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Abstract: Renewal in the world production of plastics with growing amounts of building blocks 

from biomass is a pressing demand among society. Adipic acid is one of the monomers of nylon 6,6, 

and, traditionally, is obtained from fossil sources, but it is possible to reduce the muconic acids, 

deriving it from biomass, to obtain adipic acid. However, these catalyzed reactions use commonly 

hazardous conditions or reagents; in this study, a pathway to obtain a bio-adipic acid, following the 

Green Chemistry, is reported. Metal nanoparticles (M NPs; M = Pd, Pt, Ru, Rh) were synthesized in 

water at 80 °C using sodium lignosulphonate as a reducing and stabilizing agent. They were char-

acterized by TEM and XRD techniques: Pd NPs were larger (21 nm) and spherical in shape; Pt NPs 

were irregular; Ru and Rh NPs were smallest (1.9 and 5.3 nm, respectively). M NPs were tested as 

catalyst in the hydrogenation reactions of dicarboxylic acids (fumaric, malonic, trans,trans- and 

cis,cis-muconic acids) in water at room pressure and temperature. The NPs transformed selectively 

fumaric and malonic acids to succinic acid, although with different yields. Ru and Pt NPs were 

moderately active while with Pd NPs, 80% of succinic acid was obtained and with Rh NPs, 100% 

was observed. Carrying out the hydrogenations on muconic acids at pH 5, the formation of adipic 

acid was observed with all NPs but selectivities in the presence of Ru, Pt and Pd NPs were not 

excellent. The selectivity with Rh NPs was remarkable (86% from cis,cis- and about 100% from 

trans,trans-muconic acid) considering the mild conditions; furthermore, it is attractive that the 

adipic acid was obtained also from the cis,cis isomer which can be produced from biomass. 

Keywords: Lignin; adipic acid; metal nanoparticles; rhodium; reducing reaction; muconic acid;  

maleic acid; fumaric acid 

 

1. Introduction 

Nylon is a dominating polymer in industrial applications: the global market size was 

estimated at $31.1 billion in 2021 and is expected to reach an annual growth of 6.2% by 

2030 [1]. The replacement of traditional plastic (e.g., PVC) in sectors like automotive and 

electronics, with the engineered ones will push up the nylon 6,6 market growth [2]: con-

sumption of nylon (6 and 6,6) is expected to reach 2.8 million tons by 2025 in Europe alone 

[3]. 

The reagents to obtain nylon 6,6 are adipic acid (hexanedioic acid) and hexameth-

ylenediamine; the traditional production of adipic acid starts from petroleum-derived cy-

clohexane transformation to cyclohexanol and cyclohexanone mixture oxidized by nitric 

acid [4]. Unfortunately, this process releases N2O in high amounts (about 0.3 ton per ton 

of adipic acid) promoting, in this way, global warming [5,6] even if it can be recovered as 

nitric acid at the end of the process [7]. Furthermore, the use of fossil sources and toxic or 

hazardous reagents and solvents is not desirable according to the Green Chemistry prin-

ciples [8]. Considering the large polymers market, a slight decrease of fossil or toxic 
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feedstock can be of great progress for the innovative bio-industry and a formidable benefit 

for the environment. 

In recent years, several alternative syntheses of adipic acid were published [9–13], 

but a huge green step will be achieved using directly muconic acid (hexa-2,4-dienedioic 

acid), from biomass, as a starting compound. Adipic acid is a drop-in chemical because, 

when biobased, it could replace the fossil one without altering the subsequent industrial 

productive chain; the high number of patents, furthermore, makes it a business-driven 

compound [14]. The muconic acid can be employed mostly as cis,cis- or trans,trans-isomer. 

The isomer cis,cis of muconic acid ((2Z,4Z)-hexa-2,4-dienedioic acid) can be obtained from 

biomass, by the biotransformation of aromatics [15,16], de novo synthesis of glucose 

[17,18] or from lignin [19–21] with engineered Pseudomonas putida, although the catalytic 

hydrogenation of trans,trans-muconic acid ((2E,4E)-hexa-2,4-dienedioic acid) to adipic 

acid was more reported in literature due to the high stability of this isomer, which simpli-

fies the kinetic study of the reaction excluding potential isomerization steps [22]. Several 

works showed that trans,trans-muconic acid can be produced via chemical isomerization 

of biobased cis,cis-muconic [23–25] and then the formation of adipic acid could be 

achieved by two steps, and also in one-pot: the cis,cis-muconic acid isomerization to 

trans,trans and the successive hydrogenation to adipic acid. Between the recently pub-

lished hydrogenations of trans,trans-muconic, we can cite the reaction with Re/TiO2 in 

methanol at 210 °C and 69 bar of hydrogen [26], with Pt/C in water at 7 bar of hydrogen 

and room temperature [27], in the presence of Pd/C at 50°–70 °C and 1 bar of hydrogen 

[28,29]. The isomerization of cis,cis-muconic acid, however, is not always a quantitative 

reaction because of the formation of intramolecular lactonized forms of muconic acid [23]. 

The direct chemical transformation of cis,cis-muconic (or its ester form) to adipic acid, by 

selective hydrogenation, recently, was achieved in several reaction conditions: using Pd/C 

or Rh/C as catalyst at 24 °C and 24 bar of hydrogen in ethanol solution [20,30]; in water 

with Ni/alumina at 60 °C and 10 bar of hydrogen [31]; in methanol at 175 °C with Re/C in 

absence of external hydrogen but in an inert atmosphere [32]. 

The scientific community is excited by the potential use of cis,cis-muconic acid as in-

dustrial platform, but, in our opinion, the reaction conditions can be improved in terms of 

sustainability, reducing the temperature and/or hydrogen pressure, selecting an appro-

priate solvent and a metal catalyst greener, less expensive and not hazardous. So, to sum, 

combining a biotechnological step for the fermentative production of the bio-based cis,cis-

muconic acid with its catalytic conversion to adipic acid could be a novel pathway to start 

greening the production of nylon. In addition, the other reagent, the hexamethylenedia-

mine, can be biomass-derived: hydroxymethylfurfural, in the “Top 10” list of the biobased 

chemicals [33], is a potential product of photooxidation of the lignin [34] and can be trans-

formed in hexamethylenediamine [35]. 

Lignin is an underutilized waste-biomass, often used as a source of thermal energy, 

but essential in a sustainable industry transformation [16]; its aromatic polymer nature 

makes it a resource for chemicals and building blocks [34,36–39], innovative products 

[25,40,41], and alternative fuels [42,43]. Lignin valorization is key for the future develop-

ment of the green industry. Recently, we prepared several Pt and Pd nanoparticles (Pd 

NPs and Pt NPs), stabilized with lignin [44], and used as catalysts at mild conditions in 

the cross-coupling [45], hydrogenation [46], and reduction reactions [47]. 

In this work, we presented our Pd and Pt nanoparticles, new Ru and Rh ones (Ru 

NPs and Rh NPs), still stabilized by lignin [44]. Rh and Ru have been selected between the 

platinum group metals for their catalytic activity versus C-H bond and in the selective 

reduction of C=C in styrene [48], benzene [49,50], aromatics [51], cyclohexene and its de-

rivatives [52], butadiene [53], eugenol [54]. 

All M NPs were characterized by TEM, XRD and UV-vis and tested as catalysts in 

the selective hydrogenation, in mild conditions, of α,β-unsaturated dicarboxylic acid 

models, i.e., fumaric acid ((2E)-but-2-enedioic acid ) and maleic acid ((2Z)-but-2-enedioic 

acid) to corresponding succinic acid (butanedioic acid), evaluating their activity and 
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selectivity. Furthermore, the catalytic system was tested on trans,trans- and cis,cis-muconic 

acid to obtain the adipic acid. 

In this way, we can suggest an important role for the lignin in a potential future pro-

duction of nylon 6,6, following the Scheme 1. 

 

Scheme 1. The suggested pathway for a green production of nylon 6,6 from lignin. In black, the 

transformations in literature, in red our proposed preparation of adipic acid. 

2. Results and Discussion 

We synthesized four types of M NPs using Pt, Pd, Ru or Rh salts and the sodium 

lignosulphonate (NaLig); briefly, at 80 °C in water solution, the lignin acted as reducing 

agent for metal ions (i.e., Pt2+, Pd2+, Ru3+, Rh3+) and stabilizing the NPs simultaneously [44]. 

The formation of NPs was signalled by the solutions which got darker in colour (from 

brown to black and to dark brown in the case of Pd and Ru; from orange to light brown 

for Rh and to dark brown for Pt, without solid precipitates). 

The studied NPs were deeply characterized by TEM. These M NPs showed different 

size and dispersion in dimension. The Pd NPs had largest mean diameter (dm) and were 

extremely dispersed in size (dm = 21.6 ± 9.2 nm and a dispersion of 42.6%). The Pd NPs 

were reported in Figure 1a,b: the lignin around the NPs is well visible, the thickness of the 

lignin shell is not constant. The percentage of active atoms on the surface is 56.7% ± 0.6 

[55]. The Pt NPs were smaller and irregular with strong tendency to aggregate (Figure S1), 

as early reported [44]. The Rh NPs had smaller size; the shape is spherical, and the disper-

sion is sharp (dm = 5.3 ± 1.5 nm and a dispersion is 28.3%). The NPs resulted in being 

uniformly distributed and surrounded by the lignin, as it was depicted in the reported 

image (Figure 1c,d). The NPs, in the TEM images, seemed to be deposited on a layer of 

lignin. The percentage of catalytically active atoms on the NPs is 59.1% ± 1.0 [55]. The Ru 

NPs were the smallest of the prepared samples (dm = 1.9 ± 0.5 nm with a size dispersion of 

26.3%). The NPs were supported and well distributed; they did not show any agglomer-

ates and resulted in being deposited on a lignin layer (Figure 1e,f). The percentage of 
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catalytically active atoms on the NPs is 65.7% ± 3.2, which is the highest as expected: 

smaller is the NP, higher is the percentage of atoms on the surface of the NPs [55]. 

 

Figure 1. On the left: TEM images of (a) Pd NPs, (c) Rh NPs and (e) Ru NPs and the corresponding 

histogram distribution of the diameter on the right in the (b,d,f) panel. 

The UV-vis spectra of Pd and Pt NPs were already published [44]; briefly, Pd NPs 

solution showed a weak plasmon absorption, in the visible region, derived from the for-

mation of nanostructures, and Pt NPs showed only the disappearance of the signals at-

tributable to Pt ions. The spectra of Ru and Rh NPs revealed a slight increase of absorbance 

in the visible region compared to the initial solutions of salt and lignin, attributable to the 

formation of NPs with very small size (Figures S2 and S3) [56,57]. 

In the XRD experiments, the formation of a crystalline phase, attributable to the pres-

ence of NPs with metals in the zero-valent state, was observed in the case of Pt and Pd 

NPs, as previously reported [44]. In the case of Rh (Figure S4), the broad signal attributable 

to the amorphous state of lignin was dominant (5°–35° 2θ, Figure S5) and it was very 

problematic to detect the peaks (e.g., around 42° and 48°) from Rh0 [58], even if the disap-

pearance of the RhCl3 signals was easier to see (Figure S6). The apparent absence of the 

Rh0 peaks was due to their extreme lowering typical of the dispersed NPs and with small 

size, as previously reported [59]. Ru NPs XRD looked similar (Figures S7 and S8) probably 

for the same reasons [60]. 

The NPs were stable for 30 days in air and at 20 °C. 

In the presence of Pt, Pd, Ru and Rh NPs as catalysts, we performed the hydrogena-

tion of α,β-unsaturated dicarboxylic acids, i.e., fumaric acid, maleic acid, cis,cis- and 

trans,trans-muconic acids (Scheme 2). The reactions conditions were green and mild: 20 

mM of substrate in water, 100 mL of M NPs solution (corresponding to 0.037 mM of the 
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metal), room pressure of H2, 20 °C, 8 h. The course of reaction, with conversion and yield, 

was evaluated by 1H NMR spectra at pre-set time intervals (0, 1, 2, 4, 8 h). In the absence 

of M NPs, with lignin under hydrogen atmosphere or in air in the presence of the M NPS, 

no transformation of substrates was observed. 
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Scheme 2. The hydrogenation of 2-butenedioic acids to succinic acid, in presence of M NPs (M = Pd, 

Pt, Ru, Rh). 

2-Butenedioic acids, as model compounds, were very informative and useful in tun-

ing the reactions conditions to apply with the target compounds of this study. The con-

versions were always resulted superimposable to the yields of succinic acid for both iso-

mers, making the selectivity of all metal NPs always 100% (Figures 2 and 3). In the hydro-

genation of maleic acid, the yield in presence of Ru NPs was just sufficient (19% in 8 h, 

Figures 2, S17 and S18), with only subtle difference (<1%) in the last four hours of the 

reaction (Figure S9). The yields after 8 h in the presence of Pt and Pd NPs were very high, 

60% and 77% respectively (Figures 2, S10 and S11); with Rh NPs we observed a quantita-

tive transformation of maleic acid in succinic acid, already complete in 4 h (Figures 2, S12, 

S19 and S20). It is interesting to emphasize that, in the 1H NMR spectra, the fumaric acid 

(at 6.72 ppm) was observed occasionally during the course of the hydrogenation only in 

amounts that were too low to be reliably measurable (< 2%). 

 

Figure 2. The conversion (mol%, blue) and yield (mol%, orange) of the hydrogenation reactions of 

maleic acid in presence of Ru, Pt, Pd and Rh NPs (metal = 0.037 mM) in water at room temperature 

and pressure with H2 after 8 h of reaction. 
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Figure 3. The conversion (mol%, blue) and yield (mol%, orange) of the hydrogenation reactions of 

fumaric acid in presence of Ru, Pt, Pd and Rh NPs (metal = 0.037 mM) in water at room temperature 

and pressure with H2 after 8 h of reaction. 

Also in the case of fumaric acid, the Ru and the Pt NPs were less active. In fact, the 

yields with Ru and Pt were both 32% at 8 h, against 79% in presence of Pd; Rh NPs was 

the most active catalyst converting 100% of the starting compound (Figures 3, S13–S16 

and S21–S24). 

From these results, Ru NPs was resulted as moderately active, even if highly selec-

tive, catalyst in the reduction of the model compound; Pd, Pt and Rh have proven to be 

very good catalysts. 

The effect of increasing amounts of catalyst was studied with the metal that showed 

the best activity (Rh NPs) in the reduction of both 2-butenedioic acids. Tests were carried 

out with 10 µL (0.0037 mM in Rh), 50 µL (0.0185 mM), 300 µL (0.111 mM), 500 µL (0.185 

mM) of Rh NPs solution, comparing the results with that above described, observed car-

rying out the hydrogenations with 100 µL (0.037 mM). With the lowest concentration of 

the metal, the conversions were not quantitative after 8 h under hydrogen; increasing the 

catalyst to 0.0185 mM, the conversions reached 100% only after 8 h, whereas with Rh 0.037 

or 0.111 mM the conversions were quantitative even after 4 h (Table S1). In presence of 

the highest amount of metal (0.185 mM), the conversions were ranging from 60 to 80%; 

the selectivity with maleic acid decreased and the fumaric acid, as by-product, was ob-

served also in the final NMR spectra. The selected concentration of metal (0.037 mM) was, 

in our opinion, the best choice, saving the metal and the time. 

Therefore, we tested all NPs at 0.037 mM of metal for the hydrogenation reaction of 

muconic acids to obtain adipic acid. In order to promote the solubilization of the muconic 

acids, the pH of the water solution was adjusted at 5 with NaOH. Our NPs resulted in 

being less active for the reduction of more recalcitrant hexenedioic acids, particularly in 

the case of the trans,trans compound: the conversions of this unsaturated acid were rang-

ing from 10% with Pt and Ru NPs to 25% with Rh NPs (after 8 h of the reaction, Figures 4 

and S25–S28). The quantitative and qualitative results were obtained by 1H NMR spectra 

of the reaction mixture (Figures S38–S42). The adipic acid was the predominant product: 

its yields were about 2%, 7%, 13% and 25% in presence of Ru, Pt, Pd and Rh, respectively. 

The other products were the isomers of monounsaturated hexendioic acid, namely 3-hex-

enedioic acid and 2-hexenedioic acid (Scheme 3); no lactone formation or decarboxylated 

products were observed. The most abundant monounsaturated was 2-hexenedioic acid; 

instead, 3-hexenedioic acid did not exceed 2% yield (Table S2). 
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Scheme 3. The hydrogenation of muconic acids to adipic acid, in presence of M NPs (M = Pd, Pt, 

Ru, Rh). 

 

Figure 4. The conversion (mol%, orange) and yield (mol%, blue) of the hydrogenation reactions of 

trans,trans-muconic acid in presence of Ru, Pt, Pd and Rh NPs (metal = 0.037 mM) in water at room 

temperature and pressure with H2 after 8 h of reaction. 

Since we obtained, also in not very high amounts, the adipic acid, we tested its for-

mation directly from cis,cis-hexenedioic acid, the isomer that can be derived also from the 

lignin and other biomass by biotechniques. In this case, surprisingly, the conversions and 

the yields were higher than with trans,trans isomer. In front of only a 30% of conversion 

(with 7% of adipic acid produced) in presence of Ru NPs, we converted 60% of the starting 

substrate and obtained 24% of adipic acid with Pt and 58% of conversion and 9% of adipic 

in presence of Pd NPs (Figures 5 and S29–S31). The use of an Rh NPs catalyst resulted in 

good performance: 80% of transformed muconic acid and 69% of adipic acid yield (Fig-

ures 5 and S32). The NMR spectra showed, during the course of reaction, the formation of 

3-hexenedioic acid in variable amounts but not over 5% and the presence of isomer 

cis,trans-muconic acid ((2Z,4E)-hexa-2,4-dienedioic acid) that was the main product with 

Pt, Pd and Ru (Figures S33–S37). 2-Hexenedioic acid, carboxylated products and 
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trans,trans-muconic acid were never observed (Table S3). Cis,trans-muconic acid, the main 

product in our hydrogenation of cis,cis-substrate with Pt, Pd and Ru NPs, derived from 

an isomerization reaction, generally not reversible, can be triggered also by the heating 

and by the acid pH [23]. In fact, in acidic solutions (pH 2.5–4) the cis,cis-form isomerizes 

easily to cis,trans, also at room temperature, but above pH 4, it remains stable because of 

the intramolecular stabilization of the muconate form [23]. In our case, the reaction was 

carried out at pH 5 where muconic existed mainly as deprotonated species: we tested and 

verified its stability during 24 h in absence of M NPs at room temperature. So, our Ru, Pd 

and Pt NPs were revealed as active catalysts for the isomerization to cis,trans-muconate 

form but not effective for the hydrogenation to adipic acid. 

 

Figure 5. The conversion (mol%, blue) and yield (mol%, orange) of the hydrogenation reactions of 

cis,cis-muconic acid in presence of Ru, Pt, Pd and Rh NPs (metal = 0.037 mM) in water at room 

temperature and pressure with H2 after 8 h of reaction. 

In our reactions, 2-hexenedioic acid was observed only in the hydrogenation of the 

trans,trans isomer; it is well known that it is the first hydrogenated compound in the hy-

drogenation of muconic and muconate compounds, mostly at room temperature [30], and 

that it is transformed to 3-isomer [28]. In the presence of Pt NPs, 2-hexenedioic acid was 

the main product starting from trans,trans, suggesting the poor activity of these NPs as 

fully reduction catalyst for trans,trans-muconic acid. The potential steps of hexenedioic 

acid reductions in our conditions were resumed in the Scheme 3. 

Comparing our M NPs in the hydrogenations of muconic acids, we can outline that 

Ru NPs were less active and also less selective (about 20% selectivity), the selectivity of Pt 

and Pd dropped down from trans,trans- to cis,cis-muconic acid (from 70% to 40 and 16% 

respectively). Rh NPs were proven to be very interesting catalyst for selective hydrogena-

tion of dicarboxylic acids. 

To test and to design the possibility of the recovery and the re-use of the metal cata-

lyst, an additional experiment was carried out. When fumaric and maleic acids were com-

pletely transformed in presence of Rh NPs (about 4 h of reaction), an initial amount of the 

substrate was further added to the reaction mixture. In the following 4 h, the Rh NPs con-

verted again 65% of the fumaric acid and 30% of the maleic acid to succinic acid without 

measurable amounts of by-products. We did not see drastic changes in the morphology 

of NPs, as it was reported in [46], but we can attribute this loss of reactivity to the polarity 

and the thickness variations in the layer of lignin that contributed to slow down the inter-

action between the organic compounds and the Rh cores. 
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3. Materials and Methods 

3.1. Materials 

Sodium lignosulphonate was a gift from Burgo Group S.p.A. (Tolmezzo, Italy). Po-

tassium tetrachloroplatinate (K2PtCl4), and palladium chloride (PdCl2) were purchased 

from Strem Chemicals Inc. (Bischheim, France) All the other reagents were bought from 

Merck KGaA (Darmstadt, Germany). 

3.2. Synthesis and Characterization of M NPs 

Lignin stabilized M NPs were prepared in accordance with our previous work [44]. 

Briefly, 0.010 g of PdCl2 or 0.015 g of RhCl3·3H2O or 0.015 g of RuCl3·3H2O or 0.023 g of 

K2PtCl4 were added in 10 mL of water. Then 0.060 g of NaLig were introduced and the 

solution was stirred at 80 °C for about 2 h. The obtained NPs solution was used as such in 

the hydrogenation experiments. 

The nanoparticles were fully characterized by TEM and XRD. The samples for the 

TEM analysis were prepared dropping 7 mL of the M NPs solution on a copper grid cov-

ered with an ultrathin carbon film and let it dry for at least 4 h. The TEM micrographs 

were collected by ZEISS Libra 200FE HRTEM, equipped with a second-generation W filter 

in column, that improves the contrast. The nanoparticle sizes were measured using iTEM 

TEM Imaging Platform Olympus and dm = ∑dini/∑ni, where ∑ni is the number of particles 

[55]. More than 300 NPs were measured to estimate the sample mean size. 

The samples for XRD analysis were prepared by solvent evaporation with a rotary 

evaporator at 40 °C of a 50 mL solution of M NPs and the resulting black solid powder 

was placed on the glass plate of the instrument. The XRD analysis was performed on a 

Miniflex II Rigaku automated power XRD system (Cu Kα radiation, 45 kV, 100 mA) (RINT 

2500, Tokyo, Japan). Diffraction data were recorded using continuous scanning at 3° min−1, 

with 0.010° steps and a PDF-4/mineral 2013 database. 

The UV-vis analyses were carried out in 1 cm quartz cuvettes (Hellma) by properly 

diluting the NPs solution in ultrapure water. The UV-vis instrument was a Jenway 6505 

spectrophotometer with a spectral window range of 200 nm to 800 nm. 

NMR spectra were obtained using a Bruker Avance 300 spectrometer (7.05 Tesla) 

equipped with a high-resolution multinuclear probe that operated in the range of 30 MHz 

to 300 MHz. To eliminate the dominant water signal in the 1H NMR spectra, water sup-

pression was carried out using a presaturation sequence of a composite pulse (zgcppr 

Bruker sequence). A co-axial capillary tube that contained a 30 mM D2O solution of 3-

(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt, was used as the reference. 

3.3. Hydrogenation Reactions 

0.0348 g of butenedioic acids (0.3 mmol) were introduced in a 20 mL vial with 15 mL 

of deionized water and then the solutions were sonicated for 5 minutes. In the case of 

muconic acids, 0.0426 g of acid (0.3 mmol) and 5 mL of NaOH 0.1 M (0.5 mmol) were 

added into 10 mL of deionized water and then the solutions were sonicated for 5 minutes. 

100 mL of M NPs solution, corresponding to 0.56 µmol (0.037 mM) of the metal, were 

introduced in the vial. The mixture was vigorously fluxed with gaseous H2 for 5 minutes. 

The reaction solution was then left under static H2 atmosphere at room pressure (around 

1 bar) and temperature (around 20 °C) and stirred for 8 h. 

The reactions with the butenedioic acids were repeated in the same conditions but 

changing the amount of the added Rh NPs, as follows: 10 µL (0.0037 mM of the metal), 50 

µL (0.0185 mM), 300 µL (0.111 mM), 500 µL (0.185 mM) of Rh NPs solution. 

To verify the possibility of the re-use of the M NPS, after 4 h of the standard hydro-

genation of the butenedioic acids in presence of Rh NPs, established the complete conver-

sion of the substrate, 0.0348 g of butenedioic acids (0.3 mmol) were added to the reaction 

mixture. The solution was stirred for 4 additional hours. 
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The tests were performed in duplicate at minimum. The identity of each product was 

confirmed by comparison of 1H NMR of pure compounds. The average reproducibility of 

quantitative measurements was within 5%. 

4. Conclusions 

The employed lignosulphonate proved to be effective as a reducing and stabilizing 

agent for the new Ru and Rh NPs which were fully characterized by TEM, XRD and UV-

vis. All M NPs showed 100% of selectivity for succinic acid in the reduction of maleic and 

fumaric acid. The hydrogenations to succinic acid were principally used as models for the 

reactions of unsaturated dicarboxylic acids in water but we cannot fail to mention the 

future importance of succinic acid as an industrial platform to produce biopolymers. 

Ru NPs were the less active catalysts in the hydrogenation reactions of maleic, fu-

maric and muconic acids; conversely, it is worthy of note that the activity of the Rh NPs 

was more constant than that of the other NPs: the selectivity in adipic acid was 100 % from 

trans,trans- and >85% from cis,cis-muconic acid while the adipic selectivity of the other 

catalysts was much lower and was dramatically observed in the case of Pd and Ru NPs. 

However, we should point out that all tested M NPs selectively catalyzed the reduction 

of C=C without evidence of potential decarboxylated or hydrated products. 

These intriguing results open the way to explore the potential activity of Rh NPs, 

obtained with waste biomass, as catalysts in other (reduction) reactions carried out on the 

renewable compounds. Furthermore, this study, with additional essential research, could 

be a small step to the green production of nylon, starting from and valorizing the un-

derutilized lignin. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/catal12101206/s1, Figure S1: TEM images of Pt NPs; Figure 

S2: UV-vis spectra of RuCl3 and lignin in water solution (blue) and of Ru NPs (red). Inset: zoom on 

the 380–800 nm range; Figure S3: UV-vis spectra of RhCl3 and lignin in water solution (blue) and of 

Rh NPs (red). Inset: zoom on the 380–800 nm range; Figure S4: XRD pattern of Rh NPs. Inset: XRD 

pattern of Rh performed by Match! software (version 3.10.2) including the crystallography open 

database (COD 2020); Figure S5: XRD pattern of Na Lig; Figure S6: XRD pattern of RhCl3; Figure S7: 

XRD pattern of Ru NPs. Inset: XRD pattern of Ru performed by Match! software (version 3.10.2) 

including the crystallography open database (COD 2020); Figure S8: XRD pattern of RuCl3; Figure 

S9: Time course of the hydrogenation of the maleic acid to succinic acid with Ru NPs (0.037 mM in 

Ru) in water at room temperature and pressure; Figure S10: Time course of the hydrogenation of 

the maleic acid to succinic acid with Pt NPs (0.037 mM in Pt) in water at room temperature and 

pressure; Figure S11: Time course of the hydrogenation of the maleic acid to succinic acid with Pd 

NPs (0.037 mM in Pd) in water at room temperature and pressure; Figure S12: Time course of the 

hydrogenation of the maleic acid to succinic acid with Rh NPs (0.037 mM in Rh) in water at room 

temperature and pressure; Figure S13: Time course of the hydrogenation of the fumaric acid to suc-

cinic acid with Ru NPs (0.037 mM in Ru) in water at room temperature and pressure; Figure S14: 

Time course of the hydrogenation of the fumaric acid to succinic acid with Pt NPs (0.037 mM in Pt) 

in water at room temperature and pressure; Figure S15: Time course of the hydrogenation of the 

fumaric acid to succinic acid with Pd NPs (0.037 mM in Pd) in water at room temperature and pres-

sure; Figure S16: Time course of the hydrogenation of the fumaric acid to succinic acid with Rh NPs 

(0.037 mM in Rh) in water at room temperature and pressure; Figure S17: 1H NMR spectrum of 

maleic acid 30 mM in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at 

−0.2 ppm) was used as the reference; Figure S18: 1H NMR spectrum of the reaction solution with 

maleic acid after 8 h in presence of Ru NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-

d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S19: 1H NMR spectrum of the 

reaction solution with maleic acid after 4 h in presence of Rh NPs in water. The peak of 3-(trime-

thylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S20: 
1H NMR spectrum of the reaction solution with maleic acid after 8 h in presence of Rh NPs in water. 

The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the 

reference; Figure S21: 1H NMR spectrum of fumaric acid 30 mM in water. The peak of 3-(trimethylsi-

lyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S22: 1H 

NMR spectrum of the reaction solution with maleic acid after 8 h in presence of Ru NPs in water. 
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The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the 

reference; Figure S23: 1H NMR spectrum of the reaction solution with maleic acid after 4 h in pres-

ence of Rh NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 

ppm) was used as the reference; Figure S24: 1H NMR spectrum of the reaction solution with maleic 

acid after 8 h in presence of Rh NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, 

sodium salt (at −0.2 ppm) was used as the reference; Figure S25: Time course of the hydrogenation 

of the trans,trans-muconic acid to adipic acid with Ru NPs (0.037 mM in Ru) in water at room tem-

perature and pressure; Figure S26: Time course of the hydrogenation of the trans,trans-muconic acid 

to adipic acid with Pt NPs (0.037 mM in Pt) in water at room temperature and pressure; Figure S27: 

Time course of the hydrogenation of the trans,trans-muconic acid to adipic acid with Pd NPs (0.037 

mM in Pd) in water at room temperature and pressure; Figure S28: Time course of the hydrogena-

tion of the trans,trans-muconic acid to adipic acid with Rh NPs (0.037 mM in Rh) in water at room 

temperature and pressure; Figure S29: Time course of the hydrogenation of the cis,cis-muconic acid 

to adipic acid with Ru NPs (0.037 mM in Ru) in water at room temperature and pressure; Figure 

S30: Time course of the hydrogenation of the cis,cis-muconic acid to adipic acid with Pt NPs (0.037 

mM in Pt) in water at room temperature and pressure; Figure S31: Time course of the hydrogenation 

of the cis,cis-muconic acid to adipic acid with Pd NPs (0.037 mM in Pd) in water at room temperature 

and pressure; Figure S32: Time course of the hydrogenation of the cis,cis-muconic acid to adipic acid 

with Rh NPs (0.037 mM in Rh) in water at room temperature and pressure; Figure S33: 1H NMR 

spectrum of the cis,cis-muconic acid in water at pH 5. The peak of 3-(trimethylsilyl) propionic-

2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S34: 1H NMR spectrum 

of the reaction solution with cis,cis-muconic acid after 8 h in presence of Ru NPs in water. The peak 

of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; 

Figure S35: 1H NMR spectrum of the reaction solution with cis,cis-muconic acid after 8 h in presence 

of Pt NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) 

was used as the reference; Figure S36: 1H NMR spectrum of the reaction solution with cis,cis-mu-

conic acid after 8 h in presence of Pd NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-

d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S37: 1H NMR spectrum of the 

reaction solution with cis,cis-muconic acid after 8 h in presence of Rh NPs in water. The peak of 3-

(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure 

S38: 1H NMR spectrum of trans,trans-muconic acid 30 mM in water at pH 5. The peak of 3-(trime-

thylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S39: 
1H NMR spectrum of the reaction solution with trans,trans-muconic acid after 8 h in presence of Ru 

NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was 

used as the reference; Figure S40: 1H NMR spectrum of the reaction solution with trans,trans-mu-

conic acid after 8 h in presence of Pt NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-

d4 acid, sodium salt (at −0.2 ppm) was used as the reference; Figure S41: 1H NMR spectrum of the 

reaction solution with trans,trans-muconic acid after 8 h in presence of Pd NPs in water. The peak 

of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at −0.2 ppm) was used as the reference; 

Figure S42: 1H NMR spectrum of the reaction solution with trans,trans-muconic acid after 8 h in 

presence of Rh NPs in water. The peak of 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (at 

−0.2 ppm) was used as the reference; Table S1: Yield of succinic acid and conversion of maleic and 

fumaric acids with Rh NPs at different concentrations after 4 h of reaction in water at room temper-

ature and pressure with H2; Table S2: Yield of products and conversion of trans,trans-muconic acid 

with M NPs after 8 h of reaction in water at room temperature and pressure with H2; Table S3: Yield 

of products and conversion of cis,cis-muconic acid with M NPs after 8 h of reaction in water at room 

temperature and pressure with H2. 
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