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Characterization and reactivity of SnO2-doped V2O5/�-Al2O3 catalysts
in dehydrogenation of isobutane to isobutene
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Abstract

Alumina-supported vanadium oxide catalysts (V2O5 ∼ 10 wt.%) with and without SnO2 were tested in the dehydrogenation of isobutane
at 590◦C under atmospheric pressure and were characterized by BET, XPS, TPR, XRD and RAMAN. It is found that the electron interaction
exists between V and Sn oxide species on the surface of support. The doping of appropriate amount of SnO2 leads to that the surface vanadia
of catalysts is more reduced and is more highly dispersed than undoped catalyst. V2O5/�-Al 2O3 catalyst with 3 wt.% of SnO2, exhibited higher
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eactivity in dehydrogenation of isobutane to isobutene.
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. Introduction

Supported vanadium oxides have been studied for a long
ime as catalysts for several reactions like selective oxidation
f hydrocarbons, ammoxidation, selective catalytic reduc-

ion (SCR) of NOx with NH3, oxidative dehydrogenation
nd dehydrogenation of light alkanes to the corresponding
lkenes[1–18].

Depending on the specific oxide support (e.g. SiO2,
l 2O3, TiO2, ZrO2), preparation method, thermal treatment,
2O5 loading and presence of additives vanadia catalysts
ay show different catalytic activity and selectivity for oxida-

ion and oxidative dehydrogenation of hydrocarbons[19–24].
e have already reported the dehydrogenation of isobutane

o isobutene on V2O5/�-Al2O3 by impregnation method and
he effects of the addition of K and La to V2O5/�-Al2O3 cata-
ysts on their acidic properties and surface structures[25–28].

In the present paper, in order to enhance the activity of
lumina-supported vanadia catalysts for the dehydrogenation

∗ Corresponding author. Tel.: +86 431 8499144; fax: +86 431 5262225.

of isobutane to isobutene, we prepared SnO2–V2O5/�-Al2O3
catalysts by impregnation method. The effect of SnO2 addi-
tion on the activity of V2O5/�-Al2O3 catalysts for the dehy
drogenation of isobutane to isobutene and on the structu
catalysts was investigated by BET, XPS, TPR and RAM

2. Experimental

2.1. Catalysts

The catalysts with 10 wt.% V2O5 loading on alumina wer
prepared by the impregnation method. The desired amo
SnCl4·5H2O and NH4VO3 solution was added into�-Al2O3
(161 m2/g, Beijing Research Institute of Chemical Indust
then it was dried upon stirring on water bath at 70◦C for 2 h.
The samples were further dried at 120◦C for 8 h and calcine
in air at 550◦C for 15 h.

2.2. Characterization

The BET surface area of the samples,SBET, was obtaine
E-mail addresses:fuyinghuan@sina.com (Y. Fu),
-h-c@sohu.com (H. Ma).

in an ASAP 2010 apparatus, following the BET method from
N2 (99.999%) adsorption isotherms at 77 K.
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Temperature programmed reduction (TPR) measurements
were performed in a quartz tube with 30 mg catalyst in a dried
gas mixture of H2/Ar with a ratio 1/19. The tubular furnace
was linearly heated from room temperature to 900◦C at a
heating rate of 15◦C/min. The hydrogen consumption was
detected by thermal conductivity detector (TCD).

XPS spectra were recorded by using a VG-ESCA lab
MKII spectrometer working in the constant analyzer energy
mode with a pass energy of 50 eV and Mg K� radiation as
the excitation source. The C1s lines were taken as internal
references.

A UV-visible Infinity Micro-Spectrometer (JY Co.,
France) was used to obtain Raman spectra. Raman scattering
was operated at a power output of 260 mW. The samples were
activated at 873 K in O2 for 1 h and stored in a sealed glass
tube prior to the measurements.

The X-ray diffraction pattern were obtained by a Shi-
madzu XRD-6000 diffractometer with a Nickel filtered Cu
K� radiation (λ = 0.15406 nm), power 40 KV, 30 mA.

2.3. Catalytic test

The catalytic tests were carried out in a conventional fixed
bed flow apparatus. The reactor was made of a stainless steel
tube, in which a thermocouple was inserted to measure the
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3. Results and discussion

The activity of isobutane dehydrogenation over bare and
SnO2-doped V2O5/�-Al2O3 catalysts and its specific surface
area are listed inTable 1. The conversion of isobutane in-
creases with increase of SnO2 loading and the conversion of
isobutane reaches a maximum value when the SnO2 loading
is 3 wt.%. Furthermore, the selectivity of isobutene is higher
after doping SnO2. The catalytic behavior of samples showed
that the influence of SnO2 loading in alumina-supported
V2O5 catalysts is strong on their catalytic properties during
the dehydrogenation of isobutane to isobutene. It can be found
from Table 1that specific surface area of the catalysts does
not exhibit obvious change in a certain extent after doping
SnO2.

The XRD patterns of catalysts are showed inFig. 1. The
crystalline V2O5 was not detected in the V2O5/�-Al2O3 and
Sn-doped V2O5/�-Al2O3 catalysts (seeFig. 1a), which sug-
gested that vanadium oxide well dispersed on surface of
support�-Al2O3 when vanadium oxide loading is 10 wt.%.
Whereas, the X-ray diffraction peaks of crystalline SnO2 is
found when SnO2 loading is 7.5 wt.% for Sn-doped V2O5/�-
Al2O3(seeFig. 1a) and SnO2 loading is 15 wt.% for SnO2/�-
Al2O3(seeFig. 1b). According to the results shown inTable 1,
it can be concluded that addition of excessive tin oxide results
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emperature of the catalyst bed. Amount of 0.5 g of cat
as loaded in the reactor. The reaction gas was 99.9% i

ane and the space velocity was about 1000 h−1. The reactan
nd the products were analyzed using a Shimadzu G
as chromatography with column of AgNO3–benzyl at room

emperature and Shimadzu C-R6A data-detector. A s
mount of by-products such as methane, ethane, propan

ane, propene, 1-butene and 2-butene were detected b
sobutene.

Blank experiments were performed to find the homo
eous contributions to the net reaction. The reactor ope
nder isothermal, steady-state condition used in the pr
tudy. Conversion, selectivity and carbon balance are c
ated by using the following formulae: (there products is
ontaining inconverted reactant)

isobutane conversion (%)

= moles of isobutane converted

moles of isobutane in feed
× 100

isobutene selectivity (%)

= moles of isobutene formed

moles of isobutane converted
× 100

-balance (%)= moles of carbon in products

moles of carbon in feed
× 100

Carbon balance is equal to 1 under the experimental
itions used in the present study.
-
s

n formation of crystalline SnO2 and decrease improving ro
f SnO2 on catalytic properties of V2O5/�-Al2O3 catalysts.

Raman spectroscopy is a very sensitive technique fo
etection of both crystalline and X-ray amorphous V2O5,
ince V2O5 is a strong Raman scatterer. In order to be
nderstand the effect of tin oxide on the structure of sur
anadia, Raman spectroscopy was used to characterize
ure of surface vanadia.

The Raman spectra of�-Al2O3, SnO2/�-Al2O3 and
2O5/�-Al2O3 catalyst with and without SnO2 are shown in
ig. 2. The alumina supports do not exhibit any Raman b
r only very weak ones in the 200–1200 cm−1 region due to

he low polarizability of light atoms and the ionic charac
f the Al–O bonds. Raman band at 144, 199, 283, 405,
24, 696 and 995 cm−1 is observed for V2O5/�-Al2O3, these
aman bonds have been assigned to crystalline vanadia[16],
lthough the presence of V2O5 crystallites on V2O5/�-Al2O3

s not known from XRD studies. Spectroscopic evidenc

able 1
ehydrogenation of isobutane over bare and Sn-doped V2O5/�-Al2O3 cat-
lysts and its specific surface area

atalysts Conversion of
isobutane (%)

Selectivity to
isobutene (%)

SBET

(m2/g)

ndoped 38.6 89.0 137
nO2 1.5 wt.%–V2O5/Al2O3 40.5 92.8 126
nO2 3 wt.%–V2O5/Al2O3 44.5 92.3 144
nO2 6 wt.%–V2O5/Al2O3 39.0 92.9 132
nO2 7.5 wt.%–V2O5/Al2O3 38.6 91.4 131

t 590◦C, GHSV = 1000 h−1, vanadium oxide content is 10 wt.% and
cted for 30 min.
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Fig. 1. XRD patterns of V2O5/�-Al2O3, Sn-doped V2O5/�-Al2O3 and SnO2/�-Al2O3 catalysts.

1019 cm−1 was also found for the presence of polymeric
species[29] on the V2O5/�-Al2O3. Whereas, the Raman
bands of crystalline vanadia is not found for V2O5/�-Al2O3
catalyst with SnO2. Isolated monomeric vanadyl species giv-
ing rise to the obvious Raman band at 1039 cm−1 [30] and
polymeric vanadyl species giving rise to the weak broad
Raman band at (750 cm−1 [31,32] are observed for SnO2
3 wt.%–V2O5/�-Al2O3 catalyst. With SnO2 loading rise up
to 7.5 wt.%, the isolated monomeric vanadyl species giving
rise to the Raman band at 1039 cm−1 disappears and poly-
meric vanadyl species giving rise to the broad Raman band at
766 cm−1 enhances. At one time, Raman band at 1006 cm−1

is attributed to polymeric vanadia species[33] is also detected
for SnO2 7.5 wt.%–V2O5/�-Al2O3. The Raman spectra of
V2O5/�-Al2O3 catalyst with and without SnO2 indicates that
the doping of appropriate amount of SnO2 leads to the surface
vanadia of catalysts is more highly dispersed than undoped
catalyst.

3 and

Furthermore, we attended also to that a obvious Raman
feature of SnO2 crystallites at (630 cm−1 [34,35] is ob-
served for SnO2 15 wt.%/�-Al2O3, and that the absence of
Raman feature of SnO2 crystallites at (630 cm−1 for SnO2
7.5 wt.%–V2O5/�-Al2O3. The absence of Raman feature
of SnO2 crystallites for SnO2 7.5 wt.%–V2O5/�-Al2O3
is attributed to lower crystallization of SnO2 (towards to
amorphous) than in SnO2 15 wt.%/�-Al2O3 and since V2O5
spectrum become predominant under this conditions. This
is consistent with the Herrmann et al.[34] and Ristíc et al.
[35] studies on Raman spectra of tin oxide.

The TPR spectra of pure SnO2, SnO2/Al2O3, V2O5/
Al2O3, V2O5/SnO2 and SnO2–V2O5/Al2O3 series are
shown in Fig. 3 and the corresponding TPR results are
listed in Table 2. Fig. 3a shows that only one hydrogen
consumption peak at 540◦C with obvious asymmestry is
observed for V2O5 10 wt.%/�-Al2O3 catalyst in the TPR
profiles. Whereas, a new hydrogen consumption peak about
Fig. 2. Raman spectra of�-Al2O3, SnO2/�-Al2O
 V2O5/�-Al2O3 catalyst with and without SnO2.
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Fig. 3. TPR profile of samples.

at 400–430◦C front it is detected in the TPR profiles after
addition of SnO2. The reduction behavior of V2O5/�-Al2O3
catalysts obviously depends on the SnO2 loading. The
reduction temperature decreased with the increase of SnO2
loading, while the reduction temperature increases when
SnO2 loading exceed 3 wt.%. The intensity of new peak

Table 2
Comparison of TPR Results of pure SnO2, SnO2/Al2O3, V2O5/Al2O3, V2O5/SnO2 and SnO2–V2O5/Al2O3 series

Samples Reduction temperatures (◦C) Notes

T1 T2 T3

SnO2 15%/Al2O3 690 Crystalline SnO2 detected by XRD
SnO2 7.5%/Al2O3 630
SnO2 3%/Al2O3 600
SnO2 3%–V2O5 1%/Al2O3 430 500 585
SnO2 3%–V2O5 3%/Al2O3 430 500 580
SnO2 3%–V2O5 10%/Al2O3 400 500
SnO2 1.5%–V2O5 10%/Al2O3 430 515
SnO2 7.5%–V2O5 10%/Al2O3 440 530 660 Crystalline SnO2 detected by XRD
V2O5 10%/Al2O3 540
V2O5 3%/SnO2 440 750
SnO2 750

at 400–430◦C increases gradually with increase of SnO2
loading and the third hydrogen consumption peak about at
660◦C is also found when the SnO2 content is 7.5 wt.%
(crystalline SnO2 detected by XRD seeFig. 1a).

Regarding the attribution of three peaks, we also study in
detail in present work. The TPR profiles of SnO2/Al2O3 with
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Fig. 4. XPS spectra of undoped, Sn-doped V2O5/�-Al2O3 and SnO2/�-Al2O3.

different SnO2 loading are shown inFig. 2b. The reduction
temperature of SnO2 on support Al2O3 increases with in-
crease of SnO2 loading, the reduction temperature reaches
690◦C when SnO2 loading up to 15 wt.% and that crys-
talline SnO2 appears (seeFig. 1b). It is obvious that SnO2
dispersed better on support is more reduced. By comparison
of the profiles of SnO2 7.5 wt.%–V2O5/�-Al2O3 and SnO2
15 wt.%/Al2O3, we may concluded that the third reduction
peak at 660◦C is assigned to reduction of lower crystalliza-
tion SnO2 for SnO2 7.5 wt.%–V2O5/�-Al2O3 catalyst. Order
to understanding behavior of SnO2–V2O5/�-Al2O3, we study
also that TPR behavior of pure SnO2, V2O5/SnO2 and SnO2
3 wt.%–V2O5/Al2O3 with different V2O5 loading series are
shown inFig. 3c and d. The reduction peak of amorphous
SnO2 in V2O5/�-Al2O3 catalyst is able to shift to lower tem-
perature with increase of V2O5 loading from 600 up to 580◦C
and that overlap gradually with reduction of vanadia on�-
Al2O3 support, which results in it is hardly observed at lower
SnO2 loading (seeFig. 3c). At one time, the intensity of the
reduction peaks at 400–440 and (500◦C is increases with in-
crease of V2O5 loading. Moreover,Fig. 3d shows that pure
SnO2 has only one reduction peak at 750◦C and another re-
duction peak at 440◦C is observed except for reduction peak
at 750◦C for V2O5/SnO2. According to the reduction be-
havior of samples inFig. 3, as well as to dates ofTable 2,
w ut at
4
t d
t
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p gen
w en
o

d Sn-
d
b t
t d

V2O5/�-Al2O3 are higher than that of SnO2/�-Al2O3. At one
time, we also observed that the V2p3/2 binding energies shift
to higher values after doping Sn inFig. 4B. The XPS ex-
periment indicates that a strong electronic interaction occurs
between Sn and V oxides at the surface of the support. This
interaction leads to a higher reducibility of the Sn and V
oxides with respect to the corresponding undoped ones (as
shown inFig. 3).

4. Conclusion

Thus, the electron interaction exists between V and Sn ox-
ide species on the surface of support and appropriate amount
of tin additive plays an important role in improving the disper-
sion and reducibility of surface vanadium oxide. Moreover,
addition of SnO2 also increases the conversion of isobutane
and the isobutene selectivity on the Sn-doped V2O5/�-Al2O3.
However, higher amounts of SnO2 lead to the formation of
more unreducible agglomarated vanadia and crystalline SnO2
and also the decreases improving role of SnO2.
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[1] T. Blasco, J.M. Ĺopez Nieto, Appl. Catal. A: Gen. 157 (1997) 1
[2] E.A. Mamedov, C.V. Cort́es, Appl. Catal. A: Gen. 127 (1995) 1.
[3] D.C.M. Dutoit, M.A. Reiche, A. Baiker, Appl. Catal. B: Environ.

(1997) 275.
[4] M.D. Amiridis, R.V. Duevel, I.E. Wachs, Appl. Catal. B: Enviro

20 (1999) 111.
[5] N.D. Spencer, C.J. Pereira, J. Catal. 116 (1989) 399.



168 Y. Fu et al. / Journal of Molecular Catalysis A: Chemical 221 (2004) 163–168

[6] A. Parmaliana, F. Arena, F. Frusteri, D. Micli, V. Sokolovskii, Catal.
Today 24 (1995) 231.

[7] J.L.G. Fiero, L.A. Arrua, J.M. Ĺopez Nieto, G. Kremenic, Appl.
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