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FT-IR Study of Structure of Toluene Adsorbed

on Vanadium-Titanium Oxide

Takashi Ohno?, Fumikazu Hatayama?, Tadashi Mukai?,

Takehiko Ono?, and Hisashi Miyata?

The adsorption of toluene on V—Ti oxide prepared by gas-phase method (the
Vanadium content ranged from 2.1 to 5.6 wt%) and the role of surface acidic and
basic sites have been studied by Fourier-transform infrared spectroscopy. From
the adsorption of toluene, perdeuterotoluene and benzene on various V—Ti oxides
together with titania, it is found that toluene is bonded as 7 — complex to the
vanadium ion with its benzene ring parallel to the surface. The CH 3 groups of m —
complex are dehydrogenated by the V = O species to form the benzyl species and
the V—OH species, and the m — complex is interacted with surface hydroxyl
groups if there is a surface free hydroxyl group adjacent to the site containing the

T — complex.
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INTRODUCTION

The selective gas phase oxidation of
hydrocarbon over oxidic catalysts has
been extensively studied. Especially
vanadium oxide catalysts are well
known for the practical use of their
high selectivity and activity. A number
of these investigations concern kinetic
measurements or tracer experiments,
which have been performed to obtain
information on the mechanism of the
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oxidation reaction. Additional and
sometimes even more direct evidence
can often be obtained by studying the
interaction of the reactant and/or its
products with the surface of catalyst
using infrared spectroscopy. Infrared
spectroscopy appears to be most suit-
able for the purpose of observing the
adsorbed species during the reaction.
In the previous works we studied the
reaction intermediates in the oxidation
of alkenes (1,2), alkynes (3,4), and alco-
hols (5—9) on oxide catalysts by infra-
red techniques. Only a limited number
of infrared studies on the identification
of surface structure formed in the ox-
idation of aromatic hydrocarbons have
appeared in the literature (10). In the
present work we therefore employed
Fourier-transform infrared spectros-
copy in the study concerning the struc-
ture of toluene over vanadium oxide
catalysts, and examined the develop-
ment of fast algorithms for the band
shape analysis and the data acquisition
system of the infrared spectra of
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adsorbed species using a small computer
system with a high-resolution graphics
display.

MATERIALS AND METHODS

The titania (Japan Aerosil Co., P—25)
was used as a support. A gas phase
preparation method was used to sup-
port vanadium oxide. After disks of
titania (20—mm diameter, ca. 100 mg)
had been placed in a glass tube, the
disk temperature was slowly increased
from room temperature to 723 K under
evacuation and kept at that tempera-
ture for several hours. Then a flow of
water-saturated nitrogen was passed
through disks at 298 K for 2 h, fol-
lowed by degassing at 473 K for 4h.
After that, circulation of nitrogen,
which was saturated with vanadium
oxychloride vapor, followed by circula-
tion of water-saturated nitrogen was
repeated several times. Finally, the ex-
cess vanadium oxychloride was re-
moved by evacuation at 670 K. The
vandium contents, which were mea-

sured by the N-BPHA method (JIS
G1221), ranged from 2.1 wt% to 5.6
wt% (GVTi—2.1 — GVTi—5.6). The
physical parameters of those catalysts
are listed in table 1.

Toluene, benzene (Wako Pure Che-
mical Industries LTD., SSG or SG) and
[?’Hg] toluene (Merck Co., 99.7%) were
distilled several times under vacuum

" before use.

The apparatus used was a conven-
tional closed-circulation system equip-
ped with an infrared cell for spectros-
copic study. The infrared cell was a
quartz tube 2.5 ¢cm diameter and 40 cm
in length. The KRS—5 windows were
sealed to the cell with wax. The sample
disk was held in a quartz disk holder
and was suspended by a platinum wire
in the cell. The disk could be moved
vertically between the lower window
section and the upper furnace section.
The temperature of the disk was mea-
sured by a calibrated thermocouple
fixed to furnace section of the cell.

The catalyst disk was heated to 673
K under evacuation and kept at that
temperature under flow of oxygen (ca.

Table 1: Physical properties of GVTi catalysts.

b
Surface area

Repeat V205
Catalyst number? (wt%) (mz/g)
GVTi-2.1 1 .1 50
GVTi-3.3 2 3.3 50
GVTi-5.6 8 5.6 30

a repeat number of VOCl3

circulation.

measured by the BET method.
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4 kPa) for 2 h. This treatment was re-
peated several times before each ex-
periment.

Fourier-transform infrared spectra
were recorded at ambient temperature
before and after each treatment of the
catalyst disk, such as heating or admis-
sion of reactant; with the use of a Shi-
madzu FTIR—4000 operating at 2 cm™!
resolution and at single beam mode.
This could prevent a temperature rise
of the catalyst disk. After 100 accu-
mulations had been used the data were
transferred on an IEEE—488 bus line
to a master computer (PC—9801 VX2,
NEC). Spectra were sampled at suitable
intervals (1-5 cm™') and stored in
disk files. In order to obtain quantita-
tive information on the spectral be-
havior, some of the spectra were sub-
tracted and deconvoluted by using a
data acquisition system. The details of
the data acquisition and analysis sys-
tem were described previously (11,12).

RESULTS

1. Adsorption of Toluene on GVTi—
5.6, GVTi—2.1, and TiO,

Fig. 1 shows FT—IR spectra of
toluene adsorbed on catalysts after
subtraction of catalyst itself. A small
amount of toluene (0.07cm®/g) was in-
troduced onto GVTi—5.6 at room
temperature, followed by evacuation at
room temperature for 1 h. A number of
bands appeared in the regions of
stretching and bending modes (Fig. 1a).
The broad band at ca. 3450 cm™? is
due to the v (O—H) of hydrogen
bonded species. The bands near 3000
cm™! are due to Y (C—H) in the benzene
ring of toluene adsorbed. The bands in the
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Figure 1. FT-IR  spectra  of  toluene
adsorbed: (a) on GVTi—5.6 after
introduction of toluene (0.07 cm®
/g) followed by 1 h evacuation at
293 K, (b) on GVTi—2.1 after 10
min evacuation at 293 K, (¢) on
TiO ; after adsorption of toluene
followed by 30 min evacuation at
293 K.

region 1700 — 1100 cm™! are assigned
to the v (C=C) of the skeletal ring or
the & (C—H) of the CH 3 groups.

In the case of GVTi—2.1 (Fig. 1b),
only weak bands remained at almost
the same positions as observed on
GVTi—5.6, while on TiO, toluene was
easily removed by evacuation at room
temperature for 30 min (Fig. 1c). The
results suggest that the surface vana-
date species are active sites for the
adsorbed toluene.

The bands due to toluene adsorbed
on GVTi—2.1 are much weaker than
that on GVTi—5.6 (Fig. 1a, b), showing
that the concentration of adsorbed sites
on GVTi—2.1 is smaller than that on
GVTi—5.6. However, on GVTi—2.1,
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there are two bands at ca. 3700 and
ca. 3400 cm™! in the v (O—H) stretch-
ing region. The band at ca. 3700 cm™!
must be assigned to the surface free
hydroxyl groups on TiO,, being in
agreement with that observed on TiO,
(7). This suggests that the GVTi—2.1
catalyst is not fully covered with vana-
date species.

2. Adsorption of [? Hg Jtoluene on
GVTi-3.3

In order to clarify the interaction of
surface OH groups with adsorbed
toluene, a similar experiment was car-
ried out using [2 H g Jtoluene. The spec-
tral changes with increasing time of
adsorption were recorded, the resulting

o
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Figure 2. FT-IR spectra of [*Hgtoluene
adsorbed on GVTi—3.3 at room
temperature: (a) immediately after
introduction of [*Hgltoluene (0.07
cm®/g), (b) followed by 30 min, (c)
2 h, and (d) followed by 1 h eva-
cuation.

spectra being shown in Fig. 2. It must
be noted that bands near 2350 cm™!
are due to carbon dioxide molecules in
air owing to the measurements by a
single beam mode. A number of bands
were observed immediately after intro-
duction of [? Hg Jtoluene (0.07 cm?/g)
at room temperature (Fig. 2a). The
broad band at 3400 cm™! is due to Vv
(O—H) of hydrogen bonded species be-
tween [2 Hg Jtoluene and surface hy-
droxyl group of GVTi-3.3. The bands
at 2470 cm~*' and at 2278 cm™! are
due to v (O—D) of the hydrogen
bonded species and v (C—D) in the
benzene ring, respectively. The bands
at 2240, 2212, and 2120 cm~' are
assigned to Vv as(CD3), v s(CD3), and
v (CD,) of [2H g|toluene adsorbed, re-
spectively. In the region 1700 — 1200
cm~ ' only skeletal ring vibrations are
expected in the spectra due to isotopic
shifts for ¢ (C—D) bands(13).

As increasing the time of adsorption
the broad band at 2470 cm~! as well
as the bands in the region 1700—1300
cm~! intensified, while the intensities
of the bands at 2212 and 2120 cm™!
reduced (Fig. 2a—c). During this proc-
ess the bands at 3450 and 2278 cm™!
remained unchanged in intensity. On
evacuation at room temperature for 1 h
the bands at 2278 and 2212 cm™!
together with a broad band at 3450 cm™!
disappeared and the band at 2470 cm™!
reduced in intensity, while a new band
appeared at 2570 cm~! (Fig. 2d). This
suggests that partial H-D exchange
reaction occurred to form surface OD
groups, which show the band at 2570
cm~'. The infrared bands of toluene
adsorbed on GVTi catalysts together
with liquid toluene (14) are summa-
rized in Table 2.
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3. Adsorption of Benzene on GVTi—
5.6

In a separate experiment the adsorp-
tion of benzene on GVTi—5.6 was in-
vestigated in order to clarify the
orientation of benzene ring on the sur-
facee. FT—IR spectra of benzene
adsorbed on GVTi—5.6 exhibit a num-
ber of bands in the CH stretching and
bending regions together with hydrogen
bonded OH (Fig. 3a). After the catalyst

Structure of Toluene Adsorbed on V-Ti Oxide

was evacuated at room temperature for
0.5 h, most of these bands reduced in
intensity and some of them shifted
slightly to lower wavenumber (Fig. 3b).
The bands at 1583, 1483, 1450, and
1293 cm~! are assigned to B— 1, B—
fa, B-1Ib, and B—1II mode in the
skeletal ring vibrations, respectively
(15). The band at 1358 cm™'is due to
o (C—H) in-plane. From comparison
with the corresponding bands of liquid
benzene (14) the bands at 1583 and

Table 2: Wavenumber (cm ™) of the infrared bands of toluene adsorbed on GTVi

catalyst.

toluene [2H8]toluene toluene?

liqu

id
vibrational modeb

3450 2470 - v(0-H) or v(0-D)
3070 2278 3070 v(C-H) or v(C-D)
2240 2910 vas(CH3) or vas(CD3)
2212 2860 VS(CH3) or vs(CD3)
2120
1590 1548 1607 B-I
1500 1400 1496 B-IIa
1485 1378 B-IIb
1450 1460 Gas(CH3)
1428
1360 1378 ds(CH3)
1295 1280 1310 B-IIT
1190 1212 §(C-H) in-plane
& in ref. (14).
in ref. (15).
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Figure 3. FT-IR spectra of benzene adsorbed
on GVTi—5.6: (a) 30 min after in-
troduction of benzene (2.6 kPa) at
293 K, (b) followed by 30 min eva-
cuation at 293 K, and (C) followed
by 30 min under circulation of ox-
ygen (2 kPa) at 393 K.

1483 ecm~! are shifted to lower wave-
number about 10 to 3 cm™*,

After increasing the temperature of
the disk to 393 K for 0.5 h under cir-
culation of oxygen (2.6 kPa), new
bands appeared at 1600, 1550, and
1400 cm~! and the broad band at
3450 cm~! was intensified (Fig. 3c).
This shows that adsorbed benzene was
dehydrogenated by GVTi—5.6 to form
surface hydroxyl groups. This also
shows that the surface sites are strong
enough to abstract the hydrogen from
the benzene ring at relatively low
temperature.

DISCUSSION

The band due to hydrogen bonded

OH (ca. 3450 cm~') appeared on all
the catalysts irrespective of vanadium
content. This suggests that adsorbed
toluene interacts with the surface ox-
ygen or the hydroxyl group of each
catalyst. In addition, considering that
GVT—-5.6 itself shows only weak band
due to hydroxyl groups, some OH
groups were formed on the adsorption
of toluene.

The results on TiO 5 were in agree-
ment with that of Graham et al (16),
who concluded that toluene interacts
weakly with the surface hydroxyl
groups on rutile. These species are
easily removed by evacuation at room
temperature (Fig. 1c).

As just mentioned above, the bands
due to the vibrations of the aromatic
ring (1590 and 1485 cm™!) in toluene
adsorbed on GVTi catalysts showed
the lower shift (Fig. 1a, b). This sug-
gests that a 7 — complex of toluene is
formed on GVTi catalysts as reported
on montmorillonite (17) and on zinc ox-
ide (18). However, the corresponding
bands on TiO, did not change in the
position compared with that in liquid
toluene (Fig. 1c¢), suggesting that m —
complexes of toluene are not formed on
TiO 5.

In the previous works we reported
that vanadium ions and oxygen in the
surface vanadate species on GVTi
catalysts act as the Lewis-acid and
basic sites, respectively (8) and that
the carrier TiO, exhibits no strong
basicity (19). Thus, it is concluded that
toluene is adsorbed on the vanadium
ion to form the 7 — complex as well as
the hydrogen bonded species. Accor-
dingly, the 7 — complex is adsorbed on
the Lewis-acid site, while there are two
posibilities for formation of the hy-
drogen bonded species. The first is due
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to the basic site; i.e., the surface V=0
species. The second is due to the Bron-
sted-acid site; i.e., the surface V—OH
species.

From the results in Fig. 2, on in-

creasing the period of adsorption, the

bands of stretching vibration of methyl
group reduced in intensity, while the
band of v (O—D) together with the
bands of skeletal ring vibration were
intensified. In addition, the v (C—D) in
benzene ring remained unchanged.
These behavior suggests that methyl
group of toluene is dehydrogenated by
surface oxygen to form the hydroxyl
group and the dissociated benzyl spe-
cies of toluene on the surface.

Chang and Kokes reported that
toluene adsorbed on ZnO undergo dis-
sociation by the basic site to form the
benzyl species via the rupture of the
methyl C-H bond (18). This may occur
more easily on the GVTi catalysts,
since their basicity must be strong
enough to abstract the hydrogen from
the methyl group of toluene adsorbed
(8). They also suggested that the benzyl
species on Zn0O was adsorbed with its
benzene ring parallel to the surface be-
cause of lower wavenumber shift of
aromatic ring during the dissociation.
Although the corresponding shift did
not occur during the dehydrogenation
of m — complex of [2 Hg Jtoluene (Fig.
2), this is also possible on the GVTi
catalysts from the results of benzene
adsorption on GVTi—5.6.

As shown in Fig. 3 benzene is
adsorbed weakly on GVTi—5.6 to form
hydrogen bonded species. Although the
value of wavenumber shifts of skeletal
vibrations of benzene on GVTi—5.6 are
small in comparison with the case of
adsorbed toluene, the 7 — complex of
benzene may be present on GVTi—5.6.

Vol. 3, 1987
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On a — Fe, 03 benzene was adsorbed
on surface Lewis-acid site as 7w —
complex with its benzene ring parallel
to the surface (20). Thus, it is con-
cluded that benzene is adsorbed on sur-
face Lewis-acid site of GVTi—5.6 as
the m — complex with its ring parallel
to the surface. The 7 — complex of
toluene is adsorbed more strongly than
that of benzene since toluene has a high
T — electron density owing to its
methyl group in aromatic ring.
Accordingly, it is concluded that the
surface reaction proceeds as shown in
Fig. 4. First, toluene is bonded as m —
complex to the Lewis-acid site, i.e., vana-
dium ion, with its benzene ring parallel
to the surface, secondly, the CH 3 group
of m — complex is dehydrogenated by
the basic site, i. e, the V=0 species of
vanadate, to form the benzyl species and
the V—OH species. If there is a surface
free hydroxyl group adjacent to the site

(m (1)

Figure 4. Scheme of surface reaction on
GVTi catalyst: (1) & — complex,
(I) dissociative benzyl species,
and (Il ) hydrogen bonded spe-
cies.
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containing the 7 — complex, its hydrogen oxygen atom in the hydroxyl group to
atom in the methyl group interacts with form the hydrogen bonded species.

10.

11.

12.

13.

14.

15.

16.

17.
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