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Chromium oxide supported on alumina and titania supports was modified with oxides of sodium, vanadium and molybdenum. The

modified and unmodified chromium oxide catalysts were characterized by several techniques. The presence of surface chromium oxide

and surface molybdenum and vanadium oxide species was detected in the unmodified and molybdenum and vanadium oxide modified

supported chromium oxide catalysts. The reducibility (Tmax and H/Cr ratio) of the surface chromium species was not affected for the

vanadium and molybdenum oxide modified catalysts; however, the reducibility changed noticeably for sodium modified supported

chromium oxide catalysts. Studies of the reactivity of the ODH of propane revealed the effect of modifiers on the reactivity properties of

the surface chromium oxide species. The activity and propene selectivity decreased for sodium modified supported chromium oxide

catalysts. However, the activity increased for vanadium oxide modified catalysts and was similar for molybdenum oxide modified

catalysts irrespective of the support. The propene selectivity was higher for molybdenum oxide modified chromium oxide catalysts.

However, the propene selectivity for vanadium oxide modified catalysts depends on the support since it appears that the inherent

selectivity of the surface vanadium oxide species is reflected.
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1. Introduction

Recently, the oxidative dehydrogenation (ODH) of
alkanes has received considerable attention owing to
the thermodynamic and economic constraints of the
dehydrogenation reactions [1,2]. Supported metal
oxide catalysts have been extensively used to study the
effectiveness of the ODH reaction [3–8]. Supported
chromium oxide catalysts are also effective catalysts for
the ODH of propane [9–16]. These studies reveal
that the oxide support plays an important role. Among
the supported chromium oxide catalysts the specific
activity of the surface chromium oxide species follows
the order Cr2O3=TiO2 � Cr2O3=SiO2 > Cr2O3=SiO2–
Al2O3 > Cr2O3=Al2O3 [16]. Similarly to supported
vanadium oxide catalysts, the propene selectivity is low
for the Cr2O3=TiO2 catalyst compared with the higher
selectivity obtained on the less active Cr2O3=Al2O3
catalysts. Therefore, it is essential to design a catalyst
that optimizes both conversion and selectivity of ODH
reactions.
It has been reported that addition of acidic surface

metal oxides (W, Nb, P) to supported metal oxides
increases the selectivity for selective oxidation reactions
[17–20]. Moreover, the activity decreased if Li, Na and
K were added to supported metal oxides [21] for the
ODH of propane. Studies on the physicochemical and

catalytic properties of chromia/vanadia catalysts
supported on TiO2 for the SCR of NOx with NH3
suggested that an optimum composition of the Cr and
V sites over TiO2 was required to achieve the best
catalytic performance [22,23]. The enhanced catalytic
performance was due to a synergic effect developed
between Cr and V sites. El-Idrissi et al. reported the
effect of modifying Cr/TiO2 catalysts with phosphorus
for the ODH of ethane [24]. An optimum P/Cr value at
which the conversion and selectivity are maximum was
reported. Flick and Huff studied a Pt–Cr/TiO2 catalyst
for the ODH of ethane and observed higher activity
due to the presence of Pt [25]. Grabowski et al. studied
the ODH of isobutane for chromium oxide supported
on different metal oxides modified with potassium [26].
They reported that the selectivity and activity depend
upon the nature of support and amount of potassium
present. Smits et al. studied the ODH of propane over
different compositions of Cr and V over an Nb2O5
support [27]. The conversion was observed to increase
with increase in the amount of Cr and V, but the
selectivity was inversely proportional to conversion.
Deo and Wachs classified the modifiers/additives as
interacting or non-interacting depending on whether
the modifiers change the structure and reactivity of the
surface vanadium oxide species [28].
Since supported chromium oxide catalysts are known

to be effective for the ODH of propane and because of
the sparsity of studies dealing with modified supported
chromium oxide catalysts, it appeared worthwhile to
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study the effect of modifiers on these catalysts. This was
the primary objective of the present study. To achieve
this objective, several modifiers were considered. The
modifiers were chosen such that they were interacting
and non-interacting in nature. The modifiers considered
were oxides of sodium, vanadium and molybdenum. The
catalysts to be modified were sub-monolayer chromium
oxide supported on alumina and titania supports. The
modified and unmodified catalysts were synthesized
and characterized by various techniques. Finally, the
catalysts were used for the ODH of propane and the
effect of the modifiers was determined.

2. Experimental

2.1. Catalyst preparation

Alumina and titania supported chromium oxide
catalysts were prepared by the incipient wetness
impregnation technique. The precursor used was
chromium nitrate nonahydrate [Cr(NO3)3:9H2O,
Aldrich, 99.98% purity] and the supports were alumina
(Condea) and titania (P-25, Degussa). Based on the
detailed procedure given elsewhere [16], 5wt% Cr2O3
on Al2O3 and 1wt% Cr2O3 on TiO2 catalysts were
prepared and denoted CrAl and CrTi, respectively.
The synthesized CrAl and CrTi catalysts were modified

with sodium, vanadium and molybdenum oxides. The
modified catalysts were prepared by a second impreg-
nation procedure. The precursors used for sodium,
vanadium and molybdenum oxides were NaOH (20%
solution), ammonium metavanadate (NH4VO3, CDH,
98%)þ oxalic acid (1:2 mole ratio), and ammonium
heptamolybdate [ðNH4Þ6Mo7O24:2H2O, Alfa products],
respectively. Sodium modified CrAl catalysts were pre-
pared by adding known amounts of aqueous NaOH
solutions corresponding to Na/Cr weight ratios of 0.02,
0.06, 0.1 and 0.15 to the previously prepared CrAl
sample. The samples were denoted NaxCrAl, where x
correspond to the Na/Cr weight ratio. Similarly, the
other modified CrAl catalysts were prepared by adding
the required amount of precursor solution corresponding
to 8.8wt% V2O5 and 10wt% MoO3. The samples were
denoted VCrAl and MoCrAl, respectively. The modified
CrTi catalysts were prepared by adding the required
amount of precursor solution corresponding to
0.06wt% Na2O, 2wt% V2O5 and 2wt% MoO3 to the
prepared 1wt% Cr2O3=TiO2 samples and are denoted
Na0:6CrTi, VCrTi, and MoCrTi, respectively. The
precursor solution and CrAl or CrTi samples were
mixed thoroughly and dried at room temperature. The
samples were further dried overnight at 383K and finally
calcined at 773K for alumina supported samples and at
723K for titania supported samples for 6 h. To under-
stand the effect of the additives, 10wt% MoO3 on
Al2O3 support and 2wt% MoO3 on TiO2 support were

prepared by adding the required amount of precursors
and following the above heat treatment procedure.

2.2. Surface area

The surface areas of the samples were obtained using
the single point BET method. A bench-top Coulter SA
3100 apparatus using N2 adsorption at 77K was used
for this purpose.

2.3. XRD

X-ray diffraction (XRD) patterns were obtained on a
180 Debye Flex-2002 X-ray diffractometer using Ni
filtered K� radiation from a Cu target (� ¼ 1:54056 Å)
and equipped with a monochromator.

2.4. Raman spectroscopy

Laser Raman spectroscopy studies of the CrAl and
CrTi catalysts and those modified with sodium, vana-
dium and molybdenum under ambient conditions were
performed with an argon ion laser (Spectra Physics,
Model 165). About 200mg of the supported chromia
catalysts were pressed into self-supporting wafers and
placed in a sample cell. Additional details can be found
elsewhere [29].

2.5. Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance studies were per-
formed on a Varian E-109 X-band spectrometer. The
spectra were obtained at room temperature using a
microwave frequency of �9.15GHz and a microwave
power of 10mW. The scan time was 8min and the
magnetic field modulation frequency was 100 kHz. The
EPR spectra were calibrated with DPPH using a dual
cell.

2.6. Temperature-programmed reduction (TPR)

TPR studies were carried out in a microreactor
containing �0.05 g of catalyst and attached to a Micro-
meritics Pulse Chemisorb 2705 analyser. A 10% H2–Ar
mixture flowing at 40 sccm was used for reduction on
previously degassed samples and the temperature was
ramped at a rate of 10K/min from �373 to 973K. The
amount of hydrogen consumed was detected using a
thermal conductivity detector. Additional details can
be found elsewhere [15].

2.7. Oxidative dehydrogenation of propane

The samples were tested for the ODH of propane in a
vertical down-flow quartz reactor at atmospheric
pressure. The reactor was a single quartz piece mounted
vertically in a tubular furnace. The temperature of the
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catalyst bed was measured with a thermocouple and
controlled by a PID controller (Fuji Micro-controller
X Model PXZ 4). The product gases were sent for on-
line analysis to a gas chromatograph (Aimil-Nucon
5765) equipped with a methanizer and a flame ionization
detector (FID). The carbon oxides and hydrocarbons
were separated using an activated alumina column
(length 25 cm) and detected with the FID. The propane
flow rate was adjusted through a thermal mass flow
controller (Bronkhost Hi-Tec, Model F-201D FAC-
22-V) and the air flow rate was adjusted through a
rotameter (Eureka, Model SRS/MG-5) to maintain a
3 :1 propane to oxygen ratio. A physical mixture of
0.1 g of the catalyst and the required amount of quartz
glass powder to form a bed height of 1 cm was loaded
into the reactor. Runs were performed at different
temperatures starting from 573 to 723K with a constant
total flow rate of 42.7 sccm. The conversions were
maintained below 5% to ensure differential conditions.
Additional details of the reactor setup can be found
elsewhere [20].
Based on the inlet and outlet concentrations and

assuming differential reactor conditions, the conversion,
activity, selectivity and yield were calculated as follows:

Conversion ð%Þ ¼ ðnc=nfÞ � 100
Activity (mol C3H8 converted/g.s)¼FA0XA
Selectivity ð%Þ ¼ ðnhc=ncÞ � ðNhc=NpÞ � 100
Yield ð%Þ ¼ ðnhc=nfÞ � ðNhc=NpÞ � 100

where nc and nf are the number of moles of propane
consumed and propane fed, respectively, nhc is the
number of moles of products (e.g., propene, ethene,
carbon oxides, etc.) formed, Nhc and Np are the
number of carbon atoms present in the products
formed and propane, respectively, FA0 is the moles of
propane fed per second and XA is the conversion of
propane per gram of the catalyst.
Blank reactor runs were conducted and no significant

conversions were observed under the experimental con-
ditions. For each catalyst several runs were performed
and the average value is reported.

3. Results

The 5% Cr2O3 on Al2O3, CrAl, and 1% Cr2O3 on
TiO2, CrTi, catalysts were prepared and modified with
oxides of Na, V and Mo. The sample nomenclature
and the wt% composition are given in the first and
second columns of tables 1 and 2. The third and fourth
columns give the surface area and Raman shift and are
discussed later.

3.1. Surface area

The surface areas of the Al2O3 support, CrAl and
modified CrAl samples are shown in the third column

of table 1. The third column of table 1 reveals that an
initial decrease in surface area is observed for the CrAl
samples. Further addition of Na, V and Mo oxides to
CrAl samples decreases the surface area to a lesser
extent. Detailed studies reported elsewhere reveal that
Na2O loadings up to 0.7wt% do not significantly affect
the surface area of the NaxCrAl samples [30].
The surface areas of the TiO2 support, CrTi and

modified CrTi samples are shown in the third column
of table 2. It is observed that the surface areas were
relatively constant for modified and unmodified CrTi
samples, but were lower than those for the pure support.
The initial decrease in surface area of alumina and titania
support may be due to the initial plugging of pores, as
suggested previously [15,16,30–32]. Interestingly, when
chromium oxide is deposited on alumina or titania it
gains stability against further decreases in surface area
when these samples are modified. Similar results have
been reported for vanadium oxide modified Cr2O3/
ZrO2 catalysts [33].

3.2. XRD and Raman studies

XRD and Raman studies of the prepared samples
were performed and for brevity the figures are not
shown. The XRD pattern reveals the presence of
peaks corresponding to the supports (�-Al2O3 or
anataseþ rutile TiO2). Raman studies under ambient
conditions reveal that the spectra of the prepared

Table 1

Composition, surface area (S.A.) and Raman band positions for the CrAl

and modified CrAl samples

Sample Wt% MxOy S.A. (m2/g) Raman shift (cm�1)

Al2O3 — 201 —

CrAl 5% Cr2O3 189 890

Na0:06CrAl 0.3% Na2O,

5% Cr2O3

179 890

VCrAl 8.8% V2O5,

5% Cr2O3

163 890, 805, 940

MoCrAl 9.1% MoO3,

4.5% Cr2O3

169 850, 950

Table 2

Composition, surface area (S.A.) and Raman band positions for the CrTi

and modified CrTi samples

Samples Wt% MxOy S.A. (m2/g) Raman shift (cm�1)

TiO2 — 60 —

CrTi 1% Cr2O3 41 850

Na0:06CrTi 0.06% Na2O,

1% Cr2O3

43 850

VCrTi 1.8% V2O5,

1% Cr2O5

40 850, 940

MoCrTi 1.96%MoO3,

0.98% Cr2O3

43 791, 842, 945
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samples do not contain any sharp crystal features.
Instead, Raman features corresponding to surface chro-
mium, vanadium and molybdenum oxide species were
observed in the 200–1100 cm�1 region. The Raman
peak positions in the high wavenumber region (700–
1100 cm�1) for the modified and unmodified CrAl and
CrTi samples are shown in the fourth column of tables
1 and 2, respectively. The peak corresponding to the
Cr–O stretching mode (840–890 cm�1) was present in
all the modified and unmodified samples. For Na0:06CrAl
samples, only the surface chromia peaks (�890,
340 cm�1) were detected. For the VCrAl and VCrTi sam-
ples an additional peak at �805 and �940 cm�1, respec-
tively, was observed in addition to the Cr–O stretching
bond at �890 cm�1. The additional peak corresponds
to the surface vanadium oxide species in the VCrAl
and VCrTi samples [34]. Similarly, for the MoCrAl and
MoCrTi samples an additional peak at �950 cm�1 was
observed, which corresponds to the surface molybdenum
oxide species [35].

3.3. EPR

The EPR spectra obtained under ambient conditions
for modified and unmodified CrAl and CrTi samples are
shown in figures 1 and 2, respectively. The presence of a
strong axially symmetric peak centered at �3400G was
detected for unmodified and modified samples, and is
due to the Cr5þ � signal [36,37]. The g-value and �H
(g ¼ 1:97, �H ¼ 40–60G) reveal that this peak is the
same in all the samples. Moreover, the addition of
vanadium or molybdenum oxide to the CrAl samples
results in the formation of a broad peak
(�H ¼ 800G) in addition to the Cr5þ � signal. This
broad peak has been assigned to a dispersed Cr3þ �
species [16,37]. The second broad peak corresponding
to the Cr3þ � species that appears in the VCrAl
and MoCrAl samples are, however, absent for the
VCrTi and MoCrTi samples. Peaks corresponding to
V4þ are absent in the spectra of the VCrTi and VCrAl
samples.

Figure 1. EPR spectra of CrAl and modified CrAl samples.
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The intensities of the Cr5þ � signal for the unmodified
and modified CrAl samples are shown in figure 3. From
figure 3 it is observed that the intensity of this peak
decreases for CrAl samples when modified with vana-
dium and molybdenum but remains the same for the
Na0:06CrAl samples. Detailed studies reported elsewhere
reveal that for Na2O loadings up to 0.7wt% no change
in the intensity of the Cr5þ � signal is observed [30].
Similarly to CrAl samples the Cr5þ � signal intensity
was observed to decrease for the CrTi samples modified
with vanadium and molybdenum and to remain
unchanged for the Na0:6CrTi sample.

3.4. TPR

The TPR profiles for unmodified and modified CrAl
samples are shown in figure 4. It is observed from
figure 4 that for the CrAl samples modified with
sodium oxide there is only one reduction peak with the

Tmax � 663K. For the VCrAl and MoCrAl samples a
reduction peak at �659K is observed along with a
second peak at �763K for the VCrAl and at �761K
for the MoCrAl samples. For the Na0:6CrAl sample
Tmax was slightly shifted toward temperatures higher
than that of the unmodified CrAl sample. A detailed
TPR analysis of NaxCrAl samples was performed. The
Tmax values and H/Cr ratios for the NaxCrAl samples
with different Na/Cr ratios are given in the second and
third columns of table 3. The fourth and fifth columns
in table 3 are data for the ODH of propane and are
discussed later. From the second column of table 3 it is
observed that Tmax increased with increase in Na/Cr
ratio. The H/Cr ratio given in the third column decreased
with increase in Na/Cr ratio.
The TPR profiles for unmodified and modified CrTi

samples are presented in figure 5. It is observed that
the sodium modified CrTi samples possess a single
Tmax at �633K. However, two Tmax values were

Figure 2. EPR spectra of CrTi and modified CrTi samples.
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observed for the VCrTi andMoCrTi samples. For VCrTi
samples the reduction peaks were observed at �641 and
�733K, and for MoCrTi samples at �633 and 741K.

3.5. ODH of propane

ODH reactions of propane were performed for
unmodified and modified CrAl and CrTi catalysts.

Pure supports do not possess any activity for ODH of
propane under the present operating conditions.
Furthermore, the activities of MoO3/Al2O3 and MoO3/
TiO2 samples were observed to be negligible up to
723K with the present setup.
The conversions of unmodified and modified CrAl

and CrTi catalysts at temperatures ranging from 653 to
723K are shown in figures 6 and 7, respectively. From
figure 6 it is observed that the conversions of Na0:06CrAl,
and MoCrAl samples are less than that of the CrAl
sample at all temperatures, the propane conversion
being the lowest for the Na0:06CrAl sample. However,
the VCrAl sample shows a significant increase in pro-
pane conversion. The increase in conversion is more
pronounced at higher temperature (723K) for the
VCrAl samples. Similarly, from figure 7 it is observed

Figure 3. The Cr5þ � signal intensity for unmodified and modified CrAl and

CrTi samples. Signal has been normalized per mole of Cr.

Figure 4. TPR profile for CrAl and modified CrAl samples: 10% H2/He;

ramp rate 10 8C /min.
Figure 5. TPR profile for CrTi and modified CrTi samples. 10% H2/He;

ramp rate 10 8C /min.

Table 3

TPR data, activity and selectivity for ODH of propane over sodium

modified supported chromium oxide catalysts

Sample Tmax
(K)

H/Cr Activity� 106 a
(mol/g s)

Selectivity a

(%)

Na0CrAl 663 1.9 2.40 70

Na0:02CrAl 669 1.7 2.10 64

Na0:06CrAl 668 1.2 1.60 60

Na0:1CrAl 677 n.d 1.42 58

Na0:15CrAl 684 n.d 1.12 50

Na0CrTi 633 2.1 3.43 65

Na0:06CrTi 639 1.6 1.72 51

a At 450 8C for a 3 : 1 propane to oxygen ratio.
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that the conversions of Na0:06CrTi and MoCrTi samples
are lower than that of the unmodified CrTi sample.
Again, the propane conversion is the lowest for the
Na0:06CrTi sample at all temperatures. Furthermore,
the difference between the MoCrTi and CrTi samples is
less than that for the MoCrAl and CrAl samples. The

conversion of the VCrTi sample was significantly
higher than that of CrTi samples at all temperatures.
The propene selectivity data for temperatures ranging

from 653 to 723K for modified CrAl and CrTi samples
are shown in figures 8 and 9, respectively. It is observed
from figure 8 that the selectivities for MoCrAl and

Figure 7. Propane conversion versus temperature for CrTi and modified

CrTi (Na0:06CrTi, VCrTi and MoCrTi) samples. Experimental conditions

as in figure 6.

Figure 8. Propene selectivity versus temperature for CrAl and modified

CrAl (Na0:06CrAl, VCrAl and MoCrAl) samples. Experimental conditions

as in figure 6.

Figure 9. Propene selectivity versus temperature for CrTi and modified

CrTi (Na0:06CrTi, VCrTi and MoCrTi) samples. Experimental conditions

as in figure 6.

Figure 6. Propane conversion versus temperature for CrAl and modified

CrAl (Na0:06CrAl, VCrAl and MoCrAl) samples. C3H8/O2¼ 3 :1; mass of
the catalyst¼ 0.1 g, flow rate¼ 42.5 sccm.
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VCrAl samples are higher than those for the CrAl
samples at all temperatures. However, the propane
selectivity decreased slightly for the MoCrAl and
VCrAl samples with increase in temperature. For the
NaCrAl samples the selectivity is lower than that for
the unmodified CrAl samples at all temperatures.
Similarly, figure 9 shows that the propane selectivity
for MoCrTi and VCrTi samples is higher than that for
the CrTi sample at all temperatures. Furthermore, the
selectivity shows a slight decrease with respect to the
temperature for the VCrTi sample and remains constant
for the MoCrTi samples. The propane selectivity for
Na0:06CrTi was lower than that for the CrTi samples at
all temperatures.
To bring out the differences between the modified and

unmodified CrAl and CrTi catalysts in detail, the
numerical values of the propene yields for the ODH of
propane at temperatures ranging from 673 to 723K are
presented in table 4. It is observed that the propene
yields are higher for molybdenum and vanadium oxide
modified CrAl and CrTi samples than that for unmodi-
fied CrAl and CrTi catalysts at all temperatures. For
sodium modified CrAl and CrTi samples, however, the
yield was lower than that for the unmodified catalysts.

4. Discussion

Supported chromium oxide catalysts possess surface
chromium oxide species below monolayer coverages.
Above monolayer coverages crystals of Cr2O3 are
formed in addition to the surface chromium oxide
species. These surface chromium oxide species are
present as monochromates and polychromates [38].
Crystals of Cr2O3 are readily detected by Raman
spectroscopy. The ratio of monochromates to polychro-
mates is independent of the loading but appears to
depend on the oxide support [39]. Interestingly, the
ratio of isolated to polymeric surface vanadium and
molybdenum oxides depends on the loading [7,34,40].
The monolayer limit for chromium oxide supported on
the Al2O3 and TiO2 supports used in the present study
are �12 and �4wt% Cr2O3, respectively [16].
In the present study, the supported chromium oxides

were modified with different additives. The amount of
modifiers was determined so that the coverage of

chromium oxide and the chosen modifier did not
exceed monolayer coverages. It was observed that the
surface areas for the modified and unmodified CrAl
and CrTi catalysts remain relatively constant. Thus, it
appears that supported chromium oxide catalysts
possess stability against any structural deformation or
sintering by the introduction of the modifiers. XRD
and Raman studies revealed that crystals of Cr2O3,
V2O5, MoO3 or Na–chromium oxide compounds were
absent in the modified supported chromium oxide
samples. Raman spectroscopy under ambient conditions
detected the presence of surface chromium oxide species
in all the samples. Furthermore, surface vanadium oxide
in VCrAl and VCrTi samples and surface molybdenum
oxide in MoCrAl and MoCrTi samples were observed
by Raman spectroscopy under ambient conditions.
Hence in the modified and unmodified CrAl and CrTi
catalysts only surface metal oxide species were present.
The predominant oxidation states of chromium in

CrAl and CrTi catalysts are Cr6þ, Cr5þ and Cr3þ [41].
Among these different oxidation states the paramagnetic
Cr5þ and Cr3þ are readily detected by EPR spectroscopy.
The EPR data revealed that the Cr5þ � signal is present
in both unmodified and modified supported chromium
oxide catalysts. It was also observed that the intensity
of the Cr5þ � signal decreased for the VCrAl, MoCrAl,
VCrTi and MoCrTi catalysts and remained constant
for the NaCrAl and NaCrTi catalysts. Previous studies
on a series of Cr2O3=Al2O3 and Cr2O3=TiO2 samples
revealed that the Cr5þ � signal decreases as the Cr2O3
loading is increased [16]. It appears that in the present
study a similar phenomenon occurs for the vanadium
and molybdenum oxide modified CrAl and CrTi samples
since the intensity of the Cr5þ � signal also decreases. The
Cr5þ � signal is also present in the NaxCrAl and
Na0:06CrTi samples. Furthermore, the intensity of the
Cr5þ � signal does not change. In addition to the Cr5þ

� signal, the presence of a broad peak due to the Cr3þ

� signal was also observed for VCrAl and MoCrAl
samples. The Cr3þ � signal has been previously assigned
to the presence of Cr2O3 crystals [36]. However, Raman
spectral studies did not detect any crystals. This
additional broad peak is also absent in the case of CrTi
modified samples. Based on IR and Raman spectro-
scopic studies, Vuurman et al. [42] reported that owing
to the introduction of a second metal oxide (e:g:

Table 4

Yield for ODH of propane over modified CrAl and CrTi samples at different temperatures

T

(K)

Yield (%)

CrAl MoCrAl VCrAl Na0:06CrAl CrTi MoCrTi VCrTi Na0:06CrTi

673 0.81 0.96 1.10 0.12 0.35 0.97 1.12 0

703 1.13 1.20 2.14 0.82 1.56 1.83 2.89 0.73

723 1.74 1.72 2.87 1.20 2.27 2.90 3.20 0.87
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MoO3, WO3) the concentration of polymerized surface
vanadium oxide species increased. In the present study
it appears that owing to the introduction of vanadium
and molybdenum oxide to the CrAl sample the local
environment of chromium oxide sites is also affected,
giving rise to the Cr3þ � signal. However, the reason
why the development of the Cr3þ � signal is not observed
for the CrTi modified samples is not clear. The difference
may be due to the higher surface coverage of chromium
oxide on the Al2O3 support. Furthermore, the assign-
ment of the broad peak to Cr2O3 crystals appears to be
inconsistent with the Raman studies since no crystal
features are detected.
The TPR profiles for the modified and unmodified

catalysts show the effect of additives on the reducibility
of the surface chromium oxide species. For vanadium
and molybdenum oxide modified CrAl samples two
reduction peaks are observed. Comparing the Tmax
values with those of unpromoted CrAl, VAl, and MoAl
samples revealed that the reduction peak at �660K
corresponds to surface chromium oxide species [15], and
the reduction peak at �763 or �761K corresponds to
surface vanadium or molybdenum oxide species,
respectively [32,43–45]. Similarly, CrTi catalysts modified
with molybdenum and vanadium oxide also shows two
reduction peaks, which are identified as being due to
surface chromium oxide species (633–641K) [16], surface
molybdenum (741K) or vanadium oxide species (733K),
respectively [22,46]. It appears that the vanadium and
molybdenum oxide species do not influence the reduction
characteristics of the surface chromium oxide species. No
changes in reduction characteristics of the surface
chromium oxide species are expected since vanadium
and molybdenum oxide species are non-interacting
modifiers [28]. The Na2O modified CrAl and CrTi cata-
lysts, however, show an increase in the Tmax values as
the Na2O loading is increased. Furthermore, the H/Cr
ratio decreases with increase in Na2O loading. As
expected for interacting modifiers, the reduction charac-
teristics of the surface chromium oxide species are affected
[34]. Thus, the surface chromium, vanadium and molyb-
denum oxide species retain their individual reducibility,
whereas modifying the CrAl and CrTi samples with
Na2O results in a noticeable change in the reduction
characteristics of the surface chromium oxide species.
The ODH reaction of propane provides an insight

into the influence of the modifiers on the reactivity
properties of supported chromium oxide catalysts.
From previous studies it is observed that the activity of
the CrAl and CrTi catalysts for ODH of propane
increase with Cr2O3 loading until monolayer coverages
and decrease with further increase in loading [16]. The
propene selectivity also increases with loading owing to
the decrease in exposed surfaces of the support [16]. In
the present study, the ODH of propane over different
NaxCrAl catalysts and Na0:06CrTi catalyst shows that
there is a decrease in activity and propene selectivity.

These changes are directly related to the decrease in
reducibility observed in the TPR studies since the Tmax
temperature increased and the H/Cr ratio decreased.
The decrease in ODH activity is not surprising since
alkali metal ions are known to interact directly with
surface metal oxide species in supported metal oxide
catalysts [28,34]. This interaction poisons the surface
chromium oxide, affecting the reduction characteristics
and making it inactive for the ODH of propane. Since
sodium interacts primarily with the surface chromium
oxide sites the alumina support is still exposed to degrade
any propene formed. The decrease in propene selectivity
with addition of sodium suggests that additional alumina
support is exposed, which is possible if the surface
chromium oxide agglomerates. The interaction of
sodium with the alumina support surface would decrease
the acidity and the ability to degrade propene. Further-
more, comparison of data from EPR and ODH studies
suggests that the paramagnetic Cr5þ species is not
active for the ODH reaction since the Cr5þ � signal is
relatively constant but the propane conversion continu-
ously decreases. Thus, the sodium modifier directly
poisons the surface chromium oxide site, rendering it
inactive for the ODH of propane.
A different type of behavior is observed for the molyb-

denum and vanadium oxide modified CrAl and CrTi
samples. Addition of molybdenum oxide to the CrAl
and CrTi catalysts results in a decrease in propane con-
version and an increase in propene selectivity. A decrease
in conversion of the MoCrAl and MoCrTi catalysts rela-
tive to the CrAl and CrTi catalysts is due to the decrease
in the amount of redox chromium oxide species present
in the same weight of sample. Indeed, normalizing the
conversion data with respect to the amount of chromium
oxide present results in the propane conversion being
similar for the molybdenum modified and unmodified
catalysts. The surface molybdenum oxide species is
known to be a redox site, but is relatively inactive for
propane ODH under the reaction conditions used in
this study. At higher temperatures some ODH activity
is, however, observed over supported molybdenum
oxide catalysts. The surface molybdenum oxide species,
being a non-interacting additive, covers the surface of
the oxide supports. Consequently, the exposed Al2O3
and TiO2 surface that were present in the CrAl and
CrTi catalysts are unable to degrade propene formed
by the surface chromium oxide species. Hence the
propene selectivity increases for the molybdenum oxide
modified catalysts.
With vanadium oxide addition to the supported

chromium oxide catalysts, an increase in ODH activity
is observed. This increase in ODH activity is directly
related to the presence of an additional redox site,
namely surface vanadium and chromium oxide sites.
Furthermore, an increase in propene selectivity is
observed for the VCrAl sample, but the increase in selec-
tivity is not as pronounced as for the MoCrAl catalysts.
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The propene selectivity is relatively constant for the
VCrTi samples. In both cases the surface chromium
and vanadium oxide sites cover the exposed Al2O3 or
TiO2 sites. Consequently, the exposed sites will not
degrade propene to carbon oxides. The surface vana-
dium oxide site on Al2O3 has a high selectivity
(�80%), whereas on TiO2 the selectivity is lower
(�60%). Hence it appears that the inherent selectivity
of the surface vanadium oxide site is reflected in the over-
all selectivity of the VCrAl and the VCrTi catalysts [47].
In summary, the three modifiers used in the present

study can be classified as interacting or non-interacting.
The interacting modifier, sodium, directly coordinates
with the surface chromium oxide species and affects the
reducibility and propane conversion and propene selectiv-
ity. The non-interacting modifiers are of two types.
Modifying the supported chromium oxide catalysts with
vanadium oxide species results in the formation of
additional redox sites that are also active for the ODH
of propane. Modifying the supported chromium oxide
catalysts with molybdenum results in a different behavior.
The surface molybdenum oxide species is inactive under
the present conditions and only helps in increasing the
selectivity by covering the exposed support surface,
which would otherwise degrade propene. Thus, the
effect of additives/modifiers on the ODH of propane,
although a unimolecular reaction, requires a more
detailed analysis of the reaction network and the nature
of the redox sites.

5. Conclusion

Modified supported chromium oxide catalysts were
prepared by adding sodium, vanadium and molybdenum
oxides to chromium oxide supported on Al2O3 and TiO2
supports. The catalysts were prepared so that the coverage
of chromium oxide and the modifier is below monolayer
coverages, which were confirmed by characterization tech-
niques. Furthermore, the characterization studies revealed
the presence of surface chromium, molybdenum and
vanadium oxide species for molybdenum and vanadium
oxide modified CrAl and CrTi catalysts. The Cr5þ species
was present in all modified and unmodified CrAl and CrTi
catalysts. The intensity of the Cr5þ � signal decreases for
vanadium and molybdenum oxide modified CrAl and
CrTi catalysts, but remains constant for sodium modified
catalysts. Correlating the ODH activity with the presence
of Cr5þ in the sodium modified samples suggest that these
species are inactive for the ODH of propane. The TPR
studies revealed that the reducibility of the surface
chromium oxide species is decreased for sodium modified
supported chromium oxide catalysts, but for molyb-
denum and vanadium oxide modified supported chro-
mium oxide catalysts the reducibility was unaffected.
Furthermore, surface vanadium oxide and molybdenum
oxide species retain their individual reducibility.

Correlating the characterization information with the
propane ODH results reveals that poisoning of the active
chromium oxide sites occurs with sodium; vanadium
oxide provides an additional active site and consequently
an increase in activity for both CrAl and CrTi catalysts is
observed; for molybdenum oxide modified CrAl and
CrTi catalysts the activity was relatively the same, but
the propene selectivity increased significantly.
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