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Abstract

Oxidative dehydrogenation of propane has been studied on Mo/�-Al2O3 catalysts with 13 wt.% of MoO3 and promoted
with Li. The changes induced on catalysts when the support is doped with different amounts of Li (from 0.3 to 1.2 wt.%)
have been studied by BET, AAS, XRD, SEM-EDAX, TPR, DRS, XPS, Raman spectroscopy and isopropanol decomposition.
The characterization of the samples showed important changes in: texture, Mo supported structure, acid–base properties and
reducibility. The Li replaces Brønsted acid sites and decreases the strength of the terminal Mo=O bond. The change in the
strength of the terminal Mo=O bond does not correlate with the decrease in Mo species reducibility or with the decrease in
propane conversion. This behavior suggests that the terminal Mo=O bond is not the active sites for ODH of propane. The
selectivity to propene increases at lower conversion whereas at higher values it leveled off around 25%.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decade great interest has been observed
in the development of highly selective catalysts for ox-
idative dehydrogenation (ODH) of light alkanes into
alkenes due to their potential application as a source
of inexpensive raw materials. A wide variety of cat-
alytic systems has been proposed for this reaction. By
far, the most widely studied systems for propane con-
version have been around vanadium[1–5] and molyb-
denum[6–10] based catalysts. In a previous work the
influence of Mo loading on�-Al2O3 for the ODH of
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propane was studied[11]. It was shown that when
�-Al2O3 is covered with a molybdate layer below the
monolayer values, the catalysts were active but the
dehydrogenation selectivity was reduced by the for-
mation of carbon oxides. The results indicated that
with Mo loading increasing from 3.6 to 12.7 wt.%
propane conversion increased parallel to acidity and to
reducibility. At conversions higher than 20% the selec-
tivity to propene leveled off around 25%, irrespective
of the molybdenum content.

It is well known that some promoters have an im-
portant influence on the catalytic properties for the
ODH of alkanes. The modification of the support by
alkaline metals and rare earths is probably the most
powerful way to adjust catalyst properties and one of
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the most widely used in practice. They modify not
only the redox properties of the system but also the
acid–base character of the oxygen species present on
the catalyst surface. Most papers on this subject are
concerned with potassium additives. The presence of
potassium generally decreases the total activity and
its effect on selectivities to partial oxidation products
can be negative or positive depending on the type of
oxidized molecule, the active catalytic component,
potassium contents and on the oxidation reaction con-
ditions [12]. Thus, a significant increase in propene
selectivity on MgO/�-Al2O3 with the addition of K
has been reported in oxidative dehydrogenation of
propane[13]. On this catalyst, it was found a paral-
lelism between Mo6+ reducibility, surface acidity and
catalytic activity. Watson and Ozkan have also noticed
a maximum in selectivity and yield of propene by
changing the K/Mo molar ratio on silica-titania mixed
oxide supported molybdenum catalysts[14]. Chen
et al.[15] have reported the effect of alkali (Cs, K, Li)
in samples with 4 Mo nm−2 surface density on ZrO2.
They found that the presence of alkali/Mo atomic
ratio up to 0.2 does not affect the structure of MoOx

domains, but this addition influences the electronic
properties and decreases the propane ODH turnover
due to the inhibition of secondary propene combus-
tion. Similarly, on alumina-supported vanadia, potas-
sium weakens the terminal V=O bond but does not
affect the structure of surface vanadium oxide species
[16].

In the present work, the effect of lithium doping
on molybdenum supported�-Al2O3 catalysts and on
the catalytic activity and selectivity for the ODH of
propane has been examined.

2. Experimental

2.1. Sample preparation

Alumina support was calcined at 873 K for 3 h be-
fore being used. Different amounts of lithium (0.3,
0.6, 0.9 and 1.2% w/w) were incorporated onto alu-
mina by impregnation with aqueous solution of LiOH.
After drying at 373 K overnight and calcination in air
at 723 K for 3 h, the doped support was impregnated
with an aqueous solution containing ammonium hep-
tamolybdate, AHM, 5× 10−3 M at pH = 5.6. The

volume of AHM was chosen in order to add 13% of
MoO3. After evaporation of the solvent under reduced
pressure, the samples were dried at 373 K overnight
and further calcined in air at atmospheric pressure ac-
cording to the following procedure: temperature was
raised linearly for 2.5 h up to 723 K, kept constant at
723 K for 3 h, raised linearly up to 873 K, and then,
maintained for 5 h at 873 K. Samples were denoted as
13Mo/Al/x wherex indicates the wt.% of Li.

A second type of sample was also prepared to exam-
ine the effect of the sequence of lithium introduction.
In this sample 0.6 wt.% of lithium was incorporated on
the calcined 13Mo/Al/0 catalyst by the impregnation
method from a LiOH solution. The solid was again
dried and calcined following the same procedure than
before. This sample was labeled as Li/13Mo/Al.

2.2. Catalyst characterization

All samples were characterized using the following
physicochemical methods:

BET surface area: BET surface areas were mea-
sured by using a Micromeritics Accusorb 2100E in-
strument by adsorption of nitrogen at 77 K on 200 mg
of sample previously degassed at 473 K under high
vacuum atmosphere for 2 h.

Chemical composition: Molybdenum and lithium
contents were determined by atomic absorption spec-
troscopy. Alkali fusion with KHSO4 and subsequent
dissolution with diluted HCl solution brought the sam-
ples into solution. The measurements were carried out
by standard addition solution method by using a Var-
ian AA275 equipment.

X-ray diffraction (XRD): XR diffraction patterns
were obtained with a RIGAKU diffractometer oper-
ated at 30 kV and 20 mA by using Ni-filtered Cu K�
radiation (λ = 0.15418 nm). The powdered samples
were analyzed without previous treatment after depo-
sition on a quartz sample holder. The identification
of crystalline phases was made by matching with the
JCPDS files.

Diffuse reflectance spectroscopy(DRS): UV-Vis
spectra were recorded with a Varian Super Scan 3
spectrophotometer equipped with a reflectance at-
tachment. AHM and sodium molybdate were used as
reference compounds. Spectra were recorded in the
200–600 nm range under ambient conditions; thus,
the samples were hydrated.
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X-ray photoelectron spectroscopy(XPS): The XP
spectra were recorded with a Fisons ESCALAB
MK11 200 R spectrometer equipped with a Mg K�
X-ray excitation source (hν = 1253.6 eV) operated at
12 kV and 10 mA and a hemispherical electron ana-
lyzer. Each spectral region was scanned a number of
times in order to obtain good signal-to-noise ratios.
The residual pressure inside the analysis chamber was
kept at values below 7× 10−9 Torr. Mo 3d, Al 2p,
Li 1s, O 1s and C 1s spectra were recorded for each
catalyst. All binding energies (BE) were referred to
Al 2p line at 74.5 eV.

Raman spectroscopy: The Raman spectra were run
with a single-monochromator Renishaw System 1000
equipped with a cooled CCD detector (200 K) and a
holographic super-Notch filter. The holographic Notch
filter removes the elastic scattering while the Raman
signal remains higher than when triple monochromator
spectrometers are used. The samples were excited with
the 514 nm Ar line, the spectral resolution was better
than 3 cm−1 and the spectra acquisition consisted of
five accumulations of 60 s for each sample. The spectra
were acquired under dehydrated conditions at 473 K.

Acid–base properties: Decomposition of iso-
propanol, IPA, was also used for determining the
acid–base properties of the samples. The reaction was
carried out between 433 and 473 K in a fixed-bed
continuous flow reactor under atmospheric pressure
and in the absence of oxygen. The feed consisted of
4.5% IPA and the balance helium. The weight of cat-
alyst was ca. 0.5 g and the flow rate was 40 ml STP
min−1. The data for rate calculations were taken after
the stationary state was reached and the conversion
of isopropanol was less than 15%. Product analysis
was performed by gas chromatography using a Car-
bowax 20 M on Chromosorb W column and a thermal
conductivity detector.

Temperature-programmed reduction(TPR): Studies
were performed in a conventional TPR equipment.
This apparatus consists of a gas handling system with
mass flow controllers (Matheson), a tubular reactor,
a linear temperature programmer (Omega, model CN
2010), a PC for data retrieval, a furnace and various
cold traps. In each experiment the sample size was ca.
100�mol of Mo to assure a good resolution in the ex-
perimental conditions used. Before each run, the sam-
ples were oxidized in a 30 ml min−1 flow of 20 vol.%
O2 in He at 723 K for 30 min. After that, helium was

admitted to remove oxygen and then the system cooled
at 323 K. The samples were subsequently contacted
with a 30 ml min−1 flow of 10 vol.% H2 in Ar and
heated, at a rate of 10 K min−1, from 323 K to a final
temperature of 985 K and held at 985 K for 2 h. Hydro-
gen consumption was monitored by a thermal conduc-
tivity detector after removing the water formed. Each
spectrum was performed twice and the reproducibility
was verified. The detector was previously calibrated
with pure Ar and the H2/Ar reduction gas.

SEM-EDAX: Scanning electron micrographs were
obtained in a Philips SEM 505 microscope operating
at 25 kV and magnification values of 2000–10 000.
This instrument is equipped with an energy dispersive
X-ray microanalyzer, EDAX 9100, which permits an-
alytical electron microscopy measurements. The sam-
ples were sputter coated with gold.

2.3. Catalytic test

The catalysts (0.5–0.85 mm particle diameter) were
tested in a fixed-bed quartz tubular reactor operated
at atmospheric pressure in the 723–823 K range. The
reactor was encased in a furnace, connected to a pro-
grammable temperature controller. The reaction tem-
perature was measured with a coaxial thermocouple.
The feed was a mixture of 4 vol.% propane, 4 vol.%
oxygen and the balance helium. The flow rates of
gas streams were controlled by mass flowmeters. The
flow rate was 100 ml min−1 at room temperature. The
reactants and reaction products were alternately an-
alyzed on-line by a Shimadzu GC9A gas chromato-
graph, equipped with a thermal conductivity detector.
A Porapaq Q (80–100 mesh) column was used to sep-
arate hydrocarbons and CO2 and a 1.8 m Carbosphere
(80–100 mesh) column for carbon monoxide, methane
and oxygen were used. Four analyses were performed
at each temperature. The catalyst weight was 0.7 g in
all cases. The homogeneous contribution was tested
with the empty reactor and no activity was recorded
below 853 K. The presence of quartz particles afforded
very similar results. The conversion and selectivity to
products were evaluated for the exit stream[6,11].

3. Results

In Table 1, the BET specific surface areas and chem-
ical composition of the catalysts are shown. From
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Table 1
Nomenclature and characteristics of Li-free and Li-loaded Mo/�-
Al2O3 catalysts

Sample SBET (m2/g) %MoO3 %Li

�-Al2O3 185 0 0
�-Al2O3 + 0.6% Li 177 0 0.58
�-Al2O3 + 1.2% Li 170 0 1.1
13Mo/Al/0 166 12.7 0
13Mo/Al/0.3 122 12.9 0.32
13Mo/Al/0.6 110 12.9 0.55
13Mo/Al/0.9 100 12.8 nd
13Mo/Al/1.2 78 12.7 1.1
Li/13Mo/Al 90 12.4 0.52

nd: not determined.

these results a slight effect in the specific surface areas
was observed by doping�-Al2O3 with Li. However,
a considerable diminution in the specific surface area
of the catalysts was found. Thus, at the 1.2% Li level

Fig. 1. XRD patterns of Li-loaded alumina-supported Mo oxide catalysts. (a) 0.0; (b) 0.3; (c) 0.6; (d) 0.9; (e) 1.2 wt.% Li.

of doping the specific surface area was reduced to half
of its original value, in agreement with literature[17].

The X-ray diffraction patterns of fresh Mo catalysts
only showed the presence of peaks characteristic of
�-Al2O3 (JCPDS card 10-425), with the only excep-
tion of the sample containing 1.2 wt.% Li (Fig. 1). On
this sample three undefined lines appear at low angles.
They could not be assigned to any lithium compound
such as aluminate (LiAlO2, LiAl 5O8), molybdates
oxides or carbonate and they do not correspond to
Al2(MoO4)3 either. One of them already appears
in the molybdenum-free 1.2 wt.% Li-doped alumina
support and could be ascribed to the formation of a
Li–Al–O compound.

Scanning electron microscopy was also applied
to examine the morphology of catalysts. The fresh
sample of Li-free catalyst shows the structure of bare
�-Al2O3. EDAX analysis show a molybdenum to
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Fig. 2. Scanning electron micrographs of (a) 13Mo/Al/0 and (b)
13Mo/Al/1.2 catalysts. Scale 1�m.

aluminum signal ratio, which is constant over differ-
ent areas and corresponds to 15–85% composition.
The sample seems to be very homogeneous with
highly dispersed Mo oxide species on the support. In
the case of Li-loaded samples, the catalyst texture is
altered and some “patches” of homogeneous compo-
sition (Fig. 2), which agrees satisfactorily with AAS
composition are observed. Before Mo impregnation,
the modified alumina was calcined at 723 K for 3 h.
This temperature corresponds to the fusion temper-
ature of LiOH used as precursor. The melting of Li
oxide might account for the change of texture. Similar
results were reported by Perrichon and Durupty[18].

UV-Vis diffuse reflectance spectra of hydrated
molybdena species are shown inFig. 3. The spectra of
molybdenum(VI) reference compounds in tetrahedral
coordination (Na2MoO4) and in octahedral coordina-
tion ((NH4)6Mo7O24·4H2O, AHM) are also included.

Tetrahedral molybdenum sodium molybdate exhibits
two absorption bands, at 220 and 260 nm, whereas the
molybdenum in octahedral coordination presents not
only a band around 220 nm, but also additional bands
at higher wavelengths (270–290 and 310–350 nm).
From literature, it is established that the Mo=O bond
of tetrahedral molybdate and Mo–O–Mo bridge bond
of the octahedral species exhibit electronic absorp-
tions at 220–250 and 320 nm, respectively[19,20].
The Li-free catalyst shows two absorption bands at
220 and 260 nm and a broad band in the 280–350 nm
region suggesting that octahedral species are mainly
present[11]. As judging from UV-Vis spectra, the
structure of molybdenum species changes substan-
tially in the Li-loaded catalysts. The bands at 220 and
at 260 nm are better defined, and that at 360 nm almost
disappears. The 1.2 wt.% Li catalyst exhibits a clear
decrease in the intensity of the absorption band at
higher wavelengths assigned to Mo species in octahe-
dral coordination. This can be understood from the so-
lution chemistry of hydrated molybdena species upon
an increase in pH due to increasing amounts of Li[21].

The Raman spectra of dehydrated catalysts in
the Ramanshift region 200–1100 cm−1 are shown in
Fig. 4. The Li-free sample exhibits Raman bands at
1001 and 867 cm−1, which correspond to the stretch-
ing mode of terminal Mo=O bond and bridging
Mo–O–Mo bonds, respectively. No Raman bands at
817 and 380 cm−1, the most intense of crystalline
�-MoO3 and Al2(MoO4)3, respectively, are observed
on this sample. This is consistent with the X-ray
diffraction results and it suggests that MoOx species
exists as two-dimensional domains. Compared to the
spectrum of Li-free sample, some changes were ob-
served upon Li incorporation. The Raman band of
polymeric molybdenum species near 867 cm−1 de-
creases with increasing Li content and new bands
at 964 and 987 cm−1, which are assigned to lithium
molybdates, are also detected. The Raman bands of
the stretching mode of the terminal Mo=O bond at
1001 cm−1 shifts to lower energies as Li content in-
creases. This is indicative of a weakening of such
bond, which becomes longer[22]. Such effect has to
be due to some interaction between surface molyb-
dena and surface Li oxide species, which weakens the
terminal Mo=O bond.

The acid–base properties of catalysts were com-
pared using the isopropanol test reaction. InTable 2,



440 M.C. Abello et al. / Applied Catalysis A: General 251 (2003) 435–447

Fig. 3. Diffuse reflectance spectra of Li-loaded alumina-supported Mo oxide catalysts. (- - -) Na2MoO4, (· · · ) (NH4)6Mo7O24 reference
compounds.

the influence of Li loading on dehydration and dehy-
drogenation rates at 433 K is shown. The dehydration
to propene was the main reaction in all cases in-
dicating the predominantly acidic character of the
samples. Li shifts the product distribution towards
dehydrogenation. The relative rates of dehydration

Fig. 4. Raman spectra of fresh Li-loaded Mo/�-Al2O3 catalysts.

versus dehydrogenation decrease linearly with Li
content from ca. 7 to less than 2. When 0.3% of
Li is added to the catalyst, dehydrogenation rate to
acetone also increases but levels off for the catalysts
containing increasing amounts of Li. In any doped
samples di-isopropylether formation was observed.
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Table 2
Isopropanol decomposition on Li-free and Li-loaded Mo/�-Al2O3 catalysts

Sample rdehydration

(×108 mol s−1 g−1)
rdehydrogenation

(×108 mol s−1 g−1)
Rate ratio,
rdehydration/rdehydrogenation

Atomic
Li/Mo ratio

13Mo/Al/0 19.2 2.7 7.1 0
13Mo/Al/0.3 11.3 3.0 3.8 0.48
13Mo/Al/0.6 8.6 3.0 2.9 0.98
13Mo/Al/0.9 7.2 3.1 2.3 1.47
13Mo/Al/1.2 5.6 3.1 1.8 1.96

The isopropanol decomposition proceeds by two par-
allel routes: dehydration to propene on acidic (rather
weak or moderate) sites and dehydrogenation to
acetone on redox (basic) sites. The isopropanol de-
composition cannot distinguish between the Brønsted
and Lewis sites. Nevertheless, Aramendı́a et al.[23]
have reported that the dehydration activity during
isopropanol decomposition could be correlated with
Brønsted acidity. Then, it can be inferred that the
Brønsted acidity decreases with increasing Li content.
Similar results were found by Martin et al.[24] on
MoO3/TiO2 catalysts.

Table 3summarizes the values of binding energies
of Mo 3d5/2, O 1s and Li 2s core-levels of the calcined
samples. The binding energy of Mo 3d5/2 level varies
in a narrow range 233.2–232.9 eV. This value corre-
sponds to molybdenum, Mo6+ ions in an environment
of oxide anions and it is in agreement with literature
data[25–27]. In Li-loaded catalysts, the binding en-
ergies of Mo 3d5/2 and Li 1s levels slightly decrease.
No changes are apparently observed in the binding
energies of O 1s core-level. It is also observed that
the full width at half maximum (fwhm) is rather large
(3.8–4.4 eV), which could be taken as an indication
that Li is present in more than one chemical environ-
ment. The proportion of Mo and Li atoms, relative to

Table 3
Binding Energies for Mo 3d5/2, O 1s and Li 1s levels and surface
atomic ratios of fresh Mo/�-Al2O3 catalysts

Sample Binding energy (eV) Mo 3d/Al 2p

Mo 3d5/2 O 1s Li 1s

13Mo/Al/0 233.2 – – 0.100
13Mo/Al/0.3 232.9 531.6 55.3 0.070
13Mo/Al/0.6 233.0 531.7 55.2 0.076
13Mo/Al/0.9 232.9 531.7 55.2 0.078
13Mo/Al/1.2 232.9 531.6 54.9 0.077

Al atoms, has also been evaluated by photoelectron
spectroscopy. It is observed that the Mo/Al atomic ra-
tios are high and always above the bulk ratio (0.051).
This observation points to a high dispersion degree of
the MoO3 on the�-Al2O3 surface and decreases upon
Li incorporation. This is consistent with the Raman
molecular information that evidence the non-existence
of aggregates MoO3 crystal and only the presence of
surface molybdenum oxide species. Mo/Al XPS ratio
moderately increases when Li content increases from
0.3 to 0.6%, probably due to the coverage of Al sites
by Li cations or changes in the texture of the system,
with lower BET area.

Catalyst reducibility was examined by temperature-
programmed reduction (TPR). The TPR profiles of the
fresh samples (Fig. 5) show two well-resolved reduc-
tion peaks with some differences in the temperature
at the maximum. In all samples the maximum of the
first reduction peak appears in the temperature range
where the oxydehydrogenation reaction takes place.
As illustrated inTable 4, this maximum shifts to higher
temperatures upon increasing Li-loading. For Li-free
sample, the temperature is 725 K whereas it increases
up to 776 K for 0.3% Li-loaded sample. These results
suggest that the reducibility of Mo6+ decreases. A
decrease in the reducibility of supported molybdena

Table 4
Temperatures at the maximum in TPR profiles and change in
average oxidation number during TPR experiments

Sample Tmax 1st
peak (K)

H2 consumption
(�moles H2 per
100�mol Mo)

�ON

13Mo/Al/0 725 110.7 2.2
13Mo/Al/0.3 776 108.3 2.2
13Mo/Al/0.6 785 120.7 2.4
13Mo/Al/0.9 792 124.0 2.5
13Mo/Al/1.2 800 116.1 2.3
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Fig. 5. H2-TPR profiles of Li-loaded alumina-supported Mo oxide catalysts.

when modified with alkaline metals has been previ-
ously reported[28,29]. The changes in temperature
are lower as the Li content increases. A similar role of
alkali cation loading on supported molybdena is ob-
served for Na doping on silica-supported molybdenum
oxide catalysts[28]. Similarly to what is presented in
this work, an initial addition of Na does not form new
compounds and strongly decrease the reducibility of
surface molybdenum oxide species while any further
increase of Na loading affords less intense shifts in
the TPR profiles[28]. The intensity of the first TPR
peak increases upon adding Li up to 0.6 wt.% and then
decreases. This behavior would be explained assum-
ing that the structure of molybdenum species changes
and some Li-molybdates are developed at higher
Li-contents. The sharper reduction profiles would evi-
dence a narrower distribution on the nature of molyb-
denum oxide species. Lithium retards the reduction of
surface molybdenum oxide species. The stabilization
of Mo by adding potassium in Mo/Al2O3 catalysts
has been also reported[25]. The extent of reduction
has been characterized by the change in the average
oxidation number of Mo,�ON, which depends on the
amount on the reducibility of Mo species and on the
experimental conditions of TPR[11]. For example,
�ON = 2 indicates an average reduction of Mo6+ to
Mo4+. Table 4compiles the amount of H2 uptake and
the corresponding�ON calculated from the whole

TPR profiles. No significant changes in the extent
of reduction is observed, molybdenum being mainly
reduced to Mo4+ under our TPR experimental condi-
tions. These results show that Li does not significantly
affect the global consumption of H2 but it increases
the reduction resistance of molybdenum species.

Concerning to ODH of propane, the results of con-
version (X%), oxygen consumption (RO2%) and prod-
uct selectivities are shown inTable 5. Propene and
carbon oxides were the main products. Oxygenated
products other than carbon oxides were not observed
under the experimental conditions used. Ethane was
only detected on Li-free samples and on the catalysts
with 0.3 and 0.6 wt.% Li at the highest temperature
employed and at high conversion levels of propane.
This fact is in agreement with the lower acidity of
Li-loaded catalysts. It is well known that hydrocarbon
cracking is favored on strong acid sites. InTable 5,
it is also shown the catalytic results on Li/13Mo/Al
catalyst. Its performance is almost the same to that of
the 13Mo/Al/0.6 catalyst. Then, it can be suggested
that the incorporation sequence of Li does not affect
the properties and the molecular structures of surface
molybdenum oxide species (at least in this loading
level).

The most important effect of the addition of Li are
the marked decrease in the catalytic activity (Table 5),
the decrease of global reducibility and the weakening
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Table 5
Catalytic results in propane oxidation over Li-loaded alumina-supported Mo oxide catalysts

Sample T (K) RO2% X% SC3% SCO2% SCO% SC2% Specific
activitya × 109

TOFb,
(10−4 s−1)

13Mo/Al/0 723 36.2 13.6 32.4 27.0 40.6 – 2.9 5.45
773 79.7 28.5 26.6 28.2 44.2 1.0 6.1 11.4
823 99.9 36.2 25.1 25.7 47.2 2.0 7.7 14.5

13Mo/Al/0.3 723 9.6 5.9 66.1 9.0 24.9 – 1.7 2.32
773 34.4 16.2 46.1 16.1 37.7 – 4.7 6.39
823 83.6 32.2 27.9 20.2 49.6 1.4 9.3 12.7

13Mo/Al/0.6 723 5.2 3.8 72.3 9.5 18.2 – 1.2 1.5
773 23.7 12.1 51.5 14.1 34.4 – 3.9 4.77
823 65.5 26.4 33.9 20.2 45.1 0.7 8.5 10.4

13Mo/Al/0.9 723 3.3 2.8 79.5 8.7 11.8 – 1.0 1.11
773 11.4 7.8 69.0 10.9 20.0 – 2.7 3.10
823 47.2 20.8 42.5 19.0 38.5 – 7.4 8.28

13Mo/Al/1.2 723 2.0 1.9 84.3 9.7 6.0 – 0.9 0.76
773 8.3 5.9 74.6 15.2 10.2 – 2.7 2.36
823 32.3 14.9 47.6 20.6 31.8 – 6.7 5.97

Li/13Mo/Al 723 4.3 3.1 72.5 7.8 19.7 – 1.1 1.27
773 25.5 12.4 51.5 10.9 37.5 – 4.4 5.08
823 69.8 26.6 35.2 19.4 45.0 0.5 9.5 10.9

a Specific activity= X/(W/FC3)SBET, molC3H8 m−2 s−1.
b Assuming that all Mo sites are active.

Fig. 6. TOF in ODH of propane at different temperatures. (�) 723 K; (�) 773 K; (�) 823 K.
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Fig. 7. Variation of propene selectivity with conversion obtained in the ODH of propane. Li-free catalyst, open symbols; Li-loaded catalysts,
solid symbols. (�) 0.3, (�) 0.6, (�) 0.9, (�) 1.2 wt.% Li.

of the Mo=O bond. It can be observed that the decrease
in propane conversion is not due to the decrease in the
specific area, because the specific activity per square
meter of catalyst shows the same trend (Table 5). The
pronounced effect of Li on propane activity is clearly
illustrated inFig. 6 where the turnover frequencies,
TOF (catalytic activity expressed as the number of re-
acted moles of propane per molybdena unit per sec-
ond assuming that all Mo is active) are presented at
different temperatures.

Looking at the effect of temperature on selectiv-
ity, it is seen that the selectivity to CO2 is almost
constant on Li-free catalyst (25–28%), whereas it is
lower on Li-loaded samples, increasing from 9 to
20% when the reaction temperature increases from
723 to 773 K. The presence of Li replacing Brønsted
acid sites would eliminate nonselective route of oxi-
dation on acidic centers decreasing total activity. Such
trend is consistent with that observed for K-doped
alumina-supported vanadia catalysts[16].

Concerning to the propene selectivity, it can be ob-
served inFig. 7that the addition of Li results in an im-
provement at conversions lower than 20%. At higher
conversion levels, the propene selectivity decreases as
a result of the marked increase in CO selectivity and

levels off at ca. 25%. This effect is independent of re-
action temperature (723–823 K) and all points practi-
cally fit the same curve.

Based on the data discussed above, it is clear that
different kinetic results are due to effects induced by
the Li additive on the active and selective centers of
the catalyst surface. An apparent activation energy
could be estimated from the temperature dependence
of conversion, while recognizing the limited signifi-
cance of the calculated value. The apparent activation
energy for propane conversion over 723–823 K range,
is rather constant with increasing Li concentration.
Since the conversion on Li-free catalyst is undereval-
uated at 823 K (the oxygen consumption is practically
100% at this condition), the same apparent activa-
tion energy could be estimated. This value is around
84–96 kJ mol−1 (between 0 and 1.2 wt.% Li). Then,
the Li addition affects the number of active sites with-
out changing the reaction mechanism.

4. Discussion

In this study, the ODH of propane has been exam-
ined over on Mo/�-Al2O3 catalysts containing a fixed
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amount of MoO3 (13 wt.%) and loaded with different
amounts of Li. In all samples Mo species are very well
dispersed on alumina surface. The vibrational (Ra-
man) and electronic spectra of calcined samples show
that molybdenum mainly exists in an octahedral co-
ordination over the Li-free catalyst, with no observa-
tion of an�-MoO3 phase. Some Li-molybdates may
be present over doped catalysts. Lithium can react to
form highly dispersed molybdates in different coor-
dination depending on the molar ratio Li/Mo. Thus,
Mo6+ has tetrahedral unit in Li2MoO4, tetrahedral and
octahedral units in Li2Mo2O7 and octahedral unit in
Li2Mo3O10 and Li2Mo4O13. The Raman spectra show
a decrease in the intensity of Mo polymeric species,
a weakening of the terminal Mo=O bond and the ap-
pearance of new bands at 964 and 987 cm−1 for the
sample containing 1.2 wt.% Li, which are ascribed
to Li-molybdates. On this sample, an important frac-
tion of Mo could be incorporated in a Li-molybdate
matrix, predominantly in tetrahedral coordination (i.e.
Li2MoO4), which does not contribute to propane acti-
vation. Kordulis et al.[17] have also suggested the for-
mation of surface alkali molybdate on alumina at the
expense of the supported polymeric Mo6+, as it has
been demonstrated for Na, K and Cs doping on molyb-
dena/silica catalysts[28]. The formation of Li2MoO4

Fig. 8. Evolution of catalyst reducibility vs. propane conversion at 723 K.

has also been observed on MoO3/TiO2 loaded with
1% of Li [24].

Upon increasing the Li-content on 13Mo/�-Al2O3
base catalyst, the most important effect observed
for the ODH of propane is the marked decrease in
catalytic activity. Li addition decreases the Brønsted
acidity as it can be inferred from the isopropanol
decomposition test reaction. The importance of these
acid sites associated with polymeric Mo species
in the propane activation has been recognized in a
previous work[11], so that the strong decrease in
activity may be related to replacement of Mo–OH
Brønsted acid sites. In addition to affecting the sur-
face acidity, the presence of Li influences the re-
ducibility of molybdenum species. The reducibility,
as determined by the temperature at which the maxi-
mum hydrogen-consumption occurs, decreases on the
Li-loaded catalysts even though molybdenum oxide
is reducible in the temperature range where the ODH
reaction is carried out. Several studies have proposed
that alkane ODH rates increase as active metal oxides
become more reducible[30,31]. Both factors clearly
affect the activity of catalyst. InFig. 8, a linear corre-
lation between the reducibility of catalysts measured
by the Tmax of TPR first peak and the propane con-
version is evident. The strong relationship between
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these two parameters and the weakening of the Mo=O
terminal bond with Li-doping evidenced by Raman
spectroscopy suggest that the terminal Mo=O bond
is not the active site for ODH of propane. Recently,
Chen et al.[32] have found that the C–H bond dis-
sociation of alkane depends sensitively on the ability
of the active oxide domains to transfer electrons from
lattice oxygen atoms to metal centers more than the
tendency of oxides to reduce in H2. The slight de-
crease in the binding energy of Mo 3d core levels upon
adding Li provides some evidence about changes in
the electronic properties of doped catalysts.

Concerning to propene selectivity,Fig. 7 shows an
important promotion effect of Li at conversion levels
lower than 20% (i.e. selectivity increases from 50 to
60% at conversion of 10%). Such increase can be
explained taking into account the lower formation of
carbon oxide due to the inhibition effect of Li on the
combustion and the lower acidity (which decreases the
formation of C2 hydrocarbons and allows the easier
desorption of propene). At higher conversions, which
correspond to catalysts with Li/Mo < 1, 13Mo/Al/0.3
and 13Mo/Al/0.6, the selectivity levels off at around
25% and the positive effect of Li seems to be lost.
The acidity and reducibility of these catalysts are
lower than 13Mo/Al/0, however irrelevant changes in
selectivities are observed. Nevertheless, these cases
are no longer under differential conditions (conver-
sion values below 10%) and comparisons are not
accurate.

The trend of CO2 selectivity with Li loading be-
tween 0.3 and 1.2 wt.% strongly suggests that the com-
bustion capacity of Li-containing catalysts is inhib-
ited; thus, decreasing the direct oxidation of propane.
Therefore, Li could control the formation of undesired
COx products and becomes itself an interesting pro-
moter.

5. Conclusions

Oxidative dehydrogenation of propane has been
studied on Mo/�-Al2O3 catalysts with 13 wt.% of
MoO3 and promoted with Li. The addition of Li af-
fects the structure and properties of supported molyb-
denum oxide species. The presence of Li replacing
Brønsted acid sites would eliminate nonselective
route of oxidation on acidic centers decreasing total

activity. The Raman spectra shows a weakening of
the Mo=O bond on Li-loaded catalysts. The change
in the strength of the terminal Mo=O bond does not
correlate with the decrease in Mo species reducibility
or with the marked decrease in propane conversion.
This behavior suggests that the terminal Mo=O bond
is not the active sites for ODH of propane, since
this bond becomes more labile upon interaction with
lithium. Similar catalytic performance was obtained
independently of the sequence of Li addition.
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