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Abstract

A halogen-free K™ -modified CuO,/SBA-15 exhibits significantly better catalytic performance than other Cu-based catalysts reported so far
for the epoxidation of propylene by molecular oxygen. Moderate selectivity (ca. 15-50%) to propylene oxide (PO) can be sustained as propylene
conversion increases from ca. 1 to 12%, and a PO formation rate of 2.1 mmol gf1 h~! has been obtained over this catalyst. The current catalyst
does not require prereduction, and the PO selectivity can be kept at a high O, partial pressure or a highly O,-rich atmosphere.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The gas-phase epoxidation of propylene to propylene ox-
ide (PO) remains one of the most challenging chemical reac-
tions, even though the epoxidation of ethylene by O, over the
Ag/a-Al,O3-based catalyst has been commercialized for sev-
eral decades. The main difficulty arises from the higher reac-
tivity of the allylic C—H bonds in propylene. Although a few
studies have reported other catalysts, including Ti-containing
molecular sieves [1,2], most research efforts have focused on
the epoxidation of propylene by O, over Ag-based catalysts,
and it is now clear that with Ag-based catalysts, heavy modi-
fications, particularly with chlorides and/or in the presence of
gas-phase modifiers, such as organic chlorides, are generally
required to obtain moderate PO selectivity [3—5]. Without the
presence of halide additives, PO selectivity is very low over the
Ag-based catalysts [4,5]. On the other hand, through a series
of surface chemistry studies on Ag and Cu single-crystal sur-
faces under ultrahigh vacuum conditions, Lambert and cowork-
ers [6-8] have shown convincingly that Cu surfaces are more
selective than Ag surfaces for the epoxidation of higher alkenes,
such as styrene and methylstyrene. It is reported that when al-
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lylic hydrogen atoms exist in the alkene molecules, epoxidation
can still occur on Cu(111) surfaces, whereas the combustion
of alkenes occurs mainly on Ag surfaces [6]. Thus, Cu-based
catalysts may be promising for propylene epoxidation by O,.
However, it should be noted that there also exists a study point-
ing out that Cu may not function as an epoxidation catalyst
requiring turnover numbers larger than 1, because the metallic
Cu [i.e., Cu(0)], which is considered the active site for epoxi-
dation, may be readily oxidized to the copper oxide under the
reaction conditions [9].

Actually, only very few studies to date have reported the
epoxidation of propylene by O, with Cu-based materials as true
catalysts. Li and coworkers reported a PO selectivity of 43%
at 0.19% C3Hg conversion over a NaCl-modified VCe;_,Cuy,
oxide catalyst, with a maximum PO formation rate over this
catalyst of 0.165 mmol g_l h~! [10]. NaCl-modified Cu/SiO,
showed a PO selectivity of 44% at 0.16% C3Hg conversion
and a maximum PO formation rate of 0.187 mmolg~'h~!
(turnover frequency [TOF], ca. 0.12 h~1) [11]. Lambert and
coworkers [12] recently showed that Cu/SiO; prepared by a mi-
croemulsion technique without alkali chloride additives could
also catalyze the PO formation; they obtained a PO selectiv-
ity of 53% at 0.25% C3Hg conversion and a PO formation
rate of 0.014 mmol g’1 h~! (TOF, ca. 0.09 h—!) under their re-
action conditions. Over these catalysts, the increase in C3Hg
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conversion to >1% would cause a remarkable decrease in PO
selectivity to <5%. Thus, although these studies are of inter-
est, the reported catalysts exhibit high PO selectivity (40-50%)
only at very low C3Hg conversion (<0.3%).

Here we report a halogen-free K*-modified CuO,/SBA-15
catalyst, which can catalyze the epoxidation of propylene by Oy
much more efficiently. Compared with the Cu-based catalysts
reported to date, this catalyst exhibits very unique behavior,
allowing reasonably high PO selectivity (15-50%) at signifi-
cantly higher C3Hg conversion (1.0-12%).

2. Experimental

SBA-15, a typical mesoporous silica with a surface area of
760 m? g~! and pore diameter of 5.8 nm, was synthesized with
a procedure described elsewhere using Pluronic P123 triblock
copolymer (EO»9—PO79—EO»q) as the surfactant template and
tetraethyl orthosilicate (TEOS) as the silicon source [13,14].
Copper was introduced into the SBA-15 through an impregna-
tion method. After undergoing calcination at 823 K, powdery
SBA-15 was immersed into an aqueous solution of copper ni-
trate, and the slurry was dried at 333 K for ca. 4 h under contin-
uous stirring. After further drying at 373 K for 12 h, the pow-
dery sample was calcined at 823 K in air for 6 h to obtain the
Cu0,/SBA-15. The K™-modified CuO,/SBA-15 was prepared
by impregnating the CuO,/SBA-15 with an aqueous solution of
potassium acetate, followed by drying and calcination at 823 K
in air. The catalysts were characterized by powder X-ray dif-
fraction (XRD), diffuse reflectance ultraviolet—visible (UV-vis)
spectroscopy, and Hy temperature-programmed reduction (H-
TPR) measurements. Catalytic reactions were carried out using
a fixed-bed reactor operated at atmospheric pressure. Note that
the catalyst before reaction was pretreated in the quartz reactor
with a gas flow containing He and O, at 823 K and was not sub-
jected to any reductive treatments. The products along with the
unreacted reactants were analyzed using two on-line gas chro-
matographs.

3. Results and discussion

As confirmed by XRD, the ordered hexagonal mesoporous
structure of SBA-15 was sustained after the incorporation of
Cu and K. No crystalline copper oxide phases were observed
for the samples with Cu content <10 wt%. Diffuse reflectance
UV-vis spectroscopic measurements for the 1 wt% CuO,/SBA-
15 with and without K™ modification showed one strong ab-
sorption band at ca. 235 nm along with a weak shoulder at
ca. 330 nm, which could be assigned to the charge-transfer tran-
sitions of the ligand O~ to metal center Cu®* for the isolated
Cu(I) ions and small Cu(II)O clusters, respectively [15]. The
absorption band near 800 cm™! assignable to the d—d transi-
tion of CuO particles was very weak. As shown in Fig. 1, the
H,-TPR profile for the 1 wt% CuO,/SBA-15 had two reduc-
tion peaks, at 503 and 829 K, compared with the single peak
at 569 K for crystalline CuO; these two reduction peaks likely
can be attributed to the reduction of the Cu(II)O clusters and
the isolated Cu(Il) ions, respectively. The modification with K™
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Fig. 1. Hy-TPR profiles. (a) 0.5 wt% CuO,/SBA-15, (b) 1 wt% CuO,/SBA-15,
() KT=1 wt% Cu0,/SBA-15 (K/Cu = 0.7), (d) KT=1 wt% CuO,/SBA-15
(K/Cu = 2.0).

shifted both peaks to higher temperatures, indicating that the
presence of K stabilized the high oxidation state of copper.
These characterizations suggest that copper species in the cata-
lyst with a low Cu content (e.g., 1 wt%) are located mainly in
the mesoporous channels of SBA-15 and likely exist as small
Cu(I)O clusters and isolated Cu(II) ions.

Fig. 2 compares the temperature dependence of catalytic per-
formance for the oxidation of Cz3Hg by O; over the 1 wt%
CuO,/SBA-15 and the K1 wt% CuO,/SBA-15 (K/Cu =
0.7) catalysts. Without K™ modification, C3Hg conversion was
higher but PO selectivity was lower (e.g., only 6.9% at a C3He
conversion of 0.77% at 498 K), and the main partial oxida-
tion product was acrolein. Although a part of acrolein may
come from PO, we have observed that decreasing contact time
increases the selectivity of both acrolein and PO, indicating
that acrolein and PO are likely formed in parallel. Thus we
believe that acrolein should result mainly from the allylic ox-
idation of C3Hg. It is highly significant that after the modi-
fication with KT, PO, not acrolein, becomes the main partial
oxidation product. PO selectivity over KT—CuO,/SBA-15 was
59% at 498 K and 46% at 523 K, and C3Hg conversion was
0.40% at 498 K and 0.95% at 523 K. The apparent activation
energy changed from 92 to 72 kJmol~! after the K™ modifi-
cation. Thus, it is reasonable to consider that the modification
with KT shifted the main reaction route from allylic oxidation
to epoxidation. More interestingly, different from the observa-
tion that over other reported Cu-based catalysts, the increase
in C3Hg conversion to >1% caused a big drop in PO for-
mation [10-12], moderate PO selectivities (ca. 15-50%) were
sustained over our modified catalyst as C3Hg conversion was
increased from ca. 1 to 12% by increasing the reaction temper-
ature from 523 to 623 K. A PO yield of 1.8% was achieved at
623 K.
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Fig. 2. Temperature dependences of catalytic behaviors of the 1 wt% CuO,/
SBA-15 (A) and the KT—1 wt% CuO,/SBA-15 (K/Cu = 0.7) (B) for the oxi-
dation of C3Hg by O5. The other products were mainly CO and CO,. Catalyst,
0.2 g; P(C3Hg), 2.5 kPa; P(0O;), 98.8 kPa; total flow rate, 60 mL min~—!.

The prereduction of a Cu-based catalyst before reaction is
always carried out in the literature, because it is generally ac-
cepted that metallic Cu species are needed for the epoxidation
of alkenes by O; [10-12,16]. In our case, the catalyst was pre-
treated in O;-containing flow, and thus the Cu was in an ox-
idized state before reaction. Moreover, the catalytic reactions
shown in Fig. 2 were carried out in a highly O,-rich atmosphere
[P(O;) = 98.8 kPa]. This leads us to speculate that the highly
dispersed copper species in oxidized states modified by K™
may be responsible for the Cz3Hg epoxidation by O over our
catalyst. To gain further insight into this point, we have inves-
tigated the effect of O, partial pressure on catalytic behavior
over the KT—1 wt% CuO,/SBA-15 (K/Cu = 0.7). Figs. 3 and 4
summarize the catalytic results obtained at lower and higher
partial pressures of C3Hg (P(C3Hg) = 2.5 and 50.7 kPa), re-
spectively. With increasing P(O;), C3Hg conversion increased
significantly, and became slightly lower only at higher P(O,)
(42.4 and 50.7 kPa) in the case of high P(C3Hg) (50.7 kPa) and
high temperature (623 K) (Fig. 4). It is of interest that PO se-
lectivity does not undergo a significant decrease with increasing
P(0O») under both the higher P(C3Hg), where O, is deficient,
and the lower P(C3Hg), where O; is excessive. Thus, the rate of
PO formation increased remarkably with P(O,) in both cases,
and could reach 2.1 mmolg~'h~! (the TOF for PO forma-
tion based on Cu was 17.5 h’l), which was one to two orders
higher than the Cu-based catalysts such as the NaCl-modified
VCe|_Cu,O, [10], NaCl-Cu/SiO; [11], and Cu/SiO; [12] re-
ported to date. Moreover, our observation that the PO selectivity
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Fig. 3. Effect of Oy partial pressure on catalytic behaviors of the K¥—1 wt%
CuO,/SBA-15 (K/Cu = 0.7) for the oxidation of C3Hg by O3. (A) PO selec-
tivities and C3Hg conversions at 573 and 623 K. (B) PO formation rates at 573
and 623 K. Catalyst, 0.2 g; P(C3Hg), 2.5 kPa; total flow rate, 60 mL min— 1.
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Fig. 4. Effect of Oy partial pressure on catalytic behaviors of the K¥—1 wt%
CuO,/SBA-15 (K/Cu = 0.7) for the oxidation of C3Hg by O5. (A) PO selec-
tivities and C3Hg conversions at 573 and 623 K. (B) PO formation rates at 573
and 623 K. Catalyst, 0.2 g; P(C3Hg), 50.7 kPa; total flow rate, 60 mL min~!.
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could be maintained as the P(O;) changed within a wide range
differed greatly from that for the prereduced NaCl-modified
Cu/SiO; catalyst, where an increase in the O,/C3Hg ratio above
0.1 caused a big drop in PO selectivity, and the higher O, con-
centration was speculated to possibly lead to the oxidation of
Cu(0) into Cu(I) or Cu(Il), which could not catalyze the epoxi-
dation of C3Hg. Therefore, the KT -modified CuO,/SBA-15 be-
haves very uniquely for the epoxidation of C3Hg by O;. These
unique behaviors imply that the current catalyst may represent
a novel-type Cu-based epoxidation catalyst whose active site is
not the metallic Cu species.

We have clarified that the peculiar result that moderate PO
selectivity can be maintained in a highly O;-rich atmosphere
over the K™-modified CuO,/SBA-15 stems from the presence
of K* modification. Without K™ modification, although a PO
selectivity of 9% could be obtained under C3Hg and O pres-
sures of 50.7 kPa at 573 K over the 1 wt% CuO,/SBA-15, it
dropped significantly to 0.9% as P(C3zHg) was decreased to
2.5 kPa. In contrast, PO selectivity decreased from 35 to 29% if
the same change in the P(C3Hg) occurred under the same cir-
cumstance over the KT—1 wt% Cu0,/SBA-15 (K/Cu =0.7).

Fig. 2 clearly shows that acrolein is the main partial oxida-
tion product over the CuO,/SBA-15 without K™ modification,
whereas PO is the main partial oxidation product over the K-
modified catalysts. The H>-TPR results shown in Fig. 1 sug-
gest that the reactivity of the lattice oxygen associated with the
Cu(II) oxide clusters or the Cu(Il) ions in SBA-15 has been in-
hibited by the interaction of K™ with the copper species. We
speculate that this may correspond to the inhibition of acrolein
formation, because it is generally accepted that the lattice oxy-
gen is responsible for allylic oxidation. Over the KT -modified
CuO,/SBA-15 catalyst, our results suggest that it is not the
Cu(0), but rather the copper in an oxidized state that accounts
for the C3Hg epoxidation by O,. Although both Cu(I) and
Cu(II) species are possible active sites, it seems more likely that
the Cu(I), which may be formed on the surface of the catalyst
during the reaction, plays a crucial role in C3Hg epoxidation,
because an electrophilic-type oxygen species generated from
O, is required for epoxidation, and the Cu(I) may activate Oy
to such an oxygen species.

Regarding the nature of the accelerating effect of Kt on the
epoxidation, several possible mechanisms may exist. One pos-
sibility is that K™ may favor the formation of Cu(l) species on
the surface or stabilize this species during the reaction. K™ also
may stabilize the electrophilic-type active oxygen species, such
as peroxide or superoxide, responsible for the epoxidation on
the catalyst surface. Further investigations into the nature of the
active sites and the active oxygen species are underway.

4. Conclusion

We have found an interesting halogen-free K*-modified
CuO,/SBA-15 catalyst that exhibits significantly better cat-
alytic performance for PO formation than the Cu-based cata-
lysts reported to date for the epoxidation of propylene by O;.
The rate and the TOF for PO formation can reach 2.1 mmol g~!
h~! and 17.5 h™!, respectively, both significantly higher than
values for other known Cu-based catalysts. It is also of interest
that the current catalyst does not require prereduction and that
the high PO selectivity can be sustained at a high O, partial
pressure or a highly O;-rich atmosphere. The copper species in
oxidized states, especially Cu(I) on the surface, modified by K+
may be responsible for the epoxidation.
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