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Ammoxidation of toluene and other alkylaromatics over supported V-Sb -B i  oxide catalysts is 
studied by means of pulse, flow, temperature-programmed reactions, and IR spectroscopy. It has 
been found that reaction occurs by alternate reduction and oxidation of the catalyst surface. 
Aromatic nitrile is formed at the reduction stage via amine- and imine-like intermediates. Ammonia 
exhibits an activation effect on the overall hydrocarbon conversion. According to this study and 
data on the reactivity of different substituted toluenes and on the activity of alkali-doped catalysts, 
the hydrocarbon activation is assumed to take place by the attack of a basic site of the catalyst via 
heterolytic dissociation of a C - H  bond in a benzylic position. On the basis of these results a 
"dehydrogenation" mechanism for arnmoxidation of alkylaromatics is proposed and used for the 
analysis of reaction kinetics. © 1991 Academic Press, Inc. 

INTRODUCTION 

Many oxide catalysts, such as V205, 
V-Mo, V-Sn, V-Ti, and others, are active 
in both the ammoxidation and the partial 
oxidation of alkylaromatic hydrocarbons. 
The same catalysts also demonstrate high 
activity and selectivity in ammoxidation of 
aromatic aldehydes to the corresponding ni- 
triles. These facts are consistent with the so- 
called "oxidation" mechanism according to 
which nitrile is produced via an aldehyde 
or an acid as the intermediate compound. 
Murakami and co-workers (1) have pro- 
posed that the reaction mechanism of tolu- 
ene ammoxidation on V205 consists of three 
steps: (i) oxidative adsorption of toluene, 
accompanied by abstraction ofhydrogens in 
the side chain; (ii) reaction of the adsorbed 
species with ammonia; and (iii) reoxidation 
of the catalyst by oxygen. Using infrared 
spectroscopy, they showed that the oxida- 
tive adsorption of toluene results in the 
formation of a surface benzoate ion, 
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C6H5COO-, which gives benzonitrile by re- 
action with ammonium ion (2). The same 
mechanism was accepted later for ammoxi- 
dation of xylenes over supported vanadium 
pentoxide (3). 

On the other hand, there is a group of 
catalysts that are very effective in ammoxi- 
dation but are not active in partial oxidation 
of alkylaromatic compounds. For instance, 
the supported V-Sb-Bi oxide system devel- 
oped by us (4) catalyzes with high activity 
and selectivity (95-98%) the processes of 
ammoxidation of toluene and xylenes. In 
the absence of ammonia, the oxidation of 
hydrocarbons over this catalyst yields 
mainly benzene, CO2, and water; the selec- 
tivity to aromatic aldehydes and acids does 
not exceed 10%, yet it is effective in the 
oxidative dehydrogenation of hydrocarbons 
(5). Such behavior of the catalyst cannot be 
explained by the "oxidation" mechanism 
proposed by Murakami et al. (1-3). 

The purpose of this paper is to clarify 
the reaction mechanism of ammoxidation of 
alkylaromatic hydrocarbons over V-Sb-Bi  
oxide catalysts. Kinetic, pulse, adsorp- 
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tion-desorption, IR spectroscopy, and 
temperature-programmed reaction data are 
also summarized. 

EXPERIMENTAL 

Supported V-Sb -B i  oxide catalysts are 
prepared by impregnation of T-AI203 with 
solutions of ammonium metavanadate, anti- 
mony chloride, and bismuth nitrate followed 
by calcination in an air stream at 450°C. The 
preparation procedure is described in Ref. 
(4). Alkali and alkaline earth elements were 
added to the catalyst as hydroxides during 
the impregnation stage. Surface areas mea- 
sured by thermal desorption of argon were 
75-85 m2/g. 

The acidity of the catalyst was character- 
ized by the amount of n-butylamine ad- 
sorbed on the surface from solution (water- 
free benzene). The quantity of n-butylamine 
that remained in solution after adsorption 
was determined by titration with hydrochlo- 
ric acid. The basicity of the samples was 
measured in a similar manner by adsorption 
of benzoic acid, the excess of which was 
titrated with the potassium hydroxide so- 
lution. 

Heat of adsorption of oxygen which was 
used as a measure for the energy of oxygen 
bond with the catalyst surface was esti- 
mated by means of high-temperature micro- 
calorimetry of the heat of reaction of CO 
doses with the surface heated at 400°C under 
vacuum and then in oxygen. In these experi- 
ments, the extent of catalyst reduction did 
not exceed a monolayer, and the amount of 
CO2 produced always corresponded to the 
dose of CO. Two types of experiments were 
carried out. In the course of catalyst reduc- 
tion, small doses of oxygen were periodi- 
cally added to the sample between the CO 
additions, and the heat of oxygen sorption 
was recorded. Values of the oxygen bond 
energy obtained by all these methods coin- 
cided for the samples studied. In calcula- 
tions of the extent of surface reduction the 
area occupied by the surface oxygen ion was 
assumed to be equal to 7.84 .~z. 

Ammoxidation of toluene, ethylbenzene, 
isopropylbenzene, and xylenes was carried 
out in a flow apparatus equipped with a gra- 
dientless reactor with a vibro-fluidized bed 
of catalyst. The rates of product formation, 
determined after the catalyst activity sta- 
tionary state had been reached, were com- 
pared for similar conversions (10-15%). The 
ammoxidation of toluene was also studied 
by a pulse method. In these experiments, 
pulses of toluene (R), ammonia (N), oxygen 
(O), and various mixtures of them 
(RN,RO,ON,RON) in helium were injected 
into the reactor. Analysis of the reaction 
mixture was carried out on a chromatograph 
connected to the reactor through a six-way 
valve, which served as a dosing system. Hy- 
drocarbons, nitriles, ammonia, and CO 2 
were analyzed in a Porapak-P column at 
temperatures rising linearly from 40 to 
120°C. Oxygen and carbon monoxide were 
separated in a molecular sieve column at a 
room temperature. 

Temperature-programmed reactions 
(TPR) of toluene and ammonia on the cata- 
lyst surface were studied on a specially con- 
structed apparatus that could operate in the 
flow and the pulse regimes. After adsorption 
of the dosants at specified temperatures, the 
catalyst was cooled to room temperature 
and then was heated linearly to 400°C at a 
rate of 10°C/min. The flow rate of he- 
lium was 90 ml/min. Thermal desorption 
spectra were recorded simultaneously by 
thermal conductivity and flame-ionization 
detectors. Trapped liquid products and 
gaseous components of individual peaks 
were analyzed by gas chromatogra- 
phy. 

IR spectra were recorded at room temper- 
ature on a UR-20 spectrometer in the region 
4000-1000 cm -l. The spectral splitwidth 
was 8 cm- '  at 1000 cm 1. The IR cell was 
made of quartz and constructed to permit 
heating of the sample to 500°C. The catalyst 
was used in the form of a rectangular wafer 
with dimensions 30 x 8 mm. Toluene and 
ammonia were purified by repeated freezing 
under vacuum. 
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TABLE 1 

Rates of Alkylaromatic Ammoxidation at 360°C in 
Comparison with Relative Rates of Isotopic Exchange 
of c~-Hydrogen Atoms 

Reactant Ammoxidation rate Rate of a-hydrogen 
(/z mol/m 2 - h) exchange" 

Toluene 37.0 1.0 
Ethylbenzene 38. ! 0.12 
i-Propylbenzene 9.4 0.08 
p-Xylene 29.8 0,31 
o-Xylene 19,0 0.60 
m-Xylene 16.9 0.60 

Ref. (17). 

RESULTS 

Ammoxidation of Alkylaromatic 
Hydrocarbons by Flow Reaction 

Under the same conditions, the ammoxi- 
dation reaction over the V-Sb-Bi  oxide cat- 
alysts converts toluene, ethylbenzene, and 
isopropylbenzene to benzonitrile with a se- 
lectivity of 94-97%. The rate of benzonitrile 
formation (Table I) increases in the se- 
quence. 

C 6 H s C H  3 = C 6 H s C H 2 C H  3 

> CeHsCH(CH3)  2. 

This implies that the substitution of hydro- 
gen atoms for methyl groups in the a-posi- 
tion of the benzene ring decreases the rate 
of mild oxidation of the alkyl C - H  bond. 
The same effect is observed when a second 
methyl group is attached to the ring; xylenes 
undergo ammoxidation 1.5-2.0 times more 
slowly than toluene. 

Pulse Toluene Ammoxidation 

The pulse technique was used to study 
the approach to a steady state of the catalyst 
and its interactions with various mixtures of 
toluene, ammonia, and oxygen. After the 
sample was heated at 500°C in an oxygen 
flow for 1 h and then in helium flow for 1 h, 
pulses of toluene, oxygen, and ammonia 
mixture (RON) were successively injected 
onto the sample at 320°C. Figure 1 shows 
that initial pulses interact with the oxidized 
surface of the sample, yielding primarily 
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carbon dioxide. Selectivity with respect to 
benzonitrile is poor. In subsequent pulses, 
the rate of ammoxidation increases while 
the rate of deep oxidation decreases. Simul- 
taneously, the reduction of the catalyst sur- 
face and the amount of adsorbed hydrocar- 
bon and ammonia increase. After 5-10 
pulses are applied to the sample, the rates 
of all these processes become constant. At 
this steady state, the catalyst demonstrates 
high selectivity to benzonitrile (95-97% un- 
der the conditions studied). The extent of 
reduction is equal to 3.0-4.5% of a mono- 
layer and several times more ammonia than 
toluene is adsorbed. 

The results of interactions of various 
mixtures with a steady-state catalyst are 
presented in Fig. 2. Benzonitrile is formed 
from all pulses containing toluene 
(RN,R,RO) and does not form when pulses 
of oxygen and ammonia (O,ON,N) are 
injected onto the catalyst. Apparently, the 
hydrocarbon does not form strongly ad- 
sorbed structures that are able to transform 
into nitrile by reaction with molecular oxy- 
gen or ammonia. Most of the benzonitrile 
forms from interaction of the toluene and 
ammonia mixture (RN) with oxygen on the 

iI" -- _~ - = • 2 
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number of RON pulse 

FIG. 1. Rates of toluene ammoxidation (1) and deep 
oxidation (2) and amounts of adsorbed toluene (3) and 
ammonia (4) as functions of the number of catalytic 
mixture RON pulses given on the catalyst at 320°C. 
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FIG. 2. Rates of benzonitrile formation under the 
interactions of reactants with a steady-state catalyst at 
320°C (unplotted pulses correspond to catalytic mixture 
RON). 

catalyst surface. The rate of this process 
coincides with the rate of the catalytic 
reaction (pulse RON). It seems that ammo- 
nia reacts from the adsorbed state because 
benzonitrile is also formed in R and RO 
pulses. However,  in these cases, the steady 
state of the catalyst is being disturbed. As 
one can see, after admission of R and RO 
pulses, the rate of benzonitrile formation 
in the following pulse, RON, is essentially 
lower than that at steady state. This de- 
crease is not observed when the pulses 
containing ammonia (RN,ON,N) are admit- 
ted to the steady-state catalyst. Thus, the 
stationary state of the V-Sb-Bi  oxide cata- 
lyst can be retained if ammonia is present 
in the reaction mixture. 

Effect of  Ammonia on Catalyst Properties 

As was mentioned above, introduction of 
ammonia into the toluene-oxygen mixture 
sharply decreases the rate of complete oxi- 
dation and causes the appearance of nitrile 
among the reaction products. With increas- 
ing ammonia concentration, not only the se- 
lectivity of nitrile formation but also the 
overall rate of hydrocarbon conversion rises 
(Table 2). We suppose that this activation 
effect of ammonia is caused by its adsorp- 
tion: when adsorbed on the catalyst surface, 
ammonia forms new sites active for a mild 
oxidation of toluene. Data from the pulse 
measurements confirm this. It has been 

noted above that the adsorption of ammonia 
takes place during the approach to steady 
state. Moreover, initially adsorbed ammo- 
nia enhances the conversion of toluene-oxy- 
gen mixture. From 1 to 6 pulses of ammonia 
were admitted to the steady-state catalyst 
in the toluene-oxygen mixture, and then 
toluene-oxygen pulses were admitted again 
and changes in the conversion rate were 
measured. Results of these experiments 
(Table 3) indicate that the conversion rate 
of toluene significantly increases with the 
quantity of the preliminary adsorbed ammo- 
nia. With the consumption of adsorbed am- 
monia, the conversion rate decreases to 12.8 
× 1015 molecules C7Hs/m 2 • s, which corre- 
sponds to the rate of steady-state oxidation 
of toluene in the absence of ammonia. 

During the reaction, ammonia is adsorbed 
on the acid sites of the catalyst surface. This 
conclusion is based on the following data. 
After the catalyst is treated with the reaction 
mixture a considerable fraction of the acid 
sites is bound and the number of bound sites 
increases with increasing ammonia concen- 
tration in the reaction mixture (Table 2). 
Infrared spectra of adsorbed pyridine indi- 
cate that this treatment of the catalysts de- 
creases predominantly the Lewis acidity. At 
the same time, the concentration of basic 
sites is enhanced (Table 2). Apparently, this 
increase in basicity is due to blocking of the 
Lewis acid sites (metal cations) by ammonia 
and the formation of partially dehydroge- 
nated species that have electron-donating 
properties, such as NHz, NH, and HNO. 
The presence of such adsorbed species of 
ammonia on the V-Sb-Bi  catalyst is con- 
firmed indirectly by thermal desorption 
data. With increasing temperature, samples 
treated in the reaction mixture at 400-500°C 
release the products of ammonia oxidation 
(Nz, N20). The latter are not observed under 
steady-state conditions. Apparently, these 
products are formed upon decomposition of 
the ammonia species on the catalyst surface. 
It should be noted that the amount of N20 
and N2 in the thermal desorption products 
also increases with increasing ammonia con- 
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T A B L E  2 

Effect  o f  A m m o n i a  Concent ra t ion  in the React ion Mixture on Catalytic and A c i d - B a s e  Propert ies o f  
V - S b - B i  Catalyst  

A m o u n t  of  desorbed 
CNa~ r × 10 -15 S Acidity Basicity NzO and N2 
(%) (molec.CTHs/m: • s) (%) (p.eqv.C4H9NHz/m 2) ( /xeqv.C6HsCOOH/m 2) (×  10 -3 cm3/m 2) 

- -  15.7 - -  2.20 1.89 
2.0 19.0 39.5 2.01 2.21 1.60 
5.7 21.7 90.8 1.65 2.74 2.40 

10.0 23.1 93.5 1.46 3.26 3.19 
15.0 23.6 95.0 1.19 3.89 3.29 

centration, in linear proportion to the rate 
of toluene ammoxidation (Table 2). 

Temperature-Programmed Reactions of 
Toluene and Ammonia 

Temperature-programmed desorption of 
toluene from an oxidized surface of the cata- 
lyst leads to the appearance of two maxima 
in the spectrum: one at low temperature 
(-225°C) and one at high temperature 
(-410°C) (Fig. 3a). Chromatographic analy- 
sis of the desorption products showed that 
the high-temperature peak corresponds to 
the products of complete oxidation (CO2, 
H20) and demethylation (C6H6) of toluene. 
The low-temperature peak consists of car- 
bon dioxide, water, benzaldehyde, and re- 
versibly chemisorbed toluene. However, 
the total content of two latter compounds 
does not exceed 15-20%. 

The same two-peak spectrum is observed 

for the temperature-programmed reaction of 
toluene to ammonia initially adsorbed on the 
oxidized catalyst at 400°C (Fig. 3b). Here 
also the high-temperature peak represents 
mainly CO 2, water, and benzene. Essential 
changes are established for the composition 
of low-temperature desorption products. 
With increasing quantities of preadsorbed 
ammonia, the content of benzonitrile in- 
creases to 85% versus 14% for benzalde- 
hyde in experiments performed without ini- 
tial adsorption of ammonia. The proportion 
of the low-temperature peak in the whole 
amount of desorbed substances also in- 
creases from 1.2 to 26.7%. 

In the third series of experiments, ammo- 
nia was adsorbed on the catalyst containing 
adsorbed toluene and the temperature-pro- 
grammed reaction was carried out. In this 
case, the general structure of the TPR spec- 
tra remained the same. The composition of 

T A B L E  3 

Effect  o f  Initial A m m o n i a  Adsorpt ion  on Toluene Oxidation at 400°C 

Pulses  Adsorbed  0.013 rnl NH3/m 2 
rx l 0  -15 (molec.CvHs/m 2 • s) 

Total Benzonitri le 

Adsorbed  0.058 ml NH3/m 2 
rx l0  -15 (molec.CTHs/m 2 • s) 

Total Benzonitri le 

1 14.7 6.14 18.0 7.42 
2 13.4 1.28 14.1 2.75 
3 12.8 - -  13.1 0.32 
4 12.8 - -  12.8 - -  
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FIG. 3. Temperature-programmed reactions of tolu- 
ene on (a) oxidized and (b) ammonia-covered catalyst 
surfaces. 

desorbed products depends significantly on 
the temperature of the preliminary adsorp- 
tion of toluene. The low-temperature reac- 
tion of ammonia to toluene adsorbed at 
175°C leads mainly to production of benzo- 
nitrile, the concentration of which amounts 
to 90% of the desorption products. If toluene 
is adsorbed on the oxidized catalyst at a 
temperature that is higher (400°C) than that 
sufficient for the formation of its deeply oxi- 
dized surface structures, the interaction be- 
tween adsorbed toluene and ammonia does 
not proceed selectively with respect to 
benzonitrile even in the low-temperature re- 
gion; about 75% of the products desorbed at 
175-290°C represent carbon dioxide. 

Similar experiments carried out with 
benzonitrile showed that the preliminary ad- 
sorbed ammonia also decreases the overoxi- 
dation of benzonitrile. 

Infrared Spectra of Adsorbed Toluene and 
Ammonia 

Infrared spectra of ammonia adsorbed on 
an oxidized surface of the catalyst at room 
temperature reveal two forms with absorp- 
tion bands at 1235, 1615, and 1445 cm -I, 

respectively. The first corresponds to a 
Lewis acid site, and the second is an ammo- 
nium ion arising from the interaction of am- 
monia with protons delocalized from BrOn- 
sted acid sites. Because they are sufficiently 
thermostable, these species are removed 
upon heating under vacuum at temperatures 
above 300°C. Calcination of the catalyst un- 
der ammonia at 200-300°C followed by 
evacuation at the same temperature leads to 
the appearance of several absorption bands 
in the region 1510-1590 cm -l  that can be 
assigned to the dehydrogenated ammonia 
species (NH3_,)-" (6, 7). The intensity of 
these bands decreases when hydrogen is in- 
troduced into the cell. Simultaneously, the 
absorption bands of ammonium cations and 
coordinated ammonia appear in the 
spectrum. 

Room temperature adsorption of toluene 
on an oxidized catalyst surface (heated un- 
der oxygen at 500°C) produces adsorbed 
species whose spectrum is presented in Fig. 
4b. Evacuation at 20°C causes the desorp- 

? 

1100 1200 1300 1400 1500 1600 170018002'~ 2 ~ 0  
wavenumber (crri 1) 

FIG. 4. Infrared spectra of (a) oxidized catalyst and 
of toluene (b) adsorbed at 20°C, (c) after evacuation at 
20°C, (d) after heating under toluene at 350°C, and (e) 
after evacuation at 200°C, followed by contact with 
ammonia at 200°C. 
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tion of weakly bound toluene accompanied 
by decreases in the ring vibrations at 1457, 
1500, and 1603 cm-l  and in the 8CH 3 vibra- 
tions at 1380 cm-  1, but leaves on the surface 
the strongly adsorbed toluene responsible 
for bands at 1187, 1297, 1363, 1457, 1500, 
and 1597 cm- l (Fig. 4c). This species is iden- 
tified as a carbonium ion, CTH~, which has 
been observed earlier on supported 
MOO3(8) and V205 (9). Detailed analysis of 
data reported elsewhere (10) shows that it 
probably also exists on the surface of the 
V-Ti oxide catalyst. At room temperature, 
the carbonium ion is substituted for the am- 
monium ion when gaseous ammonia intro- 
duced into the cell contacts strongly ad- 
sorbed toluene. This fact is evidence that 
the latter is being formed with the participa- 
tion of BrCnsted acid sites. 

The C7H ~ species is demolished by a brief 
heating at 100°C. Further heat treatment at 
200°C leads to the appearance of two strong 
absorption bands at 1420 and 1540 cm -1, 
which are ascribed to the symmetric and 
asymmetric stretching vibrations of the car- 
boxylate group (11). Absorptions of vibra- 
tions in the benzene ring are also observed 
(Fig. 4d). This spectrum is therefore identi- 
fied as an adsorbed benzoate ion, C6H 5 
COO-.  The formation of the same structure 
on the surface of some oxide catalysts has 
been previously reported (2, 9, 10). The in- 
tensity of its bands increases when the tem- 
perature is raised to 400°C. The benzoate 
structures arising upon calcination of the 
catalyst under toluene at 350°C are able to 
react with gaseous ammonia, producing 
benzonitrile at temperatures as low as 
200°C. As Fig. 4e shows, the spectrum ob- 
tained after the reaction with ammonia con- 
tains an absorption band at 2240 cm- ~ which 
is due to a cyano group attached to alkylben- 
zenes (12). The intensity of this band in- 
creases with increasing interaction tempera- 
ture, becoming maximum at 400°C. 

The essentially different behavior of ad- 
sorbed toluene is observed on the catalyst 
surface treated initially with a mixture of 
ammonia and oxygen at 400°C. Room tern- 

1100 1200 I~X) 1400 1500 1600 17001130022002300 
wavenumber (crn 1) 

FIG. 5. Infrared spectra of (a) a catalyst treated with 
the ammonia-oxygen mixture at 400°C and of toluene 
adsorbed at (b) 20, (c) 100, (d) 150, and (e) 300°C. 

perature adsorption of toluene on such a 
surface (Fig. 5b) leads also to the formation 
of carbonium ions, C7H~, but their concen- 
tration is considerably lower than that on 
the oxidized surface of the catalyst (Fig. 
4b). Heating at 100°C (Fig. 5c) removes the 
characteristic absorption bands at 1187, 
1297, and 1363 cm -1 and leaves the bands 
caused by vibrations of methyl groups (1390 
cm-1) and aromatic rings (1457, 1502, 1605 
cm- 1). The band at 1430 cm- 1, whose inten- 
sity increases as the temperature and the 
time of toluene contact with the catalyst in- 
crease, is assigned to the symmetric valent 
vibrations of the CH2 group in the adsorbed 
benzyl fragment. The same band has been 
observed in the spectrum of benzyl species 
adsorbed on ZnO (13). The spectrum of tolu- 
ene adsorbed at 150°C (Fig. 5d) shows bands 
at 2280 and 1660 cm- 1, which are character- 
istic of the valent vibrations of C ~ N  and 
C ~ N  bonds, respectively (14). When the 
temperature is raised, the intensity of these 
bands is enhanced, reaching a maximum at 
250°C. At higher temperatures, the intensity 
decreases and is accompanied by an in- 
crease in the intensity of benzoate ion vibra- 
tions with frequencies at 1420 and 1540 cm-  l 
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(Fig. 5e) that can be attributed to the gradual 
consumption of nitrogen-containing species 
on the catalyst surface. 

On the catalyst surface treated with pure 
ammonia at 400°C, toluene is adsorbed at 
room temperature in the form of a weakly 
bound complex. The interaction of toluene 
with such a catalyst at temperatures of 
150°C and higher leads to the formation of 
many of the above-mentioned surface spe- 
cies, but the intensities of their absorption 
bands in the spectra are extremely low. The 
admission of a toluene and oxygen mixture 
at 300°C produces benzoate structures 
whose reactivity with respect to ammonia is 
high in comparison with that of structures 
formed on the oxidized catalyst surface. 
When a mixture of toluene, oxygen, and 
ammonia is admitted to the catalyst, benzo- 
ate ions are not observed in the spectrum 
and a band with a maximum at 2240 cm-1, 
which is characteristic of weakly bound 
benzonitrile (not corresponding to a Lewis 
acid site), appears. 

D I S C U S S I O N  

Pulse measurements carried out for tolu- 
ene ammoxidation have revealed that inten- 
sive formation of benzonitrile takes place 
when toluene is admitted to adsorbed am- 
monia, but not the reverse. The presence 
of ammonia species on the catalyst surface 
accelerates the overall toluene conversion 
by creating new sites that participate in the 
mild activation of hydrocarbon. During 
steady state, the ammoxidation rate coin- 
cides with the rate of benzonitrile produc- 
tion during the interaction of the toluene and 
ammonia mixture with the oxygen on the 
catalyst surface. This is clearly demon- 
strated by the pulse data listed in Table 4. 
This observation is evidence of the redox 
mechanism for toluene ammoxidation over 
the catalyst studied. Investigation of tem- 
perature-programmed reactions of toluene 
and ammonia has established that the am- 
moxidation reaction occurs selectively on 
an ammonia-covered catalyst surface, 
whereas on an oxidized surface the deep 

oxidation of toluene predominates. On the 
basis of these findings, the reaction mecha- 
nism can be written as 

k I 
(I) Z + 02 ~ ZO 2 3/2 

( I ' )ZO 2 + Z fast 2ZO 3/2 

k2 
(2) ZO + NH 3 ~ ZNH + H20 1 

k3 
(3) ZNH + C6HsCH 3 .... > 

ZC6HsCHzNH2 

fast 
(3') ZC6H5CH2NH z + 2 ZO 

C6H5CN + 2 H20 + 3 Z 

C6HsCH 3 + NH 3 + 3/2 02 

= C6HsCN + 3 H20, 

where ZO and Z denote the oxidized and 
reduced active sites. Steps 1 and 1' consti- 
tute the stage of catalyst reoxidation. It is 
thought that oxygen is adsorbed in a molecu- 
lar form, followed by rapid dissociation to 
an appropriate form available for the reac- 
tion. A reduction in catalyst surface takes 
place after steps 2, 3, and 3'. At this stage, 
the surface intermediates of imide (ZNH) 
and benzylamine (ZC6HsCHzNH2) types are 
being formed. The latter undergoes further 
oxidative dehydrogenation to benzonitrile 
via benzylimine as an intermediate com- 
pound. Under similar conditions, the rate of 
this process is 10 times higher than the rate 
of toluene ammoxidation, and therefore step 
3' is accepted as being the fastest. 

The above mechanism corresponds to the 
kinetic equation 

2 klk2k3PNi_i3Po2 
F =  

2 klk3PcTH8Po2 + 2 klkzPNH3Po2' 
+ 3 kzk3PcTlasPyn3 

which fairly well describes the data ob- 
tained. The extent of agreement between 
experimental and calculated rates is illus- 
trated in Fig. 6. The average difference be- 
tween the experimental and the calculation 
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TABLE 4 

Rates and Selectivities of Benzonitrile Formation in Catalytic Reaction (RON) and Reduction (RN) of a 
Steady-State Catalyst 

T Pulse Toluene r × 10 -]5 S 
(°C) composition conversion (molecules C7Hs/m 2 • s) (%) 

(%) 

272 

320 

400 

RON 78.0 20.8 98.6 
RN 53.4 14.4 99.2 
RON 78.0 20.9 99.1 

RON 77.0 39.4 95.3 
RN 67.5 35.8 96.8 
RON 75.8 38.6 95.7 

RON 81.0 190.2 92.7 
RN 71.8 180.0 94.4 
RON 79.7 188.9 93.4 

rate is equal to 11.3%. The maximum diver- 
gence in single experiments does not exceed 
35%. 

The mechanism under consideration is 
also applicable to ammoxidation reactions 
of more complex alkylaromatic compounds. 
With xylenes, for instance, the steps for am- 
moxidation of the second methyl group must 
complete the mechanism. These steps can 
be realized by a consecutive as well as by a 
parallel process. Correspondingly, there 
will be variations of this mechanism, which 
can be conditionally named the dehydroge- 
nation mechanism in contrast to the oxida- 
tion mechanism according to whether the 
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FIG. 6. Rate of benzonitrile production as functions 
of (a) toluene, (b) ammonia, and (c) oxygen partial 
pressure at various temperatures (lines, calculation; 
points, experiment). 

ammoxidation reaction proceeds via aro- 
matic aldehyde or acid. A similar dehydro- 
genation mechanism has been proposed re- 
cently (15), but with one essential 
difference. Otamiri and Andersson (15) as- 
sume that the hydrogen abstracted from the 
methyl group is bound to the surface oxygen 
or hydroxyl. In our study, the cleavage of 
methyl C - H  bonds occurs through the par- 
ticipation of ammonia-adsorbed species 
such as NH z-. With its unshared pair of 
electrons, the nitrogen atom is able to pro- 
mote a heterolytic dissociation of the chain 
C - H  bond polarized by superconjugation 
with the aromatic ring. From this point of 
view, the kinetic scheme of the reaction 
mechanism given above should be modified 
to reflect the interaction between toluene 
and adsorbed ammonia. The corresponding 
step 2 may be detailed as 

H N 2 - H - - C H z @  HzN- - C H z @  
! I I 
I I I 
! I I 
I I I 
I | , 

0 2 - M n + [ - q M  n+ > 0 2 - M n + I - ] M  n+ 

H2,N" "qH2@ 
I ! 
I I 

O 2 - / ~ ( n -  1) + I ~ ] ¢ l ( n -  1) + 
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FIG. 7. Rates of(a) toluene and (b) m-xylene ammoxi- 
dation at 360°C as functions of basicity of V-Sb-Bi  
catalysts (1) without additive and containing (2) Li20, 
(3) Na20, (4) K20, (5) MgO, (6) CaO, and (7) BaO. 

Here M" +, 0 2-, and [] are the surface metal 
cation, oxygen anion, and oxygen vacancy, 
respectively. The presence of the latter on 
a steady-state surface is revealed by pulse 
experiment data. 

Thus it is thought that the hydrogen ab- 
stracted in a protonic form associates with 
the surface NH 2- group, whereas the carb- 
anion is stabilized near the metal cation. 
Such a mechanism of mild toluene activa- 
tion assumes that the hydrocarbon acts as a 
CH acid and that the catalyst plays the part 
of the solid base. The rate of this interaction 
should increase when the hydrocarbon acid- 
ity, as well as the catalyst basicity, is en- 
hanced. Both these models have been 
tested. 

The data on alkylaromatic reactivity pre- 
sented in Table 1 indicate that the substitu- 
tion of hydrogen atoms in the a-position 
on the benzene ring for methyl groups 
leads to a decrease in the rate of hydrocar- 
bon mild oxidation along the chain C-H 
bond. The same effect is observed when 
the methyl group substitutes the hydrogen 
atom in the ring. It is evident that toluenes 
substituted for electron-donating substitu- 
ents are less reactive than unsubstituted 
toluene. According to Ref. (16), such a 

result is evidence in favor of an ionic 
mechanism of hydrocarbon activation pro- 
ceeding via a carbanion-like intermediate. 
This idea is also supported by a compari- 
son of the ammoxidation rate to the kinetic 
acidity of alkylaromatic compounds char- 
acterized by the relative rate of base-cata- 
lyzed isotopic exchange of a-hydrogen 
atoms (17). As Table 1 shows, the reactiv- 
ity in ammoxidation of the hydrocarbons 
under study is in a conformity with their 
CH acidity. 

Validation of the second model can be 
shown by modifying the V-Sb-Bi oxide 
system with small amounts of alkali and al- 
kaline earth metal oxides. Addition of 0.2 
wt% of these compounds to the catalyst en- 
hances by two to three times its activity for 
toluene and m-xylene ammoxidation (Fig. 
7). Such a promoting effect cannot be as- 
cribed to an increase in the mobility of cata- 
lyst oxygen because there is no notable dif- 
ference in the energies of the surface oxygen 
bond for the unmodified and modified sam- 
ples (Fig. 8). At the same time, the addition 
of alkali and alkaline earth elements to the 
catalyst decreases its acidity and enhances 
its basicity. Moreover, a linear correlation 
between the rate of ammoxidation and the 
concentration of basic sites on the catalyst 
surface is observed (Fig. 7). These results 
allow us to interpret the promoting effect 
under consideration as an increase in the 
amount of surface basic sites that participate 
in catalysis. The functions of basic sites can 
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FIG. 8. Energies of oxygen bond for V-Sb-Bi  cata- 
lysts (1) unmodified and modified with (2) K20 and (3) 
BaO vs the extent of catalyst surface reduction. 
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be performed by the surface oxygen ions, 
adsorbed ammonia, and other nucleophilic 
species possessing an affinity for protons. 

Thus, our data suggest that the first step 
in the interaction of alkylaromatic hydrocar- 
bon with a steady-state V-Sb-Bi  catalyst is 
the heterolytic abstraction of a-hydrogen to 
produce negatively charged benzyl species. 
Then, by means of one electron transfer to 
the catalyst, this species is transformed to 
the corresponding radical capable of recom- 
bining with the NHz radical to form aromatic 
amine, which is further rapidly dehydroge- 
nated to nitrile via imine intermediate. Many 
of these compounds, as discussed under Re- 
sults, have been detected spectroscopically 
on the catalyst surface by studying the ad- 
sorption of toluene and ammonia. Judging 
from the intensities of the absorption bands, 
their relative contents strongly depend on 
the state of the catalyst surface. Dehydroge- 
nated ammonia species like NH2 and NH 
are formed in measurable quantities on the 
reduced and deprotonated surface obtained 
by successive high-temperature treatments 
of catalysts in ammonia and under vacuum. 
Benzyl structures are observed on surfaces 
treated at 400°C with a mixture of oxygen 
and ammonia and are not detected on oxi- 
dized surfaces or those treated with pure 
ammonia. Apparently, optimal surface re- 
duction is necessary for the effective gener- 
ation of benzyl species. Chemical reactions 
of this species on ammonia-covered sur- 
faces at higher temperatures lead to the ap- 
pearance of imine- and nitrile-like surface 
structures that are formed successively ac- 
cording to changes in the intensities of the 
characteristic absorption bands. This obser- 
vation supports the idea that the ammoxida- 
tion reaction proceeds over the catalyst 
studied via amine and imine intermediates, 
even though the benzylamine structure has 
not been detected because of its very fast 
conversion. When the adsorbed ammonia 
becomes exhausted, the benzyl species un- 
dergoes oxidation to benzoate ion, which is 
able to react with ammonia, giving benzoni- 
trile. 

On a clean oxidized catalyst surface con- 
taining a considerable number of BrCnsted 
acid sites, toluene is adsorbed mainly at 
room temperature in the protonated form, 
C7H-9. Upon heating under toluene, C7H~ is 
oxidized by the catalyst oxygen to a strongly 
bound benzoate structure that can be re- 
moved from the surface by means ofoverox- 
idation at 400-500°C or by reaction with am- 
monia at lower temperatures. Adsorption of 
toluene on the oxidized surface at tempera- 
tures similar to those of catalytic reaction 
(300-400°C) results in the formation of 
deeply oxidized surface structures that are 
desorbed, according to the TPR data, as CO2 
and water. Their reaction with ammonia oc- 
curs nonselectively with respect to benzoni- 
trile. These results indicate that the initially 
adsorbed ammonia not only accelerates the 
mild hydrocarbon activation but also pre- 
vents its deep oxidation when adsorbed at 
high temperatures. 

In conclusion, it should be noted that the 
proposed mechanism is expected to occur 
on ammoxidation catalysts that are active in 
oxidative dehydrogenation and not selective 
in partial oxidation of hydrocarbons. Over 
these catalysts, ammoxidation reactions oc- 
cur selectively at ammonia concentrations 
much higher than that of the stoichiometric 
requirement. By this means, the activating 
effect of ammonia with respect to hydrocar- 
bon oxidation takes place. The absence of 
these external features may point to the ex- 
istence of another mechanism. For instance, 
according to Refs. (10, 18, 19), the vana- 
dium-titanium oxide catalyst is somewhat 
effective in toluene oxidation to benzalde- 
hyde as well as in its ammoxidation. Benzo- 
nitrile productivity shows a maximum at an 
ammonia concentration that is close to stoi- 
chiometric. Ammonia has an inhibiting ef- 
fect on toluene conversion. Doping of the 
catalyst with an alkali element (cesium) de- 
creases its activity. And finally, the substi- 
tuted toluenes, with both electron-donating 
and electron-withdrawing substituents, 
demonstrate a reactivity higher than that of 
unsubstituted toluene. In our opinion, such 
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behav io r  o f  the V - T i  ca ta lys t  conf i rms the 
ox ida t ion  m e c h a n i s m  accord ing  to which  ni- 
trile is p r o d u c e d  via  the be nz a l de hyde  inter- 
mediate .  As  for  to luene  act ivat ion,  it m a y  
p r o c e e d  in two ways :  (i) by  homoly t i c  cleav- 
age o f  the  me thy l  C - H  b o n d  with fo rmat ion  
o f  a benzy l  radical ,  o r  (ii) by  he tero ly t ic  
d issocia t ion o f  the same  bond  with fo rma-  
t ion o f  a cat ion-l ike benzy l  species.  The  first 
var iant  o f  this ox ida t ion  m e c h a n i s m  to- 
ge ther  with the benzy lamine  route  is ac- 
cep ted  by  B u s c a  et  al. (10). 

ACKNOWLEDGMENTS 

The authors express deep appreciation to A. B. Gu- 
seinov, T. E. Suleimanov, and A. A. Davydov for their 
essential contributions to this study. 

REFERENCES 

1. Murakami, Y., Niwa, M., Hattori, T., Ogawa, S., 
Igushi, I., and Ando H., J. Catal. 49, 83 (1977). 

2. Niwa, M., Ando, H., and Murakami, Y., J. Catal. 
49, 92 (1977). 

3. Niwa, M,, Ando, H., and Murakami, Y., J. Catal. 
70, 1 (1981). 

4. BRD Patent 2,632,628 (1978). 

5. USA Patent 4,198,586 (1980). 
6. Kagami, S., Onishi, T., and Tamaru, K., J. Chem. 

Soc. Faraday Trans. 1 811, 29 (1984). 
7. Coluccia, S., Lavagnino, S., and Marchese, L., J. 

Chem. Soc. Faraday Trans. 1 83, 477 (1987). 
8. Davydov, A. A., and Goncharova, O. I., Kinet. 

Katal. 25, 905 (1984). 
9. Davydov, A. A., Mater. Chem. Phys. 19, 97 (1988). 

10. Busca, G., Cavani, F., and Trifir6, F., J. Catal. 
106, 471 (1987). 

11. Machida, K., Kuwae, A., Saito, Y., and Una, T., 
Spectrochim. Acta Part A 34, 793 (1978). 

12. Zecchina, A., Guglielminotti, E., Coluccia, S., and 
Borello, E., J, Chem. Soc. A, 2196 (1969). 

13. Chang, C. C., and Kokes, R. J., J. Catal. 38, 491 
(1975). 

14. Bellamy, L. J., "Advances in Infrared Group Fre- 
quencies." Methuen, Bungay Suffolk, 1968. 

15. Otamiri, J. C., and Andersson, A., Catal. Today 
3, 211 (1988). 

16. Ingold, C. K., "Structure and Mechanism in Or- 
ganic Chemistry." Bell, London, 1953. 

I7. Reutov, O. A., Beletskaya, I. P., and Butin, K. P., 
"CH-Acids." Nauka, Moscow, 1980. [in Russian] 

18. Cavalli, P., Cavani, F., Manenti, I., Trifirb, F., and 
EI-Sawi, M., lnd. Eng. Chem. Res. 26, 804 (1987), 

19. Cavalli, P., Cavani, F., Manenti, I., and Trifirb, 
F., Ind. Eng. Chem. Res. 26, 639 (1987). 


