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Bimetallic gold-palladium clusters, with an average size of 1.9 nm and composed of 80 mol% gold, proved
to be highly active and selective metal catalysts for the organic phase oxidation with O, of aliphatic,
allylic and benzylic alcohols to the corresponding carbonyl products. Polyvinylpyrrolidone stabilized
gold-palladium clusters dispersed in N,N-dimethylformamide emerged as promising quasihomogeneous
metal catalysts for the oxidation of benzyl alcohol to benzaldehyde with full selectivity; they could be effi-
ciently recycled with unaffected catalytic performance by solvent-resistant nanofiltration. Highly active
and durable heterogeneous catalysts for the amide phase or solvent-free alcohol oxidation were pre-
pared by the quantitative immobilization of the optimized gold-palladium clusters on the high surface
area basic BaAl, 04 spinel support with preservation of the bimetallic clusters’ nanodispersion.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The selective oxidation of alcohols to carbonyl compounds is
a key transformation which is omnipresent in the production of
fine and specialty chemicals [1,2]. Traditionally, alcohol substrates
are oxidized by stoichiometric amounts of costly oxidants such as
chromate or permanganate, inevitably resulting in the formation of
environmentally unfriendly by-products [3]. An alternative, more
ecological method involves the use of molecular O, or H,0, as the
oxidant in the presence of a catalyst, with water as the non-noxious
co-product [4,5].

Both homogeneous and heterogeneous catalysts have been suc-
cessfully applied in liquid phase alcohol oxidations [6]. Efficient
homogeneous catalysts based on cobalt [7,8], copper [9,10], pal-
ladium [11-16] and ruthenium [17,18] have been reported. With
respect to heterogeneous catalysts other than metal-based sys-
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tems, heteropolyacids [19,20], hydrotalcites [21,22], mixed oxides
[23-25] and molecular sieves [26] have been studied as oxidation
catalysts.

Regarding heterogeneous metal catalysts, mostly palladium and
platinum catalysts, either unpromoted or promoted by bismuth or
lead, have widely been investigated despite the drawback of their
sensitivity to deactivation as a consequence of surface overoxida-
tion and chemical poisoning [27-30]. Conversely, for the gas phase
oxidation of alcohols, the suitability of heterogeneous silver cata-
lysts has been demonstrated [31-34].

Recently, the application of monometallic and bimetallic gold
based catalysts in the liquid phase alcohol oxidation has been
successfully explored. The beneficial role of gold is related to an
enhanced rate and selectivity of the oxidation and moreover to an
improved resistance to catalyst deactivation [35-51].

In this work, first the cluster size dependency of the oxida-
tion activity will be studied in the amide phase oxidation of
benzyl alcohol over polyvinylpyrrolidone stabilized Au clusters.
Next, the doping of colloidal Au clusters with other metals will be
investigated to enhance the catalytic performance. Subsequently,
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the recycling of the best quasihomogeneous bimetallic catalyst
is attempted by means of solvent-resistant nanofiltration (SRNF).
Then, the immobilization of the optimized Au-Pd clusters on basic
oxide supports is studied. Finally, the best heterogeneous Au-Pd
catalyst will be applied in both the amide phase and solvent-free
oxidation of various alcohols and the recyclability of the immobi-
lized Au-Pd clusters will be assessed.

2. Experimental
2.1. Catalyst preparation

The metal (Me) colloids were synthesized by the addition of
the appropriate amount of one or two metal chloride salts (MeCly:
AgCl, AuCls, PdCl,, PtCly; Sigma-Aldrich), leading to a total Me
content of 0.1 mmol, to 8 mL of a stirred N,N-dimethylformamide
(DMF) solution containing 0.111, 0.222, 0.333, 0.444, 0.555, 0.666,
0.777,0.888,0.999, 1.110, 1.221 or 1.332 g polyvinylpyrrolidone (PVP,
MW =10,000; Sigma-Aldrich). The applied variations in PVP con-
centration led to molar ratios of monomeric vinylpyrrolidone to
total Me content of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120
respectively. After 12 h stirring at 298 K, 2 mL of a DMF solution
containing 0.4mmol of dissolved NaBH, was added while stir-
ring the solution (molar ratio NaBH4/MeCly = 4) to generate the Me
sol.

Immobilization of the Me colloids was attempted by the addition
of 0.5 mL of an as-prepared Me sol to a 0.5 mL DMF volume contain-
ing 0.200 g of well-suspended powder support. Next this mixture
was stirred for 12 h and this heterogenization procedure resulted
in a Me loading of 25 wmol Me/g support in case of quantitative Me
immobilization.

In order to partially remove excess PVP from the supported
Me catalyst, the obtained amidic 1 mL suspension containing the
oxide powder loaded with immobilized metal clusters was first iso-
lated by centrifugation. After removal of the supernatant, 1 mL of
DMF was added and the metal loaded powder was resuspended
by stirring for 15 min and thereafter the powder fraction was iso-
lated again by centrifugation. Additional catalyst washings were
performed likewise.

Various oxide powders were used as supporting materials, such
as ’Y-A1203, MgA1204, CaA1204, Sl‘Ale4, BaA1204, HSA—MgA1204,
HSA—C8A1204, HSA—SFA1204, HSA—BaA1204, CEOZ, TiOZ, BaTiO3,
CaTiO3, MgTiO3 and SrTiO3. HSA stands for high surface area.
All supports were prepared according to literature procedures
[52-54] except for y-Al,03, CeO, and TiO, which were supplied
by Sigma-Aldrich.

For the co-precipitation preparation of the barium alumi-
nate spinel (BaAl,04) support the pH of an aqueous mixture
of Ba(NO3);-6H,0 and AI(NO3)3-9H,0 (stoichiometric ratio of
Ba2*/AI3*=0.5) was adjusted to 9.5 with an aqueous 30% ammo-
nia solution. This solution was then stirred for 1h and ripened
overnight. The obtained precipitate was subsequently washed with
de-ionized H,0 and thereupon dried for 15 h at 393 K. Finally, the
resulting powder was calcined for 5 h at 1073 K leading to the for-
mation of pure BaAl,04 spinel.

The high surface area barium aluminate spinel (HSA-BaAl,04)
support was synthesized according to the sol-gel method proposed
by Guo et al. [53]. To a stoichiometric aqueous solution of metal
nitrates (Ba(NO3),-6H,0, Al(NO3)3-9H,0) polyvinyl alcohol poly-
mers (PVA, MW = 13,000-23,000; Sigma-Aldrich) were added. The
molar ratio of metal ions to monomeric vinylalcohol was 0.2. The
pH of the resulting viscous liquid was adjusted to 10 with the aque-
ous 30% ammonia solution. The suspension was then stirred for 3 h
and aged overnight. Next, the precipitate was washed and dried for
15h at 393 K. Finally, the obtained powder was calcined for 5h at
1073 K.

2.2. Catalyst characterization

By X-ray diffraction (XRD) the crystallinity and crystal structure
of the prepared oxide supports were studied as such directly after
synthesis. The Brunauer-Emmett-Teller (BET) surface of the vari-
ous oxides was determined by N, sorption measurements. Before
sorption analysis, the powder samples were dried under N, flow for
6 h at 423 K. By Fourier transform infrared (FT-IR) spectroscopy the
presence of surface hydroxyl groups on the oxide powders was ver-
ified in the 3200-3800 cm~! range. Prior to pelletization the oxide
supports were dried at 473 Kin a vacuum oven for 6 h. To determine
the basic properties of the oxide supports, 0.20 g of powder support
was dried at 423 K for 6 h and thereafter suspended in 2 mL of an
indicator solution (0.1 mg of bromothymol blue per mL of water-
free toluene). These mixtures were stirred for 1 h and subsequently
titrated with a 0.01 M solution of benzoic acid in toluene.

The monometallic Au sols were characterized by UV-Vis spec-
troscopy to detect the surface plasmon resonance (SPR) band
which is conclusive evidence for the presence of Au as zerova-
lent nanoparticles. Moreover cluster size variations between the
various Au nanocolloids can be observed by the shift in SPR wave-
length position in the absorption spectrum [55,56]. The colloidal
and immobilized Me clusters were characterized by transmission
electron microscopy (TEM) at 200KkV. A droplet of a diluted Me
sol or a drop of a well-homogenized solid Me catalyst suspension
was dried on a carbon film supported by a copper grid. The mean
Me cluster size was estimated as the mean diameter (dp) for an
ensemble of 200 particles. For each Me sol, the composition of
20 individual metal clusters on the copper grid was determined
by energy dispersive X-ray (EDX) spot analysis during TEM char-
acterization. Additionally 0.1 mL of a Me sol was immobilized on
a glass plate to permit characterization by means of X-ray photo-
electron spectroscopy (XPS) with a monochromated 450 W Al Ka
source. The heterogeneous Me catalysts were subjected to ther-
mogravimetric analysis (TGA) in O, to obtain information on the
amount of PVP retained on the Me catalyst powder. Prior to TGA,
the supported Me catalysts were dried for 24 h at 473 K under vac-
uum. The TGA temperature program started at 303K up to 873K
with a 5K/min increase. The PVP polymer typically burned off
between 513 and 593 K. The efficiency of the Me immobilization
and the degree of Me leaching from the supported Me catalysts
in the oxidation experiments were investigated by inductively
coupled plasma atomic emission spectrophotometry (ICP-AES),
with a detection limit below 1ppm for Au (267.6 nm) and Pd
(340.5nm).

2.3. Oxidation experiments and analysis

A typical reaction mixture for the amide phase alcohol oxida-
tions with the quasihomogeneous Me catalysts consisted of 0.6 mL
DMF, 0.4mL of Me sol (equivalent with 4 wmol of Me) and 4 or
8 mmol of alcohol substrate (S), leading to molar S/Me ratios of 1000
and 2000.

For the amide phase oxidations with the heterogeneous Me cat-
alysts the initial mixture consisted of 4.9 mL DMF, a 0.1 mL DMF
volume of the well-suspended Me catalyst powder (equivalent with
0.5 wmol Me) and amounts of alcohol substrate varying between
0.25 and 25 mmol. This results in molar S/Me ratios between 500
and 50,000.

For the solvent-free oxidations, 0.2 mL of the DMF suspension of
the supported Me catalyst (1 wmol Me) diluted by 0.8 mL DMF was
centrifugated to isolate the solid fraction. Fivefold washing of the
catalyst with 1 mL volumes of DMF was performed as described
above. Next, the residual DMF was removed by resuspending the
precipitated metal catalyst in 2.44¢g 1-phenylethanol (20 mmol)
and isolating the catalyst by centrifugation (7500 rpm, 15 min). This
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solvent exchange procedure was repeated four times. After the fifth
catalyst washing and final resuspension in 6.11 g 1-phenylethanol
(50 mmol) the mixture is ready for the oxidation with a S/Me ratio
of 50,000.

The reaction mixtures were pressurized to 0.2-4.0 MPa O,
and kept at 353-433K while stirring at 1000rpm for different
reaction times (r.t.). The oxidations applying the quasihomoge-
neous Me catalysts were performed in a high-throughput mode by
means of a multi-reactor unit (TOP Industrie, France) containing
10 mini-reactors, while the oxidations with the heterogeneous Me
catalysts and all recycling experiments were carried out in thermo-
controlled autoclaves. All oxidation experiments were performed in
triplicate for statistical reliability. The differences in catalytic activ-
ity for comparable oxidation runs were always below 3% while no
variations were detected for the oxidation selectivity. Blank experi-
mentsin the absence of the Me catalysts were performed to evaluate
potential product formation as a result of autoxidation. No oxi-
dation products were detected in the blank experiments by gas
chromatography (GC) analysis.

For the experimental data analysis, a FID equipped GC was
used with a WCOT fused silica column coated with a Chrompack
CP-WAX 58 CB stationary phase. The retention times of potential
oxidation products were compared with those of the com-
mercial reference compounds. Peak assignment was aided by
gas chromatography-mass spectrometry (GC-MS) analysis of the
reaction samples. The average turnover frequency (TOF,y, h=1) rep-
resents the molar ratio of converted substrate vs. metal, divided by
the reported reaction time, and is thus an appropriate measure for
the average catalytic activity of the Me catalysts.

2.4. Catalyst recycling experiment

The recycling experiments with quasihomogeneous Me cat-
alysts comprised of five successive oxidation runs, with four
membrane filtrations in between. The phase-inversion synthesis
of the SRNF membrane, the post-synthesis modification and the
physicochemical characterization have previously been described
[57]. The filtrations by means of the cross-linked asymmetric poly-
imide (PI) membranes were performed at ambient temperature
applying a driving force of 1.0 MPa N,. An autoclave was filled with
6 mL DMF, 4 mL of Me sol and 80 mmol of benzyl alcohol (leading
to S/Me ratio of 2000), after which the autoclave was pressurized to
2.0 MPa O, at 373K for 1 h. After this first oxidation run, the com-
position of the reaction mixture was determined by removing an
aliquot for GC analysis. The remainder present in the filtration cell
was concentrated by SRNF to a4 mL DMF volume containing the col-
loidal Me catalyst. This Me sol volume was washed twice with 10 mL
DMF until a total filtrate volume of 26 mL had been collected. The
retained volume was analyzed by GC to verify the absence of ben-
zyl alcohol and benzaldehyde. The recycled colloidal Me dispersion
was diluted with 6 mL DMF and this amide volume was considered
as the starting mixture for the second oxidation run after addition
of 80 mmol benzyl alcohol. The same procedure was followed for
the further filtration and reuse experiments. The recycling exper-
iments with the quasihomogeneous Me catalysts were performed
in threefold.

The Me retention by the Pl membrane was determined by means
of ICP-AES. To assess the deposition of the Me colloids on the mem-
brane surface during the filtration experiments, the Pl membrane
was first applied in a Me sol filtration after which 1 cm? membrane
was digested in 2 mL of aqua regia, which was then analyzed by
ICP-AES.

For the recycling of the heterogeneous Me catalysts in DMF, the
Me catalyst (0.5 pmol Me) was separated from the reaction mixture
via centrifugation and the supernatant was removed for analysis.
Next, the Me catalyst powder was washed for five times (resus-
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Fig. 1. Benzyl alcohol oxidation: conversion as a function of the synthesis PVP/Au
ratio of the quasihomogeneous Au® catalyst. Conditions: DMF, benzyl alco-
hol/Au=1000, 373K, 2.0MPa O, 1 h.

pending in 5.0 mL DMF followed by centrifugation). After addition
of 5.0 mL DMF and 1.08 g benzyl alcohol a next run was started.
For the recycling experiments with the heterogeneous Me
catalysts in solvent-free oxidations, the reaction mixtures were cen-
trifuged after which the supernatant was removed for analysis.
Thereupon the deposited heterogeneous Me? catalyst powder was
washed five times with 2.44 g 1-phenylethanol. A successive oxida-
tion experiment was started by addition of 6.11 g 1-phenylethanol.
These recycling experiments were likewise performed in triplicate.

3. Results and discussion
3.1. Oxidations with quasihomogeneous Me? catalysts

Firstly, PVP stabilized Au clusters dispersed in DMF were pre-
pared by hydride reduction, with varying PVP/Au ratios at constant
Au content. XPS confirmed that all Au species present in the pre-
pared Au sols were in the metallic state as the Au4fy), level was
detected at a binding energy of 84.0eV [57]. The variations in sta-
bilization by PVP resulted in different Au cluster size distributions
for the generated Au® colloids as revealed by UV-Vis spectroscopy
and TEM [57]. The Au® sols synthesized with molar PVP/Au ratios
>100 displayed a reddish brown color and a distinct SPR band could
not be discerned in the corresponding UV-Vis spectra. Conversely,
for the more reddish Au® sols generated with molar PVP/Au ratios
<100, distinct SPR bands were observed and the wavelength posi-
tions of the SPR maximum varied between 515 and 530 nm. The
actual dimensions of the colloidal Au clusters determined via TEM
ranged between 1.8 (PVP/Au=100) and 6.2 nm (PVP/Au=10). For
the Au® colloids generated with molar PVP/Au ratios >100 no clear
difference in mean Au cluster size could be discerned compared to
the Au® clusters prepared with a PVP/Au ratio of 100 (dp = 1.8 nm).

The Au® nanocolloids, each with a characteristic cluster size,
were evaluated as quasihomogeneous metal catalysts in the benzyl
alcohol oxidation in DMF (373 K and 2.0 MPa O, ). Remarkably, addi-
tion of an extra base was not required to attain high oxidation rates
in contrast with earlier reports on the promotion of nano-Au® by
inorganic bases like NaOH and K,CO5 [50,58]. The basic functional
groups in the reaction medium (DMF) and the protective polymer
(PVP) clearly are sufficient as promoters. Moreover, complete prod-
uct selectivity to benzaldehyde was observed. Frequently observed
by-products such as benzoic acid as well as condensation products
like benzyl benzoate could not be retrieved from the product pool
by GC-MS analysis of the reaction samples [58-60].

The datain Fig. 1 point to the dependency of the turnover rate on
the mean Au cluster size of the different Au® nanocolloids [47,61].
The Au® colloids, with a molar PVP/Au ratio of 100 and with a mean
dp of 1.8 nm, emerged as the most active colloidal Au® catalysts with
an average turnover frequency of 630h~1 after a 1 h reaction time
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Table 1

XPS characterization of bimetallic Au-Pd catalysts.

Catalyst Au4f;), (eV) Pd3ds); (eV)
Own Au-Pd catalyst 84.0 335.8
Au-Pd catalyst [62] 84.0 3353
Au-Pd catalyst [63] 83.9 335.2

in the benzyl alcohol oxidation. The Au® nanocolloids with simi-
lar cluster dimensions, but synthesized with a higher PVP content
(120 > PVP/Au>100), were slightly less active (at most 6%) than
the optimum colloidal Au® catalyst. This activity decline may be
ascribed to increased diffusion limitation around the Au® clusters
and blocking of catalytic sites on the Au® surface by excess PVP.
Conversely, the lower activity of the Au® nanocolloids generated
with less PVP protection (PVP/Au<100) is related to the reduced
metal dispersion of the corresponding Au® clusters as a result of the
diminished level of sterical and polar stabilization by PVP during the
AuY sol synthesis.

Next, the effect of doping the optimized Au® nanocolloids with
Ag, Pd and Pt species was evaluated in view of the proven suitabil-
ity of these metals as oxidation catalysts [27-34], and the recently
proposed synergetic effect between Au and Pd [39,60]. For that
purpose, monometallic colloids (Au, Ag, Pd and Pt) and bimetal-
lic colloids (Au-Ag, Au-Pd, Au-Pt) were synthesized in DMF. The
molar PVP/Me ratio was in each case 100 and for the bimetal-
lic sols, an equimolar composition of both metals (molar ratio
Me;/Me; =5:5) was used. For the Me? sols containing Ag and Pt,
no enhancement of the oxidation activity was observed in compar-
ison with the monometallic Au® sols. Only the colloidal (5:5) Au-Pd
catalyst showed an advantageous effect of addition of a second
metal to Au in the benzyl alcohol oxidation. This bimetallic cata-
lyst led to a significantly increased oxidation rate (TOF,, = 1180 h~1)
with unaffected oxidation chemoselectivity in comparison with its
monometallic Au counterpart. The (5:5) Au-Pd clusters displayed a
narrow size distribution and measured on average 2.1 nm. Therefore
the enhanced oxidation rate could not be ascribed to an increase in
metal dispersion.

XPS revealed that the bimetallic Au-Pd sol consisted of zerova-
lent Au and Pd atoms as the Au4f;, and Pd3ds), binding energy
levels were observed at, respectively, 84.0 eV and 335.8 eV (Table 1)
[62,63]. EDX spot analysis pointed out that the Au®-Pd® nanosol
consisted of bimetallic Au-Pd clusters [64]. However, it proved
impracticable to discern a difference between the surface and bulk
Au/Pd ratios for the Au9-Pd° clusters as a consequence of their high
dispersion.

Next Au®-Pd® nanocolloids with varying Au/Pd ratios
(PVP/Me=100) were synthesized to determine the optimum
composition maximizing the benzyl alcohol oxidation rate. As
reported in Fig. 2, a molar synthesis Au/Pd ratio of 8:2 resulted
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Fig. 2. Benzyl alcohol oxidation: conversion as a function of the synthesis Au/Pd
ratio of the quasihomogeneous Au®-Pd° catalyst. Conditions: DMF, PVP/Me =100,
benzyl alcohol/Me =2000, 373K, 2.0 MPa O, 1 h.

in the highest TOF,, value (1920h-1) and a preserved full
benzaldehyde selectivity.

The optimized (8:2) Au®-Pd® clusters measured 1.9 nm (Fig. 3a).
Calculations on the EDX spot analysis of individual metal clusters
pointed out that the optimum (8:2) Au®-PdP sol consisted of uni-
form clusters containing 80.5mol% Au and 19.5mol% Pd, which
strongly resembles to the Au/Pd ratio of the bimetallic sol synthe-
sis. This observation demonstrates that both the cluster size and
composition can be controlled during synthesis of the bimetallic
sol, by the ratios of PVP/(Au +Pd) and Au/Pd respectively. The most
appropriate Au/Pd composition moreover strongly resembles the
reported optimized composition (molar Au/Pd ratio of 9:1) of a
Au-Pd catalyst for the glycerol oxidation [65].

The molar PVP/Me ratio of 100 was confirmed as the most appro-
priate proportion of stabilization for the (8:2) Au®-Pd° colloids as
well. The monometallic Pd® colloids, also showing a full selectiv-
ity to benzaldehyde, displayed a TOF,, value of 910h~! and had a
mean cluster size around 2.4 nm, while the optimum Au® colloids
(dp =1.8 nm) led to a TOF,y value of 620 h~1 under the reaction con-
ditions defined in Fig. 2. Therefore the better performance of the
quasihomogeneous Pd® catalyst in comparison with its pure, Au
based counterpart, with a higher metal dispersion, must be related
to an intrinsically higher oxidation activity of Pd versus Au.

At this stage, it was attempted to recycle the optimum (8:2)
AuC-Pd® nanocolloids from the amidic reaction medium by solvent-
resistant nanofiltration (SRNF). In previous work a polymeric
membrane with a superior durability in demanding media like DMF
has been introduced [66]. This asymmetric polyimide (PI) mem-
brane, prepared via the phase-inversion technique and modified
by a post-synthesis chemical cross-linking, proved highly effec-
tive for the separation of PVP stabilized Ag® clusters (dp =4.2 nm).
Characterization of the cross-linked Pl membrane revealed that the
substitution of imidic bonds by amidic bonds made the membrane
chemically stable in amidic and aromatic media [57]. By use of
this custom-made SRNF membrane for the recycling of the (8:2)
Au®-PdO nanocolloids from the reaction medium, a Me retention
exceeding 99.5% was achieved; ICP-AES analysis of a used mem-
brane fragment dissolved in aqua regia, revealed the absence of Me
deposition on the membrane surface. The recycled (8:2) Au®-Pd®
nanocolloids preserved at least 95% of the inceptive oxidation activ-
ity in the fifth benzyl alcohol oxidation run with a fully preserved
benzaldehyde selectivity (373 K and 2.0 MPa O,). This observation
demonstrates the stable performance of the bimetallic nanocol-
loids as quasihomogeneous metal catalysts and thus their robust
physicochemical nature.

3.2. Oxidations with heterogeneous Au®-Pd° catalysts

Secondly, it was attempted to immobilize the Au®-Pd® nanocol-
loids with optimized size and composition on metal oxide powders
of which the suitability as supports for oxidation metal catalysts
has been proven before (y-Al;03, CeO,, TiO;) or of which the
basic properties were expected to be beneficial for the activity
promotion of the bimetallic clusters (basic spinel and perovskite
structures) [48,59,67]. The objective of this immobilization was
threefold: firstly to promote the catalytic performance of the opti-
mized Au®-Pd® clusters, secondly to generate a heterogeneous
metal catalyst thereby simplifying the recycling and thirdly to
enable application in solvent-free conditions.

The immobilization of the optimum bimetallic clusters on -y-
Al;03, CeO; and TiO,, aiming at a total Me loading of 0.025 mmol
or =0.005g per gram of support, was expected to be quantita-
tive considering the low metal loading and the strong affinity of
the PVP stabilizer for hydroxyl groups. The presence of surface
hydroxyls on all supports was confirmed by FT-IR spectroscopy as
found before [68-70]. Adsorption of the PVP polymers, stabiliz-
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Fig. 3. (a) TEM picture of quasihomogeneous (8:2) Au’-Pd° catalyst; (b) TEM picture of heterogeneous (8:2) Au’-Pd°/HSA-BaAl, 0y catalyst.

ing the (8:2) Au®-Pd° clusters, on the metal oxide supports occurs
through hydrogen bonding or via acid-base interactions with the
surface hydroxyl groups [71,72]. The y-Al,03 support had a spe-
cific BET area of 112 m?/g which was significantly higher than the
ceria support (34 m?/g) and the titania support (16 m2/g). As a con-
sequence of the differences in specific surface area and thus of the
number of hydroxyl adsorption sites, only for the y-Al,03 support
complete heterogenization of the bimetallic clusters was obtained,
which contrasts with CeO, and TiO, for which metal immobiliza-
tion was not complete, as in the case of y-Al,03 after prolonged
centrifugation no bimetallic nanocolloids could be retrieved in the
supernatant and element analysis of the supernatant proved the
absence of Au or Pd species in the supernatant. The ICP-AES detec-
tion limit of 1 ppm enabled to detect the potential presence in the
supernatant of less than 0.01% of the total amount of Au and Pd.

After resuspending the support powders, whether with quan-
titatively deposited (8:2) Au®-Pd® clusters or not with a fraction
of the bimetallic clusters remaining in the colloidal state in the
case of the CeO, and TiO, supports, the benzyl alcohol substrate
was added and next the mixtures were subjected to standard oxi-
dation conditions. As all three supports contain basic sites with
comparable strengths [68,73,74], only a different number of basic
surface sites interacting with the bimetallic clusters can account
for the differences in base promotion. Only for the y-alumina sup-
ported Au®-Pd° clusters a marked increase in oxidation rate and
thus a true promoting support effect was found. These observa-
tions can be rationalized in terms of the incomplete deposition
of the bimetallic clusters on the ceria and titania supports which
implies that a substantial fraction of the bimetallic clusters, which
remained in the colloidal state, could not be promoted on the sup-
porting oxide surface. The superiority of the y-alumina support
was thus a result of its high surface area which enabled com-
plete immobilization of the bimetallic clusters and thus the highest
number of basic sites interacting with the Au®-Pd° clusters. The
promoting effect of the alumina support was however limited, with
a benzyl alcohol turnover frequency of 2070 h~!. This represents
an increase in oxidation rate of only 8% in comparison with the
results obtained with the quasihomogeneous (8:2) Au®-Pd® cat-
alyst under the same application conditions (373K and 2.0 MPa
0,).

In view of the recent successes with oxides containing group
Il metals (e.g. MgzAl; Ox) as supports for Au based oxidation cata-
lysts, the use of aluminate spinel supports containing Mg, Ca, Sr and
Ba has been investigated [75]. The XRD reflections of all prepared
spinel supports could be assigned to the spinel phases, without
detection of alumina or other metal oxides (Fig. 4).

For all aluminate spinel structures, apart from a complete immo-
bilization of the bimetallic clusters, a more substantial promotion
was found compared to the vy-alumina support, with a gradual
increase in benzyl alcohol oxidation rates from MgAl,04 over
CaAl,04 and SrAl,04 to BaAl,04. The observed average oxida-
tion rates progressively varied between 2210 h~! for MgAl,04 and

o SrAl,O, x

X Sr,ALO,
+ BaALO,

(200) (202) (220) (302) (402)

10 20 30 40 50 60
2 theta

Fig. 4. XRD analyses of SrAl,04 (a), CaAl,04 (b), MgAl,04 (c) and BaAl, 04 (d) spinel
supports.

2380h-! for BaAl,04, which corresponds to further improvements
of the bimetallic clusters’ activity ranging from 15% to 24% in com-
parison with the unsupported (8:2) Au®-Pd® colloids (Table 2).

To gain more insight into differences between the supported
catalysts, the surface areas of the different aluminate spinels were
determined by N, sorption. The dispersion of the Sr aluminate
(175 m?/g) proved higher than that of the Ba aluminate (154 m2/g)
and the Ca aluminate (150 m?/g) while the Mg aluminate support
had a surface area of only 106 m?/g. Obviously the variations in sur-
face area cannot be the sole support variable accounting for the
differences in base promotion.

To further elucidate the differences between the catalysts, the
basicity of the individual supports was determined as the basic
properties of the supports were presumably significant for the
catalytic activity. The supports’ basicity was determined by acid
titration with bromothymol blue (pK,;=7.1) as the pH indicator
[78,79]. The titrated number of basic sites amounted to 0.22 mmol/g
for MgAl,04, 0.38 mmol/g for CaAl,04, 0.53 mmol/g for SrAl,04
and 0.64 mmol/g for BaAl,04. In view of the analogous trend in
determined number of basic sites and observed oxidation rates, the
variations in support promotion can in our opinion be ascribed to
the different number of basic sites. Therefore, the superiority of
the Ba aluminate as a promoting support can be explained by the
higher content of basic surface sites in comparison with the other
aluminate spinel supports.

In subsequent attempts to enhance the support promotion,
firstly analogous aluminate spinel supports have been prepared via

Table 2

Benzyl alcohol oxidation in DMF over heterogeneous (8:2) Au®-Pd° catalysts.
Support BET surface (m?/g) Titrated basicity (mmol/g) TOF,y (h1)
MgAl,04 106 0.22 2210

CaAl; 04 150 0.38 2310

SrAl; 04 175 0.53 2360

BaAl; 04 154 0.64 2380

Conditions: DMF, 373K, 2.0 MPa O,, S/Me =2000, 45 min.
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Fig. 5. PVP removal as a function of number of catalyst washings.

an alternative synthesis procedure, leading to even higher surface
areas. For the high surface analogue of the most appropriate sup-
port, i.e. HSA-BaAl,0y4, a surface area of 229 m?/g was achieved.
As a result of the higher contact area for the bimetallic clusters,
an improvement of about 5% in benzyl alcohol oxidation rate was
obtained with the 0.5wt% (8:2) Au®-Pd®/HSA-BaAl,0, catalyst
compared to the analogous (8:2) Au®-Pd® catalyst with the reg-
ular Ba aluminate support, which resulted in an average turnover
rate of 2490 h—! under the standard reaction conditions.

These successful aluminate supports were compared with regu-
lar oxide (MeO) and perovskite (MeTiO3) type supports based on
Mg, Ca, Sr and Ba. With these non-spinel supports, the immo-
bilization of the (8:2) Au®-Pd® clusters was incomplete, and no
promoting effect could be observed. This can be ascribed to the low
surface areas (7-31 m?2/g). A similar superiority of the spinel sup-
ports over the corresponding regular oxides has been found before
for Au catalysts in CO oxidation [76,77].

Inspired by earlier findings on the beneficial effect of PVP
removal on the catalytic performance of supported metal clusters,
it was attempted to further enhance the catalytic activity by par-
tially removing the PVP polymers from the HSA-BaAl,0,4 support
[80]. This can be achieved, without loss of Au®-Pd® clusters, by
rinsing the optimized heterogeneous (8:2) Au®-PdC catalyst with
DMF. This should improve the contact of the basic support with
the catalytic metal clusters without affecting their nanodispersion.
The PVP removal as a consequence of the successive washings was
determined by TGA while the potential metal leaching was moni-
tored by ICP-AES. Fivefold washing resulted in a decrease of the PVP
adsorbed on the HSA-BaAl,04 support from 22 to 12 wt% (Fig. 5).
An additional catalyst washing further reduced the PVP content
but some release of Au®-Pd° clusters was observed and therefore
further rinsing steps were omitted.

Application of the obtained 0.5 wt% (8:2) Au?-Pd°/HSA-BaAl, 04
with reduced PVP content under standard conditions (2.0 MPa O,
and 373 K) resulted in a TOF,y of 2680h~! in the benzyl alcohol
oxidation, which corresponds to an activity increase of about 8% in
comparison with the analogous non-washed heterogeneous cat-
alyst. A TEM picture of the optimized heterogeneous bimetallic
catalyst is represented in Fig. 3b, and the comparison of the mean
particle size of the quasihomogeneous and heterogeneous bimetal-
lic clusters confirmed that the heterogenization of the bimetallic
clusters proved possible without loss of metal nanodispersion.

Comparing the turnover rates in the benzyl alcohol oxidation
obtained with the quasihomogeneous (TOF,, =1920h~1) and the
optimized heterogeneous (TOF,, =2680h~1) (8:2) Au®-Pd° cata-
lyst reveals that the basic promotion by immobilization led to a
40% increase in oxidation rate. This comparison evidences that the
heterogenization approach of the active catalytic phase is truly
worthwhile, as not only the catalyst recycling is simplified, but also
the intrinsically promising activity of the (8:2) Au®~Pd® clusters is
further improved.

Table 3
Temperature effect on amide phase oxidation of benzyl alcohol over (8:2)
Au®-Pd®/HSA-BaAl,04.

Temperature (K) ~ S/Me (mol/mol)  Time (min) C(%) TOFy (h=') S(%)
353 1000 60 99 990 100
373 2500 55 98 2680 100
393 7500 55 93 7640 100
413 20,000 60 99 19,970 100
433 50,000 55 97 53,060 96

Conditions: DMF, 2.0 MPa O, time =reaction time, S=selectivity to benzaldehyde.

After optimization of the catalyst, the effect of the reaction vari-
ables O, pressure (0.2-4.0 MPa) and temperature (353-433 K) was
investigated in the amide phase oxidation of benzyl alcohol to
determine the optimal reaction conditions. It was found that the
optimum O, pressure was 2.0 MPa, as higher O, pressures (4.0 MPa)
did notresultin a distinct increase in oxidation rate (only 4%). Lower
0O, pressures on the other hand led to lower oxidation rates, for
example a decrease of 11% from 2.0 to 0.2 MPa O,. Conversely, the
reaction temperature had a more pronounced effect on the oxi-
dation rate, with a strong increase up to 413 K combined with a
preserved complete selectivity to benzaldehyde (Table 3). At 413K
and 2.0MPa O,, a TOF,, of 19,970h~! was found in the benzyl
alcohol oxidation over the (8:2) Au®-Pd9/HSA-BaAl,0,4 catalyst.
At higher reaction temperatures, e.g. 433K, an oxidation rate of
53,060 h~! was observed but the selectivity to benzaldehyde was
no longer complete as a consequence of limited overoxidation and
decarboxylation to benzene. Even under these high temperature
conditions, no release of bimetallic clusters from the HSA powder
support was found as determined by ICP-AES. For the further alco-
hol oxidations in DMF, the applied reaction variables will be 413 K
and 2.0 MPa O,.

The optimized (8:2) Au’~Pd®/HSA-BaAl, 0y catalyst was applied
in the amide phase oxidation of a series of benzylic, allylic and
aliphatic alcohols to the corresponding aldehydes and ketones. This
approach provided the opportunity to assess the applicability of the
developed heterogeneous bimetallic catalyst and to investigate the
dependency of the oxidation rate on the structure of the alcohol
substrate.

As shown in Table 4, the secondary alcohols displayed a
higher reactivity compared to the primary alcohol substrates,
and a decrease in alcohol reactivity was observed in the order
benzylic > allylic >aliphatic. In all oxidation experiments a com-
plete selectivity to the corresponding carbonyl compound was
found. Markedly, also for aliphatic alcohol substrates considerable
turnover rates were observed, with TOF,, values above 500h~1.
The principal conclusion of Table 4 is that the (8:2) Au®-Pd®/HSA-
BaAl, 04 catalyst is applicable to oxidation of a wide scope of alcohol
substrates in amides.

Next, the (8:2) Au®-Pd°/HSA-BaAl,0, catalyst has been eval-
uated in the solvent-free oxidation of 1-phenylethanol. A TOF,,
value of 58,190h~! was found after 50 min reaction time, which
stands for an increase of approximately 10% in comparison with the
amide phase 1-phenylethanol oxidation under identical conditions

Table 4

Amide phase oxidation over (8:2) Au®~Pd®/HSA-BaAl,04.

Substrate (S) S/Me (mol/mol) Time (min) C(%) TOF,, (h™1)
Benzyl alcohol 20,000 60 99 19,980
1-Phenylethanol 50,000 54 95 52,760
Crotyl alcohol 2,000 48 96 2,390
1-Octen-3-ol 2,000 66 94 1,710
3-Octanol 1,500 75 98 1,170
1-Octanol 500 45 94 630
1-Butanol 1,000 60 97 970

Conditions: DMF, 413 K, 2.0 MPa O,.
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Table 5
Recycling experiments with (8:2) Au®-Pd®/HSA-BaAl,04.
Oxidation Run Time (min) C(%) TOF, (h™1)

PP 1 60 929 19,910

a )

Benzyl alcohol oxidation in DMF 5 60 9% 19.140
Solvent-free 1-phenylethanol 1 50 97 58,020
oxidation® 5 50 94 56,380

4 Conditions: DMF, 413K, 2.0 MPa O, S/Me =20,000.
b Conditions: 1-phenyl-ethanol, 413 K, 2.0 MPa O, S/Me =50,000.

(413 Kand 2.0 MPa O, ) apart from the reaction medium. Performing
the alcohol oxidation in solvent-free conditions is clearly not only
ecologically benign, but also enhances the heterogeneous metal
catalyst’s activity.

Finally, the durability of the optimized heterogeneous Au®-Pd®
catalyst was assessed during recycling experiments on the ben-
zyl alcohol oxidation in amide phase and on the 1-phenylethanol
oxidation in solvent-free conditions, as reported in Table 5. Using
element analysis, it was found that no Au, Pd, Ba or Al species
were present in all supernatant phases obtained after separation
of the heterogeneous catalyst. With the 1 ppm detection limit, an
amount of leached Au, Pd, Ba or Al in the supernatant as low as
0.5% of the total content present in the heterogeneous catalyst
could be detected for the recycling experiments. For both oxida-
tions, it was found that in the fifth oxidation run more than 95% of
the initial metal catalyst activity was maintained, with unaffected
full selectivity to, respectively, benzaldehyde and acetophenone.
These findings evidence the stable nature of the developed (8:2)
Au®-Pd®/HSA-BaAl, 0, catalyst in both amidic and aromatic media.

4. Conclusion

Summarizing, the successful application of optimized Au®-Pd®
clusters both as quasihomogeneous and heterogeneous metal cata-
lysts for the liquid phase alcohol oxidation has been demonstrated.
The optimized (8:2) Au®~Pd® nanocolloids not only emerged as sta-
ble and recyclable colloidal catalysts, but proved to be excellent
precursors for the synthesis of supported metal catalysts. Opti-
mization of the heterogenization of the (8:2) Au®-Pd® clusters
(dp=1.9nm) by assessing various powder supports and by promot-
ing the contact between the bimetallic clusters and the supporting
material led to a heterogeneous (8:2) Au®-Pd%/HSA-BaAl, 04 cata-
lyst. This catalyst was applicable to a wide substrate scope of alcohol
types and displayed an excellent performance and recyclability via
SRNFin the amide phase and solvent-free oxidation of alcohols. The
marked support effect on the bimetallic clusters’ catalytic perfor-
mance is a result of the support’s high surface area and basicity.
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