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Nano-sized Au and Pd catalysts are favorable for oxidations with molecular oxygen, and the preparation of this
kind of nanoparticles with high catalytic activities is strongly desirable. We report a successful synthesis of bimetal-
lic Au-Pd nanoparticles with rich edge and corner sites on unique support of Mg-Al mixed oxides (Au-Pd/MAO),
which are favorable for producing metal nanoparticles with high degree of coordinative unsaturation of metal atoms.
The systematic microscopic characterizations confirm the bimetallic Au-Pd nanoparticles are present as Au-Pd alloy.
The irregular shape of the bimetallic nanoparticles are directly observed in HRTEM images. As we expected,
Au-Pd/MAO gives very excellent catalytic performances in the aerobic oxidation of benzyl alcohol and glycerol.
For example, Au-Pd/MAO shows very high TOF of 91000 h™" at 433 K with molecular oxygen at air pressure in
solvent-free oxidation of benzyl alcohol; this catalyst also shows relatively high selectivity for tartronic acid (TA-
RAC, 36.6%) at high conversion (98.5%) in aerobic oxidation of glycerol. The superior catalytic properties of
Au-Pd/MAO would be potentially important for production of fine chemicals.
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Introduction

Supported Au, Pd or Au-Pd nanoparticles have at-
tracted much interest owing to their unusual catalytic
performances, especially for the oxidations.!'”) The
catalytic performances of Au or Pd nanoparticles are
highly related to their particle size and morphol-
ogy.”"**! Usually, Au or Pd nanoparticles with small
size and irregular shape can give high catalytic activities
for oxidations, because they have a large number of
metal atoms on the facet-edge and corner positions,
which are regarded as active sites for binding or disso-
ciation of molecular oxygen.”'! Recently, the search
for effective methodology to synthesize Au or Pd
nanoparticles with high degree of coordinative unsatu-
ration of metal atoms is a hot topic. One attractive ap-
proach is to synthesize small metal nanoparticles on
unique metal oxides, because the morphology of metal

nanoparticles is strongly dependent on the metal oxide
supports.?"***] For example, Au nanoparticles sup-
ported on Fe,O; show flat morphology, exhibiting a
good 5E)erformance for dissociation of molecular oxy-
gen.”” More recently, it is reported that the formation
of bimetallic alloys is favorable for creation of irregular
morphology of the nanoparticles. For example, bimetal-
lic Au-Pd nanoparticles with twined structure on carbon
support exhibit excellent catalytic properties for oxida-
tions.*¢*"]

As a typical model of oxidations, catalytic conver-
sions of benzyl alcohol by molecular oxygen have al-
ready been investigated with Au, Pd and Au-Pd
nanoparticles supported on solids like polymers, hy-
drox alpatite, hydrotalcite, silica, carbon, and metal ox-
ides.[¢M117202T" For - example, Kaneda and and
co-workers reported that Pd nanoclusters on hydroxya-
patite is very active for oxidation of benzyl alcohol with

* E-mail: dangsheng@fhi-berlin.mpg.de; fsxiao@mail.jlu.edu.cn; Tel.: 0086-0431-85168590
Received March 19, 2012; accepted May 9, 2012; published online XXXX, 2012.
Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/cjoc.201200271 or from the author.

Dedicated to the 80th Anniversary of Chinese Chemical Society.

Chin. J. Chem. 2012, XX, 1—9

©2012 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

@WILEY g

ONLINE LIBRARY 1



FULL PAPER

Wang et al.

high yield of benzaldehyde at 99%:;'"! Cao and
co-workers found that Au nanoparticles on Ga-Al mixed
oxides give 98% conversion of benzyl alcohol to ben-
zaldehyde."”! These catalysts are highly active, but or-
ganic solvents were used in most of these cases. Very
interestingly, Hutchings and co-workers reported the
successful oxidation of phenyl alcohol over TiO, sup-
ported bimetallic Au-Pd nanoparticles in the absence of
organic solvents, with a quite high turnover frequency
(TOF) as high as 86500 h™'.1**!

On the other hand, glycerol is a major by-product in
the production of biodiesel from transesterification and
its supply is increasing in these years.”’~% Considering
of its highly functional abilities, the selective oxidation
of glycerol is an alternative route to increase its value,
because the products such as glyceric acid (GLYA) and
tartronic acid (TARAC) are important intermediates for
the production of fine chemicals and medicine.”" The
oxidation of glycerol by molecular oxygen has already
been performed on various metals (Au, Pt-Bi, Au-Pd)
supported on carbon and metal oxides.**"**** The ac-
tivities and product selectivities of this reaction strongly
depend on the reaction conditions and catalyst structure
(metal, support, and particle size). Notably, despite of
very successful catalytic oxidation of glycerol in recent
years, it is still a challenge for obtaining high selectivi-
ties for desired products (e.g. GLYA, TARAC) at high
glycerol conversion because of the side reaction of C-C
bond scission.*>%

We demonstrate here a design and preparation of
bimetallic Au-Pd nanoparticles with rich edge and cor-
ner sites on Mg-Al mixed oxides (molar ratio of Mg/Al
at 3). This kind of catalysts shows superior catalytic
performances in aerobic oxidations of benzyl alcohol
and glycerol, compared with the catalysts reported pre-
viously.

Experimental

For the preparation of 0.7% Au-0.9% Pd/MAO, (1)
30.76 g of Mg(NOs),*6H,0 and 15 g AI(NO;);*9H,0
were dissolved in 400 mL of water, followed by addi-
tion of 72 g of urea under stirring. After boiling for 8 h,
precipitating at room temperature for 12 h, filtrating and
washing with large mount of water, the sample obtained
was designated as Mg-Al double hydroxide (LDH, mo-
lar ratio of Mg/Al at 3); (2) 10 g of Mg-Al double hy-
droxide was added into a solution of HAuCl; and
Na,PdCly (1 mmol Pd and 0.4 mmol Au) and stirred at
room temperature for 8 h. After filtrating, washing with
a large amount of water, and drying at room temperature
overnight, the obtained solid (Au-Pd/MAO) was treated
at 373 K for 6 h and 673 K for 3 h. Au and Pd loadings
were analyzed by inductively coupled plasma spectros-
copy (ICP). 0.7% AwMAO or 0.9% Pd/MAO was ob-
tained by adjusting the Au or Pd content.

For the preparation of 1.3% Au/SBA-15, SBA-15
was synthesized and coated by N-[3-(trimethoxysilyl)-
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prop&]diethylenetriamine (DETA) according to litera-
ture.”* The DETA coated SBA-15 was stirred in
HAuCl, solution overnight. The product was collected,
dried at room temperature, and calcined at 673 K for 3 h.
The Au loading (1.3 wt%) was analyzed by ICP.

As a typical run for the preparation of MgO, 30.76 g
of Mg(NOs3),*6H,0 was dissolved in 400 mL of water,
followed by addition of 72 g of urea under stirring. Af-
ter boiling for 8 h, precipitating at room temperature for
12 h, filtrating and washing with large mount of water,
drying at room temperature overnight, the obtained solid
was treated at 373 K for 6 h and 673 K for 3 h, giving
white sample of MgO. Similarly, we prepared Al,Os.

2.2% Au/CeO, and 0.2% Pd/HAP catalysts were
synthesized according to literature.*'"! For the prepara-
tion of 0.5% Au-0.6% Pd/SiO,, 2.0 g of 0.7% Au-0.9%
Pd/MAOQO and 1 g of SiO, were added to 20 mL of water,
followed by the addition of HCI (1.0 mol/L) and stirring
at room temperature for 8 h. After filtration and calcina-
tion at 673 K for 3 h, the solid sample was washed with
HCI (0.5 mol/L) to remove the Mg and Al species. The
Au and Pd loadings were 0.5 wt% and 0.6 wt%, respec-
tively.

Powder X-ray diffraction patterns (XRD) were ob-
tained with a Siemens D5005 diffractometer and Rigaku
D/MAX 2550 diffractometer with Cu Ka radiation (A=
0.1542 nm). The BET surface area was measured using
a Micromeritics ASAP Tristar. The samples were out-
gassed for 10 h at 150 ‘C before the measurement. A
FEI Titan 80-300 microscope was employed to conduct
microscopy and analyses of the samples in both trans-
mission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) modes, oper-
ating at 300 kV. An EDX detector is equipped to the
microscope for the analysis of chemical compositions.
The content of metal was determined from inductively
coupled plasma (ICP) with a Perkin-Elmer plasma 40
emission spectrometer. Temperature programmed sur-
face reaction (TPSR) of adsorbed 2-propanol was car-
ried out as follows: the catalysts were treated at 573 K
for 3 h and cooled down to room temperature, then
2-propanol vapor was introduced into the reaction sys-
tem for 30 min. After sweeping with Ar for 1 h, the
temperature was increased (10 K/min) from room tem-
perature to 773 K, and the signals of H, were recorded
by mass spectrometer with a thermal conductivity de-
tector (TCD). XPS spectra were performed by a Thermo
ESCALAB 250, and the binding energies were cali-
brated by Cls peak (284.9 eV). Typical for the charac-
terization of NH3-TPD, CO,-TPD, and H,-TPR, the
sample loaded in a quartz reactor was pretreated with
high pure He at 400 ‘C for 1 h. The temperature was
increased at the rate of 10 C/min. A ThermoStar GSD
mass spectrometer was used to detect the signal.

Benzyl alcohol and glycerol oxidations were per-
formed in a 100 mL autoclave with a magnetic stirrer.
Typically, substrate, solvent, and catalyst were mixed in
the reactor, then the mixture was stirred (1200 r/min).
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After increasing temperature (the temperature was
measured with a thermometer in an oil bath), molecular
oxygen was introduced to the reaction system and kept
at desired pressure. After the reaction, the benzyl alco-
hol oxidation products were analyzed by gas chroma-
tography (GC-14C, Shimadzu, FID) with a flexible
quartz capillary column of FFAP, and the glycerol oxi-
dation products were analyzed by gas chromatography
(GC-14C, Shimadzu) with a flexible quartz capillary
column of OV-17 and high-pressure liquid chromato-
graph (HPLC, Bruker) equipped with a column of
0OA-10308. H;POy solution (0.1%) was used as the elu-
ent. The recyclability of the catalyst was tested by sepa-
rating it from the reaction system by centrifugation,
washing with large quantity of methanol and drying at
373 K for 6 h, then the catalyst was reused in the next
reaction. The turnover frequency (TOF) in the oxidation
of benzyl alcohol over Au-Pd/MAO catalyst was calcu-
lated from the converted benzyl alcohols per metal atom
(total metal loading) and hour. The converted benzyl
alcohols were determined at 433 K under an atom
spheric oxygen, reaction time for 0.5 h, 250 mmol of
benzyl alcohol, and 10 mg of catalyst.

Results and discussion

Figure 1 shows the XRD patterns of various oxides.
MAO shows three peaks at 35.7°, 43.8° and 63.2° (Fig-
ure la), indicating that the layered structure of LDH is
destroyed during the calcination process. However, the
surface area of MAO increases to 75.0 m*/g from 66.3
m?/g for LDH. Notably, the three peaks could not be
found on the XRD pattern of MgO or Al,O; self (Figure
1b and 1c). These results suggest that MAO is not a
simple mixture of MgO and Al,Os.

Figure 2 shows TEM images of 0.7% Au/MAO and
1.3% Au/SBA-15, demonstrating that the Au nanoparti-
cles with similar size distributions on both samples are
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Figure 1 XRD patterns of (a) MAO, (b) MgO and (c) AL,Os.

highly dispersed on MAO or in the mesoporous of
SBA-15. High-resolution TEM images exhibit that the
morphology of Au nanoparticles with very similar sizes
over MAO or mesoporous SBA-15 support is quite dif-
ferent. In contrast to the Au nanoparticles of 1.3%
Au/SBA-15, which are rounded in shape, those of 0.7%
Au/MAO exhibit much more faceted and angular fea-
tures, giving rich facet-edge and corner Au atoms. In
order to investigate the origin of the different morphol-
ogy of Au nanoparticles, Au4f XPS spectra of both
samples were shown in Figure 3. 1.3% Au/SBA-15
gives binding energy of Au4f;, at 84.0 eV, which is
attributed to typical metallic Aul' Interestingly, 0.7%
Au/MAO gives binding energy of Audf;, at 84.5 eV,
with 0.5 eV of shift from 1.3% Au/SBA-15, suggestin%
the Au nanoparticles on MAO are positively charged.”

Furthermore, the H,-TPR profiles of MAO and
Au/MAO are shown in Figure 4. Both samples have no
signals at the temperature lower than 350 °C, indicating
that the Au species of Au/MAO are present as metallic
Au, instead of Au’ or Au’" cations.

(22°) The peaks at

Figure 2 (a) TEM, particle size distribution and (b—d) HRTEM images of 0.7% Au/MAOQO; (e) TEM, particle size distribution and (f—h)

HRTEM images of 1.3% Au/SBA-15.
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Figure 3 Au4f XPS spectra of (a) 1.3% Au/SBA-15, (b) 0.7%
Au/MAO and (c) 0.7% Au-0.9% Pd/MAO.
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Figure 4 H,-TPR profiles of (a) MAO and (b) Au/MAO.

566 and 652 ‘C for MAO sample are attributed to the
reduction of surface oxygen species of MAO, while this
kind of signal appeared on the profile of Au/MAO as a
peak at 645 C with strong intensity. This might origin
from the interaction between Au nanoparticles and
MAO support. Additionally, Au/MAO sample shows
another reduction peak at lower temperature of 438 C,
this might be due to the weakening of the Mg—O or
Al—O bond by strongly bound Au species.[zzc’zzd] These
results indicate that the Au species are present as metal-
lic Au on AwWMAQOQ, and there is strong interaction be-
tween Au species and MAO support, which highly
agree with the results obtained from the XPS spectra. In
consideration of the similar Au particle size of 0.7%
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AuW/MAO and 1.3% Au/SBA-15, this shift in binding
energy is reasonably assigned to the interaction between
Au nanoparticles and MAO support. By this interaction,
Au nanoparticles tend to form an extended flat interface
structure with the support.”!! Possibly, the crystalline
MAO substrate directs the formation of Au nanoparti-
cles with rich edge and corner Au atoms in 0.7%
Au/MAO. In contrast, amorphous SBA-15 does not
have this kind of ability to direct the formation of Au
nanoparticles with irregular morphology. These results
suggest that MAO is a suitable support for forming Au
nanoparticles with rich edge and corner sites.

In consideration of the directing ability of MAO
support, the investigation on bimetallic Au-Pd nanopar-
ticles on MAO is desirable. Energy dispersive X-ray
analyses (EDX) of particles indicate the presence of
both Au and Pd atoms in one single particle, and the
ratios of Au to Pd are almost unchanged for the exam-
ined particles (Figure 5). Additionally, STEM images
(Figures 6a, 6e and 6i) demonstrate that the Au, Pd or
Au-Pd nanoparticles are highly dispersed on the MAO
support. Compared to monometallic nanoparticles, bi-
metallic ones exhibit a much smaller size distribution
(Figures 6b, 6f and 6j). HRTEM images of various
metal nanoparticles with similar particle size of 2 nm
(Figures 6¢c, 6g and 6k) show that the bimetallic Au-Pd
nanoparticles (Figure 6k) provide quite different lattice
spacings as compared to pure Au (Figure 6¢) or Pd
nanoparticles (Figure 6g). The Au-Pd nanoparticle with
a twined boundary has the lattice spacing of 0.232 nm
for the {111} plane, which locates between 0.239 nm
for {111} Au and 0.223 nm for {111} Pd. Fast Fourier
Transform (FFT) analysis shows that the Au-Pd
nanoparticle is a typical twin, and each part has a FCC
structure (Figure 61), similar to Au or Pd nanoparticle
(Figures 6d and h). These results indicate that Au-Pd
nanoparticles are alloys rather than separated phases of
Au or Pd. The formation of Au-Pd alloy leads to the
change in the lattice spacing, therefore giving the dif-
ference in electronic structure,[27 371 even if there is no
electron transfer between Au and Pd species. This phe-
nomenon is confirmed by the fact that both 0.7%
Au/MAO and 0.7% Au-0.9% Pd/MAO give similar
binding energy of Audf;, at 84.5 eV in the Audf XPS
spectra (Figure 3). Figures 6m—6r show HRTEM im-
ages of Au-Pd nanoparticles with different sizes. Most
of Au-Pd nanoparticles have clear boundaries, which are
quite distinguishable from monometallic Au or Pd
nanoparticles. In particular, as observed in Figures 6q
and 6r, the Au-Pd nanoparticles have more than ten
boundaries. This kind of special boundary structure
could produce a large amount of low-coordinative facet-
edge and corner sites, which could be favorable for
oxidation reactions.”'***"! Additionally, in the Au-Pd
alloy, one metal acts as promoter to isolate monomer
sites of another metal, which could be helpful for im-
proving the catalytic activities.!'"

Chin. J. Chem. 2012, XX, 1—9
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Figure 5 EDX spectra of individual single nanoparticle of 0.7%
Au-0.9% Pd/MAO.

In liquid phase oxidations, the oxidation of benzyl
alcohol to benzaldehyde was chosen as a test reaction
since the selective formation of benzaldehyde can be
challenged by a number of possible side-reactions such
as hydrogenolysis, decarbonylation, and esterifica-
tion.”**®) Catalytic data of solvent-free acrobic oxida-
tion of benzyl alcohol over Au, Pd and Au-Pd catalysts
are presented in Table 1. 0.7% Au/MAO and 0.9% Pd/
MAO catalysts show a conversion of 21.2% and 11.2%
and a selectivity to benzaldehyde of 54.2% and 40.9%,
respectively (Table 1, Entries 1 and 2). However, 0.7%

Chin. J. Chem. 2012, XX, 1—9

Au-0.9% Pd/MAO catalyst shows a drastically im-
proved catalytic performance at a conversion and selec-
tivity of 95.4% and 83.5% (Table 1, Entry 3). Contrarily,
a physical mixture of 0.7% Au/MAO and 0.9% Pd/
MAO shows a low conversion of 24.3% and selectivity
of 44.5% (Table 1, Entry 4). These results suggest a
synergy between Au and Pd in terms of catalytic activ-
ity when forming bimetallic Au-Pd nanoparticles sup-
ported on MAO. Notably, 0.7% Au-0.9% Pd/MAO is
even more active than the hydroxyapatite supported Pd
catalyst (Pd/HAP) and the ceria supported Au catalyst
(Au/CeO,, Table 1, Entries 5 and 6), which represent
two of the most active catalysts for aerobic oxidation of
alcohols reported so far.'" The silica supported 0.5%
Au-0.6% Pd/SiO, shows a conversion of 67.0% at a
selectivity of 88.2% (Table 1, Entry 7). Considering the
similar size and structure of bimetallic Au-Pd nanopar-
ticles on SiO, and MAO supports, higher activity over
0.7% Au-0.9% Pd/MAO than 0.5% Au-0.6% Pd/SiO,
suggests a strong influence of the support on the activ-

ity.

Table 1
benzyl alcohol over Au, Pd and Au-Pd catalysts”

Catalytic data in solvent-free aerobic oxidation of

Conversion Selectivity to
Entry Catalyst ;isﬁzlz/z/t benzaldehyde?/%

1 0.7% Au/MAO 21.2 542

2 0.9% Pd/MAO 11.2 40.9
0.7% Au-0.9% Pd/MAO 95.4 83.5
0.7% Au/MAO—+0.9%

4 b UMAOS 243 445

5 0.2% Pd/HAP 60.7 39.5

6 2.2% Au/CeO, 19.1 95.7

7 0.5% Au-0.6% Pd/SiO," 67.0 88.2

8 0.7% Au-0.9% Pd/MAO® 88.0 72.4

9 0.7% Au-0.9% Pd/MAO 94.0 81.0

© 2012 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a

Reaction conditions: 80 mg catalyst, 30 mmol substrate, 0.2
MPa O,, 373 K, reaction time for 7 h; dodecane was used as in-
ternal standard and the benzaldehyde productivity was calculated
for the reaction time at 7 h; ® The by-products are major benzyl
benzoate, benzoic acid, and toluene; © Physical mixture of 40 mg
0.7% Au/MAO with 40 mg 0.9% Pd/MAO; 4110 mg catalyst;
¢ (0.4 MPa air and reaction time for 11 h;” Recycles for 5 times.

To understand the role of MAO support, the dehy-
drogenation test of the MAO support for adsorbed iso-
propanol was carried out (Figure 7). The choice of
2-propanol is due to its relatively low boiling point. In-
terestingly, it is observed strong signals associated with
hydrogen on MAO support. This suggests that the MAO
support has a strong dehydrogenation ability, which is a
key step in alcohol oxidations and could be important
for enhancing activities in these oxidations.”* In con-
trast, silica and TiO, support has no dehydrogenation
ability."”! Furthermore, CO,-TPD was performed to

www.cjc.wiley-vch.de 5
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Figure 6 (a) STEM image, (b) particle size distribution, (c) HRTEM image, and (d) FFT analysis of 0.7% Au/MAO; (e) STEM image,
(f) particle size distribution, (g) HRTEM image, and (h) FFT analysis of 0.9% Pd/MAO; (i) STEM image, (j) particle size distribution, (k
and m—r) HRTEM images, (1) FFT analysis of 0.7% Au-0.9% Pd/MAO. The white lines mark the boundary.

investigate the origin of dehydrogenation ability of
MAO (Figure 8). The profile of CO,-TPD shows obvi-
ous peak at the temperature of 560 °C, indicating the
strong basicity of MAO support. While SiO, support
does not have any basic peaks according to the reported
literature.**® The basicity is helpful for the dehydroge-
nation ability, and these results highly agree with those

6 www.cjc.wiley-veh.de
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obtained form the dehydrogenation test. Additionally, in
the profile of NH;-TPD, MAO also gives obvious peaks
at 145 and 594 °C, indicating its strong acidity. Ac-
cording to the previous literature, the strong basicity
could afford higher activity and the strong acidity could
afford high selectivity for aldehyde for the oxidation of
alcohols.*"

Chin. J. Chem. 2012, XX, 1—9
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Figure 7 TPSR spectrum of 2-propanol adsorbed on MAO.
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Figure 8 (left) CO,-TPD and (right) NH3-TPD profiles for
MAO.

In addition, using air as the source of O,, 0.7% Au-
0.9% Pd/MAO still shows the high conversion of 88.0%
and selectivity of 72.4%, which is an economically im-
portant factor for industrial applications (Table 1, Entry
8). After 5 times of catalyst recycling 0.7% Au-0.9%
Pd/MAOQO catalyst is still very active, ending up at the
conversion of 94.0% and selectivity of 81%, which in-

dicates its excellent recyclability (Table 1, Entry 9). At
the same time, ICP analysis of the liquid collected from
the reaction mixture proves the absence of Au and Pd
species, indicating that metal-leaching is negligible un-
der the reaction conditions applied.

The TOF for the solvent-free oxidation of benzyl
alcohol at 433 K under 0.1 MPa O, is 86500 h™ ' as re-
ported by Hutchings and co-workers,”® which is a very
high value. 0.7% Au-0.9% Pd/MAO shows an even
higher TOF of 91000 h™" at 433 K with molecular oxy-
gen at air pressure. These data confirm that 0.7%
Au-0.9% Pd/MAO is very active for oxidation of benzyl
alcohol.

As the simplest triol in nature, oxidation of glycerol
is greatly significant for the conversion of biomass. Ta-
ble 2 presents the catalytic activities in glycerol oxida-
tion with molecular oxygen over various Au, Pd and
Au-Pd catalysts. 0.7% Au/MAO and 0.9%Pd/MAO
catalysts show similar TOFs at 1840—2300 h' (Table
2, Entries 1 and 2). Very interestingly, 0.7% Au-0.9%
Pd/MAO catalyst gives a drastically improved catalytic
activity, giving TOF at 9200 h! (Table 2, Entry 3).
This value is even higher than that (TOF at 6435 h',
Table 2, Entry 4) of Au-Pd nanoparticles on active car-
bon under similar conditions, a very successful example
for glycerol oxidation.” Furthermore, it is worth not-
ing that both 0.7% AuwMAO and 0.7% Au-0.9%
Pd/MAO catalysts are catalytically active in absence of
NaOH, giving TOF at 1100 and 2820 h™ ', respectively
(Table 2, Entries 7 and 8). This phenomenon is quite
different from the results reported in literature that no
reaction occurred on most of Au catalysts without addi-
tion of bases.!"” Possibly, the strong dehydrogenation
ability of MAO support would be very helpful for initia-
tion of glycerol oxidation, in good agreement with the
effect of the bases.>"*"!

The product selectivity in glycerol oxidation is a
critical factor for the choice of catalysts. Table 3 pre-
sents the catalytic conversion of glycerol and product
selectivities over 0.7% Au/MAO, 0.9% Pd/MAO, and
0.7% Au-0.9% Pd/MAO catalysts. The catalytic prod-
ucts mainly consist of GLYA, TARAC, hydroxypyruvic

Table 2 TOFs of various catalysts in aerobic oxidation of glycerol”

Entry Catalyst Temperature/K Oxygen pressure/MPa NaOH/Glycerol (mol/mol) TOF/h™'? Ref.
1 0.7% Au/MAO 323 0.2 4 2300
2 0.9% Pd/MAO 323 0.2 4 1840
3 0.7% Au-0.9% Pd/MAO 323 0.2 4 9200
4 1% Pd@AwAC 323 0.3 4 6435  [27]
5 AuPd/C 333 1.0 2 8640  [33]
6 1% (Au-Pd)/C 343 0.3 4 981 [34]
7 0.7% Au/MAO 323 0.2 0 1100
8 0.7% Au-0.9% Pd/MAO 323 0.2 0 2820

¢ Reaction conditions: 3 mmol of glycerol, 10 mL of water, 12 mmol of NaOH, molar ratio of glycerol with metal (Au and Pd) at 3000;
b TOF numbers (h~ ') were calculated on the basis of total loading of metals after reaction for 0.25 h.

Chin. J. Chem. 2012, XX, 1—9
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Table 3 Catalytic data of various catalysts in the aerobic oxidation of glycerol”
OH OH
HOWOH HOWOH
(0] o O
OH Catalyat, Oz yiyceric acid (GLYA) tartronic acid (TARAC)
HO\)\/OH H,0, NaOH
glycerol 9] OH
HO \)S(OH H{OH HO  OH
) le} (e} @)
hydroxypyruvic acid (HPYA) glycolic acid (GLYCA) oxalic acid (OXALA)
) Product selectivity/%
Entry Catalyst Conversion/%
GLYA TARAC HPYA GLYCA OXALA Others”
1 0.9% PdA/MAO 18.6 49.9 12.3 0.0 9.3 10.5 16.2
2 0.7% Auw/MAO 85.2 66.2 10.0 8.4 5.8 4.6 5.0
3 0.7% Au-0.9% Pd/MAO 98.5 43.0 36.6 32 5.6 0.4 11.2

“ Reaction conditions: 3 mmol of glycerol, 0.2 MPa of O,, 10 mL of water, 12 mmol of NaOH, molar ratio of glycerol with metal (Au and
Pd) at 2000 under the temperature of 323 K for 2 h; ” The by-products are dihydroxyacetone, glyoxylic acid, CO,, formic acid, and others.

acid (HPYA), glycolic acid (GLYCA), and oxalic acid
(OXALA). Notably, 0.9% Pd/MAO catalyst shows low
conversion (18.6%) and GLYA selectivity (49.9%, Ta-
ble 3, Entry 1). However, 0.7% Au/MAO exhibits rela-
tively high glycerol conversion (85.2%) and GLYA se-
lectivity (66.2%, Table 3, Entry 2). These data are
comparable with those of Au nanoparticles reported
previously."!! Interestingly, 0.7% Au-0.9% Pd/MAO
catalyst exhibits very high conversion of glycerol, giv-
ing at 98.5%. In addition, relatively high selectivity for
TARAC is obtained (36.6%, Table 3, Entry 3). This is
quite different from the results in literature that GLYA
was usually the major product with extremely low yield
of TARAC in %1ycer01 oxidation on Au, Au-Pd and
Au-Pt catalyst.[**"*3**3% Because TARAC is converted
from further oxidation of GLY A, the high selectivity for
TARAC is to suggest that 0.7% Au-0.9% Pd/MAO
catalyst is very active.

Conclusions

In summary, we have successfully designed and
prepared bimetallic Au-Pd nanoparticles with rich edge
and corner sites on MAO support (0.7% Au-0.9%
Pd/MAO). This catalyst gives superior activities for the
aerobic oxidation of benzyl alcohol to benzaldehyde.
Very interestingly, this catalyst exhibits both high con-
version of glycerol and high TARAC selectivity in the
aerobic oxidation of glycerol. These results would be
potentially important to develop of new catalysts for the
production of fine chemicals.
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