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FIG. 4. Plot of As/At against pressure for hy- 
drogen on chromia (2). Catalyst weight 16 g, 
temperature 457°K. 

and Taylor on the adsorption of hydrogen 
on chromia gel (2), in which again good 
linearity against pressure is seen. Although 
the intercepts are slightly positive, they are 
close to zero, suggesting that the adsorption 
is so strong that the desorption rate is 
negligible. The plot of log r thus obtained 
against the adsorbed amount gave two 
straight lines: one from 1 to 4 cc with a large 
slope; the other from 4 to 16 cc with a smaller 

slope. Taylor and Thon also indicated that 
Burwell’s results fitted the Elvoich equation 
up to 2 cc (3). 

As described above, the present treatment 
is not only useful for obtaining net rat’es of 
adsorption and desorption, but also is 
applicable to heterogeneous surfaces, since 
Au/At is taken at the same surface coverage. 
Furthermore, when ra and rd are separately 
obtained as functions of p and a [the detailed 
forms of g(0) and h(0) are not necessary], the 
isotherm can be predicted. It is also clear 
that the method is not limited to adsorption, 
but, in principIe, is applicable to general 
reactions if suitable data are available. 
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NOTES 

Classification of Oxidation Catalysts According to the 

Type of Metal-Oxygen Bond* 

INTRODUCTION 

In recent years, many correlations have 
been made between the strength of the 
metal-oxygen bond of oxidation catalysts 
and their activity in the oxidation of several 
types of molecules (1-d). 

It is known from organic and inorganic 

*This work was sponsored by the Italian Na- 
tional Council for Research. 

chemistry that the reactivity of a bond not 
only depends on its strength but also on its 
type. 

In a previous article (6) we drew attention 
to the relationship existing between the 
activity in NH, and C&He oxidation of a 
series of molybdates studied by us and the 
presence of a metal-oxygen bond having 
double-bond character. No hypotheses were 
put forward on how such a metal-oxygen 
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bond might participate in the oxidation 
reactions. However, the existence of other 
oxidation catalysts without a metal-oxygen 
bond of this tvpe suggested that, if oxygen 
participated directly, these catalysts should 
possess different mechanisms of oxidation. 
For this purpose, we have classified several 
oxides and mixed oxides, which are oxidizing 
catalysts at a rather low temperature (T 
< 350°C) according to the nature of the 
metal-oxygen bond. 

DATA 

Table 1 reports a series of oxides and 
mixed oxides that are catalysts of the oxida- 
tion of propylene, ammonia, and methanol 
at T < 350°C. Catalysts that are active in 
the oxidation reactions at higher temper- 
atures, like TiO,, ZnO, Sbz03, WOs, have 
been excluded. We have indicated whether 
each catalyst is active in the oxidation of CO 
and in the isotopic homomolecular exchange 
of oxygen. The same table also reports the 
types of products obtained in the oxidation 
of NH3 and the selectivity in CH,O and in 
acrolein, respectively, for the oxidation of 
methanol and propylene, as well as the 
energy of activation of the isotopic homo- 
molecular exchange of 02 and whether these 
catalysts exhibit a metal-oxygen bond 
having double-bond character. 

We deduced that these catalysts contain 
a metal-oxygen bond having double-bond 
character from the presence of a band in the 
region near 1000-900 cm-l in the infrared 
spectra (6). 

As shown in this table, the oxidation cata- 
lysts may be grouped into two classes ex- 
hibiting similar catalytic behavior. 

1st Class. Oxidation catalysts that do not 
possess a metal-oxygen bond having a 
double-bond character: NiO, Coa04, CuO, 
CraOJ, Mn02, FezOX, CdMoOl, SnO-Sbn08 
belong to this class. These catalysts are 
active in the oxidation of CO and are gen- 
erally very active in the isotopic homo- 
molecular exchange of 02 (?‘). In the oxida- 
tion of methanol, they essentially give CO2 
(8). In the oxidation of NHB-except for 
SnO-Sb20s (@-they give high amounts of 
NzO (9) and in the oxidation of propylene- 

except for SnO-Sb20a-they give only 
COz (8, 10). 

2nd Class. Oxidation catalysts that possess 
a metal-oxygen bond with double-bond 
character: Vz06,Mo03 and Fe, Bi, Co, Ni, 
and MII molybdates belong to this class. 
These catalysts are not active or their ac- 
tivity is very low in the oxidation of CO 
and in the isotopic homomolecular exchange 
of oxygen, at the temperatures at which they 
are active in the oxidation of propylene, 
ammonia, and methanol. In the oxidation 
of ammonia, they give only Nz (g-11), 
whereas in the oxidation of methanol at 
T < 35O”C, they can reach-except for 
Vz06-a selectivity in CHzO higher than 
30% (7,12). In the oxidation of propylene to 
acrolein, some of the catalysts of this class 
are selective, others are not (8, 11). 

DISCUSSION 

As can be deduced from Table 1, a classi- 
fication of oxidation catalysts according to 
the presence or not of a metal-oxygen 
double bond can help us to predict the cata- 
lytic behavior with regard to the reactions of 
oxidation of simple molecules, i.e., CO, NH,, 
CHaOH. 

The catalysts of the first class, owing to 
their higher activity in the oxidation of CO 
and to the type of products that they give 
in the oxidation of ammonia and methanol, 
can be called more properly oxidation 
catalysts. 

The catalysts of the second class, owing 
to their low activity in the oxidation of CO 
and to the high yield of CH,O that they give 
in the oxidation of CHSOH, can be denomi- 
nated dehydrogenation catalysts. 

By considering the high rate of isotopic 
homomolecular exchange of oxygen and the 
lower energy of activation of this reaction, 
the oxidizing power of the catalysts of the 
first class can be connected with their ability 
to adsorb oxygen from the gas phase in the 
activated form. Activated oxygen can ini- 
tiate oxidation by reacting with propylene 
either in the gas phase or in an adsorbed 
form. 

In our opinion, the dehydrogenating 
power of the catalysts of the second class is 
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directly connected with the metal-oxygen 
double bond. In order to describe how this 
bond can influence the dehydrogenation of 
molecules present on the surface of the 
catalysts, we refer to the structure of the 
crystals of molybdenum oxide. 

Kihlborg (13’) reports that by reduction of 
Moo3 under vacuum at T < 550°C some 
nonstoichiometric oxide having a crystal 
structure consisting of octahedral and of 
pentagonal bipyramid were obtained. The 
pentagonal bipyramid that forms from the 
opening of the metal-oxygen double bond 
leaves a free valence OII molybdenum, thus 
increasing its possible coordination. 

We think that the mechanism of adsorp- 
tion or of reduction of the catalysts by the 
molecule in the gas phase is similar to that of 
vacuum reduction of MOOS. An H atom (ion 
or radical withdrawn from a molecule pres- 
ent on its surface, i.e., propylene, ammonia, 
methanol) can be added to a metal-oxygen 
double bond of the catalysts. The opening 
of the double bond leaves a free valence on 
the metal, and it may be used in a bond with 
the dehydrogenated molecule. This free va- 
lence, in the case of the oxidation of propyl- 
ene after a possible adsorption as a s-olefin 
complex, can be used to give an ally1 
complex. 

The molecule activated in this way may 
be subjected to further reactions, 

As to the mechanism just pointed out for 
oxidation by dehydrogenation catalysts, 
the first stage must be the reaction of the 
molecule to be oxidized with the oxygen of 
the catalysts. This is typical for an oxidation 
mechanism of the oxyreductive type. This 
oxyreductive mechanism has generally been 
proposed for catalysts containing a metal- 
oxygen bond having double-bond character: 
VZOs (14), BiOa-Moo1 (15), FezOa-MoOa (16). 

In addition, Klier and coworkers (17) 
report that in isotopic exchange reactions 
between gaseous oxygen and the oxygen of 
the catalysts, only V,O,, MoOa, and WOs 
may exchange the lattice oxygen; on the 
contrary NiO and Co304, which belong to 
the first class, just exchange the surface 
oxygen. Therefore, it may be assumed that 
the mechanism of the catalysts of the second 
class more probably is-of ,the oxyreductive 

type and that of the catalysts of the first 
class is of the Langmuir or Rideal type. We 
feel that this last assumption must be limited 
to the oxidation of simple molecules or to 
reactions of oxidation that preserve the 
number of carbon atoms. 

It can hardly be stated that only a redox 
mechanism is involved for catalysts of the 
second class that in the oxidation of pro- 
pylene give essentially COZ. Some intermedi- 
ate oxidized compounds of propylene can 
be so reactive that they adsorb oxygen from 
the gas phase. 

The failure of every correlation between 
the type of metal-oxygen bond and selec- 
tivity in the oxidation of propylene supports 
the limitation just pointed out. 

Some exceptions are also found in the 
oxidation of propylene with catalysts of the 
1st class. In fact, SnO-SbzOi exhibits a high 
selectivity in the oxidation of propylene to 
acrolein. 

Therefore, for the oxidation of complex 
molecules, other parameters can determine 
the catalytic behavior of oxide and of mixed 
oxides. 

REFERENCES 

1. BORESKOV, G. K., Discussions Faraday SOL, 
28.5338 ( 1966). 

1. SACHTLER, W. M., AND DB BOER, N. H., Proc. 
Intern. Congr. Catalysis, Srd, Amsterdam 
1964, p. 252. 

3. MAHISHIMA, S., YONEDA, Y., AND SAITO, V., 
Actes Congr. Intern. Catalyse, Z”, Paris, 
1961, p. 67. 

Q. ROITER, V. A., .~ND GOLODEZ, G. J., Ukr. Khim. 
Zh. 29, 667 (1963). 

6. TRIFIR~, F., CENTOL.~, P., AND PASQUON, I., 

J. Catalysis 10, 86 (1968). 
6. BARR.4CLOUGH, G. C., LEWIS, J., AND NYHOLM, 

R. S., J. Chem. Sot., p. 3552 (1959). 
7. BORESKOV, G. K., Advan. Catalysis 15, 329 

(1964). 
8. Unpublished data from our laboratory. 
9. C.~VATERRA, E., GIORDANO, N., AND ZEMA, D., 

Chim. Ind. 1, 22 (1963). 
IO. MOROOHA, G., AND OZAKI, A., .I. Catalysis 5, 

116 (1966). 
II. TRIFIR~, F., CENTOLA, P., PASQUON, I., AND 

JIR~, P., preprints of the 4th International 
Congress on Catalysis, MOSCOW, 1968. 

lb. JIR%, P., TRIFIR~, F., KLISSWSKI, D., AND 

PA~QUON, I., Simposio sulla Dinamica delle 
Reazioni Chimiche, Padova, 1966, p. 313. 



416 NOTES 

IS. KIHLBORG, L., Advan. Chem. Ser. 39, 37 (1955). 
14. MARS, P., AND VAN KREVELEN, D. W., Chem. 

Eng. Sci. 3, 41 (1954). 
16. BATIST, P. H. A., IJPPENS, B. C., AND SCHUIT, 

G. C. A., J. Catalysis 5, 55 (1966). 
26. JIRU, P., WICTERLOVA, B., AND TICHY, J., Intern. 

Congr. Catalysis, Srd, Amsterdam, 1964, 1, 
199. 

17. NOVAKOVA, J., KLIER, K., AND JIR?I, P., Proc. 

6th Zntemt. Symp. Reactivity of Solids, 
Miinich, 1964, p, 276. 

FERRUCCIO TRIFIR~ 
ITALO PASQUON 

Institute di Chimica 
Industriale de1 Politecnico, 
Milano, Italia 

Received June 13, 1968 


