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Abstract: The oxidation of bio-based molecules in general, and of carbohydrates and furanics in
particular, is a highly attractive process. The catalytic conversion of renewable compounds is of high
importance. Acids and other chemical intermediates issued from oxidation processes have many
applications related, especially, to food and detergents, as well as to pharmaceutics, cosmetics, and
the chemical industry. Until now, the oxidation of sugars, furfural, or 5-hydroxymethylfurfural has
been mainly conducted through biochemical processes or with strong inorganic oxidants. The use of
these processes very often presents many disadvantages, especially regarding products separation
and selectivity control. Generally, the oxidation is performed in batch conditions using an appropriate
catalyst and a basic aqueous solution (pH 7-9), while bubbling oxygen or air through the slurry.
However, there is a renewed interest in working in base-free conditions to avoid the production
of salts. Actually, this gives direct access to different acids or diacids without laborious product
purification steps. This review focuses on processes applying gold-based catalysts, and on the
catalytic properties of these systems in the base-free oxidation of important compounds: C5-C6
sugars, furfural, and 5-hydroxymethylfurfural. A better understanding of the chemical and physical
properties of the catalysts and of the operating conditions applied in the oxidation reactions is
essential. For this reason, in this review we put emphasis on these most impacting factors.
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1. Introduction

The growing concern regarding the gradual depletion of fossil oil reservoirs and the awareness
of climate change has stimulated recent research activities for the utilization of renewable biomass
resources for the sustainable production of fuels and chemicals [1-5]. Low molecular weight sugars
(the so called C5-C6 sugars) are among the most abundant natural compounds with broad applications.
These important chemicals can be produced in bulk quantities with very high purity from biomass
transformation, and they can also be then transformed into various platform molecules.

Recently, it has been reported that glucose, xylose, and other sugars can be obtained from plant
dry matter biomass, which includes any renewable organic matter such as crops and trees, agricultural
wastes, and other residues from different agro-industrial processes, the so-called lignocellulosic
biomass. The use of the lignocellulosic waste streams has the advantage of not competing with the
production of food, and, therefore, the production of high added-value products can be a promising
option to reduce CO, emission and to achieve a green and sustainable production of fuels and
chemicals [1-4]. The lignocellulosic biomass, which is rich in carbohydrates, yields fermentable sugars
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that can be used for different chemical processes [6-11]. Different types of carbohydrates could be
obtained depending on the type of the organic matter used. Glucose, for example, can be obtained
from starch; polysaccharides with hexoses monomers can be extracted from cellulose. Hemicellulose,
a hetero polysaccharide, exhibits a broader distribution of sugars, constituted by hexoses, pentoses,
and sugar acids, that are branched and amorphous.

One of the most important transformations of sugars is the oxidation process. It yields different
products for pharmaceutical and food industries through various biological and chemical processes.
C5 and C6 sugars can also be transformed into furan derivatives that are important platform
compounds, such as 5-hydroxymethylfurfural (HMF) and furfural [2,4,12] (Scheme 1). HMF is among
the most important platform molecules in the development of biorefineries [1-4]. It is obtained
from the dehydration of fructose, sucrose, and inulin, and, more recently, from glucose and cellulose
through the isomerization of glucose to fructose [2,4,13]. The increasing interest in HMF arises from
its great versatility, since it yields a wide variety of high value-added fuels and chemicals [2,4,13].
In particular, its oxidation products are of great interest for the polymer industry. Its derivatives can
be used as six-carbon monomers that could replace other petrochemical-based monomers [2,14,15].
2,5-Furandicarboxylic acid (FDCA) is a monomer for the synthesis of polyethylene furanoate (PEF)
that is an alternative to the petroleum-based polyethylene terephthalate (PET). Besides being a green
alternative, PEF is more easily degradable and does not bioaccumulate [14]. Furfural is another top 30
added-value substrates with a great potential to be developed in biorefineries [1-4,12]. It is produced
from the hemicellulose portion of the biomass, mainly through the hydrolysis and dehydration of
xylan, a polymer of xylose. Furoic acid (furan-2-carboxylic acid) has applications in the pharmaceutical,
agrochemical, flavor, and fragrance industries. It is known as a preservative, acting as a bactericide
and fungicide, and used to sterilize and pasteurize many foods. All these low molecular sugars and
furan derivatives could be oxidized in different catalytic processes yielding very interesting chemical
intermediates. Oxidation reactions can be performed using different methods, such as chemical and
catalytic (homogeneous and heterogeneous) conversions [16-20]. Unfortunately, there are still a lot of
drawbacks, mainly related to the difficulties in products’ separation and in the control of byproducts’
formation (selectivity issue).
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Scheme 1. Examples of carbohydrates transformation to highly valued compounds.
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In order to successfully carry out the process of carbohydrates oxidation, it is essential to select the
best catalyst, to carefully control the operating conditions to keep a high reaction rate, and to prevent
the catalyst from degradation or poisoning. Different solutions have been proposed to solve these
problems, e.g., pH adjustment [2,21-24]. Indeed, most literature deals with the oxidation of sugars at a
controlled, basic pH. At this pH, glucose is completely converted to gluconic acid. However, some
studies have demonstrated that at a high pH, glucose is chemically unstable and its degradation occurs.
Indeed, the full conversion of glucose was observed during the oxidation carried out with different
bases [25]. Several authors claim high selectivity towards gluconic acid using gold catalysts under
alkaline conditions [23,26,27]. However, different products could be also observed in the presence
of a base and without a catalyst. Indeed, at 70 °C and after 4 h of reaction in the presence of K,COs3,
a noncatalyzed (thermal) oxidative degradation of glucose was observed. Similar results already
described in the literature [28-30] confirmed the formation of formic, acetic, and propionic acids,
as well as of 24 hydrocarboxylic acids and 12 corresponding lactones. The aldehyde and alcohol
functions of monosaccharides (such as glucose) can be oxidized giving high added-value compounds
(see Scheme 1).

In addition, at alkaline pH, the isomerization of glucose to fructose occurs, and the two sugars
then coexist in the media. Moreover, instead of leading to gluconate, the oxidation reaction can
yield mixtures of low- and high-molecular-weight products such as carboxylates and aldehydes, thus
resulting in a drop of selectivity. When a metallic catalyst is used for the oxidation of glucose at high pH,
oxygen poisoning of the metal catalyst can also occur. Moreover, operating at high pH conditions leads
to the necessity of neutralizing the solution to finally get the sugar acid, resulting in the coproduction
of salts. Basic media are also a source of degradation of HMF and furfural under reaction conditions.
Tests in the absence of a catalyst at high pH showed HMF conversion without any formation of
detectable oxidation products. In addition, a color change from yellow to brown was noticed in the
reaction mixture, as well as the formation of a black precipitate when HCI was added [31,32]. This
precipitate was attributed to the formation of humic acids, although the formation of humins has also
been reported. Humins are insoluble in water at all pHs, and humic acids are soluble only in a basic
medium. A mixture of many different acids can form during the dehydration of sugars and from the
condensation of sugars with furfural and HMFE. As pointed out by some researchers, a basic medium
also favors the formation of levulinic acid, formic acid, and some unknown byproducts. This behavior
emphasizes how detrimental a high pH is for HMF stability in solution. According to the authors, the
increase of NaOH concentration and temperature of the reaction accelerate the degradation process.
In the presence of a catalyst, these degradation products formed in minor amounts or did not form [33].
Nevertheless, several papers report the need of a basic medium to perform the selective oxidation of
HMF. According to them, the presence of a base allows higher reaction rates, higher feed concentrations
(3%), better product solubility in the reaction media, and lower adsorption of the FDCA on the catalyst
surface. However, the reaction performed under base-free conditions would simplify the downstream
separation, decrease the number of added reagents, and produce less process waste. Moreover, it
would minimize the occurrence of side reactions and eliminate the need for additional steps, such as
the neutralization of FDCA salts and the removal of the resulting inorganic salts.

In summary, oxidation reactions of C5-C6 sugars and furan derivatives in basic media permit
to obtain high rates; however, several problems related to the selectivity, the chemical stability of the
reactants, and the stability or poisoning of the catalyst frequently occur. Consequently, it is highly
important to develop base-free oxidation methods using heterogeneous catalysts and environmentally
friendly conditions, which would allow the elimination of the neutralization step of the process.
Recently, several new heterogeneous catalysts based on gold have been developed in this frame. These
catalytic systems are believed to be able to maintain high activity and selectivity without the need of
any base addition. They are discussed in the following sections of this review.
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2. Base-Free Carbohydrate Oxidation
2.1. Supported Au-Based Catalysts

Gold-based catalysts have shown better performance than palladium or platinum-based ones
for the oxidation of carbohydrates (Figure 1, [23]). One of the most interesting properties of Au is
its ability to convert almost all types of aldoses (e.g., glucose, maltose, xylose) to the corresponding
aldonic acids (e.g., gluconic acid). Comotti et al. [24,34] reported high activity and selectivity towards
gluconic acid using unsupported Au nanoparticles (NPs). However, these systems showed relatively
low stability [35], which was improved by immobilization on carbon [23,26].
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Figure 1. Comparison of the catalytic activity of Au and different bi- and trimetallic catalysts for
glucose oxidation at pH = 7 (Adapted from [23], Copyright 2002, Elsevier Science).

Onal et al. [36] also studied Au NPs supported on carbon (Figures 2 and 3); however, the selectivity
towards the desired acid was quite low at high conversions.

Conversion [%]

Figure 2. Activity of Au nanoparticles (NPs) supported on carbon in glucose oxidation at different pHs
and temperatures (Reprinted with permission from [36], Copyright 2004, Elsevier Inc.).
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Figure 3. Selectivity of Au NPs supported on carbon towards gluconic acid at different pH (Reprinted
with permission from [36], Copyright 2004, Elsevier Inc.).

Taking into account this observation, the gold—support interaction was declared to play a crucial
role in the formation of a stable catalytic system [37-39]. Various supports were studied using Au NPs
of the same size. Different catalytic activities were observed indicating that a specific metal-support
interaction between Au and the support was governing NPs’ activity [36]. On the contrary, Ishida et al.
observed that the size of the Au NPs plays a more essential role than the nature of the support [39,40].
Excellent performance in terms of activity and recycling was observed for the Au/TiO; system.
Cao et al. [41] prepared 1 wt % Au/TiO; catalysts using different methods. Once prepared, the catalysts
were tested in base-free oxidation of glucose, giving good yields of gluconic acid (64%). The catalyst
prepared by the sol immobilization method, using polyvinylalcohol (PVA) as a stabilizing ligand and
NaBH, as a reductant, showed the highest catalytic activity. The glucose reaction conditions were
0.3 MPa Oy, 160 °C for 1 h. The effects of post-synthesis treatments, i.e., heating in air (at 250-550 °C
for 3 h) or treatment with water, were studied. The effect of the quantity of the stabilizing ligand
PVA added during the preparation was also studied. Post-synthesis treatments were also applied to
remove the residual PVA. Lower activity of Au/TiO; catalysts in the presence of PVA resulting from
the formation of core-shell structures was reported by Villa et al. [42]. Indeed, as described in their
work, the maximum catalytic activity was reached for the catalysts calcined at 250-350 °C. A higher
temperature permits to remove more PVA from the catalyst surface. Moreover, the best PVA to Au ratio
was 0.1, as observed by the authors. The group also reported results obtained with magnesium oxide
modified with Au using the sol immobilization method. It showed an excellent selectivity towards
gluconic acid [6]. Puyu Qi et al. [43] used an ordered mesoporous carbon (CMK-3)-supported Au
catalyst in the aerobic oxidation of glucose with O, under base-free conditions. Catalytic tests showed
that the conversion remarkably increased, but the selectivity decreased when oxygen pressure and
reaction temperature were increased. Glucose conversion to gluconic acid reached over 92% with 85%
selectivity in 2 h, at 110 °C and 0.3 MPa oxygen pressure. Hydrogen peroxide was generated during
the reaction, and the relationship between the hydrogen peroxide produced in situ and the formation
of fructose as a byproduct was discussed. A low glucose/Au molar ratio minimized fructose formation.
A 92% gluconic acid yield was obtained after 15 min of reaction when the molar ratio of glucose/ Au was
set to 100. The spent catalyst treated with an aqueous solution of NaOH at 90 °C could convert glucose
up to 87%, which was close to the result obtained with the as-prepared catalyst, and excluded the effect
of any alkaline residue. Wang et al. [44] studied Au catalysts supported on nano- or micro-sized metal
oxides in the base-free oxidation of glucose to gluconic acid. The pH of the reaction solution was kept
uncontrolled or, in certain cases, lowered by the addition of a mineral acid. The authors also studied
the stability of these catalysts. They observed that the irreversible deactivation of the Au catalysts was
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due to the leaching and sintering of the gold nanoparticles. To improve the stability and counteract the
hydrothermal sintering, they studied lower Au loadings. They observed that, during the oxidation
reaction, the Au surface density significantly affected their agglomeration tendency. The best stability
was observed for the sample composed of 0.02 wt % Au/uCeQO,. The adsorption of different reactive
species on the catalyst surface could also be responsible for the reversible deactivation of the catalyst.
However, this adsorption could be removed by the calcination of the used catalyst (preferentially at
325 °C under static air) [44]. The base-free oxidation of glucose using microwave heating was studied
by Rautiainen et al. [45]. High conversion and selectivity towards gluconic acid were obtained on
Au-supported carbon catalysts. Moreover, the use of microwave heating permitted a remarkably short
reaction time. Indeed, after only 10 min of reaction, a high yield of gluconic acid was obtained (76%)
using H,O, as an oxidant and Au/Al;O3 (0.09 mol % Au) as a catalyst. In addition, high turnover
frequencies (TOFs = 10,000 h~1) due to the microwave-assisted oxidation were observed. In terms
of stability, the catalyst activity remained constant after four runs, even though some increase in Au
particle size was observed. Miedziak et al. [6] reported the selective synthesis of gluconic acid from
glucose under mild conditions. They showed that this reaction could give good results even without
any sacrificial base addition or pH control if a basic support was used. To conclude, the oxidation
in a base-free medium is quite challenging, and there is still a need to enhance the efficiency of the
catalysts used at low pH. Gold NPs-based catalysts permit to obtain high efficiencies in neutral or
low pH conditions [44,45]. Table 1 summarizes the previous reports on base-free glucose oxidation on
supported Au NPs catalysts.
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Table 1. Catalytic performances observed in base-free glucose oxidation with supported Au NPs.

7 of 23

Particle Size = Preparation a0 . . Conversion Gluconic Acid
Entry Catalyst (nm) Method Glucose/Au T2 (°C)  Time (h) Oxidant (%) Selectivity (%) Ref.
1 1% Au/C 44 SIM € 1000 100 6 0.3 MPa O, 100 100 [23]
2 0.5% Au/nCeO, f 1.8 DpP ¢ 140 65 2 0.23 MPa O, 74 95
3 1.4% Au/nCeO, 2.5 DP 140 65 2 0.23 MPa O, 75 99
4 1.6% Au/nZrO, 1.7 DP 140 65 2 0.23 MPa O, 89 99
5 1.3% Au/nTiO, 3.0 DP 140 65 2 0.23 MPa O, 91 99 [44]
6 0.6% Au/uCeO, f 2.0 DP 140 65 2 0.23 MPa O, 76 9%
7 1.1% Au/uCeO, 2.9 DP 140 65 2 0.23 MPa O, 77 98
8 0.8% Au/uZrO, 2.1 DpP 140 65 2 0.23 MPa O, 65 98
9 1.2% Au/uTiO, 2.0 DP 140 65 2 0.23 MPa O, 89 98
10 0.5% Au/MgO SIM 1600 60 24 air P 57 100 [6]
11 0.5% Au-Pd/MgO 6.5 SIM 1600 60 24 air P 62 100
12 1% Au/CMK-3 ¢ 3.0 See Ref. 1000 110 2 0.3 MPa O, 92 88
13 1% Au/SBA-15 3.6 See Ref. 100 110 2 0.3 MPa O, 67 92
14 1% Au/CNTs 29 See Ref. 100 110 2 0.3 MPa O, 62 83
15 1% Au/graphene 3.2 See Ref. 100 110 2 0.3 MPa O, 56 74 [43]
16 1% Au/graphite 3.7 See Ref. 100 110 2 0.3 MPa O, 55 84
17 1% Au/AC & 35 See Ref. 100 110 2 0.3 MPa O, 21 91
18 1% Au/ZrO, 2.5 See Ref. 100 110 2 0.3 MPa O, 13 92
19d 2.3% Au/MgAl,Oy 3.8 DP 870 120 1/6 2.2eqHyO, 54 93 [45]
204 1.8% Au/AlLO; 24 DP 1110 120 1/6 2.2 eq H,0, 83 87
21 2% Au/AlD 51+15 DAE ¢ 100 120 18 0.1MPa O, 76 95
22 2% Au/Ce/Alh 34+£08 DAE 100 120 18 0.1 MPa O, 78 96
23 2% Au/Ceh 39+15 DAE 100 120 18 0.1 MPa O, 73 90 [46]
24 2% Au/Ce25/Zrh 34+08 DAE 100 120 18 0.1 MPa O, 75 86
25 2% Au/Ce50/Zr b 34+08 DAE 100 120 18 0.1 MPa O, 77 87
26 1% Au/TiO, 2.1 SIM 438 160 1 0.3 MPa O, 88 95 [41]

2 Conventional heating; b Atmospheric air; © Au supported on mesoporous carbon; d microwave heating; ¢ SIM: sol immobilization, DP: deposition—-precipitation DAE: direct anionic
exchange; f n: nanosized, u: microsized; 8 AC: activated carbon; ! Al: Al,O3, Ce/Al: CeO,(20 wt %)/ Al,O3, Ce: CeO,, Ce25/Zr CeO,(25 wt %)/ ZrO,, Ce50/Zr: CeO,(50 wt %) /ZrO,.
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2.2. Multimetallic Au-Based Catalysts

The combination of gold with one or more other metals in the oxidation of sugars under base-free
conditions has been reported to enhance the activity and the selectivity towards the desired acid.
The oxidation of glucose using Au-Pd catalyst at 60 °C gave better results than the monometallic
gold (Table 1, entry 11). The advantage of the addition of a second metal was clearly shown when
working in an acidic medium. Pt showed a better effect if compared to Pd, which means that Pt had a
boosting effect when only gluconic acid is produced [47]. Furthermore, a high catalytic activity was
also attributed to the presence of an Ag—Au core—shell structure, as charges could be easily transferred
between the core and the shell leading to oxygen activation and to the attack of the desired functional
group. The catalytic activity changed according to the composition of the system, and the best catalytic
activity was obtained for 20% Ag and 80% Au. In addition to bimetallic nanoparticles, the use of
trimetallic systems was also reported. One of the examples is the Au-Pt-Ag system prepared by
reduction with NaBHy. Studies confirmed that the best catalytic activity and the highest TOF were
observed with a mass ratio of 70/20/10 [48]. Recently, Hutchings’s group [28] studied several Au
bimetallic catalysts for the oxidation of glucose and cellobiose. They found that the preparation method
plays a crucial role in the catalytic activity of supported Au catalysts especially in the case of base-free
oxidation processes. As can be seen from Table 2, the calcined catalysts exhibited higher glucose
conversion than the dried ones. The authors concluded that the interaction between the substrate and
the polyvinylpyrrolidone (PVP) used for the synthesis influences the catalytic activity.

Table 2. Oxidation of glucose over bimetallic Au catalysts (Adapted from [49], Copyright 2017, Willey).

Catalyst PostSynthesis Treatment Glucose Conversion (%) Yield (%)
0.5% Au-0.5% Pd/TiO, no 65 60
0.5% Au-0.5% Pd/TiO, air 70 63
0.5% Au-0.5% Pd/TiO, reflux @ 48 40
0.5% Au-0.5% Pt/TiO, no 80 70
0.5% Au-0.5% Pt/ TiO, air 68 62
0.5% Au-0.5% Pt/TiO, reflux 71 65

Reaction conditions: glucose 0.20 g, water 20.0 g, catalyst 0.05 g, reaction temperature 160 °C, reaction time 1 h,
O, 0.3 MPa. ? reflux: the dried catalyst was refluxed with hot water.

The results obtained for bi- and trimetallic systems confirmed that the presence of multiple metals
has a positive effect on the catalyst in comparison with a monometallic system. A simple change in
the metal to metal ratio changes the catalytic results, which offers the advantage of fine-tuning the
catalytic system. Moreover, it is possible to obtain a sufficient contact between the active sites and the
reactants, even when using a protective agent (such as polymers) that can provide high stability [40].

2.3. Mechanism of the Base-Free Oxidation of Carbohydrates

The oxidation of an alcohol to an aldehyde over metal catalysts occurs in three main steps,
as reported by Davis et al. [3]. The first step is the alcohol adsorption on the metal surface, which
produces an adsorbed metal alkoxide and a metal hydride (or a water molecule, if metal hydroxide
species are involved). After this adsorption, a carbonyl species and a metal hydride are produced via
the 3-hydride elimination. The final step is the oxidation of the metal hydride by O, to regenerate the
metal surface (or metal hydroxide species). As reported, this last step may also lead to the production
of water (on metals that dissociatively adsorb oxygen) or hydrogen peroxide (on metals that do
not dissociatively adsorb oxygen, such as gold). Both molecules would desorb to regenerate the
active metal surface. In this way, a carboxylic acid is produced by the subsequent oxidation of the
aldehyde through a geminal diol intermediate. Indeed, aldehydes may undergo reversible hydration
to geminal diols. This hydrated diol can then also adsorb to a metal surface and undergo a 3-hydride
elimination to form a carboxylic acid. It was observed that, similar to an alkaline solution, the presence
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of surface-adsorbed hydroxides facilitates both the formation of an adsorbed alkoxide (or geminal diol)
and the elimination step of a 3-hydride towards the production of an aldehyde and a carboxylic acid.
A similar mechanism corresponding to a modified oxidative dehydrogenation was also suggested
as the most probable for glucose oxidation to gluconic acid using gold catalysts [50,51]. However,
a deeper understanding was reported by Rossi et al. [52], who developed one of the best molecular
models for carbohydrates oxidation in the presence of gold catalysts. Taking into account that this
reaction was considered to be first-order (for oxygen), the authors suggested a fast adsorption of
glucose on gold. In this way, the rate-determining step would be glucose oxidation by the oxygen
dissolved in the liquid (aqueous) phase. Hydrogen peroxide could be detected, but it decomposed
quickly under the reaction conditions. In a subsequent investigation, Rossi et al. [51,52] showed that
these oxidations do not proceed by a radical pathway, but deliver gluconate and hydrogen peroxide by
a two-electron mechanism. The hydrogen peroxide decomposes because of the basic medium before it
reaches a concentration at which it would efficiently compete with oxygen as the oxidant.

As could be noted, various transformations are involved in the process. In the case of gold
catalysts, these steps were shown to be highly dependent on the presence of the hydroxyl species.
As, with no doubt, the formation of Au-alkoxide is crucial for further oxidation of glucose [53], in a
base-free oxidation the presence of local basicity from the support, from the second metal, or from both
is decisive [25]. It could be expected that the oxidation of glucose may proceed through the formation
of gluconic acid (oxidation of the aldehyde at the carbon atom C1). The following step of this reaction
is the oxidation of the primary hydroxyl to yield glucaric acid. Although the oxidation of glucose
directly to dicarboxylic acids was already demonstrated to occur on a Pt/C catalyst using oxygen as an
oxidant [53-55], the oxidation of free gluconic acid into glucaric acid was also demonstrated on Au/C
catalysts [28]. It has been reported that the rate of the reaction between the chemisorbed oxygen and
the adsorbed gluconic acid is much lower than that of the reaction between the chemisorbed oxygen
and the adsorbed glucose [55]. However, it was also demonstrated that, under the same reaction
conditions, gluconic acid, formed from glucose oxidation, is oxidized much faster than if it is used
as a starting molecule. This could be explained by the low pH of the initial solution in the case of
gluconic acid oxidation and by its adsorption on the catalysts surface, which could deactivate the
active sites [25].

3. Base-Free 5-Hydroxymethylfurfural Oxidation

The aerobic oxidation of HMF to FDCA requires several tandem oxidation steps, thus highly
active catalysts are essential to reach the final dicarboxylic acid product (Scheme 2).

o
o
o o, W Mo o o 0 o
4 HMFCA N, O ©
o” \ / OH HO” \ / Yo — HO" \ / TOH
o
HMF [©] X T Yo A FFCA FDCA
DFF

Scheme 2. Major products from the oxidation of 5-hydroxymethylfurfural (HMF).

Au-based catalysts have been reported to perform this reaction in water and in the presence of an
excess of base with high yields of FDCA [56-61]. Au-containing bimetallic catalysts were developed in
order to improve the catalytic performance, but required the use of a homogenous base [33,58,62—-67].
The basic medium provides higher reaction rates and, in the majority of cases, is essential to get a
high catalytic activity. However, the basic medium also favors HMF degradation and requires a final
neutralization step, which is not desirable from the environmental and economical points of view [3].
The development of active catalysts for the base-free aerobic oxidation of HMF is highly desired and
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challenging. Only few papers report Au-based catalysts for the oxidation of HMF to FDCA in the
absence of a base. Erbitani et al. were the first to report a hydrotalcite-supported Au catalyst (Au/HT)
for the aerobic base-free oxidation of HMF in water [68]. High activity was observed under mild
conditions, in which FDCA was produced with 99% yield after 7 h under O, flow (50 mL min~!)
at 95 °C. The Au/HT was found to be more efficient than any of the other Au-supported catalysts
tested in this work (Figure 4a). If catalysts based on neutral or acidic supports, such as Au/Al,O3 and
Au/SiO,, displayed low or no yield of FDCA, those based on basic supports, such as Au/HT and
Au/MgO, proved to be very active, achieving full HMF conversion. However, the selectivity for FDCA
when using the MgO-based catalyst was lower (only 21%), although MgO is a strong basic support.
The authors suggest that the difference might be due to the Au particle size. The Au/HT catalyst was
recycled three times without a significant loss in activity (>99%, 92%, and 90%, respectively). However,
further studies from Zope et al. with Au/TiO; and hydrotalcite as a solid base for oxidation of HMF
showed that leaching of Mg?* from HT occurred [69]. According to the authors, leaching resulted
from an acid-base reaction occurring once the formed acid lowered the pH of the reaction medium
and consumed the basic solid support. The leaching test was not performed for the Au/HT catalyst

previously described.
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Figure 4. Comparison of the catalytic activity of Au and AuPd catalysts for the aerobic base-free
oxidation of HME. Conversion (blue) and selectivity towards FDCA (orange). (a) HMF (1 mmol), H,O
(6 mL), HMF/metal = 40 (mol/mol), under O, flow (50 mL min~!), 368 K, 7 h. 1.92 wt % Au/HT.
2 wt % Au was used with different supports. (Adapted from [68], Copyright 2011, RSC Publishing);
(b) HME, 0.50 mmol; HMF/(Au + Pd) (molar ratio), 100/1; H,O, 20 mL; O,, 0.5 MPa; temperature,
373 K; reaction time, 12 h. (Adapted from [70], Copyright 2014, American Chemical Society). CNF:
carbon nanofiber; CNT: carbon nanotube; GO: graphene oxide; HT: hydrotalcite; AC: activated carbon.
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Wang et al. [70] reported an Au-containing bimetallic catalyst for base-free oxidation of
HMF consisting of a carbon nanotube-supported Au-Pd catalyst (Au-Pd/CNT) that reached 100%
conversion within 12 h, with 94% selectivity for FDCA. The authors also compared Au-Pd NPs
supported on different supports (Figure 4b). The catalytic activity followed a similar trend to that
reported by Erbitani and coworkers, with catalysts using basic supports being more active than those
using neutral or acidic supports. Interestingly, Au-based catalysts with carbon-based supports like
CNT and graphene oxide (GO) also presented high catalytic activity, with Au/CNT being the most
active. The catalysts with basic supports were very active but deactivate during recycling tests. This
was not the case for the Au/CNT catalyst that remained active for up to five cycles. According to the
authors, the organic groups on the support surface that formed during the oxidative treatment of the
support can affect, among other properties, the adsorption of the substrate, the intermediates, and
the final products. The characterization of the CNT revealed the presence of carbonyl-quinone and
phenol on the surface, which favored the adsorption of HMF but not of FDCA. This was consistent
with the test of HMF conversion, which could be easily carried out without poisoning the catalytic
surface. The authors also emphasized the synergistic effect of the Au—Pd catalyst, which presented
much higher activity than the monometallic Au/CNT or Pd/CNT catalysts.

The direct use of FDCA in the industry is difficult because of its low solubility in most of the
commonly used solvents. The furan-2,5-dimethylcarboxylate (FDMC) ester is actually more suitable
for the subsequent polymerization reaction thanks to its better solubility [56]. For this reason, the
development of catalytic systems capable of producing FDMC directly from HMF (Scheme 3) received
attention recently. Au-based catalysts have been successfully applied for the oxidative esterification of
alcohols [71-74] and were also explored for the transformation of HMF.

0 o, 9 HO 0
R H)‘\@/‘(O/ — \O/\\@/‘(O/
HO” \ J o~ / j
%(idation

o MeOH o} o 2 QA o ¢
— -—
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furfural \ o~
urrural o

Scheme 3. Proposed mechanism for the oxidative esterification of HMF and furfural. (Adapted
from [56] Copyright 2004, Willey and [58], Copyright 2015, RSC Publishing).

The first example of esterification of HMF to produce dimethyl-2-furoate required the use of a
base [75]. Subsequently, Corma et al. reported an Au/CeO; catalyst able to perform the reaction under
base-free conditions [56]. This catalyst displayed full conversion of HMF in a 2 h reaction, but formed
FDMC with a yield >99% within 5 h of reaction. The catalyst was compared with other Au-based
catalysts using different supports (TiO,, activated carbon (AC), and Fe,O3), as shown in Figure 5.
Au/AC and Au/Fe,O3 presented negligible yields of FDMC after 24 h, even if the latter presented the
highest TOF for the conversion of HMF. Au/TiO, was able to provide 96% yield of FDMC after 24 h,
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but only 40% after 5 h, meaning that the reaction rate was lower compared to Au/CeQO,. Experiments
with pure CeO, showed up to 61% conversion after 24 h with the formation of large amounts of acetal,
but no ester. In addition, the test performed in the absence of an oxidant (under N, flow) resulted in
58% conversion with similar formation of acetal and 3.8% yield of the oxidation product (monoester
alcohol). These results indicate some intriguing characteristic of this support, because the substrate
is converted even in the absence of oxygen. The authors assumed that this nanoparticulated ceria
acts as an oxygen supplier to the system by releasing and adsorbing oxygen through a redox process
involving Ce*" /Ce3* [76]. Previous studies detected the formation of peroxo and superoxo species in
monoeletronic defects of nanoceria [69]. Thus, the improved activity in the oxidative esterification of
HMF was attributed to the support containing appropriate Lewis acid sites that are capable of forming
those intermediates during the reaction. The addition of water to the reaction medium showed a
negative effect, as lower initial rates were observed when increasing the amount of water to 10%
and 20%. With 20% of water, the reaction was not completed even after 30 h, reaching only 68% of
FDMC. Although possible, the addition of water did not favor the formation of FDCA. The authors
assumed that the presence of water may prevent the formation of metal-alcoholate adducts on the
active sites, which are essential for the reaction to occur, and consequently, it disfavors the formation
of hemiacetal. Therefore, this explains why it is so challenging to develop catalysts that work in a
base-free aqueous phase.

100
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0 onv

Yield

a a
Au/Fe20s Au/AC  Au/TiO: Au/TiO2 Au/CeO:

Supported Au-based Catalysts

Figure 5. Comparison of the catalytic activity of Au-based catalysts for the aerobic base-free oxidative
esterification of HMF. (a) HMF 0.2 mL (2 mmol), methanol (20 mL), HMF/metal = 300 (mol/mol), O,
(1.0 MPa), 403 K, reaction time 24 h. 2. reaction time 5 h. (Adapted from [56], Copyright 2004, Willey).

Mechanism of HMF Oxidation

The mechanism of HMF oxidation can follow two routes as shown in Scheme 2 (1) the carbonyl
group is first oxidized to a carboxylic group to form the monoacid 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), and then the hydroxyl group is oxidized to an aldehyde group, forming the
5-formyl-2-furancaboxylic acid (FFCA); (2) the alcohol group is first oxidized to a carbonyl group,
forming 2,5-diformylfuran (DFF), and then the carbonyl group is oxidized to a carboxylic group,
forming 5-formyl-2-furancaboxylic acid (FFCA); FDCA is formed through the oxidation of a carbonyl
group in FFCA. The reaction pathways over different supported metal catalysts depend on the
reaction medium and on the metal used. Apparently, pathway 1 (Scheme 2) is favored under basic
conditions and in the presence of Au-based catalysts [77]. The oxidation of the alcohol group is
the rate-determining step when using an Au catalyst, thus the formation of HMFCA is favored.
Casanova et al. observed the formation of HMFCA when using Au/CeO, and Au/TiO, catalysts
for the oxidation of HMF in a basic medium [56,78]. HMFCA was the only intermediate detected,
which, according to the authors, might derive from the rapid conversion of FFCA to FDCA through a
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hemiacetal intermediate. The basic medium favors the formation of HMFCA, because the aldehyde
group is believed to undergo a rapid, reversible hydration to a geminal diol through the nucleophilic
addition of a hydroxide ion. The subsequent step, in which the geminal diol undergoes 3-hydride
elimination to form a carboxylic acid, is also facilitated by the hydroxide ions adsorbed on the metal
surface [3]. Recently, some insights into the mechanisms were reported [3,79]. Zope and co-workers
used an isotope-labeling technology in order to understand the formation of the intermediates.
According to their study, the role of O, is to remove electrons from the metal surface, oxidize
metal-hydride bonds, and regenerate the hydroxide ions. According to their study, the four oxygen
atoms incorporated in the FDCA molecule arise from water. In the absence of a base, however,
a different mechanism had to be considered, and the characteristics of the support could drive the
reaction to a different pathway. Erbitani and co-workers [68] studied the reaction mechanism for
the synthesis of FDCA using the Au/HT catalyst. They showed that FDCA did not form through a
free radical mechanism, but the reaction rather proceeded through the formation of HMFCA. HMF
is readily oxidized to HMFCA even at room temperature through the formation of a hemiacetal
intermediate. The authors claimed that the oxidation of HMF follows this pathway because of the
basicity of HT. The rate-determining step is the transformation of HMFCA to FFCA, in which the
alcohol group is oxidized via a 3-hydride elimination, assisted by the HT basic sites. Once FFCA is
formed, it is rapidly converted to FDCA through the formation of a second hemiacetal intermediate.
This mechanism was supported by the observation of a temperature dependence of the products
distribution. With the increase of temperature, the HMFCA yield decreased, while the FDCA yield
increased. Therefore, the observations regarding the mechanism of HMF oxidation under base-free
conditions using Au/HT were similar to those reported by Casanova et al. On the other hand,
Wang et al. [56,69] observed DFF and FFCA as intermediates for the base-free oxidation of HMF using
the Au-Pd/CNT catalyst. In this system, the oxidation of the alcohol group was faster than that of
the aldehyde group. For the monometallic version of the catalyst Au/CNT, the aldehyde portion was
oxidized forming HMFCA similarly to what observed for the other Au-based catalysts, whether in
base-free (Au/HT) or basic medium (Au/CeO; and Au/TiO,). However, HMFCA mainly underwent
ring opening and degradation reactions to byproducts. The monometallic Pd/CNT catalyst followed
the same reaction pathway as the bimetallic Au-Pd/CNT. The addition of Pd to the Au/CNT catalyst
changed the reaction pathway towards the formation of DFF by facilitating the oxidation of the alcohol
group. Moreover, the oxidation of FFCA to FDCA was favored by the incorporation of Pd in the
catalyst, and this, according to the authors, is a difficult elementary step over Au-based catalysts under
base-free conditions.

4. Base-Free Furfural Oxidation

For decades, studies have been directed towards the hydrogenation of furfural for the production
of fuels, such as tetrahydrofuran and 2-methyltetrahydrofuran [12]. However, the oxidation of furfural
can also lead to very interesting products, such as furoic acid, maleic acid, and succinic acid [80].
Considering that Au-based catalysts have shown great potential for the aerobic oxidation of many
substrates in water, their use in the oxidation of furfural would be advantageous. To the best of
our knowledge, Au-based catalysts for the production of furoic acid, maleic acid, or succinic acids
under base-free conditions have not been reported yet. On the other hand, Au-based catalysts
have been successfully applied for the oxidative esterification of furfural to produce alkylfuroates.
Methyl-2-furoate is used as a flavor and fragrance as well as in other processes in fine chemical
industry [81,82]. The first example of esterification of furfural to produce methyl-2-furoate required the
use of a base [75]. However, the high performance of the Au/CeO; catalyst under base-free conditions,
reported by Casanova et al., inspired the development of Au-based catalysts for the base-free oxidative
esterification of furfural [56]. Results obtained by different research groups for this reaction with
Au-based catalysts with different supports are shown in Table 3. Studies from Signoretto’s group
reveals that the catalysts” performances in the absence of a base followed the order: Au/ZrO; >
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Au/CeO; >> Au/TiO, [82]. According to the authors, ZrO, is able to provide high Au dispersion
and suitable acid-base properties. For this reason, Au/ZrO, has been widely explored also for this
reaction [82-85]. Apparently, the addition of dopants, such as sulfates [82-84], increased the catalytic
activity. The authors assumed that the dopants in the support enhance the support’s surface area
and acidity and retard crystallization [85]. The effect of calcination on the catalytic activity was also
evaluated [82,83,85]. The studies indicate that high temperatures provided more active catalysts.
However, calcination temperatures higher than 500 °C resulted in particles growth and in the increase
of particle size distribution. Studies on Au/CeO, were also performed by Ampelli et al. regarding the
calcination of the support prior to the preparation of the catalyst, and the calcination of the catalyst
as a post treatment step [86]. The results revealed that the thermal treatment was beneficial in both
cases; therefore, the catalyst in entry 21 (pretreatment at 300 °C and post-treatment at 500 °C) was the
most active.

Table 3. Base-free oxidative esterification of furfural with supported Au NPs.

Particle T Calc. T?2 Time Oxidant Conversion MF Select.

Entry Catalyst Sizemm)  (C) (C)  (h)  (MPa) (%) %) Ref.
1 1.2% Au/TiO, 42 30 120 15 06 20 92
2 2.2% Au/CeO, 2.0 650 120 15 0.6 66 92 [81]
3 1.0% Au/ZrO, 23 650 120 15 06 8 66
4 0.4% Au/ZrO, 23 200 120 6 06 63 10
5 0.4% Au/ZrO, 23 400 120 6 06 99 95 [82]
6 1.0% Au/TiO, § 23 250 120 6 06 73 31
7 15% Au/ZrO, 18 150 120 3 06 99 94
8 15% Au/ZrO, 19 30 120 3 06 98 94 ]
9 1.5% Au/ZrO» 27 50 120 3 06 100 98 :
10 1.5% Au/ZrOy 49 600 120 3 06 57 76
11 1.2% Au/ZrO, - 400 130 15 03 90 99 51
12 15% Au/TiO, wee ; ) 180 15 03 63 62
13 1.5% Au/ZrO, 17 180 120 15 06 100 100
14 15% Au/ZrO, 5.0 600 120 30 06 40 70 [85]
15 15% Au/TiOs wee 38 400 120 30 06 90 65
16 2.1% Au/CeOj 90+ 3.1 30 120 15 06 29 100
17 13% Au/CeO; 110-0) 77 30 120 15 06 29 100
18 1.4% Au/CeOy 300 -0y 77 300 120 15 06 54 100 561
19 2.1% Au/CeOj 90+ 32 50 120 15 06 6 100
20 1.3% Au/CeO; (110-0) 7.9 50 120 15 0.6 28 100
21 1.5% Au/CeO; 300 -0) 8.4 50 120 15 06 74 100

2 Reaction conditions: 100 mg of the catalyst, 300 uL of furfural (3.62 mmol) and 150 mL of methanol. Furfural/Au
ratio = 300~1800 (2.2-0.4% Au, respectively), § AUROlite. WGC: World Gold Council. All catalysts were prepared
by the deposition—precipitation (DP) method.

Mechanism of Furfural Oxidation

The understanding of the mechanism of the base-free oxidation of furfural is as highly desirable
as the development of active Au-based catalytic systems. For the oxidative esterification of furfural,
a mechanism was proposed taking into account the pathways suggested by Casanova et al. [56] for
the oxidative esterification of HMF (Scheme 3). According to this study, furfural can first form a
hemiacetal intermediate that could not be detected by gas chromatography (GC). This intermediate
can then follow two pathways: (1) oxidation, or (2) acetylation. In pathway 1, the hemiacetal
is directly oxidized to the ester 2-methylfuroate, whereas in pathway 2, the hemiacetal is first
converted to 2-furaldehyde-dimethyl-acetal and then oxidized to the ester. In Casanova’s study,
the Au/CeO; catalyst favored the first pathway rather than the second pathway, although the latter
is thermodynamically favored [56]. Menegazzo et al. investigated the reaction mechanism of the
oxidative esterification of furfural using the Au/ZrO; catalyst [84]. The catalyst allowed almost full
conversion in 90 min, with 100% selectivity towards the ester. To clarify the mechanism, some tests
were performed: (1) a blank test where no conversion was observed in the absence of a catalyst,
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indicating that the presence of a catalyst is crucial for the catalytic activity; (2) a reaction performed
using furoic acid as a substrate, which did not produce the ester, indicating that the reaction pathway
does not pass through the formation of the acid; (3) a support test where the full conversion of furfural
was obtained with ZrO,, but acetal was the only product (this result highlights the importance of Lewis
acidity of ZrO, in providing the specific sites for the reaction); and (4) an acetal test where the acetal
formed in the previous test was filtered and reacted with methanol in the presence of the Au/ZrO,
catalyst, in order to verify if the ester could form from the acetal. The results indicated that the
acetal was not converted, confirming the stability of this product, already reported by Casanova et al.
This means that for Au/ZrO; the reaction occurs through pathway 1, i.e., by direct oxidation of the
hemiacetal intermedjiate.

5. Factors Influencing the Activity in the Oxidation on Gold-Based Catalysts

5.1. Effect of the Size of the Gold Particles

Many studies have shown that the catalytic activity of gold is dependent on the crystal planes
step density because the energy barrier of oxygen on these steps is lower, allowing the easy release of
active oxygen and accelerating the oxidation reaction [87-92]. Therefore, the catalytic activity of Au
NPs will be directly governed by their particle size, and this parameter should be effectively controlled.
Different preparative methods for gold colloids are known, most of them based on the reduction of
tetrachloroauric acid HAuCly [87]. Luo et al. [93] found that the size and shape of the nanoparticles are
generally controlled by external factors such as time, precursor, reaction temperature, and surfactant
concentration. It was stated that the lack of an external influence eventually leads to the uncontrolled
growth of the nanoparticles. This could be responsible for the loss of the nanoscale properties of
materials. Various authors found that glucose oxidation catalyzed by gold nanoparticles produces
hydrogen peroxide (H;O;) in situ. In the presence of the gold precursor (HAuCly), it provokes the
particles” growth, which is responsible for the decreased activity and surface passivation with gluconic
acid (the product of the reaction), leading to the deactivation of the system [93]. Megias et al. [94]
prepared and immobilized a series of gold colloids on commercial activated carbon. The influence and
the stability of the colloid preparation were studied and related to the gold particle size in the final
catalyst. The ratios between PVA and Au, and NaBH,4 and Au were studied. Two limiting values were
found for the achievement of a stable colloid and of a homogeneous particles size distribution: the
PVA /Au ratio that should be superior to 0.85, and the NaBH,4/Au ratio that should be superior to 3.
The catalysts showed an important activity in the glucose to gluconic acid oxidation reaction, leading
to a yield of gluconic acid close to 90% in base-free, mild conditions. The size—activity correlation and
probable mechanism were also discussed. The structure and size sensitivity indicated the optimal
size, showing maximum conversion for particles of around 9 nm, although after normalization to the
exposed surface gold atoms (expressed in turnover frequency (TOF)) this optimal size of gold particles
moved in the 15-20 nm range, pointing out a possible influence of the glucose adsorption step on
the reaction mechanism. In addition, the catalysts showed a very good recyclability with a loss of
activity of only 10% after the forth cycle [94]. Ishida et al. [39,40,95] also demonstrated that the size of
Au nanoparticles supported on metal oxides during glucose oxidation strongly influences the overall
TOFs. They concluded that the reaction occurs at the surface of the Au particles. The same trends were
observed for the base-free catalytic oxidation reactions.

5.2. Effect of the Support

Au NPs can be immobilized on metal oxides, activated carbons, zeolites, and other supports
by different methods of preparation, including impregnation, precipitation, sol immobilization, or
microemulsion. Depending on the catalytic ability of the support itself, oxide supports are divided
into active supports, such as Fe;O3, TiO,, Co30y4, etc., and inert supports, like MgO, Al,O3, and SiOs.
For Au-based catalysts supported on active materials, the dominant reaction pathway involves the
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adsorption of a mobile, molecular oxygen species on the support and the dissociation at the interface,
which supplies reactive oxygen. For Au supported on inert materials, where the oxygen supply most
likely proceeds via a direct, dissociative adsorption on the Au particles, the size of the latter plays a
crucial role. Moreover, the impact of the support on the catalytic activity also depends on the type of
catalyzed reaction. Ishida et al. [39,40] reviewed the impact of supported gold catalysts on the catalytic
oxidation of glucose. Contrary to the gas-phase CO oxidation, for glucose oxidation, the catalytic
activity of Au NPs was influenced more significantly by the size than by the nature of the support.
The TOF per surface Au atom confirmed these results (Table 4). The selectivity towards gluconic acid
remained constant and high (above 98%). Therefore, after choosing a suitable support, more attention
should be paid to the influence of the preparation method on the size of the Au NPs.

Table 4. Turnover frequencies for glucose oxidation (glucose reacted (mol) per number of surface Au
atoms (mol) per second) versus the diameter of the Au particles.

Support Al,03* ALO3® Zr0O,? ZrO,® TiO,? CeO,? CeO0,2 NPC? AC?
Au particles size/nm 2.6 4.4 3.3 3.6 29 4 4.1 24 5.4
TOF/molgiycoseMOlsyrfacean 1 41 7 45 28.5 24 19 22 3 10

ab indicate samples prepared by SG and DP, respectively. Reaction conditions: 5 wt % glucose solution (175 mL),
Au catalyst (30 mg), O, (120 mL/min), 50 °C, pH 9.0. Adapted from [40], Copyright 2008, Willey.

Although the size dependencies on the TOF values was not the same as that observed by
Comotti et al. [47], the size of the Au particles plays a leading role. In the case of oxidation carried
out in the liquid phase, the oxidation occurs at the Au NP surfaces and not at the perimeter interfaces
between the Au particles and the supports, as suggested for the CO oxidation. The activation energy is
not the same on different supports. It could be concluded that metal oxide supports affect the gold
clusters electronically.

Megias-Sayago et al. [46] have reported the base-free oxidation of glucose using molecular oxygen
over various Au-supported catalysts. The different supports screened were Al,O3 and CeO; as simple
oxides, and CeO; (20 wt %)/Al,03, CeO, (25 wt %)/ZrO;, and CeO, (50 wt %)/ZrO, as mixed
oxides. The effects of the support, reaction time, temperature, and stirring rate on the catalytic activity
and product distribution were evaluated. Catalysts were prepared using the direct anionic exchange
method (DAE) assisted by ammonia. X-ray diffraction (XRD) and transmission electron microscopy
(TEM) were performed for the different catalysts. Catalytic tests for the different catalysts showed
approximately the same conversion of glucose with a value of 75% in all cases, after 18 h of reaction at
120 °C. Both the selectivity and the activity were influenced by the support. The TOF calculated on the
basis of Au dispersion for the different catalysts showed that the activity was in the following order:
Au/Al > Au/Ce/Al > Au/Ce/Zr > Au/Ce50/Zr > Au/Ce. When comparing the selectivity towards
gluconic acid, the results showed that alumina-supported samples presented the highest selectivity
(95%), followed by Au/Ce/Al and Au/Ce. Conversely, zirconia containing samples showed the lowest
selectivity towards gluconic acid, favoring some lactic acid formation. Moreover, lactic acid formation
was favored at low temperatures and low stirring rates. Au/Al was tested for reusability, and gold
metal leaching led to a drop in the conversion of glucose and a loss of catalytic activity.

5.3. Stability

Wang et al. [44] studied the stability of Au supported on metal oxides for the oxidation of glucose
without base addition. Reactions were carried out at 65 °C and 0.23 MPa for 6 h with a glucose/Au
molar ratio of 140. Approximately 30% and 60% decreases in conversion were observed for Au/n-CeO,
(nanosized CeO,) and Au/n-CeO;, respectively. According to the report, the relatively more stable
nature of the Au/n-CeO, catalyst was due to the low surface density of the Au NPs and to the
presence of more anchoring sites that could prevent the growth of the Au NPs. Generally, in the
case of the base-free oxidation of glucose, deactivation of the catalysts is observed following the
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adsorption of acids on the catalysts' surface (Table 5). Some authors claimed that the reactivation of
the catalysts could be done by calcination. However, the calcination step would lead to a severe loss of
activity because the diameter of the Au NPs is obviously larger than that of the as-prepared catalyst.
Miedziak et al. [6] also reported a drastic decrease in activity for a bimetallic Au-Pd NP catalyst, giving
a conversion of less than 20% when used a second time. The conversion could be improved by only
5% through a calcination treatment.

Table 5. Recyclability of Au-based catalysts in base-free oxidation of glucose.

Catalyst First Run Second Run Third Run Fourth Run Ref.
AuPd/MgO 62.0 244 18.7 - [6]
Au/CMK-3 92.0 - - 70.0 [4]
Au/nCeO, 88.0 69.0 62.0 56.0 [44]

Au/CeO, 88.0 53.0 40.1 31.1 [44]

Qi et al. [43] discussed two different regeneration methods, including NaOH treatment and
calcination, for an Au/CMK-3 catalyst that had gradually lost its activity upon recycling during
glucose oxidation. On the basis of their results, the used catalyst treated with 50 mL of 0.1 mol/L
NaOH for 30 min at 90 °C showed the best performance, with 87% conversion. The characterization
indicated that after the recycling experiments, abundant carboxylic acids were adsorbed on the surface
of the catalyst, and this was the predominant factor that caused deactivation. Both NaOH treatment
and calcination could effectively remove the adsorbates, and atmospheric calcination was more efficient
in this frame. However, given the appearance of large particles during the calcination procedure, the
NaOH treatment method seems more appropriate. Therefore, one can conclude that NaOH treatment
is a very simple and useful way to regenerate used catalysts that suffered from adsorbate deactivation
during glucose oxidation.

5.4. Effect of the Reaction Temperature

The conversion of glucose was found to be highly dependent on the temperature, and 100%
conversion was reached at 150 °C. However, as shown in Table 6, the yield of acid decreased drastically.
Indeed, the formation of different byproducts was observed (several peaks in the HPLC spectra). The
highest yield of the corresponding sugar acid was achieved at the temperature of 70 °C. Above this
temperature, several other overoxidation products appeared, as a result of thermal decomposition and
polymerization. A similar trend of decreased selectivity as the temperature increased was reported
on Au/CeO; [25] and Au/CMK-3 catalysts [43] for base-free oxidation of glucose. At a relatively
low temperature (namely, 70 °C), no byproduct was observed (Table 6). When the temperature was
increased, some byproducts appeared.

Table 6. Oxidation of glucose by Au/CeO; catalyst as adapted from [25], Copyright 2016, Elsevier.

Temperature (°C) Time (min) Conversion (%) Acid Yield (%)
70 240 12 12
110 240 65 53
130 240 89 48
150 240 100 23

The effect of temperature on cellobiose conversion was studied by Cao et al. [49,96,97]. It was
found that the increase in the temperature from 130 to 140 °C increased the conversion from 32 to
52%, and the gluconic acid yield from 7 to 21%. However, no change in the conversion was observed
after a further increase of the temperature to 150 °C. As expected, the increase to 160 °C decreased
the conversion by 10% and significantly decreased the gluconic acid yield (Table 7). According to the
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authors, this decline in activity and selectivity was explained by the deposition of carbon species on
the catalyst surface. This deposit could be favored at high temperatures and could be responsible for a
lower number of active sites. Moreover, other side products, such as glycolic acid and glucaric acid,
were observed at high temperatures [49].

Table 7. Effect of the reaction temperature on cellobiose oxidation as adapted from [49], Copyright

2017, Willey.
Temperature (°C) Time (min) Conversion (%) Acid Yield (%)
130 60 32 7
140 60 52 21
150 60 52 28
160 60 40 15

Reaction conditions: Cellobiose 0.20 g, water 20.0 g, catalyst 0.05 g, reaction time 1 h, O, 0.3 MPa.

6. Conclusions

To sum, the oxidation of low molecular weight sugars and furan derivatives using gold-based
catalysts and different operating conditions have been reviewed. When working in base-free conditions,
itis necessary to engineer advanced heterogeneous catalysts to obtain highly efficient processes without
the use of hazardous and dangerous chemicals. Progress in this field was made starting from the simple
monometallic Au-supported catalysts that were followed by the incorporation of other metals into
the system. The local basicity derived from the support or from the second metal plays a crucial role.
It is now well established that supported gold nanoparticles exhibit the best catalytic performances in
oxidation processes. The results obtained for bi- and trimetallic systems confirmed that the presence of
multiple metals improves the catalysts in comparison with monometallic systems. A simple change in
the metal-to-metal ratio changes the catalytic results, which offers the advantage of fine-tuning the
catalytic system, and allows to obtain highly efficient catalysts for base-free oxidation. Moreover, gold
catalysts have the potential to be used for the industrial oxidation of different kinds of compounds
(such as carbohydrates, alcohols, furanics, aldehydes). However, more knowledge in this field is
needed. Even though it was possible to obtain high performances and high selectivity, the catalysts
developed up to now are not able to yield high rates or to maintain their activity in an acidic or neutral
media. Even though gold catalysts can oxidize C5-C6 sugars, HMF, or furfural without the need
of base addition, catalyst deactivation issues must be solved. The deactivation of the catalysts may
occur because of the leaching of the metal in acidic media or because of the saturation of the catalyst
surface with adsorbed products or byproducts. The oxidation in neutral or acidic media gives the
advantage of the direct formation of the desired acid in a one-step reaction. The use of unwanted
and environmentally dangerous chemicals, such as NaOH, could be eliminated, which is positive
from an economical point of view (increase of the equipment lifetime as a result of the elimination of
strong corrosive media, elimination of the final gluconate acid transformation). Thus, it is important to
focus on the preparation of catalysts that will have better activity and stability in base-free conditions.
Despite the importance of this field of research, the literature is still limited to few examples.
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