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Abstract

:

The liquid-phase hydrogenation of muconic acid (MA) to produce bio-adipic acid (AdA) is a prominent environmentally friendly chemical process, that can be achieved through two distinct methodologies: catalytic direct hydrogenation using molecular hydrogen (H2), or catalytic transfer hydrogenation utilizing a hydrogen donor. In this study, both approaches were explored, with formic acid (FA) selected as the hydrogen source for the latter method. Palladium-based catalysts were chosen for these processes. Metal’s nanoparticles (NPs) were supported on high-temperature heat-treated carbon nanofibers (HHT-CNFs) due to their known ability to enhance the stability of this metal catalyst. To assess the impact of support functionalization on catalyst stability, the HHT-CNFs were further functionalized with phosphorus and oxygen to obtain HHT-P and HHT-O, respectively. In the hydrogenation reaction, catalysts supported on functionalized supports exhibited higher catalytic activity and stability compared to Pd/HHT, reaching an AdA yield of about 80% in less than 2 h in batch reactor. The hydrogen-transfer process also yielded promising results, particularly with the 1%Pd/HHT-P catalyst. This work highlights the efficacy of support functionalization in improving catalyst performance, particularly when formic acid is used as a safer and more cost-effective hydrogen donor in the hydrogen-transfer process.
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1. Introduction


One of the greatest challenges facing the chemical industry in the 21st century is rethinking traditional processes in an environmentally responsible manner and transforming waste into valuable products. In this scenario, the nylon industry faces an enormous challenge since it plays a vital role in modern manufacturing due to the versatility and performance of nylon materials across a wide range of applications, such as textiles, automotive, packaging and carpets. One of the main production processes is the polymerization, where nylon is produced through the reaction between monomers, such as adipic acid and hexamethylene diamine to form nylon-6,6 [1]. The reaction yields a polymer that can be processed into fibers, films, or other forms. The production of nylon involves the use of petrochemicals and energy-intensive processes, which can contribute to greenhouse gases emissions and environmental pollution [2]. Indeed, adipic acid (AdA) is commercially produced by reducing benzene to cyclohexane, which is then oxidised to K-A oil, a mixture of cyclohexanol and cyclohexanone. In addition, the use of nitric acid to further oxidize this mixture to AdA accounts for 10% of artificial nitrous oxide production [3]. However, discontinuing the use of adipic acid is difficult. Efforts are underway to develop sustainable alternatives such as bio-based adipic acid derived from renewable resources like waste woods [4]. Indeed, through biological processes from biomass, namely lignin [5] or cellulose [6], it is possible to obtain muconic acid that can be hydrogenated to adipic acid.



The liquid-phase hydrogenation of muconic acid to bio-adipic acid can be carried out via two distinct chemical processes: catalytic direct hydrogenation (CDH) using molecular hydrogen (H2) gas or catalytic transfer hydrogenation (CTH) utilising a hydrogen donor. The second strategy employs chemicals such as hydrides (e.g., NaBH4) [7], hydrazine hydrates [8] and organic reagents (e.g., alcohol, glycerol or formic acid) [9,10,11,12] as hydrogen donor in the hydrogenation process.



Heterogeneous catalytic transfer hydrogenation is a highly controlled process owing to the on-site production of hydrogen, eliminating the need for external hydrogen gas, which can be hazardous and requires specialized handling and equipment. Therefore, the minimal procedure risk, simplicity, cost-effectiveness, and durability and longevity of the catalyst make it a valuable strategy [13]. The challenges of this procedure are to identify the most effective metallic catalyst that offers high activity, selectivity and stability and to select the appropriate hydrogen sources that has to be efficient, cost-effective and compatible with the catalyst and substrate [14].



The solid catalyst facilitates the transfer of hydrogen from the donor to the substrate, typically involving metals such as palladium, nickel, or ruthenium supported on materials like carbon, silica, or alumina.



In this work, both processes CDH and CTH were considered and investigated. For the CTH process, formic acid (FA) has been used as a source of hydrogen. Indeed, the high volumetric capacity (53 g H2/L), its liquid form and its low toxicity and low flammability under ambient conditions make formic acid a promising hydrogen carrier [15]. Furthermore, its decomposition can produce CO2 as a by-product, which can be potentially recovered and reused for the synthesis of new chemical compounds, such as formic acid itself [16].



The formic acid decomposition (FAD) follows two different competing pathways: the first one (Equation (1)), in which hydrogen and carbon dioxide are produced, is the desired reaction, crucial for the storage of hydrogen; while the second reaction (Equation (2)), which generates CO and H2O, is an undesirable side reaction due to the fact that CO can poison the active site of the catalysts, particularly in the case of platinum group metals [17,18,19,20].


  H C O O H ⇄   H   2   +   C O   2       Δ G = − 32.9   k J     m o l   − 1   , Δ H = 31.2   k J     m o l   − 1    



(1)






  H C O O H ⇄   H   2   O + C O     Δ G = − 12.4   k J     m o l   − 1   , Δ H = 29.2   k J     m o l   − 1    



(2)







Concerning the catalytic materials, for both FA decomposition and MA hydrogenation reactions are actually based on platinum group metals. In particular, among all, palladium in the form of supported nanoparticles (NPs) presents higher catalytic activity under mild conditions (e.g., temperature under 80 °C and ambient pressure) [21]. However, the main drawbacks of these metals are the low stability and selectivity [22]. A way to solve these problems can be the modification of the structure of the support, that has a great influence on the nature of the active phase greatly affecting the final performance of the catalyst [23]. In particular, a good interaction can enhance the stability of the catalyst preventing migration, coalescence, and Ostwald ripening phenomenon [24].



In this work, High-temperature Heat Treated Carbon Nanofibers (HHT-CNFs) were selected as support, since they are known to enhance the stability of palladium, in fact the formation of smaller and homogeneously dispersed Pd nanoparticles is favoured [25,26,27]. Carbon supports have also the great advantages to be cheap, stable and exceptionally versatile through modification of its structure, leading to the possibility of tune the electronic and geometric properties influencing the metal-support interaction and so the catalytic performance [28,29]. In particular, the introduction of heteroatoms, e.g., O, N, B and P, in the carbon structure can be a possible solution.



In this study, the bare HHT-CNFs were then functionalized with phosphorous and oxygen to obtain HHT-P and HHT-O, respectively, to study the effect of the support functionalisation. Using these supports, palladium-based catalysts with a metal loading of 1% were synthetized, using sol immobilization technique [30]. The same systems were previously employed by our group in the study of the formic acid decomposition (FAD) reaction [31]. Indeed, an enhanced activity, stability and selectivity was observed for hydrogen production. Density functional theory (DFT) studies on the catalytic system showed that Pd cluster was stabilised on P- and O- functional groups decreasing the problem of the leaching of the metal.



Because of this improved stability and selectivity, it was decided to evaluate these catalysts in the hydrogenation of muconic acid and in the CTH process mediated by formic acid. The results are characterized by an enhancement of the catalytic performance following this order 1%Pd/HHT < 1%Pd/HHT-O < 1%Pd/HHT-P for both the process. The results obtained in the CTH process were also compared with those achieved in a previous study of our group [26], where PdRh based catalysts were tested in the MA hydrogenation reaction using formic acid as hydrogen donor. All the PdRh catalysts showed good activity for the first step of the reaction (Figure 1), however only using bimetallic catalysts the formation of adipic acid was enhanced. However, in the present work, it was found that also monometallic palladium, thanks to the functionalization of the support, can lead to the formation of bio-adipic acid.



On the catalyst with the highest activity, 1%Pd/HHT-P, the influence of metal/substrate ratio and temperature was investigated. All the catalysts used in the reactions were characterized by inductively coupled plasma optical emission spectroscopy (ICP-OES), X-ray Photoelectron Spectroscopy (XPS) and Scanning Transmission Electron Microscopy (STEM) analysis. The full characterization of the fresh catalysts can be found in the paper of Barlocco et al. [31].



In summary, this work aims to address the environmental challenges associated with traditional nylon production by developing more sustainable catalytic processes for producing bio-adipic acid. By employing innovative functionalized carbon supports and exploring both CDH and CTH processes, the aim is to demonstrate improved catalytic performance, stability, and selectivity, contributing to greener and more efficient industrial processes. This innovative approach not only highlights the advantages of this materials over those in the literature but also underscores the potential for significant environmental benefits. Specifically, the use of CTH with formic acid as a hydrogen donor represents a significant innovation, offering a safer, more cost-effective, and environmentally friendly alternative to traditional hydrogenation methods.




2. Results


Two different supports were synthetized starting from bare high-temperature heat-treated carbon nanofibers (HHT-CNFs) and functionalizing them with HNO3 and H3PO4 to obtain HHT-O and HHT-P. Using these supports, palladium-based catalysts with a metal loading of 1% were synthetized and the following catalysts were obtained: 1%Pd/HHT, 1%Pd/HHT-O and 1%Pd/HHT-P. Sol immobilization technique was chosen, since it allows an homogeneous distribution of the small NPs on the support, working at room temperature and with low production costs [30].



These catalysts were previously characterized and tested in FAD with good results, particularly for the catalysts synthetized using the functionalized supports that show an enhance of the catalytic activity and stability in respect of that obtained with bare HHT [31].



Since these results, it was decided to test them in the CTH process using the FA as hydrogen donor to hydrogenate the MA forming AdA. The first step was to investigate the behaviour of these three catalysts in the catalytic direct hydrogenation of MA using molecular hydrogen gas.



2.1. Catalytic Direct Hydrogenation of MA


The three catalysts were tested at the same conditions in catalytic direct hydrogenation of muconic acid: reactions were carried out at 70 °C, at 3 bar absolutes of hydrogen with a catalysts/substrate molar ratio of 1/500. To have a first understanding of their behaviour the initial activity, the conversion of muconic acid and the yield of adipic acid were evaluated using Equation (5), Equation (3) and Equation (4), respectively. As it possible to observe in Figure 2, all the catalysts have a good initial activity, comparable with those obtained in other previous study [32], but the functionalized ones show better results, namely 2362.5 h−1 and 1805.5 h−1 for 1% Pd/HHT-O and 1% Pd/HHT-P respectively, compared to 1200.0 h−1 for 1% Pd/HHT. Among all, the Pd/HHT-O shows the highest initial activity, 97% higher than Pd/HHT and 31% than Pd/HHT-P; while Pd/HHT-P has an initial activity 50% higher than Pd/HHT. Also in the case of FAD [31], the oxygenated catalyst had shown the highest value of initial activity in respect to the others.



In Figure 3, the reaction courses for the three different catalysts are depicted. Kinetic profiles for the three catalysts were examined after 2 h of reaction (Figure 3). A similar reaction profile was obtained for both functionalised catalysts, showing a higher conversion in respect to the Pd/HHT. In addition to the conversion of muconic acid and the production of adipic acid, the formation trend of intermediates can also be observed. These intermediates reach their peak concentration at 15 min and then rapidly decrease, leading to the formation of adipic acid. This phenomenon is more pronounced with the catalysts that have functionalized supports, suggesting greater efficiency in the conversion of muconic acid to adipic acid. Nevertheless, the two functionalized catalysts do not achieve complete conversion to adipic acid, instead reaching a plateau at around 80%. This plateau is due to the persistence of intermediates, particularly the 3E-HyMA (Figure 1), which is hardly converted to adipic.



More in detail, after an hour all the three catalysts lead to complete conversion of muconic acid, therefore more interesting is the comparison at 5 and 15 min of reaction. The functionalized HHT catalyst (Pd/HHT-O, Pd/HHT-P), reach complete conversion already after 15 min, maintain a higher rate of consumption of muconic acid also after the starting phase of the reaction (Table 1).



From previous studies [33] it is known that production of adipic acid occurs in a two-step reaction through the formation of reaction intermediates (Figure 1), where to reached the last product a quite complete conversion of muconic acid is required.



As a proof of this, it is possible to observe how in the case of the non-functionalized HHT catalyst (Pd/HHT), where the complete conversion of muconic acid was reached after 60 min, there isn’t formation of adipic acid before the first hour of reaction. While in the case of Pd/HHT-O and Pd/HHT-P, there is already production of adipic acid after 15 min of reaction (Figure 3 and Figure 4).



Functionalized catalysts (Pd/HHT-O, Pd/HHT-P) not only give a better and faster conversion, but also a higher yield of adipic acid, reaching respectively 80% and 84% yield of AdA after two hours, with a quite similar profile. Regarding Pd/HHT, it has a different trend with a slower formation of adipic acid and a yield of just 58% after two hours.



The increased catalytic performance of the functionalized catalysts can be explained by comparing the dimension of Pd NPs detected by TEM analysis. The functionalization allowed to obtain smaller NPs, with an average particle size that decrease from 3 nm to 2.3 nm when the treated supports are used.



In addition, the XPS analysis revealed an increase in the Pd exposure after O and P functionalization Pd/HHT-P (1.57%) > Pd/HHT-O (1.14%) > Pd/HHT (0.77%) as we will detail below. This rise is indicative of a higher concentration of active sites.



Comparing the results obtained in this work with others found in literature, it is possible to state that the novel catalysts lead to comparable or better results, reaching full conversion and high AdA yield, working both at low temperature and pressure but also using a low quantity of catalyst (Table 2).



What is most affected by the functionality of the support is the stability of the catalyst. In fact, most heteroatoms enhance the electron density of the neighbouring carbon atoms increasing the back-donation from C to the metal atoms, leading to a stronger binding between the support and the NPs and preventing sintering problems [39,40]. Therefore, to evaluate the stability of the three catalysts, recycle tests were conducted. For this, 6 consecutive runs of 2 h each were performed and after every run the catalyst was recovered by filtration, washed and reused.



As expected, Pd/HHT underwent degradation from the third run onwards (Figure 5). Differently, the functionalized catalysts maintained a MA conversion above 90% for up to six consecutive reactions and in particular in the case of 100% till the fourth recycle (Figure 5a). Even in the case of adipic acid production, only the two functionalized catalysts continued to produce AdA up to the sixth run (Figure 5b).



The Pd/HHT-P confirms to be the catalyst with greater stability among the three, showing in any case a constant decrease in the yield of AdA. Therefore, even in this case, the presence of a functionalized support allowed for the synthesis of a more stable and active catalyst.



To deepen if the deactivation was caused by the metal leaching, inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were performed. In the case of the two functionalized catalysts only a slight loss of palladium was detected (0.1% for Pd/HHT-O and 0.12% for Pd/HHT-P). On the contrary, the amount of Pd supported on the bare HHT decreases from 1% to 0.78% after the reaction, confirming the leaching of the metal.



The higher stability obtained with the functionalized catalysts can be explained by the DFT investigation presented in the work of Barlocco et al. [31], where an array of fifteen Pd atoms on various carbon substrates was studied. The adhesion energies (EADH) between the surface and the cluster on all functionalized surfaces were higher than those of the Pd supported on the bare surface, indicating that the functionalization increased the stability of the Pd atoms. The following are the reported values obtained: Pd/G_COOH −3.028 eV, Pd/G_OH −3.023 eV, Pd/G_CO −3.678 eV, and Pd/G_PO3H −2.494 eV.



These results confirm the stabilization of the metal NPs deriving from the addition of heteroatoms to the carbon structures [28].




2.2. Catalytic Transfer Hydrogenation


Since the good catalytic activity and stability obtained in the CDH process, the three catalysts were also tested in the catalytic transfer hydrogenation of MA using FA as hydrogen donor.



For these tests, it was decided to start working with sodium muconate as in the case of the CDH process. However, the reaction does not lead to conversion of muconic except in low percentage (between 10 and 20%). The observed behaviour can likely be attributed to the salification of formic acid (FA) during the addition of sodium hydroxide (NaOH) to the solution. This salification process may have interfered with the release of hydrogen from the hydrogen donor, consequently affecting the overall reaction dynamics. Thereafter, three experimental tests were conducted using ccMA. Also in this case, a large excess of FA was used and working with these conditions it was possible to obtain substrate conversion and, in some cases, the production of adipic.



In Figure 6, the reaction courses for the three different catalysts are depicted. With the catalyst supported on bare HHT, no production of AdA was observed throughout the reaction time (Figure 6a). Additionally, the conversion of MA was low, reaching a maximum of 35% after 240 min. Conversely, for both catalysts supported on functionalized carbon nanofibers, a higher catalytic activity was evident. In the case of Pd/HHT-O (Figure 6b), although no AdA production was detected during the initial reaction period, there was an improvement in catalytic activity compared to Pd/HHT, achieving a 61% conversion of MA after 240 min and an increase in the production of intermediates over time. Consequently, the reaction was extended to 360 min, where a stabilization in the production of intermediates was observed, leading to the initiation of AdA production, with a yield of 19% at the conclusion of the reaction. Indeed, given the kinetics of the process through a two-step hydrogenation process, the first hydrogenation reaction is the fastest reaction step, while to completely hydrogenate the intermediates, more energy is required. This explains the measured longer persistency of the intermediate during the reaction courses [33]. In Figure 6c the reaction course of the last tested catalyst is presented. In this case a rapid first hydrogenation step can be observed, with a conversion of 24% and 75% after 15 and 60 min respectively, and a total conversion already at two hours. In addition, a typical pattern of this reaction can be observed with regard to the concentration of the intermediates. It is therefore possible to say that the Pd/HHT-P catalyst has a reaction pattern similar to that shown in the CDH, with good catalytic properties even in the formic acid mediated process.



Since the metal/substate ratio used for the CTH reaction is elevate, the next was to try to decrease this value. For this study, the catalyst that previously showed increased catalytic activity, namely 1%Pd/HHT-P, was examined. Three different ratios were investigated, namely 1/65, 1/100 and 1/125. Both MA conversion (Figure 7a) and AdA yield (Figure 7b) decrease with the lowering of the metal/substrate ratio, as expected. Despite the evident decrease in the catalytic performance, the 1/100 ratio still shows an AdA yield of 30% after 4 h of reaction.



To try to raise this yield, another important parameter was investigated maintaining 1/100 as metal/substate ratio, namely the temperature. Three different values were taken into consideration, namely 50 °C, 70 °C and 90 °C. MA conversion (Figure 8a) and AdA yield (Figure 8b) were evaluated along the time, finding that the conversion of the substrate increased linearly as the temperature rose. The same held true for adipic yield, which achieved 80% after 3 h working at 90 °C. This result was very promising and encourage for other study. Indeed, it indicates that optimizing the reaction parameters it is possible to achieve satisfactory yield of adipic acid utilizing formic acid instead of pure hydrogen gas.



These results were compared with those obtained in a previous work [26] (Table 3), where bimetallic palladium catalysts were used in FAD and CTH processes. The addition of rhodium as secondo metal led to an enhance of the catalytic activity and the stability in respect to the monometallic catalyst. All the tested catalysts showed good activity for the first step of the reaction, however only using bimetallic catalysts the formation of adipic acid was enhanced. On the contrary, with the present work, it was found that also monometallic palladium, thanks to the functionalization of the support, can lead to the formation of bio-adipic acid. Furthermore, optimizing the working conditions, a higher AdA yield in respect to the previous obtained was reached.




2.3. Characterization


The materials used in this work were previously fully characterized in the paper of Barlocco et al. [31]. Briefly, XPS analyses were employed to investigate the surface of the catalysts employed here. The final Pd based materials showed an increased metal exposure after P and O functionalisation (Table 4). Moreover, it was observed that palladium preferentially deposited on P and O functionalities, because P content on 1 wt%Pd@P-HHT and O content on 1 wt%Pd@O-HHT decreased after Pd deposition and P and O leaching was not observed.



The composition of the catalysts was also analysed by STEM-EDS mapping. Figure 9 shows some relevant HR-STEM images of the samples. It could be observed that Pd nanoparticles are, in general, homogenously distributed on the carbon nanotube surface, although some agglomerations are observed. The average particle size decreases from 3 nm to 2.3 nm when the treated supports are used. For the 1 wt%Pd@HHT catalyst, a nearly unimodal distribution centered around 3 nm was detected. In contrast, when palladium is supported on the two functionalized carbons, a bimodal particle size distribution was observed due to a significant increase in the number of particles smaller than 2 nm. This increase in smaller particles leads to an enhancement in the dispersion of Pd nanoparticles, raising it from 36% to 42% and confirming that the functionalization treatments allow to improve the dispersion of metal NPs. The composition of the sample was analysed by STEM-EDS mappings. Also, in this case some Pd NPs are in contact with phosphorous, confirming what it was previously observed in the XPS spectra.



CHN elemental analysis was perfomed to confirm that the non-functionalized catalyst presents the higher percentage of C on the total weight, obtaining a value of 98.3% in respect to 97.7% and 95.6% for Pd/HHT-P and Pd/HHT-O respectively. In addition, the Pd/HHT-P catalyst present a percentage of H of 1.1%, whose value is higher than the other two catalysts; in fact, they present a value of 0.7 % and 0.7% respectively for Pd/HHT and Pd/HHT-O. Moreover, the latter present 0.07% of N, element that is not revelled in the other catalysts. This can be explained due to the higher quantity of HNO3 used for the functionalization.



Finally, TGA analysis were performed in order to check the stability of the materials at high temperature in the range 30–120 °C, i.e., beyond the conditions of use in our experimental tests. The results confirmed the stability of all the catalysts in this temperature interval.





3. Materials and Methods


3.1. Materials and Chemicals


Sodium tetrachloropalladate (II) (Na2PdCl4, 99.99%), sodium borohydride (NaBH4, 99.99%) and polyvinyl alcohol (PVA, average molar weight 10,000, 87–89% hydrolysed) were purchased from Merck (Haverhill, MA, USA) and used without any pre-treatment. All the catalytic tests were carried out using cis,cis-muconic acid (Merck, ≥97%) and formic acid (≥95%, Sigma-Aldrich, St. Louis, MO, USA) as substrates and deionised water (≥99%, Sigma-Aldrich, St. Louis, MO, USA) as the solvent. CNFs PR24- HHT (High Heat-Treated carbon nanofiber), used as support, were obtained from Applied Science Company (Cedarville, OH, USA).




3.2. Catalyst Synthesis


All the catalysts were previously synthetised [31] by a typical sol immobilisation procedure [30], using PVA as capping agent (M/PVA = 1/0.5 (wt/wt)) and NaBH4 as reducing agent (M/NaBH4 = 1/8 mol/mol). The metal loading for each catalyst was 1% wt of Pd. In this way three different catalysts were synthetized, namely 1%Pd/HHT, 1%Pd/HHT-O and 1%Pd/HHT-P.



For the support functionalization the bare High Heat-Treated Carbon Nanofiber (HHT-CNFs) were functionalized using a mixture 1:1 vol/vol of HNO3 (65% wt) and H3PO4 (≥99% wt) and pure HNO3 (65% wt) to obtain respectively HHT-P and HHT-O.




3.3. Catalytic Tests


3.3.1. Catalytic Direct Hydrogenation


The catalytic direct hydrogenation of MA using molecular hydrogen has been carried out using the sodium muconate (Na-Muc) salt to get as close as possible to the post-fermentation conditions of the biomass [6]. In addition, using the sodium muconate salt allows for a substrate concentration higher than 1.42 × 10−2 M, which is not feasible for example with trans,trans-muconic acid (t,t-MA) due to its solubility limitations [36] in water.



The hydrogenation of muconic acid to bio-adipic acid was carried out in a 100 mL autoclave equipped with a magnetic stirrer, a thermocouple, and a pressure controller. The reactions were carried out at 70 °C and the reactor was pressurized at 3 bar absolutes of hydrogen. The reactions were performed with a catalysts/substrate ratio of 1/500 and at 1200 rpm, allowing to keep a kinetic regime and to avoid diffusional limitations. Typically, 25 mL of a 0.05 M demineralized water solution of Na-Muc were prepared by adding 178 mg (1.25 mmol) of cis,cis-muconic acid (cc-MA) and 2 equivalent (2.5 mmol) of NaOH and then sonicating the resulting suspension until the solid was completely dissolved.



The reaction was carried out for 3 h monitored by sampling after 5, 10, 15, 30 min for the first part of the reaction and then every 30 min till the end of the reaction. The reaction samples were quenched in the vials and the catalyst was removed. The reaction products were analysed using high-performance liquid chromatography (HPLC) with an ultraviolet (UV) detector set at 210 nm and a Rezex ROA-Organic Acid H+ (8%) column. This setup enabled the separation of all intermediates, substrates, and adipic acid (AdA) to assess muconic acid (MA) conversion and product selectivity [32].



Recycle tests were carried out with the same setup used for the hydrogenation reaction. Every reaction was conducted for 120 min. After this time, the catalyst was then filtered, washed with deionized water, and reused for the next run. With this procedure, it was possible to evaluate MA conversion for 6 consecutive cycles. The remaining aqueous residue from filtration was separately collected and analysed by inductively coupled plasma (ICP) to evaluate palladium leaching into the solution during the reactions.



The MA conversion was evaluated using Equation (3)


  C o n v e r s i o n   %   =    m o   l   I N   − m o   l   O U T     m o   l   I N      · 100  



(3)




where molIN are the moles of the substrate initially used for the reaction while molOUT are the moles of the substrate that remain after the reaction.



Products yield of AdA was evaluated using Equation (4).


  Y i e l   d   n     %   =    m o   l   n     m o   l   n   +  ∑  m o   l   i        · C o n v e r s i o n   ( % )  



(4)




where moln is the number of moles of the considered reaction product, in this case AdA, Σmoli is the sum of the moles of all the products and conversion is calculated using Equation (3).



Initial activity after 5 min of reaction was evaluated using the Equation (5) and considering the MA reacted moles (after 5 min) and the total metal amount used for the reaction.


  I n i t i a l   a c t i v i t y     h   − 1     =    m o   l   M A r e a c t e d     m o   l   P d   · r e a c t i o n   t i m e   ( h )     



(5)








3.3.2. Catalytic Transfer Hydrogenation


In the case of catalytic transfer hydrogenation of MA using FA as hydrogen donor, the reaction has been carried out starting both from Na-Muc salt and cc-MA as substrates. The reaction proceeds in the same way and with the same intermediates (Figure 1).



The reaction was carried out with the same apparatus of the CDH. In this case all the reactions were conducted in nitrogen atmosphere. The reactions were carried out at 70 °C and the reactor was pressurized at 3 bar absolutes of nitrogen. The reactions were performed with a catalysts/substrate ratio of 1/65 and at 1200 rpm. Typically, 25 mL of a 0.005 M demineralized water solution of cis,cis-muconic acid was prepared by adding 18 mg (0.125 mmol) of cc-MA, and then sonicating until complete dissolution. In the case of Na-Muc as substrate, and 2 equivalent (0.25 mmol) of NaOH was added at the solution. After that, 50 μL of formic acid (MA/FA = 1/10 (mol/mol)) was added. Then the solution was placed in the reactor and the reaction was started.



The reaction was monitored by sampling after 15, 30, 60, 90, 120, 180 and 240 min, after quenching the reaction in the sample vials. The reaction products were analysed with HPLC using the same method presented before.



On the catalyst that had shown the best catalytic behaviour, namely 1%Pd/HHT-P, the influence of metal/substrate ratio (1/65, 1/100, 1/125) and temperature (50, 70 and 90 °C) was investigated.





3.4. Catalyst Characterisation


The materials used in this work were previously fully characterized in the paper of Barlocco et al. [31].



Samples were characterized by X-ray photoelectron spectroscopy (XPS). Thermo Scientific K-alpha+ spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used for XPS measurements. The samples were analysed using a monochromatic Al X-ray source operating at 72 W, with the signal averaged over an oval-shape area of 600 × 400 μ. Data were recorded at 150 eV for survey scans and 40 eV for high resolution (HR) scans with a 1 eV and 0.1 eV step size, respectively. CASAXPS (v2.3.17 PR1.1) was used for the analysis of the data, using Scofield sensitivity factors and energy exponent of −0.6.



Transmission electron microscopy characterisation was carried out on a double Cs aberration-corrected FEI Titan [41] Themis 60–300 microscope equipped with a monochromator, a X-FEG gun and a high efficiency XEDS ChemiSTEM, which consists of a 4-windowless SDD detectors. HR-STEM images were recorded at 200 kV and using a high-angle annular dark-field (HAADF) detector with a camera length of 11.5 cm.



CHN elemental analysis was carried out on PerkinElmer precisely Series II CHNS analyser.



Thermogravimetric analysis (TGA) was performed using a TGA 2 Star system provided by Mettler Toledo. Measurements were performed using a heating ramp of 10 °C/min between 30 °C and 800 °C in a constant flow of nitrogen and values were collected every second.



Metal loading and metal leaching were analysed by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Perking Elmer Optima 8000 emission (PerkinElmer, Waltham, MA, USA).





4. Conclusions


Muconic acid hydrogenation to bio-adipic acid was investigated using palladium-based catalysts. The metal NPs were supported on high-temperature heat-treated carbon nanofibers (HHT-CNFs) and to assess the impact of support functionalization on catalyst stability, the HHT-CNFs were further functionalized with phosphorus and oxygen to obtain HHT-P and HHT-O, respectively. These catalysts were tested in the production of AdA via two distinct methodologies: catalytic direct hydrogenation of muconic acid using molecular hydrogen and catalytic transfer hydrogenation utilizing formic acid as hydrogen donor. The results are characterized by an enhancement of the catalytic performance for the functionalized catalysts for both the process. In the CDH reaction an AdA yield of about 80% for both the catalysts was reached in contrast with 60% of Pd/HHT. In the case of the CTH process, only the catalyst containing 1 wt% Pd supported on HHT-P exhibited satisfactory results, reaching a MA conversion of 100% and an AdA yield of 74%. In addition, an increase of the stability has been obtained for the functionalized catalysts in respect of that supported on bare HHT, confirm the stabilization of the metal NPs deriving from the addition of heteroatoms to the carbon structures.



Further studies should focus on the optimization of the reaction conditions for the CTH process, including temperature, pressure, and catalyst concentration, in order to obtain comparable results with the CDH ones and to ensure the effective management of intermediate concentrations and the successful transition to the final hydrogenation stage that led to the production of adipic acid.
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Figure 1. Reaction scheme for AdA production starting from different substrates: MA (left) and Na-Muc (right). 
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Figure 2. Initial activity (h−1) of the three different catalysts for the CDH process calculated after 5 min of reaction using the Equation (5). 
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Figure 3. Comparison of the reaction courses for the three different catalysts in the catalytic direct hydrogenation: (a) 1%Pd@HHT, (b) 1%Pd@HHT-O, (c) 1%Pd@HHT-P. Reaction conditions: MA concentration 0.05 M, temperature 70 °C, 3 bar pressure of H2, metal/substrate molar ratio 1/500, 1200 rpm. 
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Figure 4. AdA Yield monitored along time in the catalytic direct hydrogenation of MA. Reaction conditions: MA concentration 0.05 M, temperature 70 °C, 3 bar pressure of H2, metal/substrate molar ratio 1/500, 1200 rpm. 
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Figure 5. (a) MA conversion and (b) Yield of AdA after 120 min during recycling tests in the catalytic direct hydrogenation of MA. Reaction conditions: MA concentration 0.05 M, temperature 70 °C, 3 bar pressure of H2, metal/substrate molar ratio 1/500, 1200 rpm. 
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Figure 6. Comparison of the reaction courses for the three different catalysts in the catalytic transfer hydrogenation: (a) 1%Pd@HHT, (b) 1%Pd@HHT-O, (c) 1%Pd@HHT-P. Reaction conditions: MA concentration 0.005 M, metal/substrate molar ratio 1/65, temperature 70 °C, pressure of N2 3 bar, MA/FA ratio 1/10, 1200 rpm. 
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Figure 7. Study of the influence of the metal/substrate ratio: 1/65, 1/100 and 1/125 in the catalytic transfer hydrogenation: (a) MA conversion and (b) AdA Yield monitored along time. Reaction conditions: MA concentration 0.005 M, temperature 70 °C, pressure of N2 3 bar, MA/FA ratio 1/10, 1200 rpm. 
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Figure 8. Study of the influence of the temperature. (a) MA conversion and (b) AdA Yield monitored along time. Reaction conditions: MA concentration 0.005 M, metal substrate molar ratio 1/100, pressure of N2 3 bar, MA/FA ratio 1/10, 1200 rpm. 
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Figure 9. Representative HR-STEM images of. (a,b) 1wt%Pd@HHT, (c,d) 1wt%Pd@P-HHT and (e,f) 1wt%Pd@O-HHT. 
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Table 1. Summary of the catalytic results in the catalytic direct hydrogenation of MA. Reaction conditions: MA concentration 0.05 M, temperature 70 °C, 3 bar pressure of H2, metal/substrate molar ratio 1/500, 1200 rpm.
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	Catalysts
	MA Conversion

after 5 min (%)
	MA Conversion

after 15 min (%)
	MA Conversion

after 60 min (%)





	1%Pd/HHT
	20
	52
	100



	1%Pd/HHT-O
	39
	100
	100



	1%Pd/HHT-P
	31
	100
	100










 





Table 2. Published results about MA and Na-Muc hydrogenation reactions performed using water as solvent.
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Catalysts

	
Substrate

	
T [°C]

	
H2 [bar]

	
MA Conv (Time) [%]

	
AdA Yield [%]

	
Metal/Substrate Ratio [mol/mol]

	
Ref.






	
10%Pt/AC

	
MA

	
25

	
3.5

	
100 (3 h)

	
90

	
1/4

	
[4]




	
10%Pt/AC

	
MA

	
25

	
34

	
100 (2.5 h)

	
97

	
1/20

	
[34]




	
5%Pt/AC

	
Na-Muc

	
70

	
4

	
100 (2 h)

	
100

	
1/275

	
[35]




	
5%Pd/AC

	
MA

	
70

	
1

	
100 (60 min)

	
100

	
1/200

	
[36]




	
5%Pd/AC

	
Na-Muc

	
70

	
1

	
100 (90 min)

	
95

	
1/200

	
[36]




	
1% Pd/KB

	
Na-Muc

	
50

	
1

	
100 (90 min)

	
53

	
1/200

	
[37]




	
1%Pd/Norit

	
Na-Muc

	
50

	
1

	
100 (90 min)

	
20

	
1/200

	
[37]




	
1%Pd/G60

	
Na-Muc

	
50

	
1

	
100 (90 min)

	
27

	
1/200

	
[37]




	
1%Pd8Au2/HHT

	
MA

	
50

	
2

	
100 (200 min)

	
90

	
1/1500

	
[32]




	
1%Pd8Zn2/HHT

	
Na-Muc

	
70

	
2

	
100 (180 min)

	
84

	
1/500

	
[38]




	
1%Pd8Ni2/HHT

	
Na-Muc

	
70

	
2

	
100 (180 min)

	
80

	
1/500

	
[38]




	
1%Pd/HHT

	
Na-Muc

	
70

	
3

	
100 (120 min)

	
58

	
1/500

	
Current work




	
1%Pd/HHT-O

	
Na-Muc

	
70

	
3

	
100 (120 min)

	
80

	
1/500




	
1%Pd/HHT-P

	
Na-Muc

	
70

	
3

	
100 (120 min)

	
84

	
1/500











 





Table 3. Results about CTH process using MA as substrate and FA as hydrogen donor.
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Catalysts

	
MA/FA Ratio [mol/mol]

	
T

[°C]

	
N2

[bar]

	
MA Conv

(Time) [%]

	
AdA Yield [%]

	
Metal/Substrate Ratio [mol/mol]

	
Ref.






	
1%Pd/HHT

	
1/4

	
30

	
-

	
85 (6 h)

	
0

	
1/200

	
[26]




	
1%Pd90Rh10/HHT

	
1/4

	
30

	
-

	
85 (6 h)

	
21

	
1/200




	
1%Pd69Rh31/HHT

	
1/4

	
30

	
-

	
85 (6 h)

	
36

	
1/200




	
1%Pd/HHT

	
1/10

	
70

	
3

	
40 (4 h)

	
0

	
1/65

	
Current work




	
1%Pd/HHT-O

	
1/10

	
70

	
3

	
89 (6 h)

	
18

	
1/65




	
1%Pd/HHT-P

	
1/10

	
70

	
3

	
100 (4 h)

	
74

	
1/65




	
1%Pd/HHT-P

	
1/10

	
90

	
3

	
94 (4 h)

	
77

	
1/100











 





Table 4. XPS results from O, P and Pd high resolution (HR) spectra.
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Sample

	

	

	

	
O 1s

	

	
P 1s

	
Pd 3d




	
Atomic Ratio (%)

	
C=O, P=O, P-O

	
C-O, C-O-C, P-O-C

	
COOH

	
C-O-PO3, C-P

	
Pd2+

	
Pd0




	
C-O-P-Pd






	
HHT

	
99.1-0.9-0.0-0.0

	
B.E. (eV)

	
531.2

	
533.0

	
534.1

	
-

	
-

	
-




	
% At.

	
50.4

	
48.4

	
1.2

	
-

	
-

	
-




	
HHT-O

	
92.2-77.8-0.0-0.0

	
B.E. (eV)

	
531.3

	
532.9

	
533.9

	
-

	
-

	
-




	
% At.

	
54.8

	
35.3

	
8.5

	
-

	
-

	
-




	
HHT-P

	
93.5-4.8-1.4-0.0

	
B.E. (eV)

	
531.4

	
533.0

	
534.2

	
134.2

	
-

	
-




	
% At.

	
61.3

	
33.2

	
5.5

	
100

	
-

	
-




	
Pd/HHT

	
96.5-2.7-0.0-0.8

	
B.E. (eV)

	
531.3

	
533.2

	
534.3

	
-

	
336.4

	
335.0




	
% At.

	
49.8

	
49.2

	
1.0

	
-

	
38.5

	
61.5




	
Pd/HHT-O

	
92.1-6.5-0.0-1.1

	
B.E. (eV)

	
531.2

	
533.2

	
534.2

	
-

	
336.8

	
335.0




	
% At.

	
56.3

	
33.4

	
10.7

	
-

	
43.5

	
56.5




	
Pd/HHT-P

	
93.1-4.7-0.6-1.6

	
B.E. (eV)

	
531.4

	
532.8

	
534.4

	
133.9

	
336.5

	
334.8




	
% At.

	
58.5

	
27.0

	
14.5

	
100

	
22.9

	
77.1
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