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Abstract: The hydrogenation of muconic acid (MA) to bio-adipic acid (AdA) is one of the green
chemical processes that has attracted the most interest in recent years. Indeed, MA can be readily
obtained from biomass through fermentative processes. Here, we aimed to investigate the synergic
effect of electronic promotion that the addition of a second metal, even in small quantities, can have
on Pd-based catalyst, known for its low stability. Ni and Zn were taken into consideration and
two different catalysts (1%Pd8Ni2/HHT and 1%Pd8Zn2/HHT) were synthetized by sol immobiliza-
tion method and supported on high-temperature, heat-treated carbon nanofibers (HHT-CNFs) that
are known to enhance the stability of palladium. The catalysts were tested in MA hydrogenation and
thoroughly characterized by TEM, ICP, and XPS analysis to unveil the effect of the second metal. To
solve the solubility issue and have a starting material as similar as feasible to the post-fermentation
conditions of the biomass, sodium muconate salt was chosen as a substrate for the reaction. All of the
synthetized bimetallic catalysts showed a higher activity than monometallic Pd and better stability
during the recycling tests, pointing out that even a small amount of these two metals can increase the
catalytic properties of monometallic Pd.

Keywords: adipic acid; muconic acid; bimetallic catalysts; palladium; zinc; nickel; transition metals

1. Introduction

“The continual development which satisfies the needs of the present without compro-
mising the capacity of future generations to meet their own needs”, this is how sustainability
was defined by the United Nation Word Commission on Environment and Development [1].
One of the most important challenges of the 21st century is to investigate new sustainable
and environmentally friendly processes, minimizing mankind’s impact on the Earth. One
of the main focuses in the development of such processes is the investigation starting
materials. As stated in the seventh tenet of the Green Chemistry principles, one of the main
goals is the “use of renewable feedstock” [2].

In this scenario, the production of bio-adipic acid assumes a central role [3,4]. Adipic
acid (AdA) is one of the most industrially significant dicarboxylics, as it is a crucial
monomer in the production of plasticizers, lubricants, polyesters, and polyamides [5],
in particular Nylon-6 and Nylon-6,6, of which the latter accounts for 65% of the 2.6 million
tons of AdA produced annually worldwide [6]. Nowadays, AdA is commercially produced
by reducing benzene to cyclohexane, which is then oxidized to a mixture of cyclohexanol
and cyclohexanone, named K-A oil. This mixture is further oxidized to AdA through nitric
acid. Clearly, this process is far from being environmentally sustainable, as it accounts for
10% of artificial nitrous oxide production and uses hazardous solvents, such as benzene [6].

In the last decades, a possible solution has been found in the exploitation of waste
woods. Starting from lignin [7] or cellulose [8], cis,cis-muconic acid (MA) can be obtained
through biological processes, which is subsequently catalytically hydrogenated to bio-
adipic acid [9]. The life cycle assessment (LCA) of bio-adipic acid derived from these series
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of processes revealed a reduction of 62–78% in the carbon dioxide emissions compared
with the adipic acid derived from fossil fuels [10].

Concerning the catalytic hydrogenation of muconic acid, several studies have been
conducted to identify the most effective catalyst capable of performing effectively even
under mild conditions (e.g., low temperature and pressure). The most commonly used
catalysts employed for this reaction are based on platinum group metals, in particular palla-
dium (Pd) [11]. However, these metals are known for their low stability and high cost [12].
A possible solution to these problems can be found by adding a second metal [13–15] or by
varying the type of support, altering the Pd active phase’s structure, hence affecting the
catalytic performance of the catalyst [16].

Both routes were investigated in previous works by our research group. In particular,
Pd-Au [13] and Pd-Rh [17] bimetallic systems were investigated and exhibited interesting
results in the MA hydrogenation. Likewise, in Capelli et al. [18], the effect of the different
supports was investigated.

In the present work, we investigated the first route, and Pd was coupled with two
different non-noble transition metals, Ni and Zn. The goal was to find suitable, high
performance and cheaper catalysts able to guarantee a good catalytic activity and stability
toward the hydrogenation of MA to bio-AdA. Nickel and zinc were chosen due to their
high ability to interact with molecular hydrogen and to promote the hydrogenation of
substrates, as well as their lower cost compared with palladium (26,011 USD/ton for Ni
and 3006 USD/ton for Zn against the 65,000 USD/kg for Pd [19]). Indeed, by reducing
the amount of palladium while retaining the same overall metal content, the inclusion of a
second, less expensive metal can help to drastically lower the cost of the catalyst. Interest-
ing results have already been reported on nickel-based catalysts for MA hydrogenation,
although high hydrogen pressures and/or high metal loading have been used [20,21]. Zinc
is commonly used as promoter for CO2 hydrogenation to methanol [22]; moreover, several
works have reported how unsaturated compounds, such as benzene and cinnamaldehyde,
can be hydrogenated successfully using zinc-based catalysts [15,23–25]. Two bimetallic
catalysts were synthesized with a total metal loading of 1%, in which the amount of Pd and
Ni (or Zn) was indicated using subscripts in the label that indicate the molar ratio between
Pd and the second metal. For example, Pd8Ni2 means a catalyst with 1% of the total metal
loading with a ratio between Pd and Ni equal to 8:2. The pre-formed nanoparticles were
supported on high-temperature heat treated carbon nanofibers (HHT-CNFs), obtaining
Pd8Ni2/HHT and Pd8Zn2/HHT. For both the catalysts, a sol-immobilization procedure
was employed, as it allowed for obtaining a homogeneous distribution of the nanoparticles
on the support, finely tuning the particle size, being performed at room temperature, and
leading to low production costs [26]. All of the catalysts were characterized by transmission
electron microscopy (TEM), inductively coupled plasma optical emission spectroscopy
(ICP-OES), and X-ray photoelectron spectroscopy (XPS) analysis. They all showed satisfac-
tory results characterized by a high conversion and selectivity with improved activity and
stability when compared with monometallic palladium.

Regarding the muconic acid hydrogenation reaction, it was chosen to work with the
sodium muconate salt. Indeed, although in a previous study it was found that t,t-MA
hydrogenation was preferable to the Na-Muc molecule due to the higher reaction rate and
AdA yield, using the first, there was not the possibility to increase substrate concentration
above 1.42E-02 M, due to solubility limitations [27]. In addition to this, after the first
fermentation process of biomass muconic acid (MA) was mainly in its cis,cis-sodium
muconate (Na-Muc) form due to the alkalinity of the fermentation broth [8]. Because of
these reasons, it was decided to work with this starting material to get as close as possible
to the post-fermentation conditions of the biomass.
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2. Results and Discussion
2.1. Hydrogenation Reaction

Two different catalysts were synthetized by the sol immobilization method and sup-
ported on high-temperature, heat-treated carbon nanofibers (HHT-CNFs). Indeed, it has
been reported that the utilization of these supports can improve the catalytic activity of
supported Pd nanoparticles compared with other carbonaceous supports [28]. The two syn-
thetized catalysts (1%Pd8Ni2/HHT and 1%Pd8Zn2/HHT) were tested in the muconic acid
hydrogenation reaction performed in a batch reactor and compared with the behavior of
the monometallic one (1%Pd/HHT). The latter was previously synthetized for another
work and already tested in different conditions [13].

The substrate conversion and the product yield were computed using Equations (1)
and (3), respectively, and monitored via sampling after 15, 30, 60, 90, 120, and 180 min.

Already after 15 min of the reaction, the synthesized catalysts exhibited a greater MA
conversion than the monometallic Pd (52%), namely 56% and 67% for Pd8Ni2/HHT and
Pd8Zn2/HHT, respectively (Table 1, coloumn 1).

Table 1. Summary of the catalytic results. Reaction conditions: MA concentration 0.1 M, temperature
70 ◦C, 2 bar pressure of H2, metal/substrate ratio 1/500.

Catalysts MA Conversion
after 15 min (%)

MA Conversion
after 30 min (%)

AdA Yield
after 3 h (%)

Pd/HHT 52 95 68
Pd8Ni2/HHT 56 100 80
Pd8Zn2/HHT 67 100 84

Full conversion of the substrate was obtained after 30 min for both the novel catalysts
in contrast with monometallic palladium, which reached only 95% of conversion (Table 1,
coloumn 2). Comparing the results obtained with Pd8Ni2/HHT, it is possible to observe that
the substrate was completely converted at a substantially lower pressure, metal percentage,
and metal/substrate molar ratio than what was already reported in the literature [20].

Starting from cis,cis-sodium muconate, adipic acid was obtained with a yield higher
than 80% after 3 h with both catalysts, specifically 80% and 84% for Pd8Ni2/HHT and
Pd8Zn2/HHT, respectively. In contrast, the monometallic palladium catalyst reached
only a yield of 68% at the same conditions (Table 1, column 3). In Figure 1, it is possible
to appreciate the trend of AdA yield over the reaction pathway for the three catalysts
compared. As mentioned before, the two synthesized catalysts showed a higher yield than
monometallic Pd throughout the course of the reaction. The trend was then characterized
by the presence of a plateau after 2 h of the reaction, which was more evident in the case of
Pd8Zn2/HHT than in Pd8Ni2/HHT.

To investigate the catalyst performance, the initial activity after 15 min was evaluated
using Equation (4). Pd8Ni2 and Pd8Zn2 bimetallic catalysts exhibited a higher initial
activity (1108 h−1 and 1199 h−1, respectively) than the monometallic Pd one (1066 h−1).
This behavior confirms that the introduction of a second metal to Pd positively affected not
only the conversion and the yield, but also the catalytic activity.

In terms of product selectivity, the reaction first occurred with the conversion of MA
to three different mono-hydrogenated intermediates. This is the faster step of the reaction.
Consequently, the intermediates were converted to AdA (Figure 2). This last step is the rate
determining step of the reaction [29].

The selectivity after 15 min of reaction for every intermediate was calculated using
Equation (3). The formation of the reaction intermediate followed the trend of initial
activity calculated above. The most active catalyst, Pd8Zn2, showed a greater selectivity
after 15 min towards 2Z-HyMA, with 37%, followed by P8Ni2, with 32%, and sequentially
by monometallic Pd, with 28% (Figure 3). The results show that the intermediate was the
most present for every reaction, succeeded by 2E-HyMA and 3E-HyMA, nevertheless the



Catalysts 2023, 13, 486 4 of 12

starting cis,cis form. This behavior was desired because, regarding the reaction mechanism,
2Z-HyMA was quickly transformed to AdA compared with the other reactions. Indeed,
the selectivity for the latter, 3E-HyMA, had the same results for each catalyst.
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Figure 3. Intermediate selectivity after 15 min of reaction. Reaction conditions: MA concentration
0.1 M, temperature 70 ◦C, 2 bar pressure of H2, metal/substrate ratio 1/500.
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Finally, to study the catalyst stability, recycling tests were performed by recovering the
catalyst and running up to five repeated reactions. Every reaction was carried out for 2 h,
after which the solid catalyst was recovered by filtration and, without washing, fed back
into the reactor to be reused in the next reaction. As expected, monometallic Pd, underwent
degradation from the third run onwards (Figure 4). Differently, P8Ni2 and Pd8Zn2 catalysts
maintained 100% of MA conversion for up to five consecutive reactions (Figure 4, left).
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Regarding adipic acid production, however, only Pd8Zn2 continued to produce AdA
up to five runs (Figure 4, right). Nonetheless, the Pd8Zn2 catalyst showed a slight deac-
tivation during the stability tests, probably due to metal leaching, as in the case of Pd.
Therefore, even in this case, the presence of bimetallic NPs allowed for the synthesis of a
more stable and active catalyst.

To evaluate the catalytic behavior of the studied catalysts in further detail, the hy-
drogenation reaction was conducted, changing the most important operative parameters,
i.e., pressure, temperature, and substrate concentration. For this study, the catalyst that
previously showed increased catalytic activity, namely 1%Pd8Zn2/HHT, was examined.
Particular attention was paid to the effect of pressure on the catalytic activity of this cat-
alyst, varying the pressure from 2 bar to 3 bar and 4 bar. The catalyst was also tested at
various temperatures, 50 ◦C, 70 ◦C, and 90 ◦C. Additionally, the effect of the substrate
concentration was investigated, and different concentrations of the substrate solution were
utilized: 0.04 M, 0.08 M, and 0.1 M. These reactions were conducted for 1.5 h with a constant
metal/substrate molar ratio of 1/500.

As expected, as the hydrogen pressure increased, the yield of adipic increased, reaching
90% after 1.5 h at 4 bar. In addition, full conversion of the initial substrate was reached
within 15 min (Table 2).

Table 2. Summary of the catalytic results at different H2 pressures. Reaction conditions: MA
concentration 0.1 M, temperature 70◦C, metal/substrate ratio 1/500, catalyst 1%Pd8Zn2/HHT.

Reaction Condition MA Conversion
after 15 min (%)

AdA Yield
after 1.5 h (%)

H2 Pressure
2 bar 67 77
3 bar 100 85
4 bar 100 90

Furthermore, in the instance of the study conducted at different temperatures, the
adipic yield increased linearly as the temperature rose. The same held true for the conver-
sion of the substrate, which achieved 100% after 15 min only at 90◦C. However, complete
conversion was achieved after 30 min at all operating temperatures (Table 3).
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Table 3. Summary of the catalytic results at different temperatures. Reaction conditions: MA
concentration 0.1 M, 2 bar pressure of H2, metal/substrate ratio 1/500, catalyst 1%Pd8Zn2/HHT.

Reaction Condition MA Conversion
after 15 min (%)

AdA Yield
after 1.5 h (%)

Temperature
50 ◦C 60 68
70 ◦C 67 77
90 ◦C 100 85

The production of adipic acid likewise increased with the increased substrate con-
centration. In this instance, however, a lower starting MA concentration favored the first
equilibrium, resulting in a larger substrate conversion in the first 15 min of the reaction
(Table 4). The reaction then proceeded regularly, with the complete substrate conversion
occurring after 30 min at all operating conditions and the final adipic acid yield increasing
as the MA concentration rose.

Table 4. Summary of the catalytic results at different substrate concentrations. Reaction conditions:
temperature 70 ◦C, 2 bar pressure of H2, metal/substrate ratio 1/500, catalyst 1%Pd8Zn2/HHT.

Reaction Condition MA Conversion
after 15 min (%)

AdA Yield
after 1.5 h (%)

MA concentration
0.04 M 97 20
0.08 M 95 65
0.1 M 67 77

2.2. Characterization

The catalysts’ morphology, particle size distribution, and metals ratio were evaluated
by TEM and HAADF-STEM analyses. The bimetallic catalysts showed an average particle
size of 4.1 ± 1.1 nm and 4.3 ± 0.9 nm, respectively, for Pd8Ni2 (Figure 5a,b) and Pd8Zn2
(Figure 6a,b), with a narrow particle size distribution. These values were in agreement
with what was usually obtained with the sol immobilization technique and they were
comparable with the value of 3.9 ± 1.2 nm obtained from the analysis previously made on
Pd/HHT [13].
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By using STEM-XEDS analysis, the amounts of Pd and Ni/Zn for the two different
catalysts were evaluated. The calculated values were lower than the nominal ones (Table 5).
This behavior could be explained by the presence of segregation or non-immobilization of
the metals. However, the STEM-XEDS images allowed for confirming the presence of the
Ni and Zn, also highlighting a prevalence of the atoms of the second metal close to those
of Pd.

Table 5. Nominal and calculated metal molar ratio for the synthetized catalysts.

Catalysts Nominal Pd-X
Molar Ratio

Calculated Pd-X Molar
Ratio (TEM-XEDS)

Calculated Pd-X Molar
Ratio (ICP)

Pd8Ni2/HHT 80-20 96-4 96-4
Pd8Zn2/HHT 80-20 94-6 93-7

To deepen the divergence between the nominal and calculated atomic ratio, inductively
coupled plasma optical emission spectroscopy (ICP-OES) analyses were performed on the
two catalysts. The results obtained revealed a lower metal loading compared with the
nominal ones, specifically for the second metal, which never exceeded 10% (Table 5). These
results allowed for exclude the segregation of bimetallic NPs, supporting the hypothesis of
the partial non-immobilization of the second metal on the support during the synthesis.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was also per-
formed on the catalysts used in the recycling tests. In Table 6, the percentages of each
metal are reported, the values are related to the total amount of solid catalyst. This analysis
allowed for confirming deactivation due to leaching of the metals with an average loss
of 30-40% for all of the bimetallic catalysts. In particular, Pd leaching for both catalysts
could be clearly seen. Whereas, Ni and Zn contents were the same both before and after
the recycling tests.

X-ray photoelectron spectroscopy (XPS) was employed to obtain information on the
surface properties of the catalysts (Table 7). From the XPS survey spectra, only C 1s
(284.4–284.6 eV), O 1s (532.6–533.4 eV), and Pd 3d (335.7–337.6 eV) could be detected. Both
Ni and Zn were not detected by the analysis. An explanation for these results can be found
in the low amount of the two metals, detected by previous analyses, under the limit of
detection of the instrument used for these analyses.
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Table 6. Results of inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses on
fresh and used catalysts. The percentages of metals are related to the total amount of solid catalyst.

Pd (%) Ni (%) Zn (%)

Pd8Ni2/HHT fresh 0.92 0.04 -
Pd8Ni2/HHT used 0.53 0.04 -
Pd8Zn2/HHT fresh 0.93 - 0.07
Pd8Zn2/HHT used 0.62 - 0.09

Table 7. Results of the XPS survey spectra.

C 1s O 1s Pd 3d

Pd/HHT
B.E. (eV) 284.6 532.6 337.6

% At. 92.12 7.24 0.57

Pd8Ni2/HHT
B.E. (eV) 284.6 533.2 335.7

% At. 93.39 6.32 0.29

Pd8Zn2/HHT
B.E. (eV) 284.4 533.4 335.7

% At. 96.13 3.40 0.47

From a detailed high-resolution (HR) analysis of the Pd 3d region, and in particular
of the metallic palladium contribution (Pd0), a lower BE shift of −0.70 and −0.65 eV was
observed for Pd8Ni2/HHT and Pd8Zn2/HHT, respectively (Table 8). This modification
underlined an electron donation from the second metal (Ni or Zn) to Pd, and in fact a
lower BE is synonymous with an electronic density donation, as it has been shown in
reference [30].

Table 8. Results of the HR spectra for the Pd 3d regions.

Pd(0) Shift Pd(0)

Pd/HHT B.E. (eV) 336.4 -

Pd8Ni2/HHT B.E. (eV) 335.70 −0.70

Pd8Zn2/HHT B.E. (eV) 335.75 −0.65

3. Materials and Methods
3.1. Materials and Chemicals

Sodium tetrachloropalladate (II) (Na2PdCl4, 99.99%), nickel chloride (NiCl2*6H2O,
99.99%), zinc chloride (ZnCl2, 99.99%), sodium borohydride (NaBH4, 99.99%), and polyvinyl
alcohol (PVA, average molar weight 10000, 87–89% hydrolyzed) were purchased from
Merck (Haverhill, MA, USA) and were used without any pre-treatment. All of the catalytic
tests were carried out using cis,cis-muconic acid (Merck, ≥97%) and deionized water as
the substrate and the solvent, respectively. To salsify the muconic acid, sodium hydroxide
(Merck, ≥97%) was used. CNFs PR24-HHT (high heat-treated carbon nanofiber), used as
support, were obtained from the Applied Science Company (Cedarville, OH, USA).

3.2. Catalysts Synthesis

All of the catalysts, as well as Pd/HHT [13], were synthesized using the sol immobiliza-
tion technique. The following procedure was employed for 1 g of 1 wt% bimetallic catalyst
(Pd8Ni2 and Pd8Zn2) supported on high heat-treated carbon nano fiber (HHT-CNFs).

The whole process was conducted in an inert atmosphere (nitrogen) in order to avoid
Ni and Zn oxidation. Indeed, milliQ water was previously degassed in a vacuum for 1 h
and then purged in N2 for 30 min.

For every catalyst, the proper amount of precursor salts (K2PdCl4, ZnCl2, NiCl2*6H2O)
(Table 9) was added into a baker containing 400 mL of milliQ water. Then, the stabilizing
agent PVA (Metal/PVA = 1/0.65 (wt/wt)) was inserted. After 3 min, the appropriate
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amount of freshly prepared aqueous solution of NaBH4 (M/NaBH4 = 1/8 (mol/mol))
was added to the mixture at once and the instantaneous formation of metallic colloid was
proven by the change in color of the solution. After that, under vigorous stirring, the
colloidal solution was added to the support, previously dispersed in degassed water, in
order to anchor the NPs to the support. Through the addition of sulfuric acid (H2SO4), the
suspension was acidified until pH 2 and stirred for 2 h to guarantee the total immobilization
of NPs on the selected support [21]. The solid was then filtered, washed with 1 L of
deionized water, and dried in an oven at 80 ◦C for 48 h to obtain the final catalytic materials.

Table 9. Summary of the amount of the metals for the preparation of the sol.

Catalysts Pd [mmol × 10−2] Ni [mmol × 10−2] Zn [mmol × 10−2]

Pd/HHT 9.40 - -
Pd8Ni2/HHT 8.26 2.06 -
Pd8Zn2/HHT 8.15 - 2.04

3.3. Hydrogenation Reaction

The hydrogenation reactions were carried out in a batch glass reactor placed in an
oil bath equipped with a magnetic stirrer and a thermocouple to control the temperature.
Before every reaction, the catalyst was regenerated with hydrogen.

All of the reactions were carried out at 70 ◦C and the reactor was pressurized at
2 bar absolute of hydrogen. The reactions were performed with a metals/substrate molar
ratio selected of 1/500 and at 1400 rpm, allowing to keep a kinetic regime. Typically,
25 mL of a 0.1 M demineralized water solution of Na-muconate was prepared by adding
355.5 mg (2.5 mmol) of cis,cis-muconic acid and 2 equivalents (5.0 mmol) of NaOH and then
sonicating until the solid was completely dissolved. Litmus paper was used to measure the
pH of the solution after the solids had completely dissolved to ensure that it was within the
proper pH range and that there was no extra base. The solution was placed in the reactor
and the reaction was started.

The reaction was monitored by sampling after 15, 30, 60, 90, 120, and 180 min, after
quenching the reaction in the sample vials. The reaction products were analyzed with
high-performance liquid chromatography (HPLC) equipped with an ultra-visible (UV)
detector set at 210 nm and a Rezex ROA-Organic Acid H+ (8%) column. The solvent was
0.005 M H2SO4. The column temperature was set at 60 ◦C. The flow rate was 0.6 mL/min.
With this set up, all the intermediates, the substrate, and AdA were separated. Because
of the unavailability of commercial standards of the intermediates, these products were
identified in our previous work by 1H-NMR analysis [11]. This allowed us to monitor the
MA conversion and the selectivity towards the intermediates and the product.

Recycle tests were carried out with the same setup used for the hydrogenation reaction.
The reactor was filled with 25 mL of 0.1 M demineralized water solution of Na-muconate
and catalysts and then pressurized at 2 bar of hydrogen. The hydrogenation reaction was
conducted at 70 ◦C under stirring at 1400 rpm for 120 min. After this time, a liquid sample
of the reaction mixture was analyzed with HPLC/UV to evaluate conversion. The catalyst
was then filtered and reused for the next run. With this procedure, it was possible to
evaluate MA conversion for five consecutive cycles.

The MA conversion was evaluated using Equation (1)

Conversion (%) =
molIN − molOUT

molIN
·100 (1)

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.

The selectivity and product yield were evaluated using Equations (2) and (3), respectively.

Selectivityn (%) =
moln

moln + ∑ moli
·100 (2)
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where moln is the number of moles of the considered reaction product and Σmoli is the sum
of the moles of all the products.

Yieldn(%) =
Selectivityn(%)

100
·Conversion (%) (3)

Initial activity after 15 min of reaction was also evaluated considering the MA reacted
moles (after 15 min) and the total metal amount used for the reaction (Equation (4)).

Initial activity
(

h−1
)
=

molMA reacted
molmet ·reaction time (h)

(4)

3.4. Catalysts Characterization

The morphology and microstructures of the catalysts were characterized by trans-
mission electron microscopy (TEM) using a FEI Tecnai F20 Field Emission Gun (FEG)
microscope, working at an accelerating voltage of 200 kV. The average particle diameter (d)
was estimated using to the following expression: d = Σnidi/Σni, where ni ≥ 200. The total
metal dispersion was computed according to D = Ns/Nt, where Ns is the total number
of surface-metal atoms and Nt is the total number of atoms in the metal particle. For the
particle size calculations, ImageJ software was used.

The metal particle composition was evaluated using a high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) and energy-dispersive X-
ray spectroscopy (EDX). To perform these analyses a TEM/STEM FEI Talos F200X G20
microscope, equipped with 4 Super-X SDDs, was employed.

Metal loading and metal leaching were evaluated by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a Perking Elmer Optima 8000 emission.
The analyses were performed on the solution obtained after the mineralization of the
solid catalyst.

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 analyses
of the data were executed using the CASAXPS (v2.3.17 PR1.1) program.

4. Conclusions

Two different bimetallic catalysts were synthesized and tested in the muconic acid
hydrogenation reaction to produce adipic acid. To enhance the activity and stability of the
palladium catalyst often used for this reaction, it was decided to combine palladium with
two metals of the first transition, namely nickel and zinc. Indeed, an additional objective
was to lower the costs of the catalytic system for this reaction, with compared with what had
been previously published, by decreasing the amount of palladium and replacing it with
a less expensive metal, while maintaining the same catalytic performances. The catalysts
synthetized were Pd8Ni2 and Pd8Zn2, with a metal loading of 1% and supported on
HHT-CNFs. All of the catalysts exhibited enhanced catalytic performances with respect to
monometallic palladium in terms of conversion, catalytic activity, and selectivity. Different
reaction conditions were investigated to study the influence of pressure, temperature,
and substrate concentration. The yield of adipic acid at the end of the process increased
by increasing the hydrogen pressure in the head space of the reactor, the temperature,
and the initial concentration of the substrate. The catalysts were characterized using
TEM and STEM-XEDS analysis, ICP, and XPS. TEM characterizations showed an average
particle size of about 4 nm for both synthetized catalysts, with a narrow particle size
distribution. STEM-XEDS and ICP analyses showed a calculated metal molar ratio lower
than the nominal ones, with respect to the second metal. This behavior can be explained by
the partial non-immobilization of the second metal on the support during the synthesis.
Despite this, XPS analysis showed a shift of the Pd 3d peak values, indicating an electronic
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exchange from the second metal (Ni or Zn) to Pd that enhanced the catalytic activity of
monometallic Pd. In conclusion, these results pointed out that even a small amount of
these two metals, in particular Zn, enhanced the catalytic properties of monometallic Pd
against the hydrogenation reaction of muconic acid. In particular, it allowed not only for an
increase in the yield of production of adipic acid, but above all it influenced the stability of
the catalyst in the reusability tests. Further studies will be aimed at optimizing the synthesis
of these catalysts in order to improve their stability, in particular avoiding metal leaching.
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