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Reaction Mechanism of Ammoxidation of Toluene 

III. Bifunctional Activity of V,O, Supported on A1203 Catalyst 

In previous papers (I, 2), the reaction 
mechanism of ammoxidation of toluene 
into benzonitrile on V,O, supported on 
AlzO, was investigated by kinetic and infra- 
red studies. First, toluene is oxidized to be 
stabilized on the surface as the benzoate 
ion. Subsequently, the adsorbed benzoate 
ion reacts with ammonia to form benzoni- 
trile. The reduced sites are then reoxidized 
by oxygen to repeat the reaction. Oxidation 
of toluene certainly takes place on the 
surface of V,O,, because the oxidation ac- 
tivity of Al,O, is negligibly small, On the 
other hand, the benzoate ion acting as the 
reaction intermediate is stabilized on A1203, 
but not on V,O,, because the intermediate 
adsorbed on V,Os is accessible to the attack 
of surface oxygen, and readily removed as 
carbon oxides. Adsorption of benzaldehyde 
on AlzO, revealed the ir spectrum of ben- 
zoate ion, which rapidly went into benzoni- 
trile by the reaction with ammonia. This 
fact shows that alumina takes a role of 
converting the adsorbed carboxylate ion 
into nitrile. In other words, the V,05 sup- 
ported on Al*O, catalyst has a bifunctional 
activity, i.e., the oxidation power of V,O, 
and the dehydration property of ALO,. In 
this communication, we comment on how 
the intermediate product of toluene mi- 
grates from the surface of VZ05 to A1203. In 
addition, availability of A1203 as an oxida- 
tion catalyst will be discussed in terms of 
the reactivity of the adsorbed benzoate ion 
with ammonia. 

The equipment of the pulse technique has 
been previously described in detail (I). 
Alumina that were obtained by calcination 
of Al2O3 (Sumitomo KHD) at various tem- 
peratures for 22 hr, VZ05, and V,05 sup- 
ported on A1,O3 (I) were used in this paper. 

Assuming first-order kinetics for the con- 
centration of intermediate (T), because that 
of surface oxygen is able to be regarded as 
being invariable, the decrease of concentra- 
tion of the intermediate with the lapse of 
time (t) is described as 

T = T, exp(-kr), 

where T, is the concentration of intermedi- 
ate ‘in the initial state and k denotes the rate 
constant. Such a variation of concentration 
of reaction intermediate brings about the 
decay of formed benzonitrile within the 
interval from the toluene pulse to the am- 
monia pulse, and the initial value of formed 
benzonitrile and k were calculated from the 
decay curve by the least-squares method. 
Table 1 shows these constants obtained 
from experiments in which ammonia was 
inJected on VtOs supported on A1203, 
V,O,-Al,O, mixture, and V,O, at different 
intervals from the toluene pulse, and on 
Al,Os with adsorbed benzaldehyde. The 
small value of k for Vz05 supported on 
Al,O, is similar to that for AlZ03, which 
suggests the existence of the adsorbed in- 
termediate on AltO3 in the V,Os supported 
on Al,O,. On the other hand, the value of k 
for V,O, is about 40 times as much as that 
for VzO, supported on A1,03, and therefore 
the reaction intermediate is clearly unstable 
on V20, as compared to Alu203. In the case 
of V,O,-Al,O, mixture, which is prepared 
only by mechanically mixing V20J and 
A1103 (1 : 2) by weight with a spatula, the 
reaction intermediate is stabilized to pro- 
duce benzonitrile by the injection of ammo- 
nia even about 1 hr after the adsorption of 
toluene. The benzonitrile formed 10 min 
after the toluene pulse is based on the 
activity of mixed Al,O,, because hardly any 
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TABLE 1 

Variation of Concentration of Adsorbed Intermediate 

Catalyst” Adsorbate Initial value of 
formed Benzonitrile 

(w-Wg) 

k 
( 10m3 min-I) 

V,O, supported on Al,O, 
V,O,-A&O, mixture 
v*o, 
AMA 

Toluene 
Toluene 
Toluene 
Benzaldehyde 

15.3 5.6 
2.80* 10.0 
0.608 223.0 

33.7 4.4 

“AI,O, calcined at 1ooo”C was used. 
* Amount per gram A&O,. 

benzonitrile is formed on VZ05 10 min after 
the adsorption of the intermediate. In fact, 
the-value of k in such an experiment on the 
Vz05-A&O3 mixture is analogous to that for 
A1203 or V,O, supported on A1203. There- 
fore, the bifunctional activity is found only 
by mixing of V,O, with A&OS. This is 
indicative of the migration of an intermedi- 
ate product from VZ05 to A&O, through the 
gas phase. Because benzaldehyde is oxi- 
dized into benzonitrile via the adsorbed 
benzoate ion on A1203, like toluene on V,O, 
supported on A1203, the migrating interme- 
diate product may be benzaldehyde (2). 
This fact suggests that the intermediate 
compound benzaldehyde can migrate from 
the surface of V,O, to A&O3 through the gas 
phase also on VZ05 supported on A&O,. 

As is easily understood from the discus- 
sion, alumina is not merely a support of 
VZ05, but has a vital role in the ammoxida- 
tion as an oxidation catalyst. The reaction 
of benzaldehyde and ammonia thereon is 
accompanied by a loss of oxygen, but the 
constant activity is kept by the injection 
of air. Oxygen is desorbed as water, and the 
sites are easily reoxidized by gaseous oxy- 
gen. Patents for this process (3) stated that 
alumina calcined at high temperature 
(about 1000°C) was available as a support. 
However, the reason why such an alumina 
of relatively small surface area is particu- 
larly useful in this reaction has not been 
indicated so far. After benzaldehyde was 
adsorbed on three kinds of alumina which 

were calcined at 400, 1000, and 12OO”C, 
ammonia pulses were repeatedly injected to 
form benzonitrile. As shown in Fig. 1, 
benzonitrile formation decreased sharply 
with the number of ammonia pulses on 
A&O3 (1000 and 1200°C). On the other 
hand, the benzonitrile formation on A&O, 
(400°C) had the maximum value with re- 
spect to the number of pulses, and gradu- 
ally decreased at more than three pulses. 
However, such a maximum profile of nitrile 
formation was not observed by using a 
quarter amount of alumina and a double 
amount of injected ammonia. Therefore, 
ammonia injected at the initial stage is 
adsorbed on acid sites inactive for the am- 
moxidation which suppresses the desired 
reaction. If the adsorbed benzoate ion is 
reacted with ammonia in a static equip- 
ment, the decay of the adsorbed species 
will be expressed as a first-order kinetic 
equation; T = T, exp(-or), where T, is the 
initial concentration of adsorbed benzoate 
ion, and K and T denote the rate constant 
and the contact time, respectively. Because 
such a decrease of concentration is propor- 
tional to the profile as shown in Fig. 1 in a 
pulse technique, specific values of the rate 
constants are obtained by plotting the log- 
arithm of the amount of benzonitrile 
against the number of pulses. The rate 
constants in arbitrary units are 1.0, 2.5 and 
3.4 on A&O3 calcined at 400, 1000, and 
1200°C respectively. Consequently, the 
rate of A1,03 (400°C) is much slower than 
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FIG. 1. The variation of benzonitrile formation with repeated injection of NH3 on Al,O, which 
had been calcined at 400 (0) , 1000 (A) , and 1200°C (Cl) , and allowed to adsorb the benzoate 
ion by injection of 2 ~1 of benzaldehyde. The same experimental runs were performed three 
times: first (OACI) , second (@All) , and third (OAM). 

others; this may be the reason why such an 
alumina is ineffective in spite of high sur- 
face area. Calcination at a higher tempera- 
ture above 1000°C results in a decrease in 
active sites, and so the alumina calcined at 
1000°C is the most effective in this reaction. 
There is a report about the appearance of 
maximum acidity of A&O3 which is calcined 
at 450°C (4). We may be able to correlate 
this property of A&O3 (about 400°C) with a 
small athnity for the benzoate intermediate 
or a strong adsorption of ammonia, thus 
affording a slow rate of benzonitrile forma- 
tion. 
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