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Abstract—It was found for the first time that the selectivity of toluene transformations into benzaldehyde and
benzoic acid decreased and into maleic anhydride and deep oxidation products increased as the ability of vana-
dium-containing catalysts of toluene oxidation to generate the singlet form of molecular oxygen grew. A
scheme of the formation of the products of toluene oxidation with oxygen was suggested. Quinones were shown
to be final rather than intermediate oxidation products. The selectivity of the reaction with respect to mild oxi-
dation products in the presence of V,05, M0oO;, and V,05 - MoOj; could be increased by changing the temper-

ature of catalyst preparation from 400 to 500°C.
DOI: 10.1134/S003602440813013X

INTRODUCTION

Catalytic systems used to selectively oxidize tolu-
ene include vanadium, molybdenum, tungsten, and
cobalt oxides. These oxides either are used in the pure
form [1-4] or are deposited on various carriers [5]. The
most characteristic product of toluene oxidation is ben-
zaldehyde. It was noted that, when the reaction was per-
formed on usual oxide “mild” oxidation catalysts, it ter-
minated at the stage of benzaldehyde formation,
whereas benzoic acid was present in oxidation products
in insignificant amounts [6].

In [7], a series of experiments were performed to
determine the most active catalyst of toluene oxidation
into benzaldehyde. Molybdenum, vanadium, copper,
manganese, cobalt, lead, and iron oxides were studied.
It was found that, under equal conditions, the largest
amounts of benzaldehyde (a 23% yield) were formed
on MoO;. The yields were slightly lower (16%) on
V,0s. All the other oxides studied were active only in
deep oxidation (no more than 3% benzaldehyde was
obtained).

It follows that vanadium-containing catalytic sys-
tems were most active and selective in the oxidation of
toluene to benzaldehyde and benzoic acid, and catalysts
based on vanadium and molybdenum oxides were most
simple to prepare.

An important gap in the theory of oxidative catalysis
is the absence of data on the nature of the oxidizer,
molecular oxygen. The participation of electronically
excited molecular oxygen forms (as a rule, the 'A,0,
singlet form) in these processes was suggested as early
as the 1960s. However, the real possibility to study the
participation of singlet oxygen in heterogeneous cata-
lytic processes only arose in the 1980s, when high-
selectivity and sensitive techniques for determining

'A,0, were developed. These effective analytic tech-
niques were used to reveal the ability of V and Mo
oxides to generate 1AgO2 [8]. Its influence on the par-
tial oxidation of toluene, however, remained unstud-
ied, and investigations in this field are therefore of
current interest.

EXPERIMENTAL

The oxidation of toluene was performed on massive
V,05 and MoO; oxides and mixed V,05 - MoO; (molar
ratio V,05 : MoO; = 3 : 1) oxide. Massive V,05 and
MoO; oxides were prepared by the thermal decomposi-
tion of ammonium metavanadate and metamolybdate at
400-500°C for 5 h. Mixed V-Mo oxide was obtained
by the coprecipitation of metal hydroxides from a satu-
rated aqueous solution of ammonium metavanadate
and metamolybdate taken in the required ratio followed
by calcining.

Catalytic studies were performed on a laboratory
unit with a flow reactor (working volume 3 c¢cm?) over
the temperature range 300—500°C at atmospheric pres-
sure and toluene volume flow rate 0.5-1 h™!. Toluene
was supplied as a mixture with air (toluene concentra-
tion 1-2 vol %) at a rate of 200-260 ml/min.

A typical catalytic experiment was performed as fol-
lows. After the catalyst was loaded into the reactor, the
reactor was heated to the required temperature in a flow
of air at a rate of 283-288 K/min. When the required
temperature was reached, toluene was introduced either
immediately or in an hour. This did not influence the
activity and selectivity of the catalysts. At the exit of the
reactor, liquid products were collected in a trap with
liquid nitrogen, and gaseous products, in a gas trap. In
30-60 min, supply of toluene and air was stopped, and
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Yields of the main toluene oxidation products (%) and
amounts of generated 1AgOz (c, molecules/g) on massive
oxides at b = 400°C (m is the conversion of toluene)

t,°C |cx 10| n,% | BAI | BAc | MA | CO,
V5,05 - MoO4

300 0 173] 27| 1.1 ] 09 ] 127

400 | 339 | 100 0.0 | 125 | 28.1 | 59.2

500 | 56.1 100 00 | 94 | 232 | 67.1
V,05

300 0 293] 31| 52| 00 ] 210

400 | 19.5 99.6| 0.8 | 9.6 | 38.9 | 503

500 | 344 | 100 0.0 | 10.0 | 29.0 | 60.5
MoO,

300 0 12| 02| 10| 00] 00

400 0.45 89| 38| 23| 00| 28

500 055 | 47 | 300 | 80| 00| 87

traps for liquid and gaseous products were changed.
Carbon balance in flows before and after the reactor
proved the completeness of trapping transformation
products. Under constant experimental conditions, the
activity and selectivity of catalysts did not decrease. No
catalyst regeneration was therefore performed.

The liquid reaction products were analyzed by gas-
liquid chromatography on a Cambridge GC95 chro-
matograph (flame ionization detector) with a capillary
column 50 m long and a FFAP deposited phase under
programmed heating conditions (35°C, 10 min, and
35-150°C, 278 K/min). Gases were analyzed on a Kri-
stall-2000 gas chromatograph using a packed column
(activated carbon) 5 m long under programmed heating
conditions (35-160°C, 281 K/min). The content of
maleic anhydride in an aqueous solution of reaction
products was determined by titration with NaOH.

The amount of 'A,0, was determined by the chemi-
luminescent method [9]. A catalyst sample was placed
into a quartz reactor with low thermal inertia. At the
exit of the reactor, air was cooled to room temperature
and directed into a cell, where active oxygen selectively
reacted with a chemiluminescent dye. The intensity of
chemiluminescence was measured by a FEU-79 photo-
electron multiplier.

The amount of stabilized singlet oxygen was esti-
mated from its desorption into a flow passing above a
sample layer. The sample was preliminarily calcined at
500°C for 1 hin a flow of air at a residual pressure of
1 kPa, rapidly cooled to minus 60°C, and again heated
to 200-300°C. The amount of singlet oxygen desorbed
from the sample into the air flow was measured at the
exit of the reactor. The generation of singlet oxygen
was studied by heating a catalyst sample in a flow of air
to the required temperature at a rate of 293 K/min, and
the amount of singlet oxygen was determined at the exit
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of the reactor. In this work, we only considered the 1Ag
singlet oxygen form because the 'Y, form was formed
in negligibly small amounts under our experimental
conditions [10].

RESULTS AND DISCUSSION

The reaction on the catalysts studied occurred with
the formation of benzaldehyde (BAI), benzoic acid
(BAc), maleic anhydride (MA), and carbon oxides
(CO,) as the major products. In addition, benzo-
quinone, anthraquinone, etc. were detected as impuri-
ties. Because of their insignificant amounts (yield less
than 1%), their contribution to the composition of the
product was ignored. The oxidation of toluene reached
stationary conditions immediately after the beginning
of the process. The activity and selectivity of the cata-
lysts remained unchanged for at least 8 h if the experi-
mental conditions did not change during the reaction.

According to the table, the ability to generate singlet
oxygen decreased in the series V,0s5 - MoO; > V,05 >
MoO;. These results corresponded to the catalytic
activity of the catalysts in the oxidation of toluene; that
is, the catalytic activity of the samples correlated with
their ability to generate 'A,0,. At 300°C, the generation
of 'A,0, was not observed, and conversion did not
exceed 30% on the most active vanadium—molybde-
num catalyst.

The fraction of deep toluene oxidation products
increased as the temperature of the catalytic process
grew. Already at 400°C, the products of oxidation on
the most active V,05 - MoO; sample did not contain
benzaldehyde, but the yields of benzoic acid, maleic
anhydride, and CO, increased substantially. Simulta-
neously, the generation of 'A,O, increased to a maxi-
mum (compared with the other samples).

The yield of benzoic acid at the same temperature
was somewhat lower in the presence of V,0s, and the
yield of maleic anhydride was noticeably higher than
on V,0s - MoQO;. The products obtained on vanadium-
containing catalysts at 500°C did not contain benzalde-
hyde; conversely, the degree of toluene conversion into
CO, was high. At the same time, the yield of benzoic
acid decreased insignificantly on the vanadium—molyb-
denum catalyst and even increased on vanadium oxide.
On low-activity MoQO;, the products of the oxidative
destruction of the toluene benzene ring were absent
over the whole temperature range (300-500°C), but the
yield of benzaldehyde increased, which is consistent
with the lower ability of this catalyst to generate the sin-
glet molecular oxygen form.

Additional evidence in favor of correlation between
catalytic activity and the ability to generate 'A,O, is
provided by the experimental data on the influence of

the temperature of preliminary calcining on these pro-
cesses (Fig. 1). At a 400°C temperature of preliminary
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Fig. 1. Influence of the temperature of preliminary treat-
ment of massive V,05, V,05 - M0oO3, and MoOj5 oxides
with air oxygen on their (a) activity and (b) selectivity in tol-
uene oxidation; (a) 400 and (b) 500°C; I, side chain and
II, benzene ring oxidation.

calcining, the fraction of maleic anhydride and CO, in
the oxidation products was higher than that of benzoic
acid and benzaldehyde. This ratio changed noticeably
in favor of mild toluene oxidation products (that is,
methyl group oxidation products) as the temperature of
calcining increased.

This effect was most pronounced for pure V,0s. At
a 400°C temperature of preliminary catalyst calcining,
the ratio between benzaldehyde + benzoic acid and
maleic anhydride + CO, was 1 : 10. As the temperature
of calcining increased to 500°C, this ratio changed into
2 : 3. For V,05 - MoO; mixed oxide, the difference
between side chain and benzene ring oxidation reac-
tions was less substantial, and the yield of methyl group
oxidation products increased by as little as 2.5 times.
With MoO;, we almost did not observe changes in
selectivity as the temperature of its preliminary calcin-
ing increased, and only the total toluene conversion
slightly grew.

These observations well correlate with the data on
changes in the amount of generated 'A,O, as the tem-
perature increases over the same interval (Fig. 2). The
intensity of the process directly depends on the temper-
ature of calcining. At 400°C, the amount of generated
'A,0, decreases smoothly during several hours,
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Fig. 2. Amounts of singlet oxygen on massive (a) V,05 and
(b) mixed V,05 - MoO3 samples under continuous temper-
ature variation conditions (preliminary calcining at 400°C).

whereas, at 500°C, stable generation continues during
an hour and then sharply decreases.

To refine these trends, we performed experiments
with toluene oxidation on V,05 and V,05 - Mo0O;
(Fig. 2) and measured changes in singlet oxygen gen-
eration depending on the temperature of the prelimi-
nary calcining of the catalysts. The catalysts were
heated to 400°C and held at this temperature for 1.5 h.
The temperature was then increased to 500°C, and the
catalysts were again held at this temperature for 1.5 h.
At the concluding stage, the temperature was decreased
to 400°C and maintained at this level for 1.5 h. The
amount of the singlet oxygen form generated on vana-
dium oxide at 400°C was (8—11) x 10" molecules/g. At
500°C, the generation of 'A,O, increased by a factor of
1.5. When sample temperature was reestablished at
400°C, this amount decreased by 2-3 times with
respect to the initial value.

Similar results were obtained for V,Os -
mixed oxide (Fig. 2b).

These experimental data show that there is a corre-
lation between the ability of the oxides studied to gen-
erate singlet oxygen and their ability to oxidize toluene
to maleic anhydride and carbon oxides.

The data obtained in [11-13] and the results of this
work lead us to suggest the following scheme of tolu-
ene oxidation:

MoO;
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The first two stages (the formation of benzaldehyde
and benzoic acid) occur independently of the ability of
the catalyst to generate 'A,O,. If the ability of the cata-
lyst to generate the singlet molecular oxygen form is
comparatively weak, benzaldehyde and benzoic acid
are oxidized further to an insignificant degree. But if
the amount of generated 'A,O, is larger, deeper oxida-
tion occurs, and the major products are then maleic
anhydride and CO,. The concentration of 'A,0, in the
immediate vicinity of the surface of a catalyst is much
higher than near the detector. It can therefore be
assumed that the generated singlet molecular oxygen
form is in part responsible for the formation of maleic
anhydride and CO, in the presence of the catalytic sys-
tems studied.

Additional studies, however, showed that the intro-
duction of hydroquinone into benzene had no effect on
the yield of maleic anhydride. The conclusion can be
drawn that the oxidation of toluene to maleic anhydride
does not follow this mechanism, and hydroquinone is
the final rather than intermediate toluene oxidation
product. A parallel route of the oxidation of toluene is
represented by the scheme

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 82

BOIKOV et al.

According to (1), toluene is first successively,
through benzaldehyde, oxidized to benzoic acid. There
is also a possibility of the formation of benzene from
benzaldehyde without the formation of benzoic acid.
Next, decarboxylation produces benzene, which is oxi-
dized to benzoquinone to yield maleic anhydride and
carbon oxides.

On the other hand, the following route for the oxida-
tion of benzoic acid after its formation from benzalde-
hyde was suggested taking into account the characteris-
tic chemical properties of 'A,O, [8]:

<@

14,0,
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