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Different MoO3/α-Al2O3 catalyst samples have been prepared
using two preparation methods for a MoO3 deposit, the first one
consisting of aqueous impregnation with sodium molybdate and
the second one starting from MoO3 by an equilibrium adsorption
in slurry MoO3/water (called the SIM method: slurry impregna-
tion or solvent assisted spreading method). The α-alumina support
was obtained by heating γ -alumina at 1150◦C. γ -alumina partially
transformed toα-alumina by heating is used as catalyst support. For
each kind of preparation two catalyst samples with different MoO3

loadings were prepared: 0.08 (around 0.04 equivalent monolayer)
and 5.4 wt% (around 2.5 equivalent monolayers) and 1.2 (around
0.6 equivalent monolayer) and 5.2 wt% (around 2.4 equivalent
monolayer) MoO3, respectively. They were characterized by X-ray
diffraction, temperature programmed reduction, and X-ray pho-
toelectron spectroscopy (XPS) measurements. In situ XPS mea-
surements as a function of reduction time and temperature were
performed and compared on the 5.4% MoO3/α-Al2O3 and 1.2%
MoO3/α-Al2O3 catalyst samples. The original oxidic form of each
catalyst sample, before any reduction treatment, shows only the
presence of Mo(VI) surface species. For high molybdenum concen-
trations, the complete disappearance of Mo(VI) into Mo(V) and
Mo(IV) has been observed after treatment for 9 h under hydrogen
at 350◦C. After reduction for 5 h at 450◦C, Mo(0) appeared. For
concentrations close to the monolayer, treatments for 10 h under
hydrogen at 450◦C are necessary to reduce completely Mo(VI) into
Mo(V) and Mo(IV); in that case, even a reduction at 700◦C is insuf-
ficient to observe Mo(0) and only Mo(IV) and Mo(II) surface species
are detected. Thus, increasing MoO3 loading results in an increase
of the catalyst reducibility. No Al2(MoO4)3 seems to be present be-
fore and after reduction steps. Interaction of molybdenum oxide
with alumina is discussed, depending on the molybdenum oxidic
contents and on the preparation of the catalysts. c© 1999 Academic

Press
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I. INTRODUCTION

Molybdenum oxides supported on alumina are active
in a great number of reactions such as isomerization (1),
metathesis, ethylene polymerization (2), and hydrodesul-
furization (3, 4). The hydrotreating over the sulfidic moly-
bdenum-based catalyst belongs to the most important ap-
plication of these catalysts because of their high resistance
to sulfur poisoning.

The interaction of molybdenum oxides with alumina and
the formation of an oxidized molybdenum monolayer have
been the subject of many investigations. Among prepara-
tions reported in the literature, impregnation of alumina
using ammonium heptamolybdate (5) followed by calcina-
tion has been the most widely used (6), although alternative
methods have been reported like solid–solid wetting (7, 8)
(thermal spreading of MoO3) or gas phase adsorption of
Mo(CO)6. Recently, a new method (9, 10) called SIM
(slurry impregnation method) has been reported starting
from MoO3 powder.

The surface chemistry of supported molybdenum oxide
catalysts has received much attention (11). In most reac-
tions, catalyst activation requires a reduction step. The re-
sulting activity depends strongly on the extent of reduction
of the MoOx phases, suggesting that the active sites are
associated with specific Mo oxidation states. Thus, a corre-
lation between the catalytic activity and different oxidation
states has been attempted for benzene hydrogenation (12),
for propene hydrogenation and propane hydrogenolysis
(13), or for alkene epoxidation (14). Several molybdenum–
alumina interaction species and their dependencies on the
loading of molybdenum have been proposed (15).

The γ -alumina heated at 1150◦C is mainly converted to
an α-like-alumina, which is similar to an α-alumina (corun-
dum), but is slightly different in structure. Moreover it is
more basic than both α-alumina and γ -alumina and has a
surface area slightly greater than the former. It has already
been found (16), in the case of tungsten oxides, that this
0021-9517/99 $30.00
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high temperature treated γ -alumina when used as support
is more efficient for isomerization of linear alkenes into
branched chain alkenes than a γ -alumina, resulting proba-
bly from some specific interactions of molybdena (leading
to the formation of irreductible compounds) with the basic
sites of the support. This is the reason in our study isomer-
ization of hexanes and hexenes will be performed using
this α-like-alumina as a support (Part II). Comparisons of
the reducibility as well as of the catalytic activities for hy-
drocarbons conversion starting either from α-like-alumina
suppport or from a classicalγ -alumina support are in course
and will be published later. In addition, the use of this α-
alumina (corundum) close packed structure will allow us
easier modelization studies than starting from a γ -alumina.

This paper will mainly focus on the preparation of
MoO3 supported onα-alumina using two preparation meth-
ods, the first one consisting of aqueous impregnation with
sodium molybdate (17) and the second one starting from
MoO3 (SIM method) (9, 10). For each kind of preparation,
catalyst samples with different MoO3 loadings have been
prepared and characterized. In situ XPS (X-ray photoelec-
tron spectroscopy) measurements as a function of reduc-
tion time and temperature have been performed, allowing
a detailed study of the reducibility of the different catalyst
samples.

Correlation with the reactivity of 2-methylpentane and 4-
methyl-1-pentene have been carried out and are presented
in Part II, as well as a more detailed mechanistic approach
using different probe reactants and 13C tracer-labeled hy-
drocarbons.

II. EXPERIMENTAL METHODS

II.1. Catalyst Preparation

II.1.1. Preparation of the Catalyst Support

The α-Al2O3 catalyst support was prepared by heating a
γ -Al2O3 (Woelm Pharma) having initially a surface area of
190 m2/g according to the following procedure:

—the support was dried at 200◦C for 3 h
—it was then heated from 200 to 800◦C (10◦C/min)
—the temperature was maintained at 800◦C for 25 min
—the temperature was raised rapidly from 800 to 1150◦C

(35◦C/min)
—the temperature was kept constant at 1150◦C for a

short time (10 min).

II.1.2. Preparation of the Supported Samples

II.1.2.1. By impregnation with Na2MoO4 (17). Sodium
molybdate, Na2MoO4, was dissolved in water and the solu-

tion added to α-Al2O3. The mixture was then stirred with
magnetic agitation for 18 h at 60◦C. After decantation,
concentrated nitric acid was added and the solution was
ET AL.

warmed 20 min at 80◦C. Then the solid was washed with 1 M
nitric acid and heated 1 h at 80◦C. The solid was then de-
canted and the operation repeated three times. The catalyst
was dried overnight at 110◦C and calcinated at 450◦C for 3 h.

Two samples were prepared by varying MoO3 loadings:

—0.08% MoO3/α-Al2O3, denoted Cat1a
—5.4% MoO3/α-Al2O3, denoted Cat1b.

II.1.2.2. By slurry impregnation method (9, 10). MoO3

was put in water. The slurry of the carrier and MoO3 was
refluxed 6 h at 100◦C and shacked every 15 min. The mixture
was left standing 15 h at room temperature and the next day
it was heated at 95–100◦C for 1 h. After decantation the
catalyst was dried at 200◦C. No calcination was necessary
using this method of preparation.

Two catalyst samples were prepared with different MoO3

contents:

—1.2% MoO3/α-Al2O3, denoted Cat2a
—5.2% MoO3/α-Al2O3, denoted Cat2b.

II.2. Apparatus and Procedures

The XPS measurements were performed in a static sys-
tem. The reduction and XPS measurements were carried
out in a UHV chamber with XPS and AES facilities with-
out putting the sample in air between hydrogen treatments
and XPS measurements. An isolation cell housed within
the main chamber allows treatments up to atmospheric
pressure. The catalyst sample of about 300 mg of powder
was pressed in a disk of 8 mm diameter and 1 mm thick
under a pressure of 15 kg/cm2 and placed on a platinum
holder heated by direct Joule effect. The temperature was
measured by a chromel–alumel thermocouple fixed on the
holder. For each reduction step, 760 Torr (1 Torr= 133.3 N ·
m−2) of pure hydrogen were introduced into the cell and
then the desired reduction temperature was achieved. The
reduction temperatures were 350, 450, and 700◦C. The sur-
face species were determined by XPS before and after re-
duction by hydrogen and allowed us to follow the molybde-
num oxidation states as a function of time and temperature
of reduction.

Commercial Al2(MoO4)3 (Strem Chemical) was used as
a reference for catalytic tests and for XPS measurements.

III. CHARACTERIZATIONS RESULTS

III.1. BET Determination

The BET measurements have been performed before
and after catalytic experiments on an automatic Coulter
SA 3100 apparatus and are reported in Table 1 for the four

samples. The amounts of catalyst used are between 200 and
500 mg. The surface area of the α-like-alumina used as sup-
port was around 18 m2/g.
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TABLE 1

Evolution of BET (m2/g) Surface Areas before and after Catalytic Tests and Reduction Treatments

Before catalytic After reduction at After reduction at After reduction at
tests 350◦C+ catalytic tests 450◦C+ catalytic tests 600◦C+ catalytic tests

Cat1a 18 20 20 19
Cat1b 15 17 17 12

Cat2a 18 19 20 20

Cat2b 16 18
Al2(MoO4)3 <1 /

Starting from these specific surface areas and with the
supposition that one MoO3 molecule occupies 20 Å2 (7),
the number of MoO3 atom/cm2 as well as the number of
equivalent of monolayer can be deduced (Table 2). For
low MoO3 concentrations, specific surface areas are un-
changed after treatment by hydrogen and catalytic ex-
periments, independent of the reduction temperature. For
higher MoO3 concentrations (Cat1b and Cat2b with MoO3

content> equivalent monolayer), surface areas decrease
slighly after reduction treatments at 600◦C. However, start-
ing from molybdenum aluminate, its surface area increases
after treatments by hydrogen.

III.2. X-Ray Diffraction

X-Ray diffraction measurements were made on a
Siemens D5000 diffractometer equipped with a goniome-
ter. The incident wave consisted of monochromatic Cu
(λ= 1.5418 Å). The peaks attribution is possible using the
Diffract at. software including JCPDS data. X-Ray diffrac-
tion patterns of Cat1b, Cat2b, and Al2(MoO4)3 before and
after catalytic tests and hydrogen reductions were per-
formed:

—The catalyst support is mainly composed of α-Al2O3

(corundum) and of traces of κ-alumina
—Catalyst samples Cat1a and Cat2a did not show any

molybdenum oxidic phase because of their low MoO3 load-
ing.
ing Cat1b and Cat2b, which molybdenum ox- temperatures: the first reduction peak appears at around
. Moreover,
pend on the
g corresponds to around 2.5 monolayers, a MoO3

detected.

TABLE 2

Geometric Characterization of Catalyst Samples

Catalysts Cat1a (0.08%) Cat1b (5.4%) Cat2a (1.2%) Cat2b (5.2%)

Surface area (m2/g) 18 15 18 16
Mo/cm2 1.7× 1013 1.3× 1015 2.8× 1014 1.2× 1015

Equivalent monolayer 0.04 2.50 0.60 2.40

495◦C and the second one at around 550◦C
the relative contributions of the two peaks de
Surface species Monomeric Td Bulklik
difficult to easy
reduce (15)
18 12
30 40

—However, for the commercial Al2(MoO4)3 after 4 h/H2

at 350◦C, 1 h/H2 at 600◦C, and the corresponding catalytic
tests at 350◦C, XRD patterns reveal the presence of MoO2

and metallic molybdenum phases. It also seems that alu-
minum molybdate undergoes a phase separation, followed
by a further reduction.

—No bulk aluminium molybdate Al2(MoO4)3 was pre-
sent on the initial catalyst samples and after reduction treat-
ments.

III.3. Temperature Programmed Reduction Data

Temperature programmed reduction (TPR) measure-
ments were carried out on an automatic XSORB (Gira)
apparatus. Respectively, 0.5 and 1.0 g of catalyst samples
Cat1b and Cat2a were placed in a quartz reactor. The cata-
lyst sample was reduced in a stream of 5% H2/Ar at a con-
stant flow rate. The reduction temperature was increased
from room temperature up to 900◦C with a uniform heat-
ing of 5◦C/min. The H2 consumption was measured with
a thermal conductivity detector. TPR patterns of Cat1b
(5.4% MoO3/α-Al2O3) and Cat2a (1.2% MoO3/α-Al2O3)
are compared in Fig. 1.

Depending on the molybdenum oxide content, two or
three reduction peaks are observed. For a catalyst with a
relatively low molybdenum content (Cat2a), two reduction
peaks are detected: the first one (the biggest) at 475◦C and
the second one at 565◦C. On Cat1b, these two reduction
peaks are also observable but slightly shifted in reduction
e (15, 22) Monomeric Td Bulklike (15, 22)
to reduce +Polymolybd. easy to reduce

Oh (22)
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FIG. 1. TPR profiles of (a) Cat1b (130× 1013 Mo/cm2) and (b) Cat2a
(28× 1013 Mo/cm2).

molybdenum concentration of the catalysts, the most im-
portant peak for Cat2a being the first, whereas it is opposite
for Cat1b. It can be observed that the reduction tempera-
ture of the first peak increases and that of the second peak
decreases, respectively, with the increase of the molybde-
num content from 28 to 130 Mo/cm2.

A third reduction peak, whose area is the most impor-
tant, emerges at 605◦C for the sample with the highest
molybdenum content (Cat1b). It must be noted that, pro-
portional to the catalyst weight used for TPR, the surfaces
of the peaks are much more important for Cat1b than for
Cat2a, meaning that for the former the extent of reduc-
tion increases with increasing the molybdenum content.
Similar TPR spectra have already been reported in the lit-
erature (15) on MoO3/Al2O3 showing a simple reduction
peak at around 460◦C for catalysts containing less than 25×
1013 Mo/ cm2 and the appearance of a double peak of reduc-
tion at a molybdenum concentration around 30× 1013 Mo/
cm2, growing quickly with the increase of molybdenum
content. Furthermore the third peak at 605◦C has already
been observed as a shoulder clearly distinguished on 12%
molybdena/γ -alumina samples (18).

The first reduction peak at 475–495◦C can certainly be
attributed to the reduction of Mo(VI) in octahedral coor-
dination to Mo(V). The second TPR peak at 550–565◦C
can be assigned to the reduction in Mo(IV). It has already
been noted (11) that the Al2O3 support contributes to a bet-
ter reduction of Mo(VI) to Mo(V) and to the stability of
Mo(V). That seems to be the reason why the correspond-
ing peak appears at a lower temperature for Cat2a than for
Cat1b and why its relative contribution compared to the
second reduction peak is more important for the former.
Moreover, that is why the area of the second peak assigned

to the reduction in Mo(IV) is greater and why it appears
earlier for Cat1b, whose geometric characterization is close
to a bulk-like catalyst.
H ET AL.

The third reduction peak at 605◦C, only detected on
the catalyst sample with the highest molybdenum content
(Cat1b), can be attributed to a further reduction in metallic
molybdenum not observed on Cat2a.

Another reduction peak at temperatures greater than
900◦C can correspond to some reduction of the carrier
certainly assisted by hydrogen dissociation on molybde-
num species showing metallic properties, such as Mo(IV) or
Mo(0). The intensity of this peak seems to become stronger
by increasing the molybdenum content.

III.4. X-Ray Photoelectron Spectroscopy (XPS)

Selection for binding energies’ references. All the cata-
lysts studied are insulators, and thus produce charging ef-
fects. It was necessary to fix a reference for the binding
energies’ determinations. The most often cited reference is
the carbon due to contamination at 284 eV (1s level). How-
ever, the carbon peak can be poorly defined and it can exist
in different chemical forms. Thus, the shift of the C1s peak
due to charging effects may be different from the displace-
ment of the other peaks, which can give rise to incoherent
results. So, we chose the Al 2s level of the α-Al2O3 (19)
carrier as a reference (119.6 eV).

III.4.1. Cat1b: 5.4% MoO3/α-Al2O3

As the catalyst precursor of Cat1b was sodium molyb-
date, XPS spectra of the Na1s region are given in Fig. 2
as a function of reduction time and temperature. It has
been shown that the calcined sample exhibits no detectable
sodium traces at the surface. Nevertheless, the sodium
amount rises at the surface as the time and reduction tem-
perature increase.

The XPS of the Mo3d energy region of calcined Cat1b
(Fig. 3) shows the presence of only one state of molybde-
num: the Mo(VI) identified at 232.6 and 235.8 eV for the
Mo3d spin–orbit component. After 9 h/H2 at 350◦C (b), the
FIG. 2. XPS spectra of the Na1s region of Cat1b. (a) Calcined sam-
ple, (b) after 2 h/H2 at 350◦C, (c) after (b)+ 23 h/H2 at 350◦C, (d) after
(c)+ 3 h/H2 at 450◦C.
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FIG. 3. XPS spectra of the Mo3d region of Cat1b. (a) Calcined sample,
(d) after (c)+ 1 h/H2 at 700◦C.

spectrum shows a more complex structure. Curve fitting re-
veals the disappearance of all the Mo(VI) oxidation state
and the appearance of Mo(V) and Mo(IV) spin–orbit com-
ponents, respectively, at 231.5 and 234.7 eV and at 229.7
and 232.9 eV. Further reduction (c) shows, in addition to
Mo(V) and Mo(IV), the presence of Mo(0) states at 227.9
and 231.1 eV. Continuing reduction at 700◦C (d) almost to-
tal disappearance of MoV (5.0%); the only molybdenum

species remaining are Mo(IV) (60.0%) and Mo metallic increases rapidly to a maximum and then decreases all the

(35.0%). It must be noted that the charging effect is about
3.8 eV for the initial catalyst and that it varies between

more rapidly once the reduction temperature is increased.
After 4 h/H2 at 350◦C the decay of Mo(V) is accompanied
FIG. 4. Distribution of Mo surface species: Mo(VI) (r), Mo(V) (h),
(b) at 450◦C.
(b) after 9 h/H2 at 350◦C, (c) after (b)+ 16 h/H2 at 350◦C+ 5 h/H2 at 450◦C,

4.0 and 5.5 eV as a function of different reduction treat-
ments.

Kinetics of reduction at 350 and 450◦C. The evolution
of surface Mo species as a function of reduction time at
350 and 450◦C is shown in Figs. 4a and 4b, respectively.
It can be shown that Mo(VI) is not any more detectable
after 9 h/H2 at 350◦C. Concerning Mo(V), its concentration
Mo(IV) (4) and Mo(0) (O) versus reduction time (h) (a) at 350◦C and



6 BARATH

TABLE 3

CMo/CAl Surface Ratios as a Function of Reduction
Treatments/H2 on Cat1b

Treatment CMo/CAl

Initial 0.24
2 h/H2 at 350◦C 0.23
9 h/H2 at 350◦C 0.26
25 h/H2 at 350◦C 0.24
previous+ 3 h/H2 at 450◦C 0.22
previous+ 2 h/H2 at 450◦C+ 1 h/H2 at 700◦C 0.21
previous+ 1 h/H2 at 700◦C 0.23

by an inverse increase of Mo(IV), which is kept constant
even after 5 h/H2 at 450◦C. Metallic molybdenum rapidly
appears after a few hours reduction at 450◦C.

Surface concentration ratios. The surface concentration
ratios CMo/CAl are given in Table 3 for the initial cata-
lyst and after each reduction treatment. An examination of
the surface concentration ratios shows that hydrogen treat-
ments at increasing times and temperatures do not change
the surface by agglomeration (coalescence) in larger parti-
cles or by redispersion of the molybdenum oxidic phases.
III.4.2 Cat2a: 1.2% MoO3/α-Al2O3
As for the previous sample, the XPS spectra of Cat2a
dried at 200◦C reveals only one kind of molybdenum species

Kinetics of reduction. At 350◦C (Fig. 6a), the Mo(VI)
surface concentration decreases rapidly during the first 2 h
FIG. 5. XPS spectra of the Mo3d region of Cat2a. (a) Dried at 200◦C
450◦C, (d) After (c)+ 1 h/H2 at 700◦C.
ET AL.

(Fig. 5a) at 232.6 and 235.8 eV, characteristic of the two spin–
orbit components of Mo(VI) oxidation state. But, in con-
trary to the previous sample (Cat1b), a reduction at 350◦C
(Fig. 5b) for 9 h does not allow the complete reduction of
Mo(VI) since 27% are still detectable after this treatment.
However, Fig. 5b reveals the appearance of Mo(V) and
Mo(IV) surface species. The complete reduction of Mo(VI)
needs a higher temperature reduction, i.e., 10 h at 450◦C
(c); this reduction at 450◦C results only in the presence of
Mo(V) and Mo(IV), but no metallic Mo has been detected
(as it was for Cat1b). Further reduction at 700◦C shows the
appearance of the two spin–orbit components of Mo(II)
surface species at 228.5 and 231.7 eV (13). Even after 1 h/H2

at 700◦C no metallic Mo surface species have been detected,
although for Cat1b, 35.0% of Mo(0) has been measured. In
this case the charging effect goes from 4 to 5.5 eV for dif-
ferent reduction treatments.

It can be concluded, comparing Cat1b and Cat2a, that the
second one, which contains the lowest molybdenum load-
ing, is, as expected, more difficult to reduce. Recent XPS
studies of molybdena–alumina catalysts (12% MoO3/γ -
Al2O3) (20) have shown that reduction at 400◦C only gives
Mo(V) and Mo(IV) species, confirming that the reducibil-
ity strongly depends on the presence of a rather bulklike
structure or of a surface layer. Even at 700◦C, no metallic
molybdenum state is observed.
, (b) After 9 h/H2 at 350◦C, (c) After (b)+ 16 h/H2 at 350◦C+ 10 h/H2 at
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FIG. 6. Distribution of Mo surface species: Mo(VI) (r), Mo(V) (h)

of reduction, accompanied at the same time by an increase
of Mo(V) and Mo(IV). Then the Mo(VI) contribution con-
tinues to decrease slightly with the reduction time at 350◦C.
Mo(V) and Mo(IV) display reverse monotonic variations
with time on reduction at 350◦C.

At higher temperature (Fig. 6b), appreciable Mo(IV) is
formed earlier in the reduction, whereas only a slight de-
crease of Mo(V) is observed. The appearance of Mo(IV)
seems to be correlated with the disappearance of Mo(VI).
At 450◦C no metallic molybdenum has been detected.

To get more informations about the reducibility of
Mo(VI), which is the only state present on the dried cata-
lyst before reduction, and about its behavior during thermal
heating, Cat2a was heated under helium. Figure 7 clearly
shows that a treatment by an inert gas (2 h under Helium at
atmospheric pressure) at 350◦C results in the partial trans-
formation of Mo(VI) into Mo(V) to yield around 30% of
Mo(V) species. Continuing this treatment 1 h under helium
at atmospheric pressure at 600◦C does not affect the surface
states of molybdenum any more.
FIG. 7. XPS spectra of the Mo3d region of Cat1b. (a) Dried at 200◦C
and (b) after 2 h/Helium at 350◦C.
, Mo(IV) (4) versus reduction time (h) (a) at 350◦C and (b) at 450◦C.

Thus, a thermal heating seems to be enough to convert
partly Mo(VI) into Mo(V) species.

Surface concentration ratios. Comparing to Cat1b
(5.4% MoO3/Al2O3 (Table 3)), the surface concentration
ratios, CMo/CAl, are two times lower for Cat2a (1.2%
MoO3/Al2O3 (Table 4)), but as previously, different hydro-
gen treatments do not affect these ratios and thus do not
yield to a modification of the surface morphology.

III.4.3. Commercial Al2(MoO4)3

As it appears from the X-ray diffraction pattern that alu-
minum molybdate treated 4 h/H2 at 350◦C and 1 h/H2 at
600◦C leads to phase separation to give molybdenum oxi-
dic phases and metallic molybdenum, a more detailed XPS
study was performed. It consists of heating this sample in
an inert gas, helium, to follow the evolution of the molyb-
denum surface species and to see if only a thermal heat-
ing is enough to yield the phase separation. The different
molybdenum species binding energies, composition, and
the charging effect, as well as the surface ratios CMo/CAl

as a function of temperature treatment by helium are re-
ported in Table 5.

TABLE 4

CMo/CAl Surface Ratios as a Function of Reduction
Treatments/H2 on Cat2a

Treatment CMo/CAl

Initial 0.10
2 h/H2 at 350◦C 0.13
9 h/H2 at 350◦C 0.09
19 h/H2 at 350◦C 0.10
previous+ 10 h/H2 at 450◦C 0.11

previous+ 10 h/H2 at 450◦C+ 2 h/H2 at 600◦C 0.12
previous+ 5 h/H2 at 600◦C 0.11
previous+ 1 h/H2 at 700◦C 0.10
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TABLE 5

Binding Energies (BE) (eV), Charging Effects, and CMo/CAl Surface Ratios of Al2(MoO4)3 as a
Function of Thermal Heating under Helium

Mo(VI) Mo(V)

BE Contribution BE Contribution Charging
Treatment 3d5/2 (eV) % 3d5/2 (eV) % effect (eV) CMo/CAl

Initial 232.8 100 2.5 2.8
Al2(MoO4)3

After 6 h/He at 232.8 85.8 231.5 14.2 2.8 3.4
350◦C
After 6 h/He at 232.8 57.2 231.5 42.8 4.7 5.6

350◦C+ 2 h/He
at 600◦C

Although the Mo(VI) in Al2(MoO4)3 and in the molyb-
denum catalyst samples studied previously cannot be dis-
tinguished by XPS it is not possible to discriminate if after
heating under helium molybdenum is present in the chemi-
cal surrounding of Al2(MoO4)3 or MoO3. Only the increase
of the charging effect as well as the increase of the Mo/Al
surface ratios seems to lead to the conclusion that there is a
phase separation of Al2(MoO4)3 into MoO3 and Al2O3 after
a thermal heating by helium. This observation has already
been mentioned in the case of Al2(WO4)3 (21).

IV. DISCUSSION

Many papers have dealt with the process of deposit
of molybdenum oxides on an oxidic carrier like alumina
(mainly γ -alumina) and mentioned already the very impor-
tant influences of interactions between the molybdenum
oxidic species and the surface of alumina, depending on
the preparation or calcination procedures adopted. Some
of these interactions concern:

—the diffusion of Mo cations into the support during the
deposition or the calcination step leading to a well-defined
compound, like Al2(MoO4)3 (22),

—the chemical adsorption of the molybdenum at the alu-
mina surface through the formation of Mo–O–Al bonds
yielding to superficial molybdates species (23–26),

—the presence of the Anderson-type heteropolymolyb-
date [Al(OH)6Mo6O18]3− recently observed. When ammo-
nium heptamolybdate was deposited on γ -Al2O3 by the
equilibrium adsorption method, this compound is formed in
the solution and issued from reactions between molybdates
ions and aluminium species coming from the support disso-
lution and also present on the solid catalyst after deposition
(27). However, studies concerning the thermal transforma-
tions of this Anderson-type heteropolymolybdate during
r reduction have not been published yet.
wth of three-dimensional MoO3 aggregates
face of Al2O3.
Formation of the Al2(MoO4)3 Defined Compound

Although some authors have already observed using
95Mo NMR (28) and MAS 27Al NMR (29) that at high
molybdenum loading stable Al2(MoO4)3 is present as a
minor species and that a “subsurface” Al2(MoO4)3 phase
is present in some cases after calcination some other au-
thors contested the presence of bulk Al2(MoO4)3 (26, 30).
On the other hand, Imamura (31) has observed that when
calcination temperature was increased from 500 to 650◦C,
Al2(MoO4)3 was produced only onγ - andχ -aluminas, while
it was not formed on α-alumina. Moreover, on tungsten
oxide-supported catalysts (16), it has been noted that even if
the formation of bulk Al2(WO4)3 is expected at calcination
temperatures above 1100◦C, it is unlikely that such a com-
pound could be formed at lower temperature, like calcina-
tion temperatures of 450◦C used in some cases in this work.

In our case the XRD experiments have shown that bulk
aluminum molybdate is not present on the initial cata-
lysts. It has been shown that, even if it were present but
undetectable by X-ray (small discrete crystallites or in an
amorphous form) it should be reduced faster than the bulk
Al2(MoO4)3 (26). Even if after calcination such a compound
would have been formed, it has been shown in this paper
that a thermal heating is enough to decompose it into MoO3

and Al2O3; a further reductive treatment easily leads to
MoO2 and metallic Mo, observed by X-ray diffraction. Such
a phase separation has already been demonstrated starting
from Al2(WO4)3 (21).

Formation of Superficial Molybdate Species

The majority of supported Mo catalysts is prepared by
deposition of ammonium heptamolybdate, which is trans-
formed into molybdates ions interacting with the alumina
surface. Different ways of adsorption of molybdates species

have been proposed in the literature such as:

—an electrostatic model (32) considering the charge of
the ion, the pH of the impregnation solution, and the
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isoelectric point (IEP). But it has been shown (33) that a
simple electrostatic model cannot only account for adsorp-
tion of these anions especially when the pH of the solution
is higher than the IEP.

—the exchange (or reaction) of the surface hydroxyl
groups of alumina by molybdates ions, these hydroxyl
groups being protonated or not, depending on the value of
the pH. It must be noted that the predominant molybdates
ions present in solution at various pH can be represented
as

[1]

For 6<pH<8, the following well-known equilibrium be-
tween hepta- and monomolybdates anions must be consid-
ered:

MoO7O6−
24 + 4H2O⇔ 7MoO−4 + 8H+ [2]

It has been shown that at very low molybdenum load-
ing (30, 34, 35) (<1013 Mo/cm2) MoO−4 is preferentially ad-
sorbed (exchanged) on the basic hydroxyl groups present
on alumina and thus tetrahedral monomeric molybdates
species are present on the surface, this species being re-
duced with difficulty. Molybdenum species in octahedral
coordination are formed at >9× 1013 Mo/cm2 with a pro-
gressive increase in the proportion as molybdenum content
increases (15); these octahedral molybdate species consti-
tute polymolybdates with various degrees of aggregation.
The way of formation of these octahedral polymolybdates
species is very controversed in the literature. It is well es-
tablished that molybdenum species are well dispersed up to
a molybdenum surface concentration of (40–60)× 1013 Mo/
cm2 (below 0.75 monolayer) (15).

Growth of Three-Dimensional MoO3 Aggregates
onto the Surface of Al2O3

A further increase of the molybdenum loading (>mono-
layer) resulting in a decrease of the interactions between
molybdenum species and the alumina support leads to the
formation of three-dimensional aggregates of MoO3, whose
reduction is different.

Thus, the reducibility of the surface of the different cata-
lyst samples depends strongly on the preparation methods
and conditions used, on the molybdenum loading, on the

different kind of surface species present, on their interac-
tion with the support, and on the presence or absence of
calcination, as well as on the calcination temperature.
TIONS OF MoO3/α-Al2O3 CATALYSTS 9

Influence of the Preparation Method

In our case, two preparation methods have been used,
the first one consisting of impregnation of the alumina sup-
port with a Na2MoO4 and the second one using a slurry
impregnation method starting from bulk MoO3 in solution.

—for the first preparation method, the initial sodium
tungstate solution was slightly basic (>8), so that the pre-
dominant species were MoO2−

4 according to Eq. [1]. Af-
ter addition of concentrated nitric acid, molybdic acid was
formed and the pH decreases to values<2. As it has already
been proposed by Dufaux and Che (36), it can be supposed
that during the impregnation, the most basic OH groups
from the alumina surface would react with the molybdic
acid, H2MoO4, leading to tetrahedral monomeric molyb-
dates species, following the scheme

[3]

Thus, it can be supposed using this preparation method, that
initially tetrahedral monomeric molybdate species which
are reduced with difficulty are formed even more easily at
the surface, compared to the method of preparation with
deposition of ammonium heptamolybdate. Two reasons can
be invoked: first, the probability of the presence of hepta-
molybdates species is negligible at the initial pH (basic>8)
of the sodium tungstate solution; on the other hand, it has
already been noted (36) that molybdic acid reacts only with
the most basic hydroxyl groups of the support, the less ba-
sic being unaffected. Some polymeric species may perhaps
be formed after the calcination treatment. Nevertheless, it
is known that at very low pH (<2) octamolybdate species
can be formed, which tends to polymerize and eventually
to form a precipitate (37).

Concerning residual sodium impurities rising to the
surface with reduction treatments, it appears studying
WOx/Al2O3 catalysts that these impurities provide the basic
sites necessary for Al2(WO4)3 or other tungsten complexes
to be formed.

—the SIM method consists of the dissolution and equi-
librium adsorption of bulk MoO3 in water. This solubility
is low at room temperature (0.1 g/100 ml) but is enhanced
with an increase of the temperature (2.1 g/100 ml) at 70◦C.
In our impregnation conditions (5<pH<7), the initial dis-
solution of MoO3 mainly leads to monomeric tetrahedral
molybdates species MoO2−

4 (38), whose stability is ruled
out by Eq. [2]. It has already been demonstrated by Zdražil
et al. (39) using the SIM method for the preparation of

MoO3/Al2O3 catalysts that the stoichiometry of reaction
(OH/Mo) is 2 for the range of the lowest Mo loading (<1014

at Mo/cm2), meaning that mainly monomeric tetrahedral
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molybdates are present. By increasing the Mo loading, a
decrease of the OH/Mo stoichiometry is observed, issued
from the diminution of the concentration of free OH groups
and meaning that formation of dimeric or polymeric struc-
tures occurs.

So in order to summarize the different molybdate species
present on the surface of our four catalyst samples, depend-
ing on the preparation method employed and according to
the literature, Table 2 (Sect. III.1.) can be completed.

Reducibility of Our Catalyst Samples

The behaviors of the low Mo loading catalysts, Cat2a
(1.2% MoO3/Al2O3) and Cat1a (0.08% MoO3/Al2O3), and
of the high loading samples, Cat1b (5.4% MoO3/Al2O3) and
Cat2b (5.2% MoO3/Al2O3) during hydrogen treatments are
very different:

—it has been shown that the extent of reduction increases
with the increase of molybdenum content, as it has been
observed using XPS and TPR characterizations. Thus, on
Cat1b, Mo(VI) species rapidly disappeared after only a few
hours of reduction at 350◦C and a reduction at 450◦C leads
to metallic molybdenum. Concerning Cat2a, even at 700◦C
no metallic molybdenum has been detected, but mainly
Mo(IV) and Mo(II) species.

It can also be deduced from these observations that Cat1b
behaves as a bulk-like MoO3 catalyst. This is confirmed
by the TPR profile close to that of bulk MoO3 because of
the predominance of the following reduction steps: MoO3

(VI)→MoO2 (IV)→Mo(0), the formation of interme-
diate species, like Mo(V), being unfavored. Moreover it
has been observed by X-ray diffraction on Cat1b (5.4%
MoO3/Al2O3) and Cat2b (5.2% MoO3/Al2O3) that a bulk
MoO3 phase has been detected. Looking at the evolution of
BET areas, only the surface areas of the high loaded sam-
ples (Cat1b and Cat2b) decreases after reduction at 600◦C
followed by catalytic test; this observation can be related to
the appearance of metallic molybdenum.

On the other hand, it can be interpreted from the re-
sults concerning Cat2a that it behaves like a monolayer of
molybdates species interacting with the surface. First on
Cat2a (1.2% MoO3/Al2O3), as well as on Cat1a (0.08%
MoO3/Al2O3), no discrete MoOx phases have been detected
by X-ray diffraction. From XPS measurements and TPR
profiles, it can be shown that the reduction of Cat2a does not
follow the predominant steps of bulk molybdenum men-
tioned above, but some intermediate valence states have
been detected, like Mo(V) and Mo(II) species. It has al-
ready been observed in the literature (26) that alumina ap-
pears to have the special property of stabilizing interme-

diate Mo valence states, in particular, Mo(V). Masson and
Nechtschein (40) have postulated that the Mo(V) state is
stabilized through a valence induction effect due to the alu-
ET AL.

mina and as such is confined to that layer of Mo immediately
adjacent to the alumina surface. So, additional layers of Mo
act as free MoO3 and reduce directly to MoO2. Further-
more, the heterogeneity of alumina surfaces is well known.
Thus, at the beginning of deposition, for the lowest Mo
loadings, more active sites (basic) on the alumina may re-
act preferentially with the molybdena, either by adsorption
of molybdates ions from solution during impregnation or
during calcination, forming stronger interactions than when
the adsorption takes place on the less basic OH sites. That
is why it can be supposed that Cat1a (0.08% MoO3/Al2O3)
should be reduced with more difficulty than Cat2a (1.2%
MoO3/Al2O3).

Influence of the Nature of the Alumina Support

It should be evident that the superficial and structural
properties of alumina may play an important role on the dif-
ferent interactions existing between molybdenum species
and the alumina support and thus on the reducibility of the
catalyst samples. Thus, one can believe that the number and
density of available surface OH groups, as well as their rel-
ative basicity (since acido-basic reactions take place), must
play a crucial role on the formation of superficial molyb-
denum species. Some authors (41) assumed that strongly
bonded molybdate and tungstate species may adsorb at the
sites occupied by the most basic hydroxyl groups of the alu-
mina. Since alumina has five types of hydroxyl groups (42),
the less basic types could be responsible for the adsorption
of weakly bounded molybdate and tungstate species. Thus,
the heterogeneity of the alumina surface may lead to sur-
face interactions having a variable range of bond strengths.
Some other authors (30), comparing the molybdena cata-
lyst supported on γ - and η-Al2O3, have supposed that the
bridge formation occurring during polymerization must be
determined by the structure of the crystallographic planes
which are exposed on the alumina surface. Dufaux and Che
(36) have observed that the production of Mo(V) is fa-
vored on η-Al2O3 in comparison to γ -Al2O3. It has been
mentioned too (43) that the formation of Mo(V) is eas-
ier on γ -Al2O3 than on α-Al2O3. More recently, Imamura
et al. (31) have noted that when calcination temperature
of Mo-loaded aluminas was increased from 500 to 650◦C,
Al2(MoO4)3 was produced on γ - and χ -Al2O3, while it was
not formed on α-Al2O3. Baker et al. (16) justified the use of
a high temperature treated γ -Al2O3 mainly converted to an
α-Al2O3 corundum structure by the fact that this resultant
alumina is more basic than the starting one and than a pure
α-corundum one.

It is certain that the kind of alumina used for MoOx/Al2O3

catalyst samples must have a great importance on the in-
teraction of superficial molybdates species with the alu-

mina support, yielding perhaps to differences in reducibility
of some molybdenum species, but no consequent modifi-
cations have been reported in the overall activity of the
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catalyst. However, some comparisons between the re-
ducibility and the catalytic activities of MoO3 supported
on pure α-, on γ -, on high heated γ -, as well as of a mixture
of α-and θ -Al2O3 for alkenes and alkanes reactions are in
course.

CONCLUSION

From the different results presented in this paper and in
accordance with the literature different conclusions can be
pointed out:

1. Whatever the preparation method used or the molyb-
denum content, it seems that no Al2(MoO4)3 phase has been
formed not in the initial oxidic form nor after different re-
duction treatments.

2. The extent of reduction depends mainly on the molyb-
denum content.

—for high molybdenum loadings (>monolayer) the
catalyst samples behave like bulk MoO3 for reduction.

—for very low molybdenum content, it is very difficult
for the catalyst to be reduced because the larger part of
adsorbed molybdates species are tetrahedral monomeric
ones, which are adsorbed on the most basic hydroxyl groups
on the alumina surface.

—for intermediate molybdenum contents (close to
monolayer), there is a presence of both tetrahedral mono-
meric and octahedral polymeric molybdates species. The
overall reducibility should also depend on their relative
proportion and on the degree of aggregation.

3. The influence of different catalyst precursors, as well as
impregnation conditions (pH), or the effect of calcination
have been tested too. Nevertheless, the influence of sodium
impurities has not been observed. It seems that the SIM
method has some advantages like the absence of the calci-
nation step, the adsorption of all the molybdenum species
instead of their precipitation into the pores, and the fact
that no residual compounds, like sodium or nitrogeneous
waste gases, are present when starting, respectively, from
Na2MoO4 or ammonium heptamolybdate precursors.
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20. Paal, Z., Tétényi, P., Muhler, M., Wild, U., Manoli, J. M., and Potvin,

J. Chem. Soc. Faraday Trans. 94, 459 (1998).
21. Katrib, A., Hemming, F., Hilaire, L., Wehrer, P., and Maire, G.,

J. Electron Spectrosc. Relat. Phenom. 68, 589 (1994).
22. Zingg, D. S., Makovsky, L. E., Tisher, R. E., Brown, F. R., and Hercules,

D. M., J. Phys. Chem. 84, 2998 (1980).
23. Wachs, I. E., Catal. Today 27, 437 (1996).
24. Giordano, N., Castellan, A., and Compadell, F., J. Catal. 37, 204 (1975).
25. Medema, J., Van Stam, C., and Koninsberger, D. C., J. Catal. 53, 386

(1978).
26. Massoth, F. E., J. Catal. 30, 204 (1973).
27. Carrier, X., Lambert, J. F., and Che, M., J. Am. Chem. Soc. 119, 10137

(1997).
28. Edwards, J. C., Adams, R. D., and Ellis, P. D., J. Am. Chem. Soc. 112,

8349 (1990).
29. Mc Millan, M., Brinen, J. S., and Haller, G. L., J. Catal. 97, 243 (1986).
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