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NOTES 

Reduction and Activity of the Metathesis Catalyst WOJSiO, 

A wide variety of catalysts derived from 
W, MO, or Re have been reported to be 
active catalysts for the metathesis reaction 
of alkenes (1) : 

The nature of the ligands and the oxidation 
number of the metal atom in these com- 
pounds appear not to be very critical, 
and therefore it has been impossible to 
provide a clear picture of the active site 
for this reaction. For the WOJSiO, 
catalyst it has been concluded previously 
(1, 9) from the “break in” effect that 
active sites are generated by the interaction 
of propene with the catalyst. This process 
is influenced by prior reduction with hydro- 
gen or carbon monoxide. The extent of 
reduction and the correlation with activity 
was, however, never quantified. There- 
fore, we investigated the reduction process 
for this catalyst gravimetrically while 
simultaneously measuring activity for the 
metathesis of propene. 

A catalyst containing 3 wt% tungsten 
oxide on silica (Grace 111, particle size 
180-210 pm) was prepared by impregnation 
with a solution of ammonium para- 
tungstate. After drying at 350 K and heat- 
ing in flowing air at 825 K the BET surface 
area was 310 m”/g and the average pore 
radius, 5 nm. X-Ray analysis did not show 
any crystalline compounds. Propene was 

purified by passing through alumina (Alcoa 
H 151), a copper catalyst (BASE” R3-11) 
and 3A molecular sieves. Oxygen and 
hydrogen were dried with 3A molecular 
sieves. 

The apparatus consisted of a Cahn RG 
electrobalance enclosed in a circulating 
system of approximately 5 X lop3 m3 
volume and a circulating rate of 2 X lop5 
m3 s-l. A VG Micromass 2 mass spec- 
trometer was attached for analysis of gas 
composition. Accuracy of the weight mea- 
surements was 5 pg on a 50 mg catalyst 
sample. In all experiments the activity 
of the catalyst samples was determined 
at 775 K by introducing a portion of 
propene which gives in the reaction system 
a pressure of 2.6 kN m-2, and by measuring 
the conversion after 30 min. For tempera- 
ture stability a plug of stainless steel 
turnings was fitted in the hangdown tube 
beneath the sample bucket. Buoyancy 
corrections for the weight readings were 
obtained in a blank experiment with a 
quartz charge. As indicated by the weight 
and color change, reoxidation of reduced 
catalysts proceeds smoothly, but we did 
not obtain reproducible activities in this 
manner. Therefore, all experiments were 
conducted with fresh samples, which were 
heated in oxygen (26 kN m-“) to 875 K, 
and after renewing the oxygen were kept 
at this temperature for 15 hr. This was 
followed by evacuation for 1 hr after which 
the partial pressure of oxygen was less than 
1O-3 N rn+. Then, either hydrogen was 
admitted, followed by another hour of 
evacuation, or the temperature was lowered 
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immediately to 775 K. The propene pres- 
sure used in the activity measurements 
was chosen because at higher pressures 
we observed only small differences in 
activity with catalyst samples which were 
expected to exhibit considerable differ- 
ences due to the method of pretreatment. 
We ascribe this to mass diffusion limitations 
in and around the sample bucket. 

The results of the experiments are sum- 
marized in Table 1, which shows the ac- 
tivities of differently treated catalyst 
samples and the level of reduction as 
derived from the loss of weight. Actually 
a series of subsequent activity measure- 
ments was obtained for each sample. 
Except for the two samples that were not 
treated with hydrogen, essentially equal 
conversions were found in a series of sub- 
sequent activity measurements. However, 
with the two nonreduced samples the 
conversion obtained during the first ac- 
tivity measurement was only half the 
value obtained after a few more measure- 
ments. This last value is the one recorded 
in Table 1. This increase in activity was 
also found in other experiments with non- 
reduced catalyst samples. 

Figure 1 is a logarithmic plot of the 
reduction of the catalyst with hydrogen 
at S75 K and a pressure of 100 kT\’ mP2. 
As also found by others (3), reduction of 
tungsten oxide on silica is slow and the 

TABLE 1 

Correlation between Pretreatment, Stoichiometric 
Composition of Tungst,en Oxide, and Activity 

Pretreatment at 875 K Stoichiometrie Conversion 
composition of (%) 

hill) (kN m-2 Hz) tungsten oxide 
calcd from the 

loss of wt 

None 9 
NOIN 7 

1 3.9 2.5 
2 26 Reduction below 21 
3 100 detection limit 21 

10 100 WO2.#1 19 
60 100 wo1.41 11 

540 100 WO1.86 5 
840 100 WOLSS 4 

10 20 40 100 200 400 1000 

time, minutes 

FIG. 1. Stoichiometric composition of tungsten 
oxide during reduction wit.h hydrogen at 875 K and 
100 kN me2. 

straight line indicates that no intermediate 
oxidation level is significantly stable. X- 
Ray diffraction patterns differed only for 
the two most reduced samples from the 
silica carrier. Here a broad and weak 
reflection of tungsten metal at 28 = 40” was 
observed. 

No weight change as a result of propene 
admission was observed in any of the 
experiments. At higher propene pressures, 
different buoya.ncy corrections for the 
reaction products prevent taking accurate 
weight readings of active catalysts because 
the gas composition close to the catalyst 
is uncertain. Where this problem does not 
exist, as in experiments with ethene, no 
adsorption is found between 575 and 775 
K, and pressures up to 100 kS me2. 

The most noticeable result is the very 
slight reduction that brings about maxi- 
mum activity. The accuracy of the reduc- 
tion measurements amounts to 0.05 oxygen 
atom/tungsten atom. Therefore, the stoichi- 
ometric composition of tungsten oxide in 
the most active sa.mple must lie between 
WOa and W02.~~. For pure WOS a number 
of substoichiometric compounds have been 
identified (4), but because of the large 
unit cell, these compounds are only con- 
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ceivahle in an extended WOa Iattice, which 
is not very likely in the irregular and 
restricted pores of the catalyst and would 
probably show up in the X-ray diagram 
of the calcined catalyst. It seems more 
appropriate to consider the tungsten atoms 
separately. To obtain a stoichiometric 
composition of W02.96 one oxygen atom 
must be missing on 20 tungsten atoms. 
Because the slightly reduced samples show 
a considerably larger activity than the 
samples not treated with hydrogen, it 
seems reasonable to link this missing 
oxygen atom to an active site. This is sup- 
ported by the fact that nonreduced sam- 
ples exhibit an increase in activity, whereas 
reduced samples yield a constant conver- 
sion from the beginning. Linking the 
missing oxygen a.tom to one active site 
provides a maximum limit to the number 
of active sites. 

It must be pointed out that usually 
tungsten oxide on silica after calcination 
in oxygen in assigned the composition WO,. 
However, ESCA measurements seem to 
indicate that a considerable fraction of 
the tunsten atoms should be considered 
to have a lower valency than six (3). 
Moreover, the tungsten atoms involved 
in the active sites may, even after evacua- 
tion, be blocked by adsorbed oxygen. In 
that case, hydrogen treatment would have 
to be described as an efficient method to 
remove this extra oxygen. However, both 
complications do not affect the conclusion 
that at most only 5a/, of the tungsten 
atoms in this catalyst are involved in the 
active sites. This results in a turnover 
number of 3/s for the most active sample. 
By extrapolating to our reaction conditions 
turnover numbers of the same order of 
magnitude can be derived from data in 
other studies (5, 6) if the same fraction 
of tungsten atoms is considered to be active. 

Considering the small number of active 
sites, it is not surprising that no adsorption 
was detected, and that in the gas phase 
no products were found from the process 

that is responsible for the increase in 
activity in nonreduced samples. This proc- 
ess could be a slow reduction by propene 
itself, and the low conversion indicates 
that this reduction with propene at 775 K 
is even less efficient than the smallest 
reduction with hydrogen at 875 K. How- 
ever, experimental evidence given by 
Luckner and Wills (2) indicates that the 
formation of active sites cannot solely be 
attributed to a reduction, and must be 
more complicated. Evidently this did not 
interfere with our experiments. 

The calculated number of active sites is 
a maximum limit and is based on the de- 
tection limit of the balance. The maximum 
number of active sites is obtained at pre- 
treatment conditions that are far beyond 
this limit, and it is therefore likely that the 
number of active sites is even considerably 
less than 5% of the number of W atoms. 
In view of the problems this will create 
in various experimental techniques, it is 
recommended to look for catalysts with a 
substantially larger number of sites to add 
to the elucidation of the picture for the 
metathesis site. 
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