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Abstract

Regardless of their size, supported gold nanoparticles are largely used for liquid-phase
oxidation reactions. Small gold nanoparticles exhibit good performance during the reduction
of organic compounds. The direct reduction of carboxylic acid to aldehyde is a famous and
familiar reaction in the field of organic chemistry and is considered as one of the fundamental
chemical transformations. Herein, we present Au/hydrotalcite, Au/MgO, and Au/Al,03
systems as heterogeneous versatile catalysts to realize the oxidation of furfural (FF) to furoic
acid (FA) and realize the reduction of FA to FF. Experiments showed that in standard aqueous
conditions under air, FF can be easily oxidized to FA. When DMSO was used as a solvent to
conduct the experiments under an atmosphere of CO,, FA was reduced to FF. The Au/HT series
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of catalysts was found to be active in both transformations, pointing out the versatility of the
gold-based catalysts. The activity significantly depends on the acid-base properties of the
catalyst.
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1. Introduction

The development and understanding of efficient technologies for the production of platform
molecules (small molecules derivable from biomass used as building blocks for chemical industry)
and valuable chemicals from renewable biomass have attracted immense attention from
researchers [1-4]. Until now, the direct partial reduction of carboxylic acid to the corresponding
aldehyde using heterogeneous catalysts has been rarely discussed in the literature [5]. Over the
years, researchers have primarily focused on the oxidation of aldehydes to acids and not on the
reverse reaction [6-8]. However, aldehydes (such as furfural (FF)) are one the most common building
blocks used in fine chemicals synthesis (in the cosmetic, pharmaceutical, and agrochemical industry)
[9]. They are conventionally produced following several techniques [10-13]. The use of these
techniques results in the formation of undesirable by-products, and this affects the product yields.
The generated waste has to be treated later. In the field of biocatalysis, the use of enzymatic
catalysts, e.g., carboxylic acid reductase (CAR), promotes the conversion of fatty aldehydes to the
corresponding fatty carboxylic acids avoiding the production of the corresponding alcohols [13, 14].
The reduction of carboxylic acid has been extensively studied under conditions of non-catalytic and
homogeneous catalytic reactions using different reducing agents [9-12]. The metal hydride-based
reducing agents, such as lithium aluminum hydride, borane, and silanes, are generally used to
produce aromatic aldehydes [15, 16]. Typically, the process involves protecting the acid functional
group to form the trimethylsilyl ester (TMS ester)-based product prior to conducting the reduction
reaction at -78 °C using di-isobutylaluminum hydride (DIBAL-H) [16]. Under these conditions, the
aldehyde is produced in 60-70% vyield. FF can be produced from 2-furoic acid (FA) using this method
or using hypervalent silicon hydrides [15]. As the production of organic intermediates (such as
aldehydes) is of high industrial interest, the use of heterogeneous catalysts is of enormous interest
as it makes the separation of the catalyst from the reactional media easy. Thus, the amount of
reaction waste produced could also be largely decreased. This is interesting from an environmental
point of view.

Furthermore, the synthesis of aldehydes often requires the use of sensitive reagents under harsh
reaction conditions. The use of heterogeneous catalysts could improve the selectivity of the process
and, as previously mentioned, help decrease the amount of harmful wastes produced. The direct
reduction of carboxylic acid was first studied using copper chromite [17, 18] and several other metal
oxides [19-21]. However, alcohols are produced when this method is used. There is no possibility of
obtaining aldehydes that are easily hydrogenated under these conditions [18, 22-24]. The
hydrogenation of carboxylic acids into aldehydes using heterogeneous catalysts is generally
performed in a gas-phase reactor under conditions of high temperatures (300-500 °C) [25, 26].
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Sakata et al. [26] obtained 90% yield of benzaldehyde by hydrogenating benzoic acid using CeO; as
the catalyst at 375 °C (pressure: 1 bar of Hz). Yokoyama et al. [25] reported the acid-basic influence
of several metal oxides, such as ZrO; and Cr,0s3, on aldehyde selectivity. They concluded that the
surface of the catalyst should not contain any strongly basic or acidic sites, and the surface should
not be characterized by weak redox properties to improve the catalytic performances. Hydrotalcites
(HTs) emerge as prominent catalyst candidates when the above-mentioned conclusions are taken
into account. The HTs, used as supports, are solid samples with interesting structural properties.
HTs are layered clays containing OH and HCOs.groups on the surface. They exhibit high activity
during base catalyzed reactions. The HT-based catalysts have shown remarkable performance
during several reactions such as aldol condensation, 5-hydroxymethylfurfural (HMF) oxidation, and
transesterification [27-30]. Metals supported on HTs are excellent bifunctional catalysts as different
active sites (metal and basic active sites) can be generated. This can be attributed to the close
proximity between the metal species and the support [31].

Recently, Roselli et al. [32] studied the conversion of FF to FA using Au/HTs catalysts. Water was
used as the reaction medium, and the reaction was carried out at 110 °C under a pressure of 6 bar
of O,. The researchers pointed out that when the Mg:Al molar ratio in the HT supports is increased,
the yield of FA increases from 70 to 100% (Figure 1, upper part). The increase in the activity of the
Au/HT catalysts was attributed to the increase in the overall basicity of the HT supports prepared
under varying Mg:Al ratios.

/\\

Au/HT

Furfural Furoic acid

Figure 1 Reaction scheme of the oxidation of furfural (FF) (using O2) and reduction of
furoic acid (FA) to FF (using CO3) on Au-based catalysts.

Herein the versatility of the Au-based catalysts supported on HTs is discussed by carrying out the
reduction of FA to FF (Figure 1). Thus, the main objective of this work is to understand if FA can be
reduced using supported gold nanoparticles. To the best of our knowledge, this is the first report on
the direct reduction of FA using supported gold catalysts. We decided to perform the reaction in the
liguid phase using a batch reactor under pressurized conditions to decrease the reaction
temperature (energy gain) and avoid the degradation of the reactants/products. The effect of the
structural and textural properties of MgO, Al,03, and the HTs supports on the reaction efficiency
under conditions of varying Mg:Al molar ratios have also been studied.
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2. Materials and Methods
2.1 Catalyst Preparation

A series of HT supports were prepared by co-precipitating an aqueous solution of magnesium
and aluminum salts with a highly basic solution of NaOH and Na,CO3¢10H,0 (99.5%, Sigma-Aldrich)
[33]. Different molar ratios of Mg:Al (3:1, 2:1, 1:1, and 3:1) were used to prepare the supports
labeled HT 3:1, HT 2:1, HT 1:3, and HT 3:1, respectively. The Mg(NOs),¢6H,0 (99.9%, Sigma-Aldrich)
and AI(NOs)3*9H,0 (99.9%, Sigma-Aldrich) precursor solutions were added dropwise to a solution
of NaOH (1 M), and the pH was maintained in the range of 10.5 +0.1 at a temperature of 55 °C.
After 1 h of stirring (600 rpm) at a constant temperature, the suspension was filtered, and the solid
was washed with 100 mL of warm distilled water (50 °C). Following this, the sample was further
dried overnight at 100 °C. The Au nanoparticles were prepared following a sol immobilization
method reported in the literature [1, 2, 34]. NaBH4 and polyvinyl alcohol (PVA) were used as the
reducing and dispersing agents, respectively. Typically, an aqueous solution of 2 wt.% PVA was
added to an aqueous solution of HAuCl4 (5 x 10# mol L'!) under conditions of vigorous stirring (1000
rpm) (PVA/Au (w/w) = 1.2) at 25°C. Following this, a freshly prepared solution of NaBH4 (0.1 mol L°
1. NaBH4/Au molar ratio of 5:1) was added to the previous solution to form the metallic sol (color =
deep purple). After 30 min, the Au nanoparticles were immobilized by adding the support (MgO,
Au/HT series, and Al>0s3) under conditions of vigorous stirring (1000 rpm) at RT. The amount of
support added was determined to obtain catalysts containing 2 wt.% Au. The mixture was filtered
after 2 h, and the solid was washed 3 times with warm water (3 x 100 mL; 50 °C) and 3 times (3 x 100
mL) with ethanol. Subsequently, the sample was further dried at 100 °C for 1 h. The solids obtained
were labelled as Au/HT 3:1, Au/HT 2:1, Au/HT 1:1, and Au/HT 1:3. The expected particle sizes of the
Au-supported catalysts were approximately in the range of 2 - 4 nm.

2.2 Catalytic Test

FF was synthesized in a Top Industry autoclave reactor. Typically, the reactor was loaded with 15
mg of FA mechanically mixed with 50 mg of the catalyst. To this mixture, 20 mL of dimethyl sulfoxide
(DMSO) was added. DMSO was chosen as the reaction solvent after conducting preliminary tests
with various organic solvents (such as acetonitrile, methanol, and DMSO). The best results were
obtained. Water, used for the oxidation of FF to FA, was excluded because of the low stability of
MgO and HT in water. Leaching of these compounds was observed during the oxidation reaction as
the stabilities of these compounds were low. The catalytic test was performed under a pressure of
15 bar of CO; at 150 °C (conditions: 600 rpm, 24 h). Following this, the media were filtered. The
conversion yields were monitored using an High Performance Liquid Chromathography - HPLC
(Waters 2410 RJ) system equipped with a UV detector and a Shodex SUGAR SH-1011 column using
5 mM of H,S04 (0.6 mL mint) as the mobile phase.

2.3 Characterization Techniques

Temperature Programmed Desorption of NH3 (NH3-TPD) and CO; (CO,-TPD) experiments were
performed at 50 °C and 40 °C, respectively. The reactions were conducted for 1 h using 10% NHs or
10% CO; in the He gas mixture. Prior to the desorption step, helium was flown through the supports
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for 30 min. Following this, the temperature was increased to 500 °C (heating rate: 10 °C min™),
which is the calcination temperature used to prepare the HT supports [33]. This temperature was
maintained for 1 h. The quantity of desorbed CO; or NH3; was measured using a TCD.

The X-ray diffraction (XRD) patterns of the solids were recorded using a Bruker D8-ADVANCE
powder XRD machine equipped with a CuKa radiation source (L = 0.1538 nm) operating at an
accelerating voltage of 40 kV. The emission current was 40 mA, and the intensity data were collected
over a 20 range of 10-70°. The step size was 0.014°, and a time counter of 0.1 s per step was used.

The composition of the Au catalysts was determined using the inductively coupled plasma-optical
emission spectroscopy (ICP-OES) technique. The data were recorded using the Agilent 720-ES
equipment. A Vulcan 42 S automated digester was coupled to the system. The solid samples (10 mg)
were digested using 4 mL of aqua regia and heated to 110 °C for 2 h.

The specific surface area (Brunauer-Emmett-Teller, BET) and average pore size
(Barrett_Joyner_Halenda, BJH) of the gold catalysts were determined by conducting the nitrogen
adsorption and desorption analysis tests at -196 °C using a TriStar Il Plus analyzer (Norcross, GA,
USA) (Micromeritics). Prior to conducting the experiments, the samples were heated at 250 °C (10 °C
min-!). This temperature was maintained for 1 h under conditions of vacuum.

The transmission electron microscopy (TEM) technique was used to record images using a
TEM/scanning FEI TECNAI F20 microscope combined with an energy dispersive X-ray spectrometer
(EDS) at 200 kV. Prior to conducting the experiments, the samples were dispersed in 1 mL of ethanol
and left for 10 min in an ultrasonic bath. The diameters of 100 particles (as a minimum) were

measured from the TEM images and used for statistical analyses to calculate the average size of the

gold nanoparticles.

3. Results

Structural and textural properties of the catalysts were studied to correlate the catalytic
performances with the different properties of the catalysts. Firstly, the acid-base properties of the
supports were evaluated by studying the TPD of NH3 and CO,. The TPD profiles are illustrated in

Figure 2.
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Figure 2 Temperature Programmed Desoprtion profiles of (a) CO; (CO,-TPD) and (b) NH3
(NHs-TPD) recorded for the HTs under conditions of varying Mg:Al molar ratios and in
the presence of Al;0s.
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In the case of HTs, when the Mg:Al ratios were 2:1 and 1:1, similar desorption results were
obtained. The HT 3:1 desorption led to expected results. The amount of NH3 adsorbed was less, and
the amount of CO, adsorbed was more than those observed for the two other HTs. It is noteworthy
that the HTs are characterized by the presence of weak or weak to medium acidic sites. This is
validated by the presence of one large peak corresponding to NH3 desorption. The peak maximum
was located at approximately 190 °C [35]. For the CO; desorption process, two peaks were observed
at approximately 120 °C, and 275 °C, which corresponded to the weak and strong basic sites,
respectively, for all the HTs studied [28]. Table 1 presents the amounts of NH3 and CO; desorbed
during the TPD-based experiments in arbitrary units per gram of the material.

Table 1 TPD-based NHsz and CO; desorption results obtained for the different supports.

Catalyst NHs (a. u.g?) CO; (a. u.g?)
MgO - 265

HT (3:1) 62 69

HT (2:1) 90 33

HT (1:1) 89 32

Al;03 103 8

The XRD patterns of the Au/HTs catalysts are illustrated in Figure 3. XRD diffractograms obtained
for each Au/HT catalyst showed the presence of typical diffraction peaks corresponding to HT
(powder diffraction file 89-460 from ICDD). The presence of periclase (MgO) in the HT solids and
Au/MgO catalyst was also observed when the patterns were analyzed. This is validated by the
presence of the diffraction peaks at 20 = 38°, 43°, and 63°. As expected, the intensities of these
peaks increase with the Mg:Al ratio in the HTs supports. When the XRD patterns were recorded for
the Au/Al,O3 catalyst, characteristic diffraction peaks corresponding to -Al,Os; were found to be
present at 20 = 38, 46°, and 67°. In all cases, diffraction peaks corresponding to metallic gold were
not observed, indicating the small size of the gold nanoparticles (<3 nm).
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Figure 3 X-ray diffraction (XRD) patterns recorded for (a) gold supported on different
hydrotalcites (HTs) and (b) Au/MgO and Au/Al,O3 systems.

Following the sol-immobilization of Au on the supports, the inductively coupled plasma-optical
emission spectroscopy (ICP-OES) technique was used to analyze the catalysts to determine the gold
content in each catalyst (nominal value: 2 wt.%), and the Mg/Al molar ratio in the HT supports
(theoretical values: 3, 2, and 1). The Al, Au, and Mg contents are presented in Table 2. The
experimentally obtained Mg:Al molar ratio in the Au/HTs samples contained a lower proportion of
Mg than what was expected. A deviation of approximately 20% from the theoretical value was
registered. The Au content in the catalysts was lower than expected, and the values ranged from

1.5to 1.8 wt.%.

Table 2 Chemical composition and textural properties of the Au-supported catalysts.

Catalyst Molar ratio %wt Au S BET (m2g?) Pore volume
Mg:Al (em3g1?)

Au/MgO - 1.6 106 0.52

AU/HT (3:1) 2.5 1.7 25 0.07

Au/HT (2:1) 1.7 1.5 73 0.17

Au/HT (1:1) 0.7 1.8 73 0.17

Au/Al;03 - 1.7 132 0.37

The specific surface areas (BET) and pore volumes (BJH) are compiled in Table 2. The surface
areas and pore volumes increased from the highest Mg/Al molar ratio (Au/HT 3:1) to the lowest
Mg/Al molar ratio (Au/HTs 1:1). It shows the influence of the deposition method of the gold
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nanoparticles on the textural properties of the support. The gold nanoparticles block the pores, and
this influences the process of intraparticle diffusion. However, the surface areas and pore volumes
of the Au/HTs (2:1) and (1:1) catalysts were similar, and the areas were 73 m?g'and 0.17 cm3g™,
respectively. The specific surface areas and pore volumes of the Au/Al,03; and Au/MgO catalysts
were higher than the specific surface area and pore volume of the Au/HTs catalyst. As the catalytic
performances of these two catalysts were in stark contrast with each other, it appears that the
specific surface area and the pore volume do not influence the reaction.

The Au-based catalysts were also characterized using the TEM technique (Figure 4) to determine
the extent of metal dispersion achieved on the support surface. Analysis of the images reveals that
the gold nanoparticles were highly dispersed on the surface in all cases. The average particles size
was 3.7 nm (determined by studying approximately 100 particles) for the Au/Al,O3 sample. This also
confirmed the stability of the gold nanoparticles during the immobilization step.

Figure 4 Transmission Electron Microscopy (TEM) images recorded for the Au/Al,Os (a,
b), Au/HT 3:1 (c), and Au/MgO (d) catalysts.

4, Discussion

Prior to carrying out the partial reduction of FA to produce FF, preliminary studies were
conducted to identify the optimal active catalyst. We have previously reported the catalytic
performances of the Au/HTs catalysts used for the oxidation of FF to FA [32]. The catalytic
performances of the Au/HT catalysts under conditions of varying Mg:Al molar ratios (from 2:1 to
5:1) are presented in Table 3.

Table 3 Catalytic performance of the Au/HT catalyst during the oxidation of FF under
conditions of varying Mg:Al molar ratios (Conditions: FF/Au molar ratio = 200:1, 25 mg
of catalyst, Po, = 6 bar, 600 rom, T=110 °C, t = 2 h) [32].
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Catalyst Conversion FF (%) Selectivity FA Yield FA Carbon Balance
(%) (%) (%)

Au/HT (5:1) 99 99 99 99

Au/HT (4:1) 99 99 99 99

Au/HT (3:1) 77 88 68 91

Au/HT (2:1) 83 85 71 89

Au/MgO 100 99 99 99

Au/Al,O3 16 56 9 87

Roselli et al. [32] reported that when the Mg:Al molar ratio in the HT support was increased, the
yield of FA increased from 70 to 100%. However, the results obtained by conducting the stability
tests confirmed a progressive deactivation of the catalyst, and this could be attributed to the
leaching of the Mg?* cations. Under these conditions, the pH of the reaction media increased.
Excellent results were obtained when the Mg:Al molar ratios were 5:1 and 4:1. This could be
attributed to the high basicity of the catalysts. The relationship between the basicity of the media
(or support) and the catalytic performances has also been studied. Kikhtyanin et al. [36] studied the
influence of basicity on the process of FF condensation carried out in the presence of acetone using
different HTs characterized by a wide range of Mg/Al compositions. They reported that the density
of the basic sites present in the mixed oxides, especially the density of the strongly basic sites (0%
ions), significantly influenced the activity of the system during the reaction [36].

We decided to study the gold catalysts where the Mg:Al molar ratio was between 3:1 and 1:3.
Au/MgO and Au/Al,Os catalysts were also studied as reference catalysts. The Au/HTs series,
Au/MgO, and Au/Al,O3 catalysts were tested, and the extents of FA conversion and space-time
yields (STY) recorded for FF are shown in Figure 5.
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Figure 5 Effect of the support basicity in gold catalyst on the process of FA reduction: FA
conversion (@) and the STY of FF (/) (Conditions: 15 mg FA, Pco2 = 15 bar, 600 rpm, T =
150 °C, t = 24 h, 20 mL of DMSO).

Page 9/13



Catalysis Research 2022; 2(1), doi:10.21926/cr.2201001

Poor performances were recorded during the reduction of FA to FF when MgO was used as the
support for gold catalysts (Figure 5). Only 10% of FA could be converted, and traces of FF were
obtained. A series of HTs with varying Mg:Al ratios were studied, and excellent extents of conversion
were recorded when the ratios were 3:1 and 1:3. At the ratios of 1:1 and 2:1, poor performances
were recorded (5% FA conversion). Thus, Au/HTs can be potentially used to form FF from FA. The
versatility of the Au/HTs catalysts during the aldehyde-acid, and acid-aldehyde -catalytic
transformations was confirmed. The activity of the Au/Al,Os catalyst was higher than the activity of
the Au/HTs (3:1 and 1:3). The extent of conversion was 20%, and the yield of FF increased. These
results indicate that the acid-base properties of the support significantly influence the efficiency of
the reaction. Yokoyama et al. [25] studied the acid-base properties of metal oxides and their
influence on aldehyde selectivity. If the surface of the catalyst does not contain strong basic or acidic
sites and if the catalysts are characterized by weak redox properties, the catalytic performances can
be improved. MgO is a well-known metal oxide that contains strong basic sites (0% ions) at the
surface [27]. Similarly, HT supports also contain strong basic sites and Lewis acidic sites of weak to
medium strengths [27, 32]. The strength depends on the Mg:Al molar ratio. It is generally considered
that the surface of the Al,O3 support contains weak acidic sites [27]. We can correlate the catalytic
performances with the acid-base properties of the catalysts. The best catalytic performances were
recorded when the Au/Al,O3 catalyst containing weak acidic sites were used.

5. Conclusions

The versatility of the Au/HTs catalysts, which were highly active during the oxidation of FF, has
been tested during the partial reduction of FA to FF. Preliminary results confirmed the versatility of
the gold supported on hydrotalcite systems. The reactions were carried out using DMSO as the
solvent under the pressure of CO,. Furthermore, the best catalytic performance during the
reduction of FA was recorded when Au/Al,O3; was used as the catalyst. Au/MgO was found to be
inactive. The specific acid-base properties of the Au/Al,Os catalyst (containing strongly acidic or
basic sites) correlated with the activity recorded during the direct reduction of FA. The Au/HTs and
Au/MgO catalysts containing strong basic sites were much less active.
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