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Abstract

:

The heterogeneous catalytic partial oxidation of alcohols and aldehydes in the liquid phase usually needs the addition of a homogeneous base, which in turn makes the products’ recovery cumbersome, and can further induce undesired side reactions. In the present work, we propose the use of novel catalysts based on metallic Au, Pd and bimetallic AuPd nanoparticles embedded in a titanosilicate matrix. The as-prepared catalysts showed good efficiency in the base-free partial oxidation of furfural and 5-hydroxymethylfurfural. Au4Pd1@SiTi catalyst showed high selectivity (78%) to monoacids (namely, 5-formyl-2-furancarboxylic acid and 5-hydroxymethyl-2-furancarboxylic acid) at 50% 5-hydroxymethylfurfural (HMF) conversion. The selectivity even reached 83% in the case of furfural oxidation to furoic acid (at 50% furfural conversion). The performances of the catalysts strongly depended on the Au–Pd ratio, with an optimal value of 4:1. The pH of the solution was always below 3.5 and no leaching of metals was observed, confirming the stabilization of the metal nanoparticles within the titanosilicate host matrix.
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1. Introduction


5-hydroxymethylfurfural (HMF) is one of the top 12 highly valued compounds identified early as promising platform molecules within the frame of the development of biorefineries [1,2,3,4]. HMF is readily obtained by the dehydration of glucose and through the intermediate isomerization of fructose, the glucose being potentially obtained by cellulose hydrolysis [2,4]. The shared enthusiasm around HMF lies in its great versatility in enabling the production of a wide variety of fuels and high value-added chemicals [2,4,5]. In particular, the products obtained via partial oxidation processes are of high interest for the chemical and polymer industries. Such derivatives have the potential to replace petrochemical-based monomers [2,6]. Indeed, 2-,5-furandicarboxylic acid (FDCA), for example, is used for the synthesis of polyethylene furoate (PEF), which is a promising alternative to polyethylene terephthalate (PET). In addition to being a green alternative, PEF does not bio-accumulate and is biodegradable [6].



Like HMF, furfural is also attracting much attention. It is also part as of the aforementioned highly valued compounds list, with a very high potential for biorefineries development [1,2,3,4,7]. It is generally obtained from hemicellulose, mainly via the hydrolysis of xylose polymers and subsequent dehydration. The partial oxidation of furfural gives furoic acid (furan-2-carboxylic acid), which has various applications in the agrochemical, flavor, pharmaceutical, and fine chemistry industries.



HMF and furfural oxidation reactions can be carried out using different methods, including chemical oxidation, biochemical transformation and homogeneous or heterogeneous catalytic conversions [8,9,10]. However, there are still several drawbacks related to the difficulties in the control of undesired side product formation and the final separation step. Moreover, very often, the oxidation is carried out in the presence of an inorganic base, such as NaOH or KOH. Basic media can be responsible for HMF and furfural degradation. Indeed, placing HMF or furfural under high pH conditions in the absence of a catalyst yields high substrate conversion, but without the formation of the desired oxidation products. The formation of a black precipitate-like compound is frequently observed, which is attributed to the formation of humins [11,12,13,14]. A high pH of the medium also favors the formation of low molar weight acids such as levulinic acid and formic acid, consecutively to C–C bond cleavage. Previous studies [12,13,14] show that the challenge in developing catalysts for furfural and HMF partial oxidation lies in the design of heterogeneous catalytic systems capable of maintaining high activity and selectivity while getting rid of the use of a homogeneous base. Regarding Au catalysts, strategies to prevent the use of a base consist of adopting a basic and/or nanometric support and/or adding a second metal (bimetallic). In the latter case, Au with high selectivity forms bimetallic nanomaterials that can combine the advantages of different components at the atomic level. It can also increase catalytic activity and stability in oxidation reactions of organic compounds in water [15,16]. Therefore, the development of a titanosilicate support in which Au, Pd and bimetallic AuPd nanoparticles are encapsulated should increase the stability of the catalysts while preventing leaching of the metal.



Herein, we report a study of embedded catalysts for base-free furfural and HMF partial oxidation. Novel AuxPdy@SiTi nanomaterials were developed, where the AuPd nanoparticles were embedded in a titanosilicate matrix (Scheme 1). Different Au–Pd ratios were used in order to optimize base-free furfural and HMF partial oxidation to the desired compounds.




2. Results


In this work, two different oxidation reactions were studied. The AuxPdy@SiTi systems were first used in HMF oxidation to identify/optimize the main factors governing the activity of bimetallic AuPd nanoparticles during the base-free oxidation reaction in water using O2 as oxidant. Au@SiTi and Pd@SiTi monometallic catalysts were also developed to understand the effect of AuPd’s alloying activity by comparison with their bimetallic counterparts (Figure 1). The Au–Pd ratio was varied in bimetallic catalysts from Au4Pd1@SiTi to Au1Pd4@SiTi, and the effect of Au or Pd enrichment in the alloy on catalysis activity and selectivity was evaluated. In addition, the corresponding supported versions of the embedded catalysts, denoted as Au4Pd1/SiTi, Au1Pd1/SiTi and Au1Pd4/SiTi, were also synthesized for comparison (Figure 1).



Initially, AuPd equimolar catalyst was synthesized, characterized and evaluated. Au1Pd1@SiTi with Au–Pd molar ratio of 1 was prepared using equivalent quantities of APTES and TIP (500 mg) for comparison to its monometallic counterparts (Au@SiTi and Pd@SiTi). The catalysts were prepared using preformed NPs, which were stabilized by sodium citrate and reduced by NaBH4 in a well-known and reproducible method [17] to provide Au, Pd and AuPd nanoparticles of about 4 nm. The as-prepared nanoparticles were then soaked in a mixed titanosilicate oxide and had their size preserved after immobilization in the support (as represented in Scheme 1). Embedded Au1Pd1 nanoparticles were monodispersed with a mean size of 3.8 ± 0.8 nm (Figure 2). Following this, two other catalysts with Au–Pd molar ratios of 4:1 and 1:4 (Au4Pd1@SiTi and Au1Pd4@SiTi, respectively) were synthetized and characterized. In both cases, the mean particle size was again about 4 nm (Figure 2).



Considering the same metal loading (ca. 2.2 wt.%, Table 1) and particle size, the catalytic performances are expected to be governed mainly by the interaction of the metal with the support and by the chemical composition of the bimetallic nanoparticles. The formation of Pd-rich or Au-rich nano alloys can particularly strongly affect the catalytic activity. The Brunauer-Emmett-Teller (BET) analysis showed that different porosities were obtained for the embedded samples. The BET surface area of the Au4Pd1@SiTi sample was twice as big as that of Au1Pd1 sample (78 and 39 m2/g, respectively). No result was observed for the Pd-rich sample (BET surface area of <1 m2g−1) after being performed twice. This could be due to the collapse of the structure during the degassing step (150 °C) or the complete filling of the pores by the organic precursors.



The high-resolution transmission electron microscopy (TEM) images and Energy Dispersive X-Ray Spectrometry (EDS) analysis of the Au1Pd1@SiTi catalyst are shown in Figure 3. This sample was chosen because of the equimolar Au:Pd ratio. It was confirmed that the encapsulation of the bimetallic nanoparticles in SiTi preserved the mean particle size. Moreover, chemical mapping of the images suggested some segregation of Au and Pd in the NPs. A core shell structure with a Pd-rich shell was formed. Regarding the titanosilicate structure, Si and Ti were uniformly distributed in the solid, but Ti seemed to surround the bimetallic nanoparticles (Figure 3).



All catalysts were characterized by inductively coupled plasma optical emission spectrometry (ICP-OES) to determine their Au, Pd, Si and Ti contents (Table 1). The Au–Pd ratios for the catalysts were reasonably consistent with the expected values, resulting in catalysts with about 2.2 wt.% of metal loading (for embedded catalysts). Higher amounts of metals were obtained for the supported Au1Pd1/SiTi and Au1Pd4/SiTi samples (about 3.3 wt.%). In the case of the Au4Pd1/SiTi sample, the metal loading reached 6 wt.% (Table 1). In all cases, the Ti–Si ratio was close to 4.



X-ray photoelectron spectroscopy (XPS) analysis confirmed that AuPd nanoparticles were embedded in the Si–Ti matrix. The results can be seen in the Table 2 below. It can be clearly observed the strong decrease in the Au and Pd content for the embedded samples as compared to the corresponding supported catalysts. This can be explained by the covering of the metal nanoparticles with the oxide phases.



A good accordance between the surface (XPS) and bulk analyses (XRF, ICP) was observed in term of chemical composition. As can be seen from Table 1 and Table 2, the molar ratio between both metals is similar for all techniques used. This could be explained by the homogeneous composition of the bimetallic nanoparticles.



The solids had Ti contents much higher than expected (theoretical Si–Ti value of 60:40), thus with relatively low amounts of Si (actual average Si–Ti ratio of 15:85). Under these conditions, the hydrolysis of the precursors may not be complete; in particular, APTES (silica precursor) could remain in the solution, which explains the higher Ti content as compared to the expected ones and also the fact that the Si–Ti ratio is the same for all the synthetized embedded samples. The catalysts were also characterized by XRF analysis (Table 1), and the Au–Pd and Si–Ti ratios were found the same as those obtained by ICP-OES. The XRF values were closer to the theoretical ones. The Au–Pd molar ratios of 4:1, 1:1 and 1:4 were confirmed by ICP and XRF analyses.



2.1. HMF Oxidation


Effect of Au:Pd Ratio on Catalytic Activity


The results of HMF oxidation are presented in Figure 4 and Figure 5, and, as expected, all the catalysts were active. Variation in the AuPd composition affected both conversions and selectivities, with better catalysts being obtained when the Au proportion was increased in the bimetallic systems (Figure 4a). A volcano profile was observed when plotting the conversion observed after 24 h as a function of the catalysts’ composition (Figure 4b), where a maximum activity was reached for the Au4Pd1 gold-rich composition. The distribution of the products was also greatly affected by the composition variation (Figure 5). Pure Au favors the formation and accumulation of 5-hydroxymethyl-2-furancarboxylic acid (HFCA), as already observed in a previous study focused on Au catalysts in different supports [18]. The addition of Pd makes possible the formation of 2,5-diformylfuran (FDC) by the chemisorption of HMF via the aldehyde group [19], which was detected in all AuPd (Figure 5b) and pure Pd compositions (Figure 5c). In the Au-rich Au4Pd1 composition, the formed FDC was quickly consumed, leading to higher yields of furandicarboxylic acid (FDCA) (Figure 5).



The activity of the embedded catalysts was compared to that of corresponding supported conventional materials (Table 3). Au/TiO2 and Au/ZrO2 catalysts were also studied for comparison (Table 3, Entries 8 and 9).



The conversion of HMF observed for the embedded samples after 24 h (Table 3, Entries 1–3) was strongly influenced by the composition of the bimetallic nanoparticles. The maximum level of conversion was obtained for the rich gold sample (Au4Pd1@SiTi) and the lowest for the Pd-rich sample (Au1Pd4@SiTi). Interestingly the performances of the monometallic Au and Pd samples (Table 3, Entries 8 and 9 respectively) were low and close to that of the Pd-rich Au1Pd4@SiTi sample. Very low activity was observed for the supported catalysts (Table 3, Entries 4–6). Moreover, important differences in FDCA selectivity were also observed. Indeed, the Au4Pd1@SiTi sample (Figure 6) was much more selective to FDCA after 24 h than the two other samples (Figure 6a). A conversely higher selectivity to HFCA was observed for Au1Pd1@SiTi (Figure 6a). Almost no FDCA formation was observed for the supported materials (Figure 6b). In contrast to the embedded samples, the FDC was the main product formed in the case of the supported catalysts.



As the total metal content was similar for all samples, the activity in the case of embedded catalysts was strongly affected by the composition of the alloyed nanoparticles, which is in good agreement with data earlier reported [20].





2.2. Furfural Oxidation


Catalytic tests for furfural oxidation using Au, Pd and AuPd–titanosilicate catalysts were performed using air as an oxidant at high pressure (26 bar). The results showed that the catalysts were also able to oxidize furfural to furoic acid (FA) in the absence of a base (Table 4). However, in all cases, the carbon balance was quite low (Table 4). This could be explained by the degradation of furfural on the acid supports and/or the adsorption of furfural on the SiTi matrix.



The results presented in Table 4 highlight the synergistic effect of AuxPdy bimetallic catalysts compared to their monometallic Au and Pd counterparts. Au4Pd1 and Au1Pd1 were the most active samples, although the former led to a higher yield of FA. The Au4Pd1@SiTi catalyst presented a slightly higher performance (expressed in TON) than other compositions, which is also in good agreement with the HMF oxidation results presented above.



The effect of the stabilizing agent on catalytic activity was also evaluated when comparing Au, Pd and AuPd NPs stabilized with PVA and citrate (Table 4, Entry 9). The tests revealed no difference in activity, which means that both stabilizers were efficient in inducing an active catalytic formulation. No significant differences in mean particle sizes were observed for both stabilizers (ca. 3.8 nm with citrate and 4.1 nm with PVA). As observed above, a higher catalytic efficiency was achieved with AuxPdy@SiTi catalysts when compared to AuxPdy/SiTi supported catalysts (Table 4) for producing FA at higher yields. The exception was the Au4Pd1/SiTi catalyst, which has led to 50% of the FA yield; however, when considering the TON rates, embedded catalysts were more efficient (Table 4). It is important to highlight the efficiency of these titanosilicate-based catalysts when compared to titanium and zirconium catalysts (Table 4, Entries 10 and 11), as was already the case in HMF oxidation (Table 3). The latter achieved complete conversion in 10 h of reaction but showed low selectivity to FA. A blank test for the 2 h reaction showed a furfural conversion of 23%, selectivity to FA of 0%, carbon balance = 77%, and a conversion of 52% after 10 h of reaction, selectivity to FA of 0% and a carbon balance of 48% (Table 4, Entry 12). In the absence of a catalyst, it is not possible to obtain furoic acid, nor when using pure titanosilicate, although some conversion was observed. Apparently, some degradation through the formation of humins and humic acids occurred, considering that no other probable product was detected. This could also explain the low carbon balance values observed for the catalysts, since adsorption tests were performed and excluded the possibility of adsorption of FA or furfural in the pores and/or surface of the catalyst.





3. Discussion


Embedded systems exhibit a higher level of intermolecular interaction between embedded metallic nanoparticles and the oxide from the titanosilicate matrix as compared to classical oxide-supported metal nanoparticles. The synthesis method presented herein to produce embedded catalysts allows us to maintain high metal dispersion during utilization, even for relatively high metal contents. The degree of metal support interactions could be controlled, resulting in different stabilization mechanisms. Embedded metal nanoparticle catalysts present a covalent link between preformed AuPd nanoparticles (citrate or PVP method of preparation) and the growing support. This allows better thermal and chemical stability and also enables us to tune the selectivity in catalytic oxidation reactions as well as obtaining interesting yields even without base addition. Indeed, monometallic Au and Pd catalysts showed very low activity in the oxidation of furfural and HMF. This is in good agreement with the literature data. The activity of monometallic catalysts in base free oxidation is generally low due to the adsorption of products on the metal surface, impeding the conversion of the substrates into the final products. Up to now only Au supported on basic oxides such as MgO, CuO or hydrotalcites reached high reaction yields. This is due to the partial leaching of the support and in situ base formation, as discussed in [21].



Several oxidation steps occur during the aerobic oxidation of HMF. Moreover, all these steps could occur simultaneously (Figure 5). Depending on the active metal used for the reaction, the oxidation to FDCA could proceed through the formation of HFCA or FDC. The mechanism of the HMF oxidation follows two pathways: (1) in the first step, the aldehyde group is oxidized to carboxylic group to form 5-hydroxymethyl-2-furancarboxylic acid (HFCA). In the second step, the 5-formyl-2-furancaboxylic acid (FFCA) is formed due to the alcohol group oxidation to aldehyde; or (2) the hydroxyl group is oxidized to an aldehyde to form 2, 5-diformylfuran (FDC), and, in the second step, the oxidation of carbonyl group gives a monoacid: 5-formyl-2-furancaboxylic acid (FFCA). The FDCA is formed through oxidation of the aldehyde group of FFCA. It is well known that the reaction medium and catalyst composition govern the reaction pathway. Under high pH conditions (<7) the first pathway is favored, especially when gold-based catalysts are used [22]. As the oxidation of the alcohol group is the rate-determining step in the case of gold-based catalysts, the HFCA formation is generally favored. Casanova et al. [23] reported the formation of HFCA as the only intermediate detected on Au/TiO2 and Au/CeO2 catalysts in the HMF oxidation in basic medium. According to these authors, this might be due to the fast conversion of FFCA to FDCA. The formation of HFCA in basic medium is favored because of the aldehyde group, which can rapidly undergo hydration to a geminal diol. The further step, β-hydride elimination of the geminal diol to form a carboxylic acid, is also favored at a high pH by the OH− adsorbed on the metal surface. FDC and FFCA intermediate formation in base-free oxidation of HMF using AuPd/CNT catalyst was observed by Wang et al. [24]. The authors observed that the hydroxyl group oxidation was much faster than the aldehyde group. For the Au/CNT, the aldehyde group was oxidized, forming HFCA, as was also observed for the Au-based catalysts in basic medium (Au/CeO2 and Au/TiO2). However, in this case, the ring-opening reaction of HFCA occurred, forming side products. In the case of monometallic Pd and AuPd bimetallic catalysts the reaction pathway changed. The formation of FDC was observed, as Pd seems to facilitate the oxidation of the alcohol group. In addition, the rapid oxidation of FFCA to FDCA was favored in the case of the Pd samples. This is one of the limiting steps over gold-based catalysts under base-free conditions.



In order to confirm the base-free conditions during the furfural and HMF oxidation, pH measurements were performed during the reaction, as shown in Table 5. The furfural and HMF solutions are already acidic, showing a pH of 3.96 and 4.25, respectively.



The low pH observed due to acid formation after the oxidation reactions did not increase the leaching of the metals to the solution (which was confirmed by ICP analysis). Considering that the reactions occurred in an acidic medium, lower reaction rates are justified when compared to the reactions performed in a neutral or alkaline medium [20,25]. This means that the concept for the development of catalysts for reactions in aqueous medium in the absence of a base was successful, although the search for an increase in catalytic efficiency for these systems remains topical.



To benchmark the results obtained under base-free conditions, tests in the presence of a base were also conducted. The results are given in Table 6.



The HMF conversion was much lower in the case of Au4Pd1@SiTi sample in the presence of a base (37%) as compared to base-free conditions (Table 3, Entry 1). However, the selectivity to FDCA was much higher (17%) in the reaction carried out without the base as compared to that in basic conditions (3%). In both cases, the activity of the catalysts was affected by the Au–Pd ratio. The monometallic catalysts showed very low oxidation activity of both molecules.



The activity of the catalysts was strongly affected by the calcination at 500 °C, as can be seen from Table 3 and Table 4. For the Au4Pd1@SiTical calcined sample, the selectivity to furoic acid decreased from 45% to 2%. The selectivity to FDCA reached only 1% instead of 22% for the non-calcined material (Table 3). The decrease in the activity is due to the collapse of the structure and suppression of the porosity of the material (decrease of the BET surface after calcination from 78 m2/g to 2 m2/g in the case of Au4Pd1 sample). These results are comparable to that observed for the bare support. As the metal particles are embedded into the matrix and the pores are blocked, there is no contact between the substrate and the metal. The conversion is due to the furfural and HMF degradation.



In these reactions, the highest activity was observed for Au4Pd1 compositions (Section 2.1, Figure 2b), which is in good agreement with the previous data. Indeed, the arrangement between gold and palladium atoms plays a crucial role in catalytic performances of the bimetallic catalytic systems [26,27]. Therefore, the optimization and control of the fine bimetallic nanoparticles structure constitute the major objective to obtain high catalytic performances (the so-called “catalysis by design”), which finally allows the design of the most effective catalytic materials. The synthesis protocol used for bimetallic nanoparticle preparation strongly affects the type of the catalyst morphology. The interaction between two metals strongly influences the catalytic performance, as already reported [28,29,30]. The optimal metal-to-metal ratio must be determined for a given reaction. In the case of bimetallic catalysts based on AuPd systems, the remarkable increase in the catalytic oxidation activity was already observed [31,32,33,34,35,36]. In liquid phase oxidation of aldehydes and alcohols, the AuPd nanoparticles have already proved to be twice as efficient as the Au or Pd alone. It has been proposed that Au plays the role of an electronic promoter of Pd [35,36], which is in good agreement with the observed core-shell structure. A compositional effect has also been reported, where a gradual increase in catalytic activity was observed with the increase in Pd content. An optimal Au–Pd molar ratio of about 1:1.86 was reported for gas phase CO oxidation [37]. In our case, the catalytic activity also passes through the maximum for Au4Pd1 composition. This is also in good agreement with the literature for liquid phase oxidation of glucose and benzyl alcohol [20,25]. It could be stated that an optimum ratio between Pd0 and Pd2+ species is necessary to maintain the high activity of these catalysts, as well to obtain high selectivity to desired products [20,38].




4. Materials and Methods


4.1. Materials


Chloroauric acid trihydrate (HAuCl4·3H2O, 99.9%, Sigma-Aldrich (St. Louis, MO, USA)), sodium borohydride (NaBH4, 98%, Sigma-Aldrich (St. Louis, MO, USA)), poly(vinyl alcohol) (PVA, Sigma-Aldrich (St. Louis, MO, USA), MW 55,000 g/mol), sodium citrate (Na3C6H5O7, 99%, Sigma-Aldrich (St. Louis, MO, USA)), furfural (C5H4O2, >99%, Sigma-Aldrich (St. Louis, MO, USA)), 5-hydroxymethylfurfural (HMF, 99%, Sigma-Aldrich (St. Louis, MO, USA)), furoic acid (FA, 99% Sigma-Aldrich (St. Louis, MO, USA)), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA, >99%, Sigma-Aldrich (St. Louis, MO, USA)), 2, 5-diformylfuran (DFF, >99%, Sigma-Aldrich (St. Louis, MO, USA)), 5-formyl-2-furoic acid (FFCA, >99%, Sigma-Aldrich (St. Louis, MO, USA)), 2, 5-furandicarboxylic acid (FDCA, 99%, Sigma-Aldrich (St. Louis, MO, USA)) were of analytical grade and were used as received. Deionized water (18.2 MΩ) was used for the preparation of all the needed solutions.




4.2. Synthesis of Au, Pd and AuPd Titanosilicate Catalysts


In 200 mL of water with vigorous stirring, Au and Pd precursors (HAuCl4 solution 30 wt.% and PdCl2, 10.11 × 10−5 mol of metal) and 2 mL of a sodium citrate solution (0.17 M, metal:citrate = 1:3.4) were added. Then, a freshly prepared solution of NaBH4 (50 mM, 10 mL, NaBH4/Au (mol/mol) = 5) was then added drop by drop to form a metallic sol; the color of the sol was dark brown (Au1Pd1, Au1Pd4) and light-red (Au, Au4Pd1). After 20 min of sol generation, 400 mL of water were added. Then, 10 mL of a solution containing titanium isopropoxide (TIP) and (3-aminopropyl)triethoxysilane (APTES) (Si:Ti (mol/mol) = 3:2) were filtered using a 0.22 µm filter membrane and slowly added. After the hydrolysis of the oxide precursors (2 h), the slurry was filtered, the solid washed with ethanol (2 × 25 mL) and dried at room temperature (RT) for 24 h.




4.3. Synthesis of Au, Pd and AuPd Supported Catalysts


ZrO2- and TiO2- supported catalysts were prepared by the sol-immobilization method described in [21]. SiTi support used for the immobilization of bimetallic AuPd nanoparticles was synthetized similarly to the method described above. In the standard procedure, the preformed AuPd nanoparticles were put into contact with the SiTi support in water for 2 h under stirring. After this, the solid was removed by centrifugation, washed with ethanol and dried in air for 24 h.




4.4. Catalytic Reactions


Base-free oxidation of furfural: catalytic reactions under air atmosphere were performed using the Freeslate MultiReactor available on EQUIPEX platform REALCAT. It consisted of 24 parallel batch reactors for high throughput screening, in which each reactor was loaded with an aqueous furfural solution (2 mL, 24.7 mmol L−1) and the Au-based catalyst (ca. 10 mg, 0.9 µmol Au). The reaction was carried out at 20 bar of air (26 bar final pressure), 110 °C, 600 rpm, 2 h (SPR reactions). Base free oxidation of HMF: catalytic reactions under O2 atmosphere were performed using a 50 mL Fischer-Porter loaded with an aqueous HMF solution (2 mL, 30 µmol) and the Au-based catalyst (ca. 100 mg). The reaction was carried out at 1 bar of O2, 100 °C, 600 rpm, with different reaction times, from 0.5 h to 24 h. In both cases, after the reaction the catalyst was removed by filtration, the products were diluted in water and analyzed. The analysis of the products was performed by UHPLC chromatography using the Aminex HPX-87H Ion Exclusion (Agilent (Santa Clara, CA, USA)) column for the analysis of furfural oxidation. Formic acid (0.5% v/v) was used as a mobile phase at a flowrate of 0.30 mL/min and product formation was observed on a UV-VIS detector/photodiode array detector at 253 nm. For the analysis of HMF oxidation products, a Phenomenex (Torrance, CA, USA) column (ROA, organic acid H+; 300 × 7.8 mm) was used. Sulphuric acid (5 mmol/L) was used as a mobile phase at a flowrate of 0.60 mL/min and the products were detected on a Shodex RI-101 detector at 265 nm.




4.5. Characterization


TEM electron microscopy images were recorded by placing a drop of the particle’s dispersion in ethanol over a carbon film supported on a cooper grid. The samples were studied using a FEI Titan Themis 60–300 microscope (FEI, Hillsboro, OR, USA). The average Au nanoparticle size was determined, taking into account at least 300 particles. X-ray photoelectron spectroscopy (XPS) experiments were performed with K-alpha surface analysis (Thermo Scientific (Waltham, MA, USA)) equipment with an Al-Kα X-ray source (1486.6 eV) and a flood gun. The investigated area was approximately circular (approx. 300 μm in diameter) and three different areas of each sample were examined. The binding energy (BE) of the spectra was corrected with that of adventitious carbon C1s (C–C, C–H) at 284.8 eV. Nitrogen adsorption and desorption analysis was performed using a TriStar II Plus analyzer (Micromeritics (Norcross, GA, USA)). The samples were subjected to a pretreatment before the analyses to eliminate impurities that were adsorbed onto the surface. Namely, the samples were heated up to 150 °C with a temperature ramp of 10 °C min−1 and then maintained at this temperature for 60 min under vacuum. To determine the total surface area of the analysed catalysts the BET (Brunauer–Emmett–Teller) model was used. The pore volume was also calculated using the BJH (Barrett–Joyner–Halenda) method. ICP-OES (inductively coupled plasma optical emission spectrometry) analysis was performed using Agilent 720-ES ICP-OES (Santa Clara, CA, USA) equipment combined with the Vulcan 42S automated digestion system. The digestion procedure of the samples prior to analysis was as follows; first, 10 mg of catalysts were weighted and then 500 µL HF and 1.5 mL of aqua regia were distributed in sample holder (Polypropylene tube) by the syringe robot. Then, the tubes were heated up to 65 °C overnight. All samples were neutralized and diluted up to 20 mL with ultrapure water prior to analysis. XRF (M4 Tornado) analysis was performed using an Energy Dispersive X Ray Fluorescence (EDXRF) spectrometer provided from Bruker (Billerica, MA, USA). This spectrometer is equipped with X-ray Rhodium tube and the beam is micro-focused using a polycapillary lens enabling excitation of an area of 200 μm. The measurement was done under vacuum (20 mbar). The X-ray generator was operated at 50 kV and 200 μA and different filters were used to reduce the background (100 μm Al/50 μm Ti/25 μm Cu). Quantitative analysis was done using the fundamental parameter (FP) (standardless).





5. Conclusions


Bimetallic AuPd embedded systems were developed and applied in the furfural and HMF base-free oxidation reactions. The catalysts consisted of AuPd nanoparticles embedded in a titanosilicate support. In this embedded catalyst, as shown above, the effect of AuPd bimetallic nanoparticles (obtained by citrate stabilization) coupled with the specific properties of the support resulted in an efficient catalyst for the oxidation of both molecules in an aqueous medium and in the absence of a homogenous base. The results shown in this article highlight the advantages of Au and AuPd catalysts for the selective oxidation of biomass-derived substrates, such as HMF and furfural, in the absence of a base. The AuxPdy@SiTi catalysts were effective for the oxidation of furfural and HMF to their respective FA and FDCA acids in the absence of a base, reaching 99% and 89% of conversion, respectively, after 10 h of reaction. The catalyst based on bimetallic AuPd NPs surrounded by a titanosilicate matrix allowed the production of the corresponding acids more efficiently than the monometallic versions of Au and Pd (Au@SiTi and Pd@SiTi) or, even, their supported versions (Au/SiTi, Pd/SiTi and AuPd/SiTi). No catalyst leaching was detected (Au, Ti, Si); in fact, the entire reaction occurred in acid medium (initial and final pH <4), allowing the isolation of FA and FDCA directly from the reaction medium after reaction took place. This type of catalyst could also be applied for the oxidation of other alcohols and aldehydes in base-free conditions.
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Scheme 1. Schematic representation of the synthesis procedure. 
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Figure 1. Schematic representation of the compared catalytic systems. Embedded catalysts are denoted as AuxPdy@SiTi and supported catalysts as AuxPdy/SiTi (red—TiO2, gray—SiO2). 
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Figure 2. Transmission electron microscopy (TEM) images of (a) bare SiTi; (b) Au@SiTi; (c) Pd@SiTi; (d) Au4Pd1@SiTi; (e) Au1Pd1@SiTi; (f) Au1Pd4@SiTi; (g) Au1Pd1@SiTi; (h) Au1Pd1@SiTi in dark field measurement and (i) preformed Au1Pd1 nanoparticles stabilized by sodium citrate and used for the embedded catalysts synthesis. 
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Figure 3. HRTEM HAADF image of the Au1Pd1@SiTi catalyst and X-ray mapping of the sample. 
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Figure 4. 5-hydroxymethylfurfural (HMF) oxidation in the aqueous phase in the absence of base using AuxPdy@SiTi catalysts: conversion and selectivity as a function of time (a), and as a function of AuxPdy composition at iso-conversion of 10% (b): selectivity to: ● 2-, 5-furandicarboxylic acid (FDCA), ▲ 2, 5-diformylfuran (FDC), ▼ 5-hydroxymethyl-2-furancarboxylic acid HFCA, ◆ 5-formyl-2-furancaboxylic acid (FFCA). Aqueous solution of HMF (30 µmol), substrate/metal = 18 (mol/mol), O2 (1 bar), 100 °C, 600 rpm. 
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Figure 5. HMF oxidation in the aqueous phase in the absence of base using AuxPdy@SiTi catalysts: conversion and selectivity as a function of time: (a) Au@SiTi, (b) Au1Pd1@SiTi, (c) Pd@SiTi; selectivity to: ● FDCA, ▲ FDC, ▼ HFCA, ◆ FFCA. Aqueous solution of HMF (30 µmol), substrate/metal = 18 (mol/mol), O2 (1 bar), 100 °C, 600 rpm. 
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Figure 6. HMF oxidation in the aqueous phase in the absence of a base using (a) embedded and (b) supported catalysts; black—conversion, selectivity to: red—FDCA, blue—FDC, pink—HFCA, green—FFCA. Aqueous solution of HMF (30 µmol), substrate/metal = 18 (mol/mol), O2 (1 bar), 100 °C, 600 rpm. 
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Table 1. Chemical composition of AuxPdy@SiTi and AuxPdy/SiTi catalysts as determined by inductively coupled plasma optical emission spectrometry (ICP—OES) and X-ray fluorescence spectrometry (XRF) for the former.






Table 1. Chemical composition of AuxPdy@SiTi and AuxPdy/SiTi catalysts as determined by inductively coupled plasma optical emission spectrometry (ICP—OES) and X-ray fluorescence spectrometry (XRF) for the former.





	
Catalyst

	
Au (%)

	
Pd (%)

	
Metal %

(Au + Pd)

	
Si (%)

	
Ti (%)

	
Au:Pda

	
Si:Tib






	
Au4Pd1@SiTi

	
1.68

	
0.42

	
2.11

	
5.02

	
21.69

	
79:21

	
19:81 (15:85)




	
(77:23)




	
80:20




	
Au1Pd1@SiTi

	
1.37

	
0.97

	
2.34

	
3.75

	
20.41

	
58:42

	
16:84 (16:84)




	
(50:50)




	
50:50




	
Au1Pd4@SiTi

	
0.69

	
1.60

	
2.29

	
4.14

	
22.08

	
30:70

	
16:84 (17:83)




	
(22:78)




	
20:80




	
Au4Pd1/SiTi

	
5.41

	
0.80

	
6.21

	
8.83

	
48.61

	
78:22

	
15:85




	
80:20




	
Au1Pd1/SiTi

	
2.30

	
1.31

	
3.61

	
8.83

	
48.61

	
50:50

	
15:85




	
50:50




	
Au1Pd4/SiTi

	
1.21

	
2.21

	
3.43

	
8.83

	
48.61

	
23:77

	
15:85




	
20:80




	
Au@SiTi

	
6.40

	
-

	
6.40

	
-

	
-

	
-

	
-




	
Pd@SiTi

	
-

	
3.01

	
3.01

	
-

	
-

	
-

	
-




	
SiTi

	
-

	
-

	
-

	
8.83

	
48.61

	
-

	
15:85








a XRF results given in brackets, theoretical ratio in italic, b theoretical value of 60:40.
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Table 2. X-ray photoelectron spectroscopy (XPS) analysis of the supported and embedded catalysts.
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	Au at%
	Pd at%
	Au/Pd mol
	Pd0/PdII





	Au1Pd1/SiTi
	47 ± 1
	24.0 ± 0.7
	1.05 ± 0.01
	4 ± 1



	Au1Pd1@TiSi
	6.4 ± 0.2
	3.5 ± 0.2
	1.00 ± 0.09
	2.2 ± 0.2



	Au1Pd4/SiTi
	24 ± 1
	42.4 ± 0.8
	0.31 ± 0.02
	2.4 ± 0.2



	Au1Pd4@SiTi
	2.2 ± 0.1
	5.1 ± 0.1
	0.24 ± 0.01
	2.7 ± 0.5



	Au4Pd1/SiTi
	61 ± 1
	9.7 ± 0.1
	3.40 ± 0.03
	3.8 ± 0.4



	Au4Pd1@SiTi
	9.4 ± 0.3
	1.3 ± 0.03
	3.95 ± 0.06
	3.5 ± 0.8
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Table 3. Oxidation of HMF in the aqueous phase in the absence of base for 24 h using embedded AuxPdy@SiTi and supported AuxPdy/SiTi catalysts. Aqueous solution of HMF (30 µmol), substrate/metal = 18 (mol/mol), O2 (1 bar), 100 °C, 600 rpm, a sample calcined at 500 °C.
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	Entry
	Catalyst
	C Balance
	SFDCA%
	X%
	YFDCA%
	TON





	1
	Au4Pd1@SiTi
	74
	22
	35
	8
	67



	2
	Au1Pd1@SiTi
	86
	5
	25
	2
	65



	3
	Au1Pd4@SiTi
	88
	4
	14
	1
	38



	4
	Au4Pd1/SiTi
	74
	1
	13
	<1
	43



	5
	Au1Pd1/SiTi
	88
	1
	6
	<1
	19



	6
	Au1Pd4/SiTi
	94
	6
	5
	<1
	11



	7
	Au1Pd1PVA@SiTi
	78
	3
	27
	1
	38



	8
	Au@SiTi
	12
	4
	16
	<1
	35



	9
	Pd@SiTi
	16
	8
	13
	<1
	32



	10a
	Au4Pd1@SiTical
	80
	1
	11
	1
	21
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Table 4. Oxidation of furfural in the absence of a base for 10 h using embedded AuxPdy@SiTi and supported AuxPdy/SiTi, Au/TiO2, Au/ZrO2 catalysts. (Conditions: Aqueous solution of furfural (49.4 µmol), substrate/metal = 50 (mol/mol), air (26 bar), 110 °C, 600 rpm, a samples calcined at 500 °C).






Table 4. Oxidation of furfural in the absence of a base for 10 h using embedded AuxPdy@SiTi and supported AuxPdy/SiTi, Au/TiO2, Au/ZrO2 catalysts. (Conditions: Aqueous solution of furfural (49.4 µmol), substrate/metal = 50 (mol/mol), air (26 bar), 110 °C, 600 rpm, a samples calcined at 500 °C).





	Entry
	Catalyst
	C Balance %
	SFA%
	X%
	YFA%
	TON





	1
	Au4Pd1@SiTi
	54
	45
	83
	37
	91



	2
	Au1Pd1@SiTi
	47
	30
	77
	23
	80



	3
	Au1Pd4@SiTi
	58
	23
	54
	12
	57



	6
	Au4Pd1/SiTi
	49
	48
	99
	48
	50



	7
	Au1Pd1/SiTi
	56
	18
	54
	10
	28



	8
	Au1Pd4/SiTi
	66
	11
	38
	4
	19



	9
	Au1Pd1PVA@SiTi
	48
	41
	87
	36
	44



	10
	Au/TiO2
	8
	8
	100
	8
	43



	11
	Au/ZrO2
	37
	32
	92
	29
	45



	12
	blank
	48
	0
	52
	0
	-



	13
	Au@SiTi
	80
	32
	30
	10
	15



	14
	Pd@SiTi
	73
	20
	34
	7
	17



	15a
	Au4Pd1@SiTical
	38
	2
	63
	1
	-



	16a
	Au1Pd1@SiTical
	86
	12
	16
	2
	-



	17a
	Au1Pd4@SiTical
	12
	1
	88
	1
	-
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Table 5. Final pH values of furfural and HMF oxidation reactions using embedded AuxPdy@SiTi and supported AuxPdy/SiTi catalysts.
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Catalyst

	
Furfural

	
HMF




	
2 h

	
10 h

	
2 h

	
10 h






	
blank test

	
-

	
2.93

	
-

	
3.04




	
Au4Pd1@SiTi

	
3.81

	
3.36

	
3.93

	
2.55




	
Au1Pd1@SiTi

	
3.89

	
3.22

	
3.28

	
2.60




	
Au1Pd4@SiTi

	
3.74

	
3.69

	
3.30

	
2.93




	
Au4Pd1/SiTi

	
-

	
2.78

	
-

	
2.53




	
Au1Pd1/SiTi

	
-

	
3.73

	
-

	
3.20




	
Au1Pd4/SiTi

	
-

	
3.55

	
-

	
3.49




	
Au@SiTi

	
-

	
3.21

	
-

	
3.30




	
Pd@SiTi

	
-

	
3.34

	
-

	
3.41
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Table 6. Catalytic results obtained in the oxidation of HMF in the presence of the base. Conditions: Aqueous solution of HMF (30 µmol), substrate/metal = 18 (mol/mol), O2 (1 bar), 100 °C, 600 rpm, 2 molar equivalents of K2CO3 were added to the reactant solution before catalytic test.
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Entry

	
Catalyst

	
Base

	
X%

	
Selectivity (%)




	
FDCA

	
FDC

	
HFCA

	
FFCA






	
1

	
Au4Pd1@SiTi

	
2 eq

	
37

	
3

	
14

	
34

	
49




	
2

	
Au1Pd1@SiTi

	
2 eq

	
18

	
4

	
30

	
37

	
29




	
3

	
Au1Pd4@SiTi

	
2 eq

	
4

	
3

	
34

	
53

	
10




	
4

	
Au4Pd1/SiTi

	
2 eq

	
34

	
2

	
15

	
32

	
51




	
5

	
Au1Pd1/SiTi

	
2 eq

	
5

	
8

	
15

	
60

	
17




	
6

	
Au1Pd4/SiTi

	
2 eq

	
5

	
9

	
14

	
59

	
18
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