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A B S T R A C T

Effects of supports (Co3O4, CeO2, NiO) in the gold-catalyzed aqueous phase oxidation of ethanol (EtOH) to acetic
acid (AcOH) were examined. ATR-IR spectroscopy under working conditions of the catalysts uncovered on gold
particles bidentate ethoxy, and on supports monodentate ethoxy species, multi-layered ethanol, and acetate.
Preferential formation of bidentate ethoxy species and adsorbed EtOH were identified as key factors for high
activity and selectivity to AcOH. These requirements were best matched with Au/Co3O4. On NiO, monodentate
ethoxy species on the support deteriorated the catalytic performance due to consecutive esterification of AcOH
and/or acetate species with EtOH producing undesirable ethyl acetate.

1. Introduction

Bio-ethanol is one of the promising products of the chemical con-
version of biomass, which is a sustainable chemical feedstock to syn-
thesize chemicals more simply and in fewer industrial steps [1]. The
biomass-derived ethanol can be further employed to produce isobutene
[2], 2-propanone [3], n-butanol [4], ethyl acetate [5], 1,3-butadiene
[6], propene [7], and acetic acid [8]. One of the most desirable pro-
ducts in the ethanol conversion is acetic acid, which is used as a raw
material for the production of various chemicals, such as acetic anhy-
dride, vinyl acetate monomer, terephthalic acid, and various acetates
[9]. Conventional industrial inorganic oxidants, e.g. permanganate and
dichromate, are poisonous and leave a large amount of waste. From
both environmental and economic point of view, there is an emergent
need to develop a green process by employing clean oxidants [10], such
as O2, and more efficient and reusable heterogeneous catalysts instead
of acids for the production of acetic acid [11]. Heterogeneous catalysis
requires relatively mild reaction conditions, low pressure and low

temperature with molecular oxygen as an oxidant [12] according to:

+ +CH CH OH O CH COOH H O3 2 2 3 2 (1)

Noble metal nanoparticles supported on metal oxides are known to
catalyze the ethanol oxidation with molecular oxygen in water [13].
Specifically, Pd- and Pt-based catalysts outperform any other catalysts
[14]. Even a small content of Pd (0.5 wt%) was found to be efficient for
the selective oxidation of ethanol to acetic acid. In particular, the use of
alumina as support produced by combustion synthesis contributes to
high ethanol conversion (> 90%) and selectivity (> 60%) to acetic acid
[15]. The nature of the support material drastically influences the
product distribution. Pt/Al2O3 produces acetic acid as the main product
while Pt/ZrO2, Pt/CeO2, and Pt/Ce0.50Zr0.50O2 produce methane and
acetaldehyde [16]. However, what is common to Pt and Pd-based cat-
alysts, is the low selectivity to acetic acid at high ethanol conversions
[9].

Gold catalysts were also reported to catalyze the oxidation of higher
alcohols to corresponding carboxylic acids [17]. Compared to Pt-based
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catalysts, Au catalysts offer high conversion and selectivity for the li-
quid-phase oxidation of various alcohols [18]. Au/MgAl2O4, Au/ZnO,
Au/Al2O3, and Au/TiO2 catalysts were reported to afford high con-
version and selectivity [11,19]. Especially, Au/ZnO used with a slight
excess of molecular oxygen showed an excellent catalytic performance
(99.4% ethanol conversion at 99.8% selectivity to acetic acid) [11].
Compared to the gas-phase oxidation of ethanol over vanadia-based
catalysts [20], which also shows a significant influence of the support,
the liquid-phase oxidation on Au-based catalysts can be operated at
lower temperature and affords high conversion and selectivity to acetic
acid. The selectivity to acetic acid or ethyl acetate is significantly in-
fluenced by the choice of the support material; CeO2, Al2O3, and NiO as
supports mainly form acetic acid, whereas BaO and Co3O4 offer high
selectivity to ethyl acetate [9]. Takei et al. screened twelve kinds of
single metal oxides supports for Au nanoparticles, among them NiO
showed the highest conversion of ethanol and good selectivity to acetic
acid [9]. However, the trend of the catalytic activity differs depending
on the preparation method of the catalysts, i.e., co-precipitation, de-
position-precipitation, and solid grinding methods [9].

There has been significant progress in developing Au catalysts based
on different support materials but the underlying mechanisms and se-
lectivity-controlling factors induced by the different type of supports
remains unclear. In this work, we applied in situ attenuated total re-
flectance Fourier transform infrared (ATR-IR) spectroscopy to gain a
deeper understanding of the role of the key intermediates, surface
species, and reaction mechanism. To the best of our knowledge, this is
the first report on IR analysis of the surface processes in the aqueous
phase oxidation of ethanol under working conditions (higher pressure
and temperature) and it highlights the role of ethoxy species as a se-
lectivity-controlling factor.

2. Experimental

2.1. Materials

To investigate the support effects in the gold-catalyzed aqueous
phase oxidation of ethanol to acetic acid, we employed standard Au
catalysts provided by Haruta Gold Inc. (HGI) in Japan because the
properties of these catalysts are well-defined with minimum deviation.
The characterization data provided by HGI is shown in Table 1.

2.2. IR spectroscopy

For in situ ATR-IR spectroscopic analysis of the catalytic solid-liquid
interfaces at higher temperature and pressure, thin films of the catalyst
powder were prepared as follows. 180 mg of fine catalyst powders were
suspended in 24 mL of ethanol and the resulting slurry was ultra-
sonicated for 30 min to obtain a uniform suspension. 2.0 mL of the
slurry (corresponding to a catalyst loading of 15 ± 1 mg) was slowly
placed drop by drop using a pipet over a square internal reflection
element (IRE, with a bevel of 45o, 1 mm × 1 mm) located in IR cell
(Golden Gate™ ATR, SPECAC) and the ethanol was evaporated over-
night at room temperature. This procedure guarantees that the catalyst
layer adhered to the IRE crystal such that no loss of the catalyst occurs
[21,22]. A diamond IRE was selected to avoid full absorption of mid-IR
light by water because of its relatively low penetration depth of the

evanescent wave. The diamond IRE also enables in situ measurement
under severe conditions [21–24]. IR spectra were recorded on a Vertex
70v spectrometer (Bruker) equipped with a liquid nitrogen-cooled
mercury‑cadmium-telluride (MCT) detector (ID316, ZnSe Window) and
an optical filter (F321). The spectra were taken at 4 cm−1 of the
spectral resolution and 60 kHz of the scanning velocity. 64 scans (in
total ˂ 5 s) were co-added for each spectrum. Before the spectral ac-
quisition, the beamline compartment of the spectrometer was va-
cuumed to ˂ 1 kPa to enhance the brightness of the IR beam. A water-
cooled glober Mid-IR source with high output power was applied to
enhance the amplitude and the signal-to-noise (S/N) ratio.

2.3. Catalytic performance test and IR measurements

5 mL of a reaction mixture (5, 20, and 40 vol% ethanol in water)
was added to the reactor taking care that the catalyst layer was not
detached from the diamond IRE. Then, the reactor was purged with
helium (100 mL/min) for 5 min to replace the air, followed by O2-purge
for 5 min and pressurization to 3 bar. The reactor was then quickly
heated to 120 °C within 5 min. As soon as the temperature reached
120 °C, a spectral background was taken, followed by repeated spectral
measurements for 2 h at an interval of 5 min (24 spectra). Therefore,
the initially measured background was subtracted from all the sub-
sequent spectra acquired. Each experiment under the same condition
was repeated three times for reproducibility. This procedure guarantees
in situ monitoring of active surface species, which change over the time
course and removal of surface and bulk (EtOH and H2O in the liquid
phase) species not involved in the reaction [22]. The compositions in
the liquid phase were analyzed with a gas chromatograph equipped
with a flame ionization detector (FID-GC). After the reaction, 60 mg of
1,2-dimethoxyethane was added to the reaction mixture as an internal
standard, followed by filtration and dilution with 1,4-dioxane. Acet-
aldehyde (AcH), ethyl acetate (AcOEt), and acetaldehyde diethyl acetal
(Acetal) were analyzed with an FID-GC (Agilent GC7890A) equipped
with a capillary (5%-phenyl)-methylpolysiloxane nonpolar column (J&
W HP-5). Ethanol (EtOH) and acetic acid (AcOH) were analyzed with
an FID-GC (SHIMADZU Tracera) equipped with a capillary poly-
ethylene glycol column (VF-WAXms).

3. Results and discussion

The catalytic performance of the catalysts consisting of gold nano-
particles supported on different metal oxide supports in the aqueous
phase oxidation of ethanol at 120 °C and 3 bar are summarized in
Table 2. Clearly, the catalytic performance of the Au catalysts was
significantly influenced by the nature of the support. Among the three
different support materials, Au/Co3O4 showed the highest conversion
(46.6%) and selectivity to AcOH (79.3%). The EtOH conversion on the
catalysts followed the order Co3O4 > NiO > CeO2, while the se-
lectivity to AcOH obeyed the trend: Co3O4 > CeO2 > NiO. The low
carbon balance for Au/NiO resulted from the formation of CO2 via
unfavorable overoxidation [9]. In the given ranges neither the Au
particle size nor the BET surface area were markedly relevant for the
catalytic performance achieved with these catalysts, as the corre-
sponding data listed in Tables 1 and 2 indicate. However, the nature of
the support material and possibly its perimeter with the deposited Au

Table 1
Characterization data of Au catalysts provided by HGI.

Catalyst Au loading (wt%) Au particle size (nm) BET surface area (m2/g) Mean diameter of support particles (μm)

Au/NiO 0.93 ̶a 256 5.9
Au/CeO2 0.98 4.5 20 5.1
Au/Co3O4 1.00 1.8 102 2.0

a Au particles were not observable by transmission electron microscopy because of the poor contrast between Au and NiO.
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Table 2
Catalytic performance of Au catalysts at 120 °C for 2 h.

Catalyst EtOH (Vol%) Conversion (%) AcHa (%) AcOEta (%) Acetala (%) AcOHa (%) Selectivity to AcOH (%) Total yield (%) Carbon balance (%)

Au/CeO2 20 11.8 3.3 3.1 0.0 3.9 33.0 10.3 87.4
Au/NiO 20 34.6 2.7 3.1 0.6 9.0 26.1 15.4 44.5
Au/Co3O4 5 44.3 1.2 2.9 0.0 37.2 83.9 41.2 93.0
Au/Co3O4 20 46.6 2.0 8.5 0.0 44.9 79.3 55.4 97.9
Au/Co3O4 40 50.5 2.5 7.3 0.2 33.4 66.1 43.4 86.0

a Yield of each product.

Fig. 1. In situ ATR-IR spectra during the aqueous phase oxidation of 20 vol% EtOH on Au/Co3O4, Au/CeO2, and Au/NiO catalysts at 120 °C and 3 bar for 2 h. Blueline
spectra were taken after 5 min, redline after 2 h. Molecular structures represent bidentate ethoxy species on Au (species 1), multilayered EtOH adsorbed on Au and
metal oxide (species 2), on-top ethoxy species on a metal cation of the metal oxide (species 3), and carboxylate species (species 4), respectively.
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particles were crucial for the catalytic performance. Employing the best
performing catalyst, Au/Co3O4, we also carried out the reaction using
different EtOH concentrations. The conversion increased with the EtOH
concentration while the selectivity to AcOH decreased. This behavior
can be explained by the balance between the concentrations of EtOH
and the produced AcOEt. As the concentration of EtOH is high, the
undesired subsequent esterification of AcOH occurs (Eq. 2):

+ +CH COOH C H OH CH COOC H H O3 2 5 3 2 5 2 (2)

The esterification of AcOH with the residual EtOH affords AcOEt.
Employing Co3O4 as support suppressed this undesired consecutive
reaction and kept the AcOH selectivity high.

To gain deeper insight into the parameters controlling selectivity
and activity, we used in situ ATR-IR spectroscopy. Fig. 1 shows IR

spectra recorded during the aqueous phase oxidation of 20 vol% EtOH
on the differently supported Au catalysts at 120 °C and 3 bar for 2 h.
Since we had to employ a diamond crystal as IRE, which withstands
higher pressure and temperature, the mid-IR region between 1400 and
2200 cm−1 was cut out due to the intense IR absorption by the phonon
mode of the diamond leading to poor or almost no sensitivity [23,25].
At the catalytic solid-liquid interface, EtOH underwent dissociative
adsorption via scission of the OeH bond to form ethoxy species
(CH3CH2O-) [26], which possess characteristic IR bands of ν(CeO) at
around 1000–1150 cm−1. The band at ca. 1120 cm−1 is assigned to
monodentate (also called on-top) ethoxy species on a metal cation of
the metal oxide (species 3) [27,28]. The other two bands at ca. 1040
and 1080 cm−1 originate from bidentate ethoxy (CH3CH2O-) species
adsorbed on Au (designated as species 1) and multilayered EtOH

Fig. 2. In situ ATR-IR spectra during the aqueous phase oxidation of EtOH with different EtOH concentrations on Au/Co3O4 at 120 °C,and 3 bar for 2 h. Blueline
spectra were taken after 5 min, redline after 2 h. Molecular structures represent bidentate ethoxy species on Au (species 1), multilayered EtOH adsorbed on Au and
metal oxide (species 2), on-top ethoxy species on a metal cation of the metal oxide (species 3), and carboxylate species (species 4), respectively.
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molecularly-adsorbed on Au and metal oxides (species 2), respectively
[27]. The dominant species on the surface depended on the support
material; bidentate ethoxy species on Au/Co3O4 and Au/CeO2, and
multilayered EtOH and on-top ethoxy species on Au/NiO. The se-
lectivity to AcOH was low for Au/NiO, probably due to the preferential
dissociative adsorption of EtOH on the NiO support, which contributed
to the subsequent esterification of AcOH and/or acetate species to af-
ford AcOEt and Acetal. Two bands at 1300–1340 cm−1 originate from
ν(O-C-O) of carboxylate species (species 4) [29,30] typically assigned to
surface acetate species on support materials [26]. These bands only
decreased slightly on Au/NiO and allowed to consider whether the slow
desorption increases the chance for AcOH and/or acetate species to
undergo esterification leading to the low selectivity to AcOH. In gen-
eral, the esterification of aldehydes proceeds more rapidly than that of
acids do [31,32]. We cannot exclude the contribution of the ester-
ification route via AcH. However, our data suggest a major contribution
of acetate species undergoing unfavorable esterification to produce
AcOEt. The best performing catalyst, Au/Co3O4, showed a negative
band at the beginning. Only a short period of 5 min after taking the
background was enough for the removal of acetate species as AcOH and
also for the reaction of ethoxy species. After 15 min, bidentate ethoxy
species and multilayered EtOH started re-accumulating on the surface
due to the high conversion of EtOH. On the other hand, carboxylate
species took more than 60 min for re-accumulation on the surface. This
behavior of surface intermediates accounts for the exceptionally high
conversion and selectivity to AcOH on Au/Co3O4. IR bands at around
2950 cm−1 are assigned to asymmetric (νas) and symmetric (νs)
stretching vibrations of CeH bonds. Since these bands comprise a
variety of surface intermediate species such as ethoxy, acetate, and
decomposed hydrocarbonaceous species, they do not provide much
information to explain the reaction mechanisms.

To gain a deeper understanding of the effects caused by the EtOH
concentration and thus induced selectivity changes, we also performed
ATR-IR experiments with the most active catalyst, Au/Co3O4. As seen in
Table 2, the selectivity to AcOH decreased to a certain extent when the
EtOH concentration was increased, while the conversion increased. This
trend can be well explained by reaction 2, i.e., the esterification of
produced AcOH with EtOH. The corresponding ATR-IR spectra are
displayed in Fig. 2. With 5 vol% EtOH, on-top ethoxy species prevailed
on the surface, whereas bidentate ethoxy species on Au nanoparticles
were minor species. This can be the reason why the conversion is low
with 5 vol% EtOH. As the concentration increased to 20 vol%, bidentate
ethoxy species and multilayered EtOH were prevalent on the surface.
Further increase in the concentration to 40 vol% induced the re-
emergence of on-top ethoxy species. Because the EtOH concentration
and conversion were high, the surface of the Au particles was saturated
and the ethoxy species spilled over to the support. This spill-over ac-
celerated the formation of AcOH and thus the undesired consecutive
esterification, as highlighted by the emergence of carboxylate species
and stretching vibrations of CeH bonds. Judging from the above phe-
nomena observed by ATR-IR analyses, the suppression of the formation
of ethoxy species on the support material is a key factor to control the
selectivity and activity. The preferential formation of ethoxy species on
the Au nanoparticles is favorable for the high catalytic performance of
the gold-catalyzed aqueous phase oxidation of ethanol to acetic acid.

4. Conclusions

The gold-catalyzed aqueous phase oxidation of EtOH to AcOH was
studied by in situ ATR-IR spectroscopy under real-catalysis working
conditions at 120 °C and 3 bar to gain insight into the role of the metal
oxide support of the gold nanoparticles in this reaction. The catalytic
behaviors of three different catalysts consisting of Au nanoparticles
deposited on Co3O4, CeO2, NiO supports were examined. The EtOH
conversion on the catalysts followed the order Co3O4 > NiO > CeO2,
while the selectivity to AcOH obeyed the trend:

Co3O4 > CeO2 > NiO. In situ ATR-IR spectroscopic investigations
proved the presence of four different surface species; (1) bidentate
ethoxy species on Au, (2) monodentate ethoxy species on the metal
cation of the support, (3) adsorbed multi-layered EtOH, and (4) acetate
species on the support. The formation of ethoxy species on the NiO
support deteriorated the catalytic performance in terms of both activity
and selectivity. Studies on the dependence of the catalytic performance
on the EtOH concentration showed that the preferential formation of
ethoxy species on the support material (Co3O4) enhances the catalytic
activity accompanied by a decrease in the selectivity to AcOH because
of the undesired consecutive esterification of AcOH with EtOH produ-
cing AcOEt. To achieve both high activity and selectivity, the selective
formation of bidentate ethoxy species on Au nanoparticles with mole-
cularly adsorbed EtOH was found to be crucial.
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