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Abstract

Dehydrogenation of isobutane in the presence of oxygen—industrially prospective process for isobutene production—has been studied
over vanadium-antimony oxide catalysts. Their catalytic behaviour was compared with the sample characterisation data by specific surface
area (SSA), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Substantial improvement of the catalytic performance
has been achieved as a result of proper spreading of active V-containing component onto an appropriate support. Optimisation of the
composition and loading of the active component, the chemical nature and morphology of support material, as well as the preparation
procedure allowed to further improve the yield of isobutene. Microspheric�-alumina with moderate SSA and large average pore diameter
was found to be the best support for the efficient catalyst. The loading of vanadia corresponding to 1–1.5 formal monolayer coverage and
doping with antimony (V-to-Sb atomic ratio 8.8) were found to be optimal.

The use of “citrate” preparation technique showed an advantage in comparison with ordinary impregnation method, giving the catalyst
with well dispersed (amorphous) and homogeneously distributed supported V-Sb-O-component. The optimised catalyst demonstrated
improved stability, high activity and olefin selectivity (70% at 36% conversion), producing yields of isobutene (up to 26% per pass) among
the best reported in the literature.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The demand of light olefins, and of products made from
them, is increasing steadily and the present capacity might
become insufficient to meet this demand. This is specially
the case for isobutene, which is the most versatile chemi-
cal intermediate among all C4 olefins. Its current industrial
uses include those as a monomer for polyisobutene, butyl
rubber and polybutene, and as a feedstock for the produc-
tion of methylacrylate and other chemicals. Although the
use of isobutene to produce methyl-tert-butyl ether in large
amounts for reformulated gasoline is now under question,
the use of heavier ethers on the basis of isobutene in the
future is possible.
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Now isobutene is produced commercially by the isobutane
dehydrogenation process over chromia-alumina catalyst[1].
As of late 2000, a total of eight CatofinTM units exist for the
production of isobutene (including two converted from older
CatadieneTM units) with an aggregate capacity of about 2.8
million metric tons per annum isobutene. During the 1990s,
a large-scale fluid-bed isobutane dehydrogenation unit for
about 450,000 metric tonnes per annum isobutene was com-
mercialised by Snamprogetti in Saudi Arabia based on the
technology from Yarsintez in Russia. The process of de-
hydrogenation is, however, thermodynamically limited and
very energy-consuming.

Oxidative dehydrogenation (ODH) of isobutane attracts
an attention as a potential alternative process for isobutene
production due to the using of oxygen as an oxidant displaces
the dehydrogenation equilibrium thus making the process
exothermic. This approach has been used commercially in
the catalytic dehydrogenation of ethylbenzene to styrene but
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to date has not succeeded in the dehydrogenation of light or
heavy paraffins[1].

Although a large number of studies of light alkanes ODH
over different types of catalysts is available[1–13], studies
of ODH of isobutane to isobutene have only recently been
reported, and their number is negligible as compared to other
ODH reactions. It is no mere chance that the latest review
paper in the field of production of C4 olefins by the ODH of
paraffins[11] limits itself only to the reaction ofn-butane.

Several types of catalysts have been reported in the lit-
erature to be selective in the isobutane ODH. The most
intensively studied ones include noble metal-based catalysts
[14], metal phosphates[15,16]and those based on reducible
transition metal oxides: molybdenum-based catalysts
[17,18], heteropolyacids (molybdophosphoric acid, con-
taining vanadium or not, and tungstophosphoric acids with
the Wells–Dawson structure)[19,20], and chromia-based
catalysts[21–23] including Cr-V-Nb mixed oxides[24].

Vanadium oxide-based catalysts have been much less in-
vestigated in the isobutane ODH, and practically all the rel-
evant results on these systems are presented below.

Hoang et al.[25] studied the catalytic performance of sup-
ported transition metal oxides in this reaction at low tem-
peratures and isobutane conversions, and have shown that
vanadia-alumina catalyst (as well as almost all studied sys-
tems) exhibits much lower selectivity to isobutene (15%) in
comparison to chromia-alumina (55%). It should be noted
that, preparation methods used for these catalysts were sub-
stantially different due to the lack of an appropriate vana-
dium precursor. Vanadium-containing MCM-41 mesoporous
catalysts have been investigated for the isobutane partial
oxidation reactions[26–28] and olefin selectivity ca. 50%
was achieved at isobutane conversions 10–15%. Zhang et al.
[28] have shown that selectivity to isobutene strongly de-
pends on the catalyst preparation method. Catalyst synthe-
sised by direct hydrothermal method gave∼50% selectivity
to isobutene plus 20% selectivity to methacrolein, whereas
over the sample prepared by template ion-exchange method
the corresponding values were lower than 12 and 3%, re-
spectively. Over VZSM-48 catalyst, olefin selectivity was
60% at 28% isobutane conversion[29].

Some particular examples dealing with isobutane were
also published in a few papers and patents mainly devoted
to the ODH of other light paraffins[2,30–32]. It is note-
worthy that lowest selectivity was obtained in the produc-
tion of isobutene, which has two allylic hydrogen positions
susceptible to oxygen insertion, resulting in the formation
of co-products such as aldehydes, ketones and acids along
with the olefin. These may be precursors for the formation
of carbon oxides, especially when relatively severe reaction
conditions are needed to activate the paraffin[2]. C–C bond
breaking, leading to cracking products, is easier in isobutane
than in propane[30].

V-Sb complex oxides (either as bulk or supported cat-
alytic systems with excess of antimony) are well known as
highly efficient catalysts for the prospective industrial pro-

cess of ammoxidation of propane to acrylonitrile[6,33–36],
partial oxidation of toluene[37,38] and of H2S [39], as
well as for selective reduction of NO with ammonia[40].
Shishido et al.[41] mention that V1Sb10Ox mixed oxide is
active in ODH of isobutane to isobutene; however, this sub-
ject was not studied in more detail as the authors were fo-
cused on the methacrolein formation over Mo-V-Sb oxide
systems.

The role of antimony and the effect of V/Sb ratio and
coverage of the support with V+ Sb oxide component have
been studied repeatedly, but only in the ammoxidation of
propane (including propane ODH occuring in the course this
reaction)[33,34,36,42]and the partial oxidation of toluene
[38]. V-Sb oxide catalysts with an excess of vanadia are
highly active for propane ODH, while the excess of Sb al-
lows these catalysts to be more selective to acrylonitrile at
the expense of propene selectivity[33]. In the case of par-
tial oxidation of toluene to benzaldehyde the Sb-containing
sites are believed to carry the function of oxygen insertion
into the hydrocarbon molecule[38].

Summarising, isobutane ODH in the presence of vana-
dium oxide-based catalysts has not been studied systemati-
cally, likely due to the non-satisfactory olefin selectivity ob-
tained over V-containing oxide catalysts in the conditions
previously used.

Recently, we have shown[43] that Sb-promoted vana-
dium oxide-based systems supported on alumina are rather
active and selective in oxidative conversion of isobutane to
isobutene. In this paper we describe our attempt to optimise
the catalytic functions of supported V-Sb oxide systems in
this industrially important reaction, by means of variation of
their quantitative composition, selection of the most appro-
priate catalyst support and using the more effective catalyst
preparation method. The relationship between catalytic per-
formance and structural features of systems under study is
analysed using the data obtained by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS) and surface area
measurements.

2. Experimental

2.1. Catalyst preparation

2.1.1. Materials
Ammonium metavanadate (Merck) and antimony(III)

chloride (Aldrich) were used as starting materials for prepa-
ration of V-Sb oxide catalysts. Nine different supports were
used. Among them, four types of Aldrich�-aluminas with
different trade marks, say: “acidic” (a) (Aldrich 19,996-6),
“weakly acidic” (wa) (Aldrich 26,774-0), “neutral” (n)
(Aldrich 19,997-4) and “basic” (b) (Aldrich 19,944-3). They
have very similar textural characteristics: specific surface
area (SSA) 150–180 m2/g, pore volume (Vp) 0.23 ml/g, aver-
age pore diameter (Dp) 58 Å and particle size 0.1 mm. They
are XRD-amorphous and differ only in surface Na content
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which varied (according to the XPS data) from 0.15 at.%
for �-Al2O3 (a) to 0.6 at.% for�-Al2O3 (b). The micro-
spheric alumina (0.3–0.8 mm particle size, SSA= 85 m2/g,
Vp = 0.37 ml/g andDp = 175 Å) from Katalizator Co.
(Novosibirsk, Russia), further denoted as�-Al2O3 (ms), was
also found to be almost XRD-amorphous (traces of corun-
dum were found). The corundum,�-Al2O3, from Catalyst
and Chemical Europe, S.A., had SSA= 35 m2/g, Vp =
0.22 ml/g andDp = 190 Å. Silica-alumina (SiO2/Al2O3 =
9.5) (Aldrich 34,335-8) had high SSA= 468 m2/g andVp =
0.67 ml/g. Silica gel (Aldrich 24,398-1) hadVp = 1.21 ml/g,
Dp = 150 Å and SSA= 290 m2/g. Both silica-containing
supports were XRD-amorphous, whereas magnesium oxide
(Jansenn 22,25340) (SSA= 33 m2/g, Vp = 0.18 ml/g) was
a mixture of two crystalline phases—periclase (cubic MgO)
and brucite, Mg(OH)2.

2.1.2. Preparation methods
“Citrate” (c) [44] and conventional co-precipitation (cp)

(for bulk systems), as well as impregnation (i) (for supported
oxides) methods have been used for catalyst preparation.

In the former, aqueous solutions of citric acid monohy-
drate, C6H8O7·H2O (Merck) were added to each of the trans-
parent aqueous solutions of NH4VO3 and SbCl3 (the latter
was acidified with the solution of HCl) containing the needed
amounts of the cations so as to reach 1.1 equivalent-gram
of acid function per valence-gram of the cations. Then these
solutions were mixed, evaporated at 40◦C under reduced
pressure to form a syrup-like liquid, and dried in a vacuum
oven at 80◦C for 24 h. The obtained solid precursor was de-
composed at 300◦C for 16 h and calcined at 550◦C for 8 h
to form the final bulk catalyst.

For preparation of the supported samples, the correspond-
ing support was impregnated during 2 h at room temperature
with the above-mentioned mixed solution; all subsequent
operations were the same.

When conventional co-precipitation and impregnation
methods have been used, the same starting aqueous salts
solutions were obtained without citric acid. All subsequent
operations were the same.

2.2. Catalytic activity tests

The catalytic tests were performed under atmospheric
pressure in a continuous system. A fixed bed, straight
down-flow tubular quartz reactor (i.d. 15 mm) was used.
Quartz chips were placed above and below the catalyst
bed to reduce the reactor void volume and to avoid the
homogeneous reactions in free gas space. In the absence
of catalyst, the reactor completely filled with quartz chips
showed a very small activity when tested under the reac-
tion conditions used in catalytic tests: isobutane conversion
reached only∼1% at 550◦C and ∼3% at 600◦C. Nev-
ertheless, in the presence of catalysts the contribution of
heterogeneously-initiated, homogeneous reactions cannot
be excluded[45].

The temperature of the catalyst bed (typically 550◦C)
was monitored by a thermocouple placed in a coaxial
thermo-well in the centre of the bed. The gas mixture
(20 vol.% isobutane; 10 vol.% oxygen; balance: nitrogen)
was fed into the reactor at a total flow of 1 cm3/s and
contact time (τ) of 4 s. In these conditions, we were able
to obtain considerable alkane conversions, high olefin se-
lectivities and acceptable catalyst productivities. Safety
requirements, very important for the industrial process,
were also taken into account: relatively low initial oxy-
gen concentration and high oxygen conversions produced
practically oxygen-free, i.e. explosion safe, outlet reaction
mixture. Measurements were made after 1 h on stream once
the desired reaction temperature was reached. A typical run
lasted for about 4–6 h. On-line GC analysis of the reac-
tion mixture was carried out using packed chromatographic
columns (heptadecane-impregnated diatomite to separate
CO2, C2–C4 hydrocarbons and molecular sieve NaX for
O2, N2, CH4, CO), and TC detector. Conversion of isobu-
tane (X), yield of isobutene (Y) and olefin selectivity (OS)
are expressed as mol%.

2.3. Catalyst characterisation

Specific surface area measurements were performed on a
Micrometrics Flow Sorb II 2300 instrument by adsorption of
N2 at liquid nitrogen temperature on the surface of samples
previously outgassed at 150◦C for 1 h.

XRD patterns were obtained with a high resolution
X-ray Kristalloflex 805 (Siemens) diffractometer equipped
with a Siemens D-5000 detector using Ni-filtered Cu
K�-radiation. The powdered samples were analysed with-
out any pre-treatment after deposition on a quartz single
crystal sample holder.

XPS analysis was performed with an SSX-100 model
206 X-ray photoelectron spectrometer from Surface Sci-
ence Instruments. Monochromatic X-rays produced by an
aluminium anode (Al K� = 1487.6 eV) were focused
on an area of around 1.4 mm2. The pressed powder sam-
ples were placed into small troughs. The binding energy
(BE) values were referred to the adventitious C 1s peak
at 284.8 eV. The intensities were estimated by calculat-
ing the integral of each peak after subtraction of the
“S-shaped” background. Atomic concentration (AC) ra-
tios were calculated by correcting the intensity ratios with
the theoretical sensitivity factors based on Scofield cross-
sections.

3. Results and discussion

3.1. Bulk vanadium-antimony oxides

The results of catalytic testing of bulk binary V-Sb-O
samples of different composition prepared by “citrate” (c)
and co-precipitation (cp) methods are given inTable 1.
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Table 1
Catalytic properties of bulk V-Sb-O systems prepared by citrate (c) and co-precipitation (cp) methods in the ODH of isobutane

Catalyst V/(V+ Sb)
ratio (at.%)

SSA (m2/g) iC4H10 conversion,X (%) Selectivity (%) iC4H8 yield, Y (%)

iC4H8 C1–C3 Cox

44 (cp) 8.1 11.5 11.6 6.6 81.8 1.3
50 (cp) 4.2 12.6 11.7 5.6 82.7 1.5
50 (c) 16.9 14.3 12.0 7.2 80.8 1.7
90 (cp) 1.3 12.9 12.0 5.4 82.6 1.5
90 (c) 7.0 12.7 11.0 6.1 82.9 1.4

Reaction conditions: 550◦C, P0
iC4H10

= 20 kPa,P0
O2

= 10 kPa,τ = 4 s, time-on-stream 2.5 h.

Irrespectively of their composition, SSA and preparation
method, all studied binary V-Sb oxide systems have very
poor efficiency in target reaction: isobutene yield (Y) does
not exceed 1.7% with olefin selectivity (OS) around 12%. In
spite of the higher SSA obtained, the samples prepared by
the “citrate” method showed similar performances that their
co-precipitated homologues, which implies them to show a
lower area-specific rate. From this point of view, the most
active catalyst was the one prepared by co-precipitation with
an atomic ratio V/Sb= 8.8.

According to our XRD data[43], the main phase
of the fresh catalyst with V/Sb= 1 is the mixed
vanadium-antimony oxide V1.1Sb0.9O4; the phase V2O5
(shcherbinaite) is present in this sample in lesser amount.
In the V-rich V-Sb-O fresh sample (V/Sb= 8.8), V2O5 is
the predominant phase and V1.1Sb0.9O4 is the minor one.
XRD patterns and laser Raman spectra[43] show that bulk
V-Sb oxides retain their crystallinity after catalytic tests.

XPS measurements indicate that Sb 3d3/2 BE value re-
mains almost the same after catalytic runs (540.1 for fresh
and 539.9 eV for used samples—seeTable 2). This means
that antimony is present on the surface of the fresh V-Sb ox-
ide sample in the high oxidation state which does not change
significantly after catalysis[46]. On the contrary, in com-
parison with 517.2–517.6 eV for reference V5+compounds
[46,47], BE value for V 2p3/2 (516.7 eV) shows that vana-

Table 2
Surface and catalytic properties in isobutane ODH of fresh (f) and used (u) bulk and alumina-supported V-Sb-O catalysts (nominal atomic ratio V/Sb= 8.8)
prepared by citrate (c) and impregnation (i) methods

Catalyst SSA (m2/g) Binding energy (eV) XPS V/Sb ratio iC4H10 conversion,X (%) Selectivity (%) iC4H8 yield, Y (%)

V 2p3/2 Sb 3d3/2 iC4H8 C1–C3 COx

Bulk (c)
f 7.0 516.7 540.1 2.2 12.7 11.0 6.1 82.9 1.4
u 13.4 516.1 539.9 2.2 – – – – –

Supported (i)
f 84.7 517.3 540.3 4.1 29.0 64.8 2.7 32.5 18.8
u 81.1 517.0 540.2 4.7 – – – – –

Supported (c)
f 69.2 517.2 540.1 8.4 36.5 70.2 6.2 23.6 25.6
u 65.0 517.3 540.1 8.8 – – – – –

Reaction conditions: 550◦C, P0
iC4H10

= 20 kPa,P0
O2

= 10 kPa,τ = 4 s, time-on-stream 2.5 h.

dium is partially reduced already in the fresh sample and
it undergoes a further considerable reduction under reaction
conditions: the apparent BE value of V 2p3/2 XPS peak shifts
to 516.1 eV and its full width at half maximum (FWHM) in-
creases. The XPS measured surface vanadium-to-antimony
atomic ratios (calculated as V 2p3/2 AC/Sb 3d3/2 AC) are
four times lower (V/Sb∼ 2.2 for both fresh and used cat-
alysts) than the nominal ratio (V/Sb= 8.8, as prepared).
It means that the surface of bulk binary V-Sb-O systems is
strongly enriched with antimony.

3.2. Supported V and V-Sb oxide systems

3.2.1. Optimisation of V-loading
On the preliminary stage of the study we have found that

increasing of the V-loading in VOx/Al2O3 systems in the
range of 0–15 wt.% formal V2O5 (Fig. 1) increases the for-
mation of isobutene. Relatively high V2O5 content (between
9 and 17.7 wt.%) is favourable for the achievement of high
hydrocarbon conversion (X) and olefin selectivity (OS). This
loading is equivalent to 0.8–1.7 formal monolayer cover-
age estimated according to[48]. Both X and OS decrease
slightly with V2O5-loadings beyond 17.7 wt.%. It is nec-
essary to mention that the activity of VOx/Al2O3 systems
decreased considerably with time-on-stream during the cat-
alytic tests. This was due to coke formation, as evidenced
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Fig. 1. Effect of alumina surface coverage with vanadia on conversion of isobutane (X), yield of isobutene (Y) and selectivities to products (S) in the
ODH of isobutane. Reaction conditions: 550◦C, P0

iC4H10
= 20 kPa,P0

O2
= 10 kPa,τ = 4 s, time-on-stream 1 h.

by the intense COx evolution during catalyst reoxidation by
air pulses at 550◦C [43]. So, despite of relatively high ef-
ficiency in the initial period (typically, OS∼ 64–66% at
X ∼ 35–37% after 1 h on stream), these catalysts require a
substantial further improvement.

3.2.2. Optimisation of active component composition and
catalyst preparation method

A preliminary screening of a large number of alumina-
supported V-containing catalysts with different oxide addi-
tives [49] revealed that the presence of antimony oxide sta-

Fig. 2. Catalytic performance of alumina-supported VOx (15 wt.% formal V2O5) and V-Sb-O (15 wt.% formal V2O5+2.7 wt.% formal Sb2O3; V/Sb = 8.8)
in the oxidative conversion of isobutane. Reaction conditions: 550◦C, P0

iC4H10
= 20 kPa,P0

O2
= 10 kPa,τ = 4 s.

bilises their catalytic performances for at least 10–15 h and
kept the OS practically unchanged(Fig. 2) [43]. This reduc-
tion of the activity loss is due to the efficient hampering of
coke formation: much lower amounts of COx evolved in re-
oxidation experiments with spent Sb-modified catalyst than
with unmodified catalyst. For this reason, we concentrated
on the optimisation of the supported V-Sb-O catalytic sys-
tems.

The effect of the variation of the relative vanadium con-
tent (V/(V + Sb)) in the binary V-Sb oxide system (in-
cluding the single Sb and V oxides) supported on�-Al2O3
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Fig. 3. Effect of V/(V+Sb) atomic ratio in alumina-supported V-Sb oxides
on conversion of isobutane (X), yield of isobutene (Y) and selectivity
to products (S) in the ODH of isobutane. Reaction conditions: 550◦C,
P0

iC4H10
= 20 kPa,P0

O2
= 10 kPa,τ = 4 s, time-on-stream 4 h.

(ms) was investigated. Catalysts were prepared by impregna-
tion method. Their SSA values (60–105 m2/g) differ slightly
from those for the starting support (85 m2/g). Since almost
all studied V-Sb-O/�-Al2O3 (ms) catalysts exhibit stable ac-
tivity and selectivity, the catalytic data measured after 4 h on
stream are presented inFig. 3, excepting for the non-stable
Sb-free and 2.6 at.% Sb-containing samples, which results
correspond to 2.5 h on stream.

Both SbOx/Al2O3 and Sb-rich catalysts are not efficient
for olefin formation. The highest yield of isobutene (Y ∼
18.8%) and high OS (∼65%) at stable activity were achieved
over the supported V-Sb oxide with optimal composition
V/(V + Sb) ∼ 0.90 (V/Sb = 8.8 at.). Evidently, the main
ODH activity is associated with V-containing species (see
alsoSection 3.2.1), but their modification with Sb addition
results in the further improvement of their performance.

Fresh and used samples of this best performing sup-
ported catalyst are XRD-amorphous and the active oxidic
species can be reliably detected only using laser Raman
spectroscopy, which is very sensitive to the presence of
VOx species[50]. Raman spectrum of the fresh catalyst
showed a high background and only the bands correspond-
ing to V2O5 phase with very low intensity[51]. However,
after the catalytic test, no such a band was detected in the
spectrum of the used sample. This indicates that during the
catalytic run, vanadia phase looses its crystallinity and the
oxide becomes spread onto the surface as an amorphous
vanadium oxide. So, one may conclude that VOx active
component is well dispersed on the support surface.

Based on the XPS BE values of V 2p3/2 (517.3 eV) and
Sb 3d3/2 (540.3 eV) inTable 2, it can be concluded that both
elements exist in high oxidation states in the surface of the
fresh catalyst. Under catalytic conditions antimony was not

reduced (BE and FWHM of Sb 3d3/2 peak retain their values
without any change), whereas vanadium was reduced to a
certain (but not big) extent after catalysis: BE and FWHM
values of V 2p3/2 peak change only slightly.

The surface of the catalyst is significantly enriched
with antimony (XPS surface atomic ratio V/Sb is 4.1–4.7,
whereas bulk V/Sb= 8.8), but the extent of this enrichment
is considerably lower than in the unsupported bulk sample.
In the latter case, surface V/Sb ratio was 2.2. The increase
of the surface V/Sb ratio after catalytic test agrees with
the spreading of the vanadium oxide species observed by
Raman.

The effect of the preparation method has been studied for
the catalyst optimised atomic ratio V/Sb= 8.8. The catalytic
results obtained with the homologous supported catalysts,
prepared by impregnation and “citrate” method, respectively,
are compared inTable 2, together with their surface char-
acteristics. Noteworthingly, catalytic testing of the “citrate”
sample reveals a substantial improvement in both isobutane
conversion (X) and OS in comparison with the impregnated
sample. This trend, opposite to the observed one for the bulk
samples, may be explained by the surface composition of
the active oxides. XPS analysis shows that, at a variance of
impregnation, the “citrate” method produces a very homo-
geneous cationic distribution in the deposited oxides. The
XPS measured surface composition of the “citrate” sample
(V/Sb ∼ 8.8) was equal to its nominal composition. This
was not the case for the bulk “citrate” sample, for which an
important surface enrichment (V/Sb= 2.2) is measured by
XPS. Therefore, it seems that the better performance of the
“citrate” supported catalyst is related with the actual surface
atomic ratio, thus indicating the importance of high homo-
geneity of distribution of elements in the supported compo-
nent.

3.2.3. Optimisation of the catalyst support
To check the influence of the support nature, a series

of V-Sb oxide catalysts (V/Sb= 8.8, V2O5-loading corre-
sponding to one theoretical monolayer[48]) supported on
various supports have been prepared by “citrate” method,
characterised and tested in the target reaction. Catalytic prop-
erties of these V-Sb oxide systems are presented inTable 3
together with their SSA values. All supported V-Sb oxides
demonstrate much higher efficiency in the target reaction
than that of any bulk binary oxide. It is interesting to stand
out that all the catalysts supported on�-Al2O3 display the
best results.

The catalytic performance in the isobutane ODH strongly
depends on the chemical nature of oxide carriers and de-
creases in a series:

�-Al 2O3 > �-A12O3 > SiO2-Al2O3 > SiO2 ≈ MgO

> unsupported

Among those supported on�-Al2O3, the most efficient
catalyst is the one prepared on microspheric�-Al2O3 (ms),
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Table 3
Oxidative conversion of isobutane on bulk and supported V-Sb-O systems (V/Sb= 8.8 at.) with 1 theoretical monolayer coverage

Catalyst support SSA (m2/g) iC4H10 conversion,X (%) Selectivity (%) iC4H8 yield, Y (%)

iC4H8 C1–C3 COx

No (bulk) 7.0 12.7 11.0 6.1 82.9 1.4
�-Al2O3 (a) 131 28.4 64.0 3.9 32.1 18.2
�-Al2O3 (wa) 125 34.5 65.0 4.1 30.9 22.4
�-Al2O3 (n) 131 34.4 64.3 5.0 30.7 22.1
�-Al2O3 (b) 114 34.3 65.9 4.0 28.9 22.6
�-Al2O3 (ms) 69 36.5 70.2 6.2 23.6 25.6
�-Al2O3 32 20.7 52.0 4.2 43.8 10.8
Si-Al-O 232 19.4 44.6 4.8 50.6 8.6
Silica gel 183 16.3 35.8 5.0 59.3 5.8
MgO 30 15.0 36.7 9.6 53.7 5.5

Reaction conditions: 550◦C, P0
iC4H10

= 20 kPa,P0
O2

= 10 kPa,τ = 4 s, time-on-stream 2.5 h.

Table 4
Summary of the improvements reached in the optimisation processa

Step Result Xst (%) OS (%) Y (%)

Bulk V-Sb-O systems
Variation of the quantitative composition and

preparation methods
Similar poor performance 11–14 11–12 <2

Supported VOx-based systems
Use of support and variation of VOx-loading 1.4 ML VOx/Al2O3 (ms):

high activity, but unstable
37 (initial), 21
(at 4 h on stream)

62 23 (13)

Screening of co-components to VOx/Al2O3 SbOx stabilises activity of VOx/Al2O3 – – –
Variation of V/(V + Sb) ratio in V-Sb-O/Al2O3 1.7 ML V0.9Sb0.1Ox/Al2O3 (ms): stable activity 29 65 19
Selection of preparation method 1.7 ML V0.9Sb0.1Ox/Al2O3 (ms) “citrate” 37 70 26

a Xst: stable conversion of isobutane; OS: isobutene selectivity,Y: yield of isobutene; ML: theoretical monolayer coverage.

a support with moderate surface area and large average pore
diameter. The catalyst SSA and pore structure have some
effect on the catalytic performance; however, these should
be considered as minor (or secondary) factors as compared
with the chemical nature of the support. The acid–base prop-
erties (or, more precisely, the Na content) of the starting
�-aluminas have no effect on catalytic properties of result-
ing supported oxide catalysts.

It is worth noting that the most efficient (�-Al2O3-sup-
ported) catalysts are amorphous to XRD, whereas samples
supported on silica or silica-alumina showing poor catalytic
efficiency display XRD detectable V2O5-crystallites.

4. Concluding remarks

Summarising the main improvements reached during each
step of the optimisation (Table 4), it can be concluded that,
despite of the poor efficiency of bulk vanadium-containing
oxides in the ODH of isobutane, their catalytic performance
can be dramatically improved by depositing them on vari-
ous oxide supports. In addition to the chemical composition
of the active component, the second most critical parame-
ter is the chemical nature of the oxide support:�-alumina
was found to be the best one, due to a proper spreading of
the active component on its surface. The ODH efficiency

and catalyst stability can be improved by appropriate dop-
ing of active vanadium oxide component with antimony (op-
timal V-to-Sb atomic ratio is 8.8). A further optimisation
consists in the preparation of the catalysts containing∼1.7
formal monolayer of mixed V-Sb oxide by the “citrate”
method.

Characterisation data shortly described above (further de-
tailed publications dealing with the characterisation of sup-
ported V-Sb oxide catalytic systems are in preparation[51])
indicate that active component of this alumina-supported
catalyst is amorphous, with vanadium and antimony in the
high oxidation state. Catalytic performance for selective ox-
idation on vanadium oxide catalysts is related with the re-
dox properties of vanadium species[7–9,51–55]. This has
been evidenced by differential scanning calorimetry, show-
ing that the process occurs via a stepwise redox mechanism
with the participation of lattice oxygen from the catalyst
[56]. When the supported VOx component is modified with
antimony, the amount of reactive oxygen is increased and
reduction–reoxidation cycles of vanadium ion proceed more
rapidly and smoothly. Similar effects have been described
for Sb-promoted molybdenum oxide[57]. Simultaneously,
the addition of antimony decreases the rate of coke forma-
tion [43,56,57], which explains the observed improvement in
catalytic stability. The parallel improvement of redox prop-
erties brought by antimony in supported V-Sb-O systems
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[56] lead us to think that this is the main reason for lower
rates of coke formation.

Application of “citrate” synthesis route, known to be a
powerful method for preparation of homogeneous mixed
oxides, gave us an opportunity to synthesise the catalyst
whose amorphous supported components are well dispersed
and homogeneously distributed on the support surface.
This optimised�-alumina-supported V-Sb oxide catalyst
demonstrates the highest activity, selectivity and stability in
the ODH of isobutane to isobutene, giving rise to a yield
(close to 26%) among the highest ones ever reported for this
reaction.
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