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a b s t r a c t

Here, we investigated the properties of Au nanoparticles prepared via three different techniques and sup-
ported on three different MgAl2O4 spinels. After careful characterization of bare and gold-loaded supports
(XPS, BET, XRD, STEM) and catalytic test for the selective oxidation of glycerol, we concluded that the sur-
face composition and area of the spinel play an important role in determining the selectivity of the cat-
alyst as well as gold particle size. When supported on surface characterized by a similar Al/Mg ratio, gold
clusters selectivity is not mediated by particle dimension. For example, large gold particles on MgAl2O4,
which typically produce high selectivity to glycerate when supported on aluminum-rich surfaces instead,
enhance the C–C bond cleavage reaction. Accordingly, the selectivity of similarly sized AuNPs on MgAl2O4

spinels with the same surface Al/Mg ratio is similar but we demonstrate that the activity depends on gold
surface exposure (at.% Au by XPS) and on support surface area.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Gold nanoparticles (AuNPs) have attracted attention since an-
cient times for their beautiful color, but recently there has been
increasing interest in gold NPs for different applications, in partic-
ular as catalysts [1–3]. Indeed, supported or non-supported AuNPs
are catalytically active in many reactions, including CO oxidation,
water–gas shift reaction, propylene epoxidation and acetylene
hydrochlorination [4–6]. Arguably, one of the potential applications
of AuNPs is the catalytic oxidation of alcohols to carbonyl com-
pounds or carboxylic acids, which are valuable organic synthesis
precursors [7–11]. While colloidal or colloid-like systems have
shown catalytic activity for the liquid-phase oxidation of alcohols
[12–15], supported AuNPs are far more investigated for alcohol oxi-
dations as they are easier to handle and recover. Glycerol is an
intriguing starting reagent since it is a major co-product of biodiesel
production. Its conversion into valuable products is of upmost
importance for biomass valorization and it can be considered a
polyfunctional material, which is very useful as a feedstock for fine
chemical synthesis. Glycerol transformations have been well stud-
ied, with the oxidative transformation one of the most investigated
ll rights reserved.
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[16–18]. Catalysts normally suffer from deactivation mainly as-
cribed to the irreversible adsorption of reaction products that, espe-
cially in the case of glycerol, have strong chelating properties
(Scheme 1) due to the co-presence of OH and COOH functional
groups. The selective oxidation of glycerol is normally carried out
in aqueous solution under mild conditions (50–60 �C, 3–10 bar
O2) and in the presence of a base that prolongs the catalyst life
[7,9,11,19–26]. Recently, gold-catalyzed selective glycerol oxida-
tion has been performed with H2O2 as the oxidant, resulting in a dif-
ferent set of products’ distributions (glycolic acid as main product)
[27] (Scheme 1).

A suitable support material is crucial for catalytic activity as
well as for catalyst stability. The brutal conditions present in li-
quid-phase reactions lead to more stringent requirements for the
choice of support material and catalyst chemistry to maintain
activity and selectivity. While one of the main roles of the support
is to avoid coalescence and agglomeration of the AuNPs by reduc-
ing their mobility, metal-support interaction can also play an
important role in the reaction mechanism. Nanoparticles sup-
ported on reducible oxides such as TiO2 and CeO2, where the tran-
sition metal ion exists in two different oxidation states and
vacancy chemistry plays a role in catalytic mechanisms, are classic
examples of support-induced properties of the catalyst [2,10].

The MgAl2O4 spinel is a widely used refractory material due to
its high melting temperature (2135 �C) and thermal stability [28].
These properties combined with its hydrothermal stability
make it a promising catalyst support for applications such as
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Scheme 1. Reaction pathway for glycerol oxidation.
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environmental catalysis and fine chemical production [29]. For cat-
alytic purposes, high surface areas are often desirable. Fortunately
over the last few years, spinels have been successfully prepared by
different methods, allowing one to obtain materials with tunable
surface areas and chemical compositions. Au/MgAl2O4 appeared
promising in gas-phase CO to CO2 oxidation and in aqueous-phase
ethanol oxidation, providing a simple and green route to acetic acid
or ethyl acetate [30–32]. Due to the properties of MgAl2O4 de-
scribed above, the application of MgAl2O4 as a catalyst support
has been explored.

Here, we investigated the structure and properties of Au nano-
particles, prepared via three different techniques, and supported
on MgAl2O4 spinels that, due to their different properties, could
be used to tune the evolution of the glycerol selective oxidation
in terms of both activity and selectivity.

2. Experimental

2.1. Materials

Gold of 99.99% purity in sponge from Fluka was used as a gold
source for the preparation of HAuCl4 for gold sols. Tetra-
kis(hydroxymethyl)phosphonium chloride (THPC, 80% solution)
from Aldrich was used. NaOH and urea (purity >99%) were from
Fluka. Gaseous oxygen from SIAD was 99.99% pure. Glycerol
(86–88% solution) from Aldrich was used. Samples of potential
reaction products from the oxidation of glycerol were obtained
from Fluka and used as standard reference samples for product
analysis.
Table 1
Support characterization of MgAl2O4 samples.

Support dXRD (nm)a SBET (m2 g�1)

Commercial MgAl2O4 >30 <1
Precipitation MgAl2O4 3.5 176
Flame pyrolysis MgAl2O4 18.5 70

a Measured by Sherrer equation at 2h = 37.
b Theoretical Al/Mg = 2 (stoichiometric).
c Ratios from Al2s/Mg2p analysis.
2.2. Support materials

MgAl2O4 support materials were obtained from Alfa Aesar
(commercial) or prepared via flame spray pyrolysis (FP) and copre-
cipitation for this study (Table 1).
2.2.1. Coprecipitation
The coprecipitation spinel was prepared using a previously

reported procedure by dissolving Al(NO3)3�9H2O (0.1 M), Mg(NO3)2�
6H2O (0.08 M) and urea (1.8 M) in distilled water [28]. The pH of
the starting solution was adjusted to 2 with nitric acid, and then
the solution was heated at 90 �C under magnetic stirring for 24 h.
The precipitate was then filtered, washed with distilled water and
dried at 100 �C for 16 h. The so-synthesized powder was calcined
in air for 1 h at 900 �C.
2.2.2. Flame spray pyrolysis
Mg(CH3COO)2 and Al(NO3)3�9H2O in proper stoichiometric ratio

were separately dissolved in propionic and acetic acid, respec-
tively, with 0.2 M overall concentration. The organic solution was
fed (4.4 mL/min) to the flame reactor extensively described in pre-
vious papers [33–35], together with 5 L/min of oxygen (SIAD, pur-
ity >99.95%). The cross-sectional area of the main nozzle was
adjusted so to have 1.5 or 0.4 bar as pressure drop through it. Feed-
ing rates to support the ring of flamelets supporting and igniting
the central flame were CH4 = 0.5 L/min and O2 = 1.0 L/min.

Portions of the prepared MgAl2O3 powder were further calcined
in static air or in flowing oxygen at 450 �C for 4 h.
Micropore area (m2 g�1) Al/Mgb (ICP) Al/Mgc (XPS)

– – 6.8
146 1.4 4.0
12 2.8 3.5



Fig. 1. XRD spectrum of the MgAl2O4 spinels. MgO peaks are marked (h).
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2.3. Catalyst preparation

Au/MgAl2O4 catalysts were prepared using three independent
methods: sol immobilization (THPC sol), deposition precipitation
(DP), and magnetron sputtering (MS).

2.3.1. From metallic sol (THPC-protected sol)
Gold sols generated in the presence of the THPC/NaOH system

were prepared as reported elsewhere [36]. A freshly prepared
0.05 M solution of THPC (0.5 mL) was added to a 10�3 M solution
of NaOH. After 6 min, 2 mL of HAuCl4 (5.0 mg/mL Au) was added
dropwise, yielding a brown metallic sol. Within a few minutes of
sol generation, the support was added under vigorous stirring.
The amount of support was calculated for having a final gold load-
ing of 3 wt%. After 2 h, the slurry was filtered and the catalyst
washed thoroughly with distilled water; it was then used in the
wet form. The total Au loading was checked by ICP analysis on
the filtered solution using a Jobin Yvon JY24 spectrometer.

2.3.2. Deposition–precipitation with urea
Au/MgAl2O4 were prepared following the deposition–precipita-

tion method reported by Louis and co-workers using urea as the
precipitating agent [37]. The support (1.00 g) was added to
200 mL of an aqueous solution of HAuCl4 (160 mg/L Au) and of
urea (0.42 M). The amount of support was calculated for having a
nominal gold loading of 3 wt% (10% excess). The suspension,
thermostated at 80 �C, was vigorously stirred for 4 h, until pH 7
was reached. The slurry was then filtered, washed thoroughly with
water, dried at 80 �C for 2 h and then calcined in air at 450 �C for
4 h. The actual Au loading (reported in Table 2) was calculated
by ICP analysis on the filtered solution using a Jobin Yvon JY24
spectrometer.

2.3.3. Magnetron sputtering
A high-purity gold target (99.99% Refining Systems, Las Vegas,

Nevada, USA) attached to a magnetron source was sputtered at
an applied power of 14 W in an argon plasma for 1.5 or 2 h (Table
2) [38–40]. The sputtered species were deposited onto the support
material as it was tumbled in a stainless steel cup rotated at 100
RPM with two 2.5400 Teflon stir bars to promote tumbling of the
powders. Time of deposition was varied to control the weight load-
ing and limit the amount of gold deposited so that nanoparticles
were formed (Table 2). At the end of the deposition process, some
Table 2
STEM, XPS and activity data for Au/MgAl2O4 samples in glycerol oxidation.

Support Au
wt%

Preparationc STEM (nm) XPS

Mean
size

r BE
(eV)

Al2
Mg

Commercial MgAl2O4 – bare – – – 6.9
3.0 THPC 13.7 21.2 84.0 11.
2.7 DP calcined 9.1 6.8 83.6 15.
0.3 MS (2 h) 4.1 2.1 83.6 7.0

Coprecipitation
MgAl2O4

– bare – – – 4.0

3.0 THPC 3.9 2.4 83.6 6.0
1.5 DP calcined 2.2 0.4 83.6 4.0
0.4 MS (2 h) 2.9 1.3 82.8 4.0

Flame pyrolysis
MgAl2O4

– bare – – – 3.5

3.0 THPC 4.2 2.6 84.1 4.2
3.1 DP calcined 3.3 2.2 83.7 6.1
1.3 MS (1.5 h) 2.9 1.5 83.4 3.6

a Conversion per hour per mol of metal.
b Selectivity at 50% conversion. GLY: glycerate; TAR: tartronate; GLYC: glycolate; FOR
c Sputtering time at 14 W applied power. Reaction conditions: [glycerol] = 0.3 M; NaO
of the support material was stuck to the side of the inner SS cup,
while most of the powder was freely tumbling. In order to collect
the powder, the inner SS cup was simply removed and inverted
onto a piece of weighing paper. The powder that was stuck to
the side remained in the cup and was not used for the subsequent
work. Gold loading was determined by dissolving the Au from a
sample of Au/MgAl2O4 in 5 mL of freshly prepared aqua regia
(3:1 mixture of hydrochloric acid and nitric acid), filtering off the
solid, then diluting the wash and analyzing it using a Thermo Jar-
rell Ash IRIS Inductively Coupled Plasma (ICP) Optical Emission
Spectrometer [38–40].
2.4. Materials characterization

X-ray diffraction (XRD) experiments were performed on a Riga-
ku D III-MAX horizontal-scan powder diffractometer with Cu Ka
radiation, equipped with a graphite monochromator in the dif-
fracted beam (Fig. 1). The crystallite size was estimated from peak
half width (2h = 37�) by using the Scherrer equation with correc-
tions for instrumental line broadening (b = 0.9). Specific surface
area (SBET) was measured by N2 adsorption/desorption at 77 K
using a Micromeritics ASAP 2010 apparatus, after outgassing at
Activity mol conv
(Au mol)�1 h�1a

Selectivityb

s/
2p

GLY TAR GLYC FORM OXA

0 nd nd nd nd nd
7 0 nd nd nd nd nd
6 120 21 3 72 2 2

908 46 6 42 0 6

0 nd nd nd nd nd

1100 55 9 22 10 1
1390 56 14 27 0 3

67 54 1 45 0 0

0 nd nd nd nd nd

896 63 9 25 0 3
930 61 6 29 1 3

1080 54 6 34 1 5

M: formate; OXAL: oxalate.
H/reactant = 4 mol/mol; reactant/Au = 1000; p(O2) = 3 atm; T = 50 �C.
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300 �C for at least 6 h. Microporosity was estimated using the
t-method.

Al and Mg contents of the support material were estimated by
ICP-MS measurements conducted with a Perkin Elmer ELAN 6000
instrument. Samples were digested with concentrated HNO3 under
microwave power then diluted and compared to calibration data
obtained for Al and Mg species.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a PHI 3056 spectrometer equipped with an Al an-
ode source operated at 15 kV and an applied power of 350 W and
a pass energy of 93.5 eV. Samples were mounted on in foil since
the C1s binding energy, from adventitious carbon on the samples,
was used to calibrate the binding energy shifts of the sample
(C1s = 284.6 eV). The accuracy of binding energies (BE) can be esti-
mated to be ±0.2 eV. Surface composition analysis for the catalysts
was complicated by the overlap between Au4f species (photoelec-
tron energy Au4f 7/2 = 84.0 eV; Au4f 5/2 = 88 eV) and the Al2p
(photoelectron energy �75 eV) and Mg2s (photoelectron energy
�88 eV) photoelectron lines (Fig. 2). Therefore, qualitative analysis
of the Al:Mg surface chemistry was performed using the Al2s (pho-
toelectron energy �120 eV) and Mg2p (photoelectron energy
�50 eV) and comparing ratio’s of these peaks with and without gold
on the surface. It should be stressed these ratios are a guide not
absolute concentrations.

Scanning transmission electron microscopy (STEM) images
were collected with a Hitachi HD2000 STEM operated at 200 kV.
The samples were imaged in the high-angle annular dark-field
imaging mode (HAADF). This provides Z-contrast imaging [41],
where the image intensity depends on the thickness and approxi-
mately the square of the atomic number of the elements. Particle
sizes were determined by measuring the widest point on the nano-
particle image to account for particles that may not be orthogonal
to the electron beam using the program ImageJ [42].

2.5. Oxidation experiments

The reactions were carried out in a thermostated glass reactor
(30 ml), provided with an electronically controlled magnetic stir-
rer, connected to a 5-L reservoir containing oxygen at 300 kPa.
The oxygen uptake was followed by a mass-flow controller con-
nected to a PC through an A/D board, plotting a flow/time diagram.
Polyol (0.3 M solution), NaOH (1.2 M solution) and the gold cata-
lyst (polyol/metal = 1000 mol/mol) were mixed in distilled water
(total volume 10 ml). The reactor was pressurized at 300 kPa with
Fig. 2. XPS spectrum showing the Au, Mg, and Al photoelectron lines. Not identified
peaks are due to Mg and Al shake-up lines.
O2 and thermostated at 50 �C. Stirring of the reactants began after
an equilibration time of 10 min. Samples were taken after 15, 30
and 60 min and analyzed using a Varian 9010 high-pressure liquid
chromatograph (HPLC) equipped with a Varian 9050 UV (210 nm)
and a Waters R.I. detector in series. A Varian MetaCarb H Plus col-
umn (300 � 7.8 mm) was used with aqueous H3PO4 0.1% wt/wt
(0.4 ml/min) as the eluent. Samples of the reaction mixture
(167 ll) were diluted (5 ml) using the eluent. Products were con-
firmed by comparison with pure products obtained from Fluka.
3. Results and discussion

3.1. Support characterization

XRD spectra of the samples are reported in Fig. 1. All the three
supports exhibited a spinel-type MgAl2O4 crystalline phase,
though crystallite sizes clearly differ as indicated by the width of
the peaks. The commercial material has extra diffraction peaks
from a secondary oxide phase(s) and is not phase pure. Using the
Scherrer formula, crystal size at 2h = 37� was estimated to be
�30 nm for the commercial support, 3.5 nm for the spinel ob-
tained by coprecipitation, and 18.5 nm for the material obtained
by flame pyrolysis. Two peaks originating from MgO (2h = 56�
and 64�, Fig. 1) were observed for the spinel obtained by coprecip-
itation. This MgO is a result of the preparation method [43] where
extra Mg2+ precursor was used to prevent substoichiometric pre-
cipitation of Mg(OH)2.

BET surface areas (SBET, see Table 1) correlated well with the
XRD crystal size data: commercial MgAl2O4 SBET < 1 m2 g�1, copre-
cipitation MgAl2O4 SBET = 176 m2 g�1, FP MgAl2O4 SBET = 70 m2 g�1.
For the commercial support, the contribution of microporosity to
the total surface area was negligible, whereas for the spinel ob-
tained by coprecipitation and FP, the micropore area was
146 m2 g�1 (83% total surface area) and 12 m2 g�1 (17% total sur-
face area), respectively.

Bulk Al/Mg ratios (determined by ICP analysis) and Al/Mg sur-
face ratios (determined by XPS analysis) varied significantly from
the stoichiometrically predicted ratios (Al/MgTHEO = 2) depending
on the preparation techniques. It should be noted that Al2s and
Mg2p peaks were used to analyze the XPS data. The reason for
these peaks to be chosen is because the normally used Al2p and
Mg2s peaks overlap with the Au4f data (Fig. 2). As discussed above,
for the coprecipitation method, a slight excess Mg2+ precursor was
used to prevent substoichiometric precipitation of Mg(OH)2,
according to Wajler et al. [43]. This explains why the observed bulk
Al/Mg atomic ratio is lower than theoretical values (1.4 vs. 2)
(Table 1). ICP data obtained for the FP support material indicates
that the total composition is Al-rich. Unfortunately, bulk ICP data
are not available for the commercial MgAl2O4 as we were unable
to completely mineralize this material for ICP measurements.

Surface analysis (XPS) also indicates significant deviations from
ideal surface stoichiometry. All the supports show Al-rich surface
in the order flame pyrolysis (Al/Mg = 3.5), coprecipitation
(Al/Mg = 4.0) and finally commercial spinel (Al/Mg = 6.8), indicat-
ing a segregation of species during the synthesis of the support
materials (Table 1).
3.2. Catalyst characterization

The catalysts prepared in this study all contained metallic gold
clusters as indicated by X-ray photoelectron spectroscopy data
which showed gold 4f7/2 photoelectron binding energies in the
range of 84.1–82.8 eV, Table 2. The lower gold binding energies,
compared to bulk gold foil (84.0 eV), are consistent with the forma-
tion of small metallic gold clusters [44–46] (Fig. 2).
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Particle sizes of the deposited gold clusters varied depending on
synthesis methodology and support material properties. Represen-
tative STEM data collected for the Au/MgAl2O4 samples are shown
in Fig. 3 as well as histograms evaluated on more than 400 gold
particles. Mean sizes and standard deviation are reported in Table
2. In general, all the samples investigated for this study appeared
uniformly coated with gold nanoparticles with the exception of
the THPC-prepared samples which indicated large areas of support
material not covered with gold nanoparticles and a higher concen-
tration of large agglomerates. Gold particles preformed in a THPC
sol showed the largest average particle size when immobilized
on the commercial MgAl2O4; however, this average is significantly
skewed to larger particle sizes due to the formation of several large
agglomerates, Fig. 3. It is unlikely the THPC-prepared gold particles
were too small to image because the THPC sol prepares gold nano-
particles that are about 2 nm in diameter which is larger than the
instrumental resolution of the STEM (<1.0 nm in diameter). A gross
evaluation, assuming hemispherical gold particles, allows us to
estimate that more than 95% of the total gold is sequestered in
the large particles. The particle sizes are consistent with what
has been observed for THPC-prepared clusters deposited on higher
surface area materials such as active carbon [47].

Gold catalysts prepared by the urea deposition–precipitation
process (DP) and magnetron sputtering (MS) were the most
uniform from support to support (smallest standard deviation in
particle size for all the catalysts observed in this study) with
the exception of Au on commercial MgAl2O4, which are character-
ized by larger Au particle sizes (9 nm), probably because of the
very low surface area of the support which promotes particle
aggregation.

Gold cluster formation mechanisms from the three different
synthesis procedures are all different. The THPC-prepared clusters
were preformed in solution and deposited as clusters on the sup-
port material. Total transfer of gold from solution is observed (nom-
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prepared by flame pyrolysis has a much lower tamped density
(larger volume) effectively resulting in more area for the gold clus-
ters to grow over (Table 1). Commercial spinel presents a very low
SA (<1 m2 g�1) and a low loading of gold as in the case of coprecip-
itated spinel. Consequently, deposition time is varied to restrict the
size of the gold clusters; higher weight loadings can be obtained by
increasing the deposition time but resulted in dense gold films
evidenced by their gold color and absence of MgAl2O4 in the XPS
spectra, due to burial by gold, and were not explored further. In
addition to surface area considerations, the growth of clusters on
the surface under these conditions will be highly dependent on
the surface chemistry of the support material. Subtle variations
in hydroxyl concentration will have a dramatic effect on particle
sizes [38]. Thus, a compromise between the loading and particle
size had to be chosen (Table 2). A 1.5- to 2-h deposition was
adopted for limiting particle growing despite sometime a low Au
loading was obtained (Table 2: commercial 0.3 wt%, coprecipita-
tion 0.4 wt%). Sputtered or DP prepare clusters, in contrast to THPC
grown clusters, do not present any organic protecting groups on
their surface.

XPS characterization of the prepared catalysts revealed insights
into the nucleation and growth of clusters prepared via these
three techniques. Table 2 reports Al/Mg ratios determined for
the gold catalysts. It should be reiterated again that these num-
bers should be used for a guide since they are comparing the
Al2s/Mg2p peaks instead of the typically used Al2p and Mg2s
peaks (Fig. 2). THPC and DP preparations generally produce an in-
crease in the Al concentration of the surface (except for the DP-on
coprecipitated spinel) versus the native oxide surface. This change
in Al/Mg ratio is not due to the selective dissolution of Mg because
all preparations occur under basic conditions where Mg com-
pounds are sparingly soluble. Instead, this result indicates that
gold in the solution phase preferentially adsorbs on the Mg2+ sites
during the preparation of the catalyst thus resulting in a shielding
of the magnesium in the XPS spectra. This interpretation is consis-
tent with the isoelectric point theory where the Mg sites (IEP MgO
�12) in the pH 7–9 range used for catalyst preparation in this
work have a sufficiently positive charge to selectively bind gold
precursors (negatively charged as AuðOHÞn�x or Au(0)/THPC) stron-
ger than more neutral Al sites (IEP �8–9) [49]. In contrast, there
was no change in the Al/Mg ratio for the MS-prepared catalysts.
This is because the growth mechanism for these catalysts does
not rely on the absorption of species to specific sites available in
the solution phase; instead, the particles are believed to nucleate
at hydroxyl or vacancy sites uniformly dispersed on the oxide
[38].
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3.3. Glycerol oxidation

To evaluate the correlation between surface chemistry, protect-
ing group, particle size and catalytic activity, we analyzed our
materials in the aqueous-phase oxidation of glycerol as this reac-
tant allows us to study activity but also selectivity of our catalytic
materials. Experimentally measured catalytic activities (mol of
glycerol converted per hour per mol of metal) and selectivities at
50% conversion to various products are listed in Table 2. In general,
the activity of the catalysts followed the typical trend where the
smaller particles were more active for the oxidation of glycerol,
Fig. 4 [11,21,24,50]. As noted above, an increase in the surface area
resulted in a decrease in particle sizes. Thus, the DP-prepared cat-
alysts on coprecipitated MgAl2O4, characterized by smallest parti-
cle sizes, were the most active catalysts (Table 2). Fig. 5 shows the
reaction profile of this catalyst.

Interestingly, from the selectivity point of view, there are signif-
icant deviations compared to trends in selectivity observed for
other supported gold catalysts used in the same reaction (glycerol
oxidation), namely the selectivity to C3-type products (glycerate
and tartronate – Scheme 1) decreases as particle sizes decrease
[50]. Evaluating the product distribution when Au on spinels were
used as the catalyst (Table 2), we noted that selectivity to C3 prod-
ucts do not follow this trend. For example, Au on Coprec-MgAl2O4

(mean diameter 3.9(THPC); 2.2(DP); 2.9(MS)) have similar selectiv-
Fig. 4. Activity vs. Au particle size (e DP; j THPC).

Fig. 5. Reaction profile for DP-Au coprecipitated MgAl2O4.
ities to glycerate (GLY) products (S50 to GLY between 54% and 56%)
(Table 2). This did not surprise us as the particle sizes of metallic
nanoparticles are very similar. However, the DP-Commercial cata-
lyst shows as the main product glycolate (selectivity 72% at 50%
conversion) deriving from C–C bond cleavage (Scheme 1) instead
of the expected enhanced selectivity to C3 products due to quite
large Au particles (9.1 nm). Looking at XPS analysis, we noted that
a peculiar characteristic of this sample lies on the highest concen-
tration of surface Al (Al/Mg ratio 15.6 – Table 2). Moreover, we also
noted that in all the other cases, there is a direct correlation be-
tween the surface Al/Mg ratio and the production of glycerate.
Fig. 6 shows, in the case of DP-prepared catalyst, the almost linear
correlation we found between the Al/Mg ratio revealed by XPS and
the selectivity (at 50% conversion) toward glycerate. As shown
from Table 2, catalyst with similar particle size (coprecipitated
THPC and FP THPC 3.9 and 4.2 nm) but with different Al/Mg ratio
(6.0 vs. 4.2) showed a different C3 selectivity (glycerate and tartr-
onate), higher for lower Al/Mg ratio (S50 64%, Al/Mg 6.0 for copre-
cipitation-THPC vs. S50 72%, Al/Mg 4.2 for FP THPC). Conversely,
when the Al/Mg ratio is similar (coprecipitated DP and FP THPC
4.0 and 4.2) but the particle sizes are different (2.2 for CoprecDP
vs. 4.2 for FP THPC), the selectivity to C3 (glycerate and tartronate)
only slightly increases for larger particle size (72% for FP THPC with
4.2 nm vs. 70% for CoprecDP with 2.2 nm) following the expected
trend. We can conclude then that selectivity is correlated with
the concentration of surface Al on the support one where the
Al-rich material gives the lowest C3 (glycerate and tartronate)
product concentration (<25% in best case), and the most Mg-rich
support material produces the highest C3 (glycerate and tartro-
nate) product formation (�60–70%) influenced (even slightly) by
typical size-mediated selectivity discussed above, Table 2. Note
that also in the case of MS-prepared samples, we observed the low-
est selectivity toward the C3 (glycerate and tartronate) products
(52%) when the commercial spinel was used as the support i.e.
the richest Al3+ surface (Al/Mg = 7.0) (Table 2). To determine if this
trend is a specific characteristic of the type of substrate (glycerol),
the Au on Commercial-DP catalyst has been also used in the oxida-
tion of ethylene glycol (Table 3). Also, in this case, we observed the
ability of this catalyst in promoting the C–C bond scission. Indeed,
a 50% selectivity (at 50% conversion) to formate (HCOONa) was
obtained, value to be compared with only a 5% selectivity to for-
mate using Au on coprecipitated-THPC that shows a lower Al/Mg
surface ratio (6.0 vs. 15.6) (Table 3).

It has been reported that during the oxidation of glycerol with
gold, the C–C bond cleavage could be ascribed to the native H2O2
Fig. 6. Correlation between Au/Mg surface ratio and glycerate selectivity at 50%
conversion for DP-prepared catalysts.



Table 3
Activity data for Au/MgAl2O4 samples in ethylene glycol oxidation.

Support Au wt% Preparation XPS Activity mol (Au mol)�1 h�1a Selectivityb

Al2s/Mg2p Glycolic acid Formic acid Oxalic acid

Commercial MgAl2O4 2.7% DP calcined 15.6 80 47 50 3
Coprecipitation MgAl2O4 3% THPC 6.0 870 93 5 2

a Conversion per hour per mol of metal.
b Selectivity at 50% conversion. Reaction conditions: [ethylene glycol] = 0.3 M; NaOH/reactant = 4 mol/mol; reactant/Au = 1000; p(O2) = 3 atm; T = 50 �C.

Table 4
Literature survey for glycerol oxidation using gold catalysts.

Catalyst Glycerol/Au NaOH Temperature (K) pO2 (bar) Selectivity to glyceric acid
(at conversion) (%)

Refs.

1% Au charcoal 538 1 333 3 100 (56) [9]
1% Au/graphite 538 1 333 3 100 (54) [9]
Au/AC 500 2 333 1 75 (30) [11]
1% Au/AC 500 4 303 3 95 (90) [21]
Au/TiO2 500 4 323 3 58 (90) [22]
Au/AC 110,000 2 333 10 82 (48) [24]
1% Au/AC 500 2 333 10 43 (35) [25]
1% Au/AC 500 2 333 10 70 (37) [25]
1% Au/Dowex M-43 1000 4 323 3 60 (90) [26]
2.7% Au/MgAl2O4 DP-Commercial 1000 4 323 3 21 (50) Present work
3.1% Au/MgAl2O4 DP-FP 1000 4 323 3 61 (50) Present work
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[24,51]. However, in the current cases, we can exclude this type of
contribution to C–C bond cleavage as we did not find any relevant
difference among all the catalysts (final H2O2 concentration
<0.2 mM). Thus, the contribution of the H2O2-mediated oxidative
cleavage, if any, should be similar in all the tests and excluded that
the effect on selectivity of the Al-rich surface was correlated to a
higher amount of H2O2. Most probably, the reason should be found
in a different adsorption/desorption rate of intermediates. In fact, it
was already found that by increasing the residence time on the cat-
alyst, the C–C bond cleavage amount increased [26].

Using the MS preparation method, a further intriguing trend
was obtained. In this case, the Al/Mg ratio is virtually unchanged
for all the three catalysts before and after gold deposition (Table
2), even the difference among the three samples is not negligible
(Al/Mg ratio 7.0 for commercial, 4.0 for coprecipitated and 3.6 for
flame pyrolysis derived spinels). Similar gold particle sizes
(2.9 nm) on coprecipitated or FP spinels that show a similar Al/
Mg surface ratio (4.0 vs. 3.6) presented a similar selectivity (Au
coprecipitation 55% vs. Au FP 60%) but, unexpectedly, a large differ-
ence in catalytic activity was obtained (Table 2: MS-FP 1080 con-
verted mol (Au mol)�1 h�1, whereas MS Coprec-spinel 67
converted mol (Au mol)�1 h�1). The main difference between the
two spinels is the different surface area and pore distribution, with
the coprecipitated spinel containing more micropores than the FP
spinel (Table 1). The atomic% of Au measured by XPS for these sam-
ples was determined to be 10.0% for the Au/FP-MgAl2O4 but only
1.9% for Coprec-MgAl2O4. Normalizing atomic% Au by factoring in
weight loading and external surface area from BET measurements
(Table 1) revealed there was 2.7 times more surface gold in the
gold catalyst on FP-produced MgAl2O4. Thus, the higher activity
observed for the Au/FP-MgAl2O4 sample with respect to the Au/Co-
prec-MgAl2O4 sample can be explained by a higher exposition of
active sites to reactant due to the higher concentration of surface
gold species.
4. Conclusions

Gold nanoparticles supported on three spinel-type MgAl2O4

supports prepared using different routes have been explored in
the selective liquid-phase oxidation of glycerol. The increasing of
Al/Mg surface ratio by XPS after wet gold deposition revealed that
gold selectively deposited onto the more basic Mg sites. On the
contrary, the Al/Mg ratio was almost the same as before gold depo-
sition in magnetron sputtered gold catalysts showing that in these
cases no preferential adsorption of the gold to Mg or Al sites oc-
curred. The catalytic activity generally followed the expected trend
based on particle sizes. However, the activity appeared also tuned
by the effective exposure of active sites possibly influenced by sur-
face area. During the glycerol oxidation, it appeared that the selec-
tivity of the reaction was only partially ruled out by the gold
particle size, while the main determining factor is the surface Al/
Mg ratio, the Al-rich surface promoting the C–C bond. This trend
was also observed in vic-diol-type molecule as ethylene glycol.

The selective glycerol oxidation has been explored with a lot of
catalytic systems [16–26], the gold-based ones appearing the most
selective even not always the most active. A direct comparison
among the different catalysts is very difficult as different reaction
conditions as well as selectivity at different conversions are re-
ported. In Table 4, we tentatively show the most frequently re-
ported data and in this panorama, the present spinel-based
catalysts could be considered the most tunable catalytic systems.
Moreover, this represents another clear example of how the
gold-catalyzed reaction could be tuned by a different interaction
of the AuNPs with the support [52].
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