen 28% loading 613 203 95.0 19.3
e — 633 27.2 83.2 226

400 600 800 1000 653 38.3 713 273
Temperature/k ~ — isothermal hold 57% loading 613 167 9.2 16.1

_ _ _ 633 239 93.3 223
Fig. 4. TPR profiles of the supported VPO catalysts on fumed SiO, as 653 330 875 28.8

well as SiOz—Ti 02.
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Table 3

Comparison of the specific activity and MA selectivity for the VPO/fumed SiO, samples and unsupported catalyst at 653K

Sample 15% loading 28% loading 57% loading Unsupported
Specific activity? (wmol g1 (VPO) min—1) 41.6 24.0 124 8.6

MA Selectivity (mol%) 64.5 713 875 63

aThe activity is normalized to per unit mass of VPO loading.

100
i —u— Conv.

—e— Sel.
90 o

} \ Yield
80

60 ==

40+

304 -
20 "/

10

Catalytic performance (%)

T T T T T 1
610 620 630 640 650 660
(a) Temperature/ K

100

] —u—Conv.
—e— Sel.
90 Yield

70

L\
\

30

Catalytic performance (%)

] /.
20 n
10
0 T T T T T 1
610 620 630 640 650 660
(b) Temperature/ K
100 S
—a— Conv
°
B —eo— Sel.
°

[(e]

o

1
® <
@
o

80+

30- “/'

L\
\

Catalytic performance (%)

20 /
] n
10
0 T T T T T T T T T T 1
610 620 630 640 650 660
(c) Temperature/ K

Fig. 5. The reaction performances of (a) 15%-, (b) 28%- and (c) 57%
VPO/fumed SIO; catalysts.

the fumed SiO»-based catalysts is only dlightly inferior to
that of the unsupported one. However, this performance is
better than that of our VPO/MCM-41 and VPO/large-pore
SiO, catalysts [11,12] and also superior to those reported
on the conventional SiO, and other supported VVPOs under
similar conditions [4,5,20]. In order to compare the perfor-
mance more strictly, the data of specific activity (normalized
to per unit mass of VPO loading) were also presented in
Table 3. The deviation in specific activity and MA selectiv-
ity again suggested that the nature of VPO component not
only change with the VPO content in the fumed SiO»-based
samples but also be different from that of unsupported VPO
catalyst. Note that the catalysts showed comparatively good
performance even at notably lower reaction temperatures,
while high MA selectivity could be maintained over the
serial samples of different loadings. Significantly lower
reaction temperature actually also ensures high MA selec-
tivity and low energy consumption. At the indicated level
of butane conversion, the fumed SiO,-based catalysts are
the most selective among the various supported VPO coun-
terparts. As revealed by XRD and SEM, the highly uniform
dispersion of VPO component with which the dominant
(VO)2P207 phase plus minor VOPO,4 can be obtained in the
fumed SiO,-based samples, and this may be the result of
the function of additive of PEG, the unique nature of fumed
SiO; and the interaction between VPO component and the
adopted support. Co-existence of dominant (VO)2P.0; and
minor VOPQO, in these fumed SiO,-based catalysts may
be beneficial for MA formation, while the dispersion of
VOPO4 may aso be influential for the performance. This
preposition was supported by our previous observations
made on serial PEG-derived unsupported VPO samples
[21]. In addition, according to XRD results, the (200)
diffraction peak of (VO)2P,0; phase is notably broadened,
which could be owing to both the possible structural dis-
order of VPO component and the contribution of the silica
support. This structural disorder could be induced by alco-
hol intercalation into the VPO precursor since additional
alcohol was used for catalyst preparation, which may be
relevant to MA formation [22-24].
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