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ABSTRACT: A green bioreductive approach with Cacumen
Platycladi (CP) extract was adopted to fabricate bimetallic Au−
Pd/TiO2 catalysts for solvent-free oxidation of benzyl alcohol
(BzOH) to benzaldehyde (BzH) with molar oxygen at
atmospheric pressure. The Au−Pd nanoparticles (NPs) before
being immobilized onto TiO2 were determined by transmission
electron microscopy. And, the catalysts were further analyzed by
X-ray diffraction, X-ray photoelectron spectroscopy, thermogravi-
metric analysis, etc. Effects of Au/Pd molar ratio, preparation conditions, and reaction conditions on the catalytic activity of Au−
Pd/TiO2 were investigated. And, the Au−Pd/TiO2 catalyst without calcination that was prepared at 90 °C from the Au−Pd NPs
with Au/Pd molar ratio of 2:1 exhibited excellent catalytic performance. With the catalyst, BzOH conversion of 74.2% and
selectivity to BzH 95.8% were attained at the reaction temperature of 90 °C with an oxygen flow rate of 90 mL/min. Meanwhile,
the recycling tests showed that, after seven recycles, the catalyst still remained with high conversion and selectivity. Therefore, the
catalyst had excellent durability and reusability and good prospects for industrial application.

KEYWORDS: Gold, Palladium, Bioreduction, Benzyl alcohol, Oxidation

■ INTRODUCTION

As important precursor or intermediate in chemical industries,1

benzaldehyde (BzH) is produced mainly through two
processes, i.e. the hydrolysis of benzal chloride and toluene
oxidation.2,3 However, the hydrolysis of benzal chloride poses
the problem of chlorine contamination while the toluene
oxidation led to poor selectivity to BzH. In contrast, direct
oxidation of benzyl alcohol (BzOH) in liquid phase can not
only circumvent the chlorine contamination but also achieve
satisfactory selectivity to BzH. Hence, liquid phase oxidation of
BzOH has attracted increasing attention from scientific
researchers and industrial community.4,5 It is more environ-
mentally friendly to produce BzH from the liquid phase but
solvent-free oxidation of BzOH in which BzOH plays dual roles
as raw material and solvent.
To date, design of efficient catalysts for oxidation of BzOH

by proper oxidants has been extensively studied. Expensive and
environmentally unfriendly oxidants such as chromium
trioxide,6 ammonium permanganate,7 and tert-butyl hydro-
peroxide8 are usually used. Aqueous H2O2 have also been used
in a few studies because of economic and environmental
concerns,9,10 but it is easy to decompose. Molecular oxygen is
desirable because it is a clean and cheap oxidant and, above all,
produces water as the sole byproduct.10

Noble metal catalysts (Ag, Pt, Pd, Au, Ru, etc.) have been
widely used for heterogeneous catalysis in oxidization of
alcohols to aldehydes.11−13 It is urgent to develop a more active
catalyst for the solvent-free BzOH oxidation to attain high
conversion of BzOH and selectivity to BzH. It is very
interesting that bimetallic nanoparticles (NPs) might outper-
form monometallic ones in catalytic properties due to
synergetic effects between two metal components. Synergetic
effects in bimetallic nanocatalysts are often introduced by the
change of electronic structure due to charge transfer or
structural strain between metals, interfacial collaboration by two
metals, and interfacial stabilization.14 For example, Au−Pd
catalysts showed better performance for the oxidation of BzOH
to BzH, i.e. higher BzOH conversion and BzH selectivity,
compared with monometallic catalysts.15,16 Furthermore, differ-
ent preparation procedures may lead to variation in the particle
size, morphology, structure, and electronic properties of
bimetallic nanoparticle catalysts, which significantly affect the
metal−support interaction and consequently the catalytic
performance. Driven by green chemistry, some researches
have been focused on the biosynthesis of NPs using plant
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extract as a natural factory without additional chemicals.17−23 In
some previous studies, NaBH4 and poly(vinyl alcohol) were
used as reductant and protecting agent, respectively.24−26

Furthermore, biosynthesized NPs could be immobilized onto
proper supports, giving rise to efficient catalysts for oxidation of
carbon monoxide,27 propylene,28−30 styrene,31 and BzOH.32−34

In our previous study, with Cacumen Platycladi (CP) extract,
Au−Pd bimetallic NPs were synthesized through single-step
reduction of Au (III) and Pd (II) precursor with CP extract in
an aqueous environment.20 The efficient bimetallic catalysts
Au−Pd/MgO for oxidation of BzOH in aqueous medium were
prepared based on the biosynthesis.9

In this work, alloy Au−Pd/TiO2 catalysts were prepared
through sol-immobilization technique using CP extract as
bioreducing agent. We focused on the biosynthesis of alloy NPs
using CP extract as a natural factory without additional
chemicals, except for the metal precursors. Then, the catalytic
performance of the alloy catalysts for the solvent-free aerobic
oxidation of BzOH to BzH (oxygen is chosen as the oxidant)
was tested. The influences of various catalyst parameters and
catalytic reaction conditions on the alloy catalytic performance
of the Au−Pd catalysts were investigated. The bimetallic
catalysts are characterized using transmission electron micros-
copy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared (FT-IR)
spectroscopy of adsorbed pyridine, and thermogravimetric
(TG) analysis.

■ EXPERIMENTAL SECTION
Materials. Chloroauric acid (HAuCl4), palladium nitrate (Pd-

(NO3)2), and rutile TiO2 were supplied by Sinopharm Chemical
Reagent Co. Ltd. (China). Benzyl alcohol was supplied by Xilong
Chemical Reagent Co. Ltd. (China). The same sundried CP in the
previous study9 was used in this work.
Preparation of CP Extract. The CP leaf fine powder was screened

with a 20-mesh sieve. Then, 4.0 g screened powder was dispersed in
400 mL deionized (DI) water in a conical flask. The mixture was then
shaken at 150 rpm for 4 h at 30 °C and filtrated to get filtrate (10 g
L−1) for preparation of the Au−Pd catalysts.
Preparation of Au−Pd/TiO2 Catalysts. Bimetallic catalysts were

prepared via sol-immobilization (SI) method. CP extract (20 mL) was
added to the aqueous solution (40 mL) of HAuCl4 (0.5 mM) and
Pd(NO3)2 (0.7 mM) under vigorous stirring at 90 °C. After 1 h, 0.6 g
TiO2 was added and kept stirring for another 1 h. Then, the
suspension was filtered and washed thoroughly with deionized water
and put in a vacuum oven at 50 °C for 12 h.
Catalysts with different Au/Pd molar ratios were prepared by

changing the concentrations of HAuCl4 and Pd(NO3)2. And, they
were labeled by the Au/Pd molar ratio. For instance, Au(1)Pd(1)/
TiO2 denoted the catalyst prepared with Au/Pd molar ratio of 1:1.
The total metal loading was 2% for all catalysts with different Au/Pd
molar ratios.
Characterization of Au-PdNPs and Au−Pd/TiO2 Catalysts.

The details on characterizations with transmission electron microscopy
(TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FT-IR) spectroscopy, and
thermogravimetric (TG) and differential thermogravimetric (DTG)
analysis were the same in our previous work.9,31,34 C 1s was used as a
reference to calibrate the obtained XPS data. The FT-IR spectra of
pyridine adsorption studies were obtained at room temperature,
wherein the samples (0.06 g) were pressed into thin wafers. And TG
and DTG analyses were carried out at a heating rate of 10 K min−1

from 303−1273 K.
Catalytic Activity Measurements. Liquid phase oxidation of

BzOH with molecular oxygen as the oxidant was carried out in a
magnetically stirred three necked flask (50 mL) with reflux condenser

and oil bath. And, the oil bath was heated to appropriate temperature
in advance. A 0.4 g portion of catalyst was stirred with 20 mL BzOH
with continuous oxygen bubbling (controlled by a glass rotameter) at
atmospheric pressure. The same procedures on analysis of reaction
products with gas chromatography were adopted.9

■ RESULTS AND DISCUSSION
Characterizations of Au−Pd NPs and Au−Pd/TiO2

Catalysts. TEM was used to characterize the morphology of

the Au−Pd NPs and the Au−Pd/TiO2 catalysts. The images of
the Au−Pd NPs with different Au/Pd molar ratio are shown in
Figure 1. As illustrated, all of the Au−Pd NPs were spherical
and well dispersed, given the same initial metal concentration
and the other bioreduction conditions. The histograms of their
size distribution and statistic sizes were given in the inset
images. Compared with the particle sizes of monometallic Au
and Pd NPs (18.3 ± 2.3 and 8.2 ± 1.1 nm, respectively)
presented in Figure S1, the particle sizes of the bimetallic Au−
Pd NPs were in between, suggesting the formation of the
bimetallic NPs. The particle sizes of the Au−Pd NPs decreased
with the decrease of Au/Pd molar ratio. In other words, the
higher the Pd precursor concentration, the smaller the
bimetallic particles formed. This phenomenon was in agree-
ment with the previous work by Hutchings et al. They also

Figure 1. TEM images of bimetallic NPs (preparation conditions:
temperature, 90 °C; time, 1 h; and stirring rate, 12 000 rpm) with inset
histograms of particle size distributions: (a) Au(7)Pd(1), (b)
Au(2)Pd(1), (c) Au(1)Pd(1), (d) Au(1)Pd(2), (e) Au(1)Pd(7) NPs.
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reported that the smaller NPs comprise largely Pd, and the
larger NPs comprise mainly Au in the synthesis of bimetallic
Au−Pd NPs.35 The nature of the bimetallic NPs can be verified
through scanning transmission electron microscopy (STEM)
and energy-dispersive X-ray (EDX) spectroscopy. The EDX
elemental line scanning and STEM images (the inset) of the as-
synthesized NPs are presented in the inset images in Figure S2.
The results indicated that all the NPs are alloy regardless of
different Au/Pd molar ratio. The bimetallic NPs were also
observed by high resolution TEM (HRTEM). As shown in
Figure S3, the crystal lattice spacing of bimetallic NPs (0.229
nm) was between 0.236 nm (The crystal lattice spacing of
Au(111)) and 0.225 nm (The crystal lattice spacing of
Pd(111)). Therefore, it provided the evidence that the
nanoparticle is an alloy particle of Au and Pd.
XPS technique was employed to analyze the electronic state

of metals. The spectra of Au 4f region and Pd 3d region are
presented in Figure S4. Figure S4 shows the Au 4f7/2 signal with
a lower position at 83.4 eV, indicating that Au in Au−Pd NPs is
metallic phase. Particularly, elemental gold was the sole gold
species, revealing complete reduction of Au precursor with CP
extract. Meanwhile, Figure S4 also shows the Pd 3d5/2 signal

with a lower position at 334.8 eV, revealing that Pd ions were
completely reduced to elemental Pd by the CP extract.
TG and DTG analysis were carried out to study the effect of

the residual plant biomass on the bioreduction catalysts. The
TG profiles are presented in Figure S5. Evidently, the biomass

Figure 2. Catalytic performance of Au/TiO2, Pd/TiO2, and Au−Pd/
TiO2 catalysts with different Au/Pd molar ratio. Reaction conditions:
temperature, 90 °C; O2 flow rate, 90 mL/min (1 atm); reaction time, 6
h; and stirring rate, 12 000 rpm.

Figure 3. Catalytic performance of Au(1)Pd(1)/TiO2 catalysts at
different calcination temperature. Reaction conditions: temperature,
90 °C; O2 flow rate, 90 mL/min (1 atm); reaction time, 6 h; and
stirring rate, 12 000 rpm.

Figure 4. TEM images of Au(1)Pd(1)/TiO2 catalysts at different
calcination temperatures with corresponding sizes distributions. Inset:
(a) 200, (b) 300, (c) 400, (d) 450, (e) 500, and (f) 600 °C.

Figure 5. Powder XRD patterns of Au(1)Pd(1)/TiO2 catalysts at
different calcination. Inset: (a) no calcination, (b) 200, (c) 300, (d)
400, (e) 450, (f) 500, and (g) 600 °C.
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accounts for 2% weight of the fresh catalysts. We have indicated
that reducing sugars, flavones, and polyphenols consisting of
most of dry weight of the CP,36 the flavones and reducing sugar
also acted as protective agents to prevent the NPs from
aggregating21,37 during the catalyst preparation. The inset DTG
profile of the biomass shows that the decomposition temper-
ature was 400−800 K. Therefore, some residual biomolecules
played an important role in protecting the bimetallic NPs over
the catalysts.
The crystalline phase of the bioreduction catalyst was

characterized by powder XRD. Figure S6 exhibits the XRD
patterns of Au/TiO2, Pd/TiO2, and Au−Pd/TiO2 catalysts. As
shown, the Bragg reflections at 38.1° and 44.3° corresponded
to the (111) and (220) of gold. Diffraction peaks at 39.8° and
67.4° attributed are attributed to the (111) and (322) planes of
crystalline palladium from the Pd/TiO2 catalyst are detected.
For the bimetallic catalysts, the diffraction peak at 38.6°
between Au (111) and Pd (111) can be assigned to the Au−Pd
alloy phase.38,39

Effect of Au/Pd Molar Ratio. Both monometallic and
bimetallic catalysts were tested for the oxidation of BzOH to
BzH. Correlations of catalytic activity with the Au/Pd molar
ratio are shown in Figure 2. The Au/TiO2 with Au as active
component exhibited extremely low BzOH conversions.
However, the Pd catalysts (containing Pd and Au−Pd catalysts)
showed much better catalytic activity. The BzOH conversions
were within the range of 60−75% while the selectivity to BzH
in most cases were higher than 90%. It should be noted that the
Au−Pd/TiO2 in the case of Au/Pd molar ratio of 2:1 exhibited
higher BzOH conversion than monometallic Pd/TiO2 while the
selectivity to BzH in the two cases were close. The synergistic
interaction between Au and Pd might be responsible for the
enhanced BzOH conversion. The addition of small amounts of
gold to palladium markedly enhanced the activity of supported
Au−Pd NPs because of electronic effect.35 In contrast with Au/
TiO2, the increase in BzH yields using Au−Pd/TiO2 could be
resulted at all the Au/Pd molar ratios. The highest BzH yield
(71.7%) could be achieved at the Au/Pd molar ratio of 2:1,
which was 239 times that of the Au/TiO2 and 1.1 times that of
the Pd/TiO2. As illustrated in Figure 1, two metal in the alloy
Au−Pd NPs were well combined and their size fell between
those of Au and Pd NPs, given the same initial metal
concentration and bioreduction conditions. However, a non-

linear relationship can be found between the activity of Au−
Pd/TiO2 and the Au/Pd molar ratio. Compared with the
particle sizes of monometallic Au and Pd NPs (18.3 ± 2.3 and
8.2 ± 1.1 nm, respectively) presented in Figure S1, the in
between particle size of the alloy Au−Pd NPs shows the
chemical combination of Au and Pd atoms to form the alloy
NPs. The particle sizes of the Au−Pd NPs decreased with the
decrease of Au/Pd molar ratio. In other words, the higher the
Pd precursor concentration, the smaller the alloy particles
formed. The benzyl alcohol conversion first increases and then
decreases with the decreasing alloy size (or the decreasing the
Au/Pd molar ratio). It can be seen that the BzOH conversion
was associated with the Au/Pd molar ratio and the alloy size.
However, the effect of change of the number of atom at the
catalyst surface with changing the alloy size remained unclear.

Figure 6. Catalytic performance of Au(2)Pd(1)/TiO2 with different
catalysts preparation temperature. Reaction conditions: temperature,
90 °C; O2 flow rate, 90 mL/min (1 atm); reaction time, 4 h; and
stirring rate, 12 000 rpm.

Figure 7. TEM images of Au(2)Pd(1) sols at different preparation
temperatures with corresponding sizes distributions. Inset: (a) 30, (b)
40, (c) 50, (d) 60, (e) 70, (f) 80, and (g) 90 °C.
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Effect of Calcination Temperature. The catalytic
activities of the Au−Pd/TiO2 catalysts calcined at different

temperatures are shown in Figure 3. The catalysts showed high
selectivity toward BzH (almost 90%), with trace benzoic acid
and toluene and benzoate as byproducts, regardless of
calcination temperature. However, the calcination was
detrimental to the catalytic activity, especially the conversion
of BzOH. For instance, the conversion of BzOH was as low as
22% if the Au−Pd/TiO2 was subjected to calcination at 600 °C.
On the contrary, the catalysts without calcination exhibited the
highest BzOH conversion, suggesting that calcination at higher
temperature was adverse to the formation of high active Au−Pd
species. The phenomenon may be explained by the results
based on TEM, XRD, and TG characterizations. The TEM
images of the catalysts after calcinations at different temper-
atures are shown in Figure 4. It can be seen that the particle
sizes increased with increasing the calcination temperature. As a
result, the activity of the bimetallic catalysts decreased with
increasing calcination temperature as the surface area decreased
after the calcinations. In other words, the calcined nanoparticles
tended to sinter. The uncalcined Au−Pd particle sizes were
15.1 ± 2.1 nm (Figure S8), the Au−Pd particle size increased
up to 29.5 ± 8.6 nm with less homogeneous dispersion and
shape at 600 °C (Figure 4f), which was probably responsible
for the very low activity. The XRD patterns for the bimetallic
catalysts calcined at different temperatures are shown in Figure
5. As discussed above, the diffraction peaks of the bimetallic
catalysts at 38.6°, which located between Au (111) and Pd
(111), can be attributed to the Au−Pd alloy phase. The
diffraction peaks of Au−Pd/TiO2 after the calcinations
treatment below 400 °C were weak, while the peaks at higher
calcined temperature became stronger. Therefore, the particles
with larger sizes were formed with the increase of the
calcination temperature. The TG analyses of the catalysts
calcined at different temperature are shown in Figure S5.
Further, the TG results revealed a gradual decrease of plant
biomass amount with increasing the calcination temperature
(50−600 °C). The activity of the bimetallic catalysts decreased
after decomposing some residual biomass as the residual
biomass might prevent the bimetallic NPs from agglomeration.
Therefore, the increase in the particle size and the loss of plant
biomass gave rise to the poor performance of the catalysts
calcined at higher temperatures.9,26

Effect of the Catalysts Preparation Temperature. The
effect of preparation temperature of the Au−Pd/TiO2 catalysts
on the solvent-free oxidation of BzOH was examined using

Figure 8. FT-IR spectroscopy of adsorption pyridine on the bimetallic
Au−Pd NPs at the Au/Pd molar ratio of 2:1 at different preparation
temperatures: (a) 30, (b) 40, (c) 50, (d) 60, (e) 70, (f) 80, and (g) 90
°C.

Figure 9. Catalytic performance of Au(2)Pd(1)/TiO2 with different
oxygen flow rate. Reaction conditions: temperature, 90 °C; reaction
time, 5 h; and stirring rate, 12 000 rpm.

Figure 10. Catalytic performance of Au(2)Pd(1)/TiO2 with different
reaction temperature. Reaction conditions: O2 flow rate, 90 mL/min
(1 atm); reaction time, 5 h; and stirring rate, 12 000 rpm.

Figure 11. Catalytic performance of recycling bioreduction Au(2)-
Pd(1)/TiO2 catalysts. Reaction conditions: temperature, 90 °C; O2
flow rate, 90 mL/min (1 atm); reaction time, 5 h; and stirring rate, 12
000 rpm.
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Au−Pd/TiO2 at the Au/Pd molar ratio of 2:1. It can be seen
from Figure 6 that the BzOH conversion increased but the
selectivity to BzH remained almost the same with increasing
the preparation temperature (except the temperature of 30 °C).
Particularly, the BzOH conversion was only 31% at 40 °C due
to thermal effect.34 Therefore, high preparation temperature
favored the reaction as the BzOH conversion increased from
31% to 45.6% when the temperature was switched from 40 to
90 °C. However, the better activity was obtained when the
temperature was 30 °C. The TEM images of the Au−Pd
bimetallic NPs prepared at different temperature are shown in
Figure 7. As shown, the particle sizes were around 20 nm. The
EDX elemental line scannings of the as-synthesized NPs are
shown in Figure S7, and their STEM images are also presented
in the inset images in Figure S7. All the as-prepared particles
were bimetallic NPs at all the temperatures. FT-IR spectra of
adsorbed pyridine are showed in Figure 8. The spectrum
contained several significant peaks at 1450, 1490, and 1540
cm−1, which could be assigned to the chemisorption of
molecular pyridine at different type of surface acidic sites.
The peaks at 1450 cm−1 were resulted from the interaction of
pyridine with Lewis acidic sites. Meanwhile, the peaks at 1490
cm−1 were due to the vibration of pyridine adsorbed on
Bronsted acidic and on Lewis acidic sites. The peaks at 1540
cm−1 can be attributed to the protonation of pyridine molecule
by the Bronsted acidic sites (surface-bound hydroxyl
groups).40,41 And, the peaks at 1540 cm−1 only existed in the
catalysts prepared at 30 °C. These strong Bronsted and Lewis
acidic sites may provide better adsorption centers for reactant
molecules,42 and the low preparation temperature induced
plenty of strong Bronsted acidic sites on the TiO2 surface. The
catalysts prepared at 30 °C exhibited good catalytic perform-
ance, which was due to the strong Bronsted acidic sites on the
surface of TiO2.
Effect of Oxygen Flow Rate. Effect of oxygen flow rate

(50−130 mL/min) on the catalytic reaction was investigated,
and the results are showed in Figure 9. Increasing the oxygen
flow rate from 50 to 90 mL/min had linear effect BzOH
conversion and BzH yield. In addition, BzH selectivity was not
affected at high O2 flow rate and remained constant, while a
little toluene and benzoic acid and benzyl benzoate were
formed. However, the BzOH conversion decreased and BzH
selectivity remained at about 90% with 110 and 130 mL/min
flow rate. The conversion decline at 110 mL/min could be
attributed to low utilization of oxygen by flowing too fast to

react with BzOH substances. The best activity was achieved at a
flow rate of 90 mL/min.

Effect of Reaction Temperature. The effect of reaction
temperature on the aerobic oxidation of BzOH is shown in
Figure 10 using the Au(2)Pd(1)/TiO2 catalysts (40, 50, 60, 70,
80, and 90 °C). The BzH selectivity was high (above 86%),
whereas the BzOH conversion depended on the reaction
temperature. A poor conversion (below 1%) was obtained at
low reaction temperature (40, 50, and 60 °C) as the oxidation
of BzOH is an endothermic reaction. As expected, the elevated
temperature led to the remarkable enhancement in both BzOH
conversion and BzH yield. The BzOH conversion and BzH
selectivity were 59.2% and 93.1%, respectively, at the
temperature of 90 °C. As the reaction temperature increased
from 70 to 90 °C, the BzOH conversion and BzH selectivity
increased, implying that a higher reaction temperature
promoted the oxidation of BzOH and inhibited the
disproportionation of BzOH. Obviously, the moderate reaction
temperature of 90 °C provided the highest BzH yield (55.08%).

Durability of the Bioreduction Catalysts. Durability of
heterogeneous catalysts is an important aspect that should be
considered for industrial application. Recycle tests were carried
out to assess the durability of the Au(2)Pd(1)/TiO2 catalysts.
The catalysts after reaction were recovered by centrifugation,
washed thoroughly with ethanol and deionized water, and then
dried and reused for another reaction under the same
conditions. As shown in Figure 11, the conversion of BzOH
and selectivity of BzH remained almost the same during seven
cycles, indicating the very high stability of the alloy catalysts.
Figure S9 shows the XRD patterns of the fresh catalyst and
seven cycles catalyst, we can observe that the intensity of the
diffraction peaks kept almost the same after seven cycles. The
plant biomass might adhere to the alloy NPs to prevent the
metal leaching. Therefore, the residual biomass indeed
contributed to remarkable durability of the bioreduction alloy
catalysts.

Comparison of Bioreduction Catalysts with Analo-
gous Catalysts. The yield of BzH and the TOF for solvent-
free oxidation with the bioreduction Au−Pd alloy catalysts
herein and other Au, Pd or Au−Pd based catalysts reported in
the literature are compared in Table 1. Obviously, the catalytic
performance of the Au−Pd alloy catalysts herein was
comparable and superior to those by conventional chemical
methods (DP, impregnation, etc.). Both high BzH yield and fair
TOF values were attained with the bioreduction Au−Pd alloy
catalysts. Higher TOF values were obtained at very high

Table 1. Comparison of BzOH Oxidation Catalyzed by Bimetallic and Monometallic Catalysts

catalyst selectivity to BzH (%) yielda (%) TOFb (h−1) reaction temperatue (°C) reaction time (h) ref

Au−Pd/TiO2 95.8 71.7 589 90 6 This work
Au/TiO2 73.7 39 6348 160 6 25
Au/SBA 86.1 2 1937 140 1 16
Au/HMS 95 41 98 80 2 43
Pd/NMC 91.2 59.8 14 939 160 1 44
Pd/CeO2 88.9 20.8 17 572 160 1 45
Pd/SBA 90.2 8.6 3701 140 1 16
Au−Pd/TiO2 70 19.3 20 480 140 0.5 46
Au−Pd/TiO2 82.8 1 65 400 100 0.5 47
Au−Pd/TiO2 91 34.2 6767 140 1.4 48
Au−Pd/SBA 90 67.2 6500 160 4 49

aYield = the product of BzOH conversion and BzH selectivity. bMeasured on the basis of ratio of moles of converted BzOH per mole of metal per
hour.
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reaction temperatures in the literatures, as BzOH oxidation is
an endothermic reaction. However, high reaction temperature
means more energy consumption. Considering the trade-off
between catalytic performance and energy consumption, our
catalysts are more efficient compared with those in the
literatures.

■ CONCLUSIONS
In conclusion, a green process bimetallic Au−Pd/TiO2 catalyst
assisted by bioreduction for solvent-free oxidation of BzOH to
BzH with was investigated in this work. The most appropriate
conditions, catalysts preparation temperature of 90 °C, Au/Pd
molar ratio of 2:1, catalyst without calcination, reaction time of
6 h, temperature of 90 °C, oxygen flow rate of 90 mL/min,
were obtained. The bimetallic catalysts were reusable for up to
seven runs consecutively and remained high activity and
selectivity. The plant biomass endowed the catalyst with the
remarkable durability of the bioreduction catalyst. Therefore,
the as-prepared bimetallic catalyst is promising for industrial
application.
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