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The effect of the preparation method on the nature
and dispersion of surface species formed upon
reaction of molybdenum trioxide with alumina and

titania
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Titania- and alumina-supported molybdenum-containing systems have been prepared from
mechanical mixtures of the support and molybdenum trioxide. The systems have been
characterized by X-ray diffraction, temperature-programmed reduction and scanning
electron microscopy, and Fourier transform-infrared monitoring of pyridine adsorption has
been used to determine surface acidity. Dispersion of the supported phase, and its
transformation to well-dispersed species has been attained by mechanical grinding and
calcination in air, or by hydrothermal treatment of such mixtures and calcination. In the latter
case, a higher dispersion is reached, despite the shorter time of calcination. Also
hydrothermally treated samples show a larger concentration of surface Bronsted acid sites.

1. Introduction
Supported molybdenum trioxide is one of the most
important heterogeneous catalysts (or catalyst com-
ponents) because of its high activity in industrially
relevant catalytic processes. In this context,
MoO;/Al,05 systems are widely used as hydrotreat-
ment catalysts, in processes such as hydrodesulphuriz-
ation (HDS), hydrodenitrogenation (HDN) and hy-
drodemetallization (HDM) [1-3]. MoO3/TiO, sys-
tems are used as effective catalysts for selective oxida-
tion of propene, butene and methanol [4-6] and for
reduction of NO with NH; [7]. Many studies have
been carried out in order to analyse the behaviour of
these catalysts in such processes and it has been shown
that the activity and selectivity of these systems are
modified by the nature and structure of surface molyb-
denum species [8,9]. The formation of such surface
species is strongly affected by variables such as prep-
aration conditions, active phase components and the
nature of the support [10]. In most cases, the best
results have been obtained when the so-called mono-
layer catalysts are used, i.c. when the supported phase
forms a single layer on the surface of the support.
From raster electron microscopy, Knozinger and
Taglauer [11] concluded that the dispersion and size
of molybdenum trioxide particles in MoO5/Al,O4
systems prepared by mechanical mixing depends both
on the grinding time and on the environment atmo-
sphere during calcination. The nature of surface spe-
cies obtained upon supporting molybdenum trioxide
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on silica, alumina and titania, in samples obtained by
impregnation of all the three supports with hep-
tamolybdate aqueous solutions, has been reported
previously [12—-14]. Samples have been also obtained
by manually grinding mixtures of the oxide support
and molybdenum trioxide [15-17], and we have re-
ported the effect of calcination under different envir-
onmental conditions on the dispersion state of this
type of solid. In the present paper, we report on
MoO;/Al,03 and MoO;/TiO, samples with different
molybdenum trioxide loadings prepared by mechan-
ically mixing the support and the supported oxide, but
submitting the mixtures to hydrothermal treatment
prior to calcination at high temperature, in order to
analyse the formation of oxo-hydroxy-molybdenum
species, the presence of which has been claimed to
favour dispersion of molybdenum trioxide [13].

An investigation and comparison of the interaction
of molybdenum trioxide with Al,O; and TiO, sup-
port were attempted in this work. In particular, the
work was focused on the phenomenon of spreading
and the identification of the molybdenum-containing
species formed on the support. X-ray diffraction
(XRD) and temperature-programmed reduction
(TPR) have been used to obtain information on the
spreading of MoOj; on these supports. These results
are compared with previous laser Raman spectra
(LRS) [18], in which different molybdenum species
formed on these supports have been identified. Scann-
ing electron microscopy (SEM) measurements have
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been also carried out in order to obtain information
about the morphology of the samples’ surface.

2. Experimental procedure
2.1. Materials and samples preparation
The supports Al,O; (y-alumina, reference RV005,
hereafter A) and TiO, (P-25, containing both anatase
and rutile, hereafter T) were obtained from Degussa
(Germany), and were calcined in air overnight at
770 K to eliminate adsorbed organic impurities.
Two series of samples were prepared on each sup-
port: samples belonging to series M and series H.
Different amounts of MoO; (equivalent to 04-2
monolayers) were added to the supports and then they
were manually ground for 20 min. A portion of these
mixtures was calcined in static air atmosphere for 24 h
in an open crucible at 773 K (series M). Another
portion of the mixtures was suspended in water
(1 g/25 ml) and hydrothermally treated at 423 K for
3 hin a PHAXE 2001 digestion bomb. These samples
were dried at 373 K (samples H/373) and then calcined
at 773 K for 3 h in air, as described above for M sam-
ples (samples H/773). Molybdenum loadings corre-
sponded in all cases to 0.4, 0.7, 1, 1.5 and 2 mono-
layers, taking this as the amount of MoO, needed to
cover geometrically the surface of the support, and
calculated from the BET surface area of the supports
(SperAl, 03 = 105 m2 g1, SgprTiO, = 50m? g~ 1)
and the area occupied by a “molecule” of MoOs,,
15 x 10* pm? [19]. In all cases, molybdenum trioxide
loading is given as a figure indicating the number of
monolayers.

2.2. Experimental techniques

XRD patterns were obtained by reflection from pow-
der packed in a sample holder with a Siemens-500
diffractometer using CuK; radiation (A = 154.05 pm)
equipped with a graphite monochromator and
interfaced to a DACO-MP data acquisition micro-
processor.

TPR profiles were recorded in a Micromeritics
TPR/TPD 2900 apparatus, using a 5% H,—Ar mix-
ture as carrier gas (from Sociedad Espafiola del
Oxigeno, SEQ, Spain), with a flow of 50 mImin~*! and
a heating rate of 10 Kmin~* up to 1170 K, this tem-
perature being maintained for 30 min. The amount of
sample (containing ~90 mmol MoO;) was chosen
taking into account the molybdenum loading, the
heating rate and the gas flow, in order to ensure good
resolution of the reduction peaks under the experi-
mental conditions used [20].

SEM images of samples were obtained with a Zeiss
DSM 940 digital scanning microscope between 20 and
30 kV with magnifications between 1.000 and 10.000.
The maximum resolution was 5 nm at 30 kV. Samples
were sputtered with gold for 150 s using a BIO-RAD-
SEM loading, working at 1.6 kV and 25 mA.

Adsorption of pyridine (py, from Fluka) for surface
acidity assessment, was monitored by Fourier trans-
form-infrared (FT-IR) spectroscopy, using a Perkin—
Elmer PC-16 spectrometer, connected to an Ataio
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386-SX computer, using special cells with CaF,
windows. Nominal resolution was 2 cm™?, and 100
runs were averaged to improve the signal-to-noise
ratio. Samples were submitted in situ to a conditioning
treatment, consisting in outgassing at 670 K for 2 h
(residual pressure 1072 Nm™2). After equilibration
with a small pyridine pressure, the spectrum was re-
corded after outgassing at temperatures ranging from
room temperature to 673 K. In all cases, the spectrum
of the solid was substracted using the capabilities
provided by the computer software.

3. Results and discussion

3.1. Mechanical mixtures (samples M)
Dispersion of the surface molybdenum-containing
species in MT samples was determined from quantit-
ative XRD measurements of the residual crystalline
MoO; phase in these samples, calculated from the
area of the XRD MoO; peak at 381 pm, because the
strongest MoQO; peak at 326 pm overlaps with the
main diffraction peak of anatase.

A plot of the residual amount of crystalline MoO;
versus the total amount of MoQj, as determined by
XRD, for samples obtained on the titania support, is
shown in Fig. 1; results corresponding to the MA
samples [15] are also included for comparing both
systems. There is a threshold at 0.056 g MoO;/g TiO,.
When the total amount of MoQOs; is lower than this
value, no MoOj peak was detected. On the other
hand, the surplus of MoQj5 increases linearly with the
total amount of MoQ,. Taking into account the speci-
fic surface area of TiO,, the dispersion capacity cor-
responds to 0.11 g MoO5/100 m? TiO,. In the case of
MoO;/Al,O; samples, the threshold is at 0.126 g
MoO;/g v-Al, O3, which corresponds to a dispersion
capacity of 0.12 g MoQ3/100 m? y-Al,O5 [15]. Sim-
ilar values have been reported by Xie et al. [21] for
MoQO;/Al,O4 samples (0.12 g MoQO3/100 m? support)
prepared by mechanical mixing of molybdenum triox-
ide and the supports, despite the specific surface area
of the supports used by these authors being larger
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Figure I Amount of residual crystalline MoO; versus total amount
of MoQj; in samples MA and MT.



than those used in the present study (178 m?g~! for
AL O3).

From the above results it can be concluded that the
experimental MoQ, dispersion capacity corresponds
to 1.4 monolayers in the case of the MT system,
compared to 0.72 monolayers for the MA samples. In
other words, molybdenum trioxide loadings below
these threshold values result in total dispersion (at
least, at the detection level provided by X-ray diffrac-
tion).

Also, the values determined for the highest disper-
sion capacities are in good agreement with those cal-
culated assuming that the active component, MoOs,
forms a close packed monolayer on the surface of
v-Al,O; and TiO,; in such a case, the monolayer
coverage corresponds to 0.12 g MoO3/100 m? of sup-
port. On the basis of these results, it can be concluded
that the highest dispersion capacity of MoO; on
Al,O; and TiG; is the same for both supports. The
value of 0.12 g MoO3/100 m? y-Al1,0; (0.72 theoret-
ical monolayers) for the highest dispersion capacity in
samples MA calcined 24 h in air, obtained by XRD,
coincides, within experimental error, with that found
by zero-point-charge (ZPC) measurements (0.8 mono-
layers) [16]. Thus, for MA samples calcined for 24 h,
we concluded that the surface of the support is com-
pletely covered when the molybdenum trioxide load-
ing is about 0.7-0.8 monolayers. Unfortunately, no
ZPC results are available for MT systems. Thus, the
results obtained by XRD for MT samples only indi-
cate that no MoOs peak is recorded for loadings
below 1.4 monolayers, while peaks due to bulk MoO;
are recorded for loadings of about 0.7-0.8 monolayers
for samples MA. These results suggest that the spread-
ing of molybdenum trioxide on the titania surface is
easier than on the alumina surface.

Dispersion of the supported phase has been also
analysed by electron microscopy. Micrographs for
MA samples have been reported previously [15]. A bi-
modal distribution of particle shapes is observed in
Fig. 2 for sample MT2; molybdenum trioxide appears
as clongated platelets, while the aggregates corres-
pond to the support TiO,. For MTO0.7 sample, only
aggregates have been recorded. Taking into account
that all samples were prepared in a similar way (only
differing in the molybdenum trioxide loading within
each series), it should be concluded that the lack of
elongated particles in sample MTO.7 should be due to
total dispersion of molybdenum trioxide, while its
presence in sample MT2 should be ascribed to the fact
that in this sample the maximum dispersion capacity
has been surpassed.

The nature of the molybdenum-containing species
existing in the different systems studied has been de-
termined by laser Raman spectroscopy [18,22]; in all
cases, total transformation of MoO; into dispersed
polymolybdate species for samples MA and into
mono-oxo-molybdenum species (with a single
M0=0,c1mina; Moiety) for samples MT, has been ob-
served, such a transformation being favoured by the
presence of water vapour during calcination.

The nature and dispersion degree of the molyb-
denum-containing species in samples MA and MT can

Figure 2 Scanning electron micrographs of (a) MT0.7 and (b) MT2.

also be assessed from its reducibility. This is a very
important property, as these systems also find applica-
tion in selective oxidation processes, where they
undergo red-ox transformation, the ease of which will
depend on its reducibility degree. The temperature-
programmed reduction (TPR) of these samples is re-
ported. Hydrogen consumptions (expressed as the ra-
tio between the molecules of hydrogen consumed,
against the number of atoms of molybdenum in the
samples) are given in Table I. A value of 3.0 would be
expected in all cases, corresponding to reaction

Mo"! + 3H, —» Mo® + 6H* 1)

i.e. total reduction of Mo¥! to the metallic state.

Samples MA show TPR profiles [16] with a sharp,
intense maximum at 723 K that shifts towards 750 K
as the molybdenum content is increased, and that has
been ascribed to reduction of polymolybdate species;
as the molybdenum content is further increased, re-
duction peaks are also recorded at higher temper-
atures, which have been ascribed to reduction of
dispersed molybdenum trioxide (at 920 K) and bulk
molybdenum trioxide (at 1100 K) [16].
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TABLE I Hydrogen consumption during temperature-pro-
grammed reduction analysis of the samples studied

Sample H,/Mo ratio®
Total 1st peak 2nd peak

MTO0.5 3.02 1.56 1.56
MTO0.7 3.01 1.55 1.56
MT1 2.98 1.50 1.48
HAO0.7/373° 222 0.98 1.24
HA1/373° 2.30 0.99 1.31
HA0.7/773% 2.54 0.94 1.60
HA1/773° 2.28 0.98 1.30
HTO0.7/373 2.36 1.61 0.75
HT1/373 2.12 1.08 1.04
HT0.7/773 2.61 1.63 098
HT1/773 2.61 1.55 1.06

2 Mol H,/ at Mo.
b Base line unrecovered at the maximum temperature reached.
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Figure 3 TPR profiles of samples MT0.5, MTO0.7 and MT1.

Reduction profiles for samples MT are given in
Fig. 3. They all show two maxima, at 675 and 965 K,
although a third peak, recorded as a shoulder at
795K, is recorded, in addition, for the high-loaded
sample, MT1. Taking into account the conclusions
drawn from the XRD study described above, the
peaks at 675 and 965 K correspond to reduction of
dispersed mono-oxomolybdenum species, identified
by laser Raman spectroscopy [18]. In MoO4/TiO,
samples with the same loadings as those in the sam-
ples studied here, but prepared by impregnation of
titania with aqueous solutions of ammonium hep-
tamolybdate, two reduction maxima were recorded at
750 and 1040 K [14], i.e. about 75 K higher. For these
samples, LRS indicates the formation of polymolyb-
date species. The shoulder at 795 K in the reduction
profile of sample MT1 can be tentatively ascribed to
the presence of highly dispersed molybdena, undetec-
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ted by XRD, the reduction profile of which, in samples
obtained by impregnation, is recorded at 885 K. The
amount of hydrogen consumed corresponds to
3.0 + 0.2 mol H,/at Mo, Table 1. The areas of the two
peaks recorded correspond to an average of 1.5 and
1.5 mol H,/at Mo for the first and second peaks, re-
spectively. If a step-by-step reduction is assumed,
these values would correspond to a two-step process,
Mo¥' - M™ - Mo®. However, this could not be
checked, as the reduction could not be stopped after
the first reduction peak and before the second one,
and so the actual oxidation state of molybdenum after
the first reduction peak is unknown at the moment.

3.2. Hydrothermally prepared samples
Hydrothermally treated samples were dried at 373 K
and then calcined in an open crucible at 773 K; how-
ever, in this case calcination was only for 3 h, whereas
the samples obtained by mechanical mixing were cal-
cined for 24 h. All studies were performed for both sets
(dried at 373 K and calcined at 773 K), in order to
ascertain if the hydrothermal treatment (hereafter
HTT) favoured the formation of oxohydroxy-molyb-
denum species, which in turn increase molybdenum
dispersion [23-25].

XRD diagrams for samples HT/373 and HT/773 do
not exhibit any diffraction peak due to molybdenum-
containing species for molybdenum loadings lower
than 1.4 monolayers of MoQOs; for higher loadings,
a peak is recorded at 381 pm, the intensity and half-
width for which indicate that it corresponds to bulk
molybdenum trioxide.

Thus, it can be concluded that HTT of MoO;-TiO,
mixtures leads to total dispersion of molybdenum-
containing species for loadings lower than that equiv-
alent to 1.4 monolayers of MoOj;, and no further
calcination increases the maximum dispersion capa-
bility. Such a limiting value for dispersion coincides
with that attained for the mechanical mixtures (sam-
ples MT), after being calcined in an open crucible for
24 h. Therefore, it should be concluded that the key
factor for molybdenum dispersion on titania should
be the contact with water.

The behaviour shown by samples HA is rather
different, as dispersion (at least, from the XRD point of
view) depends on the calcination temperature, as well
as the molybdenum loading, Fig. 4. No MoOQO; peak is
therefore recorded for sample HAQ.7. For samples
HA1/373 and HA1.5/373 (i.e. those containing 1 and
1.5 monolayers of MoQOs, respectively, and calcined at
373 after HTT), weak peaks are recorded in positions
close to those of bulk molybdenum trioxide, which
have been ascribed [26] to hydrated oxides,
MoQO, - nH,0. When these samples are calcined at
773 K, peaks similar to those of bulk molybdenum
trioxide are recorded, although at spacing values
slightly higher, the peaks at 313 and 308 pm (pre-
viously ascribed to hydrated oxides) now being absent.
The shift observed and the changes in half-width could
originate from a lack of crystallinity “of the MoOj;
species. Peaks coincident (with respect to position and
halfwidth) with those of molybdenum trioxide are
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Figure 4 XRD profiles of the samples HA/373 and HA/773.

recorded for samples HA2, both before and after calci-
nation at 773 K. As the maximum dispersion limit has
been surpassed in these samples, it should be con-
cluded that these peaks correspond to bulk MoO;.

The existence of bulk molybdenum trioxide in HTT
samples and MoQj; loadings exceeding the maximum
dispersion limit, can also be concluded from the SEM
studies. The micrographs in Fig. 5 correspond to sam-
ples HT1.5 and HAL.5 calcined at 773 K; for lower
loadings, only aggregates (i.e. support particles) are
seen, while in these cases (when the dispersion capabil-
ity has been surpassed), a bimodal distribution of
particles (elongated platelets, in addition to aggreg-
ates) is observed.

LRS studies [ 18] have shown spectra similar to that
of heptamolybdate for samples HA/373 (i.e. HTT,
uncalcined), thus indicating that molybdenum trioxide
transformation to heptamolybdate takes place in the
presence of water; MoQO; exists in sample HAQ.7/773,
where polymolybdates are not recorded (probably due
to their very low concentration), while for higher load-
ings the simultaneous presence of MoO; and poly-
molybdates is found.

On the other hand, the LR spectra of samples
HT/373 show a band at 970 cm ™, due to polymolyb-
date species, which disappears after calcination at
773 K, while another band develops at 994 cm ™!, due
to mono-oxo-molybdenum species [18].

TPR profiles for samples HA are included in
Fig. 6a. In all cases, a sharp peak similar to that
recorded for samples MA, is recorded at 725 K. This
peak should be ascribed to reduction of heptamolyb-
date species, the presence of which has been confirmed
by LRS. Calcination of sample HA0.7 at 773 K leads

{'G}. o 2 pm

Figure 5 Scanning electron micrographs of (a) HT1.5/773 and
(b) HA1.5/773.
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Figure 6 TPR profiles of samples (a) HA and (b) HT.

to the presence of a weak, new reduction peak at
850 K that can be tentatively ascribed to reduction of
dispersed MoQj3, the presence of which has also been
confirmed by LRS.

Similar spectra are recorded for samples HAI, al-
though, owing to the larger molybdenum content,
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a weak peak, due to reduction of dispersed molyb-
denum oxide, is recorded at 850 K, and is confirmed
by LRS. No peak due to reduction of bulk MoO; is
recorded in any case.

No firm quantification of these data can be made, as
the curve recorded does not recover to the base line,
even at the maximum temperature reached in our
experimental system, ie. total reduction requires a
larger amount of hydrogen than that recorded. Even
so, the first reduction peak corresponds to ~1mol
H,/at Mo, and so it could be claimed that such a first
reduction corresponds to the Mo"' — Mo'" process,
although this could not be confirmed.

Reduction profiles for samples HT, Fig. 6b, are sim-
ilar to those for samples MT. However, the peaks are
recorded at slightly higher temperatures (710720 and
1000 K). Nevertheless, the positions of these peaks are
between those reported for mono-oxo-molybdates
and polymolybdates [14,27]. Although in these cases
the curves recover to the base line before the max-
imum temperature is reached, total hydrogen con-
sumption is slightly lower than the amount required
for total reduction of molybdenum to the metallic
state. '

In order to complete the characterization of these
samples, its surface acidity has been assessed by
FT-IR monitoring of pyridine (py) adsorption. Cha-
nges in surface acidity become important in catalytic
reactions where dehydration takes place.

The spectra recorded were rather similar in all
cases. Those for samples HA1.5/773 and HT1.5/773
are shown in Fig. 7. For sample HA1.5/773, Fig. 7a,
two bands at 1609 and 1448 cm ™! (modes 8a and 19b)
are due to pyridine coordinated to surface Lewis sites,
while those at 1638 and 1538 cm ™! are due to the
pyridinium ion, i.e. both surface Lewis sites and Bron-
sted sites exist in this sample. The latter are absent in
the parent support, and thus develop upon molyb-
denum incorporation. Desorption at increasing tem-
peratures leads to a slight decrease of the bands, but
they remain even after outgassing at 673 K, thus indic-
ating that surface sites are strongly acidic.

A similar behaviour is observed for sample
HT1.5/773, the corresponding spectra being included
in Fig. 7b. The bands originated by pyridine coor-
dinatively bonded to surface Lewis acid sites are re-
corded at 1608 and 1447 cm ™%, while the presence of
Bronsted sites (absent in the surface of titania) is
confirmed by the bands at 1638 and 1537 cm ™!, due to
pyridinium ions. Again, outgassing at increasing tem-
peratures only slightly decreases the intensities of
these bands, which remain even after outgassing at
673 K, thus indicating that sites responsible for ad-
sorption are strongly acidic.

The relative amounts of Bronsted and Lewis acid
sites can be determined from the ratio between the
intensities (areas) of the peaks due to mode 19b of
pyridinium ion and coordinated pyridine. Such ratios
are larger than those calculated for samples similar to
those here studied, but prepared by impregnation
[28]. In the present case, the values are always larger
than one. This finding indicates that a larger concen-
tration of surface Bronsted acid sites develop by
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Figure 7 FT-IR spectra of pyridine absorbed on samples
HA1.5/773 and HT1.5/773 outgassed at (a) 373, (b) 473, (c) 573 and
(d) 673 K.

hydrothermal treatment than by impregnation from
aqueous solutions or mere calcination of mechanical
mixtures of both oxides (once the loading has sur-
passed that corresponding to a monolayer). This is in
agreement with the larger molybdenum dispersion in
the samples studied here, as detected by XRD and
LRS; moreover, Miyata et al. [29] have reported that
two-dimensional or monolayer species are stronger
Bronsted acids than those obtained with large molyb-
denum loadings.

4. Conclusion

From the results described for hydrothermally treated
mixtures (molybdena and alumina, or molybdena and
titania) it is concluded that the nature of the surface
species formed, and the dispersion degree attained, are
in all cases rather similar to those obtained by calcin-
ing mechanical mixtures for a longer period of time;
however, the hydrothermal treatment seems to be
more convenient, as energy consumption during this
treatment and short-term calcination is lower than
during prolonged calcination to attain the same dis-
persion level.
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