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Epoxidation of 1-octene with tert-butyl hydroperoxide catalyzed
by ZrO2/Aerosil-SiO2
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Oxidation of 1-octene was carried out with tert-butyl hydroperoxide at 343 K over ZrO2/Aerosil-SiO2. Loading of less than 10 mol% of
ZrO2 on ultrafine Aerosil-SiO2 gave exclusively 1,2-epoxyoctane. The pre-edge peak area of Zr K-edge XANES and g values of the ESR
signals of O−2 species on ZrO2/SiO2 discriminate structures of ZrO2. On the basis of these analyses it is concluded that the coordinatively
unsaturated zirconium oxide is responsible for the selective epoxidation of 1-octene with tert-butyl hydroperoxide.
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1. Introduction

There is a trend toward the use of heterogeneous catalysts
in the selective epoxidation of olefins. One is a group of mo-
lecular sieve catalysts containing redox metal ions incorpo-
rated in the framework [1]. Another is a group of supported
metals or metal oxides which are sophisticatedly prepared
to have a specific structure for activating oxidants such as
molecular oxygen or peroxides [2–7].

We have been exploiting active and selective olefin epox-
idation catalysts with tert-butyl hydroperoxide (abbreviated
as TBHP) as an oxidant [3–7]. From the previous results
we have speculated that early-transition metal oxides with
tetrahedral configuration loaded on high surface area sup-
ports are active and selective for the reaction. We briefly
reported that low-loaded ZrO2/SiO2 which was prepared by
a sol–gel method is effective for epoxidation of 1-octene [7].
The epoxide selectivity, however, was much inferior to that
by TiO2–SiO2 [3–5].

There is patent literature on the epoxidation of 1-octene
and cyclohexenes with TBHP over ZrO2/SiO2 [8], but no in-
formation on active species was cited. In the present work,
we found that low-loaded ZrO2 on the ultrafine Aerosil-SiO2
developed by Degussa-Huls, Corp. is an efficient catalyst for
the selective epoxidation of 1-octene with TBHP. On the ba-
sis of XAFS and ESR analyses we have clarified that coor-
dinatively unsaturated zirconium oxide is an active species.

2. Experimental

An aqueous solution of 70% tert-butyl hydroperoxide
(Gift from Nippon Oil & Fats Co.) was mixed with ben-
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zene and shaken. The oil layer was dried with anhydrous
MgSO4 (Wako Chemicals Co.) and stored over molecular
sieve 5A. 1-octene (Nacalai Tesque Co.) was used without
further purification.

Aerosil silica (Aerosil 300CF) which was manufactured
by thermolysis of SiCl4 in the presence of an O2–H2 mixture
at Nippon Aerosil Co. was used without further purifica-
tion. The ZrO2/SiO2 catalysts were prepared by impregnat-
ing the silica with an aqueous solution of zirconium oxyni-
trate. The suspension was evaporated with a rotary evapo-
rator, followed by drying overnight at 353 K and heating at
823 K in air for 3 h. The loading of ZrO2 is in the range of
1–20 mol%. Pure ZrO2 was prepared by hydrolysis of zir-
conium oxynitrate with ammonia. A 3 M aqueous solution
of ammonia was added to an aqueous solution of zirconium
oxynitrate until the pH was 11. The precipitate was filtered
and washed with water until the pH of the solution became
near neutral followed by drying overnight at 353 K and sub-
sequent heating in air at 823 K for 3 h.

The acid strength of ZrO2–SiO2 was measured in dry
benzene by using the following Hammett indicators: methyl
red (pKa = 4.8), p-dimethylaminoazobenzene (pKa = 3.3),
benzeneazodiphenylamine (pKa = 1.5), dicinnamalacetone
(pKa = −3.0), benzalacetophenone (pKa = −5.6) and an-
thraquinone (pKa = −8.2). The acid amount was estimated
by the titration with 0.01 M n-butylamine in benzene.

ZrO2/SiO2 powder was placed into a 3 × 12 × 20 mm
glass cell, heated in vacuo at 473 K for 1 h, and sealed.
XAFS spectra were measured at 297 K in a transmission
mode at the BL-10B beam line of the Photon Factory in the
Institute of Materials Structure Science, High Energy Ac-
celerator Research Organization (KEK-IMSS-PF). The inci-
dent beam (300–400 mA) was monochromatized using an
Si(311) channel cut crystal.
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1 ml of TBHP benzene solution was added to the
ZrO2/SiO2 powder (150 mg) in an N2 atmosphere and the
mixture was allowed to stand for 3 h, followed by evacua-
tion at room temperature. ESR measurements were carried
out at 293 K with a Jeol JES-TE300 ESR spectrometer.

1-octene (10 ml) and 0.2 g of ZrO2/SiO2 were added into
a three-necked 50 ml flask under an N2 atmosphere. To this
mixture 0.2 ml of benzene solution containing 50% TBHP
was added and the flask was maintained at 343 K for periods
up to 5 h. The conversion of TBHP was estimated by iodom-
etry. The yield of epoxide was calculated by the analysis
using the hydrochloric acid–pyridine method [9].

3. Results and discussion

3.1. Acidity

Silica or ZrO2 itself has very weak acidity. A small
amount of ZrO2 loading on Aerosil-SiO2 enhances acid
strength and increases acidity especially in the range of
−3.0 < H0 < +1.5 (table 1, figure 1). Dang et al. reported
that Lewis acid sites were generated on ZrO2/SiO2 on the ba-
sis of the NH3 and pyridine adsorption analysis [10]. They
concluded that newly formed Si–O–Zr bonds are responsible
for the Lewis acid sites.

The curve in figure 1 has a maximum at 2–5% of ZrO2.
We can assume that Si–O–Zr linkages should contribute to

Table 1
Acid strength of ZrO2/SiO2.

Zr Acid strengtha

(mol%) (H0)

1 +3.3 to +4.8
2 −8.2 to −5.6
5 −8.2 to −5.6

10 −8.2 to −5.6
20 −8.2 to −5.6

100 +4.8<

a Hammett acidity function.

Figure 1. Plot of acid (−3.0 < H0 < +1.5) amount vs. ZrO2 loading.

Lewis acididy which is correlated with both the abundance
of Si–O–Zr linkages around Zr and ZrO2 loading; high dis-
persion of ZrO2 at low content is favorable for the fac-
tor controlling the former. Then the balance between the
two factors leads to the maximum acidity in the range of
2–5% loading. The Lewis acidity correlates with the g1
value of adsorbed O−2 on ZrO2/SiO2 which will be described
later.

3.2. XANES spectra

XANES spectra of four standard Zr compounds are
shown in figure 2(a): Zr(OBut)4 (tetrahedral), ZrO2 (seven
coordinated), ZrSiO4 (eight coordinated, 4 × short Zr–O
bonds, 4 × long Zr–O bonds), Zr(acac)4 (acac = acetylace-
tonate, eight coordinated). The pre-edge peak is assigned
to a 1s-to-4d transition with p–d mixing [11,12]. The pre-
edge peak can discriminate tetrahedral Zr from higher co-
ordinated Zr species though the peak height of a tetrahedral
Zr compound is not as large as those of tetrahedral Ti com-
pounds [13].

Figure 2(b) shows XANES spectra of 1–10 mol% ZrO2/
SiO2 which were heated in vacuo at 493 K for 1 h prior to
measurements. The pre-edge peak diminishes and the shape
in the region of 18.00–18.04 keV changes with an increase
in ZrO2 content. The pre-edge peak area was estimated by
the deconvolution of a spectrum in a similar way to that de-
scribed earlier [14]. The area is the largest at 1 mol% ZrO2
and decreases gradually with the increase in ZrO2 content
(figure 3). When we assume that the pre-edge peak is in-
dicative of coordinatively unsaturated Zr species, ZrO2/SiO2
with less than 5 mol% ZrO2 has an abundance of it. With-
out heat-treatment the pre-edge peak areas of 1–20 mol%
ZrO2/SiO2 are lowered by a factor of 0.7–0.8; adsorption of
water on coordinatively unsaturated ZrO2/SiO2 diminishes
the pre-edge peak. Similar XANES changes were observed
for zirconia–silica xerogels [11].

Fourier transform spectra are shown for 1–10 mol%
ZrO2/SiO2 together with those of standard Zr compounds
(figure 4). Since they were not corrected for phase-shift, the
Zr–O and Zr–Zr distances should be longer than the peak
positions in the figure. Zr(OBut)4 has tetrahedral config-
uration with the shortest bond distance of 0.185 nm [15].
The Zr–O peak positions of seven and eight coordinated
compounds are almost the same for ZrO2 (0.203 nm × 3,
0.221 nm × 4), ZrSiO4 (0.213 nm × 4, 0.227 nm × 4) and
Zr(acac)4 (0.220 nm × 8).

ZrO2/SiO2 was evacuated at 473 K for 2 h prior to
XAFS measurement. The Zr–O peak distance of 1 mol%
ZrO2/SiO2 is slightly shorter than those of higher loaded
ZrO2/SiO2 and ZrO2 itself, but longer than that of Zr(OBut)4.
The second peak positions of ZrO2/SiO2, which are differ-
ent from that of authentic ZrO2, should be assigned to Zr–
O–Si [12]. Precise curve fitting could not be done because
of the noisy spectra. The heights of the first and the sec-
ond peaks slightly increase with the increase of Zr content,
which suggests the increased coordination number. Coor-
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Figure 2. XANES spectra of Zr K edge. (a) Standard zirconium
compounds: (A) ZrO2, (B) ZrSiO4, (C) Zr(acac)4 and (D) Zr(OBut)4;

(b) ZrO2/SiO2. The figure shows the amount of loading (mol%).

Figure 3. Plot of pre-edge peak area of Zr K edge vs. ZrO2 loading.

Figure 4. Fourier transforms. (a) Standard zirconium compounds: (A)
ZrO2, (B) ZrSiO4, (C) Zr(acac)4 and (D) Zr(OBut)4; (b) ZrO2/SiO2. The

figure is loading mol%.

dinatively unsaturated species of Zr is more abundant for
1 mol% ZrO2/SiO2 than for higher loaded ZrO2/SiO2.

3.3. ESR spectra

When TBHP in benzene solution was reacted with
ZrO2/SiO2 in an ESR tube under N2 for 3 h, followed by
evacuation at 293 K, anisotropic signals assigned to O−2 were
formed. The g1 values at the lowest magnetic field change
with the amount of ZrO2 loading (figure 5); the lower the
loading, the lower the g1 value. The situation is similar
to that of the pre-edge peak area of the XANES spectrum.
A possibility of O−2 production from TBHP and ZrO2 was
assumed by Giamello et al. [16]. Although the O−2 signal in-
tensity still remained on exposure of propylene at 293 K, it
decayed in the presence of 1-octene at 343 K with a half-life
of 2.8 min.

3.4. Epoxidation of 1-octene with TBHP

Epoxidation of 1-octene was carried out with TBHP at
343 K over ZrO2/SiO2 for 3 h (table 2). The epoxida-
tion selectivity is defined as the ratio of the amount of pro-
duced 1,2-epoxyoctane to that of the reacted TBHP. The
rate of epoxidation is rather faster than that over TiO2/SiO2
prepared by a rapid hydrolysis method [4]. Furthermore,
the selectivity of epoxide formation on ZrO2/SiO2 with
less than 10 mol% loading is as high as that over low-
loaded TiO2/SiO2. TBHP itself was slowly decomposed
at 343 K in the absence of 1-octene by ZrO2/SiO2. Since
Zr in low-loaded ZrO2/SiO2 takes a coordinatively unsatu-
rated configuration as described earlier, coordinatively un-
saturated Zr species is responsible for the selective epoxida-
tion. The epoxidation rate defined as the rate of production
of 1,2-epoxyoctane per 1 g of catalyst is plotted against Zr
content together with pre-edge peak area and g1 value on the
ordinate (figure 6). The parallelism among the epoxidation
rate, the pre-edge peak area of Zr K-edge XANES and the g1
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Figure 5. ESR spectra of O−2 generated from the reaction of TBHP with
ZrO2/SiO2.

Table 2
Oxidation of 1-octene with TBHP catalyzed by ZrO2/SiO2 (343 K, 3 h).

Zr TBHP conversion Epoxide selectivity
(mol%) (%) (%)

1 82.4 100
2 77.3 100
5 79.9 100

10 71.3 100
20 46.0 40.1
100 50.8 0

value of the O−2 ESR spectrum supports the conclusion that
the active species for epoxidation of 1-octene with TBHP is
coordainatively unsaturated ZrO2 dipersed on Aerosil-SiO2.

We carried out epoxidation of 1-octene with TBHP over
ZrO2/SiO2 prepared by a sol–gel method from Zr(OBun)4
and Si(OC2H5)4 [7]. The highest epoxide selectivity was
59% over 0.5 mol% ZrO2/SiO2. Few catalysts surpassed
the selectivity attained by ZrO2/Aerosil-SiO2. Compared
with the role of SiO2 (abbreviated as hydro-SiO2) prepared

Figure 6. Relationship between epoxidation rate, pre-edge peak area of
XANES of Zr K edge and ESR g1 value of O−2 signal.

by hydrolysis of Si(OC2H5)4, the crucial effect of Aerosil-
SiO2 has not been decisively determined. Low-loaded ZrO2
on hydro-SiO2 revealed that pre-edge peak areas assigned
to the coordinatively unsaturated configuration remained al-
most constant irrespective of loading up to 50 mol% [7].
Aerosil-SiO2 which was manufactured by thermolysis from
SiCl4 in a H2–O2 mixture at Nippon Aerosil Co. is an ul-
trafine and hydrophilic powder [17]. Its surface area is as
large as that of commercial SiO2 and rather smaller than
that of hydro-SiO2. As speculated earlier, coordinatively
unsaturated Zr species are responsible for epoxidation of
olefins with TBHP. Although we cannot estimate the ra-
tio of tetrahedral to octahedral species for ZrO2/SiO2 from
XAFS and ESR data, the former should be more active for
the reaction of TBHP since the conversion of TBHP over
1 mol% ZrO2/SiO2 is higher than that over higher loaded
ZrO2/SiO2.

This work reveals that supports prepared by different
methods provide different behavior in selective oxidation.
We are exploring why ZrO2/Aerosil-SiO2 is more selective
in epoxidation of 1-octene with TBHP than ZrO2–SiO2 com-
posite oxides prepared by a rapid sol–gel method [7].
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