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Abstract

Deoxygenation reactions, especially decarboxylation (DCX), are generally carried out with
noble metal catalysts (Pt and Pd). Development of non-noble metal catalysts is highly
desirable. For this purpose, non-noble monometallic catalysts (Ni, Fe, Cu, and Ag) and Ni-
based bimetallic catalysts were studied for the DCX of palmitic acid (PA). Ni-Cu/C systems
were by far the most advantageous, the presence of Cu prevents deactivation of the catalyst,
decreases the reduction temperature, and significantly improves the yield of n-pentadecane.

The higher Ni content in the 10%Ni10%Cu/C catalyst resulted in a higher proportion of



metallic Ni on the surface and higher charge transfer from Ni to Cu. Thus, the best catalytic
performance with full PA conversion and 95% selectivity to n-pentadecane (PD) in 6 h was
obtained at 320 °C, using 10 vol% of H» in N> and an operating pressure of 40 bar.

Furthermore, this catalyst exhibited excellent recyclability under similar reaction conditions.
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1. Introduction

The continuously increasing world energy demand (+2.9% in 2018, the fastest since 2010)
has driven the high utilization of fossil resources that today represent 85% of the global
primary energy consumption (coal, oil, and natural gas) [1-3]. Besides being insufficient to
satisfy the energy needs of a developing society, the imminent depletion of fossil resources
and the anthropogenic climate change because of greenhouse gas emissions are of major
concerns [4-6].

Thus, the exploitation of renewable resources represents an alternative towards a sustainable
development and an answer to this growing energy demand. Due to their global abundance
they are considered as a suitable feedstock for a variety of applications in different fields of
human activities, such as fuels (biofuels), energy (biomass heat and biogas), and chemicals
(polymers, fertilizers, pesticides, solvents, lubricants, pharmaceuticals, detergents, hygiene
products, and cosmetics, etc. [7-8]). Vegetable oils, which are mainly composed of a mixture
of triglycerides, are currently the subject of intense research worldwide. This is because they
can produce straight chain alkanes ranging from Cs to Cig (n-paraffins) that can be used for
the production of biodiesel [9-10], green diesel [11-14], or aviation fuel [15-16]. Heavy
Normal Paraffin (HNP), which refers to long-chain n-paraffins (Ci2 to Cig), are suitable for
the pharmaceutical, cosmetics and food industry to manufacture relatively high viscosity
products like ointments, creams, laxatives, protective coatings, and machinery lubricants [17-
18]. Moreover, the production of biosourced HNP is also of high interest for the manufacture
of biosourced and biodegradable detergents [19-20], which are nowadays mainly produced

from petroleum [21].



Consequently, commercial processes for triglyceride hydroconversion into n-paraffins were
developed [16]. It requires multistage processing by 1) hydrogenating the unsaturated
moieties, 2) cracking to form fatty acids (FAs), where the hydrogenated triglycerides are
hydroconverted into FAs and propylene, and 3) hydrogenating the fatty acids [16]. The last
step requires the deoxygenation (DO) of the FAs through decarboxylation (DCX),
decarbonylation (DCN), or hydrodeoxygenation (HDO) [22-23]. The catalytic DO of FAs has
been extensively studied for many years [22, 24-28] and is yet the subject of research aiming
at more economically viable processes for the production of biosourced hydrocarbons and
biofuels. Besides being the main approach to produce n-paraffins, HDO requires the use of
refined oil as substrate and high amounts of hydrogen, which increases the biofuel production
costs [29-30]. Additionally, to improve catalytic HDO performances often requires the use of
expensive noble metal catalysts (generally Pd and Pt) [5, 31-33].

DCX of FA using carbon-supported metallic catalysts has attracted much attention, wherein
noble metal-based catalysts play an important role. Their use under high-pressure of hydrogen
or carbon dioxide enhanced the feedstock conversion and liquid products yield [6, 10, 15, 39-
41]. Among all catalysts studied, Pd and Pt-based catalysts showed best catalytic
performances to hydrocarbons. Unfortunately, unfavorable price/abundance ratio and the
rapid deactivation of these catalysts [42] are major drawbacks for industrial application.
Therefore, finding a less expensive catalyst showing similar catalytic performances is a
challenge. Non-noble based-catalysts such as Cu [29, 43], Ni[10, 15, 29, 36, 44] and Co [29]
have been developed for DO of fatty acids, being the Ni-based supported catalysts the most
efficient. DCX of SA using Ni/C was studied for some research groups [29, 36] that report up
to 80% conversion and 81% of selectivity to (n-Ci7) at 300 °C under H, when using
20%Ni/C. However, quantitative conversion and 97% of selectivity to Ci7 was achieved when

using lower Pd loading (5%Pd/C) and concentration of hydrogen (10%H2/N,). Better result



was reported by Wu et al. [29] that studied DCX of SA wherein full conversion and 80% of
selectivity to Ci7 was obtained under inert gas. Although the inert atmosphere represents a
decrease in the cost of the process, this result was obtained at 370 °C, 70 °C above the
temperature used with Pd/C (300 °C) [29]. Furthermore, the selectivity obtained with the Pd-
catalyst is also higher (99% vs 80% with Ni/C) even if it presents lower metal loading
(5%Pd/C vs 20%Ni/C) [45]. Ni/C showed very promising results; nevertheless, an
improvement in catalytic performance is still desired for this reaction. Several papers report
the enhanced of properties when combining two metals in a bimetallic system. In general, it
leads to an electronic promotion, which could be beneficial for the catalytic activity. The
alloying of Ni with Cu have shown promising results in different domains, although other
non-noble metals have been used as second metal in Ni catalysts [46]. To the best of our
knowledge, there are no reports of non-noble bimetallic catalysts for the DCX of FA.
Therefore, the present paper focuses on the development of non-noble metal catalysts
presenting high activity, selectivity, and stability for the DCX of palmitic acid (PA), a
saturated long-chain fatty acid originating from oleaginous biomass, to produce n-
pentadecane. A series of mono- and bimetallic Ni-based supported catalysts have been
prepared*’. The active Ni-Cu/activated carbon (AC) catalysts were characterized and tested at
different reactions conditions to obtain optimized conditions, insights into the reaction

mechanism and to verify the recyclability of the catalyst.

2. Experimental

2.1. Catalysts preparation

The metal precursors (nickel nitrate hexahydrate (Ni(NO3)2-6 H20, 97%); copper

nitrate trihydrate (Cu(NO3)2-3 H20, 99-104%); iron nitrate nonahydrate (Fe(NO3)3-9



H20, 299.999% trace metals basis) and silver nitrate (Ag(NO3), ACS reagent 299.0%)),
the substrates tested ((PA, >99% and SA for synthesis, > 97.0%), hexadecane (ReagentPlus®,
99%), the gas chromatography (GC) standards (hexane (analytical standard, >99.7%) and
pentadecane, >98.0% (GC)), the internal standard (toluene (GC-MS SupraSolv®, > 99.8 %)),
activated carbon as support (Darco KB-g pore volume = 1.1 ¢cm?/g and specific surface area =
1290 m?/g), and hydrazine as reductant (78-82% in aqueous solution) were all purchased
from Sigma-Aldrich and used as received.

A series of monometallic and bimetallic catalysts supported on activated carbon were
synthesized by the chemical reduction with hydrazine (Ni/C, Ag/C, Cu/C, Fe/C Ni-Ag/C, Ni-
Cu/C, and Ni-Fe/C) using the Chemspeed Catlmpreg HT robot (REALCAT platform) using
method described in [47]. The conditions of the synthesis are summarized in Table 1. The
monometallic catalysts are noted as 10%Me (where Me = Ni, Ag, Cu, and Fe), indicating the
theoretical weight mass (%) of the loaded metal on the catalyst. Bimetallic catalysts were
denoted similarly as 10%Ni10%Me where Me = Ag, Cu and Fe, and Ni-based catalysts as

x%Nix%Cu where x = 5, 10, and 15% in weight mass of Ni and Cu.

Table 1. Salt precursor solutions used for the synthesis and the final pH of the solution.

catalyst V Ni solution V Ag solution V Cu solution V Fe solution Final pH
(mL) (mL) (mL) (mL)
10%Ni/C 1.04 - - - 10
10%Ag/C - 0.7 - - 9.3
10%Cu/C - - 1.06 - 9.4
10%Fe/C - - - 1 9.6
10%Ni10%Ag/C 1.17 0.79 - - 10
5%Ni5%Cu/C 0.52 - 0.53 - 9.6
10%Ni10%Cu/C 1.17 - 1.19 - 9.6
15%Ni15%Cu/C 2.01 - 2.04 - 9.4
10%Ni10%Fe/C 1.17 - - 1.13 10.6

2.2 Catalyst characterization
The surface area, pore volume and distribution of the pore size were determined by nitrogen

adsorption/desorption at -195,65 °C using a TriStar II Plus and a 3Flex apparatus from
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Micromeritics. Preliminary degassing of the samples was performed at 150 °C for 45 min.
The specific surface area (BET) was evaluated using the BET method (Brunauer, Emmet and
Teller). In addition, the pore size distribution and the pore volume were calculated according
to the Barrett-Joyner-Halenda (BJH) formula taking into account the desorption branch.

TEM electron microscopy images were recorded on electron microscope FEI Tecnai G2 20
(TEM) equipped with an EDX (Energy-dispersive X-ray spectroscopy) micro-analysis, a
Gatan energy filter (EELS), precession and electron tomography systems and an Orius CCD
camera. The average Au nanoparticle size was determined taking into account at least 300
particles.

XPS spectra were collected on a high-performance hemispheric analyzer on a XPS Kratos,
Axis UltraDLD “2009” with monochromatic Al Ka (hv = 1486.6 eV) radiation as the
excitation source. For interpretation the calibration of the XPS spectra was made using the
carbon C 1s reference of 284.8 eV.

X-ray fluorescence spectroscopy (XRF) was recorded on a M4 Tornado from Bruker. To
obtain accurate quantification of the metals present in the catalysts, each sample was
irradiated 30 times in order to cover the whole catalyst surface. The mean value of the metal
content was then determined.

The X-ray powder diffractograms were recorded on a D8 Discover X-Ray Diffractometer
from Bruker using a X-Ray tube in Cu (Ka) radiation (A=1.54060 A) in the 10-70° range with
steps of 0.02° per second. Diffrac Eva software was used for the identification of the
crystalline phases. The average crystallite size of the metals particles in the catalyst was
determined by the Scherrer equation.

The ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) analysis was
performed using Agilent 720-ES ICP-OES equipment combined with Vulcan 42S automated

digestion system.



The TPR (Temperature programmed reduction with Hz) analyses were performed on an
automated AutoChem II 2920 Chemisorption Analyzer from Micromeritics. 40 mg of catalyst
were flushed with a mixture gas of 5 vol.% H: in Ar at room temperature. Temperature of the

sample was increased linearly up to 750 °C.

2.3 Catalytic tests

Catalytic tests were carried out in a screening pressure reactor (SPR) from Freeslate, which is
a system equipped with 24 parallel stainless-steel batch reactors of 6-mL volume each. All
catalysts (12.8, 26, 52, or 75 mg) were activated prior to the catalytic tests in the SPR device.
Activation was performed in situ under pure H> (30 mL/min) at 2 bar for 3 h. The temperature
ramp was 5 °C/min up to 350 °C. After activation, the reactor vessel containing the
hermetically sealed batch-reactors was transferred to a glove box. The reactors were then
loaded with the solvent (hexadecane, 1.5 g) and the substrate (0.197 mmol of palmitic acid
(50.5 mg) or stearic acid (56.0 mg)). Then, the reactors were hermetically resealed and
reconnected to the SPR unit for the catalytic tests. The catalytic DCX of PA was carried out at
250, 300 or 320 °C using an initial pressure of 20 bar (40 bar under operating conditions)
using 10 vol% of H» in N> or under pure N>. The pressure and the temperature throughout the
reaction were kept constant for 1.5, 3, 6, or 12 hours applying orbital stirring (600 rpm). At
the end of the reaction, the reaction mixtures were collected and heated to 80 °C under
ultrasound in order to avoid the crystallization of unconverted PA, filtered to remove the
catalyst and diluted for GC-analysis. Then, 20 pL of the reaction mixture and 100 pL of
toluene (internal standard) were added to a vial and diluted with hexane to a final volume of 1
mL. Before the samples were injected on the GC, the vials were heated to 40 °C in order to

keep the homogeneity of the solution. A Shimadzu GC-2010 Plus gas chromatograph



equipped with a flame ionization detector (FID) and a ZB 5MS column (30 m x 0.25 mm X

0.25 um) was used for the analysis of the products.

3. Results and discussion

3.1. Non-noble monometallic and Ni-based bimetallic catalysts

To achieve our goal to identify active non-noble catalysts for the DCX of PA into n-PD, four
different carbon-based non-noble metal catalysts were studied first. Among them, nickel and
iron were considered, which are 4,000 and 10,000 times less expensive than platinum,
respectively. Similarly, copper and silver, which are 3,000 [48] and 140 [49] times less
expensive than palladium but more abundant, were also tested. The activated carbon-
supported catalysts loaded with 10 wt% metal were tested at the same reaction conditions.
Figure la displays the PA conversion, n-PD selectivity, yield, and the carbon balance
obtained in these preliminary tests. Considered as promising catalyst for the DCX reaction,
the Ni-based catalyst 10%Ni/C was the most active with 57% conversion. However, it was
also the least selective catalyst, with only 20% selectivity to n-PD. This is because Ni is a
versatile metal. Ni-catalysts are active for several reactions such as dehydrogenation and C—C
bond cleavage [46]. Despite that, no more than a 11% n-PD yield was observed using any of
these non-noble metal catalysts, even if the 10%Cu/C catalyst presented the highest
selectivity (44%), followed by 10%Ag/C (31%) and 10%Fe/C (26%). The alloying of metals
is a known strategy to overcome issues related to catalytic performances. Bimetallic catalysts
are recognized for combining the different metals at the atomic level such that the proprieties
can be tuned. Thus, the addition of a second metal to form bimetallic catalysts could result in
a significant improvement in the catalytic activity of Ni-based catalysts besides the increase in

stability [50-54]. Thus, a series of Ni-based bimetallic catalysts was synthesized and tested for



the DCX of PA to n-PD. The results presented in Figure 1b shows the catalytic performances
of the Ni-based catalysts with respect to the second metal. According to the results, the
combination of the other metals with Ni was beneficial with the exception of Fe, where the
10%Ni10%Fe/C catalyst performed similar to the monometallic 10%Fe/C catalyst. The Ni-
Ag combination improved the catalytic activity, but when Ni was combined with Cu
(10%Ni110%Cu/C) the best catalytic performance was obtained with respect to the three
bimetallic catalysts tested. The bimetallic Ni-Cu was the most efficient, providing high
conversion (76%) and selectivity (87%). Therefore, the Ni-Cu bimetallic catalysts were
studied in more depth. In order to obtain the best catalytic performance when using Ni-Cu
catalysts, other Ni-Cu compositions were prepared, varying the Ni and Cu contents. The total
theoretical loading of Ni and Cu on the activated carbon ranged from 10-30 wt%, i.e.
5%Ni5%Cu, 10%Ni10%Cu and 15%Nil15%Cu aiming at a constant Ni:Cu weight ratio of 1.
The three Ni-Cu bimetallic catalysts were prepared and tested, however the metal loading is
referred to as the theoretical metal loading (5%Ni5%Cu/C, 10%Nil0%Cu/C and
15%Ni15%Cu/C). The actual metal loading was analyzed and is discussed at a later stage.
The catalytic results depicted in Figure 1 ¢ show the effect of Cu loading on the DCX activity
for PA. Considering a total metal loading of 10% (10%Cu, 10%Ni and 5%Ni5%Cu/C
catalysts), the bimetallic catalyst presented a higher selectivity (31%), but a lower conversion
(39%) than the monometallic 10%Ni and 10%Cu catalysts. This already highlights the
bimetallic effect. However, when the total metal content increased, as in the case of the
10%Ni10%Cu/C catalyst, the effect of the Ni-Cu promotion was even more evident. The
enhancement in PA conversion and n-PD selectivity (76% and 87%, respectively) resulted in
n-PD yields up to 66%. In addition, the carbon balance was almost 90%, indicating that the
number of unknown byproducts formed was small. However, increasing the Cu content to

15% with respect to a total metal loading of 30% (15%Ni15%Cu/C), the catalytic efficiency
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decreased providing only a 65% PA conversion and 42% n-PD selectivity. Considering the
best catalytic performance exhibited by the 10%Ni10%Cu/C catalyst, characterization studies
were conducted to understand and determine the active phases.

The results exhibited in Table 2 correlate the theoretical and experimental values for
the metal content in the monometallic and bimetallic catalysts supported on activated carbon.
Using ICP-OES analysis, 10%Cu/C presented exactly the Cu content added, whereas for
10%Ni/C a slightly lower metal content was obtained. For the 5%Ni5%Cu/C catalyst, the
experimental Ni and Cu content (0.46:0.54 wt or 0.48:0.52 mol) was very similar to the
theoretical values (0.5:0.5 wt or 0.52:0.48 mol). By increasing the metal content, however,
different metal loadings were observed. For 10%Nil10%Cu/C, the Ni content was close to
10%, while the Cu content was much lower (6.5%) affording a Ni-rich catalyst (0.63:0.37 wt
or 0.65:0.35 mol). A Ni:Cu ratio of 1.5 was also observed by EDX, proving that a higher Ni
amount was obtained for this catalyst. On the contrary, for higher metal content catalysts
(15%Ni115%Cu/C), the Cu content was closer to the expected value (14.5%) and the Ni
content was nearly half of the theoretical value (8.5%). Thus, a Cu-rich bimetallic catalyst
was obtained (0.37:0.63 wt% or 0.39:0.61 mol%). The differences observed in the Ni and Cu
content of the bimetallic catalysts was related to the properties of the support that adsorbed
the metals in an unequal manner presenting a metal loading limitation depending on the metal
concentration. This affected the thermodynamics involved in the formation of the bimetallic
solutions, because various structural arrangements are possible with respect to the
combination of the two metals, varying from a solid homogenous Ni-Cu solution to metal
particles with segregated phases [55-56]. Thus, even if the same synthetic procedure and
reaction conditions were applied to synthesize all catalysts, different Ni:Cu compositions

were observed, which resulted in different structural arrangements for the bimetallic catalysts.
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The textural properties presented in Table 2 are affected by the deposition of Ni and Cu at
different loadings. The specific surface area observed for the catalysts were lower compared
to that of the pure activated carbon. Once the metal particles were deposited on the support
they decreased the specific surface area. However, only a slight decrease in the mean pore
volume was observed for the bimetallic catalysts in comparison with the pure activated
carbon. Thus, it was assumed that the metal particles hardly filled the pores. Comparing the
monometallic catalysts, 10%Cu/C presented the highest surface area, which indicated a higher
mean particle size. The BET of the bimetallic catalysts decreased compared to the pure
constituents and the monometallic versions, confirming the positive effect of the Ni-Cu
mixture on particle size control. Among the Ni-Cu catalysts, a decrease in the surface area
was observed increasing the Ni content in the catalysts, as observed for 10%Nil10%Cu/C
catalyst. This catalyst exhibited the lowest specific surface area and the highest Ni content
(10.9% by ICP), corresponding to the smallest particle size. This suggested that the mean
particle size was mainly affected by the Ni content of the bimetallic catalyst, as the increase in
Cu content did not follow the trend of decreasing surface area. Owing to its improved textural

features, the 10%Ni10%Cu/C catalyst was selected for further investigation.

Table 2. Textural properties and chemical composition of the support and Ni-Cu catalysts.

Catalysts Theoretical Metal loading by ICP (wt%) BET Mean Total pore
metal loading (m2/g) pore size volume
(wt%) A (cm3/g)
Ni Cu Ni Cu Ni:Cu ratio Ni:Cu ratio
(wt)/ Ni:Cu (mol)

Pure carbon 1290 67 0.68
10%Cu - 10 - 10.3 +£0.4 - - 1073 67 0.60
10%Ni 10 - 7.6+0.2 - - - 877 67 0.51

5%Ni5%Cu 5 5 5.240.2 610.2 0.46:0.54/0.9 0.48:0.52 830 64 0.47

10%Ni10%Cu 10 10 10.9+2.2 6.5+1.5 0.63:0.37/1.7 (1.5)a 0.65:0.35 536 66 0.39
15%Ni15%Cu 15 15 8.510.3 14.54+0.7 0.37:0.63/0.6 0.39:0.61 645 64 0.39

a: Ni:Cu ratio (wt) obtained by EDX.
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TEM analysis of the 10%Ni10%Cu/C catalyst (Figure 2) was performed and confirmed the
presence of small spherical shaped metal particles ranging from approximately 2 to 6 nm,
homogeneously distributed over the support with a mean value of 3.0 + 0.6 nm (Fig. 2 a).
Figure 2b shows the typical image of the activated 10%Ni10%Cu/C catalyst (at 350 °C under
hydrogen for 2 h). Usually, the activation under H> before the catalytic reaction (activated
catalyst) leads, in most of the cases, to particle growth and/or agglomeration [57]. In this case,
no particle agglomeration was observed besides the growth of the particles to 20-25 nm with
an average particle size of 17.1 + 3.7 nm.

XRD analysis was performed on mono- and bimetallic catalysts in order to determine
the different crystalline structures of the metals dispersed on the support. Figure 3a displays
the XRD diffractograms of the fresh catalysts. In the monometallic 10%Cu/C catalyst the Cu
species were already reduced without any indication of copper oxide, with two large
diffraction peaks at 43.5° and 50.6°, corresponding to the (111) and (200) diffraction planes
of the reflection of Cu’ with a lattice parameter of 3.6122 A (PDF 00-003-1005). In contrast,
the XRD pattern of the as-prepared 10%Ni/C showed several peaks of weak intensity
indicating the presence of complex forms of nickel species, but not NiO that presents three
distinct diffraction peaks at 20 = 37°, 44.3°, and 62.9°. The XRD patterns of the fresh Ni-
catalyst displayed several peaks (41.4°, 45.4° and 46.3°), suggesting the presence of Ni-
hydrazine structures (PDF-00-054-1419) formed during the catalyst synthesis, meaning that
the Ni was not fully reduced by hydrazine, unlike Cu. The formation of Ni-complexes is
known and their decomposition into metal powder in contact with air in the temperature range
of 70 to 200 °C was reported (PDF 00-054-1419) [43]. For the bimetallic catalysts, the
diffraction peaks assigned to Ni-hydrazine decreased with the increase in Cu-content
(10%Ni110%Cu/C with Ni:Cu = 0.65:0.35 mol) and disappeared for 5%Ni5%Cu/C and

15%Ni15%Cu/C catalysts presenting higher amounts of Cu (Ni:Cu = 0.48:0.52 and 0.39:0.61
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mol, respectively (Figure 3a). The catalysts provided two diffraction peaks for the (111) and
(200) planes, positioned between those of Ni-hydrazine and metallic Cu, indicating the
formation of a bimetallic Nio.04Cuo.96 structure stabilized with N-species (PDF-04-003-7052).
This is because hydrazine used in the catalyst synthesis may act as a reducing agent and its
decomposition products also act as a capping ligand. The position of the diffraction peaks was
related to the Ni:Cu ratio, which gradually shifted towards a higher 26 value with the increase
in Cu content. For 15%Ni15%Cu/C, with the highest Cu content (Ni:Cu = 0.39:0.61 mol), the
diffraction peaks shifted closer to Cu’, whereas for 5%Ni5%Cu/C and 10%Nil0%Cu/C the
peaks were observed at a lower angle. Thus, in the fresh catalysts, a high Cu content favors
the formation of Ni-Cu alloys while in high Ni content catalysts Ni-Cu alloy and Ni-hydrazine
species were observed. The XRD patterns and the XRD peak of the (111) plane in Ni-Cu
bimetallic catalysts after activation with hydrogen are depicted in Figure 3b and c. For the
10% Cu/C catalyst, the activation treatment only slightly shifted the peaks assigned to Cu®
observed at 43.47° and 50.38° (PDF 00-002-1225), but for 10% Ni/C, Ni-hydrazine species
were reduced and only metallic Ni was observed at 44.36° and 51.69° (PDF 00-001-1258).
For the bimetallic catalysts after activation under hydrogen, a shoulder at higher angle was
observed in all cases, indicating a second peak. This might be related to the segregation of Ni
in the Ni-Cu alloy, which, according to literature, is promoted upon annealing in H> [58]. By
comparing the XRD patterns of metallic Ni and Cu with those of bimetallic catalysts a clear
shift is observed, indicating the formation of different Ni-Cu alloys instead of individual Ni
and Cu NPs. Figure 3c shows that the catalysts contain two bimetallic phases with different
compositions corresponding to Cu-rich and Ni-rich phases. The higher the Ni content, the
higher the relative intensity of the Ni-rich phase, the most intense one was observed for
10%Ni10%Cu/C. Moreover, the positive shift of the Ni-rich phase in the Ni-Cu alloy peaks

from 43.7° for 5%Ni5%Cu/C to 44.3° for 10%Ni10%Cu/C indicated a higher Ni proportion
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in the shell region of the surface, according to Vegard’s law [59-60]. Similar results were
reported by other research groups [61-63] that observed different segregation characteristics
for a specific Ni:Cu composition by changing the synthetic method. In our case, the same
effect was obtained by changing the metal loadings. Therefore, it is reasonable to assume that
the high Ni-content favored different Ni-rich and Cu-rich phases, while in catalysts of higher
Cu-content the Ni-Cu alloy characteristics predominated.

The identification of the metal species on the surface and their compositions are
important to understand the relation between structure and activity with regards to the DCX of
PA. Therefore, the surface composition of three activated bimetallic Ni-Cu catalysts
(5%Ni5%Cu/C; 10%Nil10%Cu/C; 15%Nil5%Cu/C) and one monometallic catalyst
(10%Cu/C) were analyzed by XPS. Figure 3d—f depicts the XPS spectra in the Cu 2p and Ni
2p region for the bimetallic Ni-Cu catalysts after activation with hydrogen at 350 °C for 2 h (d
and e), and the spectra in the Ni 2p3 region for 10%Ni10%Cu/C catalyst (f). The binding
energies (BEs) of the Cu 2p32 and Ni 2p3.2 regions of the mono- and bimetallic catalysts are
summarized in Table 3. For all samples, mono- and bimetallic catalysts, the Cu 2p spectra
revealed two clearly defined peaks at 932.5-932.8 (2p312) and 952.3-952.5 eV (2p12), which
were attributed to metallic copper, due to the absence of shake-up satellite peaks (Figure
3d).5%5%6% In addition, the analysis of the CULMM Auger kinetic energy (one peak at 918.5
eV) indicated the presence of metallic copper on the catalysts surface (Table 3). Thus, for
both the 10%Cu/C and the Ni-Cu bimetallic catalysts, the Cu-species on the surface are in
metallic state after activation with hydrogen, although lower BEs were observed for the
bimetallic catalysts compared to 10%Cu/C. The BE for Cu peaks showed that the higher the
Cu content, the lower the binding energy. The Ni 2p XPS spectra displayed two peaks
centered at 852.6-852.8 (2ps32) and 869.9-870.2 eV (2pi2), indicating that the bimetallic

catalysts are dominated by metallic state Ni, even though the presence of shake-up satellites
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(sat.) suggested that part of the surface or near-surface Ni atoms were oxidized (Figure 3e)
[50, 59, 64]. The deconvolution of the peak in the Ni 2p3» region were attributed to two
components for all the samples with BEs in the range of 852.6-852.8 eV and 853.3-854.0 eV
(Figure 3f). The component at the lower BE corresponded to Ni® and the component at higher
binding energy to Ni?* or possibly the Ni® in the Cu-rich phase of the Ni-Cu alloy. The BE of
Ni?* in NiO or Ni(OH), is usually reported as > 855.0 eV [50, 65-66]. In Table 3, the
proportion of metallic Ni at the surface of all Ni-species (Ni%(Ni® +Ni-species) is presented.
Accordingly, for all Ni-Cu catalysts, most of the Ni is in metallic form (Ni%(Ni° +Ni-species
> 50%), although the proportion of Ni° at the surface increased with Ni content, for example
56, 67 and 52% of Ni° for 5% (0.46:0.54 mol), 10% (0.65:0.35 mol) and 15% (0.39:0.61 mol)
Ni-Cu catalysts, respectively. Regarding the BE, the metallic Ni peaks for bimetallic Ni-Cu
catalysts shifted to higher energy with the increase in Ni content on the surface, whereas Cu
peaks shifted to lower BEs, resulting from the alloy effect on the surface [50]. According to
Wu et al., the standard redox potential of Ni% Ni** (-=0.24 V) is much lower than that of
Cu’/Cu?* (+0.34 V), explaining the BE shift observed for the Ni-Cu catalysts as a charge
transfer from Ni to Cu (Ni—Cu) [59]. Thus, the alloying resulted in BE changes and
depended on the Ni and Cu content. For 10%Ni10%Cu/C, which presented the highest Ni
content, the highest BEs were observed for both Cu and Ni peaks, meaning that the larger Ni
amount resulted in a higher Ni—Cu charge transfer. This could also explain the differences in
activity and selectivity observed for the catalysts, because even if a Ni-rich surface was
observed for all bimetallic catalysts after activation, the surface composition barely changed
with the increase in Ni content (64.66 and 62% of Ni for 5%, 10% and 15% Ni-Cu catalysts,
respectively), as presented in Table 3. The better performance of 10%Nil0%Cu/C was

related to the increase in the covalency of Ni, keeping Cu close to the metallic state.

Table 3: Binding energy of Cu 2ps2 and Ni 2ps2and CuLMM Auger kinetic energy.
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Cu 2ps3/2 Cu 2p1/2 CuLMM  Ni2psz  NiZpi2 Ni at Nio/(Ni¢ +Ni-species)

(eV) (eV) Auger (eV) (eV) surfac (%)
KE (eV) e
(%)
10%Cu/C 932.8 952.6 918.5 -
5%Ni5%Cu/C 932.6 952.4 918.4 852.7; 870.0 64 56
853.3
10%Ni10%Cu/C 932.7 952.5 918.5 852.8; 870.2 66 67
854.0
15%Ni15%Cu/C 932.5 952.3 918.5 852.6; 869.9 62 52
853.4

Besides lowering the BEs, alloying Ni with Cu also decreases the reduction
temperature of nickel [67], hence H>-TPR analysis of the mono- and bimetallic Ni-Cu
catalysts is displayed in Figure 4. For the monometallic Cu-based catalyst, low hydrogen
consumption was observed and only one small peak at 317 °C assigned to the reduction of
Cu?* to Cu® was detected [50, 68]. This confirms the XRD and XPS data, which indicated
reduced Cu-species in the bulk and oxidized Cu-species on the surface. For 10% Ni/C
catalyst, several peaks were detected corresponding to the reduction of Ni-species. The peaks
up to 320 °C were associated to the reduction of interfacial and highly dispersed nanoparticles
in which Ni-hydrazine species are reduced to Ni’ and the peak shoulder at 353 °C was
ascribed to the reduction of bulk Ni-hydrazine [50, 69]. In the case of bimetallic catalysts, the
reduction of Cu?" and Ni**-species shifted towards lower temperatures as compared to the
monometallic catalysts, indicating that Ni and Cu together have a combined influence on the
reducibility of the catalyst. The exception was 5%Ni5%Cu/C, in which the reduction
temperature was even higher than that observed for the monometallic 10%Ni/C. This might
be related to the fact that this catalyst had the largest particles as indicated by its specific
surface area. Three main reduction peaks were observed for 10%Nil0%Cu/C. This was the
catalyst with the lowest reduction temperatures. The first reduction peak appears as a shoulder
at 238 °C and 274 °C for 10% and 15%Ni-Cu catalysts, respectively, attributed to the
reduction of the well-dispersed nanoparticles (Cu** — Cu’). Those lower peaks were not

detected for the 5%Ni5%Cu/C catalyst. The other two main peaks centered at 318 and 362
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°C, 300 and shoulder at 330 °C, 312 °C, and 356 °C for the 5%, 10%, and 15% Ni-Cu
catalysts, respectively, were associated with the reduction of bulk Cu?" and Ni?* species in the
alloy to metallic species in the bimetallic Ni-Cu phases [69-71]. Due to the lower content of
Ni in 5% and 15% Ni-Cu catalysts, the third peak is less intense, whereas for
10%Ni10%Cu/C, with higher Ni-content, the peaks at 300 and 330 °C overlap. An additional
broad peak was observed for this catalyst at 489 °C that was attributed to the methanation of
the support, common for Ni nanoparticles on carbon-based supports and described for CNT
[69, 72]. The authors reported the lower activity of Ni nanoparticles to catalyze the
methanation when Ni—Cu alloys are formed, thus justifying the absence of this peak for the
5%Ni5%Cu and 15%Ni15%Cu catalysts, in which the alloy formation was already discussed.
Therefore, the addition of Cu facilitates the reduction of Ni in the bimetallic catalyst although
a high Ni-content is necessary to obtain low reduction temperatures. The formation of
different Cu- and Ni-rich phases in 10%Ni10%Cu resulted in a more reducible catalyst.

3.2. Optimization of the operating conditions

Considering that the 10%Ni10%Cu/C catalyst was by far the most promising, further studies
were performed in order to optimize the catalytic performances. In Figure 5, the effects of
catalyst amount, reaction temperature, reaction time, and reaction atmosphere were evaluated.
By increasing the catalyst amount, complete conversions were obtained, and the selectivity
was slightly improved, reaching a maximum of 95% (Figure 5a). A higher catalyst load in the
reactor provides a more efficient mass transfer by providing a greater number of active sites.
According to Maki-Arvela et al. [73], this effect is marked by an increase in initial reaction
rates and an improvement in selectivity. This is explained by the higher substrate conversion
rate that can limit the formation of by-products. Nevertheless, mass transfer was not affected

any more with catalyst loadings higher than 52 mg, since the selectivity stabilized around
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95%. Accordingly, the ideal catalyst amount was 52 mg, where full PA conversion, 94%
selectivity to #n-PD and a high carbon balance (94%) was obtained.

The reaction temperature was evaluated at different temperatures: 250, 300, and 320 °C
(Figure 5b). The reaction temperature proved to be an important factor for the catalytic
performance, considering that the increase from 250 to 300 °C boosted the conversion from
84% to 100% and up to 84% n-PD was obtained. A slight increase of 20 °C to 320 °C
improved the selectivity by about 10 %. The temperature of 320 °C used in the previous tests
proved to be optimal for the reaction. The carbon balance increased with increasing reaction
temperature. At 250 °C it was only 68%, increased to 84% at 300 °C, then further improved
to 95% at 320 °C. Analyzing the reaction side-products produced at 250 °C, the formation of
unidentified heavy compounds besides traces of n-hexadecanol and 1-hexadecenol were
detected by GC-MS. The presence of these oxygenated compounds, which are intermediates
in the HDO reaction, are indicative of competitive DCX and HDO pathways at this
temperature. However, when the reaction was performed at 320 °C, the distribution of the
products changed forming the DCX product in high yield (n-PD 95%). The HDO side-product
was detected in traces (n-hexadecane, < 2 % selectivity), showing that the reaction pathway is
dependent on temperature and DCX favored at higher temperatures. This corroborates with
the studies of Murzin et al. [10] that affirms that the DCX reaction is limited by
thermodynamics factors, at 300 °C AHpcx = 179.1 kJ/mol (endothermic) vs AHupo = -115.0
kJ/mol (exothermic). Therefore, it explains why higher n-PD yields were obtained at higher
temperatures, DCX is more efficient.

The effect of reaction time on activity was also evaluated using the 10%Ni10%Cu/C catalyst
for 12 h, as shown in Figure 5c. Within the first 1.5 h, the conversion was complete; however,
the selectivity increased with time and reached 95% after 6 h. Longer reaction times

apparently favored the product degradation, the n-PD yield dropped from 95 to 92% after 12
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h. Apparently, in the initial period of reaction time the substrate is completely converted into
an intermediate of relatively high molecular mass, difficult to be detected by GC-MS. The
consecutive conversion of this intermediate into n-PD explains that the observed selectivity
increases over time. However, longer reaction times may favor side-reactions such as
isomerization and oligomerization [22], pointed out by the slight decrease in selectivity.
Indeed, the highest selectivity to n-PD was obtained for the test carried out for 6 h.

Having optimized the reaction time (6 h), the temperature (320 °C) and the amount (52 mg) of
the 10%Ni10%Cu/C catalyst, the role of hydrogen in the reaction medium was evaluated.
Therefore, the reaction was carried out in the absence (pure N»>) and in the presence of
hydrogen (10 vol% of H; in N2 (10% H>)), keeping the pressure at 20 bar (operating pressure
at 40 bar), as shown in Fig. 5d. Different product distributions were observed despite
complete PA conversion and a carbon balance of 95% was obtained in both cases., The n-PD
selectivity was lower under nitrogen than at low hydrogen concentration (10% Hz (59% vs
95%), meaning that the change in atmosphere led to different reaction pathways. The side-
products formed under inert atmosphere were analyzed and considerable amounts of n-
pentadecene detected (29% selectivity) besides traces (< 4%) of shorter hydrocarbons such as
tetradecane and tridecane (Table 4). Using 10% Ho, less than 2% n-hexadecane was formed,
as previously mentioned.

Table 4. Effect of reaction atmosphere on the catalytic performances of 10%Ni10%Cu/C for
the DCX of PA to n-PD. Reaction conditions: T = 320°C, operating pressure = 40 bar, t = 6 h,

stirrer speed = 600 rpm; catalyst loading=52 mg; PA loading = 0.197 mmol.

Atmosphere Xpa [l Sncis [ Sicis Bl Scisl (%)  Scia 1 Scielb] Carbon
(%) (%) (%) (%) (%) balance

10%H2/N> 100 95 - 95 - <2 97

N2 100 59 29 88 <4 - 93

[ Xpa: PA conversion; ! Sy.cis: selectivity to n-pentadecane, Si-cis: selectivity to 1-pentadecene, Scis: total

selectivity to Cis, Scia: total selectivity to Cia: tetradecane + isotetradecane, Scie: total selectivity to Cie: n-

hexadecane.
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In the hydroconversion of FA, three different pathways have been reported: DCX, DCN, and
HDO. DCX and HDO reactions are exothermic, while DCN exhibits a relatively modest
endothermic effect [16]. Thus, DCX and HDO might be the main pathways for the DCX of
FA using Ni-Cu catalysts. The product distribution at 320 °C was 95% n-PD (DCX) and less
than 2% of n-hexadecane and revealed the reactivity order of DCX >> HDOQO. The presence of
several oxygenated compounds at 250 °C (n-hexadecanol, 1-hexadecenol, n-hexadecanal,
cetyl palmitate etc.), and only 10% »n-PD indicated the order of DCX < HDO and possible
other side-reactions. On that basis, a reaction mechanism was proposed (Scheme 1) that PA
deoxygenation under hydrogen (10 vol% H») occurs via three main routes (DCX (1), DCN
(2), HDO (3)), and indirect DCX (4-6). DCX (1) is the main route, wherein PA is directly
converted to n-PD and CO.. In DCN (2), #n-PD is indirectly produced through a DCN
followed by dehydration resulting in 1-pentadecene that is further hydrogenated. In the HDO
pathway, a hydrogenolysis step produces n-hexadecanal and 1-hexadecenol due to a keto-enol
tautomerism. Further hydrogenation forms n-hexadecanol and a subsequent hydrogenolysis
finally produces n-hexadecane. At higher temperatures, this pathway is not favored, as
confirmed by the catalytic DCX of another substrate, SA. DCX of SA was carried out at the
optimized conditions using the 10%Nil0%Cu/C catalyst. The catalytic performance was
similar to that obtained with PA (100% conversion, 90% n-heptadecane (n-HD) selectivity
and 90% carbon balance). When analyzing the reaction products by GC-MS, n-HD was the
main product and octadecane was the only byproduct (<5% selectivity). The product
distribution in this case also demonstrated the reactivity order of DCX >> HDO, indicating
that the same reaction pathway is followed using both FAs. Other reaction pathways are
possible, as shown by DCX (4-5) and esterification (6). The intermediate n-hexadecanal

formed in the hydrogenolysis step (3) can be dehydrogenated leading to a ketene intermediate,
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followed by a DCN and a hydrogenation step to form n-PD (4). Otherwise, it can be directly
transformed into the desired n-PD via DCN (5). The viability of step 4 or 5 is dependent on
the type of catalytic sites on the catalyst. The dehydrogenation step often requires acidic sites,
while the DCN step involves the adsorption of the carbonyl groups in a favorable position to
allow the cleavage of CO [57]. However, it is important to note that step 4 will occur
depending on the stability of the ketene intermediate. The other possible side-reaction is the
esterification of PA with n-hexadecanol resulting in cetyl palmitate (6). This product can be
transformed into n-hexadecanal and n-hexadecanol. Therefore, the latter products are
converted as previously mentioned into #n-PD or n-hexadecane, respectively.

The absence of hydrogen during the tests performed under nitrogen led to a very different
product distribution, in which, besides n-PD (only 59%), side-products related to dehydration
(29%) and traces related to cracking and/or isomerization reactions were detected. As the
hydrogenolysis reaction is not possible in the absence of hydrogen, only DCX (1) and DCN
(2) steps are possible simultaneously forming n-pentadecane and 1-pentadecene as the major
products In the latter case, 1-pentadecene is formed but the absence of hydrogen prevented its
hydrogenation to form the saturated compounds. The disadvantage of having remaining
olefins in contact with the catalyst is that secondary reactions such as isomerization and
cracking can occur. Therefore, the presence of isomers and shorter hydrocarbons, even in
small amounts (< 4%), confirmed that under inert atmosphere pathway 2 is followed, while in
the presence of hydrogen pathways 1 or 2 are possible. Because 1-pentadecene is rapidly
hydrogenated in the pathway 2, its formation is not detected. This highlights the ability of the
catalyst to provide deoxygenation reactions, with DCX being the most relevant at the studied
reaction conditions. Hydrogen played an important role regarding the n-PD selectivity,
because the hydrogenation of the olefins formed by the DCN pathway generated up to 95% n-

PD. This explained why the low hydrogen concentration (10 vol% Hz) was sufficient to
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provide high selectivity. Therefore, the DCX of FA using 10%Ni10%Cu/C was more efficient
at 10 vol% H> than under inert atmosphere.

In addition to the distinct performance in the catalytic DCX of PA, the 10%Ni10%Cu/C
catalyst was recycled 3 times maintaining its conversion without losing activity or selectivity
(Figure 6a). The catalyst was characterized after the recyclability test and compared to the
activated fresh version in order to verify the catalyst stability at reaction conditions. The TEM
analysis of the recycled catalyst is shown in Figure 6b indicating the same particle size and
particle size distribution, which might be related to the presence of Ni in the alloy. As
reported, the addition of Ni in Cu surfaces is highly beneficial, providing remarkable stability
of the nanoparticles against sintering, even at high temperatures (700 °C) [50, 59, 74]. The
XRD spectrum of the recycled 10%Ni10%Cu/C catalyst presented the same diffraction peaks
and diffraction angles as the fresh catalyst (Figure 6¢). In addition, the size of the metal
crystallites for the fresh and the recycled catalysts remained unchanged regardless of the
diffraction planes considered for the calculation. Based on the Ni (111) plane the crystal size
was 12.9 and 12.5 nm for fresh and recycled catalysts, respectively, and that based on the Cu
(111) plane was 21.2 and 21.4 nm. However, very small peaks at 41.67° and 46.54° were
observed for the recycled catalyst and attributed to respective metal-oxide species. This is
probably the result of a superficial oxidation of the catalyst during handling considering that
the catalytic tests did not indicate any deactivation. Therefore, these results confirmed that the
combination of Ni and Cu increased the stability of the Ni—Cu-based catalyst at reaction

conditions.

4. Conclusions
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In view of the great potential presented by bio-based derivatives to produce n-paraffins, the
optimization of catalysts has become essential. We present valuable findings in the
development of non-noble metal catalysts for the DCX of FA. A series of non-noble
monometallic (Ni, Cu, Fe and Ag) and bimetallic Ni-based catalysts supported on activated
carbon was designed for the DCX of PA to n-PD. None of the monometallic catalysts yielded
more than 11% n-PD, although the Ni-catalyst had the highest activity. Thus, Ni was alloyed
with these non-noble metals forming Ni-based bimetallic catalysts (Ni-Fe, Ni-Ag, Ni-Cu).
The Ni-Cu combination was the most promising significantly improving the catalytic
performance. The composition 10%Nil0%Cu/C was the most active achieving high
conversion, n-PD selectivity and carbon balance (76, 86 and 87%, respectively). The high Ni
content of this catalyst resulted in a greater Ni-rich phase after activation. In addition, a higher
proportion of Ni’ on the surface was observed resulting in a higher Ni—Cu charge transfer.
Therefore, the high performance was related to the increase of the covalent state of Ni,
keeping Cu close to the metallic state. As a consequence, this catalyst displayed the lowest
reduction temperatures among the mono- and bimetallic Ni-Cu catalysts. Although the Cu
addition facilitated the Ni reduction in the bimetallic catalyst, a high Ni-content was necessary
to provide a more reducible catalyst. At optimized reaction conditions (52 mg of activated

catalyst, 0.96 g PA-g'cat, 320 °C, a pressure of 40 bar with 10 vol.% of Hzin N> for 6 h), a

yield of 95% n-PD was obtained with minimal by-product formation. The high catalytic
activity was maintained for 3 cycles without the need for catalyst reactivation. The observed
high n-PD selectivity of 10%Ni10%Cu/C is due to the fact that DCX is much more favored
than HDO among the main reaction pathways. The studies revealed that the main role is
played by hydrogen that must be present to guarantee a high n-PD production, otherwise
considerable quantities of the dehydrogenated intermediate 1-pentadecene remain

unconverted. The latter compound in contact with the catalyst might then favor secondary
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reactions such as isomerization and cracking. Furthermore, the excellent performances
obtained when using SA as substrate for DCX emphasizes the possibility to extend the range
of applications for the non-noble Ni-Cu catalysts, to convert other FAs or mixtures of FAs.
This is a very promising catalyst for the production of n-paraffins from fatty acids derived
from vegetable oils. The next steps involve testing the DCX of other FAs and then using the

triglycerides directly to obtain n-paraffins.
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Figure 1. Activity of (a) non-noble monometallic, (b) Ni-based bimetallic, (c¢) Ni-Cu
bimetallic catalysts for DCX of PA into n-PD. Reaction conditions: T = 320 °C, 40 bar
operating pressure, t = 6 h, stirrer speed = 600 rpm; catalyst amount = 12.8 mg, PA loading =
0.197 mmol. PA conversion (blue), n-PD selectivity (orange), n-PD yield (gray), and carbon
balance (yellow line).

Figure 2. TEM images of 10%Nil10%Cu/C catalyst before (a) and after (b) activation under
hydrogen.

Figure 3. XRD patterns of (a) fresh and (b) activated catalysts with different metal
loadings; (c) XRD peak of (111) plane in Ni-Cu bimetallic catalysts; (d) XPS spectra in the
Cu 2p and (e) Ni 2p region for the bimetallic Ni-Cu catalysts after activation and (f) in
the Ni 2p3/2 region for 10%Ni10%Cu/C catalyst.

Figure 4. TPR profiles of the mono and bimetallic catalysts

Figure 5. DCX of PA into n-PD using 10%Ni10%Cu/C catalyst: (a) catalytic activity versus
mass of catalyst, (b) reaction temperature, (c) reaction time and (d) reaction atmosphere.
Reaction condition: T = 320°C, operating pressure = 40 bar, t = 6 h, stirrer speed = 600 rpm;
catalyst amount = 52 mg, PA loading = 0.197 mmol. PA conversion (blue), n-PD selectivity
(orange), n-PD yield (gray), carbon balance (yellow line).

Figure 6. DCX of PA into n-PD using 10%Nil0%Cu/C catalyst: a) catalytic activity in
recycling tests, b) Particle size distribution from TEM images, and c¢) XRD patterns of
activated and recycled catalyst.

Scheme 1. Proposed mechanism for DO [44].
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Figure 1. Activity of (a) non-noble monometallic, (b) Ni-based bimetallic, (c) Ni-Cu
bimetallic catalysts for DCX of PA into n-PD. Reaction conditions: T = 320 °C, 40 bar
operating pressure, t = 6 h, stirrer speed = 600 rpm; catalyst amount = 12.8 mg, PA loading =
0.197 mmol. PA conversion (blue), n-PD selectivity (orange), n-PD yield (gray), and carbon
balance (yellow line).
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Figure 2. TEM images of 10%Nil10%Cu/C catalyst before (a) and after (b) activation under
hydrogen.
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Figure 3. XRD patterns of (a) fresh and (b) activated catalysts with different metal
loadings; (c) XRD peak of (111) plane in Ni-Cu bimetallic catalysts; (d) XPS spectra in the
Cu 2p and (e) Ni 2p region for the bimetallic Ni-Cu catalysts after activation and (f) in
the Ni 2p3/2 region for 10%Ni10%Cu/C catalyst.
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Figure 5. DCX of PA into n-PD using 10%Nil10%Cu/C catalyst: (a) catalytic activity versus
mass of catalyst, (b) reaction temperature, (c) reaction time and (d) reaction atmosphere.
Reaction condition: T = 320°C, operating pressure = 40 bar, t = 6 h, stirrer speed = 600 rpm;
catalyst amount = 52 mg, PA loading = 0.197 mmol. PA conversion (blue), n-PD selectivity
(orange), n-PD yield (gray), carbon balance (yellow line).
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Figure 6. DCX of PA into n-PD using 10%Nil0%Cu/C catalyst: a) catalytic activity in
recycling tests, b) Particle size distribution from TEM images, and c) XRD patterns of
activated and recycled catalyst.
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