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Abstract

Propane oxidative dehydrogenation has been studied at 350–500◦C, 1.0 bar and feed flow rate of 75 cm3/min over several
supported chromium oxide-based catalysts. Effects of various chromium loadings, different supports, catalyst precursors and
reaction conditions were investigated in an attempt to select an optimum catalyst for the reaction. Chromium oxides of different
loadings ranging from 0.1 to 20 wt.% on�-Al2O3 were tested. At 450◦C, 10 wt.% loading exhibited propane conversion of
19%. �-Al2O3 gave the best performance when MgO, TiO2, SiO2 and�-Al2O3 were tested as supports. As a precursor,
Cr(NO3)3·9H2O exhibited the best results compared with K2Cr2O7, CaCr2O7, Na2Cr2O7, Cr2SO4·12H2O and CrO3. Effects
of reaction temperatures and feed compositions were also evaluated on a 10 wt.% Cr-Al-O catalyst. The maximum selectivity
to propene obtained was 61% while the yield was 18%. The 10 wt.% Cr-Al-O catalyst was characterized by X-ray diffraction
patterns (XRD), temperature-programmed reduction (TPR) and X-ray photoelectron spectroscopy (XPS) which confirmed
the presence of both Cr3+ and Cr6+ in the calcined catalyst and, also, the predominance of Cr3+ in the spent catalyst.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic oxidative dehydrogenation of propane has
received extensive research efforts in recent years.
This drive is partly due to increasing demand of
propene in the international market. Another motiva-
tion for the attempt to convert propane to propene is
the general tendency of the petrochemical industry to
utilize the abundant, cheap and environment-friendly
alkane as feedstocks. Several promising catalytic sys-
tems for the reaction have emerged. The most studied
catalysts for propane conversion are based on vana-
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dium [1,2], metal molybdates[3,4] and phosphates
[5]. So far, all catalysts in the open literature need
further studies to improve their performances. On
some of these catalysts, a selectivity of 63% was ob-
tained at a propane conversion of 7%[6] and propene
yield of 23.9% at selectivity of 38%[7]. Previous at-
tempts to improve V-Mg-O catalyst did not result in
significant change[8]. Other catalytic systems such
as metal molybdates gave maximum propene yield of
15% [4]. This was improved to 16–18% on B-Al-O
catalyst[9]. Design of catalysts to give high propene
yields at propene selectivities higher than 70%, for
instance, is believed to be a challenging task in this
area of research[9–11].

In an earlier study, the activities of some�-Al2O3
supported transition metals oxides for propane
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oxidative dehydrogenation (POD) was investigated
[12]. The catalysts were found to catalyze the reaction
at 350–450◦C, 1 bar and feed flow rate of 75 cm3/min.
The feed was composed of a mixture of C3H8, O2 and
He at a molar ratio of 4:1:10, respectively. Among
the catalysts, alumina supported chromium oxide was
found to exhibit good performance. At 350◦C, the
propane conversion was 8.5% and selectivity to C3H6
was 41.4% and at 450◦C, the conversion was 16.7%
and selectivity to C3H6 was 54.1%. Chromium oxide
on different supports has also been reported to be ac-
tive and selective in the oxidative dehydrogenation of
isobutane at relatively low temperatures (200–300◦C)
[13,14]. Chromium and vanadium have been shown
to promote the catalytic performance of niobium ox-
ide for POD [8]. Recently, chromium oxide-based
catalysts have been reported to be active in oxidative
dehydrogenation of ethane[15]. Apart from these,
studies of oxidative dehydrogenation of alkanes on
Cr-based catalytic systems are scarce in the literature.

In this paper, supported chromium oxide catalysts
have been tested for POD. Studies were conducted on
the effects of chromium loadings, different supports,
precursors and reaction conditions on the performance
of the catalysts in an attempt to select an optimum cata-
lyst for the reaction. In order to have more understand-
ing of the activity and selectivity, X-ray diffraction
patterns (XRD), temperature-programmed reduction
(TPR) and X-ray photoelectron spectroscopy (XPS)
have been used to characterize samples of the catalysts.

2. Experimental

2.1. Catalysts preparation

All catalysts were prepared using the impregnation
method. Catalysts of different loadings were prepared
by impregnating �-Al2O3 (200 m2/g, 50–200�m,
Riedel De Haen AG31182) with chromium(III)
nitrate-hydrate (Cr(NO3)3·9H2O, Riedel De Haen
12232) in a continuous stirred vessel. The content of
the vessel was dried over night at 100◦C and calcined
at 600◦C for 3 h. The chromium content was varied to
obtain catalysts of different loadings of chromium(III)
oxide, viz. 0.1, 0.2, 0.5, 2.0, 5.0, 10.0 and 20.0 wt.%
on the �-Al2O3. Unsupported chromium(III) oxide
was also prepared.

Table 1
Catalysts with their compositions, supports and precursors prepared
using impregnation method

Catalyst Composition
(wt.%)

Support Precursor

0.1% Cr-Al-O 0.1 �-Al2O3 Cr(NO3)3·9H2O
0.2% Cr-Al-O 0.2 �-Al2O3 Cr(NO3)3·9H2O
0.5% Cr-Al-O 0.5 �-Al2O3 Cr(NO3)3·9H2O
2.0% Cr-Al-O 2.0 �-Al2O3 Cr(NO3)3·9H2O
5.0% Cr-Al-O 5.0 �-Al2O3 Cr(NO3)3·9H2O
10% Cr-Al-O 10.0 �-Al2O3 Cr(NO3)3·9H2O
20% Cr-Al-O 20.0 �-Al2O3 Cr(NO3)3·9H2O
Unsupported

Cr2O3

– N/A Cr(NO3)3·9H2O

10% Cr-Mg-O 10.0 MgO Cr(NO3)3·9H2O
10% Cr-Si-O 10.0 SiO2 Cr(NO3)3·9H2O
10% Cr-Ti-O 10.0 TiO2 Cr(NO3)3·9H2O

CrN 10.0 �-Al2O3 Cr(NO3)3·9H2O
CrK 10.0 �-Al2O3 K2Cr2O7

CrCa 10.0 �-Al2O3 CaCr2O7

CrNa 10.0 �-Al2O3 Na2Cr2O7

CrO 10.0 �-Al2O3 CrO3

CrS 10.0 �-Al2O3 Cr2SO4·12H2O

Using chromium nitrate as a precursor, a group
of 10 wt.% catalysts was prepared by impregnating
the precursor on different supports, e.g. MgO (BDH,
AnalaR), SiO2 (Sigma, S-5631), and TiO2 (BDH).
Using�-Al2O3 as a support, various 10 wt.% catalysts
were prepared from different precursors; K2Cr2O7
(Fluka), CaCr2O7 (BDH), Na2Cr2O7 (BDH), CrO3
(BDH) and Cr2SO4·12H2O (Fisher). The catalysts
with their compositions, supports and precursors are
summarized inTable 1. For simplicity, catalysts are
represented asX wt.% Cr-M-O, whereX is the weight
percent and M is the metal in support.

2.2. Catalysts characterization

2.2.1. X-ray diffraction
Powder XRD patterns were recorded at room tem-

perature using a Cu K� radiation and a Siemens
diffractometer. A suitable amount of the catalyst sam-
ple was mixed with vaseline and the mixture was
evenly distributed on a thin glass plate and put into
the diffractometer.

2.2.2. X-ray photoelectron spectroscopy
The XPS spectra were measured and recorded by

a VG Scientific ESCA-3 photoelectron spectrometer
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using Al K� radiation (1486.6 eV) operating at 13 kV
and 10 mA. The operating pressure was less than 2.6×
10−11 bar. A take-off angle of 45◦ was used. The C 1s
peak from the carbon surface deposit at 284.8 eV was
used as a reference for the binding energy.

2.2.3. Temperature-programmed reduction
TPR experiments were carried out in a system sup-

plied by Ohkura Riken Co. Ltd. (model TP-2000). At
first, 150 mg of catalyst sample was placed in a quartz
tube (8.0 mm o.d.) reactor and was held in the middle
by quartz wool plugs. The samples were pretreated
in flowing dry air (30 cm3/min). The temperature was
raised to 400◦C at a heating rate of 10◦C/min and
held at 400◦C for 2 h, and then cooled to ambient tem-
perature. The gas mixture used for reduction was 5%
H2 in Ar at a flow rate of 20 cm3/min. The tempera-
ture was increased linearly from room temperature to
1030◦C at a heating rate of 10◦C/min and then re-
tained isothermally for 15 min. Water formed either
by reduction or from dehydration process was trapped
by a 5 Å molecular sieve. The hydrogen concentration
was determined with a thermal conductivity detector
(TCD). The TCD and molecular sieve trap were ther-
mostated at 50± 0.1◦C. The temperature of the cata-
lyst and the TCD current response were continuously
monitored and recorded on a dedicated personal com-
puter (NEC model PC9821-Xe10).

2.3. Catalysts testing

The method for testing the catalysts was reported
elsewhere[12]. All catalysts were tested using a feed
flow rate of 75 cm3/min (molar ratio of C3H8:O2:He =
4:1:10) at atmospheric pressure. The effect of reaction
temperature was investigated up to 500◦C on one cat-
alyst sample. At 450◦C, the effects of varying the par-
tial pressure of propane and oxygen in the feed were
further studied. Both fuel-rich (i.e. oxygen was the
limiting reactant) and fuel-lean (i.e. propane was the
limiting reactant) sides with respect to flammability
limit for the propane/oxygen mixture have been con-
sidered. The propane partial pressure was varied from
0.07 to 0.53 bar at a fixed oxygen pressure of 0.07 bar.
Then propane pressure was fixed at 0.27 bar while oxy-
gen pressure was varied from 0.07 to 0.20 bar. Trip-
licate runs of each experiment were conducted. The
highest variations between identical runs were about

±6%. The values reported in the paper are the aver-
age values for each experiment. Carbon balances were
typically better than 95%. Conversion is defined as the
mole fraction of feed carbon present in the reaction
products relative to feed carbon, while selectivity is
the fraction of product carbon in a particular product
relative to reacted feed carbon.

3. Results

3.1. Catalysts characterization

The XRD pattern of the 10 wt.% Cr-Al-O catalyst,
produced from chromium nitrate, shows the domi-
nant reflections attributed to�-alumina and those of
chromium(III) oxide. Fig. 1a and bshow the XPS
curve-fitted multiplex spectra in the Cr 2p region of
the calcined and spent 10 wt.% Cr-Al-O catalyst, re-
spectively.Fig. 1afor the calcined catalyst shows the
presence of both Cr3+ (main contribution at a binding
energy of about 577 eV) and Cr6+ (binding energy of
about 579 eV). Spin–orbit splitting[16], due to the un-
paired d-electron in the valence levels, results in two
peaks for each chromium species (curves A and B for
Cr3+ and curves C and D for Cr6+). These values are
consistent with the results obtained for a similar sys-
tem in the literature[17]. Fig. 1bshows the predomi-
nance of Cr3+ in the spent catalyst, thus indicating the
reduction of Cr6+ to Cr3+ (only curves A and B for
Cr3+ are present). Similar observation was reported
in the literature where the Cr6+ was reduced to Cr3+
in the reaction environment[17]. It appears that dis-
persed Cr3+ is the active species in the reaction. The
Cr/Al ratio of 0.2 suggests that Cr2O3 was well dis-
persed in the sample. This is approximately the same
Cr/Al ratio in the catalyst bulk as in the preparation.
The amount of Cr2O3 required for monolayer has been
reported to be about 12 wt.%[18]. This depends on
the preparation method, calcination temperature and
nature of dopants[10]. Such factors have been shown
to cause different components ratios between the bulk
and surface of the catalysts[10].

Fig. 2 shows the TPR profile for (i) 10 wt.%
Cr-Al-O and (ii) 10 wt.% Cr-Mg-O. Their peak max-
ima temperatures are 285 and 429◦C, respectively.
The Cr-Mg-O shows a small peak at 360◦C. The
profile of the Cr-Mg-O indicates that there are two
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Fig. 1. XPS multiplex spectrum for: (a) calcined 10 wt.% chromium(III) oxide/�-Al2O3 catalyst; (b) spent 10 wt.% chromium(III)
oxide/�-Al2O3 catalyst.

distinct chromium sites of lower reducibility than
Cr-Al-O. These may be attributed to chromium
species having different dispersions and coordination
symmetry in the catalyst.

3.2. Catalytic tests

Figs. 3–8show the results of catalytic activities of
the tested samples. The effects of loading of the active
component (Fig. 3), nature of supports (Fig. 4), type
of chromium precursor (Fig. 5) and reaction condi-
tions (Figs. 6–8) have been investigated. The major

products were propene, ethene, CO2 and CO. The
differences of the amounts of the active components
seems to be more important at high reaction temper-
atures. The reducibility of the catalysts due to the na-
ture of chromium–support interactions determine the
propane conversions and products distribution. For
instance, catalysts prepared from alkali and alkaline
earth metals-based precursors exhibited lower per-
formance than those prepared from chromium nitrate
or oxide (seeFig. 5). When the reaction temperature
was varied from 350 to 500◦C on 10 wt.% Cr-Al-O,
propane conversions increased with corresponding



S.M. Al-Zahrani et al. / Catalysis Today 81 (2003) 507–516 511

Fig. 2. TPR profile of 10 wt.% chromium(III) oxide on supports: (i)�-Al2O3; (ii) MgO.

decrease of propene selectivity (Fig. 6). At high
temperature (500◦C) other oxygenates might have
formed. The catalyst atmosphere is important in de-
termining the yield to desired products as shown in
Figs. 7 and 8.

4. Discussion

4.1. Effects of loading of chromium oxide

Fig. 3 shows the variation of propane conversion
with reaction temperature forX wt.% chromium on
�-Al2O3, whereX is 0.1, 0.2, 0.5, 2.0, 5.0, 10.0 or
20.0 wt.% of chromium impregnated on the support.

The reaction run on quartz granules of similar sizes of
the catalyst showed negligible conversion at the same
reaction conditions. The performance of unsupported
catalyst (denoted CrU) is also shown on the same plot
for comparison. At 350◦C, the bulk (unsupported)
chromium oxide exhibited a negligible propane con-
version of 1.2%, which increased at higher temper-
atures to reach 8.8%. The increase in activity could
be attributed to the increase in the Cr3+/Cr6+ ratio
and/or increase in activity of the lattice oxygen with
the temperature. As suggested by the XPS results,
Cr3+ is the active component. The conversion was
markedly improved by depositing the chromium oxide
on�-Al2O3. It is clear that there is an uneven increase
in degrees of conversion and selectivities to propene
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Fig. 3. Propane conversion as a function of temperature over catalysts of different chromium(III) oxide loadings at 350–450◦C.

with the increase in chromium loading. There are no
significant differences in the activity among the sup-
ported catalysts up to 425◦C, perhaps due to lower ac-
tivity of the lattice oxygen resulting from interaction

Fig. 4. Propane conversion and product selectivities on 10 wt.%
chromium(III) oxide over different supports at 450◦C.

with support. However, at high temperatures, activity
of the lattice oxygen increased, resulting in signifi-
cant differences in the conversions. For instance, the
propane conversion on the 0.5 wt.% catalyst is 9.7%

Fig. 5. Propane conversion and product selectivities on 5 wt.%
Cr-O-Al of different precursors.
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Fig. 6. Propane conversion and product selectivities as functions temperature from 350 to 500◦C, at 1 bar over 10 wt.% Cr-Al-O.

while it is 16.7% on the 10 wt.% catalyst at 450◦C.
In addition to temperature effects, catalyst loading be-
comes more important. Low loadings (0.1–0.5 wt.%)
give low conversion of about 8% while higher loadings

Fig. 7. Propane conversion and product selectivities as functions propane partial pressure atPO = 0.07 barT = 450◦C, over 10% Cr-Al-O.

(2.0–20.0 wt.%) exhibit higher conversions. Propane
conversion increased with the amount of chromium
oxide on the support up to 10 wt.% catalyst where the
value is 17% at 450◦C. Conversion, then, dropped to a
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Fig. 8. Propane conversion and product selectivities as functions oxygen partial pressure atPC3 = 0.27 bar T = 450◦C, over 10 wt.%
Cr-Al-O.

lower value of 15% for the 20 wt.% catalyst. These re-
sults reflect the importance of the loading of the active
component and suggest an optimum catalyst loading
of about 10 wt.%.

In the following sections, we attempted to explore
ways to improve the performance of the catalyst by
investigating the effect of the support, precursors, re-
action temperature and feed compositions.

4.2. Effects of supports

The role of the support on the reaction was inves-
tigated by comparing the performances of the Cr2O3
supported on MgO, SiO2, TiO2 and�-Al2O3 in addi-
tion to unsupported catalyst.Fig. 4shows the propane
conversion and product selectivity at 450◦C. It is in-
teresting to observe that the unsupported (bulk) Cr2O3
showed better propane conversion than MgO, TiO2
and SiO2 supported catalysts at the conditions of the
experiment. The propane conversion are Cr-Mg-O
(8%)= Cr-Ti-O (8%)< Cr-Si-O (8.5%)< CrU (9%)
< Cr-Al-O (19%) at 450◦C. This shows�-Al2O3 to
have the best performance among the supports. The
behaviors of Cr-Al-O and Cr-Mg-O may be partly
associated with the different nature of Cr–O–support

bridging oxygen species associated with the MgO
and �-Al2O3. This is suggested by the TPR profiles
of Cr-Mg-O and Cr-Al-O as shown inFig. 2. Prob-
ably, the lower propane conversion and selectivity
to propene shown by Cr-Mg-O originates from elec-
trophilic attack by more reducible oxygen on propyl
species and/or propene leading to COx [4].

4.3. Effect of precursors

As previously mentioned various precursors,
namely, K2Cr2O7, CaCr2O7, Na2Cr2O7, CrO3 and
Cr2SO4·12H2O, and Cr(NO3)3·12H2O (for brevity,
are denoted by CrK, CrCa, CrNa, CrO, CrS and CrN,
respectively) were used to synthesize the catalyst
(10 wt.% Cr-Al-O). Propane conversion and product
selectivities at 450◦C are shown inFig. 5. These
may be ranked based on respective propane degree of
conversions at 450◦C as CrNa (6.8%)< CrK (7.0%)
< CrS (10.9%)< CrCa (11.4%)< CrO (15.8%)<
CrN (19%). The low degree of conversion of the CrK,
CrCa and CrNa could be associated with the presence
of alkali and alkaline earth metals. Earlier TPR and
XPS studies have shown that these metals contam-
inants decreased the activities of V- and Mo-based
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catalysts[19]. Similar effect could be present in this
case. The metals might have occupied some active
sites on the surface of the catalysts. Alternatively, the
presence of the metals such as K (in K2Cr2O7) could
stabilize Cr6+ with corresponding decrease in Cr3+
that is suggested to be the active species. This would
decrease the degree of conversion and selectivity in
the reaction.

4.4. Effects of reaction conditions

Fig. 6 shows the effect of reaction temperature
(350–500◦C) on products distribution for the 10 wt.%
Cr-Al-O catalyst. Both propane conversion and
propene selectivity increase with reaction tempera-
ture. In a previous study, it was observed that high
propene yields could be achieved at low propane feed
concentration (<5%) [20]. This feed concentration
may not be practical due to the expected high cost
of separation, recycle of the diluent added to elim-
inate temperature effects or hot spot in the catalyst
bed, etc. However, in fundamental investigations, the
low concentration may be used since the main aim
is to design high-yield catalytic systems for the reac-
tion and to be able to suggest the important factors
that affect the system. In this work, relatively higher
propane feed concentration was used. To investigate
the effect of propane and oxygen concentration in the
feed, their respective partial pressures were varied.
Initially, at 450◦C, the propane partial pressure (PC3)
was varied from 0.06 to 0.53 bar while the oxygen
partial pressure (PO) was fixed at 0.07 bar as shown
in Fig. 7. The conversion of propane decreases from
60% atPC3 of 0.03 bar to 14% at 0.53 bar. The se-
lectivity to C3H6 increases from about 14 to 50% in
the samePC3 range. It is, also, observed that the se-
lectivity to COx decreases as the amount of propane
increases in the feed. The selectivity to C2H4 shows a
very slight increase in the partial pressure range. This
indicates that production of ethene has no significant
dependence on propane partial pressure. Probably,
it is produced through consecutive reaction such as
splitting of propene. Finally, the partial pressure of
propane (PC3) was fixed at 0.27 bar whilePO was
varied from 0.07 to 0.20 bar at 450◦C. Fig. 8 shows
the effect ofPO variation on the performance of the
catalyst. Propane conversion increases while selec-
tivity to propene decreases with increase inPO. The

selectivity to both C2H4 and CO increases with the
partial pressure. The selectivity to CO2 increases then
levels off. The high amounts of C3H6 and CO2 at low
conversions suggest that the two are primary prod-
ucts. The increase in selectivity to CO2 with oxygen
partial pressure indicates that it is also produced from
consecutive reactions. Both C2H4 and CO appear to
be essentially secondary products. Their respective
amounts are low at low conversions. They are proba-
bly produced by attack on electron-rich propyl species
and/or propene molecules by surface adsorbed oxy-
gen. The latter was reported to facilitate formation
of highly active oxygen species that is involved in
such electrophilic attack[21]. A recent study on the
reaction pathways in catalytic propane oxidation has
shown that carbon oxides and ethene production may
occur through parallel–consecutive reaction with re-
spect to propene production[22]. This depends on the
reaction temperature and feed compositions. Further
studies need to be performed to establish the reaction
network and kinetics for a wide range of conditions.

5. Conclusions

A number of chromium(III) oxide-based catalysts
have been screened and found to be active and selec-
tive in propane oxidative dehydrogenation at moderate
reaction conditions. Propane conversion and selectiv-
ity to propene increased with increase in chromium
loadings up to 10 wt.% and dropped thereafter. The
catalyst prepared from chromium nitrate gave better
performance than those prepared from other pre-
cursors. Among the various supports investigated,
�-Al2O3 exhibited the best performance. There is
a strong influence of the oxygen partial pressure in
the feed stream on the conversion and selectivity in
the reaction. Reducing environment due to low oxy-
gen favored higher selectivity to propene. Chromium
oxide (10 wt.%)/�-Al2O3 exhibited propene yield
of 18% at 500◦C. This shows that this catalyst is
very promising for oxidative dehydrogenation of
propane.
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