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By applying fumed SiO2 and the deposition–precipitation method based on organic medium, the composite VPO/fumed SiO2

catalysts were first prepared and tried for partial oxidation of n-butane to maleic anhydride. In the temperature range of 653–693 K

the fumed SiO2-based catalysts not only showed good activity but also maintained sufficiently high MA selectivity in comparison to

some conventional supported VPO catalysts. As an example, the catalyst with 30% VPO content showed butane conversion of 60%

and MA selectivity of 58 mol% at 673 K. The turnover rates of low loading samples are found to be higher than that of high

loading sample as well as unsupported catalyst. Besides the unique interaction which may exist between VPO component and the

fumed SiO2 material, co-existence of dominant (VO)2P2O7 and minor VOPO4 in these non-equilibrated catalysts may be favorable

for MA formation. Moreover, introducing the additive of polyethylene glycol (PEG) in the preparation medium can obviously

enhance the dispersion of VPO component and hence lead to a more selective catalyst.
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1. Introduction

Selective oxidation of n-butane to maleic anhydride
(MA) is currently the only commercialized process for
light paraffin conversion, and the efficient catalysts
primarily consist of unsupported vanadyl pyrophos-
phate, (VO)2P2O7 [1,2]. Although this type of catalyst
has been extensively studied for decades, still a full
understanding of the reaction details is not thoroughly
achieved. The form of active phase (amorphous versus
crystallized) [3–6], the role of V5+ species [7–9], the
surface enrichment of P element [10,11] and so on are
the major aspects of debates. On the other hand,
supporting VPO on various oxides has several
potential advantages over unsupported one, and
attempts to prepare supported VPO catalysts on
different support materials have been tried [12–16].
These studies also provide supplementary information
for understanding this complicated reaction. The
introduction of support, however, may induce sup-
port–oxide interactions that could hinder the forma-
tion of the active (VO)2P2O7 phase, and the resulted
catalysts would exhibit low butane conversion and/or
poor MA selectivity [17–19]. The type and/or nature
of support materials also showed a significant influ-
ence on reaction performance. When there is a strong
interaction between VPO and a reducible support,
such as titania and zirconia, the VPO entities became
more reducible, and enhancement in catalytic activity
is remarkable; on the other hand, the application of a

support such as silica that interacts less strongly with
the active phase/species, would improve the selectivity
but decrease the conversion [13,14]. Ruitenbeek et al.
[20] made similar observations on a series of sup-
ported VPOs. The form of the supported VPO species
was also found to be related to the P/V ratio of
catalysts [12,13]. Supported VPO component would
exist in the form of aI-VOPO4, aII-VOPO4 and
VOPO4 � xH2O or amorphous state when the P/V
ratio was 1.0 and greater than 2, respectively. In the
latter case, higher MA selectivity (50%) can be
achieved. It was also found that the state of supported
VPO component would be influenced by the surface
properties of SiO2 support [16]. We previously
prepared supported VPO catalysts on MCM-41 and
SiO2 of large pore [21,22], and found that the MCM-
41-supported VPO specimen at an appropriate VPO
loading showed considerably improved MA selectivity.
The method and the medium (aqueous or organic) for
catalyst preparation also showed a great effect on the
behavior of the catalyst. In this study, we first
adopted a unique kind of silica, namely, fumed
SiO2, to prepare novel composite VPO/fumed silica
catalysts for the target reaction. Fumed silica is
composed of non-porous primary particles. It has
chain-like particle morphology and the only one
porosity is that between the primary particles. One
method for the production of fumed silica involved a
continuous flame hydrolysis technique. It involves the
conversion of silicon tetra chloride (SiCl4) to the gas
phase using an oxy hydrogen flame. It then reacts
with water to yield silica (SiO2) and hydrochloric acid.
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In our previous study [23] the polyethylene glycol
(PEG) was found to be effective in synthesizing highly
active and selective VPOs; thus it was also adopted
here to prepare a PEG-derived composite VPO/fumed
SiO2 for comparison. Herein we reported the results
of characterization and evaluation of the series of
catalysts.

2. Experimental

2.1. Catalyst preparation

The composite VPO/fumed SiO2 catalysts with the
wide range of VPO content (20–60 wt%) were pre-
pared in this study. The fumed SiO2 was purchased
from Aldrich Chemical Company and used without
further treatment. The deposition–precipitation method
for catalyst preparation in an organic medium was
found to be preferred in our previous studies [21,22].
Briefly speaking, the catalyst precursor was prepared in
an organic medium by the reaction of V2O5 with a
mixture of iso-butanol and benzyl alcohol (volume
ratio of 1 : 1). After the reaction mixture was refluxed
at 413 K for 5 h, certain amount of fumed SiO2

material was introduced, and the reaction mixture was
refluxed for 1 h. Then phosphoric acid was added drop
wise at a vanadium/phosphorus atomic ratio of 1.0/1.2.
After refluxing for another 6 h, the turbid reaction
mixture was filtered. The resulted precipitate was
washed several times with iso-butanol and acetone,
respectively; then dried in air at 393 K for 24 h. The
dried precursor was in situ activated in the mixture of
1.5% n-butane/air at a rate of 2 K/min from room
temperature to 673 K and kept at this temperature for
15 h. For comparison, certain amount of PEG 20,000
was added into the preparation medium before the
fumed SiO2 was introduced, followed by the addition
of phosphoric acid.

2.2. Characterization

The characterization of the freshly activated samples
was conducted by means of BET, XRD, SEM, TEM
and Raman measurements. Specific surface areas were
measured by nitrogen adsorption–desorption at 77 K on
the Sorptomatic 1900 apparatus (Carlo Erba Coppora-
tion, Italy). X-ray diffraction patterns were recorded at
room temperature using a Shimadzu XD-3A diffraction
meter with Graphite-filtered CuKa radiation. X-ray tube
was operated at 35–40 kV and 100–200 mA, respec-
tively. The morphology of the samples and the distri-
bution of VPO component were checked on a SEM-200
Scanning Electron Microscopy and a TEM-200CX
Transmission Electron Microscopy (JEOL). Raman
spectra were collected on a LABRAM-HR Raman
spectrometer at room temperature with the excitation
source of 513 nm and power of 1.5 mW.

2.3. Catalyst evaluation

Catalytic performance for partial oxidation of
n-butane to MA was evaluated in a quartz fixed-bed
micro-reactor (U ¼ 8 mm) with a continuous down-
flow. The catalyst samples were pressed to pellets and
then crushed and sieved. Typically, 0.5 g 25–40 mesh
sample was used for the reaction. The feed composition
was 1.5% n-C4H10, 17.5% O2 and balanced N2. The gas
hourly space velocity (GHSV) was ca. 1200 h)1. On-line
gas chromatography system was used to analyze the
outlet mixture; the carbon balance was usually better
than 95%.

3. Results and discussion

The surface area of the fumed SiO2 without any
pretreatment such as dryness and calcination is 250 m2/
g, and those of the 20%-, 30%-, 40%-, 50%-, and 60%-
VPO/fumed SiO2 samples are 208, 176, 165, 160 and
130 m2/g, respectively. Considering the effect of increas-
ing content of VPO and decreasing content of the fumed
SiO2 in the sample series, the presence of VPO does not
notably affect the surface area of fumed SiO2. When
looking at the variation of the BET surface area as a
function of the VPO amount, the surface of samples will
increase with increasing VPO content if the amount of
silica is taken constant in the samples. This is due to the
contribution of the VPO phase to the surface area. In
fact, fumed silica is non-porous in the primary spherical
particles, and the only one porosity is that between the
primary particles. This porosity may also be spacious
for the accommodation of VPO component. XRD
results of the serial composite VPO/fumed SiO2 samples
are shown in figure 1. Even at low VPO content, the
VPO component existed essentially in the form of
(VO)2P2O7 phase [11,24], which differs considerably
from the observations made on the other supported
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Figure 1. XRD patterns of various composite VPO/SiO2 catalysts: a,

(VO)2P2O7; b, VO(H2PO4)2.
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VPO catalysts [12–16,21,22]. a-VOPO4, c-VOPO4 and
VO(SiO)P2O7 phases could form in large quantities in
the conventional SiO2-supported VPO samples, espe-
cially when the samples were prepared in aqueous media
[12,13,16]. Over the Al-containing MCM-41-supported
samples, large portion of VPO component was found to
be in amorphous form even at high loadings [21], and it
is also the case if the VPO component was deposited on
the silica support by an electrochemical mean [14,15].
On the SiO2-supported sample of large pores, however,
certain amount of (VO)2P2O7 � H2O phase could exist at
high loadings [22]. The observed deviation is possibly
due to large difference in texture and porosity between
fumed SiO2 and conventional SiO2, SiO2 of large pore as
well as MCM-41. Besides the major (VO)2P2O7 phase,
there is minor VO(H2PO4)2 phase existing in the fumed
SiO2-based samples. No V5+ phases are shown by
XRD. Note that in the low loading samples the intensity
of diffraction peak of the (200) plane significantly
decreased and the peak width notably broadened, which
could be owing to more severe structural disorder of
VPO species and the contribution of the silica support.
Interestingly, in the higher loading samples the diffrac-
tion intensity and the peak width of the (200) plane can
also be noticeably influenced when extra amount of iso-
butanol and benzyl alcohol was used for catalyst
preparation, seen in figure 2 (3 and 4). Since the content
of fumed SiO2 in these two samples is the same, thus the
broadening of the (200) peak is not a result of the
contribution of silica support, but a distinguished
structural disorder alone this plane. This structural
disorder may be induced by alcohol intercalation into
the VPO precursor. On the contrary, adding the agent of
PEG in the preparation medium seems not to affect the

local structure of VPO component obviously, seen in
figure 2 (1 and 2).

The Raman spectra of the representative samples are
presented in figure 3. It is found that the Raman signals
are rather weak for the low loading samples, which may
be due to the nature of fumed SiO2 material. The signals
increased with increasing VPO content and the bands at
930, 1030, 1134 and 1183 cm)1 can be distinguished,
among them the major band at ca. 930 cm)1 could be
due to the vas, P–O–P in the P2O7

2) unit of (VO)2P2O7,
and the weak bands at ~1130 and ~1180 cm)1 are the
characteristics of the (VO)2P2O7 phase [25,26]. It is
evident by more sensitive Raman spectroscopy that
small amount of VOPO4 does exist in the samples, since
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Figure 2. Comparison of XRD patterns of the composite VPO/SiO2

catalysts synthesized via modified preparation procedures: a,

(VO)2P2O7; b, VO(H2PO4)2. Sample 2 was prepared in the presence

of PEG while sample 4 (#) was prepared via the reaction of V2O5 with

extra alcohols.
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Figure 3. Raman spectra of the VPO/fumed SiO2 catalysts with

different VPO content.
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Figure 4. Comparison of Raman spectra of the VPO/fumed SiO2

samples synthesized via modified preparation procedures. Sample 2

(+PEG) and sample 4 (#) were prepared in the presence of PEG and

with extra alcohols, respectively.

Z.Q. Zhou et al./Preparation of novel composite 223



there is broadened and weak shoulder/peak at 1017–
1030 cm)1 which is the characteristic of VOPO4.
Because of its low concentration, it is hardly shown by
XRD. It is recognized that the presence of VOPO4 is
likely due to the fact that the samples are subjected to a
relatively short calcination process and still non-equil-
ibrated as compared to the equilibrated ones subjected
to a few weeks long calcination on stream. It was also
found that less VOPO4 was formed when excess amount
of alcohols or the PEG agent was applied in the
preparation medium, seen in figure 4. These are in
agreement with the X-ray power data and also consis-
tent with our previous observation made on the PEG-
derived unsupported VPOs [27].

The SEM photographs indicated the morphology of
the obtained composite VPO/fumed SiO2 samples (fig-
ure 5). The block species are recognized as the VPO
component. It is clearly that the quantity of VPO
particles on the surface increased with VPO content,

meanwhile the average particle size of supported VPO
component also apparently enlarged. Interestingly, the
PEG-derived sample showed a quite different picture. It
was clearly observed in figure 5 that under comparable
magnification the average particle size of the VPO
component (the small plate-form species) in the PEG-
derived sample decreased considerably; and the particle
size of the VPO specimen still changed insignificantly at
high VPO content (not shown), suggesting in the PEG-
derived sample the VPO component is more uniformly
dispersed. TEM investigation of the selected samples
was also conducted and one of the photographs was
presented in figure 6. It seems that the VPO component
may not only exist outside the aggregated particles but
also be enclosed inside the porosity between the primary
particles.

The catalytic performance for partial oxidation of
n-butane to MA over these fumed SiO2-based VPOs was
evaluated and the results were summarized in table 1.
Note that these derived catalysts are not only active but
rather selective as well for the target reaction, giving the
pronounced yield of MA as compared with some
conventional supported VPO catalysts reported
[14,15,20]. For example, the typical performance ob-
tained at 673 K on the 30% VPO/fumed SiO2 sample is
60% of n-butane conversion and 58 mol% of MA
selectivity. This attractively good performance is partly
thanks to the fact that certain phase composition is
obtained in the fumed SiO2-based samples. From
table 1, butane conversion apparently increased with
increasing VPO loading and reaction temperature, but
the increment due to elevating temperature is more
notable. On the other hand, MA selectivity rapidly

Figure 5. SEM photographs of (a) fumed SiO2 support, (b) 20%-, (c) 30%-, (d) 50%-VPO/fumed SiO2 and (e) PEG-derived 28%-VPO/fumed

SiO2.

Figure 6. TEM photograph of 30%-VPO/fumed SiO2 catalyst. Mag-

nifying 100,000�.
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decreased at higher temperatures but slightly increased
with increasing VPO loading. The catalysts showed
fairly high butane conversion and meanwhile main-
tained comparatively good MA selectivity and conse-
quently led to a high level of MA yield. The data of
specific activity (normalized to per unit mass of VPO
loading) revealed that the catalyst performance is
essentially decreased with increasing VPO loading,
indicating the character of VPO component should vary
somehow with the VPO content in the sample. This
deduction was also supported by comparison of the
turnover rates as well as MA selectivity for the com-
posite VPO/fumed SiO2 and unsupported catalyst at
673 K, seen in table 2. It reveals that higher intrinsic
activity is obtained on the low loading samples and this
trend is in agreement with the specific activities listed in
table 1. The deviation in turnover rates (TORs) and MA
selectivity further suggested that the nature of VPO
component not only change with the VPO content in the
fumed SiO2 based samples but also be different from
that of unsupported VPO catalyst. The PEG-derived
catalyst, however, behaved quite differently and the
comparison was made in figure 7. Clearly, this catalyst

is much more selective but less active than the non-PEG-
derived one. Such difference is likely attributable to
obviously different dispersion state of the VPO species,
and the varied interaction between the supported VPO
component and fumed SiO2 material. The presence
of PEG molecules may decrease the surface energy of
nucleation of VO(HPO4) � 0.5H2O precursor and
promote uniform precipitation of the fine
VO(HPO4) � 0.5H2O particles. The PEG molecule ad-
sorbed on the precursor surface may also effectively
hinder agglomeration of the fine precursor particles. The
gradual removal of PEG resident at the precursor
surface in the following activation procedure is likely
beneficial in generating highly dispersed (VO)2P2O7. It is
worth to note that increasing the ratio of alcohols to
vanadium oxide in preparation medium could also give
rise to a remarkable impact on the reaction performance
of final catalyst, seen in table 3. Assuming the dispersion
of VPO in these two catalysts is similar, and then the
major differences between the two samples are the local
crystalline structure and the content of VOPO4 as

Table 1

The reaction performances of the VPO/fumed SiO2 catalysts

Sample Temp.

(K)

Conv.

(%)

Sel.

(mol%)

Yield

(mol%)

Specific

activity (lmol/

g(VPO) Mina)

20%-loading 653 29 54 16 19.6

673 41 50 21 27.1

693 56 46 26 33.2

30%-loading 653 44 61 27 22.6

673 60 57 34 28.6

693 77 48 37 31.7

40%-loading 653 51 66 34 21.1

673 69 59 41 25.6

693 86 50 43 27.1

50%-loading 653 58 66 38 19.6

673 76 61 46 22.6

693 91 51 46 22.6

60%-loading 653 61 66 40 16.6

673 81 59 48 19.6

693 95 49 47 19.6

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

Table 2

Comparsion of the TORs and MA selectivity for the VPO/fumed SiO2

samples and unsupported catalyst at 673 K

Sample 20%-

loading

40%-

loading

60%-

loading

Unsupported

TORsa

(lmol m)2(VPO) min)1)

0.68 0.56 0.39 0.52

MA selectivity (mol%) 50 59 59 65

a Surface area of VPO was calculated by subtracting the surface area

of silica from that of the catalyst.
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Figure 7. Comparison of the reaction performances on (a) 30%-VPO/

fumed SiO2 and (b) PEG-derived 28%-VPO/fumed SiO2.
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revealed by XRD and Raman results (figures 2 and 4).
Additional amount of alcohols used in the preparation
medium may have alcohol intercalation into VPO
precursor which induces structural disorder. Moreover,
additional alcohol probably results in a deeper reduction
of V5+ during precursor synthesis, and these are the
possible reasons for the declined reaction performance
(seen in table 3). In conclusion, in teams of the achieved
level of butane conversion and MA selectivity, the
fumed SiO2-based catalysts are superior to most of
conventional supported VPO catalysts reported for the
target reaction. A dominant (VO)2P2O7 phase together
with certain amount of VOPO4 can be obtained in the
fumed SiO2-based samples, which may be the result of
unique nature of the fumed SiO2 and the interaction
between VPO component and the adopted support. In
the non-equilibrated catalyst both (VO)2P2O7 and
VOPO4 were found to be important for the catalyst
performance [8,28,29]. Our results obtained on the serial
PEG-derived unsupported VPOs also display a similar
tendency [30]. In addition, the local structural disorder
and the possibly changed exposure along the (200)
crystal plane evident by substantial broadening of
diffraction peak in the low loading sample may also be
relevant to MA formation [31,32].
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