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Infrared, Laser-Raman and X-Ray Diffraction Investigation of
MoO;/ZrO, and the Oxidation of (Z)-But-2-ene
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Molybdenum oxide supported on zirconia has been studied by XRD, FTIR and laser-Raman spectroscopy,
together with the oxidation of (Z)-but-2-ene. Mo-Zr catalysts with less than 11 wt % of Mo loadings are mainly
composed of amorphous polymolybdates. Mo—Zr catalysts with high MoO, loading exhibit high selectivities to
acetaldehyde and acetic acid and both Lewis- and Brensted-acidic sites by pyridine adsorption. On the other
hand, the catalysts with low MoO, loading exhibit selectivities to furan and buta-1,3-diene and only Lewis sites.
In situ FTIR and Raman spectra show the different character of Mo oxides with MoO; loading. This difference of
Mo character leads to the difference in selectivities for butene oxidation.

Previously we have reported that the support effect observed
with MoO, and V,0; on TiO, and on ZrO,,'™ in the oxi-
dation of alcohol and alkenes. In each case, polymolybdate
or polyvanadate species were formed on these supports at
low contents, their distorted structures bringing about the
weakening of the Mo=O or V=0 bond, and enhancement
of the activity for the oxidation reactions. Such poly-
molybdate species are formed on Al,O; or TiO,.>™® As
regards Mo-Zr oxide catalysts, only a few papers have
reported details of oxidation reactions. Furthermore, we have
also reported that the acid-base properties of Mo-Ti'® and
V-Zr!! oxides change with the Mo or V content. Especially,
in the V-Zr system, we proposed the reaction mechanism
where Bronsted-acidic sites are important role in the oxida-
tion of butene.!!

In this work, the structure of Mo-Zr oxide catalysts has
been investigated by XRD, FTIR and laser-Raman tech-
niques. The correlations between the surface structures of Mo
oxides and the activity for butene oxidation have been dis-
cussed.

Experimental

The zirconium hydroxide was prepared from zirconium oxy-
dichloride. The hydroxide was calcined at 383 K, followed by
decomposition at 723 K. Catalysts were prepared by an
impregnation method with a solution of ammonium hepta-
molybdate (MOZ3.0, MOZ7.5 and MOZ11.0, 3.0-11.0 wt %
molybdenum oxide as MoO;). MoO; was prepared by heat-
ing ammonium heptamolybdate at 723 K. The details of the
preparation and pretreatments of the catalysts have been
described previously.2'® The physical parameters of these
catalysts are listed in table 1.

Two types of apparatus were used. The first was a conven-
tional closed-circulation system equipped with an IR cell in
the circulation loop. The second was a pulse microreactor

Table 1. Physical properties of Mo—Zr catalyst

fraction of surface conc.

MoO, surface amorphous of amorphous
catalyst (wt %) area/m?>g~' MoO,; (%) oxide/umol mol~?2
MOZ3.0 3.0 49 100 42
MOZ7.5 7.5 46 89 10.0
MOZi11 11.0 39 76 150

system directly connected with a gas chromatograph for
analysis of the reaction products. Details of the apparatus
and procedures have been described in previous papers.?-12

X-Ray diffraction patterns (XRD) of the catalysts were
obtained on Rigaku Denki RAD-rA diffractometer using Cu
Ka radiation. The goniometer motor system and the signal
were interfaced with a versatile data-acquisition system. As
has been reported previously,':? a small amount of crystalline
MoO; is detected by using a step-scanning method. The
characterization of the Mo—Zr oxide structures was carried
out using XRD, FTIR and laser-Raman techniques. The
details of the data-acquisition and analysis system have been
described previously.!3-15

For a pulse microreactor study, the dried catalysts were
tested in a fixed-bed reactor. The catalyst charge of 30 mg
was preheated with flowing oxygen for 1 h at 673 K, followed
by flowing helium for 1 h at a reaction temperature of
473-673 K. Following pretreatment, a gaseous mixture of
(Z)-but-2-ene, oxygen and helium (0.04:0.08 : 1.70 mmol)
was fed over the catalyst. The reaction products were
andlysed by gas chromatography.

Results and Discussion
Microcatalytic Results

Oxidation of (Z)-but-2-ene was examined in the temperature
range 473-673 K. As shown in fig. 1, the conversion of (Z)-
but-2-ene increases with increasing MoO; loading as well as
reaction temperature, and reaches saturated value at MoO,
loading >7.5 wt %. This suggests that the number of active
sites is almost constant above 7.5 wt %. Reaction products
varied with the reaction temperature and with MoQO, load-
ings of catalysts. Fig. 2 shows the product selectivities of
butene oxidation at various temperatures. The MOZ3.0 cata-
lyst shows high selectivities to furan and buta-1,3-diene [fig. 2
(a), (b)]. These selectivities are higher at lower temperatures.
On the other hand, the catalysts at high MoO, loadings
show high selectivities to acetaldehyde and acetic acid. A
small amount of butan-2-one was formed at low tem-
peratures on both MOZ7.5 and MOZ11.0. At higher reaction
temperatures, total oxidation to form CO and CO, took
place significantly. The activities on Mo—Zr catalysts were ca.
5 times smaller than those on V-Zr oxides.* Both pure ZrO,
and MoO, showed little activity for the oxidation of (Z)-but-
2-ene at these temperatures.
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Fig. 1. Total conversion of (Z)-but-2-ene on Mo-Zr catalysts: Q,
473; A, 523; 1, 573; V, 623; ©, 673 K.

FTIR Spectra of (Z)-but-2-ene on Mo—Zr Catalysts

As described above, Mo—Zr catalysts with MoO; loading
>7.5 wt % showed the same reactivities but different selec-
tivities as compared with low MoOj, loading catalyst. There-
fore, we focused on the catalysts MOZ3.0 and MOZ7.5.

Fig. 3 shows the spectra of (Z)-but-2-ene adsorbed on
MOZ7.5. When the MOZ7.5 catalyst is exposed to (Z)-but-2-
ene at room temperature, the spectrum exhibits an OH band
around 3660 cm ™!, CH stretching bands near 3000 cm ™! and
bands in the bending region. The spectrum below 2000 cm ™!
is seen after subtraction of catalyst itself. Sharp bands at 1462
and 1384 cm ™! are due to the bending mode of CH, group of
adsorbed butene. Considering that the band due to the z-
complex on V-Ti oxide* and on V-P oxides'® is observed at
1645 and 1625 cm™', respectively, a broad band at 1613
cm™! is assigned to stretching mode of C=C of n-bonded
butene. The CH stretching bands at 2975 and 2925 cm ™! are
also in agreement with those of previous results.*!® The ole-
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Fig. 3. FTIR spectra of (Z)-but-2-ene adsorbed on MOZ7.5. (a)
Background, (b) after introduction of (Z)-but-2-ene (ca. 1.1 kPa for 30
min at 293 K), (c) followed by 30 min at 323 K in oxygen, (d) 30 min
at 353 K in oxygen, (¢) 30 min at 383 K; (f) 30 min at 443 K in
oxygen. The spectra of (b)~(f) below 1800 cm ™! show after subtrac-
tion of background.

35 30

finic CH bands above 3000 cm ~* could not be detected in the
spectra. Thus, it may be concluded that (Z)-but-2-ene is
adsorbed as a n-complex on MOZ7.5 at room temperature.
In addition, bands appeared at 1119, 1100 and 1084 cm ™!, in
agreement with those of surface butoxide species (not shown
in the figure). This implies the formation of C—O bonds as
well as n-complexes from butene at low temperature. Con-
sidering that the spectrum has the catalyst spectrum sub-
tracted from it, a negative band at 1000 cm ™!, which is due
to the Mo=O species in the catalyst as will be discussed
below, suggests that the adsorbed species interact with
surface Mo=0 in the catalyst and the Mo=0 band reduced
in intensity.

Oxygen (2.7 kPa) was admitted to the MOZ7.5 containing
(Z)-but-2-ene, and the temperature of the catalyst was raised
in stages under circulation of oxygen. With increasing disc
temperature the intensities of the bands due to the n-complex
and alkoxide species decreased, and simultaneously a new
band appeared at 1656 cm~! at 323 K [fig. 3(c)]. This is
assigned to the C=O stretching vibration of coordinated
ketones on surface Lewis-acidic sites. Furthermore, a new
band at 1538 cm ™! was observed at 383 K this is considered
to be from an enol-type species, which is dehydrogenated
from ketones [fig. 3 (d)].* The bands due to surface acetate
and formate species were found at higher temperature
[fig. 3 (e)].

Similar experiments were carried out with MOZ3.0 (fig. 4).
Only weak bands of adsorbed (Z)-but-2-ene were observed at
almost the same positions as those in the MOZ7.5 at room
temperature, but the bands due to alkoxide species were not

found [fig. 4(b)). The temperature of the catalyst was raised
in stages under circulation of oxygen. At 383 K new bands,

which were not observed with MOZ?7.5, appeared at 1666,
1613 and 1392 cm ™! [fig. 4(e)]. Similar bands were observed
on the V-Zr catalysts with monolayer vanadia, and were
attributed to a dihydrofuran-like species.* The bands due to
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Fig. 2. Products selectivity of (Z)-but-2-ene oxidation on Mo-Zr
catalysts: (a) furan, (b) buta-1,3-diene, (c) CH;CHO, (d) CH,COOH;
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ketones or enol-type species were not observed. As same as
with MOZ7.5, acetate and formate species were found at
higher temperature.

Adsorption of Pyridine on Mo—Zr Oxides

The above results show that Mo-Zr oxide catalysts with high
MoO; loadings favour the formation of oxygen-containing
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Fig. 4. FTIR spectra of (Z)-but-2-ene adsorbed on MOZ3.0. (a)
Background, (b) after introduction of (Z)-but-2-ene (ca. 1.1 kPa for 30
min at 293 K), (c) followed by 30 min at 323 K in oxygen, (d) 30 min
at 353 K in oxygen, (e) 30 min at 383 K in oxygen, (f) 30 min at 443
K in oxygen. The spectra of (b)}(f) below 1800 cm™' show after
subtraction of background.
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intermediates and the cleavage of C—C bonds. This reaction
is considered to proceed according to the oxyhydrative scis-
sion mechanism, which is closely related to the surface
Bronsted acidity.!” Therefore, we examined the adsorption of
pyridine to clarify the surface acidity of Mo—Zr oxides.

The use of pyridine as a selective probe molecule to char-
acterize both qualitative and quantitative aspects of surface
acidity is widespread. The assignments of the IR bands are in
agreement with the well established correlation between the
band positions and the type of interaction between pyridine
and the site on which it is adsorbed.

As shown in fig. 5, admitting pyridine to MOZ7.5 at room
temperature led to the appearance of sharp bands at 1609,
1489 and 1450 cm ™! together with weak bands at 1639, 1578
and 1540 cm~! [fig. 5(b)]. From a comparison of the IR
spectra of pyridine adsorbed on various metal oxides, 1118
the bands at 1609, 1578, 1489 and 1450 cm ™! are character-
istic of Lewis-coordinated pyridine (LPy), and the bands at
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Fig. 5. FTIR spectra of pyridine adsorbed on MOZ7.5. (a) Back-
ground, (b) introduction of a small amount of pyridine followed by
30 min evacuation at 293 K, (c) followed by 30 min evacuation at 373
K, (d) followed by introduction of water vapour at 293 K, (e) fol-
lowed by 30 min evacuation at 373 K. The spectra of (b}{e) below
1800 cm ™! show after subtraction of background.
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1639, 1578, 1540 and 1489 cm ™! are characteristic of pyridin-
ium ion (BPy). The intensity of each band decreased upon
evacuation at 373 K [fig. 5(c)]. Since it is expected that some
water is present in the oxidation reaction, we examined the
effect of water vapour on the surface acidity. The intro-
duction of a small amount of water at room temperature to
MOZ7.5 samples with preadsorbed pyridine caused the
intensification of BPy bands and the corresponding reduction
of LPy bands [fig. 5(d)], suggesting that any strong Lewis-
acidic sites on MOZ7.5 react with water to form a
Bronsted-acidic site. These bands remained almost
unchanged at 373 K [fig. 5(¢)]. The results led to the conclu-
sion that on MOZ7.5 catalysts there exist both Lewis- and
Brensted-acidic sites, and Mo==0 bond or Lewis-acidic sites
can easily convert to Brensted-acidic sites.

Similar experiments were carried out with MOZ3.0 cata-
lysts (fig. 6). Admission of pyridine at room temperature led
to the appearance of the LPy bands, but BPy bands were not
observed [fig. 6(b)]. As in the case of MOZ7.5, a decrease in
band intensity was observed upon evacuation at 373 K [fig.
6(c)]. The addition of a small amount of water caused no
change in the spectral feature. Thus, it is concluded that the
conversion from Lewis-acidic sites to Brensted-acidic sites
does not occur on the MOZ3.0 catalysts and that only Lewis-
acidic sites exist on the MOZ3.0 catalysts in the reaction con-
dition.

Structure Characterization of Mo—Zr Oxide Catalysts

XRD patterns of the catalysts showed that no diffraction
lines were observed corresponding either to a new phase or
to crystalline MoO, with MOZ3.0, while the diffraction lines
due to crystalline MoO, were observed with MOZ7.5 and
MOZ11.0. The crystallinity of the MoO, phase in the cata-
lysts was determined from the average intensities with Mo-Zr
oxides and the corresponding physical mixtures of pure
MoQ; and ZrO, .? The concentrations of amorphous surface
molybdate species per surface area are listed in table 1.
Although the calculation of amorphous species from XRD
lines may include some errors, the concentrations of these
species increase with increasing molybdenum loadings. From
the XRD data it follows that with MOZ3.0 ca. 100% of the
molybdenum oxide is present as an amorphous phase, while
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Fig. 6. FTIR spectra of pyridine adsorbed on MOZ3.0. (a) Back-
ground, (b) introduction of a small amount of pyridine followed by
30 min evacuation at 293 K, (c) followed by 30 min evacuation at 373
K, (d) followed by introduction of water vapour at 293 K. The
spectra of (b}-(e) below 1800 cm ™! show after subtraction of back-
ground.
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with MOZ7.5 and MOZ11.0 the percentages are 89 and 76%,
respectively.

Fig. 7 shows the laser-Raman spectra of ZrO, support and
of Mo—Zr oxide catalysts after subtraction of the background
using spline functions. The spectra were obtained imme-
diately after calcination at 673 K. With pure ZrO,, a number
of bands were observed below 650 cm ™. Mo—Zr oxides show
the bands which are attributed to the stretching vibration of
Mo=0 in the region 950-1000 cm~!. It has been reported
that crystalline phases are considerably more Raman active
than amorphous phases.!?-2° Similar results were observed
with MOZ11.0, where ca. 24% of the Mo oxide is present as
a crystalline phase as shown by XRD (table 1). Typical bands
at 998 and 824 cm™! due to crystailine MoO, are very
strong. The bands due to amorphous phase were observed at
957 cm ™! with MOZ3.0, at 970 cm~! with MOZ7.5 and at
980 cm ™! with MOZ11.0. The band positions are shifted to
higher wavenumber with increasing MoO, loadings. These
results are in agreement with the previous work.?

It has been reported that polyanions exhibit Raman bands
at 940-950 cm~!; that MoO2~ has a band at 895 cm™ ;2!
and that octahedrally coordinated polymolybdates increase
with increasing surface coverage or during calcination pro-
cedures.>%® Thus, considering that in this study the Raman
data were obtained after caicination at 673 K, the bands at
950-980 cm ™! are attributed to the stretching vibration of
the terminal Mo=O bond of polymolybdate species on
Zr0,.

In this work, the bands due to Mo==O stretching vibra-
tions were shifted from 957 to 980 cm™! on going from
MOZ30 to MOZ11.0. Similar results have been reported
with W-Al/Ti oxide and Mo-Al/Ti oxide.” With the Raman
data obtained in ambient air in this work, we can give the
same explanation. In fact, in situ Raman spectra of MOZ7.5
(not shown in the figure) showed such a frequency shift, i.e.
the band was obtained at almost the same position as crys-
talline MoQ, after calcination in O, atmosphere, and shifted
to lower wavenumber following H,O exposure.??

In the present study, the spectral behaviour in the Mo=0O
region on the adsorption of pyridine and on reaction with

(a)
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Raman intensity (arb. units)

(c)

(d)
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wavenumber/10% cm~"'

Fig. 7. Laser-Raman spectra of catalysts: (a) ZrO,, (b)) MOZ3.0, (c)
MOZ7.5, (d) MOZ11.0.
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butene was investigated by in situ IR spectroscopy. The zir-
conia support showed no absorption band in the region from
1100-900 cm~!. Thus, spectral behaviour in the Mo=0O
region on adsorption or evacuation could be observed in
detail. The spectra below 1100 cm ™! corresponding to that in
fig. 5 and 6 are shown in fig. 8. The Mo==O bands appeared
at 997 cm ™! for MOZ3.0 and at 1003 cm™! for MOZ7.5,
respectively, after oxidation at 673 K [fig. 8(a)]. From the
results of XRD and Raman studies, it is concluded that these
bands are due to polymolybdates. For MOZ3.0, the intro-
duction of pyridine caused a remarkable shift to lower wave-
number (975 cm™!) and a reduction in intensity [fig. 8A(b)].
Furthermore, this band was shifted to slightly lower wave-
number (966 ¢cm~!) upon admission of H,O at room tem-
perature [fig. 8A(c)]. On the other hand, for MOZ7.5 the
introduction of pyridine caused a complex band shape, as
shown in fig. 8B(b). Following introduction of H,O further
modification of band shape occurred [fig. 8B(d)], although we
observed little or no significant change in the OH region [fig.
5(d)). Such a difference of spectral behaviour between
MOZ3.0 and MOZ75 is interpreted to the difference of
Mo=0 bond character and of surface acidities. On MOZ7.5
the formation of surface OH groups, which act as Bronsted
sites, is promoted by the introduction of H,O, so the corre-
sponding change of band shape is observed in fig. 8. On the
other hand, H,O molecules on MOZ3.0 coordinate to
Mo==0 bonds, but do not act as Brensted sites. The Mo=0
bands, which were observed in almost reaction conditions of
butene oxidation are shown in fig. 3 and 4. The spectral
behaviour in the Mo=O0 region depends on the Mo content
in the catalyst.

Although the value of 7.5 wt % is estimated to be the
MoO, content for which the theoretical monolayer is formed
on the ZrO, support, it can easily be imagined that MO
oxides aggregate during the calcination procedure and form
partial multilayers. Recently Machej et al.2® have reported
that the impregnation leads to a poor dispersion of molyb-
dena on the surface of titania, which is due to the clustering
of molybdena when the MoO, loading does not exceed the
theoretical monolayer coverage. In fact, the spectrum of
MOZ7.5 obtained after oxidation at 673 K already shows a
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Fig. 8. FTIR spectra of pyridine adsorbed on catalysts: (A) MOZ3.0,

(B) MOZ7.5. Symbols as for fig. 5 and 6.



http://dx.doi.org/10.1039/ft9908602291

Downloaded by Imperia College London Library on 08/05/2013 19:59:14.
Published on 01 January 1990 on http://pubs.rsc.org | doi:10.1039/FT9908602291

J. CHEM. SOC. FARADAY TRANS,, 1990, VOL. 86

o
T

©
3
1

butene reacted/mol mol-'

ﬂ\u\-&
L e

0 5 10
MoO, (wt %)

Fig. 9. Catalytic activities per amorphous Mo-oxide: @, 473; A,
523; 3, 573; V, 623; ©, 673 K.

more complex band shape [fig. 8B(a)]. As in the case of V-Zr
oxide catalysts,!' the Mo oxide in MOZ3.0, which corre-
sponds to the monolayer catalyst in V-Zr systems, is
expected to be uniformly dispersed on the catalyst surface,
thus the Mo=0 band seems to be composed of almost a
single peak. On the other hand, the MOZ7.5, which corre-
sponds to the multilayer catalyst in V-Zr systems, seems to
contain two or more species of Mo oxide on the surface.
However, further discussion will not be given in the present

paper.

Structure, Surface Acidity and Catalytic Activities

From the above results we can conclude that polymolybdates
formed on ZrO, are active sites for the oxidation of (Z)-but-
2-ene. Fig. 9 shows the activity per amorphous molybdate,
which is estimated from XRD. The amounts of butene
reacted differ insignificantly on MOZ3.0 and MOZ7.5-11.0.
However, the selectivities of the reaction differ with MoO,
loadings. FTIR spectra also show that oxygen-containing
intermediates are easily formed on MOZ7.5 catalysts, but not
on MOZ3.0.

Raman and FTIR studies reveal the difference of structures
and surface acidities between the MOZ3.0 and MOZ7.5. The
MOZ7.5 has a high concentration of Brensted-acidic sites.
Thus, the oxyhydrative scission'” of the C—C bond is closely
related to the Brensted acidity on this catalyst. At low Mo
loadings (MOZ3.0), the Mo=0 species seems to be weaker
and is affected by the presence of reactants and products
under the oxidation reaction. The low MoO, loading catalyst

View Article Online
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has few or no Bronsted sites, only Lewis sites. Thus, poly-
molybdate species at low Mo loadings seem to have some
unsaturated coordination sites, which easily lead to the dehy-
dration of butenes. The weakening of the Mo=0 bond by
the presence of compounds seems to be closely related to the
enhancement of dehydrogenation. From the above consider-
ations, a situation similar to that reported for the V-Ti® and
V-Zr!'! systems is expected in this work.
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