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Oxidation of propylene adsorbed on Sn-Mo oxide has been investigated by ir spectroscopy. 
Strongly adsorbed propylene as well as ethylene on Sn-Mo oxide showed the spectra which 
were expected from associatively adsorbed species. On raising the temperature of the catalyst 
with adsorbed propylene in the presence of oxygen or in a vacuum, adsorbed propylene was 
dehydrogenated by lattice oxygen to form only surface OH groups without formation of 
carboxylate ions, in contrast with the behavior of the oxide catalysts for complete oxidation 
such as ZnO and Co304 described previously. Similar behavior was observed with adsorbed 
acetone. On the other hand, in the case of acetaldehyde, formation of carboxylate ions was 
observed. 

INTRODUCTION 

We have investigated the oxidation of 
olefins adsorbed on oxides by ir techniques 
as well as by analysis of reaction products 
(1-3). In the case of ZnO, adsorbed olefin 
was converted to surface formate and 
acetate ions as well as OH groups with 
oxygen uptake and then was oxidized to 
CO2 and Hz0 (1,s). A similar oxygen up- 
take was observed with oxides such as 
Co304, NO, Fez03, and CuO (2). It is of 
interest to investigate how the behavior of 
oxidation of the propylene adsorbed on 
oxides such as Co304 and ZnO varies from 
that with selective oxidation catalysts such 
as Bi-Mo and Sn-Mo oxides. The ir studies 
with Sn-Mo oxide appear to be promising 
compared to other selective oxides because 
of its high activity for olefin adsorption. 
Accordingly, the ir studies of oxidation of 
propylene adsorbed on Sn-Mo oxide have 
been undertaken in the present work. 
Furthermore, in order to decide whether or 

not the conclusion obtained with adsorbed 
propylene is generally applicable to other 
systems, similar measurements have been 
extended to adsorbed acetone and 
acetaldehyde. 

EXPERIMENTAL 

Materials. The 15wt% Sn-Mo oxide- 
SiOz (Sn/Mo = 9, atomic ratio) catalyst 
was prepared by impregnating of Aerosil 
(Degussa) with a solution containing dc- 
sired amounts of ammonium paramolyb- 
date and tin chloride (II). The slurry was 
dried at 100°C and heated at 450°C for 
15 hr. The %-MO oxide-SiOz (loo-140 mg) 
was pressed in a disk of 20-mm diameter. 
In order to check whether a true mixed 
oxide n-as formed, the SnOz-SiOs and 
MoOa-SiOz catalysts (15 wt%) were pre- 
pared in a similar manner. The adsorption 
of propylene was investigated with the 
results shown in Table 1. The behavior of 
adsorption observed with the Sn-Mo oxide- 

412 

OOZl-9517/78/0523-0412$02.00/0 
Copyright 0 1978 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



PROPYLENE OXIDATION ON Sn-Mo OXIDE 413 

SiO:! is completely different from that 
with the SnOz-SiOz as well as the MOOS- 
SiOs. Thus, formation of the mixed oxide 
is confirmed. 

Propylene as ~(~11 as ethylcnn (Takachiho 
Co., 99.9 molyo), acetone (Tokyo Kawi 
Co., 99.5 mol%), acctonc-ds (Mcrke Co., 
99.5y0 isotopic purity), and acctaldchydc 
(Merkc Co., 99 mo170) wrc uwd without1 
furthrr purification. Oxygen was ohtaincd 
from a cylinder and purified by passing 
through silica g(‘l at dry ice tcmprrature. 

ilpparatus awl procedure. A conventional 
vacuum system \vas ux(ld in conjunction 
with an ir cell, its details bring given 
previously (4, 5). The tcmpt>raturc of the 
catalyst containing adsorbed propylene 
was raised in stages in the presence of 
oxygen or in a vacuum. The spectra \vere 
rclcord(bd at room temperature bc>fore and 
afkr each tempchraturc rise by using a 
Japan spectroscopic 111-G grating infrared 
spwtromt+r with a spectral slitwidth of 
1.5 cm-l at l#jOO mrl. A1 matchc~d-path- 
lwgth ~11 containing a similar disk was 
plawd in the rcfwc~nw beam of the spcc- 
trometc>r in order to offset thr background 
of the catalyst. Tha waction products 
during such tompc’raturt: rises wrc col- 
Iwtc>d in liquid nitrogctn traps and analyzed 
by gas chromatography. Simultaneously, 

&-MO 

TABLE 1 

Amount of Propylene Adsorbed 

SnOz-SiOp MoOsSiOp 

(PIIS tiTP/140 mg of catalyst) 

Rrmilininp amount 
after drsorptim at 
IOO”l temperature 0.09 

After dcsorption 
at 12ooc 0.01 

” ,surfact~ i*wa: -170 111*,/g. 

the oxygen uptake was determincld 
manometrically. 

Prior to experiments the pretreatment 
of the cat’algst with oxygen at 450°C fol- 
lowed by evacuation at this tcmpcraturc 
NXS rcpoated several times. 

RESULTS AND DISCUSSION 

Figure 1, curve a shows the spectrum of 
propylrno adsorbed on Sn-Mo oxide in the 
prcwnce of gaseous propylene. Evacuation 
of the catalyst at room temperature led to 
disappearance of the bands at 3650, 3075, 
and 1645 cm-l. Simultaneously, the amount 
adsorbed was reduced from 0.44 to 0.22 
cm3 STP. The band at 3650 cm-’ coincides 
in position with that for pc>rturbed surface 
OH groups roportcld in t,hc litcraturc, 

FIG. 1. Adsorption of propylene and ethylene on Sn-Mo oxide-SiOn (surface area, 170 m*/g). 
(a) After 15 hr of adsorption of C3Ht (18 Torr) on Sn-Rio oxide-SiOs (140 mg) at 25°C. (b) After 
1 hr of evacuation at 25°C. (c) After 20 hr of adsorption of C,H, (12 Torr) on Sn-&To oxide-SiO, 

(104 mg) followed by 1 hr of evacuation at 25°C. 
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FIG. 2. Oxidation of propylene adsorbed on Sn-Mo oxide-Si02 (140 mg). (a) After the procedure 
for curve b, Fig. 1, followed by 1 hr of exposure to oxygen (1 Torr) at 25°C. (b) After 1 hr at 
150°C. (c) After 1 hr at 200°C. (d) After 1 hr at 310°C. Remaining amounts of CaH6 adsorbed: 
(a) 0.22, (b) 0.22, (c) 0.22, and (d) 0.17 cm3 STP. 

permitting its assignment (6). The bands 
at 1645 and 3075 cm-’ belong to physically 
adsorbed propylene, being attributable to 
C=C stretching and to =CH2 asymmetric 
stretching vibrations, rospclctively. 

As regards the bands at 2960, 2925, 
2575, 1475, and 1380 cm-l which are 
retained after evacuation, the position of 
the bands suggests that the adsorbed 
species has no olefinic character, e.g., the 
possibility of a a-ally1 specks hcing ex- 
cluded. A saturated adsorbed species should 
be formed. Thus, the bands at 2960, 2925, 
2875, 1475, and 1380 cm-’ can be assigned 
to v,,(CHd, vs(C&), v’as(CHd, &s(CHd, 
and &(CHs), respectively. From these 
considerations it may bc concluded that on 
Sn-Mo oxide, propylcnc undergoes fission 
of the a-bond in C=C, resulting in formation 
of associatively adsorbed sprcicxs 

(CH,yH-YH,) 

in agreement with tha conclusion drawn 
by Orlov et al. (i”) who have mada ir studies 
on the same system. The possibility that 
thesc bands are due: to a surface spccicas 
formed by polynwrization of propylene 

may bc cxcludcd because of a lower covcr- 
age of adsorbed propylene. 

Similar experiments have been carried 
out with adsorbad cthylcnr. Littlc dworp- 
tion was obsrrved on evacuation of the 
catalyst containing cthylcne at room tem- 
perature. The remaining amount adsorbed 
was 0.10 cm3 STP (Fig. 1, curve c). The 
bands at 2915 and 2850 cm-’ which re- 
mained after desorption may bc attributed 
to Y,, (CH2) and V, (CH2), rcspcctively. 
Thus, in the case of ethylene, the formation 
of a similar associatively adsorbed species 
is confirmed. 

Osidation of Adsorbed Propylerle 

The spectral change on raising the trm- 
poraturc of the catalyst containing ad- 
sorbed propylcnc in the presence of oxygen 
is shown in Fig. 2. The bands at 2960,2925, 
and 2875 cm-’ attributable to associatively 
adsorbed propylcnc dccrcasc in intensity 
with increasing tcmpcraturn. Simultanc- 
ously, the intrnsity of the band at 35.50 
cn-1 which is assigned to surface OH 
groups incrcasw, passing through a maxi- 
mum around 200°C. It should bc nototl 
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that no appreciable absorption is observed 
in the region of 1800-1350 cm-l, suggesting 
no formation of carboxylate ions. 

Similar experiments have been carried 
out under evacuation instead of in the 
presence of oxygen. It was found that the 
bands at 2960 cm-’ etc., due to the CHs as 
well as CH2 groups of adsorbed propykw, 
disapprawd at a tcmpcraturr similar to 
that in the prtwncc of oxygen. In other 
words, thf>re seems to be no difference be- 
tween the spectral behavior in the prcsrnrc 
and abwncc of oxygen. This suggests that 
lattice oxygen participates in the hydrogen 
atom abstraction from adsorbrd propylene 
to form surfaw OH groups. In fact, no 
oxygen uptake occurred during the tem- 
pcratuw rise of the catalyst in the prcscnce 
of oxygen from 0 to 15O”C, in contrast with 
the brhavior of oxides such as ZnO and 
CosO 1 dcscribt>d prwiously (1, 2). At 
2OOT, only 0.04 cm3 STP of oxygcln was 
taken up, which may arise from rcwoval of 
some lattice oxygen as water. 

Butein (12) and S. Tan et al. (13) found 
that propylene is oxidized to form acetone 
on SWMO oxide in the prcwnce of water 

vapor. But&n proposed that formation of 
acetone proceeds via the intermediate 

(CH,-CH-CHs), 

which is formed from the reaction of pro- 
pylene with surface OH groups. In our 
cxperimcnts ncithrr surface OH groups 
nor Hz0 remained on the surface of the 
Sn-MO oxide, since it had brcn cvacuatcd 
at 4,50°C. Accordingly, formation of such 
an intermediate ivould be uncxpwtc~d. 

Similar experiments have been carricbd 
out with adsorbed acetone in order to 
decide whether or not the conclusion ob- 
tained with adsorbed propylene is generally 
applicable to other adsorbed species. The 
adsorption of acetone on Sn-Mo oxide led 
to appcarancc of tho bands at 2990, 2910, 
lAS0, 1580, and 1450-1350 cm-’ (Fig. 3). 
Similar cxpcrimrnts with arctone-dc led 
to disappcarancc of thch bands correspond- 
ing to those at 14-30, 1425, 1395, and 13S0 

1 I 1 
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FIG. 3. Oxidat,ion of acetone adsorbed on Sn-Mo oxide&i02 (125 mg). (a) After 15 hr of adsorp- 
tion of acetone followed by 0.5 hr of evacuation at, 25”C, and after exposure to oxygen (2 Torr) 
at 25°C. (b) After 1 hr at 100°C. (c) Aft,er 1 hr at 155’C. (d) After 1 hr at 200°C. Remaining 
amounts CH&OCETI adsorbed : (a) 0.22, (b) 0.17, (c) 0.16, and (d) 0.14 cm? HTP. 
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FIG. 4. Oxidation of acetaldehyde adsorbed on 
Sn-Mo oxide-SiOz (125 mg). (a) After 18 hr of 
adsorpt,ion of acetaldehyde followed by 0.5 hr of 
evacuation and after exposure to oxygen (1 Torr) 
at 25°C. (b) After 1 hr at 155°C. (c) After 1 hr at 
250°C. Remaining amounts of CH&HO adsorbed : 
(a) 0.97, (b) 0.88, and (c) 0.79 cm3 STP. 

cm-‘, while the bands corresponding to 
those at 1680 and 1580 cm-l are shifted to 
1667 and 1555 cm-l, respectively. Such 
behavior is cxpcctcd since the former group 
of bands is due to bending vibrations of 
CH, groups and the latter to carbonyl 
stretching vibrations, rrspectively. 

On increasing the temperature of the 
catalyst containing undeuterated acetone 
up to 150°C under evacuation, the bands at 
1685, 1425, and 1385 cm-’ decrcascd in 
intensity, while the bands at 1580, 1452, 
and 1395 cm-l remained unchanged, sug- 
grsting the prcscnce of two types of acetone 
adsorption. Two such types of adsorption 
have already bncn obsrrvcd with MgO and 
NiO (4). In a manner similar to that dr- 
scribed earlier, the former bands arc attrib- 
utable to tho coordinately adsorbed ace- 
tone, the latter bands to the dissociativcly 
adsorbed acetone (CH2.:.C(CH,).:.0). 

The tcmpcraturc of the catalyst with 

adsorbed acetone was raised in stages in 
the prescnco of oxygen. The spectral change 
with increasing temperature is shown in 
Fig. 3. With increasing tcmperaturc the 
bands at ca. 2900 and 1500-1350 cm-i 
which are attributable to CHs groups, 
decrease in intensity and disappear at 
200°C. Simultaneously, the band at 3500 
cm-l due to surface OH groups is intcnsi- 
ficd. No new bands appear in the region of 
1600-1350 cm-‘. Such a behavior is essen- 
tially the same as that with adsorbed 
propylene, thus confirming applicability of 
the conclusion that in the oxidation the 
adsorbed species are dchydrogenated to 
form surface OH groups without formation 
of carboxylate ions. The band at 1680 cm-’ 
attributable to C=O groups disappears at 
2OO”C, possibly as the result of fission of 
the C=O bond to form the associatively 
adsorbed spccics 

C-O. 
I I 

Strong adsorption of SiOz would make it 
impossible to observe the band due to C-O 
which is expected to appear at ca. 1000 
cm-l. 

Formation of Surface Carboxylate Ions it, 
Oxidation 

In connection with the conclusion de- 
scribed above, the thermal stability of 
surface formatc and acetate ions on Sn-Mo 
oxide has been examined. On adsorption of 
formic acid vapor on Sn-Mo oxide, the 
bands at 1565 and 1370 cm-’ attributable 
to formatc ions appeared. The intensity of 
these bands was unchanged when the tem- 
perature was raised to -200°C. A similar 
thermal stability was obsrrvcd with the 
case of acetate ions. The lack of formation 
of formatc ions on SiOs rcportcd by Hirota 
et al. (8) suggests that the formate ions 
obscrvcd with SnMo oxidc-SiOa catalyst 
arc formed on SnMo oxide. 

It is thrrrforc roncludcd that failure to 
dctcct surface carboxylatc ions in the 
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oxidation of adsorbed propylene and ace- 
tone on Sn-Mo oxide is not attributable 
to instability of the carboxylat,e ions but 
arises from the fact that Sn-Mo oxide lacks 
the ability to form carboxylate ions. The 
behavior of t,he oxidation wit)h Sn-Mo oxide 
where only surface OH groups and no 
carboxylate ions are formed is markedly 
different from that with the oxide catalysts 
for complet,e oxidation such as Co304 and 
ZnO, where adsorbed olefins are oxidized to 
form carboxylat,e ions wit’h oxygen uptake. 
Such characteristics of the selective oxida- 
tion catalysts appear to be at)tribut)able to 
the character of t,heir lattice oxygen, since 
it has been established by various workers 
(9) that lattice oxygcln is rrsponsiblc for 
oxidation. 

According to the work of Hab(lr et al. (10) 
and Sachtlcr et al. (II), acrolein on Moor 
as ~(~11 as bonzaldchydc on V&5 arc 
oxidizrd by lattice oxygm to form the 
corresponding carboxylatc ions, somttwhat 
in contradiction to the rrsults in tht> prcasc>nt 
study. Accordingly, thr ir spclctra of 
act%aldchydc on Sn-MO oxide havcl b(1c.n 
investigated (Fig. 4). The bands at 1730 
and 1645 cm-l appear to ariso from the 
coordination of two different carbonyl 
groups. The nature of two such types of 
coordinatclly adsorbed acetaldahyd(t is un- 

clrar. On increasing the tcmprraturct of the 
catalyst in the prescncr of oxygq the 
bands due to carbonyl groups dcbcrcasc in 
intensity while the bands at 1540 and 
m 1445 cm-l arc intrnsificd (Fig. 4). -4 

similar spectral change was obscxrvcd on 

raising the tempcraturc in a vacuum in&clad 
of in the presence of oxygen. This suggests 
that coordinately adsorbed acctaldchyde is 
oxidizcld by lattice oxygt’n to form acctatc 

ions as has been suggested by Haber et al. 

and Sachtler et al. Such a difference in the 
behavior of formation of carboxylate ions 
from adsorbed acetone or acetaldchydc 
may bc attributcxd to the fact that carbonyl 
groups at tho tctrminal positions of molc- 
~1~s arc’ easily oxidizc>d to carboxylatca ions, 
(‘.g., as in t)h(> wsc of acc%ald(xhyd(l. 

1. Kubokawa, Y., Ono, T., and Yano, N., J. Catal. 
28,471 (1973). 

2. Ono, T., Tomino, T., and Kubokawa, Y., 
J. cutuz. 31, 167 (1973). 

3. hliyata, I-I., Kubokawa, Y., Ono, T., and 
Kawasaki, S., J. Chenz. Sot. Chem. Conmun. 
1974, 655; Hata, K., Kawasaki, S., Kubo- 
kawa, Y., and Miyata, H., in “Preprints 6th 
International Congress 011 Catalysis,” 
London, 1976, B-19. 

4. Miyata, H., Toda, Y., and Kubokawa, Y., 
J. Calal. 32, 155 (1974). 

6. Miynta, H., Wakamiya, AI., and Kubokawa, 
Y., J. catuz. 34, 117 (1974). 

(i. For example, Kiselev, A. V., and Lygin, V. I., 
Surface Sci. 2, 236 (1964); Peri, J. B., in 
“Proceedings. 2nd International Congress on 
Catalysis,” Paris, 1960, Vol. 1, p. 1333. 

7. Orlov, A. N., Lygin, V. I., and Kolchin, I. K., 
Sin. k’utaz. 13, 807 (197’2). 

8. Hirota, K., Fueki, K., Shindo, K., and Nakai, 
Y., BUZZ. Chew Sot. Japan 32, 1261 (1959). 

9. Keulks, G. W., J. C&al. 19, 232 (1970); Batist, 
Ph. A., Kapteijnns, C. J., Lippens, B. C., 
and Schuit, G. C. A., J. C&al. 7, 33 (1967). 

10. Haber, J., hlarczewski, W., Stoh, J., and 
Ungier, L., in “Preprints. 6th International 
Congress on Catalysis,” London, 1976, B22. 

11. Sachtler, W. h,I. H., Dorgelo, G. J. H., Fahren- 
fort, J., and Voorhoeve, R. J. H., in “Proceed- 
ings of the 4th International Congress on 
Catalysis,” hIoscow, 1968 (B. A. Kazausky, 
Ed.), Vol. 1, p. 454. Adler, New York, 1968. 

12. Butein, J., J. Cutal. 10, 188 (1968); 13, 373 
(1969) ; 27, 232 (1972). 

13. Tan, S., Jiorooka, Y., and O&i, A., J. Catrcl. 
17, 132 (1970). 


