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Abstract
BACKGROUND: The nonedible nature of lignocellulose makes this an important raw material for
future biorefineries. The work concerns the oxidative esterification of furfural (a C5 compound) to

alkyl furoate, which find applications in the fine chemical industry.

RESULTS: Very efficient Au/CeO, catalysts for furfural oxidative esterification were prepared by
deposition of gold colloids using polyvinyl alcohol as protective agent. The catalysts showed
complete conversion and selectivity without the presence of a base. Sol-immobilized catalysts
displayed better catalytic performances than Au/CeO, prepared by deposition-precipitation (74%
conversion). It was proposed that polyvinyl alcohol molecules act not only as gold stabilizer, but
they leave the ceria support to be more free and available for catalysis. The reaction is extremely
sensitive to the temperature, but it can be carried out at very low pressures. Sol-immobilized
catalysts do not require any preliminary calcination to be activated and can be recovered by simple

filtration: no oxidation of the exhausted catalyst is required for at least 6 catalytic runs.

CONCLUSION The new catalyst is active, selective, recyclable and proper for an industrial

chemistry based on renewable resources. The furoate ester can be obtained with optimal yields by a

process greener than the actual one.

Keywords: gold catalyst; CeO,; furfural, oxidation; esterification; biomass.



Introduction

In recent years, the production of fuel and chemicals from biomass, involving the
transformation of selected platform molecules, has received much attention, due to the
possibility to replace the products coming from petrolchemistry. Biomass valorisation in the
framework of biorefineries has enormous production potential. Furfural (2-FA), coming
from the dehydration of C5 biomass sugars, has a very high platform prospective for
chemical production in biorefineries. However, the successfully replacing petroleum-based
fuels and chemicals with lignocellulose biomass-based products will require high-yield, low-
cost and energetically efficient targeted upgrading processes. Oxidation is a key reaction in
organic synthesis and it will likely play a significant role in the development of value-added
chemicals from biomass. For example, oxidation of furfural can allow production of relevant
carboxylic acids, such as furoic and maleic acids.!

According to Scheme 1, the furfural molecule can be converted into methyl-2-furoate by

furfural oxidative esterification:

BIOMASS

Scheme 1: Methyl-2-furoate obtained by 2-FA coming from the C5 fraction of biomass.

Methyl-2-furoate is employed as flavour and fragrance component and is a higher added
value product. In this frame, the formulation of new heterogeneous catalysts which are able
to work in the presence of molecular oxygen can represent a green alternative to traditional,
toxic chemical oxidants to convert 2-FA into methyl-2-furoate. Traditionally, the ester is
prepared by oxidizing furfural with potassium permanganate, preferably using acetone as

solvent, and reacting the furoic acid so formed with methyl or ethyl alcohol, in the presence



of sulphuric acid. These substances have a substantial negative impact on the environment
and a sustainable alternative would be to avoid their use.

Furfural oxidative esterification has been investigated firstly by Christensen et al.? using a
commercial Au/TiO, catalyst by the World Gold Council in the presence of a base (8%
CH30Na). In contrast, Corma et al. studied the same reaction using gold-based catalysts,
without using a base, which would make the process less green and less advantageous from
an economic point of view.® Gold-based catalysts on different supports have been
extensively investigated for a base free esterification of furfural.*’ The characterisation
results demonstrated that, differently from Au/ZrO, catalysts* °, Au/CeO, catalysts need no
gold cluster to activate oxygen and to catalyse the reaction.® Therefore, the design of new
catalysts containing gold nanoparticles with opportune modulated size is a key step for the
optimization of oxidative esterification reactions.

The immobilization of pre-formed metallic sols is widely applied. The method is based on
the preparation of Au nanoparticles and their subsequent immobilization on a support. The
advantage of using this technique principally lies in its applicability regardless of the type of
support employed and the possible control on particle size/distribution, obtaining normally
highly dispersed metal catalysts.? Indeed, the use of metallic sols has been proposed to tailor
the size of the supported gold particle’®. Gold colloids have been known since ancient times,
but for catalytic purposes the gold particle diameter has to be <10 nm.** The reduction of
chloroauric solution with tetrakis(hydroxymethyl)phosphonium chloride (THPC)/NaOH

system'® or sodium borohydride in the presence of protective molecules™®

, IS a suitable
procedure as a smaller particle with a narrower distribution is obtained. Polymers, such as
polyvinyl alcohol (PVA) are commercially available, relatively inexpensive, well water-
soluble, non-toxic, and very effective stabilizers for colloid preparation.’®> PVA contains a

long-carbon-chain backbone with hydroxyl groups, and acts as steric stabilizer®,

coordinating to gold by van der Waals interactions.



Cerium oxide received a great deal of interest from researchers because of its unusual
properties, including high chemical stability, high charge transfer capability, non-toxicity
oxygen ion conductivity, biocompatibility’’ and “oxygen storage capacity” (OSC).*® The
aptitude to change oxidation state is related to its ability to store and release oxygen, a
property that make CeO, a very interesting support for oxidation reactions.®

Following the ongoing program to design new Au-based catalytic systems for the
environmentally benign transformations of furfural into valuable chemicals, we have herein
investigated the effect of the sol immobilization synthesis to prepare Au/CeO, (Ausol)
catalysts by deposition of gold colloids.

Polyvinyl alcohol was used as protective agent. These catalysts have been tested in the
furfural oxidative esterification and the results have been compared to those obtained for an
Au/CeO; catalyst in which gold has been introduced by classical deposition precipitation. It
was found that the Ausol catalyst showed the best catalytic activity if previously submitted
to calcination at 500°C.

Therefore, the goal of the present work is to synthesize an active and easily recyclable
Au/CeO, catalytic system for furfural oxidative esterification. The catalyst should be able to
operate without the presence of a base, which negatively affects the sustainability of the

process.

Experimental

Synthesis of the support

Ceria support was synthesized by precipitation from (NH4).Ce(NO3)s by urea in aqueous
solution.?> # The solution was stirred and boiled at 100 °C for 6 h, the precipitate was
washed twice in boiling deionized water and dried at 110 °C for 20 hours and then calcined

at 500 °C in flowing air (50 mL/min) for 3 hours.



Preparation of the catalysts by sol immobilization method

A 1 wt.% polyvinyl alcohol (PVA) solution was added to an aqueous HAuCl, solution under
vigorous stirring at 0 °C (PVA/Au (w/w)= 0.5). Then a freshly prepared 0.1 M solution of
NaBH,; (NaBHs/Au (mol/mol)= 4) was added, to form a ruby-red metallic sol. Within 5
minutes of sol generation, the sol was immobilized by adding the ceria support (Ce500)
under vigorous stirring and aged for 12 hours at 0 °C. The amount of support was calculated
as having a final gold loading of 1.5 wt %. After filtration, the sample was washed with
distilled water (5 times with 100 mL). The sample was dried at 110 °C for 20 hours (Ausol).
Part of the material was finally calcined in flowing air (30 mL/min) for 1 hour at 300 °C

(Ausol300) or 500 °C (Ausol500).

Preparation of the catalyst by gold deposition-precipitation (dp)

1.5 wt% of gold was added by deposition-precipitation (dp) at pH=8.6: the support was
suspended in an aqueous solution of HAuCl4-3H,0 for 3 hours and the pH was controlled by
the addition of NaOH (0,5 M). After filtration the sample was washed with distilled water (5
times with 100 mL), dried at 35 °C for 20 hours and finally calcined in flowing air (30

mL/min) at 500 °C for 1 hour. The obtained sample will be hereafter denoted as Audp500.

Catalytic activity measurements

2-FA oxidative esterification with oxygen and methanol was investigated at 120 °C, without
NaCHsO addition, using a mechanical stirred autoclave fitted with an external jacket.’
Catalyst (100 mg), 2-FA (Sigma Aldrich, »99%; 300 uL) and n-octane (Sigma Aldrich,
»99%; 150 pL), used as internal standard, were added to the methanol solvent (150 mL). The
reactor was charged with oxygen (typically 6 bar) and stirred at 1000 rpm. The progress of
the reaction was determined by gas-chromatographic analysis of the converted mixture

(capillary column HP-5, FID detector). Preliminary experiments showed that the system



works in a strictly kinetic regime.> Moreover, it was previously checked that the bare ceria is
not active under the reaction conditions used in this work. ®

Recyclability tests were performed on the catalyst after completion of the reaction. The
catalyst was filtered, washed with the solvent, dried and charged again for consecutive

reaction runs. This process was repeated for 6 runs.

Methods

The gold amount for both fresh and exhausted catalysts was determined by atomic
absorption spectroscopy (AAS) after microwave digestion of the samples (100 mg) in aqua
regia using a Perkin-Elmer Analyst 100.

Thermal analyses (TG/DTA) were performed on a NETZSCH STA 409 PC/PG instrument
in flowing air (20 mL/min) with temperature rate set at 5 °C/min in the 25-900 °C
temperature range.

Temperature programmed oxidation (TPO) measurements were carried out to determine the
substances released during the TG/DTA thermal treatment, in a lab made equipment:
samples (100 mg) were heated with a temperature rate of 10 °C/min from 25 °C to 900 °C in
air (40 mL/min). The effluent gases were analysed by a Genesys 422 quadrupole mass
analyser (QMS). The signals for masses 18, 28, 44, 48, 64 were recorded.

Diffuse reflectance UV-Vis-NIR analysis was performed on the samples in the form of
powders. The as prepared samples were placed in a quartz cell, allowing treatments in
controlled atmosphere and temperature, but spectra recording only at room temperature
(r.t.). Diffuse reflectance UV-Vis-NIR spectra were collected at r.t. on a Varian Cary 5000
spectrophotometer, working in the range of wavenumbers 50000-4000 cm™. UV-Vis-NIR
spectra are reported in the Kubelka-Munk function [f(Roo)=(1—R0)2/2Ro0; Roo=reflectance

of an “infinitely thick™ layer of the sample].



High resolution transmission microscopy (HRTEM) measurements were performed using a
side entry Jeol JEM 3010 (300 kV) microscope equipped with a LaBg filament and fitted
with X-ray EDS analysis by a Link ISIS 200 detector. For analyses, the powdered samples
were deposited on a copper grid, coated with a porous carbon film. All digital micrographs
were acquired by an Ultrascan 1000 camera and the images were processed by Gatan digital
micrograph. A statistical evaluation of the Au particle size was performed for each sample.
Histograms of the particle size distribution were obtained by considering at least 200
particles on the TEM and HRTEM images, and the mean particle diameter (dm) was
calculated as dm = Xdini/Zn;, where n; was the number of particles of diameter di. The
counting was carried out on electron micrographs acquired starting from 150,000
magnification, at which the poor contrast phase between Au and CeO, appears minimised

and favours clear observation of the metal nanoparticles.

Results and discussion

Catalytic activity results

The catalytic activity displayed by the sample prepared by sol-immobilization method was
compared with that obtained for the catalyst prepared by the deposition-precipitation
procedure. In particular, the Audp500 catalyst was chosen as a reference since we have
previously demonstrated® that it is the best performing catalyst for this reaction. Table 1
reports the activity results for the new samples and the Au average size of the catalysts. A
total selectivity to methyl-2-furoate has been observed for all catalysts in the same reaction
conditions. However, the samples synthesized by sol immobilization method display better
conversion than Audp500. Actually, despite a good dispersion, the Audp500 sample shows
the lowest conversion. These findings demonstrated that the preparation method employed
to immobilize gold on the same support affects the catalytic performances. More in detail, a

together a complete conversion with total selectivity were observed after 90 minutes of



reaction in the case of Ausol, Ausol300 and Ausol500 samples (Table 1). These results
indicate that the final calcination temperature to which the samples underwent (500 °C) did
not affect the catalytic performances under standard conditions (120 °C - 6 bar O,).

This is completely different from what normally observed for gold catalysts prepared by
dp.* * ® For example, under the same reaction conditions, the sample prepared by dp and
calcined at 300 °C showed modest conversion (54 %) under the same reaction conditions.®
These results are of paramount importance because they indicate that the catalysts prepared
by sol-immobilization do not require any preliminary calcination to be activated, resulting in
a remarkable advantage for the optimization of the catalyst design as well as for the overall
process from an economic point of view. Moreover, if compared to the results related to
Audp500, a beneficial effect of the sol-immobilization preparation method on the

stabilization of the Au nanoparticles up to 500 °C could be deduced.

Characterization of the catalysts

In order to highlight the parameters ruling the very good catalytic performances displayed
by the catalysts prepared by sol immobilization method and to establish structure-activity
relationships, the samples have been thoroughly characterised. Audp500 catalyst was also
studied for comparison purposes, to stress on the influence of the preparation method.

All the Ausol-samples have an effective gold content (1.4 wt %) which is lower than the
nominal one (1.5 wt %). On the contrary, the gold effective amount of the Audp500 sample
is the same as its nominal content (1.5 wt %).

Thermal TG/DTA analyses and TPO measures were carried out in order to have information
on the behaviour of the samples during calcination, starting from room temperature up to
900 °C in O, atmosphere. In particular, we were interested in verifying if the PVA
protecting agent is still present after calcination at 300 °C or at 500 °C. The results are

reported in Figure 1. The TG curve (section a) indicates that the Ausol sample underwent to



a 5 wt% weight loss between 50 °C and 350 °C. Such weight loss is associated to an
endothermic peak in the DTA curve, due to the release of water from the surface of the ceria
support, as well as to a large exothermic band centred at 200 °C (section b). The latter peak
can be rationally ascribed to carbonate compounds since it is well known that ceria is
inclined to absorb CO, from atmosphere. Then the TG profile decreases of about 2 wt%
until 450 °C and at the same time the DTA curve shows an exothermic band, that is
reasonably due to the presence of the PVA surfactant on the material. As regard as the TPO
measurements, the profiles of Ausol and Ausol300 (section c) display the evolution of CO,
between 50 °C and 350 °C and at 450 °C. On the contrary, the peak at 450 °C is almost
negligible in the case of Ausol500. Therefore, the calcination at 300 °C allows the partial
recovering of PVA, whilst the calcination at 500°C leads to almost complete decomposition
of PVA.

To more deeply investigate the nature of the gold species present on the different samples,
diffuse reflectance UV-Vis-NIR (DRUV-Vis-NIR) measurements were carried out and the
spectra of the as prepared samples in the 50000-4000 cm™ range are reported in Figure 2.
First of all, being all catalysts supported on the same material, absorption bands at about
42500, 36000 and 29000 cm™ due to Ce*" « O, charge transfer®®®, to the electron
transitions from the valence band to the conduction band (O(2p) to Ce (4f) and to interband
transitions, respectively have been detected. However, the absorptions related to Ce** « O,
and Ce** « Oy transitions have different relative intensity depending on the nature of
sample: in particular, the higher is the intensity of the former absorption the lower is the
intensity of the latter one. These features indicate that upon calcination at 300°C and 500°C,
Ce®" vacancies are depleted forming Ce*" on Ausol300 (grey curve) and Ausol500 (bold
curve). Moreover, the trend observed as for the component at 42500 cm™, assigned to Ce**

«— Oy charge transfer, can be taken as a qualitative indication that the Audp500 catalyst



(dashed curve) is containing the highest amount of ceria defects, suggesting that the
preparation method used to introduce gold influenced someway the ceria support.

The typical plasmonic absorption, due to the presence of gold nanoparticles®*?, has been
detected in all cases in the 22000-10000 cm™ region (Figure 2, inset). Moreover, both
position and shape of the maxima related to Ausol (fine curve), Ausol300 (grey curve) and
Ausol500 (bold curve) are very similar and an increase in intensity is observed when
increasing the calcination temperature to which the samples underwent, i.e. passing from
room temperature up to 300 °C and 500 °C. This effect is more evident in the case of
Ausol500 (bold curve), that shows the most intense plasmonic absorption at 18600 cm™,
indicating that some agglomeration of the gold nanoparticles occurred upon calcination at
500°C. However, basing on DRUV-Vis-NIR findings, this effect is restrained, indicating
that the PVA molecules effectively behave as protecting agent by stabilizing the gold
nanoparticles up to 500 °C, as proposed in paragraph 3.1.

The plasmonic band related to Audp500 (dashed curve) is red shifted in position at about
17600 cm™, shows the highest intensity and its shape is broader than that related to the
samples prepared by sol-immobilization. Such spectroscopic features revealed that some
contribution to the absorption by Au nanoparticles with larger size occurred and that the size
distribution of the Au nanoparticles present on the dp catalyst is rather heterogeneous.
Moreover, the presence of flat highly dispersed Au clusters, flattened on the support due to
the strong interaction with the defects cannot be excluded. These species can exhibit both
transverse and longitudinal plasmons.®**? Irregular plate-like gold nanoparticles were
observed on Au/ZrO, samples prepared by deposition-precipitation.®®> These morphologies
were responsible for the plasmonic contribution at high wavelengths.** DRUV-Vis-NIR
analysis put in evidence a role on the gold size by the final calcination to which the catalysts
were submitted®, as well as an effect of the preparation method. The sol-immobilization

procedure, due to the PVA protecting agent, guarantees higher stabilization of the Au



nanoparticles resulting in a more homogeneous gold dispersion if compared to the
deposition-precipitation method. In the case of Audp500, the metal-support interaction is not
mediated by the PVA molecules, giving rise to the presence of gold species heterogeneously
dispersed as for size and shape.

DRUV-Vis-NIR results showed that the calcination temperature affected on one hand, the
final size of the PVA-protected Au particles and, on the other hand, it gave rise to less
defective ceria. This observation is consistent with the observed decrease in intensity of the
absorption related to Ce®" «— O, transition accompanied by the simultaneous increase in
intensity of the component related to the Ce* « O, transition after calcination. Moreover,
the catalytic activity measurements revealed that complete (>99 %) selectivity and
conversion were achieved, independently from the Au size.

HRTEM analyses were performed on the Ausol and Ausol500 catalysts to have information
on the overall morphology as well as on the Au particle size. The results were compared
with those obtained for Audp500 in order to put in evidence particular features eventually
arisen from the different preparation method with which gold has been inserted, given the
same support. All these data are summarized in Figure 3. All catalysts are supported on
cubic CeO,, mainly exposing the (111) face together with the (200) and (220) faces (JCPDS
file number 34-394). However, the diffraction fringes corresponding to the (200) face of the
monoclinic CegO;;1 phase have also been observed in the case of Ausol (JCPDS file number
32-196). The presence of crystalline planes related to a ceria defective phase is in agreement
with what observed by DR UV-Vis spectroscopy and proposed. In addition, the Ausol
catalyst contains rounded gold nanoparticles (section a) with average diameter equal to 3.0 £
1.7 nm (section d).

The particle size distribution indicates that the majority of the gold species has size around
2.5 nm. An agglomeration of the gold nanoparticles with size 2.5 nm into bigger particles

with size mainly around 5 nm occurred in the case of Ausol500 (section b). Indeed, the Au



average size is 4.7 £ 0.8 nm (section e) and such increase with respect to Ausol is due to the
calcination at 500°C. On the contrary, gold nanoparticles with more heterogeneous size have
been observed on Audp500 (section c), as indicated by the broader particle size distribution
(section f). Small gold particles with average size 3.4 £ 1.3 nm as well as big agglomerates
with size around 25 nm have been observed. The latter species can also explain the presence
of the component at higher wavelengths in the DRUV-Vis-NIR spectrum of Audp500 (see
Figure 2, dashed curve). These findings are in agreement with the proposed beneficial effect
of the sol-immobilization preparation method vs the deposition-precipitation procedure in
the stabilization of the Au nanoparticles. However, the differences in the gold size here
discussed do not seem to be enough relevant to justify the increase in the catalytic activity
observed in the presence of the catalysts prepared by sol-immobilization method. In
addition, Ausol, Ausol300 and Ausol500 give all complete conversion, despite having
plasmonic bands somewhat differing for intensity and position, further indicating that the
gold size poorly affects the furfural conversion to methylfuroate. The strength and the nature
of the interaction between the protective molecule and the gold unsupported nanoparticle
surface is of utmost importance. The protective layer should contribute to the colloid
stability te-ene-hand and in addition it should not be irreversibly adsorbed on the Au active
sites of the nanoparticles providing convenient accessibility to reactant en-the-other-hand>*.
From a catalytic point of view, the milder is the interaction between the particle surface and
the capping agent, the higher is the activity increase. However, anchoring the gold
nanoparticles to the ceria support can circumvent problems of stability due to the adopted
reaction conditions. In addition, despite there is no more PVA in the Ausol500 catalyst (as
shown by TPO and TG-DTA analyses, Figure 1) the catalytic performances are unchanged.

Therefore, the presence of PVA has no influence during batch reaction. Nevertheless, an
effect related to the presence of the PVA molecules during calcination can be proposed. It is

reasonable that the gold nanoparticles present on the samples prepared by PVA are already



formed and stable and they do not strongly interact with the support during calcination. On
the contrary, a strong interaction between the ceria support and the gold nanoparticles is
achieved during the calcination of a sample prepared by dp, resulting in a catalyst in which
the surface of the ceria support is less free and therefore less available to the reactant
adsorption and activation. Ceria has a crucial role in this reaction: we recently reported that
Au/CeO, catalyst needs no gold cluster to activate oxygen and to catalyse the furfural
oxidative esterification®, due to the fact that in reaction conditions ceria is able to provide
activated oxygen instead of gold clusters with simultaneous creation of neutral oxygen
vacancies. In addition, the created oxygen vacancies could further play a role by activating
the reactant oxygen molecules coming from the gas phase®' *® and therefore further enhance
the reactivity of the Au/CeO, system. A strong morphological effect of gold on the
reducibility and on the CO oxidation activity of ceria was established.®” In the present study,
as for the samples prepared by sol-immobilisation, all defective ceria supports play a major

role in the reaction than a ceria support that is strongly interacting with gold nanoparticles.

Optimization of the process

There are many examples in the literature that stress on the paramount importance of
choosing gold nanoparticles with eppertune size advantageous for the oxidative
esterification reactions. It has been recently reported that small molecules (CO, NO, etc.)
can be activated only on small gold nanoparticles or roughened Au(111) surfaces, i.e. in the
presence of considerable disorder, whereas well-ordered Au(111) single crystals or extended
metal films are active in the reaction of certain large molecules®, such as those involved in
the furfural oxidative esterification reaction. However, it would be also advantageous to
optimize the operating conditions in order to make the process environmentally friendly and

industrially feasible. Therefore, a key step is to investigate how to find the best process



conditions, in terms of pressure and reaction time, in order to yield a green, safe, economic
and sustainable process.

First, the effect of the reaction time on the oxidative esterification of furfural over the Ausol
catalyst was investigated. Different catalytic tests by varying only the time of reaction have
been performed (Figure 4). Selectivity is very high (>99 %) for all catalytic tests and it is
constant for the time range in which it was investigated. These data indicate that the
transformation of furfural into the corresponding furoate happens without any side reactions
on the Ausol catalyst. On the contrary, as expected, the conversion increases with the
reaction time. In particular, the conversion rises until the maximum value after 90 minutes
of reaction.

The research work was then addressed to the investigation of the effect of the oxygen
pressure on the 2-FA esterification reaction. Such effect was evaluated starting from 6 bar
O, and dropping to lower values until 1 bar O, (relative pressure). As reported in Figure 5
(section a) the pressure effect on the conversion of furfural to methyl-2-furoate is almost
negligible and, despite of the pressure lowering, it is possible to obtain always high
conversions. Selectivity is constant at >99 % and it is not affected by pressure changes. Such
negligible effect of the pressure on the oxidative esterification of furfural has been
previously found for Au/ZrO, samples synthesized by dp.” The obtained results are quite
relevant, since the reaction can be carried out at very low pressures, therefore reducing the
consumption of oxidant and making more harmless the experimental setup. Moreover,
looking at possible application of the process on an industrial scale, the low operating
pressure would lead to a decrease in costs related to plant design.

The study of the effect of the reaction temperature on the catalytic performances during
furfural esterification was performed at 60 minutes of reaction, in the presence of a 6 bar
oxygen pressure and lowering the temperature from 120 °C down to 80 °C. The screening

highlights a pronounced effect of the temperature on the furfural conversion (Figure 5,



section b). More in detail, a decrease of the temperature from 120 °C to 80 °C causes a drop
in the conversion from 80 % to 14 %, whilst the results obtained for the selectivity are not
dependent from te the reaction temperature. In conclusion, the catalytic performances on the
Ausol sample are strictly connected to the temperature of reaction, whereas the effect of

pressure is not relevant.

Reusability of the catalyst

One of the main drawbacks in the industrial exploitation of a catalyst lies in a poor stability:
for commercial usage, the catalysts need to be stable and should not deteriorate with the
elapse of time and with use. Therefore, the nature of the catalyst deactivation as well as the
possibility of regaining the lost catalytic activity, either during the operation of the reaction
or in a separate regeneration step, are important factors that determine process options.* The
recyclability of the Ausol catalyst was studied under the optimized conditions and the
desired product with a high yield of reaction was obtained after 1-6 runs (Figure 6).

In particular, after reaction completion, the catalyst was washed with the solvent, dried and
stored for consecutive reaction runs. This process was repeated for 6 runs and no significant
decrease of conversion was observed. Selectivity was maintained at >99 % up to the 4™
cycle and then slightly decreased to 95 % during runs 5 and 6. The experimental procedure
with Ausol catalyst is quite straightforward and the catalyst can be recovered by simple
filtration, differently from what observed during recyclability tests carried out on gold based

samples synthesized by dp*® °

. It was reported that the catalysts needed an intermediate
thermal regeneration at 450 °C in order to completely restore the initial catalytic
performances.

With regard to furfural oxidative esterification reaction, the soiling by organic species has

been identified as the main cause of deactivation.’ In particular, it was shown that the



presence of PVA located at the interface between gold nanoparticles and en the surface of
the support can act as protecting agent.

It is widely reported that stabilizers such as PVA interact with the surface of the
nanoparticles competing with reactant molecules, acting as a (partial) surface poison by
blocking active sites.*" % Recently Prati et al.** reported on gold nanoparticles synthesized
by different protective agents: only PVA was able to efficiently stabilize the nanoparticles
against coalescence and to maintain the initial particle size, even after reaction, representing
a quite stable system. Keeping in mind these findings, additional thermal TG/DTA analyses
were carried out on the used Ausol catalyst in order to monitor the presence of PVA after 6
runs ef-reaetion and to investigate the occurrence of poisoning. The results are reported in
Figure 7.

A 3 wt % drop between 300 °C and 350 °C is observed in the TG curve (Figure 5, section a)
simultaneously with the appearance of an intense and narrow peak in the DTA profile in the
same temperature range (section b of Figure 5). According to previous studies®, such weight
loss is ascribable to organic species remained on the material after reaction. Moreover, the
band at 450 °C in the DTA profile and the corresponding drop in the TG curve reveal the
presence of residue PVA on the catalyst. Therefore, the batch reaction does not lead to the
complete disappearance of PVA from the surface of the catalyst.

In section a of Figure 8 an HRTEM representative image of the Ausol sample after 6
catalytic runs is reported. The Ausol used catalyst contains rounded gold nanoparticles
(indicated by arrows) similar to those observed on the fresh sample (see Figure 3, section a)
with average diameter equal to 4.6 £ 2.0 nm (section c). However, the comparison with the
Au particle size distribution of the fresh sample (reported in section b for convenience)
reveals the presence of an enhanced amount of nanoparticles with size around 5 nm,

indicating that some agglomeration occurred after the six catalytic runs. However, the



HRTEM findings on the Ausol used catalyst further confirm that the interaction between the

gold nanoparticles and the PV A protective agent is maintained during reaction.

Comparison with other catalytic systems prepared by dp under the same reaction conditions
In order to further reveal the merit of sol-immobilized technology generated Au/CeO,
catalyst for the oxidative esterification reaction, the catalytic performances displayed by the
Ausol catalyst were compared with those observed for several Au catalysts prepared by dp
under the same reaction conditions (reaction at 120 °C - 6 bar O, — 90 min of reaction).
Table 2 summarises the catalytic performances in the 2-FA oxidative esterification for an
extended series of previously investigated samples synthesized by dp. A closer inspection of
the results reveals that to obtain catalytically effective materials, it is important not only to
control the Au particle size, but also to focus on the nature of the support as well as on the
synthetic parameters (i.e. calcination temperature). In particular, it can be inferred that both
conversion and selectivity observed for the Ausol catalyst are as good as those related to the
most performing dp catalysts, confirming that the sol-immobilisation procedure is suitable
for obtaining active gold catalysts. However, it is worth noting that the experimental
procedure with Ausol catalyst is quite straightforward and the catalyst can be recovered by
simple filtration. This is very important, because the samples synthesized by dp need to be
thermally regenerated (O, 450 °C) to regain the starting catalytic properties*® °. These
advantages can be reasonably attributed to the presence of PVA on the surface of the
catalyst. Indeed, the principal causes of catalyst deactivation are well recognized, namely:

metal sintering, metal leaching, fouling of the active sites.

Conclusions
Very efficient Au/CeO; catalysts for the oxidative esterification of furfural were prepared by

deposition of gold colloids using polyvinyl alcohol as protective agent. The catalysts showed



high conversion and complete selectivity even at short reaction times without the presence
of a base, which negatively affects the sustainability of the process. The results were
compared to those obtained for an Au/CeO, catalyst prepared by classical deposition
precipitation and a positive effect of the presence of the PVA molecules was pointed out. In
particular, it was shown that polyvinyl alcohol behaves as stabilizer of gold.

The effect of reaction time, reaction temperature and oxygen pressure were also investigated
in view of an optimization of the process. It was found that the furfural conversion into
methyl-2-furoate happens without any side reactions on the Ausol catalyst. The effect of
oxygen pressure on the furfural esterification is almost negligible and high conversions are
always obtained even at low pressures. Selectivity is constant at values >99 % and it is not
affected by pressure changes. Therefore, the catalytic data indicated that the reaction can be
carried out at very low pressures, resulting in a drop of the consumption of oxidant.
Moreover, the experimental setup would be more harmless and the low operating pressure
would lead to a decrease in costs related to plant design. However, the catalytic
performances are strictly connected to the reaction temperature.

Another very important point is the stability and reusability of the catalyst. The calcination
temperature at 300 °C or at 500 °C does not significantly affect the final size of the PVA-
protected Au particles. Moreover, complete conversion and selectivity were observed, given
the same Au size, indicating that the Ausol catalysts prepared by sol-immobilization do not
require any preliminary calcination to be activated. This finding represents a remarkable
advantage for the optimization of the catalyst design as well as for the overall process from
an economic point of view.

The Ausol catalyst can be recovered by simple filtration and no oxidation of the exhausted
catalyst is required for at least 6 catalytic runs. The catalyst was simply washed with the

solvent, dried and stored for consecutive reaction run after reaction completion.



The catalyst prepared by sol-immobilization is therefore extremely active, selective, stable
and reusable. These features make the system proper for an industrial chemistry based on

renewable resources.
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Table 1: Catalytic performances in the 2-FA oxidative esterification (reaction at 120 °C - 6
bar O, — 90 min of reaction) and Au particle size of the samples.

n.d.= not determined.

Conversion Selectivity Au mean particle size
(%) (%) (nm)

Audp500 74 <99 34+13

Ausol >99 <99 3.0x1.7

Ausol300 >99 <99 n.d

Ausol500  >99 <99 47+0.8

Table 2: Catalytic performances in the 2-FA oxidative esterification (reaction at 120 °C - 6

bar O, — 90 min of reaction) for previously investigated samples synthesized by dp.

Conversion Selectivity Reference

(%) (%)
AuTiO, WGC reference 72 73 43
AuZrO, C150 70 94 5
AuZrO, C300 82 92 6
AuZrO, C500 96 97 5
AuTiO, C300 20 90 6
AuCe0O, C90C300 29 >99 43
AuCeO, C90C500 6 >99 43
AuCe0, C110C300 29 >99 43
AuCe0, C110C500 28 >99 43
AuCe0O, C300C300 54 >99 8
AuCeO, C500C500 74 >99 8

AuCe0O, C650C300 66 68 6
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Figure 1: TPO curves for the Ausol (fine curves), Ausol300 (grey curves) and Ausol500

(bold curves) samples.
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Figure 2: TG (a), DTA (b) curves for the Ausol (fine curves), Ausol300 (grey curves) and

Ausol500 (bold curves) samples. TG (c) and DTA (d) curves for the used Ausol catalyst.
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Figure 3: DRUV-Vis spectra of the as prepared Ausol (fine curve), Ausol300 (grey curve),

Ausol500 (bold curve) and Audp500 (dashed curve) samples. Inset: zoom on the 25000-

4000 cm™ range.
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Figure 4: HRTEM images collected on Ausol (section a), Ausol500 (section b) and
Audp500 (section c), where the presence of Au nanoparticles is put in evidence by arrows.
Au particle size distribution of Ausol, Ausol500 and Audp500 are reported in section d, e
and f, where n.p. [%]= number of counted particles of diameter d;. Instrumental

magnification: 600000, 300000X and 400000X, respectively.
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Figure 5: Catalytic performances for the samples in the 2-FA oxidative esterification

(reaction at 120 °C - 6 bar O;). Audp500 (m) and Ausol (e)
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Figure 6: Effect of the pressure (at 120°C - 90 min of reaction) and effect of temperature (at

6 bar — 60 min of reaction) on the catalytic performances for the Ausol sample.
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Figure 7: Recyclability of the Ausol catalyst during the 2-FA esterification tests.
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Figure 8: HRTEM image collected on Ausol used after six runs (section a), where the presence of
Au nanoparticles is put in evidence by arrows. Au particle size distributions of Ausol fresh and used

after six runs are compared in section b and c. Instrumental magnification: 300000X.



