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To find systems that are effective for the photocatalytic epoxida-
tion of propene by molecular oxygen, 50 types of silica-supported
metal oxides were screened for photooxidation activity. Many el-
ements on silica were found to be active for photooxidation, and
the samples were classified according to activity. High selectivity
for propene oxide (PO), but with a conversion as low as that of the
silica, was observed on silica loaded with alkali metals (Li, and Na),
alkaline-earth metals (Mg, Ca, Sr, and Ba), and rare-earth elements
(Y and La). It seems that moderate electron negativity of elements
improve the epoxidation selectivity on silica. Some elements (such
as Ti, Zn, Pb, and Bi) on silica gave high yields of PO. The most
effective systems, with high PO yields and low COx selectivity, were
silica-supported Ti and Zn systems under the experimental con-
ditions. Furthermore, photoepoxidation proceeds catalytically on
the silica-supported Ti sample. High dispersion of metal oxides on
the silica surface is an important factor for PO production in these
systems. c© 2000 Academic Press
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INTRODUCTION

The heterogeneous catalytic process for the production
of propene oxide (PO) is of industrial importance. TS-1 is
known to catalyze the epoxidation of propene with H2O2

(1–6), and the H2–O2 system, employing metal catalysts, has
also attracted much attention (7, 8). However, the desired
direct epoxidation of propene with molecular oxygen (1)
has not yet been achieved.

Photocatalysis is another possibility for achieving the
epoxidation of propene. Pichat et al. (9) reported that
propene was photocatalytically oxidized by molecular oxy-
gen over various semiconducting oxides such as TiO2, ZnO,
and SnO2, and that a very small amount of PO was pro-
duced; however, complete oxidation to CO2, which is not
desirable, was the predominant reaction. On the other
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hand, it was found that photocatalytically inactive V2O5

became active when supported on silica and efficiently pro-
moted the partial photooxidation of propene (10, 11) via
the formation of the epoxide intermediate (12), although
PO was not obtained as a product. Complete oxidation
did not occur. PO was recently obtained as a product un-
der photoirradiation over Nb2O5/SiO2 (13) and MgO/SiO2

(14, 15). In addition, it was found that this photoepoxida-
tion occurs even over bare amorphous SiO2 (14, 15). On
the other hand, the Ba Y-zeolite system resulted in the ad-
sorption of PO species (16, 17) as well as the production of
PO (18). These results imply that the silica matrix is impor-
tant in designing photoepoxidation catalysts. While silica is
generally used as a support for catalysts and is usually con-
sidered to be a catalytically inactive material, it promotes
not only some thermal reactions (19–22), but also photore-
actions (14, 15, 23–31) including photooxidation (14, 15,
23–26).

In the silica-supported systems, the added elements, sup-
ported on silica, would become the photocatalytic sites for
the photooxidation or might assist the silica sites. Although
the function of the added element on silica has been inves-
tigated in each of the systems mentioned above, no studies
have compared these elements, supported on silica, under
the same conditions. In addition, in these silica-supported
and ion-exchanged zeolite systems, the conversion was in-
sufficient to determine whether or not the reaction pro-
ceeds catalytically in these systems. In the present study,
we screened 50 samples of silica-supported metal oxides in
order to establish guidelines for designing effective systems
for the synthesis of PO in the photooxidation of propene by
molecular oxygen. Almost all the elements that can be used
for heterogeneous catalysts were tested under the same
conditions as those in this study.

EXPERIMENTAL

Amorphous SiO2 was prepared from tetraethylorthosil-
icate (Si(OEt)4) using the sol–gel method described in
Ref. (32). Si(OEt)4 (Kishida Chemicals) was distilled before
4
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use. H2O was ion-exchanged and distilled before use. The
mixture of Si(OEt)4 (200 ml), EtOH (400 ml, Kishida
Chemicals), and H2O (300 ml) was heated and stirred while
increasing the temperature (1 K min−1) to 351 K to ob-
tain white sol through hydrolysis. The sol was successively
heated; H2O was added dropwise in an amount equivalent
to that of the EtOH vapor that was extracted from the sys-
tem by means of a condenser. The sol temperature was
elevated to 373 K (4 K h−1) and gelation proceeded. The
wet gel was filtered by means of suction, dried in an electric
oven at 393 K, ground, and calcined in a flow of air at 773 K
for 5 h to yield the amorphous SiO2 powder.

Silica-supported metal oxide samples were prepared by
impregnation; SiO2 powder (0.8 g) was impregnated with
aqueous solutions of each precursor (50 ml) and heated and
magnetically stirred until it was dry. The obtained powder
was dried in an electric oven at 383 K for 12 h and cal-
cined at 773 K in a flow of dry air for 5 h. The precursors
used were mainly nitrate salts, while ammonium titanyl ox-
alate, zirconyl nitrate dihydrate, ammonium metavanadate,
niobium oxalate, tantalum oxalate, ammonium molybdate
tetrahydrate, ammonium paratungstate pentahydrate, am-
monium platinous nitrate, germanium(IV) chloride, tin(II)
chloride dihydrate, and phosphoric acid were used as pre-
cursors for Ti, Zr, V, Nb, Ta, Mo, W, Pt, Ge, Sn, and P sam-
ples, respectively. With respect to the sample which was pre-
pared from chloride (Ge and Sn), the Cl− ion was removed
from the calcined sample using a 4 N aqueous ammonia
followed by calicination at 773 K. The metal ion (1.5 mol%
(nM/nSi+ nM), calculated from the amount of the start ma-
terials) was equivalent to the most suitable loading reported
for the MgO/SiO2 system (14, 15). In the present study, the
supported sample is referred to as MOx/SiO2, since it was as-
sumed that most of the samples would be oxidized, and the
oxidation states were not confirmed experimentally. An-
other sample was 0.1 mol% TiOx/SiO2 (33), referred to as
TiOx (0.1)/SiO2, and was prepared in the same way. The
bulk metal oxide samples employed were TiO2 (a Refer-
ence Cata-lyst from Japan, JRC-TIO-4, 99.5% (34), equiv-
alent to P-25), ZnO (Kishida, 99.0%), and Nb2O5 (Mitsuwa,
99.9%).

The specific surface area of BET was calculated from the
amount of desorbed N2 which adsorbed on the samples at
77 K in a flow (200 ml min−1) of a mixture of N2 (30%)
and He (70%). Before the measurement, the sample was
heated in a flow of He (30 ml min−1) at 673 K for 30 min.
The amount of N2 adsorbed was determined by gas chro-
matography (GC).

Before the photoreaction, the samples were heated in air
to 673 K and then evacuated. The samples were then treated
with 100 Torr oxygen (1 Torr= 133.3 N m−2 ) at 673 K for
1 h and evacuated at 673 K for 1 h. With the exception

of specially indicated cases, the photooxidation of propene
was carried out in a closed reaction vessel made of quartz
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(123.6 cm3) for 2 h. The temperature of the catalyst bed rose
to 318± 5 K as a result of photoirradiation. The reactants
were propene (100 µmol, 15 Torr) and oxygen (200 µmol,
30 Torr). The catalyst (200 mg) was spread on the bottom
(12.6 cm2) of the vessel. A 200 W Xe lamp was used as the
light source. Products in the gas phase and products des-
orbed by photoirradiation for 10 min were analyzed sep-
arately by GC followed by analysis of the desorbed prod-
ucts after heating to 573 K. The sum of each product yield
is presented. Propene oxide (PO), propanal (propionalde-
hyde, PA), propanone (acetone, AC), prop-2-enal (acrolein,
AL), ethanal (acetaldehyde, AA), alcohols (methanol,
ethanol, and propan-2-ol), hydrocarbons (ethene and
butenes, HC), and CO, CO2 (COx) were detected.

RESULTS

Catalyst Screening for Photoepoxidation Activity

Table 1 shows the results of the screening of various silica-
supported samples for the photoepoxidation of propene us-
ing molecular oxygen and the specific surface area (SA) of
representative samples. Since the surface area values of the
supported samples, with the exception of the bare silica,
were almost the same (standard deviation was only 11%),
the comparison of the conversion and the PO yield, based
on the raw values, could be used as such in the present
screening study. Propene conversion, PO yield, and PO se-
lectivity on the bare SiO2 and silica-supported samples are
presented in Figs. 1a to 1c. The bare SiO2 (Table 1, entry 1)
exhibited almost the same conversion and propene oxide
selectivity as reported previously (14, 15).

The elements in the 1A group exhibited low conversion
but high PO selectivity (Figs. 1a and 1c). The conversion
and PO yield did not increase after the addition of alkaline
metal ions. In the 1A group (Table 1, entries 2–6), only
LiOx/SiO2 exhibited higher PO selectivity than the bare
SiO2. The major product varied with the ions added; Li and
Na mainly promoted the production of PO, while Rb and
Cs promoted the formation of AC.

The elements in the 2A group (entries 7–10) increased
PO selectivity by as much as 22 to 37%, which was the
highest PO selectivity of all the groups studied. MgOx/SiO2

(entry 7) showed higher conversion and a higher PO yield
than bare SiO2 (14, 15), although the PO selectivity did not
increase.

In the 3A group (entries 11–23), Y and La (entries 12 and
13) were effective for PO production; reasonable selectiv-
ity and conversion were observed. Other elements in this
group were not effective because of low PO selectivity.

The samples in the 4A–6A group (entries 24–31) showed
high propene conversion (Fig. 1a). TiOx/SiO2 resulted in the
highest yield of PO (Fig. 1b): 4.7% yield (Table 1, entry 24)

was the highest value compared with literature results for
photoepoxidation (13–15). Though the PO selectivity was
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TABLE 1

Results of Screening Silica-Supported Samples for the Photooxidation of Propene

Selectivity/%
SAa/ Conversionb/ PO yield/

Group Entry Sample m2 g−1 % % PO PA AC AL AA Alcohols HC COx

— 1 SiO2 654 1.5 0.3 22.3 3.5 25.8 15.2 18.1 0.0 10.0 5.1

1A 2 LixO/SiO2 495 0.8 0.3 37.9 2.4 23.6 18.5 6.9 3.1 3.1 4.5
3 NaOx/SiO2 533 1.1 0.2 22.8 2.9 20.8 12.2 5.3 13.4 5.7 16.9
4 KOx/SiO2 429 1.5 0.2 15.5 6.1 18.9 13.3 5.4 7.5 6.4 26.9
5 RbOx/SiO2 435 1.1 0.2 15.9 7.4 31.2 6.8 5.5 12.7 12.8 7.7
6 CsOx/SiO2 428 1.2 0.2 13.2 7.9 35.2 10.9 6.7 10.0 6.5 9.6

2A 7 MgOx/SiO2 4.7 1.1 22.8 15.8 16.3 8.4 15.9 4.6 6.4 9.8
8 CaOx/SiO2 569 1.7 0.5 32.7 7.1 14.2 7.9 9.8 3.2 15.1 10.0
9 SrOx/SiO2 1.2 0.4 37.0 3.4 18.5 11.0 6.7 9.0 1.2 13.2

10 BaOx/SiO2 1.4 0.4 26.2 2.5 21.7 19.0 6.7 8.8 2.0 13.1

3A 11 ScOx/SiO2 6.1 0.4 7.2 18.0 14.6 9.2 18.5 9.2 9.7 13.6
12 YOx/SiO2 4.9 1.1 23.4 15.0 18.4 9.0 18.0 5.4 3.1 7.7
13 LaOx/SiO2 584 2.5 0.8 32.1 17.3 15.3 0.6 17.0 4.1 4.3 9.3
14 CeOx/SiO2 4.8 0.4 9.2 4.1 13.3 5.2 22.7 2.5 1.5 41.5
15 PrOx/SiO2 1.2 0.1 5.3 11.3 26.0 14.2 5.8 8.8 11.1 17.5
16 NdOx/SiO2 1.1 Tr. 3.8 13.0 25.1 9.9 17.4 6.8 5.6 18.4
17 SmOx/SiO2 0.7 Tr. 2.5 11.5 31.0 12.9 20.4 14.2 7.5 0.0
18 EuOx/SiO2 1.8 0.1 8.0 15.9 13.8 11.2 22.4 9.3 4.7 14.7
19 GdOx/SiO2 2.8 0.4 13.3 16.5 17.3 10.2 14.6 11.0 5.8 11.3
20 TbOx/SiO2 1.8 Tr. 2.5 8.1 33.6 15.0 8.8 8.6 9.3 14.1
21 DyOx/SiO2 1.2 Tr. 2.7 10.7 30.6 10.5 15.3 8.1 10.9 11.2
22 ErOx/SiO2 1.5 Tr. 2.9 13.2 26.0 8.4 18.9 9.8 17.6 3.2
23 YbOx/SiO2 1.8 0.1 4.5 16.4 19.4 10.0 20.5 8.8 11.1 9.1

4A 24 TiOx/SiO2 620 24.4 4.7 19.2 17.6 9.3 8.7 21.5 7.2 2.4 14.1
25 ZrOx/SiO2 620 12.2 0.9 7.0 19.9 14.1 6.5 14.9 10.1 11.7 15.8

5A 26 VOx/SiO2 554 19.2 0.1 0.6 6.6 9.2 26.7 32.9 1.4 2.7 19.9
27 NbOx/SiO2 7.7 0.2 2.1 14.3 14.5 4.3 39.1 4.8 2.5 18.4
28 TaOx/SiO2 11.3 0.4 3.7 8.1 19.2 3.9 27.1 5.8 8.5 23.7

6A 29 CrOx/SiO2 573 34.4 1.6 4.5 3.2 4.5 6.3 20.3 4.3 8.9 48.0
30 MoOx/SiO2 14.0 0.2 1.3 10.2 12.0 19.9 32.7 1.6 3.5 18.8
31 WOx/SiO2 17.8 0.6 3.1 17.7 13.8 4.5 32.7 4.9 1.9 21.4

7A 32 MnOx/SiO2 531 0.7 N.d. 0.0 0.0 11.3 33.7 13.1 0.0 2.2 39.7

8A 33 FeOx/SiO2 1.1 N.d. 0.0 4.3 22.3 13.6 17.2 4.0 9.4 29.2
34 CoOx/SiO2 583 0.7 Tr. 0.9 4.2 25.3 39.5 3.4 7.6 10.2 8.9
35 RhOx/SiO2 6.6 Tr. 0.4 0.0 3.4 0.0 0.0 0.0 0.9 95.3
36 NiOx/SiO2 589 0.8 Tr. 2.0 5.1 33.9 33.8 7.0 5.5 2.4 10.3
37 PdOx/SiO2 4.0 Tr. 0.3 1.1 3.3 2.2 0.4 0.1 4.7 87.9
38 PtOx/SiO2 25.2 N.d. 0.0 0.0 4.0 0.0 0.0 0.1 0.2 95.7

1B 39 CuOx/SiO2 585 4.0 0.0 1.1 1.2 7.0 59.9 4.3 1.8 2.7 22.0
40 AgOx/SiO2 0.7 Tr. 3.4 1.7 36.4 29.6 3.8 2.1 11.6 11.4

2B 41 ZnOx/SiO2 592 8.6 2.9 33.4 11.4 11.2 5.1 17.9 4.0 6.2 10.8

3B 42 AlOx/SiO2 592 10.3 0.4 3.9 15.7 14.0 0.0 21.1 2.6 21.9 20.8
43 GaOx/SiO2 8.3 0.2 1.8 19.9 16.5 2.9 25.4 3.3 17.8 12.4
44 InOx/SiO2 585 3.6 0.1 2.5 14.5 14.4 11.7 14.8 3.6 9.7 18.8

4B 45 GeOx/SiO2 0.9 0.2 27.2 2.3 20.9 10.7 17.2 0.0 16.3 5.4
46 SnOx/SiO2 1.8 Tr. 0.9 19.1 17.4 13.3 35.2 0.3 3.2 10.6
47 PbOx/SiO2 8.2 2.2 26.9 1.5 16.8 3.9 11.3 2.2 1.4 36.1

5B 48 POx/SiO2 593 1.4 0.1 3.8 16.3 26.5 16.2 19.5 1.5 8.9 7.3
49 BiOx/SiO2 18.7 3.8 20.2 2.2 16.2 3.3 15.6 5.8 1.2 35.5

a BET surface area.

b Irradiation time was 2 h. Tr.= trace; n.d.= not detected.
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FIG. 1. Propene conversion (a), PO yield (b), and PO selectivity (c) on
various silica-supported samples and on bare silica in the photooxidation
of propene by molecular oxygen. Irradiation time was 2 h.

almost the same as that of bare SiO2, the high propene con-
version resulted in the highest PO yield. ZrOx/SiO2 in the
same 4A group was not a suitable catalyst for producing PO
under these conditions, whereas PA was produced. Charac-

teristic features of the 5A and 6A groups (entries 26–31) are
high AA selectivity, high conversion, and low PO selectiv-
OPENE PHOTOEPOXIDATION 367

ity. CrOx/SiO2 exhibited a high PO yield (1.6%), but it was
accompanied by a high yield of COx.

The elements in groups 7A, 8A, and 1B (entries 32–
40) produced little PO (Fig. 1b). Complete oxidation
of propene occurred on RhOx/SiO2, PdOx/SiO2, and
PtOx/SiO2 upon photoirradiation. However, at the same
temperature (328 K) but in the dark, the conversion of
propene on PtOx/SiO2 was 8.4% and the COx selectivity was
91.0%. Further experiments are required to clarify whether
or not this was photocatalytic oxidation.

ZnOx/SiO2 in the 2B group (entry 41) exhibited a high
PO yield (2.9%) with high PO selectivity (33.4%) and
low COx selectivity (35). Although the high selectivity
(higher than 30%) was also observed on samples such as
LiOx/SiO2, CaOx/SiO2, SrOx/SiO2, and LaOx/SiO2, these
samples showed a very low PO yield (less than 1%). This
shows the advantage of using ZnOx/SiO2 for photoepoxi-
dation.

The main feature of the 3B group (entries 42–44) is low
selectivity; PA, AA, and hydrocarbons were observed. In
the 4B and 5B groups, PbOx/SiO2 and BiOx/SiO2 showed
a high PO yield (entries 47 and 49), although these
samples also produced a larger amount of COx than of
PO. GeOx/SiO2 (entry 45) showed high PO selectivity.
SnOx/SiO2 (entry 46) exhibited lower PO selectivity than
GeOx/SiO2 and PbOx/SiO2 in the same 4B group.

The PO selectivity on each sample was plotted against
the propene conversion (Fig. 2). The group plotted on the
upper left side, which exhibited higher selectivity than bare
SiO2 without an increase in conversion (less than 5%), con-
sisted mainly of alkali metals, alkaline-earth metals, and
rare-earth elements. Some elements, such as Ti, Zn, Pb,

FIG. 2. Plots of PO selectivity vs propene conversion on various silica-

supported samples and on bare silica in the photooxidation of propene by
molecular oxygen. Irradiation time was 2 h.
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TABLE 2

Results of Photooxidation of Propene on Silica-Supported Samples and Bulk Oxides

Selectivity/%

Entry Sample SAa/m2 g−1 Time/h Conversion/% PO yield/% PO PA AC AL AA Alcohol HC COx

1b CaOx/SiO2 569 2 1.7 0.5 32.7 7.1 14.2 7.9 9.8 3.2 15.1 10.0
2 CaOx/SiO2 24 16.0 5.8 35.9 2.2 9.3 2.6 4.6 11.9 6.0 27.5

3 TiOx/SiO2 620 1 12.6 1.8 14.3 23.1 9.5 7.1 24.9 5.7 4.1 11.3
4b TiOx/SiO2 2 24.4 4.7 19.2 17.6 9.3 8.7 21.5 7.2 2.4 14.1

5 CrOx/SiO2 573 0.5 16.9 0.6 3.7 1.7 1.9 4.8 15.2 2.3 8.9 61.5
6b CrOx/SiO2 2 34.4 1.6 4.5 3.2 4.5 6.3 20.3 4.3 8.9 48.0

7 TiOx(0.1)/SiO2 477c 2 9.1 3.7 40.7 3.3 11.3 4.2 24.5 3.6 2.3 10.1
8 TiOx(0.1)/SiO2 8 24.1 9.2 38.1 1.3 12.8 3.0 14.6 2.1 1.6 26.5

9 TiO2 34 1 14.1 0.0 0.0 0.0 1.3 0.0 0.8 0.0 1.7 96.2
10 ZnO 12 2 1.3 0.0 1.9 0.0 20.8 8.1 6.2 6.9 4.2 51.9

a Specific surface area.

b The results are also listed in Table 1 for comparison.

c Another amorphous silica (558 m2 g−1) was employed as a support.

and Bi, showed higher conversion and higher or compara-
ble selectivity to SiO2. Many transition metals, such as Cr,
Pt, and V, gave higher conversion but lower PO selectivity
than SiO2.

It is assumed that PO selectivity was reduced by con-
secutive oxidation. The influence of propene conversion
on PO selectivity is shown in Table 2 (entries 1–8); sam-
ples which exhibited high, moderate, and low PO selectivity
are regarded as being representative examples. For exam-
ple, there was 1.7% conversion and 32.7% selectivity on
CaOx/SiO2 after 2 h of irradiation (entry 1) and 16.0% con-
version and 35.9% selectivity after 24 h of irradiation (entry
2). PO selectivity did not decrease with time, at least not in
these cases (entries 1–8). To the contrary, PO selectivity in-
creased slightly with time on some samples (entries 1–6).
Thus, the distribution presented in Fig. 2 was not particu-
larly affected by the consecutive oxidation of PO.

TiOx(0.1)/SiO2, which is a TiOx/SiO2 sample containing
0.1 mol% Ti only (entry 8), yielded 9.2% PO after 8 h
of irradiation. This indicates that the photoepoxidation of
propene on TiOx/SiO2 proceeded catalytically, as will be
discussed below.

Dispersion of Metal Oxides on the Silica Surface

Under the experimental conditions, silica-supported Ti
and Zn systems may be effective systems for PO produc-
tion, because they result in a high PO yield and low COx

selectivity (Table 1). Bulk TiO2 (Table 2, entry 9) showed
high photooxidation activity; the conversion of propene
was 14.1%, even after 1 h of irradiation. However, the ma-
jor product was COx; PO was not observed. On bulk ZnO
(Table 2, entry 10), the main product was COx even when

the conversion was low. These results indicate that a silica
support is essential. PO selectivity after 2 h of irradiation
on the Ti/SiO2 sample containing 1.5 mol% of Ti (stan-
dard) was 19.2% (entry 4), while that on TiOx(0.1)/SiO2

was 40.7% (entry 7), indicating that a lower loading of Ti
was better for PO selectivity.

Figure 3 shows diffuse reflectance UV–vis absorption
spectra of TiOx/SiO2, ZnOx/SiO2, and NbOx/SiO2 samples
and of the corresponding bulk oxides and bare SiO2. Bulk
ZnO showed a wide absorption band below the band gap at
about 390 nm (Fig. 3a). Bulk TiO2 and Nb2O5 also showed
wide absorption bands below the band gap (Figs. 3b and 3c,
respectively). On the other hand, the edges of the absorp-
tion bands of NbOx/SiO2 (Fig. 3d), TiOx/SiO2 (Figs. 3e, 3f),

FIG. 3. Diffuse reflectance UV–vis spectra of ZnO (a), TiO2 (b),

Nb2O5 (c), NbOx/SiO2 (d), TiOx/SiO2 (e), TiOx (0.1)/SiO2 (f), ZnOx/SiO2

(g), and bare SiO2 (h).
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and ZnOx/SiO2 (Fig. 3g) appeared clearly at a shorter wave-
length than bulk Nb2O5, TiO2, and ZnO, respectively, while
such apparent absorption bands were not observed on bare
SiO2 (Fig. 3h). It is clear that these oxide species, supported
on silica, were dispersed on the silica surface as small species
and that their electron structures were different from those
of bulk oxides. In addition, TiOx(0.1)/SiO2 (Fig. 3f) showed
an absorption band at a much shorter wavelength, indicat-
ing that the Ti oxide species in TiOx(0.1)/SiO2 were dis-
persed to a greater extent than those on the 1.5 mol%
sample (Fig. 3e) (36). Thus, the higher PO selectivity on
TiOx(0.1)/SiO2 is due to the presence of the highly dispersed
Ti species.

DISCUSSION

Classification of the Silica-Supported Samples

The active silica-supported samples can be divided into
several classes on the basis of their PO selectivity and con-
version (Table 3). High propene conversion and high PO
selectivity were shown by the samples in the first group
(Class A), which consists of the oxides of Ti, Zn, Pb, and
Bi. High PO selectivity but low conversion, close to that
on the bare SiO2, were found on the samples in the second
group (Class B) that contained alkali metals, alkaline-earth
metals, and rare-earth elements such as Li, Na, Mg, Ca, Sr,
Ba, Y, and La.

The other three groups showed low PO selectivity. Par-
tial oxidation products other than PO were predominant
on transition metals such as Zr, V, Nb, Ta, Cr, Mo, and W,
which are considered to be active elements in selective oxi-
dation catalysts (Class C). High selectivity for PA, AA, and
hydrocarbons were observed on Al and Ga (Class D).

Electron Negativity and Photooxidation Activity (Class B)

Class B consists of alkali metals, alkaline-earth metals,
and rare-earth elements. The element such as alkali metal

is often used as a promoter: the element electronically af-
fects the act

elements have maximum activity. Adding these electroneg-
perty of the
ive sites and improves activity. In the present

TABLE 3

Classification of Active Silica-Supported Samples in the Photooxidation of Propene

Photooxidation activity

Selectivity Conversion Class Elements on silica Category

High PO selectivity (19–33%) High (8–24%) A Ti, Zn, Pb, Bi

High PO selectivity (23–38%) Low (<5%) B Li, Na Alkali metals
Mg, Ca, Sr, Ba Alkaline-earth metals
Y, La Rare-earth elements

Low PO selectivity (<5%) High (8–34%) C Zr, V, Nb, Ta, Cr, Mo, W Transition metals

Low oxidation selectivity High (8–10%) D Al, Ga 3B group

ative elements would modify the electronic pro
(HC selectivity, 18–22%)
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FIG. 4. Plots of PO selectivity vs electronegativity of cation (Tanaka,
K., and Ozaki, A., J. Catal. 8, 1 (1967)) on various silica-supported sam-
ples (symbols) and on bare silica (broken line) in the photooxidation of
propene by molecular oxygen. Irradiation time was 2 h.

study, the silica itself was photoactive for epoxidation, and
the element in Class B only slightly affected the photooxida-
tion selectivity in comparison with that on the silica. Thus, it
seems that the elements in Class B have an electronic effect
on the photoactive sites on the silica surface. We then plot-
ted the PO selectivity versus electronegativity of the cation
(Fig. 4). The electronegativity of the cation was calculated
according to the equation (37)

χι = (1+ 2i )χp, [1]

where χι is the electronegativity of the cation, i the valence
of the cation, and χp the electronegativity of the metal. The
PO selectivity of bare SiO2 (22.3%) is shown as a broken
line. Most of the plots are on a curve, the maximum of which
is around an electronegativity of 5. The group 2A and 3A



370 YOSHIDA, MURAT

photoactive sites on the silica surface and improve PO pro-
duction: it is proposed that electron donation by the ele-
ment reduces the oxidative ability of the hole formed at the
photoexcitation sites, possibly at lattice oxygen, on silica.

Some of the samples in group 3A exhibited high PO se-
lectivity, while other samples in this group did not, although
they have similar electronegativity. Other factors, such as
dispersion on the silica surface, apparently play a role, as
discussed below.

Photooxidation Activity of Class A Samples

Conversion and product distribution on the samples of
Class A, PbOx/SiO2, BiOx/SiO2, and TiOx/SiO2, were quite
different from those on samples in Class B. They exhibited
high conversion (8–24%) and high PO selectivity (19–33%)
(Table 3). In addition, they are not on the curve in Fig. 4.
Therefore, these samples should be placed in Class A, not
in class B. The added elements would become the active
sites and exhibit a unique activity that is different from
that of Class B samples. For example, it was reported that
highly dispersed titanium oxide species on silica, which is
different from a solid semiconductor such as bulk TiO2,
receive photoenergy to form an excited complex [Ti3+–O−]

∗

and play a significant role in the photocatalytic reaction
(38). In propane oxidation, the titanium oxide species are
suggested to govern the photocatalytic reaction, since the
local structure of these species affects the photocatalytic
properties (39, 40).

In Class A, only ZnOx/SiO2 seems to be on the curve
(Fig. 4). Zn has one of the lowest electronegativities of
the transition metal elements. The product distribution
on ZnOx/SiO2 was similar to that on the alkaline-earth
metal samples; the mechanism of photoepoxidation on
ZnOx/SiO2 might, therefore, be similar to that of the
alkaline-earth metal samples. However, ZnOx/SiO2 exhib-
ited a clearly higher conversion than the Class B samples.
In the present study, ZnOx/SiO2 was tentatively classified
as Class A; further experiments are in progress.

In Class A samples, PbOx/SiO2 and BiOx/SiO2 also
produced large amounts of COx. Thus, TiOx/SiO2 and
ZnOx/SiO2 were the most effective systems for PO pro-
duction in this study.

Certification of Catalytic Reaction

We confirmed that the photoepoxidation proceeded cata-
lytically on the most effective sample, TiOx(0.1)/SiO2, which
showed a 9.2% yield of PO after 8 h of irradiation (Table 2,
entry 8). The amount of PO produced was 9.2 µmol. If the
silica surface maintains its original activity, the PO yield
on silica (Table 1, entry 1) should be 1.2 µmol after 8 h of
irradiation, in which case the PO yielded by Ti ion would be

8.0µmol. The calculated amount of Ti ions in the reactor
was 3.33 µmol. Even if all of the Ti ions are active sites, the
A, AND HATTORI

turnover number over the Ti ion (TONTi) is defined as

TONTi = (the amount of PO produced on Ti ions)/

(the amount of Ti ions). [2]

Thus, the TONTi will be 2.4. If all the PO is assumed to be
produced on Ti sites, then the TONTi will be 2.8. In any case,
the number is higher than 1, indicating that the photoepox-
idation of propene on TiOx/SiO2 proceeded catalytically.
This is the first time (33) that catalytic photooxidation of
propene to propene oxide by molecular oxygen has been
observed. TS-1 is known to be a catalyst for propene epox-
idation by H2O2, as mentioned above (1–6). It is assumed
that, upon addition of hydroperoxides to titanium, silicates
form titanium peroxo complexes as the intermediate (1).
The present photoepoxidation on TiOx/SiO2 might proceed
in the same way.

Dispersion and Photooxidation Activity of Class
C Metal Oxides on Silica

In this study NbOx/SiO2 exhibited lower PO selectivity
than that reported in the literature (13). The best con-
centration of Nb on silica for PO production is reported
to be 0.1 wt% (13), i.e., 0.04 mol%, which is much lower
than in the present study (1.5 mol%). It has been re-
ported that only highly dispersed monomeric tetrahedral
niobium oxide species, obtained through equilibrium ad-
sorption, provide the highest PO selectivity (13, 41). The
monomeric tetrahedral species exhibit an absorption band
below 300 nm in the UV–vis spectrum (13). NbOx/SiO2 ex-
hibited an absorption band below 350 nm (Fig. 3), indicating
that the Nb species in NbOx/SiO2 were not sufficiently dis-
persed. This explains why the present NbOx/SiO2 exhibited
low PO selectivity.

In the case of TiOx/SiO2 and ZnOx/SiO2, which exhib-
ited the highest performance for PO production in the
present study, the supported oxide species on the silica
surface showed UV–vis spectra very different from those
of the bulk oxides (Fig. 3). This indicates that the active
Ti and Zn species are well dispersed on silica. In addi-
tion, the lower loading sample, TiOx(0.1)/SiO2, was shown
by UV–vis spectra to be more highly dispersed than the
1.5 mol% sample and revealed a higher PO selectivity.
NbOx/SiO2, TiOx/SiO2, and ZnOx/SiO2, used as examples,
clearly demonstrate that the presence of highly dispersed
species on the silica surface is of great importance when
designing the best catalysts for PO production in the pho-
tooxidation of propene by molecular oxygen.

In the case of NbOx/SiO2, it is reported that, although
samples with highly dispersed species show high PO selec-
tivity, samples with species that are not as well dispersed ex-
hibit high AA selectivity (13). Some of the silica-supported

transition metal oxides in Class C also exhibited high AA
selectivity. Therefore, metal oxide species on these systems
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are probably not sufficiently dispersed and, thus, do not
show the best performance. We predict that some of these
catalysts can be further optimized to become Class A cata-
lysts.

Photooxidation Activity of Class D Samples

High selectivity for hydrocarbons was observed on
AlOx/SiO2 and GaOx/SiO2 (Class D) (Table 1). The study of
propene photoconversion in the absence of oxygen on ze-
olites (27) suggested that propene was polymerized by the
acid sites on the zeolite. In the present study, polymerization
may have occurred on the surface of these samples during
photooxidation, since incorporation of Al or Ga into the sil-
ica matrix is expected to produce acid sites on the surface.
We also observed high selectivity to aldehydes. The produc-
tion of PA will be discussed in the next section.

Possibility of Thermal Isomerization

Most of the products in the photooxidation were col-
lected through thermal desorption at 573 K in vacuo.
Although the results in Table 2 show that consecutive pho-
toreaction did not take place, thermal reactions might occur
during the thermal desorption process. It has been reported
that PO is isomerized to PA on acid sites or AC on ba-
sic sites at 533 K (42). PA was observed in the cases of
Mg, Y, La, Ti, Zr, Mo, W, Zn, Al, Ga, and Sn, the ox-
ides of which were mixed with silica and are reported to
possess acid sites (43). On the other hand, a high AC se-
lectivity of more than 30% was observed on RbOx/SiO2

and CsOx/SiO2 and may be due to their basic properties.
In this respect, several rare-earth metal samples, such as
ScOx/SiO2, YOx/SiO2, LaOx/SiO2, EuOx/SiO2, GdOx/SiO2,
and YbOx/SiO2, would have basic properties and sev-
eral samples, such as PrOx/SiO2, NdOx/SiO2, SmOx/SiO2,
TbOx/SiO2, DyOx/SiO2, and ErOx/SiO2, would have acid
properties. These random properties, which do not seem
to have any relation to the periodic table, are probably
due to the differences in the dispersion of the metal ox-
ide species on silica, as discussed above. In this category,
only a few samples (e.g., LaOx/SiO2) exhibited high PO se-
lectivity. Highly dispersed species with neutral properties
on silica might be suitable for PO production in the pho-
tooxidation of propene by molecular oxygen.

CONCLUSIONS

The following guidelines were established for designing
effective catalysts for PO synthesis in the photooxidation
of propene by molecular oxygen:

(1) TiOx/SiO2 and ZnOx/SiO2 (Class A) are the most ef-
fective systems for PO production from propene and molec-

ular oxygen upon photoirradiation. Photoepoxidation pro-
ceeds catalytically on TiOx/SiO2.
OPENE PHOTOEPOXIDATION 371

(2) Photoactivity of silica for PO production was im-
proved by adding elements with moderate electronegativity
(Class B). The moderate donation of electrons from these
elements modifies the photoactivity of silica.

(3) The presence of highly dispersed metal oxide species
on the silica surface is an important factor in PO production.
Acid–base properties might disturb PO production.
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