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Infrared spectroscopy was used to obtain information on the mechanism of the selective oxida-
tion of toluene and o-xylene over vanadium oxide catalysts. The interaction of these aromatic
hydrocarbons and the products benzaldehyde and o-tolualdehyde with the surface of a V,04/TiO,
monolayer catalyst was investigated at different temperatures under conditions comparable to
those of the catalytic reaction. The infrared results obtained for each of these compounds showed a
great resemblance, indicating that their oxidation proceeds along the same reaction path. Coor-
dinatively adsorbed aldehydes, carboxylate-like structures, and benzoate species could be identi-
fied as intermediates on the surface of the catalysts. On the basis of the spectroscopic observations

a possible reaction mechanism has been proposed.

INTRODUCTION

The selective gas phase oxidation of hy-
drocarbons over oxidic catalysts has been
extensively studied over the last few dec-
ades. A large number of these investiga-
tions concern kinetic measurements or
tracer experiments, which have been per-
formed to obtain information on the mecha-
nism of the oxidation reaction. Additional
and sometimes even more direct evidence
can often be obtained by studying the inter-
action of the reactant and/or its products
with the surface of the catalyst using infra-
red spectroscopy as was, for instance, dem-
onstrated by Davydov et al. (1) for the oxi-
dation of propylene. Several intermediate
species, such as w-allyl complexes, carbox-
ylates, carbonates, and formates, could be
detected on the surface of the catalyst. In-
frared spectroscopy has also been used for
the identification of reaction intermediates
in the oxidation of alkenes, alkynes (2, 3),
and alcohols (4-8). Only a limited number
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of infrared studies on thc identification of
surface structures formed in the oxidation
of aromatic hydrocarbons have appeared in
the literature. Niwa ef al. (9,10) investi-
gated the adsorption of toluene and xylenes
on a V,0s/Al,0O, catalyst, as well as the ad-
sorption of the corresponding aldehydes on
the uncovered Al,O, support, as a first step
in the elucidation of the mechanism of the
ammoxidation of these aromatic hydrocar-
bons. However, because these adsorption
experiments were all performed at a rela-
tively high temperature (400°C) only infra-
red vibration bands due to adsorbed ben-
zoate species were observed and no
information could be obtained on the struc-
ture of any of the preceding reaction inter-
mediates.

Sachtler et al. (11) studied the oxida-
tion of benzaldehyde to benzoic acid and
could detect asymmetric, covalent carbox-
ylate-like structures on the surface of the
catalyst after adsorption of the aromatic al-
dehyde at room temperature. When the
temperature was increased this surface
complex was converted into the benzoate
structure. On the basis of these spectro-
scopic observations they obtained a much
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clearer understanding of the mechanism of
the oxidation reaction. We therefore also
employed infrared spectroscopy in our re-
search project concerning the selective gas
phase oxidation of toluene and o-xylene
over oxidic monolayer catalysts (12-15).
The interaction of toluene, o-xylene, benz-
aldehyde, and o-tolualdehyde with a cata-
lyst consisting of a TiO, support completely
covered with a monolayer of vanadium ox-
ide (2) has been investigated more closely
not at relatively high temperatures (>
300°C) in vacuo as is usually done, but un-
der conditions similar to those of the cata-
lytic reaction.

EXPERIMENTAL

The V,05/Ti0Q, monolayer catalyst (2.1
wt% V on TiO, (Degussa; 50 m’g~!; 68%
Anatase and 32% rutile)), used in all infra-
red measurements, was prepared by ad-
sorption of vanadyl acetylacetonate from
toluene (12). The reactants toluene and o-
xylene, both of analytical grade, were from
Merck and BDH, respectively; the prod-
ucts benzaldehyde and o-tolualdehyde
were from Baker and Aldrich. The infrared
spectra were recorded using a Nicolet MX-
S Fourier transform infrared spectrometer.
The infrared cell used in this study was con-
structed according to a description pub-
lished by Bouwman and Freriks (/16). The
cell was made of glass and was provided
with two vacuum-tight sealed potassium
bromide windows, which were cooled by
the use of water cooling jackets. The cata-
lyst in the form of a compressed disc (80-
100 mg; 20 mm diameter) was mounted in a
cylindrical glass sample holder, which was
placed in a quartz-clad heating device. This
complete device could be raised into the
upper part of the cell, making it possible to
record the spectrum of the gas phase alone.
In the in situ measurements, the reactant
mixture, which was made by saturating air,
purified over molecular sieve 13X, with tol-
uene or o-xylene at a temperature of 273 or
290 K, was made to flow through the sys-
tem at atmospheric pressure.
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The products were introduced by a single
injection at room temperature into the
evacuated infrared cell. After adsorption on
the surface of the catalyst the system was
continuously flushed with purified air.
Spectra recorded from the catalyst in puri-
fied air showed only the spectrum of the
catalyst.

RESULTS AND DISCUSSION

With the Fourier transform instrument
used in this study it was possible to subtract
the spectrum of the gas and/or the solid
phase from that of the catalyst under reac-
tion conditions. In principle this can give
more clear information on the nature of the
intermediate products formed on the sur-
face of the catalyst during the reaction.
However, in most of the cases studied in
the present work this compensation proce-
dure had a distinct negative influence on the
clearness of the spectra due to an increase
in the amount of noise. Furthermore, it of-
ten did not give any extra information that
could not already be obtained from the orig-
inal spectra. The spectroscopic results are
therefore presented as the original spectra
of the catalyst in the reaction medium.

Preliminary  adsorption experiments
showed that after introduction of benzene
into the infrared cell at temperatures of
about 90°C followed by evacuation no or-
ganic material remained on the catalyst sur-
face. Toluene and o-xylene, on the other
hand, were both irreversibly adsorbed in
these circumstances. This different behav-
ior strongly indicates that the adsorption of
toluene and o-xylene occurs via the alkyl
group(s) and not via the ring. In the present
study attention has been focused on infra-
red absorption bands between 1300 and
1900 cm~!. The frequency region around
3000 cm™!, where usually C-H vibration
bands of both the aromatic ring and its alkyl
groups are to be expected, was obscured at
low temperatures by the presence of an in-
tense broad band due to adsorbed water.
Experiments performed with a catalyst



IR STUDY OF OXIDATION OF TOLUENE AND o0-XYLENE

20t ///f//////\n\[foW\\\\zo.c
70°C
nt
125°C

transmission

325

200°C

200% 200°C*

2200

wavenumber (cm-1)

FI1G. 1. Infrared spectra recorded during the oxidation of toluene (A) and o-xylene (B) on a V,0s/
TiO, monolayer catalyst at different temperatures (* after 15 h of reaction).

sample preheated at 450°C in vacuo to re-
move adsorbed water gave spectra similar
to those obtained after adsorption of the ar-
omatic hydrocarbons on a non-pretreated
vanadium oxide catalyst. This indicates
that the presence of adsorbed water, proba-
bly present in relatively small amounts on
the surface of the catalyst, has no effect on
the adsorption behavior of the aromatic hy-
drocarbons.

When the temperature was increased, the
intensity of the interfering water band de-
creased. The only band that could be ob-
served in this region at elevated tempera-
tures was due to the C—-H vibration of the
aromatic ring, suggesting that in these cir-
cumstances normal alkyl groups were no
longer present in the intermediate species
adsorbed on the surface of the catalyst. The
infrared spectra recorded during the selec-
tive gas phase oxidation of toluene and o-

xylene are shown in Fig. 1. These mea-
surements have been performed at
temperatures lower than those used in the
catalytic reaction (250-300°C) (I13-15) in
order to obtain information on especially
the first reaction steps. Furthermore, at
higher temperatures a range of products
can be formed (/7, 18) and this will defi-
nitely make interpretation of the spectra
more complex. The spectra given in Fig. 1
contain not only bands due to species ad-
sorbed on the surface of the catalyst, but
also bands produced by toluene or o-xylene
present in the gaseous reactant mixture.
The spectra of the reactants, toluene and o-
xylene, are also included in Fig. 1 for clar-
ity.

The results of the infrared measurements
performed with the products benzaldehyde
and o-tolualdehyde are presented in Fig. 2.
The relatively broad band present in the
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F1G. 2. Infrared spectra of benzaldehyde (A) and o-
tolualdehyde (B) adsorbed at 20°C on a V,0s/TiO,
monolayer catalyst and subsequently oxidized at dif-
ferent temperatures.

spectra recorded during the experiments
performed with toluene, benzaldehyde, and
o-tolualdehyde at 1385, 1351, or 1361 cm™!
was found to be due to an unknown con-
taminant irreversibly adsorbed on the KBr
windows of the infrared cell.

A typical ring vibration around 1600 cm™!
was observed in all spectra. This strongly
indicates that during the adsorption/oxida-
tion of the hydrocarbon the aromatic nu-
cleus remains unaffected. The frequencies
of the characteristic bands, produced by the
side chain of the aromatic hydrocarbon in
direct contact with the surface of the cata-
lyst, are summarized in Table 1. It can be
seen that the spectroscopic results obtained
for toluene, o-xylene, benzaldehyde, and o-
tolualdehyde show a clear resemblance.
The adsorption/oxidation of these four aro-
matic hydrocarbons thus leads to the for-
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mation of similar intermediate species on
the surface of the V/TiO, catalyst. Adsorp-
tion of benzaldehyde or o-tolualdehyde did
not give the two typical aldehyde C-H ab-
sorption bands between 2700 and 2850 cm™!
or bands due to the C=0 stretching vibra-
tion of the free aldehyde around 1710 cm~!,
which are both usually relatively intense.
This is in agreement with the observations
of Sachtler et al. (11), who studied the ad-
sorption/oxidation of benzaldehyde on a
V,05-Sn0, catalyst. After the adsorption
of both benzaldehyde and o-tolualdehyde at
room temperature two intense bands were
observed around 1680/1690 and 1650 cm™'.
These bands are most likely to be due to the
C=0 group of different surface species.

Upon heating the two bands both shifted
to lower frequencies. The subtraction of the
spectrum of a catalyst, which contained
only adsorbed water, from that of the same
catalyst after adsorption of the aromatic al-
dehyde revealed that this shift in frequency
was not due to a decrease in the intensity of
the interfering water band around 1630
cm™!, but could be attributed to a weaken-
ing of the C=0 bond. Sachtler et al. (11)
reported only a strong band at 1632 ¢cm™!,
which was assigned to a covalent carboxyl-
ate-like structure formed during the disso-
ciative adsorption of benzaldehyde.

The band observed in this study at some-
what higher frequencies was not mentioned
in their paper. Miyata et al. (8) studied the
oxidation of ethanol and isopropanol on a
vanadium-titanium oxide catalyst. Adsorp-
tion of these alcohols as well as adsorption
of ethanol and acetone resulted in an infra-
red absorption band around 1680 cm~!.
This band was, according to them, due to
coordinatively adsorbed aldehyde or ke-
tone species. Grabowski and Haber (/9) re-
ported a band at 1675 cm™! in their study of
the interaction of propylene with the sur-
face of a CoO-MgO solid solution, which
was also assigned to aldehyde species
bonded to the surface of the catalyst
through the carbonyl group. The band ob-
served in the present work at a frequency
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TABLE 1

Positions of Characteristic Infrared Absorptions (in cm~!) Produced by the More or Less Oxidized Side
Chain(s) of Toluene, o-Xylene, Benzaldehyde, and o-Tolualdehyde in Contact with V,04/TiO,

T 1410 15002 1545 1632 1674
(o)
20
70 1625(sh) 1674(s) Toluene
125 1411(s) 1544(w) 1632(w)
200 1414(vs) 1500(vs) 1673(s)
20 1672(sh)
70 1415(w) 1545(w) 1675(s)
125 1409(s) 1542(br) o-xylene
200 1408(vs) 1526(s) 1676(sh)
2004 1412(vs) 1532(vs) 1681(s)
20 1495(w) 1651(vs) 1691(vs)
50 1408(s) 1500(s) 1641(vs) 1684(s) Benzaldehyde
90 1411(vs) 1504(vs) 1637(vs) 1682(sh)
125 1413(vs) 1498(vs) 1635(w)
20 1495(w) 1651(s) 1691(s)
40 1493(w) 1643(vs) 1680(sh) o-tolualdehyde
65 1404(s) 1495(s) 1641(vs) 1678(sh)
125 1412(vs) 1504(vs) 1634(s) 1672(sh)
200 1418(vs) 1500(vs)

Note. s = strong, w = weak, sh = shoulder, br = broad.
@ The band observed at low temperatures for toluene and o-xylene was produced by the gaseous reactant

mixture.
b After 15 h of reaction.

between 1670 and 1690 cm™! is most proba-
bly produced by similar surface structures.

The absence of vibration bands between
2700 and 2850 cm™! strongly indicates that
the adsorbed aldehyde species do not con-
tain a typical aldehyde C-H bond. Hence,
not only the carbonyl group but also the
hydrogen atom of the aldehyde interacts
with the surface of the vanadium oxide cat-
alyst. The results presented in Fig. 2 fur-
thermore clearly show that at increasing
temperatures the coordinatively adsorbed
complex (1670-1690 cm~') and at a later
stage also the complex with the carboxyl-
ate-like structure (1630-1650 cm™') are
both converted into another species with
two absorption bands around 1500 and 1410
cm~!. These bands were assigned respec-
tively to the asymmetric and symmetric vi-

bration of a benzoate group. Similar bands
have been reported in a number of investi-
gations concerning the adsorption of tolu-
ene, benzaldehyde, benzoic acid, or xy-
lenes on oxidic materials (9-7/, 20). The
exact frequencies of the two vibration
bands depend on the catalytic material used
in the adsorption experiments. For in-
stance, we observed two bands at 1430 and
1552 cm™! upon adsorption of benzalde-
hyde on y-Al;O;, which is in agreement
with the results published by Niwa et al. (9)
and Deflin et al. (20). Adsorption of benzal-
dehyde on a V;0s-Sn0O, catalyst, on the
other hand, produces a benzoate species
with vibration bands at 1415 and 1520 cm~'.
When benzaldehyde or orthotolualdehyde
is adsorbed on a V,0;/TiO, monolayer cat-
alyst the asymmetric vibration band is ob-
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Fi1G. 3. Intermediate species identified on the sur-
face of the V,05/TiO, monolayer catalyst after adsorp-
tion/oxidation of an aromatic aldehyde.

served at an even lower frequency (i.e.,
1500 cm™!).

The species identified with infrared spec-
troscopy on the surface of the V,04/TiO,
catalyst after adsorption of the aldehydes
are summarized in Fig. 3.

Some of these complexes could also be
detected in the oxidation of toluene and o-
xylene. At low temperatures an absorption
band around 1675 cm~!, appeared for both
oxidation reactions, indicating the forma-
tion of a coordinatively bonded aldehyde
(= species B) on the surface of the catalyst.
Complexes with a covalent carboxylate-
like structure (= species D) were observed
only in the oxidation of toluene. At increas-
ing temperatures two bands appeared
around 1545 and 1410 cm™!, which were as-
signed to the asymmetric and symmetric vi-
bration of a benzoate ion. However, these
frequencies are not completely identical to
the values mentioned above, suggesting a
somewhat different structure of the ad-
sorbed benzoate species. The bands ob-
served around 1545 and 1410 cm™! are close
to the free ion values (1548 and 1391 cm™!
(21) which, according to Itoh and Bernstein
(22), points to a so-called bridging structure
in which the carboxylate ion is coordinated
with two metal atoms (Fig. 4). The forma-
tion of this structure on the surface of a
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vanadium oxide monolayer catalyst indi-
cates that the two oxygen atoms which
have to be inserted during the conversion of
a methyl side chain into a benzoate group
are supplied by two neighboring vanadium-
oxygen sites. In the oxidation of the corre-
sponding aldehydes, however, this bridging
structure is not formed as is clear from the
infrared results presented in Fig. 2 and Ta-
ble 1. This is due to the fact that an alde-
hyde molecule already contains one oxygen
atom. The oxidation of such a species into a
benzoate complex, therefore, requires only
a single vanadium-oxygen site, which ex-
plains the formation of bidentate benzoate
instead of bridging structures.

The so-called bidentate benzoate com-
plexes are also formed in the oxidation of
toluene at somewhat higher temperatures,
as can be concluded from the appearance of
two intense infrared bands around 1500 and
1410 cm™!. In the oxidation of o-xylene, on
the other hand, the asymmetric vibration
band remains at a higher frequency, sug-
gesting a higher stability of the bridging
structure of the adsorbed species.

The electron donating inductive effect of
the second methyl group in the o-xylene
molecule might be responsible for this dif-
ferent behavior. Due to this inductive effect
the carbon atom of the oxidized side chain
adsorbed on the surface of the catalyst will
bear a somewhat smaller positive charge,
resulting in an increase in the strength of
the vanadium-oxygen band, as illustrated
in Fig. 5. In the oxidation of o-xylene the
bridging structure will therefore be more
stable, whereas in the oxidation of toluene
it is converted into the bidentate benzoate
complex.

1545 /1410 cm™!

v-O~y

F1G. 4. Bridging benzoate complex on vanadium ox-
ide monolayer catalyst.
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From Fig. 1 it can furthermore be seen
that at these relatively high temperatures
the band around 1675 cm~! reappeared. Un-
der these conditions this band can probably
be assigned to cyclic anhydride complexes
(i.e., maleic anhydride or phthalic anhy-
dride) bonded to the surface of the catalyst
through one of their carbonyl groups (anal-
ogous to the coordinatively adsorbed alde-
hyde species). In the oxidation of o-xylene
two more bands appeared at 1786 and 1854
cm~!, which were also observed in the in-
frared spectrum of phthalic anhydride.
These bands were therefore assigned to
phthalic anhydride species physically ad-
sorbed on the surface of the catalyst.

Proposal for a reaction mechanism. On
the basis of the spectroscopic results dis-
cussed above a possible mechanism is pro-
posed for the selective oxidation of the
methyl group of toluene or o-xylene on a
vanadium oxide monolayer catalyst (Fig.
6). The first step in this mechanism is, as is
often suggested in the literature (23, 24), an
abstraction of a hydrogen atom followed by
the adsorption of the aromatic hydrocarbon
via its methyl group on the vanadium oxide.
It was not possible to obtain direct evidence
for this reaction step from the infrared
spectra presented in this study. After ab-
straction of a second hydrogen atom an al-
dehyde complex is formed which is coor-
dinatively adsorbed on the surface of the
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catalyst (= species B). Water is desorbed

and the vanadium oxide species, which has

been transformed from V(V) into VID), is
readily reoxidized with molecular oxygen.

Abstraction of the last hydrogen atom
will give the bridging benzoate complex
(=species F), which in the case of the oxi-
dation of toluene is converted via a cova-
lent carboxylate-like complex (= species
D) into the bidentate benzoate complex (=
species E). Benzoic acid is formed in the
oxidation of toluene upon desorption of the
benzoate complexes, whereas in the oxida-
tion of xylene two neighboring carboxylate
groups react to give phthalic anhydride.

It is obvious that the reaction mechanism
proposed in Fig. 6 is far from complete
since only the selective oxidation of the
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F1G. 6. Possible reaction mechanism for the oxida-
tion of the methyl group of toluene or o-xylene on a
vanadium oxide monolayer catalyst.
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methyl group of the aromatic hydrocarbons
was considered and no attention has been
given to possible side or parallel reactions.
It must furthermore be remembered that
highly reactive intermediate species or in-
termediates which are present only at rela-
tively low concentrations remain unde-
tected and therefore in order to obtain a
more complete insight into the course of the
catalytic oxidation of the aromatic hydro-
carbons toluene and o-xylene other experi-
mental techniques, such as for instance
tracer experiments, will have to be used.
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