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Epoxidation of propylene with molecular oxygen/methanol over a cat
system containing palladium and Ti-modified MCM-22 without hydro
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Abstract

The catalyst system consisting of Pd, Ti-modified MCM-22, and methanol was found to catalyze the epoxidation of propyle
molecular oxygen without hydrogen and PO was formed with a PO yield above 19.5% and 458 turnovers based on palladium. Th
performance of Pd is affected by the properties of Ti-modified MCM-22 such as BET surface area and the amount of NH3 adsorption. The
catalyst material consisting of palladium and Ti-modified MCM-22 can be recovered and used 3 times without reduction in the PO
is assumed that not only palladium but also peroxy intermediates derived from methanol/oxygen play an important role in the ox
propylene.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The oxidation of propylene to propylene oxide (PO) h
attracted much interest [1]. The benefits deriving from
availability, low cost, and absence of wastes make molec
oxygen a candidate as the oxidant for manufacture of b
chemicals. However, selectivity due to the severe condit
often required and the short lifetime due to polymerizat
of oxygenate products on the catalysts are common obst
to its wider use in the synthetic chemistry. In fact, in o
previous reports using Ti(SO4)2-modified zirconia [2] and
Ti-modified high silica zeolites (HSZ) [3], these problem
were encounted.

An alternative process is to utilize in situ generated o
dants derived from hydrogen, carbon monoxide, aldehy
hydrides, and other organic reductants [4]. Of these, the
of hydrogen/oxygen, in which in situ formation of hydrog
peroxide could be expected, is widely investigated, beca
only water is formed as a by-product [5]. Typical catal
systems are Pd (alone and with Pt) on TS-1 in the presen
hydrogen, and methanol/water are used as solvents [4,5
In general it has been concluded that methanol is neede
part of the solvent mixture to perform efficient epoxidatio
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since it behaves in the reaction as a cocatalyst by pro
ing the formation of the active species and taking part in
reaction mechanism [4]. Alternatively, Danciu et al. have
cently reported the use of CO2 solvent, but hydrogen wa
still employed as reductant [7].

Our goal is to confirm the effectiveness of metha
for activation of oxygen without hydrogen and to impro
the catalyst performance for PO formation. Mukaiya
et al. have reported the epoxidation of aliphatic olefins w
molecular oxygen and primary alcohols such asn-butanol
catalyzed by a Ni(II) complex in the presence of molecu
sieves 4A [8]. Kuti et al. have reported that photosensiti
oxidation of methanol in acetonitrile in the presence of
thraquinone produced formaldehyde, formic acid, hydro
peroxide and hydroxymethyl-hydroperoxide [9]. Schucha
and co-workers have reported that, when the catalyst
tem consisting of palladium acetate, heteropolyacid,
acetic acid was used in the presence of oxygen without
drogen, oxidative decomposition of acetic acid occurre
form fragmentation products such as CH3, CH2CO2H, and
formaldehyde [10]. The formation of peroxy radicals by o
idative degradation of organic materials has been repo
by El-Agamey and McGarvey [11]. However, little is know
about the participation of these methanol-derived peroxy
termediates for epoxidation of propylene without any ot
reductants such as hydrogen. Thus, we have investigate

http://www.elsevier.com/locate/jcat
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for
use of methanol as the sole solvent for epoxidation f
propylene and oxygen in the absence of water/hydroge
which a Pd/Ti-modified MCM-22 catalyst was used. We
amined the possibility of peroxy intermediates derived fr
methanol in the absence of hydrogen/water and whethe
modified MCM-22 compounds could be effective for t
reaction in methanol solvent.

2. Experimental

2.1. Catalyst

Zeolite MCM-22 as support was synthesized by a
ported procedure [12]. Sodium hydroxide (0.388 g) a
sodium aluminate (0.467 g) were dissolved in deionized
ter (30 g, Aldrich)). To this solution, silicic acid (5.84
and hexamethylene imine (2.97 g) were added, and th
sulting mixture was shaken for 30 min at room temperat
followed by heating at 318 K overnight. The mixture was
acted in 23-ml, Teflon-lined stainless-steel autoclaves u
a rotating procedure, which involved heating the autocla
at 423 K for 7 days in an oven designed to rotate the a
claves under prescribed rotating conditions such as 60
which is abbreviated as MCM-22(60) (3′). Products from
the syntheses were washed with deionized water. The
products were dried overnight in air at 373 K to obtain
as-synthesized products (6.11 g). “Calcined products” w
obtained by heating as-synthesized materials for 20 h i
at 811 K (4.61 g). Satisfactory XRD data were obtained
calcined samples, which were used for reaction without
treatment. Ti-modified MCM-22 containing 7.5 wt% Ti w
prepared by the impregnation method, where the calc
samples such as MCM-22 were evacuated at 673 K for
in order to eliminate a small amount of water and, then,
sample was impregnated by Ti(O–iPr)4 in i-PrOH, followed
by the addition of H2O (25 g) for precipitation of titanium
oxide, dried at 373 K for 10 h and finally calcined at 973
for 3 h. All chemicals were purchased from Soekawar
gaku Co. and Wako Pure Chemicals Co.

2.2. Characterization measurements

X-ray diffraction (XRD) patterns were recorded u
ing a Philips 1850 diffractometer with Cu radiation op
ated at 40 kV and 40 mA. NH3-temperature-programme
desorption (TPD) measurements of the supports and
modified supports were also carried out on a NH3-TPD
apparatus (Ohkura Riken, Model ATD700A) interfaced
a personal computer. TPD profiles were obtained under
uum conditions with the temperature varying from 373
873 K at 10 K/min in the TPD process. Samples were
gassed at 773 K for 1 h under vacuum conditions be
measurement. BET measurements were performed by u
a Shimazu Gemini 2375.
-

,

t

g

2.3. Reactions

All reactions were carried out in an 50-ml autoclave
which 0.25 g of support and 0.0106 g of Pd(OAc)2 (Pd
0.005 g (0.047 mmol)) were introduced with 10 ml MeO
as solvent and stirred with a magnetic stirrer. The vessel
pressurized with propylene (C3′) (0.8 MPa), O2 (0.4 Mpa),
and Ar (0.8 Mpa) and the epoxidation reaction was c
ducted at 373 K. After reaction, gaseous and liquid pha
were independently subjected to gas chromatographic a
ses.

2.4. Product analyses

Hydrocarbons and oxygenated compounds were dete
by TCD and FID gas chromatography, the former with Po
pack Q (2 m) at 473 K, the latter with an HR-20M capilla
column (i.d. 0.25 mm, 30 m, 0.25 µm) at 323–473 K. D
xane was used as an internal standard. Products in th
phase were analyzed by another TCD equipped with a
rapak Q column (3 m) and molecular sieve 5A colu
(3 m) kept at 383 K. The products were propylene
ide, propionaldehyde (PA), propylene glycol monomet
ether (PEGM), C1–C8 hydrocarbons (HC), and CO, and CO2
(COx ) and small amounts of other oxygenates (acetalde
(AA), acetone (AC)) were also detected. The conversion
the selectivity were estimated on the basis of the num
of carbon atoms in compounds: conversion (%) given
102(

∑
αiPi)/(3Cu

3 + ∑
αiPi); selectivity (%) for a prod-

uct i given by 102(αiPi)/
∑

αiPi . The yield (%) is 10−2

(conversion× selectivity). The factorsCu
3 , Pi , andαi are

the propylene amount remaining after the reaction, the
tial pressure, and the number of carbon in a producti. Space
time yields (STY) were calculated as millimole of PO p
gram of catalyst per hour.

3. Results and discussion

The X-ray diffraction patterns of various samples bef
and after Ti modification are shown in Fig. 1. Each sam
before Ti modification ((1′)–(5′)) exhibits a reflection cor
responding to thed spacings for MCM-22 structure, whic
for example, shows (200) and (201) planes at 14–15◦ and
a (310) plane at ca. 26◦ [12,13]. On the contrary, each samp
after Ti modification ((1)–(5)) exhibits weak (310) planes
but mostly amorphous.

For (1′)–(5′) samples, these three spacing values, e
mated by XRD, are shown in Table 1. The threed spac-
ings of (3′), prepared under rotating conditions of 60 rp
are 0.616, 0.599, and 0.343 nm, in accordance with 0.
0.600, and 0.342 nm for MCM-22 previously reported [1
The threed values of (1′) and (2′) are close to those of (3′).
However, thed spacing values, in particulard201 andd310,
of (4′) and (5′) are a little different from those of (3′). The
intensity of reflection corresponding to the (200) plane
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Fig. 1. X-ray diffraction patterns of Ti-unmodified and modified MCM-
after calcinations. Calcination conditions: see Section 2. Nos. (1)–(5) and
(1′)–(5′): see Table 1.

each sample is in the order of(1′) > (2′) > (5′) > (3′) >

(4′) and to the (201) plane is(5′) > (4′) > (1′) > (2′) = (3′)
and also to the (310) plane is(2′) > (1′) > (5′) > (4′) >

(3′). Thus, fine structures of MCM-22 seem to be depend
on the rotating rates. Under our synthesis conditions, w
synthesis mixtures with Si/Al2 = 30 and Na/Si = 0.18 were
used, MCM-49 could not be formed, because (1) mixt
compositions are different (typical mixtures are Si/Al2 =
15–20 and Na/Si = 0.3) [12] and (2) a distinct (004) plan
typical for MCM-49 [13], was not detected for our sample

Their BET surface areas were between 170 and 300 m2 g−1

as shown in Table 1. After Ti modification, however, t
XRD data obtained from Ti-modified MCM-22 exhibite
approximately amorphous patterns, as described in Fig
and their BET surface areas were markedly decrease
shown in Table 1, (1)–(5). The degree of decrease was fou
to be dependent on the rotating rates in MCM-22 synthe
and the order of decrease in the area was in good ag
ment with the amounts of NH3 adsorption. It seems likel
that these differences come from pore volume and N3

adsorption sites inside the pore. In fact, the pore volu
of (5) was 1.6 times larger than that of (1), as estimated
by the Dolimore–Heal method. The catalyst system con
ing of Pd metal powder commercially available, additiv
((1)–(5)), and methanol was active for the propylene ep
idation with O2 and the conversion was found to increa
with an increase in rotating rate from 30 to 100 rpm,
shown in Table 1. The PO selectivity was kept constan
ca. 60% from 30 rpm (1) to 70 rpm (4) and dropped to 53%
at 100 rpm (5). These findings are consistent with a previo
report that rotating conditions in MCM-22 synthesis res
in a slightly broader crystallization field than static con
tions [12] and the effect of Ti/MCM-22 as additive could
associated with NH3 adsorption sites inside the pore.

The catalyst performance at 373 K is summarized in
ble 2, where Pd(OAc)2 was used instead of Pd powder. N
product was formed in the absence of both Pd(OAc)2 and
(3) (Run 1). Also, in the presence of (3) alone, no produc
was detected (Run 2), whereas in the presence of Pd(O2
alone, the reaction occurred and PO was formed, but
and AA were major products with hydrocarbons (Run
In the presence of both Pd(OAc)2 and (3), the catalyst per
formance was found to be dramatically improved and
was formed with selectivity of 49.9% and a yield of 15.2
(Run 4). Major by-products were hydrocarbons (HC) w
small amounts of other oxygenates. As shown in Fig. 2,
propylene conversion increased with an increase in add
(3) and leveled off above 25 g L−1, while the PO selectiv
ity monotonously increased from 8.3 to 53.4% and it leve
off at 50 g L−1. Thus, the addition of3 was found to be ef
Table 1
Properties and reaction results of MCM-22-like compounds before and after Ti-modification

Additive BET surface area d200 d201 d310 NH3 ads.b C3′ conv. PO sel.
(m2 g−1) (nm) (nm) (nm) (µmol) (gadd) (%)c (%)

(1) (30)a 5.93 − 5.00 7.44 60.0
(1′) (30) 169 0.616 0.599 0.342 − − −
(2) (50) 11.3 − 11.3 8.01 60.01
(2′) (50) 295 0.613 0.599 0.342 − − −
(3) (60) 17.1 − 17.1 8.41 61.7
(3′) (60) 255 0.616 0.599 0.343 − − −
(4) (70) 24.5 − 23.7 10.9 65.8
(4′) (70) 291 0.616 0.599 0.334 − − −
(5) (100) 45.4 53.0 25.0 52.4
(5′) (100) 258 0.616 0.603 0.339 − − −

a Additive (1)–(5), 7.5 wt% Ti/MCM-22, (1′)–(5′), MCM-22. The number in parentheses stand for the rotating rate (rpm) during synthesis.
b The amounts of NH3 adsorption were estimated by NH3-TPD method.
c Conditions: 373 K for 3 h, catalyst, Pd metal powder (0.5 g L−1); additive, (1)–(5) (25 g L−1); solvent, MeOH 10 ml; gas composition, C3′/O2/Ar =

2/2/1 (total 2 MPa).
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Table 2
Epoxidation of propylene with molecular oxygen catalyzed by Pd/additive (3) system at 373 Ka

Run Catalyst/additive C3′ conv. STYg Selectivity (%)h

(%) PO PA AA PM COx HC

1 –/– 0 0 (0) 0 0 0 0 0 0
2 –/(3) 0 0 (0) 0 0 0 0 0 0
3 Pd(OAc)2/– 12.6 8.05 (17.5) 8.27 39.0 20.5i 0 0.67 21.1
4 Pd(OAc)2/(3) 30.4 4.77 (294) 49.9 7.90 0.97 2.16 1.15 37.9
5b Pd(OAc)2/(3′) 22.4 3.86 (209) 54.7 20.8 0 3.72 1.78 19.0
6c Pd metal/(3) 12.1 3.05 (25.4) 80.3 3.66 0 4.65 3.37 8.05
7d 5% Pd on (3) 40.1 6.40 (458) 48.7 5.25 0 1.10 2.65 42.3
8 [Pt(NH3)4](NO3)2/(3) 0.0 0 (0) 0 0 0 0 0 0
9 HAuCl4/(3) 0.0 0 (0) 0 0 0 0 0 0

10 Rh(NO3)3/(3) 12.5 0.081 (4.9) 2.10 69.7 3.08 0 0.22 24.9
11 [Ru(NO3)3(NO)]/(3) 3.27 0.00672 (2.16) 6.71 63.4 9.39 0 1.68 18.8
12e Pd(OAc)2/(3) 3.63 0.00845 (3.04) 7.42 88.1 0 0 4.44 0
13f Pd(OAc)2/phen 47.5 0 (0) 0 64.0 7.16 0.84 0.57 27.4

a Reaction conditions: catalyst, Pd(OAc)2 (0.0472 mmol; Pd 0.5 g L−1); additive, (3) (0.25 g, 25 g L−1); solvent, MeOH 10 ml; gas composition
propylene/O2/Ar = 2/1/2, total pressure 2 MPa; reaction time, 2 h.

b MCM-22 alone without Ti-modification (3′) was used instead of (3).
c Reaction time, 15 h.
d The 5% Pd on (3) catalyst was prepared by impregnation of Pd(NH3)2(NO2)2 with (3), followed by dryness at 373 K and subsequent calcination

973 K for 3 h. The hydrogenation of obtained catalyst was carried out at 773 K for 3 h prior to use.
e CH3CN(10 ml) was used as solvent.
f Pd(OAc)2/1,10-phenanthroline (Pd/phen= 1/10 molar ratio) was used as catalyst.
g mmolPOg−1

cat h−1. The values in parentheses stand for the STY based on mmolPOg−1
Pd h−1.

h Calculations of C3′ conversion and selectivity; see Section 2.
i Acetone (2.45%) and ethanol (8.19%) were also detected.
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fective for raising PO yield. When MCM-22 (3′) without
Ti was used instead of (3), propylene conversion was d
creased from 30.4 to 22.4%, but PO selectivity was slig
increased (Run 5). The use of metallic Pd power, whic
commercially available, resulted in a high PO selectivity
80.3% (Run 6), while propylene conversion was lower t
that of Pd(OAc)2. The 5% Pd supported on (3) catalyst was
more active than the Pd(OAc)2/(3) system, but the PO sele
tivity was not improved. The PO yield was 19.5% (Run
which is 458 turnovers based on Pd, although the STY v
is approximately close to those so far reported for the ep
idation of propylene with O2 alone [14]. The use of othe
metals instead of Pd resulted in a decrease in the activity
products were detected in Pt (Run 8) and Au (Run 9) c
lysts. Rh (Run 10) and Ru (Run 11) catalysts were active
the reaction, but propylene conversion was not high and
selectivity was extremely low, while PA was a major pro
uct. When CH3CN was used instead of MeOH, the activ
was markedly decreased (Run 12).

The use of 1,10-phenanthroline as additive instead o3)
[15] led to high propylene conversion and high PA sel
tivity, but no PO formation (Run 13). Thus, catalyst deriv
from Pd and (3) was effective for propylene epoxidation wi
O2/methanol, even at temperatures as low as 373 K.

The mechanism of oxidation of propene over Pd
modified MCM-22 catalysts is not clear. However, it is like
that peroxy intermediates derived from methanol/oxy
[9] play an important role in the reaction of propyle
Fig. 2. Effect of concentration of additive (3) on the activity of propylene
oxidation with molecular oxygen catalyzed by Pd at 373 K for 2 h. Cata
precursor, Pd(OAc)2 (Pd:0.5 g L−1); additive, (3); solvent, MeOH 10 ml;
gas composition, C3′/O2/Ar = 2/1/2 (total 2 MPa). C, conversion.

with oxygen. A postulated scheme is illustrated in Fig
A peroxide-like species might be formed by collaborat
among Pd, Ti, and Al acid sites when oxygen molecules
absorbed on the MCM-22 surface. The Pd–oxygen spe
possibly exists as in the Pd(OAc)2/O2/DMSO system [16].
Then, methanol undergoes oxidation with the peroxide-
species to form hydroxymethylhydroperoxide,which was
lowed to react with propylene coordinated to titanium
give propylene oxide with formaldehyde and H2O. In fact,
a small amount of formaldehyde was detected by GC an
sis. The use of CH3CN instead of methanol resulted in
decrease in the propylene conversion and PO selectivity
ble 2, run 12). The catalyst performances is improved
the addition of Ti-modified MCM-22, the effect of whic
could arise from the surface acid sites for NH3 adsorption,
as described above. For comparison, when other add
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Fig. 3. A postulated scheme.

modified by 7.5 wt% Ti were tested at 373 K in the pre
ence of metallic Pd catalyst, the order of PO yield was
follows: MCM-22 > Al2O3 > SiO2 > none> HSZ(1900)
> HSZ(68) > HSZ(190), where high silica zeolite is a
breviated as HSZ and the number in parentheses st
for Si/Al2 ratio. Schuchardt and co-workers have repor
that oxidative decomposition of acetic acid occurred
form fragmentation products such as CH3, CH2CO2H, and
formaldehyde, when the catalyst system consisting of pa
dium acetate, heteropolyacid, and acetic acid was used i
presence of oxygen and H2O without hydrogen [10]. Thes
results as well as previous reports are consistent with
scheme shown in Fig. 3, which is a little different from p
vious schemes containing methanol, oxygen, and hydro
in which in situ generation of H2O2 over Pd sites could b
assumed from hydrogen and oxygen, as already note
Clerici et al. [4] and Holderich and co-workers and Har
and Date [5].

Of our catalyst components, the major species active
the reaction is likely metallic Pd, being consistent with
results of XRD observations, where the used sample
hibits weak (311), (331), and (420) planes of metallic Pd
fact, no reaction occurred on (3) alone without Pd (Table 2
Run 2). Also, the use of metallic Pd instead of Pd(OAc)2 re-
sulted in PO formation with high selectivity (Table 2, Run
Catalyst solution obtained after reaction in Run 4 (Table
was not homogeneous and turbid.

When the used catalyst was separated by filtration
subjected to a further two runs by adding methanol un
the same conditions, the PO yields were almost the s
as those in the first run, as shown in Fig. 4. These find
would be useful for establishing an industrial epoxidat
process. The solution obtained from a Pd(OAc)2/1,10-phe-
nanthroline (phen) system was homogeneous, but the sy
gave no PO formation (Table 2, Run 13). Taking all th
data into account, it can be presumed that heterogeneo
s

,

d

Fig. 4. Effect of catalyst reuse on the catalyst performances. Conditions
Fig. 1. At the second and the third run, another MeOH (10 ml) was ad
after filtration, followed by repressurization. C, conversion. C,; Sel., .

species such as metal would play an important role in
reaction.

In conclusion, systems consisting of Pd, Ti-modifi
MCM-22, and methanol were found to catalyze the epox
tion of propylene with molecular oxygen without hydrog
and PO was formed with a PO yield of above 19.5% a
458 turnovers based on palladium. In the absence of
drogen, methanol could act not only as solvent but als
origin of peroxy intermediates, which would play an im
portant role in Pd-catalyzed propylene oxidation. That
catalyst performance of Pd is affected by the properties o
modified MCM-22 such as BET surface area and the am
of NH3 adsorption is consistent with the presence of p
oxy intermediates. Palladium and Ti-modified MCM-22 c
be recovered and used 3 times without reduction in the
yield. These findings would be useful for establishing an
dustrial epoxidation process. Detailed investigations on
reaction mechanism containing methanol-derived peroxy
termediates are in progress.
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