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Comparison of metathesis activity of catalysts prepared by anchoring of
MoOQO,(acac), on various supports
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The properties and olefin metathesis activity of molybdena—alumina, molybdena-silica—alumina and molybdena-silica catalysts
prepared by anchoring of MoO;(acac), complex were compared. The specific activity obtained for molybdena-silica—alumina
system is higher than that of molybdena—alumina and molybdena-silica catalysts. This statement concerns also the catalysts treated

with tetramethyltin
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1. Introduction

Activity of heterogeneous catalysts in olefin metath-
esis is influenced by the kind of the support [1, 2]. This
effect is well recognised for supported rhenium catalysts.
Re,0,/A1,05:Si0, systems are known to be more active
than Re,0,/Al,05 ones, whereas Re,O,/SiO, catalyst is
inactive in olefin metathesis [1-6]. The difference
between the activity of rhenium oxide supported on
alumina and silica—alumina is explained by different
local electronic properties of the carrier [6]. In the case
of heterogeneous molybdena catalysts, the influence of
the carrier on the catalytic activity in olefin metathesis is
not so clear. Applying a suitable preparation and acti-
vation method, both highly active molybdena—alumina
[7-11] and molybdena-silica [7,12—17] systems can be
obtained. However, M00O;/SiO,-Al,O5 catalysts were
hardly investigated in olefin metathesis. The molybde-
na-silica—alumina systems prepared by anchoring of
MoOCl, showed better performance than the analogous
catalysts supported on alumina and silica [18]. Similar
effects were reported for traditionally impregnated sys-
tems [19]. On the other hand, our previous studies
concerning impregnated Mo catalysts showed that
Mo003/Si0,°Al,05 systems are less or equally active,
compared to the corresponding MoO5/Al,O5 catalysts
[20]. However, the preparation procedures and the
supports applied were different in [19] and [20].

Previously, the detailed study of molybdena—alumina
catalysts prepared by anchoring of MoO»(acac), com-
plex were done [21]. In the present work, the properties
and metathesis activities of anchored molybdena-silica—
alumina and molybdena-silica catalysts are studied and
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compared with those of the molybdena—alumina system.
The activity of the catalysts treated with tetramethyltin
is also investigated. It was previously shown that acti-
vation of the molybdena—alumina catalysts with te-
tramethyltin causes an increase of the number of the
metathesis active sites [22].

2. Experimental
2.1. Materials

Bis(acetyloacetonato)dioxomolybdenum (VI) MoO,
(CsH70,)>  (Aldrich), dimethyloformamide (Polish
Chemical Reagents, POCh), dried with 5 A molecular
sieve, and trichloromethane (POCh) were used for the
catalysts preparation. As the catalysts supports, y-Al,O3
(BET surface area 210 m*> ¢!, with other properties
reported in the previous papers [21, 23]), amorphous
silica—alumina (Aldrich, 475 m? g™, pore volume
0.77 cm® g_l, Al,O3 content 13 wt%) and silica (BET
surface area 335 m* g~') were applied. Argon (99.998
vol.%) was passed through an oxygen trap and dried
over 4 A molecular sieves. The reactant (99.5 vol.%
C;3Hg, 0.5 vol.% Cs;Hg) was dried with 3 A molecular
sieves.

2.2. Catalysts preparation

MoO,(acac), was anchored to the supports from
DMEF solutions. The alumina support was earlier calci-
nated in air at 773 K [21], the silica—alumina support
was dried at 373 K under vacuum, while the silica was
treated with boiling HCI, washed with water and dried
under vacuum at 423 K.

The carriers were contacted with the MoO,(acac),
solutions (0.1 mol dm™) at room temperature, for 24 h.
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The slurry was shaken mechanically. Then, the excess
solution was separated by filtration and the catalysts
were washed, first with the pure solvent, then with tri-
chloromethane. After that, the precursors were dried in
air at room temperature for 24 h and subsequently,
under vacuum, at 423 K for 6 h. Finally, the catalysts
were calcinated in flowing dry air at 723 K, for 6 h. One
sample of the molybdena—silica—alumina catalyst was
continuously evacuated at 523 K, for 6 h, instead of the
calcination step. In table 1, the molybdenum loadings in
the catalysts are listed. The values were determined by
ICP MS (ELAN 6100 spectrometer, Perkin Elmer).

2.3. Catalytic tests

Catalytic tests were performed in a fixed-bed, elec-
trically heated, stainless steel flow microreactor working
on-line with a gas chromatograph. The microreactor
was packed with 0.5 g of 0.2-0.3 mm catalyst grains.
The catalyst was activated under argon at 873 K, for
2 h, and then cooled to the reaction temperature. As a
test reaction, propene metathesis, carried out at 303 K
under atmospheric pressure, was chosen. The flow rate
of the reactant was 20 cm® min™' (the contact time:
36.3 kg s mol™).

In the case of the molybdena-silica catalyst, the
reaction temperature was changed in the range 303—
673 K.

When the catalysts were activated with tetramethyl-
tin, an injection of 0.5 cm? of diluted SnMey solution in
n-pentane at 303 K followed the thermal activation of
the catalysts. After 30 minutes, the reactor was feeded
with propene (60 cm® min~!, the contact time
12.1 kg s mol™).

2.4. XRD measurements

The molybdena—silica—alumina and molybdena-silica
samples were analysed with the Philips XRD System
X’PERT, using Cu Ko radiation. The analysis was
performed for the samples that were calcinated and then
heated at 873 K under argon. The XRD measurements
of the molybdena—alumina sample were done previously
[21] in the same conditions.

Table 1
The catalysts studied

Code Support Mo loading
[MoO3; wt%] [Mo atoms nm™J*
MoAIP ALO; 7.1 1.5
MoSiAl SiOy'ALLO5 2.0 0.2
MoSi SiO, 0.7 0.1

#Calculated from the amount of Mo deposited on the supports and
from their surface areas.
°21].

2.5. XPS measurements

The XPS analysis was done for the calcinated samples
of the molybdena—silica—alumina and molybdena-silica
catalysts. The molybdena—alumina sample were analy-
sed previously [21]. The spectra were obtained with the
ESCA-3 VG Scientific spectrometer using the AlKo,
X-Ray source (hv=1486.6 ¢V, 13 kV, 8-10 mA). Mo3d,
Al2p, Si2p, Cls and Ols bands were recorded with
electron emission angle 45° at a pressure of <2 x 107%
Torr. Handling of the spectra consisted of Shirley’s
background substraction, Kos 4 satellite removing and
fitting with Gauss—(30%)Lorentz peaks. The binding
energies were referenced to the Cls line (248.8 eV).

3. Results and discussion
3.1. XRD characterisation of the catalysts

The catalysts studied do not contain any Mo crys-
talline phases that could be detected by XRD. This is in
accordance with other reported results, where no Mo
crystallites were found on molybdena—alumina and
molybdena-silica—alumina systems with a relatively low
Mo loading [24-26]. As concerns the molybdena-silica
catalyst, the Mo content is very low (table 1), what also
explains the absence of the Mo crystallites.

The X-ray diffraction patterns of the molybdena—
alumina sample exhibit broad peaks corresponding to
microcrystallities of y-Al,Oz, which are dispersed in
amorphous phase of alumina [21].

3.2. XPS characterisation of the catalysts

Binding energies Mo3ds, and full width at half
maxima (FWHM), obtained for the catalysts studied,
are listed in table 2. As one can see, the binding energies
are in the range of 232.8-233.0 ¢V. These values are
attributed to Mo"! surface species [10,24,27-30]. Other
Mo oxidation states have not been detected.

3.3. Metathesis activity of the catalysts

The molybdena—alumina [21] and molybdena—silica—
alumina catalysts are highly selective in the reaction
conditions (7=303 K) and the only products detected
are ethene, frans-2-butene and cis-2-butene. In the case
of the molybdena-silica catalyst, double-bond isomeri-

Table 2
Mo3ds), binding energies [eV] of the catalysts. FWHM values [eV]
used for deconvolution of the Mo3d envelopes are given in parantheses

MoAl* 232.8 (3.2)
MoSiAl 232.8 (3.0)
MoSi 233.0 (3.6)

211,



J.Hand:zlik et al.|Comparison of metathesis activity of catalysts 67

sation to 1-butene occurred at temperatures higher than
573 K. At 673 K, selectivity to 2-butene was ca. 80%.

The pre-treatment method affects the activity of the
Mo0;3/Si0,°Al,05 catalysts (figure 1). The calcinated
sample exhibits higher activity than the evacuated one.
This effect is more evident than in the case of the MoOs/
Al,Oj5 systems [21]. Also, the M0O3/Si0,-Al,05 catalyst
deactivates slower (fig. 1) than the MoOs/Al,03 one
[21].

Molybdena-silica catalyst was inactive at tempera-
tures lower than 573 K. At 673 K, this system exhibits
good activity (figure 2). An induction period, similar as
in the case of the molybdena—alumina catalysts [21], can
be observed. What is interesting, when the reaction
temperature was being decreased from 673 K, the
Mo0O3/Si0, catalyst still showed activity, even at 333 K
(Fig. 2). This proves that the contact of the catalyst with
olefin at high temperature is necessary to generate active
metathesis sites and at least some of them can be still
active at lower temperatures. Highly active at room
temperature molybdena-silica systems were reported by
Shelimov et al. [15-17]. However, those catalysts were
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Figure 1. Activity of the molybdena-silica—alumina catalysts.
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Figure 2. Activity of the molybdena-silica catalyst. Changes of the
reaction temperature during each process are depicted.

obtained by photoreduction of surface Mo species under
CO atmosphere.

In figure. 3, the specific activities of the MoOs;/
Si0,°Al,05, M005/SiO, (working at low temperatures)
and the most active sample among the previously stud-
ied MoO;/Al,O5 catalysts [21] are compared. The cata-
lysts have different surface Mo concentrations (table 1),
because for each the support studied the Mo loading
was obtained naturally during the anchoring process
(there was an excess of the solution of the Mo complex).
It was previously shown for the anchored molybdena—
alumina systems that increase of the concentration of
the MoO»(acac), in the solution almost do not affects
the Mo content in the prepared catalysts [21].

As one can see from Fig. 3, the molybdena—silica—
alumina catalyst exhibits much higher specific activity
than the molybdena—alumina and molybdena-silica
ones, both of similar activity. Either a higher percentage
of the active sites or their higher activity, compared to
the molybdena—alumina and molybdena-silica systems,
can explain the enhanced specific activity of the MoO3/
Si0,-Al,O5 catalyst. Similarly to the Mo catalysts pre-
pared by anchoring of MoO;(acac), complex on the
support, the impregnated Re,07/Si0,-Al,O3 systems
with low rhenium loading are much more active in olefin
metathesis than the corresponding Re,O,/Al,O; cata-
lysts [1-4,6]. In the case of the rhenium catalysts, the
better activity of the systems supported on silica—alu-
mina is explained by the fact that, at low loadings,
rhenium species replace mainly the acidic Si—Al bridging
hydroxyl groups, what results in electron-poor rhenium
centres [6,31]. These centres are the active site precur-
sors. On the other hand, ReO,>” ions on alumina sup-
port react predominantly with coordinatively
unsaturated A’ Lewis acid sites and with the most
basic OH groups. When the Re loading increases, the
neutral and more acidic hydroxyl groups are replaced,
resulting in the active site precursors [6,31]. By taking
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Figure 3. Comparison of the activity of the molybdena—alumina
(T=303 K), molybdena-silica—alumina (7=303 K) and molybdena—
silica (T=333-373 K) catalysts.
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into account that MoO»(acac), also reacts first with the
AP sites and basic OH groups of alumina [32,33], the
behaviour of the anchored Mo catalysts can be
explained in similar way as in the case of the rhenium
systems. Thus, it seems that the local electronic prop-
erties of the support influence the metathesis activity of
the Mo centres.

The catalysts treated with tetramethyltin show over
one order of magnitude increased performance (Fig. 4),
comparing to the untreated ones (Fig. 3). It was repor-
ted that an addition of tetramethyltin enables or sig-
nificantly improves the activity of the supported Mo
catalysts in olefin metathesis [21,23,34,35].

The specific activities of the MoO3/Al,O0s—SnMey4 and
Mo0O;/Si0,-SnMe, systems are similar, whereas the
activity of the molybdena-silica—alumina catalyst trea-
ted with tetramethyltin is significantly higher (Fig. 4).
This resembles the trend in the specific activities of the
corresponding catalysts not treated with tetramethyltin
(Fig. 3). On the other hand, the Sn:Mo molar ratios are
not the same for the mentioned catalysts. It should be
emphasised, however, that in Fig. 4 the performance of
the most active MoO3/Al,03-SnMey catalyst (with the
optimal Sn:Mo ratio) is shown [21], while the amounts
of the tetramethyltin added to the MoO;/SiO5'Al,O3
and MoOQ;/SiO, catalysts were not optimised. Thus, the
efficiency of the latter two systems can be even improved
and, without doubts, the MoO;/SiO,Al,O3-SnMey
system exhibits higher specific activity than the MoQOs/
Al,O3-SnMe, one. Better performance after replacing
alumina by silica—alumina was also reported for rhe-
nium [3,5] and tungsten [18] systems treated with tetra-
alkyltin.

Therefore, applying the MoO»(acac), complex and
the silica—alumina as a support leads to the Mo catalyst
with higher specific activity than in the case of the mo-
lybdena—alumina systems prepared with the same pre-
cursor. This statement is true for both catalysts
untreated and treated with tetramethyltin.
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Figure 4. Comparison of the activity of the tetramethyltin treated
catalysts on different carriers.7=303 K.

3. Conclusions

In the present work, the properties and metathesis
activity of molybdena—alumina, molybdena-silica—alu-
mina and molybdena-silica catalysts prepared by
anchoring of the MoO,(acac), complex were compared. It
is shown that the specific activity of the molybdena-sil-
ica—alumina system is higher than the activity of the
molybdena—alumina and molybdena-silica systems. In
the case of the corresponding catalysts treated with te-
tramethyltin, the efficiency of the molybdena—silica—alu-
mina system is also the best among the catalysts studied.
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