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Abstract

We compared the efficacies of urea + hydrogen peroxide (U+HP) and hydrogen peroxide (HP) as an oxidizing agent in the epoxidation of
propylene catalyzed by a titanium silicate-1 (TS-1) molecular sieve. The TS-1 catalyst exhibited good performance and stability in the TS-1/
(U+HP) system. EPR results showed that more active Ti-superoxo species led to better performance of TS-1 in the TS-1/(U+HP) system than in
the TS-1/HP system.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Propylene oxide (PO) is an important industrial chemical;
based on volume of production, it is among the top 50 chem-
icals produced worldwide [1]. PO is used to produce a wide
range of commercial and industrial products, including poly-
ether polyols, propylene glycols, propylene glycol ethers, flame
retardants, modified carbohydrates (starches), synthetic lubri-
cants, and oilfield drilling chemicals. Current routes for man-
ufacturing PO include the chlorohydrin process and the Hal-
con process. Both of these processes have disadvantages [2];
the chlorohydrin process produces environmentally unfriendly
chlorinated byproducts, whereas the Halcon process produces
large amounts of side product (t -butyl alcohol or styrene).
There is an urgent need to create a novel, clean process for
producing PO to replace the current industrial processes. Al-
though much recent research has been focused on the direct
epoxidation of propylene by molecular oxygen [3–8], direct
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epoxidation routes cannot yet be commercialized because the
current available catalysts are not sufficiently active, stable, or
selective.

This environmentally benign hydroperoxide process uses ti-
tanium silicalite-1 (TS-1) as the catalyst. High yields of PO
can be obtained over TS-1 using H2O2 (HP) as an oxidant
and CH3OH as a solvent during the epoxidation of propy-
lene [9–14]. This innovative process technology has several
advantages over conventional routes, being more economi-
cal, environmentally friendly and flexible in terms of locating
new plants. Furthermore, a worldwide hydrogen peroxide-to-
propylene oxide (HPPO) process based on TS-1 is scheduled
for commercialization [15]. But the epoxidation of propylene
produces wastewater containing at least 2–4% monomethyl
ethers. Monomethyl ethers and water can form azeotropic mix-
tures. An important problem in the industrial process is that the
separation of azeotropic mixture is impossible by ordinary dis-
tillation; usually benzene is added into azeotropic mixture to
allow its separation into pure components [16,17]. Benzene is
a poisonous chemical that may cause environmental problems.
Based on “green” chemical principles, the use of additional
solvents should be avoided to the greatest extent possible in
chemical processes [18]; on the other hand, large investments
and high energy costs are inevitable.
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In an attempt to circumvent this problem, urea–hydrogen
peroxide adduct (UHP), which slowly releases anhydrous H2O2
into solution [19], has been successfully used in the epoxida-
tion of substituted allylic alcohols [20] and styrene [21,22],
with TS-1 as a redox catalyst, with excellent epoxide yields
produced. The addition of urea has a significant effect on the
epoxide. This has motivated us to carry out the epoxidation of
propylene by adding urea to the reaction system.

This paper reports our study on the epoxidation of propylene
using TS-1 as the solid redox catalyst, and HP and U+HP (urea
and aqueous H2O2) as the oxidizing agents. It also describes
different structural properties of the TS-1/U+HP system and
reports on a comparison between that system and the TS-1/HP
system done using EPR spectroscopy.

2. Experimental

TS-1 was hydrothermally synthesized as described previ-
ously [23]. In a typical preparation, 50 g of colloidal silica
(30 wt%) was added to 33 g of distilled water under vigorous
stirring for 0.5 h. This was followed by dropwise addition of
0.95 g of titanium tetrachloride dissolved in 3.65 g of dry iso-
propanol under vigorous stirring. The solution was stirred for
1 h. Then 10 g of TPABr, 16.7 g of ethylamine, and 1.5 g of
seeds were added very slowly under vigorous stirring, which
continued for 0.5 h. This was followed by the addition of 33.5 g
of distilled water under vigorous stirring. The final solution was
stirred for 0.5 h. The reaction mixture gave a mole composition
of 1.00 Si:0.02 Ti:0.15 TPABr:0.96 C2H5N:24.00 H2O.

The crystallization of the sample was carried out in a
stainless-steel autoclave at 170 ◦C for 40 h. After crystalliza-
tion, the solid product was washed with deionized water, dried
at 120 ◦C for 4 h, and calcined at 540 ◦C in air for 5 h. The mole
ratio of Si/Ti determined by XRF analysis was 45.7 in the solid
final TS-1 catalyst. DR UV-Vis analysis demonstrated that this
TS-1 had fewer external framework Ti sites attributed to TiO2
nanoparticles. Scanning electron microscopy of TS-1 revealed
a particle size of about 1 µm.

The catalysts were characterized by electron paramagnetic
resonance (EPR) spectroscopy. The EPR spectra of the samples
were recorded on a JES-FEIXG EPR spectrometer operating at
X-band frequency and 100 kHz field modulation. EPR spectra
of 77 K were observed using a liquid Nitrogen Dewar. The sig-
nals of g3 and g4 of Mn2+ in MnO powder were used as the
standard sample.

The epoxidation of propylene in autoclave was carried out in
a stainless steel reactor that was immersed in a bath controlled
at the required temperature. In a typical run, 0.4 g of calcined
catalyst, 2.0 g of 30 wt% H2O2, 32 ml of distilled water, and
1.06 g of urea were fed into the reactor, then propylene was
charged at constant pressure (0.4 MPa). The epoxidation reac-
tion was conducted at 60 ◦C under stirring. After completion
of the reaction, the residual H2O2 was checked by iodometric
titration, and products of the reaction were analyzed on a 1102
gas chromatograph with a flame ionization detector and a capil-
lary column (30 m × 0.25 mm, polyethylene glycol 20 M). PO
was the main product; propylene glycol (PG) was the byprod-
Table 1
Effect of different oxidants on propylene epoxidation over TS-1a

Run Oxidant TOF
(h−1)e

XH2O2
(%)

SPO
(%)

SPG
(%)

UH2O2
(%)

1 HPb 42.0 56.0 83.5 16.5 54.1
2 U+HP 86.6 63.2 98.1 1.9 98.9
3 U+HP (0.5:1)c 58.0 59.7 90.4 9.6 70.1
4 U+HP (2:1) 60.1 71.1 96.6 3.4 61.0
5 U+HP (3:1) 56.1 73.3 97.5 2.5 55.2
6 U+HP (5:1) 44.2 90.4 97.2 2.8 35.3
7 U+HP (0.35)d 57.1 80.5 98.5 1.5 98.0
8 U+HP (0.18) 31.2 86.9 96.6 3.5 96.4
9 U+HP (0.10) 17.8 90.0 95.5 4.5 95.7
10 U+HP (0.08) 14.6 90.6 96.4 3.6 97.5

a Reaction conditions: reaction temperature, 60 ◦C; propylene pressure,
0.4 MPa; catalyst concentration, 11.9 g/l; reaction time, 60 min.

b HP, Hydrogen peroxide (30 wt%); U+HP = urea and hydrogen perox-
ide mixture (1:1, mole ratio); the H2O2 concentration in reaction mixture,
0.67 mol/l.

c The number in parentheses is molar ratio of urea to H2O2.
d The number in parentheses is the H2O2 concentration in reaction mixture

(mol/l).
e Turnover frequency (TOF) = moles of H2O2 converted for producing pro-

pylene oxide + byproduct per mole of Ti per hour.

uct. The result of the reaction was given using the following
criteria:

XH2O2 = n0
H2O2

− nH2O2

n0
H2O2

, UH2O2 = nPO + nPG

n0
H2O2

XH2O2

,

SPO = nPO

nPO + nPG
, SPG = nPG

nPO + nPG
.

The experimental errors of the H2O2 conversion and PO selec-
tivity were within 1 and 2%, respectively.

3. Results and discussion

The effect of different sources of oxidizing agent (H2O2)
on the performance of TS-1 is characterized in Table 1. It can
be seen that the H2O2 conversion, PO selectivity, and H2O2
utilization were very low in TS-1/HP system (run 1). For the
TS-1/(U+HP) system (run 2), in which urea and aqueous hy-
drogen peroxide solution were added, all of these values were
increased, especially the H2O2 utilization, which grew from
54.1 to 98.9%. Urea may act as a buffer for the TS-1/(U+HP)
system, which can release H2O2 in a controlled manner [21,22]
and make most of the H2O2 form active Ti species.

Because the addition of urea was found to have a signifi-
cant effect on PO selectivity and H2O2 utilization, we further
investigated the effect of the urea/HP molar ratio. The H2O2
conversion, PO selectivity, and H2O2 utilization showed differ-
ing tendencies to change with increasing amounts of urea (runs
2–6). The H2O2 conversion increased steadily with increasing
molar ratio of urea to H2O2. The PO selectivity increased from
90.4 to 98.1% as the molar ratio of urea to H2O2 increased
from 0.5 to 1 (runs 2 and 3), and then remained stable on fur-
ther increases (runs 4–6). The H2O2 utilization first increased
as the urea/H2O2 molar ratio went from 0.5 to 1 (runs 2 and 3),
reached a maximum level at a molar ratio of 1 (run 2), and then
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Fig. 1. EPR spectra of TS-1 + urea + aqueous H2O2 (A) and TS-1 + aqueous
H2O2 (B). (The signal of g3 (1.9807) and g4 (2.0304) were one of Mn2+ in
MnO powder.)

decreased with further increases (runs 4–6). The proper amount
of urea, which can facilitate the formation of active Ti species,
can make most of the H2O2 react with propylene and prevent
further PO hydrolysis. But excessive urea addition will cause
the decomposition of H2O2.

We also found that in the TS-1/(U+HP) system, the concen-
tration of H2O2 had a significant effect on H2O2 conversion
(runs 2, 7–10). A decrease in H2O2 concentration led to an
increase in H2O2 conversion (runs 2, 7–9) before the concen-
tration of H2O2 reached 0.10 mol/l. H2O2 conversion remained
stable with further decreases in H2O2 concentration (run 10).
At H2O2 concentration of 0.10 mol/l, the H2O2 conversion
was 90.0%, PO selectivity was 95.5%, and H2O2 utilization
was 95.7%. As expected, with high H2O2 concentrations in
the TS-1/(U+HP) system, the concentration of Ti–superoxo
complex was low, and thus propylene epoxidation was slow.
With a decreasing H2O2 concentration, the concentration of
Ti–superoxo complex increased, facilitating the formation of
desired PO inside the zeolitic pore.

EPR spectroscopy was used to characterize the interaction
between TS-1 and HP. Fig. 1 shows the different Ti–superoxo
complexes appearing in the EPR spectra. The g values of the
two curves are in good agreement with those reported previ-
ously for the superoxide radical ion stabilized on Ti(IV) cen-
Table 2
Repeated tests of TS-1 catalyst in the system of TS-1/(U+HP)a

Run XH2O2
(%)

SPO
(%)

SPG
(%)

UH2O2
(%)

1 90.0 95.5 4.5 95.7
2 89.8 95.3 4.7 96.9
3 90.3 95.1 4.9 95.3
4 89.1 95.2 4.8 95.5
5 90.6 95.9 4.1 96.4

a Reaction conditions: reaction temperature, 60 ◦C; propylene pressure,
0.4 MPa; catalyst concentration, 11.9 g/l; reaction time, 60 min; the H2O2 con-
centration in reaction mixture, 0.10 mol/l; CO(NH2)2: H2O2 (molar ratios) =
1:1.

ters of TS-1 interacting with HP or U+HP [21,22]. The Ti–
superoxo species in the TS-1/(U+HP) system differ from those
in the TS-1/HP system. The presence of three different Ti–
superoxo species (a, b, and c) in curve A indicates the existence
of different Ti4+ sites in the original TS-1 [24] and/or gener-
ated during reactions with HP and urea [21,22]. Free superoxo
radicals weakly attached to lattice silicon represent species “d.”
In curve B, the dominant Ti–superoxo species is “a,” indicat-
ing that other coordination sites of Ti are occupied by water.
But water molecules cannot fill vacant coordination sites of Ti
in the case of curve A.

It is generally accepted that the active Ti species are re-
sponsible for the epoxidation of propylene when H2O2 is used
as an oxidant. The catalytic performance of TS-1 is strongly
dependent on the number of Ti–superoxo species. The active
Ti–superoxo species b [25], which has pentacoordination, is
not accessible to water molecules. The TS-1/(U+HP) system
contains more active Ti species b than the TS-1/HP system,
because some Ti sites are occupied by water in the TS-1/HP
system. Consequently, TS-1 exhibits higher activity in the TS-
1/(U+HP) system. Because most of the H2O2 can form Ti–
superoxo species b through the interaction between TS-1 and
HP, H2O2 utilization is very high in the TS-1/(U+HP) system.
Less H2O2 can form Ti–superoxo species b in the TS-1/HP sys-
tem; much of the H2O2 that cannot form Ti–superoxo species
b decomposes during the reaction. Consequently, H2O2 utiliza-
tion is very low in the TS-1/HP system.

Five cycles of the same process were conducted to evaluate
the stability of the TS-1 catalyst (Table 2). The findings indicate
that catalyst can be reused up to 5 times with little degradation
in its performance in propylene epoxidation. Taken together,
our findings indicate that the good TS-1 performance and sim-
ple chemical process make the TS-1/(U+HP) system suitable
for use in the industrial manufacture of PO.

4. Conclusion

A significant improvement in the performance of TS-1 was
achieved when urea and HP were used as oxidant in the epox-
idation of propylene, compared with the traditional use of HP
only. Under optimal conditions, H2O2 conversion was 90.0%,
PO selectivity was 95.5%, and H2O2 utilization was 95.7% in
the TS-1/(U+HP) system. The TS-1 catalyst can be reused up
to 5 times without reduction. EPR results showed that the more
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active Ti–superoxo species in the TS-1/(U+HP) system led to
better TS-1 performance compared with that seen in the TS-1/
HP system.
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