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Abstract

:

The hydrogenation reaction of muconic acid, produced from biomass using fermentative processes, to bio-adipic acid is one of the most appealing green emerging chemical process. This reaction can be promoted by catalysts based on a metal belonging to the platinum group, and the use of a second metal can preserve and increase their activity. Pd–Au bimetallic nanoparticle samples supported on high-temperature, heat-treated carbon nanofibers were prepared using the sol immobilization method, changing the Pd–Au molar ratio. These catalysts were characterized by TEM, STEM, and XPS analysis and tested in a batch reactor pressurized with hydrogen, where muconic acid dissolved in water was converted to adipic acid. The synthesized Pd–Au bimetallic catalysts showed higher activity than monometallic Au and Pd material and better stability during the recycling tests. Moreover, the selectivity toward the mono-unsaturated changed by decreasing the Pd/Au molar ratio: the higher the amount of gold, the higher the selectivity toward the intermediates.
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1. Introduction


The industrial success of emerging biomass conversion processes lies in the correct design and synthesis of a robust heterogeneous catalyst. Often, catalyst deactivation occurs due to metal leaching or poisoning of the active sites. In particular, fouling or metal leaching is observed when a catalyst is prepared by using a metal belonging to the platinum group (platinum group metal (PGM)) [1]. Moreover, the choice of the support plays a key role in catalyst reactivation because normally the regeneration occurs in a strong oxidative environment at high temperature. Therefore, the development of a stable catalyst is the key point to increase the economic feasibility of green industrial processes. Nowadays, researchers are developing a new family of next-generation catalysts for renewable energy and chemicals synthesis having high productivity and durability [2].



The hydrogenation of muconic acid (MA) to bio-adipic acid (AdA) is one of the emerging green chemical processes that deal with PGM catalysts durability challenges. MA is a dicarboxylic acid widely studied for the production of bio-based bulk chemicals (i.e., adipic acid) or bio-privileged molecules, and it can be produced from lignocellulosic biomass using both biological and catalytic processes [3,4,5,6,7]. In the past years, PGM-based catalysts have been widely used for the reduction of MA: Pt and Pd supported on activated carbon have been successfully used to hydrogenate MA [8,9,10,11,12]. However, metal leaching occurs when performing the reaction in a strong acidic environment [13]. The addition of a second metal tends to preserve and increase catalyst activity, thus enhancing the whole performance of the material and making the process economically more sustainable [14,15]. In fact, metal nanoparticles (NPs) composed of two different metals exhibit unique and peculiar catalytic properties that are different with respect to the monometallic counterpart. In particular, a synergistic effect is created, which generates distinctive and new properties, allowing an increase in the selectivity toward the desired products [16]. The synergistic effect is not yet completely clear; nevertheless, two main hypotheses were formulated to explain this phenomenon. The first one is called the electronic (or ligand) effect, which is defined as a change in metal electronic properties due to heterometallic bonds. The second one is the dilution (or ensemble) effect, which is established when the active metal is diluted in a second metal at an atomic scale [17]. Concerning PGMs, many bimetallic systems can be synthesized using different synthetic techniques (sol immobilization, impregnation, precipitation). In particular, various Pd-based bimetallic catalysts have been successfully synthesized using Ag [18], Rh [19], Cu [20], Pt [21], and Au [22] as a second metal. Pd–Au bimetallic systems have been widely used in hydrogenation reactions, and compared to the monometallic Au and Pd material, the bimetallic samples always show the best performance in terms of conversion, selectivity, and stability [22,23,24,25,26,27]. Monometallic Pd NPs supported on carbonaceous material were already reported as an active catalyst for the MA hydrogenation reaction, with an activity of about 650 h−1 [12]. Despite the good activity, many studies have reported the leaching of the active metal [28,29], and due to the increase in the price of Pd, this behavior should be reduced as much as possible. Therefore, considering the synergistic effect of a bimetallic catalyst for the enhancement in catalyst stability, in this work Pd–Au bimetallic NPs supported on a highly graphitized support (high-temperature, heat-treated carbon nanofibers (HHT CNFs)) were prepared using the sol immobilization method [30]. Commercial HHT CNFs were used as a support for the deposition of different bimetallic Pd–Au NPs prepared by changing the Pd/Au molar ratio.



The positive effect of Au as a second metal in the catalyst formulation was demonstrated for the conversion and selectivity of the reaction. Moreover, the catalyst stability during the recycle test was higher for the bimetallic sample. The Pd/Au molar ratio is a key parameter for the mono-unsaturated product: the higher the amount of gold, the higher the selectivity toward the intermediates.




2. Results and Discussion


2.1. Characterization


The catalysts were characterized by TEM (Transmission Electron Microscopy) and XPS (X-Ray Photoelectron Spectroscopy) analysis. The catalysts’ morphology, particle size distribution, and bulk Pd/Au ratio were evaluated by TEM and HAADF-STEM (Scanning Transmission Electron Microscopy) analyses. Monometallic Pd and Au catalysts showed an average particle size of 3.9 ± 1.2 nm and 3.4 ± 1.2 nm, respectively. All the bimetallic catalysts displayed a mean particle dimeter of about 3.0 nm, with a narrow particle size distribution (PSD), except for the Pd4Au6 sample, which showed an average particle size of 4.0 ± 0.8 nm (Figure 1, Figure 2, Figure 3 and Figure 4). By using STEM-XEDS analysis, the amount evaluation of Pd and Au for a single NP was performed. The calculated values are in agreement with the nominal ones, except for the Pd2Au8 sample (Table 1). The estimated Pd/Au molar ratio for this catalyst was 0.15, which is lower than the nominal one (0.25). This behavior could be ascribed to the presence of segregated Pd NPs. Moreover, the images suggest the formation of a Pd–Au alloy structure with enrichment of Pd on the NP surface.



XPS analysis was also used to study the surface composition of the oxidation state and relative metals’ amount. Four main species were revealed by the survey spectra: gold (Au 4f 83.3–84.2 eV), carbon (C 1s 284.2–284.6 eV), palladium (Pd 3d 335.4–337.6 eV), and oxygen (O 1s 532.2–532.6 eV). Considering the superficial Pd/Au molar ratio (Pd/Ausurface), lower values than nominal ones were calculated (Table 2). This indicates that the catalyst surface is Pd rich, as also previously observed from STEM-XEDS analyses.



The metals’ oxidation states were studied by recording high-resolution (HR) spectra of Pd 3d and Au 4f regions (Table 3). The Pd 3d region showed two main peaks at 335.5–336.7 eV and 337.1–337.8 eV, which were assigned to Pd0 and PdII, respectively. In addition, a satellite peak was also observed at 342.3–347.1 eV. The relative amount of Pd0 was in the range of 62–80%, which means that most of the Pd at the surface is in its metallic form. Interestingly, a Pd0 peak-binding energy shift of about ± 1.1 eV was observed for the bimetallic catalyst. This modification could be due to an electronic exchange from Au to Pd. Furthermore, the Au 4f region showed two peaks related to Au0 and Auδ+ at about 84 eV and 85 eV, respectively. The amount of metallic Au in bimetallic catalysts was in the range of 76–51%, and the higher the amount of gold used for the synthesis, the higher the Au0 amount.




2.2. Hydrogenation Reaction


To evaluate the catalyst performance and to compare the results among all synthesized catalysts, the initial activity was evaluated using Equation (1). This parameter evaluates the catalyst conversion considering the total amount of metal used for the reaction.



Pd8Au2 and Pd6Au4 bimetallic catalysts showed an initial activity (3571 h−1 and 2334 h−1, respectively) higher than the monometallic Pd one (2027 h−1). On the contrary, the catalysts prepared with the lowest amounts of Pd (Pd2Au8 and monometallic Au) displayed a low activity of 214 h−1 and 74 h−1, respectively (Figure 5). Therefore, the introduction of a second metal to Pd has a beneficial effect in terms of activity. This behavior can be explained considering that a Pd–Au alloy with a specific Pd/Au molar ratio possesses a perfect balance between the ligand effect and its lattice [31,32].



Considering the conversion, all the catalysts were able to fully convert MA in 3 h, except for the Au monometallic sample, which converted about 30% of MA after 180 min. Pd, Pd8Au2, Pd6Au4, and Pd4Au6 catalysts showed similar conversion behavior, while Pd2Au4 displayed a lower conversion rate compared with the other bimetallic catalysts (Figure S1). Despite all the bimetallic catalysts reaching full conversion after 30 min (except for Pd2Au8), their behaviors in the first 15 min looked different. In particular, the Pd8Au2 catalyst gave the best performance after 15 min. Instead, monometallic Pd performance was similar to that of the Pd6Au4 catalyst in terms of conversion.



On the contrary, catalyst selectivity toward the intermediates and AdA strictly depended on their composition (Figure S2). The reaction first occurred with the conversion of MA to three different intermediates having different positions of the double bond. Then, the intermediates were converted to MA (Figure 6).



Considering AdA selectivity, the Pd8Au2 catalyst exhibited the best performance for low reaction times. Monometallic Pd, Pd8Au2, and Pd6Au4 catalysts showed 100% selectivity toward AdA after 1 h, while the Pd4Au6 sample was able to fully convert MA to AdA in 3 h. On the contrary, the Pd2Au8 catalyst showed only 60% of selectivity toward AdA after 3 h, while monometallic Au was completely inactive toward the production of bio-AdA. Interestingly, the Au monometallic catalyst showed about 70% and 25% of selectivity toward 2Z-HyMA and 2E-HyMA, respectively. Therefore, in this reaction condition, the Au/HHT catalyst could be a good candidate for the production of monounsaturated acrylic monomers.



The products’ selectivity at an iso-conversion of 30% was also evaluated (Figure 7). For all the considered catalysts, the main intermediate was 2Z-HyMA. Moreover, a decreasing trend was established: the lower the Pd/Au ratio, the lower the 2Z-HyMA selectivity. On the contrary, the amount of 2E-HyMA was higher when the Pd/Au ratio decreased. Therefore, by varying the Pd/Au ratio, it is possible to synthesize a wide range of monomers by simply varying the catalyst metal composition.



Considering the reaction pathway, Pd, Pd8Au2, and Pd6Au4 catalysts first converted MA to the 2Z-HyMA intermediate, which was quickly transformed to AdA. This behavior is better highlighted looking at the intermediates’ concentration profiles of the Pd4Au2 and Pd2Au8 catalysts (Figure S3).



Finally, six consecutive reactions were performed by recovering the catalyst after each reaction to study catalyst recyclability. Monometallic Pd, as expected, lost its activity after the fourth recycling tests, probably due to metal leaching that occurs in an acidic environment (Figure 8). On the contrary, Pd8Au2 and Pd6Au4 catalysts maintained their activity for up to six consecutive reactions. Therefore, the bimetallic NPs are more stable against leaching, opening the possibility to be industrially attractive.





3. Experimental Section


3.1. Catalyst Synthesis


All the catalysts were synthesized using sol immobilization synthesis, as reported by Barlocco et al. [30].



Commercial HHT carbon nanofibers (CNFs) were used as a support. HHT CNFs have a surface area of about 25 m2/g and an inner and outer diameter of 60 and 130 nm, respectively. Briefly, K2PdCl4 and NaAuCl4·2H2O were used as metal precursors, polyvinyl alcohol (PVA) as a stabilizer, and NaBH4 as a reducing agent. First, the metal precursor solutions were added to 100 mL of mQ H2O in order to reach a final total metal loading of 1% with different Au/Pd molar ratios. Then an aqueous solution of PVA (1% wt) was added with a PVA/metal weight ratio of 0.5/1. Furthermore, NaBH4 was added (NaBH4-to-metal molar ratio of 8/1) to reduce the metal precursor to metallic NPs. The colloidal solution was stirred for 30 min, and then 1.0 g of HHT was added to the metal NP colloid. The suspension was then acidified at pH 2 using concentrated H2SO4 to ensure complete deposition of NPs on the support. Finally, the obtained catalysts were filtered, washed until neutral pH, and dried at 80 °C.




3.2. Catalyst Characterization


The morphology and microstructures of the catalysts were characterized by transmission electron microscopy (TEM) using high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX). A Themis300 transmission electron microscope (Thermo Fisher Scientific), equipped with a probe aberration corrector and Super-X EDX detectors, operating at 300 kV, was used for both EDX and HAADF-STEM analyses.



X-ray photoelectron spectroscopy (XPS) analyses were performed using a Thermo Fisher Scientific K-alpha+. The samples were analyzed using a monochromatic Al X-ray source operating at 72 W. All the data were recorded at 150 eV for survey scans and at 40 eV for high-resolution (HR) spectra with a 1 eV and 0.1 eV step size, respectively. The CASAXPS (v2.3.17 PR1.1) program was used for the analysis of the XPS spectra.




3.3. Hydrogenation Reaction


The hydrogenation reactions of cis,cis-muconic acid (Sigma-Aldrich, >97%) were carried out in a batch glass reactor heated using an oil bath. The temperature was controlled by using a heating plate equipped with a thermocouple.



The reactor was filled with 25 mL of an aqueous solution of MA (0.01 M) in demineralized water and Pd–Au catalysts (1.8–3.0 mg) and then pressurized at 2 bar absolute of hydrogen. The substrate-to-metal molar ratio was 1500/1, which allowed avoiding any mass transfer limitations, as previously verified.



Batch hydrogenation reactions were conducted at 50 °C at a stirring rate of 1000 rpm, which ensured a kinetic regime. During the tests, the reaction samples were taken after 5, 15, 30, 60, 90, 120, and 180 min after quenching the reaction. The reaction products were analyzed with high-performance liquid chromatography (HPLC) equipped with an ultra-visible (UV) set at 210 nm. Briefly, the reaction sample was centrifuged and then diluted using a H2SO4 (0.005 M) solution. The HPLC column (Rezex ROA-Organic Acid H+ (8%)) was able to separate all the intermediates, the substrate, and AdA for the evaluation of MA conversion and product selectivity. Due to the unavailability of commercial standards of the intermediates, these products were identified by 1H-NMR analysis (Figures S4–S9).



Initial activity after 5 min of reaction was evaluated considering the MA reacted moles (after 5 min) and the total metal amount used for the reaction (Equation (1)).


   Initial   activity     (   h  − 1    )  =    MA   reacted     (  mol  )      mol   met     ·    reaction   time     ( h )     



(1)








3.4. Recycle Tests


Recycle tests were carried out with the same setup used for the hydrogenation reaction. The reactor was filled with 25 mL of 0.01 M MA in demineralized water and Pd–Au catalysts and then pressurized at 2 bar of hydrogen. Batch hydrogenation was conducted at 50 °C under stirring at 1000 rpm for 60 min, and then a liquid sample of the reaction mixture was analyzed with HPLC/UV to evaluate conversion. Due to the low amount of catalyst used for the reaction, it was not possible to filter and completely recover the catalyst after the reaction. Therefore, 35 mg of MA was added to the reaction mixture to restore the initial concentration of MA after each reaction. With this procedure, it was possible to evaluate MA conversion for 5 consecutive cycles.



Selectivity was not evaluated because of progressive accumulation of products in the reaction mixture.





4. Conclusions


The sol immobilization method was successfully applied for the synthesis of new bimetallic Pd–Au nanoparticles supported on high-temperature, heat-treated carbon nanofibers. The catalysts were investigated by TEM and XPS characterization. The average particle size for monometallic Pd and Au samples was 3.9 and 3.4 nm, respectively, while all the bimetallic samples showed a mean particle diameter of 3.0 nm (3.8 nm only for the Pd4Au6 sample). The measured loading of Pd and Au was coherent with the theoretical value for all the samples, except Pd3Au8 for segregated Pd nanoparticles. XPS analysis confirmed that the catalysts’ surface was Pd rich and that most of the Pd at the surface was in its metallic form. Metallic Au was present, too, in the range of 76–51%.



The synthesized Pd–Au bimetallic catalysts showed higher activity than monometallic Au and Pd material in the conversion of muconic acid, dissolved in water, to adipic acid. More in detail, Pd8Au2 and Pd6Au4 bimetallic catalysts guaranteed initial activities of 3571 and 2334 h−1, respectively, higher than the corresponding one obtained with monometallic Pd (2027 h−1). The addition of Au to Pd allowed obtaining higher activity. Referring to our experimental conditions, bimetallic catalysts are able to promote the hydrogenation reaction with full conversion of muconic acid in 3 h. The selectivity of the process is highly dependent on the catalyst composition: the higher the amount of gold, the higher the selectivity toward the intermediates.



Recycle tests were performed to check the catalyst stability, and bimetallic samples were fully stable against the leaching phenomenon. On the contrary, the monometallic Pd sample highlighted a decrease in activity, starting from the third recycling, with a progressive decline in subsequent tests.
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Figure 1. (a) TEM, (b) NP size distribution, and (c) EDX analysis of Pd8Au2 catalyst. 
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Figure 2. (a) TEM, (b) NP size distribution, and (c) EDX analysis of Pd6Au4 catalyst. 
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Figure 3. (a) TEM, (b) NP size distribution, and (c) EDX analysis of Pd4Au6 catalyst. 
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Figure 4. (a) TEM, (b) NP size distribution, and (c) EDX analysis of Pd2Au8 catalyst. 
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Figure 5. Initial activity of monometallic and bimetallic catalysts in the hydrogenation reaction. 
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Figure 6. Scheme of MA conversion to AdA. 
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Figure 7. Intermediate selectivity after 30 min of reaction. 
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Figure 8. MA conversion after 60 min during recycling tests. #: progressive number of recycle run. 
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Table 1. Results of TEM-EDX analysis.






Table 1. Results of TEM-EDX analysis.





	Catalyst
	Pd/Aunominal

(Molar Ratio)
	Pd/AuEDX

(Molar Ratio)
	Pd/Aunominal

(Molar Ratio)
	Pd/AuEDX

(Molar Ratio)
	Average Particle Size

(nm)





	Pd/HHT
	-
	-
	-
	-
	3.9 ± 1.2



	Pd8Au2/HHT
	8.0–2.0
	8.3–1.7
	4.0
	4.8
	3.5 ± 0.9



	Pd6Au4/HHT
	6.0–4.0
	5.9–4.1
	1.5
	1.4
	2.9 ± 0.7



	Pd4Au6/HHT
	4.0–6.0
	4.5–5.5
	0.67
	0.82
	4.0 ± 0.8



	Pd2Au8/HHT
	2.0–8.0
	1.3–8.7
	0.25
	0.15
	3.1 ± 0.6



	Au/HHT
	-
	-
	-
	-
	3.4 ± 1.2
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Table 2. Results of XPS survey spectra [30].






Table 2. Results of XPS survey spectra [30].





	
Catalyst

	

	
C 1s

	
O 1s

	
Au 4f

	
Pd 3d

	
Pd/Aunominal

	
Pd/Ausurface






	
Pd/HHT

	
B.E. (eV)

	
284.6

	
532.6

	
-

	
337.6

	
-

	
-




	
%At.

	
92.1

	
7.3

	
-

	
0.6




	
Pd8Au2/HHT

	
B.E. (eV)

	
284.2

	
532.2

	
83.4

	
335.4

	
4.0

	
6.5




	
%At.

	
91.2

	
7.3

	
0.2

	
1.3




	
Pd6Au4/HHT

	
B.E. (eV)

	
284.4

	
532.4

	
83.4

	
335.4

	
1.5

	
1.5




	
%At.

	
95.5

	
3.5

	
0.4

	
0.6




	
Pd4Au6/HHT

	
B.E. (eV)

	
284.3

	
532.3

	
84.3

	
335.6

	
0.7

	
1.0




	
%At.

	
96.2

	
3.1

	
0.3

	
0.3




	
Pd2Au8/HHT

	
B.E. (eV)

	
284.5

	
532.5

	
83.5

	
335.5

	
0.3

	
0.5




	
%At.

	
92.3

	
1.4

	
0.2

	
0.1




	
Au/HHT

	
B.E. (eV)

	
284.3

	
532.3

	
83.3

	
-

	
-

	




	
%At.

	
97.8

	
2.1

	
0.1
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Table 3. Results of HR spectra of Au 4f and Pd 3d regions (chemcatchem, 2021, doi.org/10.1002/cctc.202100886, in press).
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Au0

	
Auδ+

	
Au0/Auδ+

	
Pd0

	
PdII

	
Pdsat

	
Pd0/PdII






	
Pd/HHT

	
B.E. (eV)

	
-

	
-

	
-

	
336.7

	
337.8

	
342.1

	
10.2




	
%at.

	
-

	
-

	
80.7

	
7.9

	
11.4




	
Pd8Au2/HHT

	
B.E. (eV)

	
84.1

	
85.3

	
1.0

	
335.6

	
337.1

	
347.1

	
3.1




	
%at.

	
50.8

	
49.2

	
68.5

	
21.8

	
9.7




	
Pd6Au4/HHT

	
B.E. (eV)

	
84.3

	
85.6

	
2.1

	
335.6

	
337.0

	
342.5

	
3.6




	
%at.

	
67.8

	
32.2

	
67.1

	
18.8

	
14.1




	
Pd4Au6/HHT

	
B.E. (eV)

	
84.1

	
85.6

	
2.1

	
335.5

	
337.2

	
342.3

	
4.8




	
%at.

	
67.7

	
32.3

	
79.9

	
16.8

	
31.3




	
Pd2Au8/HHT

	
B.E. (eV)

	
84.2

	
85.4

	
3.2

	
335.5

	
337.2

	
342.3

	
2.1




	
%at.

	
76.0

	
24.0

	
61.9

	
29.4

	
8.7




	
Au/HHT

	
B.E. (eV)

	
84.2

	
85.6

	
9.1

	
-

	
-

	
-

	
-




	
%at.

	
90.1

	
9.9

	
-

	
-

	
-
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