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On the Nature of Catalytic Active Sites on Molybdenum Catalysts 

The question of the nature of the active 
catalytic sites on molybdenum-based cata- 
lysts is still controversial. 

Alumina-supported and unsupported mo- 
lybdenum catalysts were studied in our lab- 
oratory (1-4). Catalytic reactions were per- 
formed at 350°C either in a flow system or 
in a batch reactor, using Cg saturated hy- 
drocarbons like 2-methylpentane as reac- 
tants. Alumina-supported catalysts were 
prepared by reduction in a hydrogen flow 
of MoOj/A1203 containing 6 wt% of Moo3 
(2, 4). Unsupported MO catalysts were MO 
films produced by evaporation of a MO me- 
tallic wire and studied in a batch reactor or 
MO metallic powder pretreated and studied 
under hydrogen flow (3). 

On MO metallic films in a batch reactor 
(with the same hydrocarbon-to-hydrogen 
ratio (0.007) as that in the flow system) we 
obtained a high level of activity mainly in 
extensive hydrogenolysis (2). 

On MO metallic powder in the flow reac- 
tor, we obtained much less activity but with 
a high selectivity in isomerization (over 
90%) (2). 

On Mo03/A120x reduced in hydrogen 
flow at 550, 750, or 950°C for 2 h with a 
high heating rate to reach the reduction 
temperature (+ 15o”C/ 15 min), we obtained 
an increase in activity and isomerization se- 
lectivity as the reduction temperature in- 
creased. After reduction at 550°C the total 
activity (LQ) was 1.8% and the isomeriza- 
tion selectivity (Si) was 35.4%. After reduc- 
tion at 95O”C, (Yr was 2.4% and Si was 
96.4%. 13C labeling experiments permitted 
us to study the isomerization mechanisms. 
It was shown that up to and including a 
reduction temperature of 75O”C, the reac- 
tion mechanisms were essentially acidic. 

After reduction at 95o”C, the mechanisms 
changed. Our interpretation of the results 
was that the mechanisms became metallic. 
We proposed an isomerization mechanism 
on metallic molybdenum via a metallacycle 
intermediate evolving to a carbene-olefin 
intermediate giving exclusively bond-shift 
migration. This mechanism accounted for 
the relative migration rates of the alkyl 
groups studied by 13C labeling experiments 
(2, 3). It was supported by an XPS study 
which showed that a reduction of Mo03/ 
A1203 under hydrogen flow at 950°C pro- 
duced metallic molybdenum (I). This latter 
result was also found by Nakamura et al. 
(5). The supported catalyst reduced at 
950°C behaved exactly like the unsupported 
metallic powder (2). 

On MoOJA1203 reduced in hydrogen 
flow at 750 or 950°C for 6 to 20 h and/or 
with a low heating rate to reach the reduc- 
tion temperature (+ 50°C 15 min), the cata- 
lytic results changed completely (4). In this 
case, high extensive hydrogenolysis activ- 
ity was observed as for metallic MO films. 
Depending on the pretreatment conditions, 
the isomerization sites of unsupported me- 
tallic molybdenum powder or the hydro- 
genolysis sites of molybdenum films can be 
produced on alumina-supported molybde- 
num catalysts. 

These interpretations were contested by 
Burwell(6). Burwell et al. (5, 7-10) worked 
on Mo(CO)~/A~~O~ and MOO&Al203 re- 
duced in flowing hydrogen at temperatures 
contained between 650 and 950°C. Accord- 
ing to them, molybdenum was reduced to 
the metallic state under these conditions. 
They studied the catalytic reactions of sev- 
eral alkanes and found a high level of hy- 
drogenolysis. They concluded that MO(O)/ 
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A1203 is among the best cracking catalysts 
but the catalytic sites are rapidly and easily 
poisoned by O2 and other gases (CO, HzO, 
N2). Burwell (6) suggested that in the cases 
where we obtained low hydrogenolysis 
activity and high isomerization selectivity 
(unsupported metallic MO powder and 
Mo03/y-A1203 reduced under hydrogen 
flow at 950°C) the MO catalytic sites were 
poisoned by oxygen coming from the reac- 
tant streams. We agree with the fact that 
MO(O) is an active cracking site but we as- 
sert that MO(O) can also be an isomeriza- 
tion site. 

(i) Burwell does not pay much attention 
to the isomerization mechanisms on metal- 
lic molybdenum. The study of these isom- 
erization reactions by 13C labeling experi- 
ments can provide much information on 
the nature of catalytic active sites. On 
oxidized MO, we obtained 16.7% of 3- 
methyl[3-13C]pentane, 16.7% of 3-methyl 
[6-13C]pentane, and 66.6% of 3-methyl 
[ 1-13C]pentane plus 3-methyl[2-‘3C]pentane 
and 33.3% of [l-‘3C]hexane, 33.3% of 
[2-13C]hexane, and 33.3% of [3-13C]hexane 
for either reactant: 2-methyl[2-‘3C]pentane 
or 2-methyl[4-‘3C]pentane. This statistical 
distribution or “scrambling” of the label 
means that desorption is the low-rate step 
in the mechanism; the adsorbed molecule is 
subjected to several fast isomerization re- 
actions before desorbing. This situation is 
typical of acidic catalysts. For instance, 
Moliere (II) obtained the same results on 
oxidized tungsten supported on alumina. 
On molybdenum catalysts which were re- 
duced under drastic conditions (where the 
catalytic site is most probably MO(O), even 
according to Burwell’s work) the scram- 
bling disappeared. We obtained 13C distri- 
butions typical of a bond-shift mechanism, 
which is well established for classical me- 
tallic catalysts like Pt or Pd (12, 13). 

(ii) If the MO(O) hydrogenolysis sites 
were poisoned by oxygen from the reactant 
streams in our flow system, we would not 
obtain such a high level of extensive hydro- 

genolysis on Mo03/y-AllO reduced at 7.50 
or 950°C under what we called “particular” 
conditions (lower heating rate to reach the 
reduction temperature or longer plateau at 
the reduction temperature) (4). Using these 
conditions, the catalysts remained much 
longer under the influence of the reactant 
streams. 

Our interpretation of the results is that 
metallic molybdenum presents two kinds of 
active catalytic sites: one giving hydroge- 
nolysis at a high rate, another giving isom- 
erization at a lower rate. The former can be 
found on metallic molybdenum films, the 
latter on metallic molybdenum powder. 
Both can be obtained on MoO,/y-AlZ03 in a 
flow system depending on the reduction 
conditions. The difference between the two 
sites might be the geometrical arrangement 
of the metallic molybdenum atoms of the 
active site giving different adsorption abili- 
ties and different electronic properties. 
More work is in progress in our laboratory 
in order to examine this point. 

Burwell (6) also criticized our papers 
(1-3) because we did not refer to work 
(5, 7-10) which was relevant to ours. Our 
papers were submitted in July 1985 but 
were not published until March 1987. It 
was thus impossible to refer to most of the 
work cited by Burwell in Ref. (6). This is 
very unfortunate because discussion of 
the above points would have improved our 
paper. 

1. 

2. 

3. 

4. 

5. 

REFERENCES 

Holl, Y., Touroude, R., Maire, G., Muller, A., 
Engelhard, P. A., and Grosmangin, J., .I. Caral. 
104, 202 (1987). 
Holl, Y ., Garin, F., Maire, G., Muller, A., Engel- 
hard, P. A., and Grosmangin, J., J. &?a[. 104,211 
(1987). 
Hall, Y., Garin, F., Maire, G., Muller, A., Engel- 
hard, P. A., and Grosmangin, J., J. Caral. 104,225 
(1987). 
Hall, Y., Garin, F., Maire, G., Borg, F., Engel- 
hard, P. A., and Grosmangin, J., submitted for 
publication. 
Nakamura, R., Pioch, D., Bowman, R. G., and 
Burwell, R. L., Jr., J. Catal. 93, 338 (1985). 



LETTERS TO THE EDITORS 571 

6. Burwell, R. L., Jr., J. Catal. 113, 567 (1988). 
7. Nakamura, R., Bowman, R. G., and Burwell, R. 

L., Jr., J. Amer. Chem. Sot. 103, 673 (1981). 
8. Burwell, R. L., Jr., in “Catalysis on the Energy 

Scene” (S. Kaliaguine and A. Mahay, Eds.), p. 
45. Elsevier, Amsterdam, 1984. 

9. Nakamura, R., and Burwell, R. L., Jr., J. Catal. 
93, 399 (1985). 

10. Burwell, R. L., Jr., and Chung, J. S., Reuct. 
Kinet. Cutal. Lett. 35, 381 (1987). 

11. Moliere, M., Ph.D. thesis, Strasbourg University, 
1978. 

12. Gault, F., “Advances in Catalysis” (D. D. Eley, 
P. W. Selwood, and P. B. Weisz, Eds.), Vol. 30, 
p. 1. Academic Press, San Diego, 1981. 

13. Maire, G., and Garin, F., in “Catalysis: Science 
and Technology” (J. R. Anderson and M. Bou- 
dart, Eds.). Springer-Verlag, Berlin, 1984. 

YVES HOLL 
FRANCOIS GARIN 
GILBERT MAIRE 

Laboratoire de Catalyse et Chimie des SurfaceA 
U.A. 423 du CNRS, Institut Le Be1 
Universite’ Louis Pasteur, 4, rue Blake Pascul 
67070 Strasbourg. France 

Received May I I, 1988 


