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a b s t r a c t

Via modification of mesoporous cage-like material SBA-16 followed by adsorption of Pd(OAc)2 and reduc-
tion with NaBH4, Pd nanoparticles with a uniform size distribution were successfully confined in the
nanocages of SBA-16, leading to a new solid catalyst for the aerobic oxidation of alcohols. The solid cata-
vailable online 12 August 2010
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lyst was characterized with N2 sorption, XRD, TEM, FT-IR and XPS. Such a catalyst showed a high activity
for the oxidation of benzylic alcohols, 1-phenylethanol and allylic alcohols without the presence of bases
under air or O2 atmosphere in water even at room temperature. The selectivities for the corresponding
aldehydes and ketones were more than 99% in all the cases investigated. The developed catalyst could
be facilely recovered and reused twelve times without significant decreases in activity and selectivity.
Its recyclability was much better than that of the catalyst derived from amorphous silica under the same
ater conditions.

. Introduction

The selective oxidation of alcohols to carbonyl compounds is one
f the most important transformations in the synthesis of the fine
hemicals [1–5]. Currently, of particular interest in this field is the
se of molecular oxygen as oxidant because it represents a green
rocess in contrast to the use of toxic and expensive stoichiometric
etal oxidants [6–12]. When molecular oxygen is used as oxidant,
ater may be the most ideal solvent for the industrial applications

ecause it avoids explosions and the hazards associated with the
se of oxidisable organic solvents under oxygen pressure [13,14].

n this context, the development of the efficient catalytic systems
or the aerobic oxidation of alcohols in water medium is currently
n important topic.

Recently, various supported metal catalysts (Pd, Au, Pt, Ru) were
ound to be active in the aerobic oxidation of alcohols in water
15–23]. Among these supported catalysts, palladium-based cat-
lysts show promising catalytic performances because they can
electively catalyze the reaction even under the mild (neutral pH)
onditions [24–26]. The progress along this line is considerably

otable. However, the highly recyclable catalysts that could work

n pure water are still rather limited.
One of the key factors that limit the recyclability of the catalysts,

s related to the Pd particle sizes. The previous studies showed that
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the catalytic activity for the aerobic alcohol oxidation depended
on the Pd particle sizes and Pd particles of a few nanometers
exhibited the highest activity for the aerobic oxidation of benzyl
alcohol [27,9]. However, due to the Ostwald ripening, the palla-
dium nanoparticles of such sizes are prone to growth into the larger
particles even Pd black during the catalyst preparation and the fol-
lowed catalytic reaction. Thus, it is difficult to control the particle
sizes in a desired range during the catalyst preparation and main-
tain the sizes in the sequent catalytic reactions, As reported, the Pd
nanoparticles supported on silica evolved into the particles with
dozens of nanometers in size after the first reaction cycle [19]. The
growth of Pd nanoparticles causes a substantial deactivation of the
catalyst.

Among various supports for efficiently preventing the growth of
metal nanoparticles, the mesoporous materials are very promising
because of their regularly arranged pore structure on a mesoscopic
scale. More interestingly, different to the widely used channel-like
mesoporous materials MCM-41 and SBA-15, the recently synthe-
sized SBA-16 (cubic, Im3m) is one of new ordered mesoporous
materials with cage-like structures [28–30]. This mesoporous cage-
like material has tunable cage size (4–10 nm) and pore entrance
size (generally less than 4 nm). One isolated nanocage is three-
dimensionally interconnected by eight neighboring pore entrances,

which are more resistant to pore blocking and allow a fast trans-
port of reactants and products. Such isolated nanocages of SBA-16
can not only accommodate metal complexes and metal particles
formed in situ, but also limit the growth of metal nanoparticles
by the spatial restrictions [31–34]. Meanwhile, the smaller pore

dx.doi.org/10.1016/j.molcata.2010.08.006
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Scheme 1. Schematic description for th

ntrances may inhibit the motion of metal nanoparticles, thereby
reventing the undesired aggregation and agglomeration. Further-
ore, SBA-16 has a good stability which is a prerequisite of the

pplications involving high temperature and the presence of water
35]. However, to our knowledge, the mesoporous cage-like mate-
ial SBA-16 owning such unique nano-architectures and properties
as not explored to support metal particles for the aerobic oxida-

ion of alcohols in water.
In this context, mainly aiming to improve the recyclability of

he Pd-supported catalyst for the aerobic oxidation of alcohols in
ater, we chose the cage-like mesoporous material SBA-16 as a

upport. Through modification of SBA-16 surface with moderate
olarity groups (aminopropyl), sequential adsorption of Pd(OAc)2
nd reduction, Pd particles of a few nanometers were successfully
onfined inside the nanocages of SBA-16, yielding an active catalyst
or the aerobic oxidation of alcohols in water. The recyclability of
he catalyst is significantly enhanced, compared with the catalyst
erived from amorphous silica.

. Experimental

.1. Reagents and materials

Pluronic P123 copolymer (EO20PO70EO20), Pluronic copoly-
er F127 (EO106PO70EO106) were purchased from Sigma

ompany. Tetraethyl orthosilicate and benzyl alcohol were
btained from Shanghai Chemical Reagent Company of Chi-
ese Medicine Group. 3-Aminopropyltriethoxysilane and
ther alcohols as reactants were purchased from Alfa Aesar.
d(OAc)2 was obtained from Hangzhou Kaida and purified
efore use. Amorphous silica gel with specific surface area
f 345 m2/g was obtained from Qidao Haiyang Chemical
lant.

Mesoporous cage-like material SBA-16 was synthesized
ccording to the modified method [29]. A mixture of F127
EO106PO70EO106, 7.42 g) and P123 (EO20PO70EO20, 1.19 g) were
sed as the templates. After the mixed templates were completely
issolved in a solution of 300 mL of distilled water and 52.5 g of
oncentrated hydrochloric acid (36%), and the solution was fur-
her stirred at 308 K. After 4 h, 28 mL of tetraethyl orthosilicate was
ropwise added to the solution. After stirring for 40 min, the resul-
ant suspension was transferred into autoclaves. The autoclaves
ere placed under static conditions at 35 ◦C for 24 h. Afterward,
he temperature of autoclaves was raised up to 100 ◦C and fur-
her kept at this temperature for 32 h. After the hydrothermal
reatment, the precipitated solid was isolated by a filtration and
ried at 100 ◦C for 24 h, yielding white solid powders. This pow-
er sample was then subjected to a calcination at 550 ◦C for 10 h
aration of the solid catalyst Pd/SBA-16.

and the mesoporous cage-like material SBA-16 was eventually
obtained.

2.2. Introduction of Pd nanoparticles into the nanocages of
SBA-16

6 g of SBA-16 (evacuated at 125 ◦C for 6 h) was dispersed
in 50 mL of dry toluene. Into this system 9.6 mmol of 3-
aminopropyltriethoxysilane was added. After stirring for 12 h at
100 ◦C under a N2 atmosphere, the resulting solid was isolated by
a filtration, and repeatedly washed with toluene and then dried
under vacuum overnight to give SBA-16 modified with amino
groups.

1.2 g of amino-modified SBA-16 was dispersed into 12 mL of
toluene containing a given amount of Pd(OAc)2. After the mixed
system was then stirred at room temperature for 6 h, the solid
was isolated by a filtration and dried under vacuum. The solid was
treated with NaBH4 in a mixture of toluene and ethanol (20/1, V/V),
washed with ethanol and then dried under vacuum, yielding the
catalyst Pd/SBA-16.

2.3. Typical procedures for the aerobic oxidation of alcohols

Benzyl alcohol (1 mmol), water (2 mL) and the catalyst Pd/SBA-
16 were combined in a dry flask, and the mixture was stirred at
given temperature in air or O2 for a given time. Oxygen gas was
introduced into the flask from an O2 balloon under atmospheric
pressure. After the reaction, the liquid was extracted with diethyl
ether. The resulting organic layer was dried with Na2SO4 and then
analyzed with GC to determine the conversion and selectivity.

Recycling test for the aerobic oxidation of alcohol is as follows:
for the first reaction cycle, the procedure was the same to above
descriptions. After the first reaction cycle, the solid catalyst was
recovered by a centrifugation, and extracted repeatedly with ether
and ethanol. The recovered catalyst was dried under vacuum and
was directly used for the next reaction cycle.

2.4. Characterization and analysis

Small-angle X-ray powder diffraction was performed on Rigaku
(Cu K�, 40 kV, 30 mA). N2 physical adsorption was carried out on
micromeritics ASAP2020 volumetric adsorption analyzer (before
the measurements, samples were out gassed at 120 ◦C for 6 h). The

Brunauer–Emmett–Teller (BET) surface area was evaluated from
data in the relative pressure range from 0.05 to 0.20. The total pore
volume of each sample was estimated from the amount adsorbed
at the highest P/P0 (above 0.99). Pore diameters were determined
from the adsorption branch using Barrett–Joyner–Halenda (BJH)
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Fig. 2. N2 sorption isotherms of (1) SBA-16, (2) amino-modified SBA-16 and (3)
Pd/SBA-16.

underwent significant decreases after modification (Table 1). Such
decreases in these textural parameters are in line with the success-
ful introduction of amino groups onto the internal surface. After
adsorption of Pd(OAc)2 and the followed reduction, the specific sur-

Table 1
Textural parameters of SBA-16, SBA-16 modified with NH2 and Pd/SBA-16.

Samples Surface
areaa

(m2/g)

Pore
volumeb

(cm3/g)

Cage
sizec

(nm)

SBA-16 763 0.80 6.7
Fig. 1. FT-IR spectra of SBA-16 and amino-modified SBA-16.

ethod. FT-IR spectra were collected on Thermo-Nicolet-Nexus
70 infrared spectrometer. X-ray photoelectron spectroscopy (XPS)
as recorded on Perkin-Elmer 5400 ESCA and C1S line at 284.9 eV
as used as the binding energy reference. TEM micrographs were

aken using a JEM-2000EX transmission electron microscope at
20 kV.

. Results and discussion

.1. Catalyst preparation and characterization

The process for the preparation of the catalyst Pd/SBA-16 is
chematically depicted in Scheme 1. In order to introduce Pd pre-
ursor into the nanocages of SBA-16, 3-aminopropyltriethoxysilane
as employed to modify the surface of SBA-16. Owing to the strong

oordination capacity of amino groups, Pd(OAc)2 even with a high
oading can be easily adsorbed by SBA-16 modified with amino
roups [36]. After a careful reduction of Pd(OAc)2 with NaBH4, Pd(0)
as in situ yielded and then evolved to nanoclusters. Due to the

mino coordination and the spatial restriction by the nanocages of
BA-16, the sizes of Pd(0) clusters were expected to be limited in
he range of cage sizes of SBA-16.

The success in grafting amino group on SBA-16 was confirmed
ith FT-IR spectroscopy. The FT-IR spectra of SBA-16 before and

fter grafting amino group are shown in Fig. 1. Compared with
he FT-IR spectrum of the parent material SBA-16, amino-modified
BA-16 clearly exhibits two new peaks at 2970 and 1560 cm−1,
hich correspond to the stretching vibrations of the C–H, and the

ending vibrations of N–H, respectively. These results indicate that
mino groups were successfully grafted on SBA-16. Meanwhile, the
ntensity of the peak at 960 cm−1 (related to the bending vibra-
ion of Si–OH on SBA-16) significantly decreased after modification.
his also suggests that amino groups were covalently linked with
BA-16 via a silylation reaction.

Amino-modified SBA-16 exhibited a good adsorption capacity
owards Pd (OAc)2 in toluene. 1–10 wt.% Pd with respect to amino-

odified SBA-16 could be completely adsorbed by the materials,
esulting in a clear solution. Elemental analysis with ICP-AES
onfirmed that Pd (OAc)2 was completely introduced onto amino-

odified SBA-16. After a treatment with NaBH4, Pd nanoparticles
ere formed inside the nanocages of SBA-16.

The locations of Pd nanoparticles inside the nanocages of SBA-16
ere confirmed by N2 sorption and TEM. The N2 sorption isotherms

nd pore size distribution plots for SBA-16, amino-modified SBA-
Fig. 3. Pore size distributions of (1) SBA-16, (2) amino-modified SBA-16 and (3)
Pd/SBA-16.

16 and Pd/SBA-16, are displayed in Figs. 2 and 3, respectively.
The determined textural parameters are listed in Table 1. SBA-16
exhibited a type-IV isotherm pattern with an H2 hysteresis loop
in the range of P/P0 = 0.4–0.75, which is characteristic of a meso-
porous cage-like structure. Similar to the parent material SBA-16,
amino-modified SBA-16 also showed a type-IV isotherm with an
H2 hysteresis loop, indicating that SBA-16 after modification still
maintained a good mesoporous cage-like structure. It is worth
noting that the specific surface area, pore volume and pore size
Amino-modified SBA-16 240 0.46 5.6
Pd/SBA-16 163 0.33 5.4

a BET surface area.
b Single point pore volume calculated at relative pressure P/P0 of 0.99.
c BJH method from adsorption branch.
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Fig. 4. TEM images for SBA-16 (A

ace area, pore volume and pore size further decreased, suggesting
hat Pd nanoparticles were located inside the nanocages of SBA-16.

Transmission electron microscopic investigation (TEM) pro-
ides a direct evidence for the locations and dimensional
nformation of Pd nanoparticles. The TEM images for SBA-16 and
d/SBA-16 are presented in Fig. 4A and B, respectively. In Fig. 4A,
he (1 0 0) projection corresponding to a cubic Im3m structure was
learly observed, XRD pattern of Pd/SBA-16 showed an ordered
esoporous structure similar to the parent SBA-16 (Fig. 5). The

EM and XRD results suggest that the mesoporous cage-like struc-
ure of SBA-16 was maintained during the course of preparing the
atalyst. After introduction of Pd nanoparticles, the cage-like struc-
ure of the catalyst was still observed and fine Pd particles appeared
n the nanocages of SBA-16 (Fig. 4B). Interestingly, most of Pd parti-
les with sizes of only a few nanometers were uniformly dispersed
n the nanocages of SBA-16.

The Pd(0) on the solid catalyst was further confirmed by
PS. Fig. 6 presents the XPS elemental survey scans of surface

lementals of the solid catalyst. The peaks corresponding to sili-
on, oxygen, carbon, nitrogen, palladium elementals were clearly
bserved. Fig. 7 displays Pd binding energy for Pd(OAc)2 and
d/SBA-16. Pd(OAc)2 mainly exhibited two peaks centered at 343.9
nd 338.7 eV, which are assigned to Pd 3d3/2 and Pd 3d5/2 sig-

Fig. 5. XRD patterns of SBA-16 and Pd/SBA-16.

Fig. 6. XPS spectrum for the elemental survey scan of Pd/SBA-16.

Fig. 7. XPS spectra of Pd binding energy for Pd(OAc)2 and Pd/SBA-16.
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als, respectively. Compared with Pd (OAc)2, Pd 3d3/2 and Pd 3d5/2
eaks for Pd/SBA-16 significantly shift down to 340.7 and 335.4 eV,
espectively, indicating that the Pd(II) was transformed to Pd(0)
fter reduction.

Above characterizations confirm that the prepared catalyst
eeps the mesoporous cage-like structure of the parent SBA-16 and
he fine Pd(0) nanoparticles were uniformly distributed inside the
anocages of SBA-16.

.2. The aerobic oxidation of alcohols

Although several excellent catalysts for the aerobic oxidation
f alcohols to the corresponding aldehydes or ketones have been
isclosed, most of them required organic solvents, heating and
ddition of base, which violate the requirements of the “green
hemistry”. Water is the most ideal solvent because it is not only
green solvent but also can avoid the hazards associated with the
se of oxidisable organic solvents under oxygen pressure. Base-free
ystems are also highly desired in that the presence of base probably
eads to the unwanted by-products. In line with the requirements of
green chemistry”, we chose water as a reaction medium to conduct
he aerobic oxidation in the absence of base.

Wang’s studies revealed that the catalytic activity of the Pd-
ased catalyst for the aerobic oxidation of alcohols in organic
olvents was dependent on the Pd particle sizes, and Pd particles
f 2–4 nm in size were the most active for the aerobic oxidation of
enzyl alcohol [27]. Inspired by these findings, we examined the
atalytic activities of Pd/SBA-16 with different Pd contents for the
erobic oxidation of alcohols in water because the Pd particle sizes
n the support can be associated with the Pd content present on the
upport. By varying the amount of adsorbed Pd(OAc), five catalysts
d/SBA-16 with Pd contents from 1 wt.% to 2.5, 4, 5.5, and 10 wt.%
ere prepared.

The results for the aerobic oxidation of benzyl alcohol in the
resence of these five catalysts were presented in Fig. 8. All the
ests were conducted in the presence of 1 mol% Pd with respect
o alcohols at room temperature under base-free conditions. The
atalyst Pd/SBA-16 with a Pd content of 1 wt.% afforded a conver-
ion of 20.5% within 6 h. No by-products such as benzoic acid were
etected under the investigated conditions. When the Pd content
f the solid catalyst increased up to 2.5 wt.%, the conversion had
n apparent increase and a 68.6% conversion was achieved. A fur-
her increase in the Pd content up to 4 wt.% led to a increase in
he conversion (77.5%). However, when the Pd content continu-
usly increased up to 5.5 wt.%, the conversion began to decrease (a
9.1% conversion). A further increase in the Pd content led to con-
inuous reduces in conversion and a 57.6% conversion was afforded

or the catalyst with a Pd content of 10 wt.%. These findings indi-
ate that the catalytic activity of the aerobic oxidation of alcohols
s highly dependent on the Pd content present on the solid catalyst.
he underlying reason may be related to the Pd particle sizes, as
eported by Wang and co-workers [27].

able 2
he aerobic oxidation of benzyl alcohol over Pd/SBA-16 in different solvents.

.

Entry Solvents Conv. (%) Select. (%)

1 Acetonitrile 4.8 >99
2 1,4-Dioxane 7.4 >99
3 DMF 10 >99
4 Toluene 15.7 >99
5 n-Butanol 13.7 >99
Fig. 8. The aerobic oxidations of benzyl alcohol over the catalysts with variations of
the Pd content.

Above examinations revealed that Pd/SBA-16 with a Pd content
of 4 wt.% exhibited the highest activity for the aerobic oxidation of
benzyl alcohol in water under the base-free conditions. In our previ-
ous investigations, it was found that the catalytic reaction occurring
in the nanopores had different solvent effects with that in homoge-
neous solution [32]. In order to test the possibility that Pd/SBA-16
was more active in other reaction media, we examined the activity
of the catalyst in a set of solvents under the same conditions. The
results are summarized in Table 2. Using acetonitrile, 1,4-dioxane,
DMF and toluene as solvents, the conversions of benzyl alcohol
were low (less than 16%, Table 2, entries 1–4). When the solvent was
changed to alcohols, the conversion was found to increase (Table 2,
entries 5–8) and the maximum conversion (34%) was obtained for
the case of methanol as solvent. Impressively, using water as the
reaction medium led to the fastest conversion of benzyl alcohol.
These comparative results show that in the case of our catalyst
water is not only a green solvent but also can promote the aerobic
oxidation of benzyl alcohol under base-free conditions. This can
probably be partially explained that water (with a high polarity)
forces the organic substrates to be enriched on the surface (with
a moderate polarity) of the solid catalyst and the accessibility of
substrates to Pd is thus improved, leading to a high reaction rate.

To further test the performances of the catalyst Pd/SBA-16, the
oxidations of other benzylic alcohols with air or O2 at room tem-
perature was carried out. The results are summarized in Table 3. At
Pd loading of 1 mol%, a complete conversion of benzyl alcohol was
observed under O2 atmosphere over 8 h. Under air, although the
reaction time needed to be prolonged to 12 h, a complete conver-
sion of benzyl alcohol was still afforded. Whether under O2 or in air,

the selectivity for benzaldehyde exceeded 99%, and no by-product
(benzoic acid) was detected within a given time. If the reaction time
was prolonged under air or O2 atmosphere, the by-product ben-
zoic acid (further oxidation of benzaldehyde) was observed. When

Entry Solvents Conv. (%) Select. (%)

6 n-Propanol 15.8 >99
7 Ethanol 20.2 >99
8 Methanol 34.0 >99
9 H2O >99 >99
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Table 3
The aerobic oxidation of benzylic alcohols over Pd/SBA-16.a.

Entry Substrates Product Air (12 h) O2 (8 h)

Conv. (%) Select. (%) Conv. (%) Select. (%)

1 >99 >99 >99 >99

2b – – >99 >99

3 >99 >99 >99 >99

4 >99 >99 >99 >99

5 – – 76.3 >99

a The reaction was carried out in air or O2 atmosphere in the presence of 1 mol% Pd.
b The reaction was conducted at 50 ◦C for 4 h.

Table 4
The aerobic oxidation of other alcohols over Pd/SBA-16.a.

Entry Substrates Product Pd (mol%) Temp. (◦C) Time (h) Conv. (%) Select. (%)

1 1.0 50 10 96.9 >99

2 1.0 60 24 87.6 >99

3 1.0 50 10 90.8 >99

4 1.0 90 24 97.8 >99

5 1.0 25 12 >99 >99

6 1.0 50 12 89.5 >99

7 1.0 60 12 16.2 >99

8 2.5 60 12 22.6 >99

a The reaction was carried out in O2 atmosphere.
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he reaction temperature was raised up to 50 ◦C, it took only 4 h
o complete the reaction (Table 3, entry 2). For CH3- and CH3O-
ubstituted benzylic alcohols, over 99% conversions with more than
9% of selectivities were also achieved under O2 atmosphere over
h (Table 3, entries 3 and 4). Under air, it also took a longer time

12 h) to obtain complete conversions. For heterocyclic alcohols,
he catalyst Pd/SBA-16 showed a moderate activity with excellent
electivity (Table 3, entry 5).

The aerobic oxidation of other alcohols in water was inves-
igated to further examine the application range of the catalyst
d/SBA-16. Representative results are summarized in Table 4. For 1-
henylethanol, at Pd loading of 1 mol% the catalyst Pd/SBA-16 gave
96.9% conversion within 10 h (Table 4, entry 1). The selectivity for
cetophenone was observed to be more than 99%. For methoxy-
ubstituted 1-phenylethanol, it needed 24 h to achieve a good
onversion (Table 4, entry 2). Compared with 1-phenylethanol, the
lectron-rich methoxy-substituted 1-phenylethanol was less reac-
ive. The selectivity was still up to 99%. For 1-phenylpropanol, a
0.8% conversion with 99% selectivity was obtained within 10 h
Table 4, entry 3). A 97.8% conversion of diphenyl methanol could
e achieved over Pd/SBA-16 although it required a relatively higher
emperature and a longer reaction time (Table 4, entry 4). Pd/SBA-
6 also showed high activity for allylic alcohols (Table 4, entries 5
nd 6). Cinnamyl alcohol was completely converted to cinnamalde-
yde at room temperature within 12 h. For 3-methyl-2-butan-1-ol,
n 89.5% conversion was obtained at 50 ◦C over 12 h. The selectivity
or �, �-unsaturated aldehydes was more than 99% for the two cases
nvestigated. For the secondary cyclic alcohols, Pd/SBA-16 shows a
elatively low activity. A 16.2% conversion of cyclopentanol and a
2.6% conversion of cyclohexanol were afforded (Table 4, entries
and 8). The above investigations showed that the developed cat-

lyst Pd/SBA-16 had a moderate substrate scope in water under
ase-free conditions.

Further experiments were performed to verify the recyclabil-
ty of the developed solid catalyst. The consecutive oxidations of
enzyl alcohol in O2 atmosphere were also carried out at 50 ◦C

nder base-free conditions using water as solvent. The results are
eflected in Fig. 9. At Pd loading of 1 mol%, Pd/SBA-16 afforded a
omplete conversion under O2 atmosphere over 4 h. After the first
eaction cycle, the resulting product was extracted with ether three
imes. The catalyst was recovered by a centrifugation and dried

Fig. 10. TEM images for (A) Pd/SBA-16 used four times a
Fig. 9. The recyclability tests of Pd/SBA-16 and Pd/silica for the aerobic oxidation of
benzyl alcohol.

for the next cycles. For the second reaction cycle, the fresh benzyl
alcohol was added and other conditions were the same as the first
reaction cycle. A 99% conversion was still obtained over 4 h. From
the third to 12th reaction, 99% conversions could be achieved. The
selectivity for benzaldehyde was kept at >99% throughout the 12
reaction cycles. Such a recyclability of Pd/SBA-16 represents one of
the best results for the alcohol oxidation in water.

The recyclability of Pd/SBA-16 is impressive in view of water
as a solvent. In order to further understand the high recyclability,
Pd nanoparticles were supported on amorphous silica through the
same procedures, resulting in a catalyst Pd/silica (the Pd loading
was the same to the Pd/SBA-16). Comparative tests for the recycla-
bility were conducted under the same conditions. The results for

Pd/silica are also included in Fig. 9. From the first to the third reac-
tion cycle, the catalyst Pd/silica could afford a complete conversion
of benzyl alcohol and the selectivity also exceeded 99%. But from
the forth reaction cycle, the conversion began to decrease and a

nd (B) Pd/silica used four times. The bar is 20 nm.
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onversion of only 76.5% was obtained. For the followed fifth and
ixth reaction cycles, the conversions further decreased to 66.7%
nd 26.4%, respectively. Obviously, the recyclability of Pd/SBA-16
as much better than that of Pd/silica.

The significantly enhanced recyclability of the catalyst may be
artially attributable to the unique structure of SBA-16. To confirm
he role of the pore structure, TEM was employed to characterize
d/SBA-16 used four times and Pd/silica used four times. Their TEM
mages are presented in Fig. 10A and B, respectively. For the cat-
lyst Pd/SBA-16 used four times, the cage-like structure of parent
aterial SBA-16 could be still observed although the structure was

ubjected to collapse to some extent. It is worthwhile to note that
ost of fine Pd particles with sizes of less then 5 nm were dispersed

n the cages of SBA-16 although a small potion of larger Pd particles
re located on the external surface of SBA-16. While for the catalyst
d/silica after being used four times, it was observed that Pd par-
icles were relatively larger and not uniform in size. Additionally,
he structure of the parent silica underwent a severe collapse. The
ize differences of Pd particles between Pd/SBA-16 and Pd/silica
artially accounted for their differences in the activities of the
ecovered catalysts.

The smaller Pd particles with a relatively uniform distribution
n size may be attributed to the mesoporous cage-like structure
f SBA-16. Due to the high surface energy, the unstable nanoclus-
ers are prone to growing into larger particles through aggregation
nd agglomeration. Owing to the spatial restriction of the isolated
anocages and smaller pore entrances of SBA-16, the aggregation
nd agglomeration of Pd nanoclusters were efficiently prevented.
owever, for the Pd/Silica, it was unable to prevent the growth of
d nanoparticles because of lacking the ordered cage-like pores.
dditionally, a low stability probably led to the structure collapse
f silica and a portion of Pd particles were thus buried.

. Conclusion

By confining Pd nanoparticles in the nanocages of the modified
BA-16, a new solid catalyst for the aerobic oxidations of alcohol
as prepared. The catalyst showed high activity for the oxidation of

enzylic alcohols, 1-phenylethanol and allylic alcohols under air or
2 atmosphere in water even at room temperature. The selectivities

or the corresponding aldehydes and ketones were more than 99%
n all the cases investigated. The catalyst can be facilely recovered
nd reused twelve times without the changes in the conversion
nd selectivity, representing the most durable solid catalysts for
he alcohol oxidation in water. Its recyclability was much better

han that of the catalyst derived from amorphous silica under the
ame conditions. The significantly enhanced recyclability may be
ttributed to the high stability and the isolated nanocages of SBA-
6 which could efficiently prevent the growth of Pd nanoparticles
uring the catalytic reaction.
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