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This study explores a new synthetic route toward CeO,-supported gold nanoparticles catalysts (1, 3, and
5wt.% Au) and their catalysis of the oxidation of glycerol at atmospheric pressure. Gold was loaded on
a hydrothermally synthesized nanocrystalline CeO, support (~8 nm) via deposition-precipitation with
urea (DPU). To obtain cerium oxide-supported gold nanoparticles, thermal reduction at 300°C under
flowing H, is currently popular. However, this method invariably forms small gold particles (<5 nm)
even with higher gold loading. In the present study, Au/CeO, catalysts prepared by DPU were reduced via
a new method: chemical reduction with glycerol (CRG). Interestingly, the reduction of a gold-urea com-
plex supported on ceria occurs at 25 °C, and the gold nanoparticles grow slowly. The resultant chemically
reduced samples were compared with their hydrogen-reduced counterparts. The CRG method primar-
ily generated gold particles with larger average sizes than the H, reduction method. Importantly, the
CRG route enabled variation of the average gold nanoparticle size without requiring any other reagent,
which is particularly advantageous for the Au/CeO, system. The efficiency of these catalysts toward the
aerobic oxidation of glycerol was tested. Accordingly, the selective oxidation of glycerol into lactate can
be effectively catalyzed by Au/CeO; catalysts at atmospheric pressure. The chemically reduced samples
show increased lactate selectivity than the hydrogen-reduced samples due to the larger size of the gold
particles.
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1. Introduction

The use of bio-renewable resources for the production of
chemicals continues to attract significant research attention to
support sustainable development. Glycerol is a particularly intrigu-
ing reagent since it is a major co-product of biodiesel production.
The oxidation of glycerol leads to the formation of a number of
valuable oxygenated compounds such as glyceric acid, lactic acid,
dihydroxyacetone, hydroxypyruvic acid, glycolic acid, oxalic acid,
and tartronic acid. Hence, control of product selectivity is crucial.
Conversion of glycerol into lactic acid is very significant from the
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perspective of the applications of lactic acid: Lactic acid is the
building block for the synthesis of polylactic acid (PLA) [1], which
is involved in the production of biodegradable plastics and bio-
compatible medical materials [2-5]. Selective oxidation of glycerol
primarily using supported noble metal nanoparticles such as Pd, Pt,
and Au with molecular oxygen [6-14] has been extensively studied,
mainly for glyceric acid production. Previous studies showed that
lactic acid can be generated from glycerol through a heterogeneous
catalysis process. Different approaches including a hydrothermal
reaction [15-17], hydrogenolysis [18,19], and catalytic selective
oxidation [3,20-31] have been applied for the synthesis of lactic
acid from glycerol. Compared to the hydrothermal and hydrogenol-
ysis methods [15-19], catalytic selective oxidation allows the
reaction to be performed under milder reaction conditions [32]
with supported gold catalysts.

The problem in the production of lactic acid from glycerol via
a selective oxidation process is that the glyceraldehyde interme-
diate and its isomer, dihydroxyacetone, are susceptible to further
oxidation [3,20,21]. This has been problematic in previous stud-
ies, resulting in the formation of primarily glyceric acid without
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Scheme 1. Schematic illustration of the synthesis of Au/CeO, catalysts by chemical reduction with glycerol.

any significant formation of lactic acid in most of the cases [9-16].
Product selectivity during glycerol oxidation is strongly influenced
by the size of the gold particles and reaction conditions [26,33-35].
With Au/C catalysts, larger particles (>20 nm) imparted improved
selectivity to glyceric acid compared to gold particles with an
average size of 6 nm [26]. For gold particles, the activity toward
the formation of lactate from propylene glycol increased with
decreasing particle size (70°C, 2 atm O, 1equiv. NaOH), whereas
with carbon-supported gold, the maximum activity (100% conver-
sion, selectivity was not mentioned) was achieved with a mean gold
particle diameter of 7-8 nm [33].

The higher catalytic activity of the carbon-supported gold par-
ticles toward the conversion of glycerol to glyceric acid was
attributed to the small size of the Au nanoparticles, which were
supported on anionic exchange resins (50°C, 3atm 0O,, 4 equiv.
NaOH) [34]. By tuning the metal particle size from 2 to 16 nm,
a progressive decrease in activity and simultaneous increase in
selectivity for sodium glycerate production was observed [35].
Baiker et al. studied the catalytic activity of Au/CeO, with dif-
ferent sizes of gold particles (ranging from 1.5 to 12nm) on the
aerobic oxidation of benzyl alcohol. Accordingly, optimal activity
was observed for catalysts with medium particle sizes (~6.9 nm),
whereas both smaller and larger particles showed inferior activ-
ity (100°C, 1atm O,, no base, toluene/mesitylene as solvent)
[36].

Hydrogen-reduced Au/CeO, samples invariably form smaller
gold nanoparticles (<5 nm) regardless of the gold loading [37,38].
Since smaller gold particles favor the formation of glyceric acid, not
much attention was paid to Au/CeO, for the conversion of glycerol
to lactic acid. Herein, we report the facile synthesis of nanopar-
ticle Au/CeO, catalysts with varying average gold particle sizes
and their efficiency toward the catalysis of the selective aerobic
oxidation of glycerol to lactic acid at atmospheric pressure. The
synthesis of Au/CeO, catalysts with different average gold parti-
cles was accomplished using the glycerol-based chemical reduction
protocol (CRG). The efficiency of this method was examined with
three different gold loadings. The synthesized gold catalysts were
characterized via elemental analysis, UV-vis spectroscopy, X-ray
diffraction, and high-resolution transmission electron microscopy
(HR-TEM).

2. Experimental
2.1. Hydrothermal synthesis of nanocrystalline ceria support

The appropriate quantity of cerium ammonium nitrate salt
(Aldrich, 98.5%) to achieve a concentration of 0.1 M was dissolved
in deionized water and stirred vigorously for 30 min. This solution
was then poured into an autoclave and treated hydrothermally at
200°C for 12h (Scheme 1). The resultant precipitates were sepa-
rated by centrifugation, washed with deionized water, dried in an
oven at 80°C for 2 h, and calcined at 450 °C for 3 h under flowing
air.

2.2. Au-loading by deposition precipitation using urea (DPU)

The calcined ceria was dispersed in distilled water and main-
tained at 80 °C. A solution of HAuCl,-4H,0 was added followed by
the addition of urea (Scheme 1); the resulting mixture was stirred
at 80 °C for 12 h. Centrifugation was performed to isolate the solid,
which was washed thrice with distilled water to remove chlorides
and then dried in a desiccator.

2.3. Reduction of gold catalysts via chemical reduction with
glycerol (CRG)

In a typical process, the Au/CeO, samples obtained via the DPU
method were mixed in a beaker with the appropriate quantity of
glycerol and stirred at ambient temperature for 48 h(Scheme 1, sec-
ond step). The reduced solid catalysts were separated from glycerol
via centrifugation and then washed thrice with deionized water to
remove the glycerol. The sample was directly transferred into the
reaction mixture for glycerol oxidation.

2.4. Characterization

Chemical analyses were performed via inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using a Thermo
Scientific ICAP 6500 instrument. The Au loadings are expressed
as wt.%. X-ray diffraction (XRD) analysis was performed on a
Rigaku D/MAX-2200V diffractometer (Cu Ka). TEM analysis was
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performed using a TECNAI G2 microscope. UV-vis spectroscopic
measurements were carried out using a SHIMADZU UV-1800
instrument.

2.5. Catalytic testing

Reactions were carried out in a three-necked round-bottom
flask (100 mL) equipped with air flow at atmospheric pressure
under vigorous stirring at 90°C. The products were analyzed via
high-pressure liquid chromatography (HPLC) using an Alltech OA-
1000 column (300 mm x 6.5 mm) with 0.1% H3PO, solution as the
eluent. For the HPLC analyses, 0.5 mL of the reaction mixture was
diluted to a total volume of 5.0 mL with the eluent. The products
were identified by UV (210 nm) and refractive index detectors by
comparing them to the original samples. Glycerol appears only
in a refractive index detector giving a strong signal. For example,
glycerol was determined using the refractive index detector, while
lactic acid was determined using UV detector (Figs. S1 and S2).

The conversion of glycerol, selectivity to product, and carbon
balance were calculated according to Egs. (1)-(3), respectively.

Moles of glycerol converted

Conversion (% mole) = Moles of glycerol initial x 100 M
Selectivity (% mole)
Moles of product formed 100 2)

~ Total moles of Cq + C, + C3 products formed x

3Mc3 + 2Mc2 + MC]

where Mcc is total the moles of glycerol converted, Mc, is the moles
of the C3 products (lactic, glyceric and tartronic acids), Mc, is the
moles of C; products (glycolic and oxalic acids), and Mc, is the
moles of C; product (formic acid), respectively.

Carbon balance (% mole) = x 100 3)

3. Results and discussion
3.1. Characterization of CeO,-supported gold catalysts

The nanocrystalline ceria support synthesized via the
hydrothermal method exhibited a surface area of 120m?/g
determined from the N, isotherm. Elemental analyses via ICP-AES
showed gold loadings of 0.95, 2.74, and 4.59wt.%, which are
close to the nominal loadings of 1, 3, and 5wt.%, respectively.
Fig. 1 shows the presence of CeO, with distinguishable peaks that
indicate dominant (111), (200), (220), and (311) diffraction
patterns, suggesting a cubic structure of calcium fluorite (CaF;;
JCPDS 35-0816). The average particle size, which was calculated
using the Scherrer equation, suggests that the ceria nanoparticles
are ~8nm. Powder XRD patterns of the 1% Au/CeO, samples
after chemical reduction with varying amounts of glycerol are
presented in Fig. 1a. The first line (i) in Fig. 1a corresponds to the
sample reduced by thermal treatment at 300°C under a hydro-
gen flow. As the gold particles are very small, the XRD pattern
does not exhibit the diffraction pattern of gold. The other lines
in Fig. 1a correspond to the samples reduced by glycerol with
catalyst/glycerol weight ratios of 0.002, 0.005, 0.01, 0.02, and 0.04.
As is evident in Fig. 1a, these XRD patterns closely resemble that of
the hydrogen-reduced sample and the gold diffraction patterns are
not visible. The hydrogen-reduced sample is dark brown, while the
glycerol-reduced samples are violet-brown; this color difference
is indicative of the differences in the average size of the gold
particles. However, the XRD patterns are only slightly different
at the 26 value of 38.2°, which corresponds to the (111) Bragg
reflection of the gold nanoparticles. To display the changes of the
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Fig. 1. XRD patterns of Au/CeO, catalyst at different concentration of Au. (a)
0.95 wt.% Au/Ce0,, (b) 2.74 wt.% Au/Ce0O, and (c) 4.59 wt.% Au/CeO, by H,-reduction
((i)line) and glycerol reduction with catalyst to glycerol weight ratios of 0.002, 0.005,
0.01, 0.02, and 0.04, respectively (from (ii) to (vi) lines). * and # denoted CeO, and
Au phases, respectively.

sizes of the gold nanoparticles, an expansion of the 26 range of
35-45° is shown in Fig. 2. It is evident that the widths of the Bragg
reflections for the glycerol-reduced samples gradually decrease
as the intensity increases. By comparing the broadening of the
curves, it can be inferred that the glycerol-reduced samples ((ii)
to (vi) lines) contain larger gold nanoparticles than the hydrogen-
reduced sample ((i) line) and that the diameter of the gold particles
is dependent on the catalyst/glycerol ratio.

The XRD results for 3% Au/CeO, are depicted in Fig. 1b. Again,
the hydrogen-reduced 3% Au/CeO, ((i) line) does not exhibit gold
peaks. The (ii) line of Fig. 1b shows a significant increase in the
intensity of Au (11 1) peak in comparison to that of the hydrogen-
reduced sample. This clearly shows that the average gold particle
size of the samples prepared via CRG is larger than that of the
hydrogen-reduced samples. With increasing catalyst/glycerol ratio,
a progressive sharpening of the Au (11 1) peak is evident. In con-
trast to the hydrogen-reduced sample, the (11 1) Bragg reflection
from the gold nanoparticles at the 26 value of 38.2° is clearly
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Fig. 2. Focused view of XRD patterns of 0.95 wt.% Au/CeO, sample in the two theta
range 35-45° by H,-reduction ((i) line) and glycerol reduction with catalyst to glyc-
erol weight ratios of 0.002, 0.005, 0.01, 0.02, and 0.04, respectively (from (ii) to (vi)
lines).

observed for all glycerol-reduced samples. As determined from
the broadening of the (111) reflection in the XRD patterns, the
estimated gold particle sizes are plotted in Fig. 3a. As the cata-
lyst/glycerol ratio increases, the FWHM values gradually decrease
(not shown) and the estimated average gold particle sizes gradually
increase. Accordingly, the hydrogen-reduced sample is dark brown,
while the glycerol-reduced samples are violet-brown.

The observed variation of the average gold particle size with
the catalyst/glycerol ratio was further confirmed by reducing the
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Fig. 3. Variation of average gold particle size with catalyst to glycerol ratio: (a) 2.74%
Au/CeO, and (b) 4.59% Au/CeO,.

5% Au/CeO, catalysts (Fig. 1c). The hydrogen-reduced sample is
represented by the first line (i) in Fig. 1c: Compared with 1% and
3% Au/CeO,, the (11 1) Bragg reflection from the gold nanoparti-
cles in 5% Au/Ce0O, is more intense, but still very broad. On the
other hand, the XRD results for glycerol-reduced 5% Au/CeO, clearly
show a gold nanoparticle (111) Bragg reflection peak at the 260
value of 38.2°. The estimated average gold particle sizes are plot-
ted against the catalyst/glycerol ratio in Fig. 3b. These results show
that the average gold particle size increases with increasing cat-
alyst/glycerol ratio. In fact, the colors of the 5% Au/CeO, catalysts
vary significantly: With increasing catalyst/glycerol ratio, the col-
ors varied from light-brown, dark brown, violet, magenta, pink, to
gray over time, which reflect the growth of the gold nanoparticles.

During the chemical reduction process, we observed changes
in the colors of the Au/CeO, samples. UV-visible spectroscopy is
one of the few effective methods for investigating modifications of
the physical or chemical properties of supported gold catalysts. A
strong absorbance in the visible region around 540 nm is due to
excitation of the surface plasmon vibrations of Au nanoparticles
[39-42]. Fig. 4a shows the spectra recorded for 1% Au/CeO, sam-
ples reduced by either hydrogen or different amounts of glycerol.
The first line (i) from the bottom shows that the spectrum of the
hydrogen-reduced sample is featureless, while the (ii) and (iii) lines
also do not exhibit significant absorbance. However, the samples
with higher catalyst/glycerol ratios exhibit a gold plasmon reso-
nance (PR) band at 550 nm; the intensity of the band increases from
the (iv) to the (vi) line. These results correlate with the XRD results
of the corresponding samples. If the gold particles are significantly
smaller (<10 nm) than the wavelength of light (300-800 nm), the
plasmon band is not dependent on the particle size because it is
dipolar-type plasmon resonance [41-45]. Hence, the differences
in the PR peak shape could be related to the shape/surface mor-
phology of the formed gold nanoparticles. It has been mentioned
that, based on the broadening of the Bragg reflection at the 260
value of 38.2°, the sizes of the gold particles vary with the cat-
alyst/glycerol ratio. Therefore, the slight differences in the shape
of the plasmon resonance band of the glycerol-reduced samples
((ii) to (vi) lines in Fig. 4a) suggest that the catalyst/glycerol ratio
could affect the shapes of the gold nanoparticles formed on the
ceria surface. During synthesis of the catalyst, an increased cata-
lyst/glycerol ratio results in less separation of the catalyst particles,
which increases the potential for the growth of the nanocrystals by
an aggregative mechanism. In contrast, if there is a large amount
of glycerol, the frequency of collisions between the ceria nanopar-
ticles should decrease due to their increased separation thereby
reducing the growth of gold nanoparticles. To verify this hypoth-
esis, we performed the CRG process by thoroughly mixing the 5%
Au/Ce0, sample with glycerol (30 min vigorous stirring) and then
stopping the stirring and letting the reaction stand for the remain-
der of 48 h. The resultant sample was violet (Da,. Au ~6nm) in
contrast to the sample obtained with continuous stirring for 48 h,
which appears gray (Day. Au >15 nm). This indicates that effective
collision between ceria particles is important for the growth of gold
nanoparticles supported on ceria during the CRG process. The shape
of the prepared gold nanoparticles also varies, as is evident from the
changes in the PR bands of the gold nanoparticles in their UV-vis
spectra.

The hydrogen-reduced 3% Au/CeO, sample also exhibits a fea-
tureless spectrum ((i) line, Fig. 4b). In contrast, the glycerol-reduced
sample (catalyst/glycerol weight ratio of 0.002, (ii) line) shows a
clear absorbance at ~550 nm. Upon increasing the catalyst/glycerol
weight ratio, a red shift is noted up to line (iv). Further increasing
the catalyst/glycerol ratio leads to broadening of this band and gains
in the absorbance at longer wavelengths (~700 nm), which implies
further changes in the sizes and shapes of the gold nanoparticles.
An additional band at ~710 nm has been used as an indicator of the
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Fig. 4. UV-vis absorption spectra of CeO,-supported gold nanoparticles: (a) 0.95%
Au/CeO,, (b) 2.74% Au/CeO, and (c) 4.59% Au/CeO,. The first line (i) from the bottom
corresponds to the samples reduced by H, and all other lines (ii-vi) correspond to
the samples reduced by glycerol with catalyst to glycerol weight ratios of 0.002,
0.005, 0.01, 0.02, and 0.04, respectively.

extent of aggregation of nanoparticles and can be attributed to the
excitation of longitudinal surface plasmon vibrations due to close-
packing of gold nanoparticles [46-48]. Careful comparison of the
spectra of the glycerol-reduced 3% Au/CeO, samples show that the
absorbance is slightly higher around 700 nm (indicated by arrow)
for samples with a higher catalyst/glycerol ratio ((v) and (vi) lines);
however, there is no significant band. This indicates that varying
the amount of glycerol may slightly change the average particle
size, but there is no significant aggregation. It is worth noting the
color differences: The sample pertaining to the (iv) line appears
gray, which indicates that it contains larger gold nanoparticles.
Fig. 4c shows the UV-vis spectra of the 5% Au/CeO, samples.
The hydrogen-reduced sample exhibits a very broad line shape,
while the glycerol-reduced samples clearly show absorbance due
to gold surface plasmon resonance. The sample reduced with a
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Fig. 5. Time-dependant UV-vis spectroscopy study during the chemical reduction
process with 4.59% Au/CeOs,.

catalyst/glycerol ratio of 0.002 ((ii) line in Fig. 4c) displays a band
centered at ~550 nm. With increasing catalyst/glycerol ratio, the
absorbance increases significantly and undergoes a red shift ((iii)
and (iv) lines). Further increasing the catalyst/glycerol ratio leads
to drastic changes in the line shape including broadening and
increased absorption in the longer wavelength region. However,
no significant band at ~700nm is evident, which suggests that,
despite the increased average size, very large aggregated gold par-
ticles do not form. As mentioned earlier, the significant differences
in the absorbance of the (ii) to (iv) lines are not related to size
increases since the wavelength of light used in the present study
(i.e., 450-800nm) is larger than the sizes of the gold particles.
Hence, such significant differences could be related to significant
shape variations of the gold nanoparticles since the gold loading is
significantly higher. This conclusion is strongly supported by the
XRD results. Within the limitations of the XRD results, there is a
significant difference in the average sizes of the glycerol-reduced
samples, which could explain the shape variation and hence the
different shapes of the gold plasmon resonance band for each sam-
ple. The 5% Au/Ce0O, samples clearly show that the CRG technique
can form larger gold particles than the hydrogen-reduction tech-
nique at 300°C. The significant differences between the (ii) to (iv)
lines also suggest that the amount of glycerol affects the shape and
size of the gold particles with a catalyst with fixed gold loading.
The results obtained via UV-vis spectroscopy correlate well with
the XRD results and the colors of the catalysts.

To optimize the reaction time of the chemical-reduction proce-
dure, time-dependant UV-vis spectroscopy was performed (Fig. 5).
The 5% Au/CeO, sample is initially yellow, which indicates the pres-
ence of unreduced gold in the as-prepared DPU sample. At this
stage, a UV-vis spectrum was recorded (0 h line). Spectra were then
recorded at specific time intervals until a stable gold plasmon res-
onance band was obtained. At 8 h, the yellow color disappears and
the sample shows a featureless UV spectrum. Note that the spectra
recorded at 8 h and 12 h resemble those of the hydrogen-reduced
samples; this suggests the formation of small gold nanoparticles,
which correlates with the light-brown color of the sample. The
spectrum recorded at 20 h shows a PR band centered at ~550 nm.
Over time, the color of the sample changes from brown to violet.
A corresponding red shift in the UV-vis spectra reveals that the
shape of the gold nanoparticles changes. After a stable PR band
was attained at 48 h, stirring was stopped and the sample was
used for the catalytic run. During the chemical-reduction process,
aliquots of this sample were removed to examine the gold in the
glycerol. The aliquots were centrifuged to separate the liquid and
tested for the presence of gold via ICP: Gold was not detected
in any of the samples removed at different time intervals. The
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combined results of UV-vis spectroscopy, XRD, and colors of the
samples clearly show that glycerol acts as a mild reducing agent
for gold-ceria DPU samples, resulting in the preparation of ceria-
supported gold nanoparticles in an environmentally friendly and
facile manner. The use of glycerol to reduce gold provides a single-
reagent method for the synthesis of supported gold nanoparticles.
A schematic illustration of chemical reduction process is shown in
Scheme 1.Inthe first step of the DPU process, gold is loaded onto the
ceria nanoparticles as a gold-urea complex. This as-prepared yellow
powder is dispersed in glycerol and stirred for 48 h. After nucleation
and growth, the reaction mixture containing the finished catalyst
is diluted with excess water and centrifuged to remove glycerol (3
times) and then mixed with the reaction mixture.

A representative HRTEM image of pure ceria support is shown
in Fig. 6a. The inter-planar spacing of ~0.3 nm corresponds to the
(111) plane of the fluorite cubic structure of cerium oxide. From
the TEM analyses, we determined that the cerium oxide particles
have an average size of ~8 nm, which is in good agreement with the
particle size measured by XRD. Fig. 6b shows the HRTEM image of
glycerol-reduced 5% Au/CeO,, whichreveals the presence of Au par-
ticles in close contact with CeO,. The inter-planar spacing of CeO,
(~0.3nm), which corresponds to the (111) plane of the cerium
oxide, could be distinguished from that of Au (~0.21 nm), which
corresponds to the (200) plane of gold. It is known that conven-
tional TEM cannot reveal small gold particles on ceria that has a
high surface area [48,49] due to the poor contrast between Au and
Ce0, [50,51]. Despite the difficulty of TEM measurement in high
magnification, we conducted the TEM analysis in a low magnifica-
tion to confirm the particle size of Au nanoparticle on CeO,. Fig. 7
shows the low magnification of TEM images and particle size dis-
tributions of gold nanoparticles corresponding to the 3% Au/CeO,
(a) and 5% Au/CeO, (b) samples reduced by glycerol with a catalyst
to glycerol ratio of 0.04. The individual particles of Au have spher-
ical shapes and are well dispersed with average sizes of 6-7 nm in
3% Au/CeO,, and 7-8 nm in 5% Au/CeO,, respectively. This result
matches well with the particle size measured by XRD in Table 1.
From histograms of samples, even in the presence of gold particles
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Table 1
Product distribution in the oxidation of glycerol using Au/CeO; catalysts.
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Catalysts Conv. (%) Selectivity (%) Particle sizes (nm)&
LAC GLY TAR OXA GLYC FOR

1% Au/Ce0,? 99.1 73.1 24.8 14 03 0.2 0.2 n.d.

1% Au/Ce0,P 97.8 75.8 214 2.1 - - - 3.0

1% Au/CeO,°¢ 98.5 771 19.8 1.3 0.7 0.3 0.8 4.0

1% Au/Ce0,4 98.0 83.0 15.7 1.1 0.2 - - 6.0

3% Au/Ce0,* 98.0 73.5 22.7 2.07 1.22 0.25 0.26 <5

3% Au/Ce0,® 98.0 79.7 184 0.9 0.2 0.5 0.3 6.2

5% Au/Ce0,*? 98.0 72.2 24.5 2.0 0.7 0.6 - <5

5% Au/CeO," 98.0 79.0 18.3 1.0 0.2 0.6 0.8 8.2

Reaction conditions: temperature of 90°C, pressure of 1atm under air with a flow rate of 0.15Lmin~!, and NaOH/glycerol=4:1 (mole ratio). n.d.: not determined. LAC:
lactic acid; GLY: glyceric acid; TAR: tartronic acid; OXA: oxalic acid; GLYC: glycolic acid; FOR: formic acid. The carbon balance: 298%, ®94%, <99%, 194%, €98%, 197%, for

hydrogen-reduced 3% Au/CeO; and 5% Au/CeO3, 93% and 95%, respectively.
2 H, reduced samples.

b-f Glycerol reduced samples with catalyst to glycerol weight ratios of 0.005 (b), 0.01 (c), 0.02 (d) and 0.04 (e and f), respectively.

& Particle size of Au was confirmed by XRD.

with size below 4 nm, it can be seen that majority of the particles
lies between 5 nm and 8 nm in particles size. It demonstrates that
glycerol reduction can lead to the formation of larger gold parti-
cles above 5 nm, which is not possible with the hydrogen-reduced
samples.

3.2. Catalytic activity toward the selective oxidation of glycerol

The oxidation of glycerol leads to the formation of a mixture
of acid products (Table 1). In the present study, lactic (LAC) and
glyceric (GLY) acids are the main products, while oxalic (OXA),
tartronic (TAR), glycolic (GLYC), formic (FOR), and acetic acids are
produced in lesser amounts (see Supporting information for the
HPLC chromatographs of a typical reaction mixture (Fig. S1) and
the mixtures of authentic compound (Fig. S2)). In the presence of
excess base, the reaction proceeds well, while in the absence of
base, no reaction occurs. Without the gold catalyst, neither NaOH
nor pure ceria support could catalyze the glycerol conversion. These

observations are consistent with literature reports [15,32] that gold
catalyst, base, and oxygen are required for the oxidation reaction to
occur. According to literature, several factors such as gold particle
size, nature of the support, and the reaction conditions (i.e., pres-
ence/absence of base, metal/glycerol ratio, reaction temperature,
and oxygen pressure) influence the catalytic performance (i.e., con-
version and selectivity) toward glycerol oxidation reactions. In the
present study, the nature of the support and the reaction conditions
were held constant. All reactions were carefully performed under
identical conditions to validate the comparison. The average sizes
of the gold particles were changed by reducing the as-prepared cat-
alysts in different manners. Therefore, we attempt to correlate the
catalytic results with changes in the sizes of the gold particles.

In the case of hydrogen-reduced 1% Au/CeO,, the selectivities
to lactic acid and glyceric acid were found to be 73.1% and 24.8%
respectively (Table 1). In the case of hydrogen-reduced 3% and
5% Au/CeO, samples, nearly the same values of selectivities were
obtained (72.5%, 22.8% for 3% Au/CeO, and 72.2%, 24.5% for 5%

OH
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Scheme 2. Proposed reaction pathways of glycerol oxidation leading to glyceric and lactic acids.
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Fig. 8. Variation of lactic acid to glyceric acid mole ratio with catalyst to glycerol
weight ratio during catalyst reduction. (a) 0.95% Au/CeO; (b) 2.74% Au/CeO, and
(c) 4.59% Au/CeO,-triangles. Reaction conditions: temperature of 90°C, pressure
of 1atm under air with a flow rate of 0.15Lmin"', and NaOH/glycerol=4:1 (mole
ratio).

Au/CeO,). These results are consistent with the fact that, the gold
particle size is roughly the same, whatever the gold loading (see
the first lines (i) in the XRD patterns of Fig. 1a-c). Samples reduced
under flowing hydrogen (300°C/2h) invariably produced small
gold particles (<5 nm, invisible in the XRD analyses). In contrast, the
chemically reduced samples exhibited gradually increasing aver-
age gold particle sizes due to the increasing catalyst/glycerol ratio
during the reduction of the as-prepared catalysts (as seen by com-
paring the 1st XRD line in Fig. 2 with the other lines), which may
influence the product distribution.

To elucidate the efficiency of gold catalysts toward the selective
oxidation of glycerol to lactic acid, the product mole ratio of lactic
acid to glyceric acid is plotted against the catalyst/glycerol weight
ratio during the chemical reduction step (Fig. 8). As is evident from
Fig. 8, increasing catalyst/glycerol ratio during the reduction of the
gold catalysts leads to a progressive increase in the ratio of lactic
acid to glyceric acid obtained with 1% Au/CeO, catalyst. In other
words, as the average gold particle size increases, the selectivity to
glyceric acid decreases and the selectivity to lactic acid increases.
However, 3% and 5% Au/CeO, catalysts exhibit a volcano-shaped
curve with maximum selectivity to lactic acid with medium-sized
gold particles; both smaller and larger gold particles show infe-
rior selectivity. Interestingly, the fall in selectivity to glyceric acid
does not increase the selectivity to the other acid products that are
derived from glyceric acid oxidation except lactic acid [26]. This
observation correlates with literature reports [26,33-36] and sug-
gests that the increased selectivity to lactic acid could be related
to decreased activity of catalysts with larger gold particle sizes
toward glycerol to glyceric acid oxidation. The catalytic results of
the present study closely resemble those of Baiker et al. [36]. As the
Au particle size of 1% Au/CeO, increases, the selectivity to lactic
acid increases to a maximum level. In 3% and 5% Au/CeO, samples,
optimum selectivity was obtained with a medium particle size, and
smaller and larger gold particles lead to lower lactic acid selec-
tivity. According to Davis et al., the selective oxidation of glycerol
in the aqueous phase (with base) with supported gold catalysts
proceeds through a reaction path that involves both solution-
mediated (basic) and metal- (i.e., gold-) catalyzed steps [53]. In
the present study, the metal-catalyzed aspect is considered sep-
arately (by maintaining the same basicity of the solution), which
enables the effect of the average gold particle size to be determined.
The decreasing selectivity to glyceric acid with increasing average
gold particle size is also in agreement with the literature reports
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&
— 60 4
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Fig.9. Reusability results of (a) 0.95% Au/CeO,, (b) 2.74% Au/CeO, (c) 4.59% Au/CeO,
(catalyst to glycerol weight ratios of 0.005, 0.02 and 0.02, respectively). Reaction
conditions: temperature of 90°C, pressure of 1atm under air with a flow rate of
0.15Lmin~", and NaOH/glycerol =4:1 (mole ratio).

[26,33-36,49-52]. Accordingly, the increase in the selectivity to
lactic acid may be explained by the solution-mediated aspect of
the catalysis, i.e., lactic acid selectivity could be more related to the
base-catalyzed steps of the reaction (Scheme 2).

The glycerol oxidation pathways that lead to glyceric and lac-
tic acids are different [32]. According to Liu et al., the formation of
glyceric acid involves the gold-catalyzed transformation of glycerol
into glyceraldehyde and dihydroxyacetone as intermediates and
further gold-catalyzed oxidation of these intermediates to glyceric
acid [32]. In contrast, the formation of lactic acid from the glycer-
aldehyde and dihydroxyacetone intermediates proceeds through
base-catalyzed benzilic acid rearrangement and does not appear to
involve the gold catalyst. Hence, the gold particle size is expected
to have a more significant effect on glyceric acid formation than
on lactic acid formation. Literature reports have shown that the
catalytic activity decreases with increasing gold particle size for
glycerol to glyceric acid oxidation. The present study shows that
the glyceric acid selectivity also decreases with increasing gold par-
ticle size. In other words, as the decreased activity of catalysts with
larger gold particles toward the conversion of glyceraldehydes and
dihydroxyacetone into glyceric acid may facilitate base-catalyzed
benzilic acid rearrangement to lactic acid since the reaction mix-
ture contains four equivalents of base (in the present study). Thus,
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these catalytic results show that lactic acid can be efficiently pro-
duced from glycerol using Au/Ce0O, catalysts containing suitably
sized gold particles. Furthermore, the capacity of glycerol to act
as a reducing agent enables the synthesis of Au/CeQ, catalysts
with larger gold particles; this presents a single-reagent method of
controlling the size of ceria-supported gold particles. Thus, the pre-
pared gold nanoparticles exhibit unprecedented catalytic activity
toward the selective oxidation of glycerol at atmospheric pressure.

The performance of glycerol-reduced catalysts in reusability
tests is presented in Fig. 9. The 1% Au/CeO, catalyst (reduced with a
catalyst/glycerol ratio of 0.005, Fig. 9a) shows quite stable conver-
sion and lactate selectivity during the reusability tests. The results
obtained for 3% Au/CeO, (Fig. 9b) shows that the lactate selectivity
decreases gradually with the number of cycles: A fall in the lac-
tate selectivity from 74% to 58% was accompanied with decreasing
conversion from 98% to 80% after four successive runs. To assess
gold leaching, aliquots of the reaction mixture were analyzed with
inductively coupled plasma atomic emission spectroscopy (ICPAES)
after each run. The results showed no detectable leaching of gold,
which demonstrates the stability of Au/CeO, samples against leach-
ing during the catalytic reactions.

4. Conclusions

For the first time, the catalytic activity of ceria-supported gold
nanoparticle catalysts prepared by chemical reduction with glyc-
erol toward the selective aerobic oxidation of glycerol to lactic
acid was explored. The results were compared with those of con-
ventional hydrogen-reduced samples. The glycerol-based chemical
reduction method not only enables the synthesis of larger gold par-
ticles (compared with hydrogen-reduced samples) on a nanosized
ceria support, but also allows variation of the average gold par-
ticle sizes with fixed gold loading and without the need for other
reagents. The catalyst/glycerol weight ratio affects the average gold
particle size and, hence, the product distribution. This study reveals
that Au/CeO, catalysts can efficiently catalyze the selective oxida-
tion of glycerol to lactic acid at atmospheric pressure with higher
selectivity to lactic acid than hydrogen-reduced samples.
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