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Activities of SiOx-A1203, ZrOx-SiOx, and TiOx-SiOx catalysts were very weak or nothing at all in 
the initial state, but increased greatly within the course of the reaction. Such an increase of the 
activity was also observed by the treatment by oxidation of other hydrocarbons, and in addition the 
activity was diminished by the burning of carbon by air. It was found by ESR that the activity was 
correlated well with the concentration of carbon radical. The surface of treated SiOx-A1203 was 
covered with carbonaceous material that showed absorption bands belonging to carbonyl or 
carboxyl group in the ir spectrum. The pulse method revealed that benzonitrile was given off by the 
reaction of the adsorbed intermediate from toluene with ammonia. The intermediate was fully 
stable on A1203, ZrOs, and TiOx, but not on activated carbon and fresh Si02-A&O,. The activity of 
activated carbon for the ammoxidation was confirmed. These findings suggest that the activity of 
these catalysts is bi-functional; toluene is oxidized on carbon surface oxides, followed by 
stabilization as adsorbed benzoate ion to produce benzonitrile on A1203, ZrOZ, and TiOr. 

INTRODUCTION 

In our previous papers ( l-3)) ammoxida- 
tion of toluene on Vz05/A120s was investi- 
gated to clarify the reaction mechanism. 
The ammoxidation of toluene is initiated 
with oxidation of the side chain to form 
benzaldehyde on V,O,. The intermediate 
compound benzaldehyde migrates to the 
surface of AlzOs through the gas phase to be 
stabilized as the benzoate ion, followed by 
the reaction with ammonia to form benzoni- 
trile. Reduced sites are then reoxidized by 
oxygen. 

The available activity of A1203 for oxida- 
tive dehydrogenation of ethylbenzene has 
already been reported by Alkhazov et al. 
(4). As described below, preliminary exper- 
iments have found that ZrOz-SiOz and 
TiOrSiOz catalysts are active in forming 
benzonitrile as a result of ammoxidation. In 
a past patent for the ammoxidation of tolu- 
ene (5), SiO*-A&O3 was also described to 
be active. The catalytic activity of such 
solid acid catalysts with low oxidation 
power for the oxidation reaction is of major 
interest. 

The purpose of this study is, then, to 

make clear the reaction mechanism and 
active sites on typical solid acids, SiOz- 
AlzOs and ZrOz-SiOz, and on TiO,-SiOe 
the acidity of which was observed by 
Tanabe et al. (6). The roles of constituent 
oxides will be investigated by ESR, ir, and 
the pulse method. 

EXPERIMENTAL METHODS 

Eight kinds of catalysts were used in this 
study. Silica-alumina that contained 15% 
by weight A1203 was supplied by Nikki 
Chemical Co., Ltd. (N63 1 (L)) and calcined 
at 500°C for 2 hr. BET surface area of 
obtained Si02-A&O3 catalyst was 447 m*/g. 
A Ti02-Si02 catalyst was prepared by im- 
pregnation of TiC14 solved in ethanol with 
silica gel (Dokai Chemical, Pore Dia S-70A). 
After vaporization at WC, this was treated 
with 4 N NH,OH to remove Cl- ion, fol- 
lowed by washing with water until the pH 
equaled 7, and then calcinating at 500°C for 
3 hr by air. The final sample of Ti02-Si02 
had the surface area of 250 m*/g. A Zr02- 
SiOz catalyst was also prepared in a similar 
way from ZrOC12 .8HzO. Titania and zirco- 
nia were supported on Si02 with atomic 
ratio (Ti or Zr/Si) of 1: 10. Zr02 was sup- 
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ported on SiO, as mentioned above, or 
silica gel which was obtained by the hydro- 
lysis of silica sol (Shokubai Kasei), and 
these were shown as ZrOz-SiOz (1) and 
ZrOz-SiOz (2) of which BET surface areas 
were 266 and 140 m2/g, respectively. The 
impurity of silica gel and SiOzA1203 which 
were commercially supplied was mainly 
iron below 0.05 wt%. The impurity level of 
chlorine in TiOz-SiOz and ZrOz-SiOz (1) 
was checked by the fluorescent X-ray 
method, and found to be less than 0.1 wt%. 

The unsupported oxides of which they 
consist were prepared in the following way. 
A1203 was obtained by the calcinating of 
Sumitomo Activated Alumina KHD at 1000 
or 400°C for 22 hr. TiOz was prepared by 
calcinating at 450°C for 3 hr of Ti(OH)4 
precipitated from TiC14, dropwise dissolved 
in water at 80°C. Zr02 was prepared by 
thermal decomposition of ZrOC& . 8Hz0 at 
500°C for 4 hr. Activated carbon was sup- 
plied from Takeda Chemical Industry, Ltd. 

(HGE-538), and used without further pre- 
treatment. 

The equipment used in the pulse and the 
flow techniques have been previously de- 
scribed in detail (I). An infrared spectrum 
of Si02-A&O3 was recorded on a Jasco IR- 
G spectrophotometer. The fresh or treated 
samples of Si02-A1203 were mixed with 
KBr, and compressed into disks. ESR 
spectrum of Si02-A1203 was measured by a 
JEOL ME- 1X type spectrometer (X-band). 
g-Value of the spectrum was determined as 
compared with the Mn2+ impurity in MgO. 

RESULTS 

Catalytic Activity of Si02-Alz03, 
Zr02-SiOz, and Ti02-SiOz 

The catalytic activity increased gradually 
with the time-on-stream, and reached the 
stationary state about 1 hr after the initia- 
tion of the reaction. Once the activity was 
stabilized, its deactivation was not ob- 
served significantly. Figure 1 shows the 

400 450 

reaction temperature ("Cl 

FIG. 1. Yield and selectivity of benzonitrile formation on SiOrAI,O, (0 0), TiOe-SiOp (A A), 
ZrOrSiOl (I) (e 0), and ZrOp-SiO, (2) (m 0) under the reaction condition: total flow rate, 220 
ml/mm; catalyst weight, 1.0 g; composition of gases, toluene : Op : NHs : Ng = 
0.0340: 0.15 : 0.21: 0.61. Yield and selectivity are defined: yield, (benzonitrile)/(benzonitrile + CO, 
+ toluene) x 100; selectivity, (benzonitrile)/(benzonitrile + CO,) x 100. 
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yield and selectivity of benzonitrile in the 
stationary state of the flow reaction in the 
temperature range of 390-470°C. By-prod- 
ucts, CO and CO, were very low compared 
to the formation of benzonitrile, and the 
ammoxidation over these catalysts pro- 
ceeded in a high selectivity. Among these 
catalysts, the Si02-AltO catalyst had the 
highest activity. It is remarkable that such 
typical solid acid catalysts as SiO1-A&O3 
and ZrOz-SiOz are active in the ammoxida- 
tion reaction. 

The pulse technique has been applied to 
these catalysts, and it revealed that ben- 
zonitrile was formed by the reaction of the 
stable adsorbed intermediate of toluene 
with ammonia on these catalysts also. The 
saturated amount of the intermediate on the 
catalysts used in a flow reaction was then 
measured by means of the pulse technique. 
Repeated injections of toluene pulse cause 
the surface to be covered with the adsorbed 
intermediate. After confirming the elution 
of all the injected toluene, ammonia pulses 
are injected to form benzonitrile until ben- 
zonitrile is not detected. The sum of the 
formed benzonitrile corresponds to the 
concentration of saturated adsorbed inter- 
mediate on the surface. As shown in Table 
I, four pulses of toluene were needed to 
make the surface saturated with the ad- 
sorbed intermediate. The amount of ben- 
zonitrile was the highest in the first injec- 
tion of ammonia pulse, and gradually 
decreased with the number of pulses. Fi- 

nally, it was very low after more than four 
pulses. As understood from the comparison 
of the amount of saturated adsorbed inter- 
mediate with the yield of benzonitrile in the 
flow reaction, the greater concentration of 
saturated adsorbed intermediate the cata- 
lyst possessed, the greater amount of ben- 
zonitrile it formed in the flow reaction. 

If saturated amount of adsorbed interme- 
diate corresponds to number of active site, 
one can estimate the catalytic activities 
from the viewpoint of turnover frequency 
(TOF). The TOF for the ammoxidation of 
toluene at 400°C which were calculated 
based on this method were 0.35, 0.16, 0.14, 
and 0.08 KS-’ over Si02-A1203, TiOz- 
SiOz, ZrOz-SiOz (l), and ZrOz-SiOz (2), 
respectively. These are smaller than 1.0 
KS-’ on Vz05/A1203, a typical catalyst in 
the ammoxidation with 3.03 pmol/g of sat- 
urated adsorbed intermediate. 

The activities of the catalysts used in this 
communication increased with the course 
of the flow reaction, as mentioned above. 
The comparison of catalytic activity in the 
fresh state to that in the aged state was 
made by the pulse technique, and is shown 
in Table 2. First of all, an air pulse was 
injected to oxidize the surface, and each 
shot of toluene and ammonia pulses was 
injected to produce benzonitrile. It was 
found that the benzonitrile formation on the 
aged catalyst markedly exceeded that of the 
fresh one for all the catalysts. The silica- 
alumina catalyst had no activity in the 

TABLE 1 

Saturated Adsorbed Intermediate ( 1Om8 mol/g)” 

Catalyst Pulse number* 

First 

Benzonitrile formed Saturated 
at NH3 pulse adsorbed 

intermediate 
Second Third 

SiO,-Al,O, 10 25.7 1.55 0.78 28.9 
ZrOzSiOz (1) 4 9.28 0.71 0.35 10.3 
ZrO*-SiOl (2) 4 16.1 0.36 0.13 16.9 
TiOz-SiO, 4 17.6 0.0 17.6 

a Pulse sizes of toluene and ammonia, 0.4 ~1 and 5 ml, respectively; catalyst amount, 1 g. 
* Number of toluene pulse required for the saturation with adsorbed intermediate. 
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TABLE 2 

Increase of Activity by Aging of Catalysts 

Catalyst Benzonitrile formed 
in the pulse reactiona 

(IO-* mol/g) 

SiOa-AloO 
ZrOrSiO, (1) 
ZrOrSiOz (2) 
TiOrSiOz 

Fresh Aged 

0.0 11.0 
0.17 11.1 
0.18 12.0 
4.9 7.2 

D By NHa pulse (5 ml) over the catalyst (1 g) after 
toluene (0.4 ~1) was injected. 

initial state at all. A little activity of the 
Zr02-Si02 catalyst was inherently active in 
some degree, but increased by being used 
in the flow reaction. 

Such an increase of the catalyst activity 
during the flow reaction was investigated in 
more detail by using the Si02--A1203 that 
was the most typical and active in this 
study. The Si02-A1203 was treated for 3 hr 
at about 400°C by the oxidation reaction of 
various reactants, i.e., NH3, toluene, pro- 
pylene, butane, and 1-butene, and sub- 
jected to the pulse reaction. After oxidation 
of the surface by air pulse, toluene and 
ammonia pulses were individually injected 
to give benzonitrile. The influence of oxy- 

gen mixed with toluene and ammonia 
pulses on the benzonitrile formation was 
also investigated. As clearly shown in Ta- 
ble 3, the activity for benzonitrile formation 
appeared in the oxidation of hydrocarbons, 
but was not found in the initial state or on 
the catalyst treated with the oxidation of 
ammonia. Simultaneously, the color of the 
Si02-A1203 catalyst became black after the 
oxidation of hydrocarbons. Reoxidation by 
the flowing of oxygen at 500°C for 3 hr 
diminished the catalyst activity, and addi- 
tionally the white color of the Si02-A1203 
was recovered. These results allowed us to 
suspect that the appearance of the catalyst 
activity may be based on the deposit of 
carbonaceous material on the surface. Fur- 
thermore, the mixing of oxygen with tolu- 
ene pulse increased the formation of ben- 
zonitrile, but not so much in the case of 
ammonia in all of the samples. This sug- 
gests that oxygen is required for the pro- 
ceeding of the reaction only on the adsorp- 
tion step of toluene. 

Stability of Adsorbed Intermediate on 
Constituent Oxides 

Roles of constituent oxides have been 
examined by the use of them individually. 
Toluene was not oxidized by the injection 

TABLE 3 

Benzonitrile Formed in the Pulse Reaction on Treated SiO,-A&O, at 418°C (lo-* mol/g) 

Pulse reactionc Fresh Treated in the oxidation of 

NH3 C,H; ReoxidrP C,Hs CIHB C,H,, C,H, 

O+T+N 0.0 Trace 11.0 0.05 6.04 7.64 1.49 3.97 
O+T+O-+N 0.52 0.56 38.8 0.58 21.3 27.3 4.10 11.9 
O+T-+N+O Trace 0.03 16.2 0.08 6.69 8.88 - - 

radical 
number (x 1018/g) 0.0 - 9.97 - - 6.19 4.94 16.7 

a Ammoxidation of toluene. 
b Reoxtdation in 0% : Nz = 2: 1 at 500°C for 3 hr after ammoxidation of toluene. 
c Made by subsequent injection of air (0) (5 ml), toluene (T) (0.4 pl), and ammonia (N) (5 ml) pulses over 

the catalyst (1.0 g). The flow rate of nitrogen carrier was 50 ml/min. Influences of air pulse mixing (T + 0, N 
+ 0) were also examined. 
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of toluene on A1203, ZrOz, and TiOz, while 
benzaldehyde was adsorbed on them and 
gave benzonitrile by subsequent ammonia 
pulse. On activated carbon, and SiO,- 
ALO which was treated under the actual 
condition of toluene ammoxidation, how- 
ever, benzonitrile was obtained by injec- 
tions of toluene pulse followed by ammonia 
pulse. Then, the reaction intermediate of 
toluene on Si02-A1203 (treated) and acti- 
vated carbon or benzaldehyde on A1203, 
ZrOz, TiOz, and Si02-Al24 (fresh) was 
allowed to be adsorbed and subsequently to 
react with ammonia injected at different 
intervals between the toluene or benzalde- 
hyde pulse and the ammonia pulse. 

As shown in Fig. 2, the formation of 
benzonitrile decreased or kept nearly con- 
stant. Such a decay curve can be analyzed 
in terms of the stability of the reaction 
intermediate, as previously reported (3). 
The initial value of formed benzonitrile and 
rate constant k were calculated by the least- 
squares method using the equation for the 
concentration of reaction intermediate 

T = To exp(-kt), 

where To denotes the initial concentration 
of reaction intermediate. 

The small value of k on A1203, ZrOz, and 
TiOz (Table 4) indicates a high stability of 
the reaction intermediate, whereas the 
large value of k on carbon suggests the 
conversion of the intermediate into other 
products. Because no dissociation product 
or desorbed benzaldehyde is detected when 
eluted gas from the carbon bed is trapped at 
liquid nitrogen temperature, the decay of 
benzonitrile formation is due to the com- 
bustion of reaction intermediate with the 
attack of active surface oxygen. 

As shown in Table 4, the initial value of 
formed benzonitrile per surface area on the 
fresh Si02-ALO was only about 4% of that 
on A1203. This is much smaller than had 
been expected from the content of A1203 in 
the Si02-A1203. Furthermore, the interme- 
diate on the fresh Si02-A&O3 was unstable, 
as understood from the value of k. Because 
the activity of Si02-A1203 in the combus- 
tion is negligible, the adsorbed intermediate 
may be converted into carbonaceous mate- 
rial on the surface. In fact, the color of the 
Si02-Al2O3 catalyst became black after the 

20 
n 6 40 

Time (min) 

FIG. 2. Variation of benzonitrile formation at the ammonia pulse with the time required from the 
toluene pulse until the ammonia pulse. Reaction intermediate is adsorbed from benzaldehyde on ZrO, 
(0), A1203 (1000) (A), TiOl (‘Cl), and activated carbon (V), or from toluene on activated carbon (v) and 
treated S02-A1203 (A). 
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TABLE 4 

Variation of Concentration of Adsorbed Intermediate” 

Catalyst 

AlrOs (400)b 
Al,O, ( 1000)b 
ZrO, 
TiOz 
Activated 

carbon 
Activated 

carbon 
SiOrA120s 

(fresh) 
Si0,Al,03e 

(treated) 

Adsorbate 

Benzaldehyde 
Benzaldehyde 
Benzaldehyde 
Benzaldehyde 

Benzaldehyde 

Toluene 

Benzaldehyde 

Toluene 

Initial value of 
formed benzonitrile 

(wWg) (wollm*) 

137 0.81 
33.7 1.02 
37.0 1.25 
6.57 1.93 

11.2 0.0092 

2.35 0.0019 

15.3 0.0342 

0.526 - 

k 
( 10e5 min-‘) 

0 
4.4 
0 
9.0 

31.1 

19.5 

29.8 

5.1 

Surface 
area 

W/g) 

169 
33 
30 
3.4 

1220 

1220 

447 

- 

LI Reaction was made by toluene (2 ~1) and NH3 (10 ml) over the catalyst (400 mg) at 400°C. Air pulse (5 ml) 
was used for the oxidation of the catalyst. 

b Obtained by calcination at 400 or 1000°C. 
e Treated in ammoxidation of toluene. 

pulse reaction, as mentioned above. On the 
other hand, the adsorbed intermediate on 
treated Si02-Al,O, was stable in a similar 
degree to that on A1203. 

ESR and ir Spectra of Si02-A1203 

ESR of the treated Si02-AlsO showed a 
sharp singlet having the line width of 3.6 G 
at g value of 2.001. No spectrum was 
observed in the fresh state of Si02-A1203. 
This sharp singlet could be identified as the 
carbon radical that deposited on the surface 
(7-9). The number of carbon radicals on 
variously treated SiOrA120s also was mea- 
sured as shown in Table 3. It was found that 
the most carbon radical was formed by the 
oxidation with 1-butene. 

The Si02-A1203 was treated by the oxi- 
dation of toluene at 500°C for various times, 
and the number of carbon radicals and the 
amount of benzonitrile formed in the pulse 
technique were measured, as shown in Fig. 
3. The catalyst activity increased with the 
course of the reaction, and also with the 
increase of the carbon radical. 

IR spectra of the catalysts were recorded 

to determine the phenomena occurring on 
the surface. As shown in Fig. 4, new bands 
at 1760 and 1460 cm-l appeared on the 
catalyst treated by toluene oxidation. The 
absorption at 1620 cm-’ was identified as 
water adsorbed on the surface. Reoxidation 
of the catalyst by the flowing of a mixture of 
oxygen and nitrogen removed these absorp- 
tions at 1760 and 1460 cm-‘. Therefore, 
these could be regarded as the adsorbed 
species relevant to the carbonaceous de- 
posit as observed in the ESR measurement. 
Direct observation of the surface of acti- 
vated carbon by an infrared study 
confirmed the existence of surface oxides 
having the functional groups such as car- 
bonyl, carboxyl, or hydroxyl, and it was 
reported that these were observed in the 
region from 1750 to 1400 cm-’ (6). It is 
sure, therefore, that the bands observed at 
1760 and 1460 cm-l are due to the surface 
oxides formed during oxidation reaction. 
Probably, the absorption at 1760 cm-’ is 
due to carbonyl or carboxyl groups on the 
surface, and, on the other hand, the absorp- 
tion at 1460 cm-’ is identified as the stretch- 



AMMOXIDATION OF TOLUENE 75 

I 1 
0 5 10 

radical number ( xlO1'/gl 

FIG. 3. Relationship of the amount of saturated 
adsorbed intermediate to the number of carbon radi- 
cals on SiO,-A&O,. The treatment time is shown in 
minutes in parentheses. 

ing vibration of C-H bond or carboxyl 
groups. 

DISCUSSION 

The increase of activity on these cata- 
lysts, particularly on Si02-A1203, with the 
course of reaction is of interest in under- 
standing the whole nature of the catalytic 
activity. As mentioned above, Al24 does 
not possess the oxidizing activity necessary 
for the toluene oxidation. Furthermore, 

I I 1 I I I I 
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(cm-l) 

FIG. 4. IR spectra of the SiO,-A&O, catalysts 
which were untreated (a), treated by oxidation of 
toluene (b), and reoxidized by the flowing of oxygen 
and nitrogen at 500°C (c). 

SiOZ does not take part in the oxidation of 
toluene nor the adsorption of the reaction 
intermediate, as previously reported (2). 
The cause of the oxidation activity should 
therefore be sought in the activation of 
surface oxygen. In other words, available 
oxidized sites appeared when they were 
used in the oxidation reaction. 

As shown above, the catalytic activity 
for ammoxidation of toluene appeared be- 
cause of the oxidation of every hydrocar- 
bon. The Si02-A1203 treated by toluene 
oxidation possessed the surface oxides like 
carbonyl or carboxyl groups, as shown in 
the infrared spectra, and the concentration 
of formed carbon radical had an intimate 
relation with the catalyst activity. Accord- 
ing to Poole et al. (8), the number of 
unpaired spins in the coke on the treated 
Si02-ALO increased linearly with the car- 
bon concentration. A similar conclusion 
was drawn in the study on the coke forma- 
tion on A&O3 made by Berger and Roth (9). 
It is well known that carbon radicals are 
produced by the degassing of CO and COZ 
(1 l), and decreased by the irreversible ad- 
sorption of oxygen at 400°C (10). There- 
fore, the carbonaceous material having 

\ 
,C=O or -COOH deposited on the sur- 

face can be regarded as oxidized sites avail- 
able for the oxidation of toluene. 

Peculiar oxidation activity of the car- 
bony1 group was previously reported in the 
oxidative dehydrogenation of ethylbenzene 
on polynaphthoquinone by Iwasawa et al. 
(Z2). Alkhazov et al. (4) discussed the 
activity of carbonaceous material on A1203 
for the styrene synthesis on the basis of a 
similar idea. The oxidation activity of acti- 
vated carbon was confirmed also in this 
study. The activity of activated carbon is, 
however, too active to make the intermedi- 
ate fully stabilized. In view of this, it is 
difficult to suppose that carbonaceous ma- 
terial plays a role as adsorption sites as well 
as oxidation active sites. The high stability 
of the intermediate on the treated SiO,- 
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A1203, as suspected from the low value of 
k, suggests that constituent ALO is avail- 
able for adsorption sites. Consequently, the 
activity of treated Si02-A1203 is considered 
to consist of oxidation activity of carbon 
and adsorption property of A1203, as found 
in the V205/A1203 (3). If the surface of 
Si02-ALO is fully saturated with the car- 
bonaceous material, the catalytic activity 
should be based only on carbon. In such a 
case, the reaction intermediate is unstable 
and readily converted to carbon oxides. In 
the present case, however, it is considered 
that the catalyst is not fully covered with 
the carbonaceous material, and the uncov- 
ered sites of A1203 are available for the 
adsorption. Benzonitrile formed on acti- 
vated carbon was eluted in the chromato- 
gram that possessed a peak width at half 
peak height of about four times as much as 
that on A1203. This was probably caused by 
the adsorbability of carbon. Such a broad 
chromatogram was not observed on the 
treated Si02-A1203. This observation is in 
agreement with the above consideration of 
the roles of constituent A&O3 of SiOz- 
A1203. 

As shown above, the initial value of 
formed benzonitrile on fresh Si02-ALO 
was only about one-third as much as ex- 
pected from pure A1203. Therefore, the acid 
sites of Si02-Al24 are not available for 
accommodating the reaction intermediate. 
On such an acid site as Si02-A1203, the 
reaction intermediate is subjected to crack- 
ing, thus forming carbonaceous material 
available for the ammoxidation. Because 
the carbonaceous material is removed by 
burning of catalyst with oxygen at 5WC, a 
small portion of them may be converted 
into carbon oxides even during the ammox- 

this species is relatively easy to occur at the 
surface, thus obtaining the steady state of 
the reaction. 

The ZrOz-SiOz and TiOe-SiOz catalysts 
may also have an activity similar to those of 
Si02-A1203. The stability of intermediate 
on ZrOz and TiOz was shown by the use of 
benzaldehyde as adsorbate. Carbonaceous 
material would be formed as the oxidizing 
active sites during the oxidation reaction. 
However, titania has some ability for am- 
moxidation of toluene in its initial state. It 
is, therefore, considered that the oxidation 
activity of carbonaceous surface oxide was 
added to that of TiOz. Acid sites on these 
catalysts may be used for forming carbona- 
ceous material thereon, as on Si02-A1203. 
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