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Abstract: y-ALOs supported Ni-Pd catalysts with different Ni:Pd ratios were studied in the
hydrogenation of two industrially-relevant platform molecules derived from biomass, namely
levulinic acid and hydroxymethylfurfural. The bimetallic catalysts showed better performances in
both processes in comparison to the monometallic counterparts, for which a too strong interaction with
the alumina support reduced the activity. The behavior of the bimetallic catalysts was depending on
the Ni:Pd ratio, and interestingly also on the targeted hydrogenation reaction. The Pd-modified Ni-
rich system behaves like pure Ni catalyst, but with a strongly boosted activity due to a higher number
of Ni active sites available, Pd being considered as spectator. This high activity was manifested in the
levulinic acid hydrogenation with formic acid used as internal hydrogen source. This behavior differs
from the case of the Pd-rich system modified by Ni, that displayed a much higher Pd dispersion on
the support compared to the monometallic Pd catalyst. The higher availability of the Pd active sites
while maintaining a high surface acidity allows the catalyst to push the HMF hydrodeoxygenation
reaction forward towards the green biopolymer precursor 2,5-bis(hydroxymethyl)-tetrahydrofuran,
and in consequence to modify strongly the selectivity of the reaction. In that case, residual chlorine
was proposed to play a significant role while Ni was considered as spectator.

Keywords: y-ALOs supported Ni-Pd catalysts, selectivity, levulinic acid, y-valerolactone, formic acid,
hydroxymethylfurfural, 2,5-bis(hydroxymethyl)-tetrahydrofuran

1. Introduction

Biomass is considered as a very promising feedstock due to its abundance and availability. In
particular, lignocellulosic waste materials have recently undergone extensive research in the field of
renewable and sustainable resources for the industrial production of high-value chemicals and liquid
fuels [1,2]. Two of the most promising intermediates (platform molecules) that can be derived from the
hydrolysis of cellulose and in particular from the dehydration of C-6 carbohydrates, are
hydroxymethylfurfural (HMF), considered as an appealing starting material for various chemical
synthesis owing to both its furan ring and the presence of two functional groups, as well as levulinic
acid (LA). Their further hydrogenation enables the synthesis of high value-added molecules (Scheme 1,
also indicating the notations used here).
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Scheme 1. Reaction pathways of the HMF hydrodeoxygenation with the possible formed products and
of the LA hydrogenation into GVL with FA as internal hydrogen source, in the context of the global
valorization of cellulose through initial hydrolytic hydrogenation.

The production of LA is favored using water as solvent, and its further hydrogenation with
subsequent cyclization gives y-valerolactone (GVL) which can be used as fuel additive, solvent, liquid
fuel and as precursor of valuable chemicals [3,4]. The reaction can be performed using an internal
hydrogen source, i.e. formic acid (FA) obtained in equimolar ratio with LA upstream of the process, for
increasing the sustainability of the overall cellulose valorization process. By contrast, HMF production
is favored in organic solvent, and its hydrogenation products are strongly depending on both the
catalysts and the reaction conditions [5]. In appropriate conditions, HMF can be converted into 2,5-
bis(hydroxymethyl)-tetrahydrofuran (BHMTHEF), considered as an analogue of 1,3/1,4-
cyklohexanedimethanol used for polyester production, through the total hydrogenation of the HMF
furan ring, but taking into account that the aldehyde group needs to be saturated without further
hydrogenolysis to  5-methyltetrahydrofurfuryl alcohol ~(MTHFA) or further to 25-
dimethyltetrahydrofuran (DMTHF) [6]. BHMTHF can have several applications, as green solvent as
well as pharmaceutical or nylon-6 polyamine intermediate [7,8,9].

Although Pd, Ru, Pt noble metal based catalysts are most commonly used for both LA
hydrogenation and HMF hydrodeoxygenation reactions [10,11], the tendency of using cheap, robust,
non-noble based metals as supported catalysts is strongly manifested in the recent years [12,13]. Good
performance for the selective hydrogenation of LA and HMF has been achieved with Ni-based catalysts.

Duarte et al. [14] showed that both Ni and Pd catalysts supported on y-AlLOs were active and
selective towards the HMF decarbonylation in aqueous phase at a hydrogen pressure of 4 bar and in
the 137-189°C range. Kong et al. [15] evidenced the difficulty of hydrogenating the C=C conjugated
bonds in HMF using Ni-Raney catalysts, so that high selectivity towards BHMF could be easily reached,
with no further hydrogenation into BHMTHEF. High reaction yields towards BHMTHF were only
possible with a prolonged reaction time (30 h) and a temperature of 100°C. Further, Lima et al. [16]
reported that Raney Ni in water was favoring 2,5-bihydroxymethylfuran (BHMF), with a high
selectivity of 60%, rather than BHMTHE (13% after 8 h of test at 90°C under 90 bar of hydrogen). They
consequently proposed a two-step process combining first a Raney Cu to selectively form BHMEF,
further converted selectively to BHMTHF on Raney Ni (98%). The furan ring hydrogenation on
monometallic Ni-based catalysts is therefore not preferential and requires severe reaction conditions
and a high Ni content.
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Regarding the LA hydrogenation, the approach of using FA as internal hydrogen source provides
additional challenge to the reaction, as a selective FA decomposition is strongly demanded not only for
reaching a high hydrogen yield but also for preventing from the surface poisoning by CO. Additionally
Ni can be also poisoned by hydrogen due to its strong adsorption on the surface [17]. Monometallic Ni
catalyst can be however modified by the addition of a second metal, that can result in the formation of
new active sites, and can increase the catalyst stability due to the establishment of intermetallic
interactions and the modification of Ni interaction with the support. In particular, Ni-Pd catalysts
showed higher activity and selectivity as compared to their single counterparts in the hydrogenation of
both HMF [18] and LA substrates [19]. Mihet et al. [20,21] showed that the introduction of small amounts
(0.5%) of Pd and Rh noble metals to the 10% Ni/ALOs catalyst reduces the crystallite size, with in turn
a higher activity in both NO reduction and CO2 methanation. It was also proposed that adding Pd to Ni
facilitates its reduction and led to Ni-Pd systems with improved activity in autothermal reforming of
methane [22]. Another reason for the increased activity of Ni-Pd systems is the formation of the alloy.
Regardless of the Ni:Pd ratio, Bayat et. al. [23] proposed that the Ni-Pd alloy formation was responsible
for the increase in the catalyst lifetime by reducing the carbon deposit formation during the methane
decomposition reaction. The highest activity was observed for a 50:15 Ni:Pd ratio, while a too high
content of Pd dopant led to a lower activity, due to the decrease in the catalyst surface area and to the
particle agglomeration. Also, Zhang et al. [24,25] observed that adding Pd reduced both the sintering of
Ni and the formation of carbon deposit, with consequently an increased stability of the catalyst in the
hydrogen production from partial oxidation and steam reforming of n-octane.

There are therefore promising examples in the literature concerning the Ni-Pd systems, and the
variety of composition, morphology, and consequently synthesis methods depend strongly on the
targeted process. It is therefore difficult to predict which factors are crucial in the hydrogenation of the
biomass-derived molecules. There is just proof of principle examples evidencing the great potential of
Pd-Ni systems in the hydrogenation of LA and HMF. Nakagawa et al. [18] reported that SiO2 supported
bimetallic Ni-Pd catalysts can be more active than Raney Ni and more selective than Pd/C for the HMF
hydrogenation. Total hydrogenation of unsaturated compounds like HMF and furfural was achieved
over the bimetallic Ni-Pd/SiO: catalyst, and the key-role played by the alloy was hypothesized. When
it comes to LA hydrogenation with FA as hydrogen source reaction, we demonstrated recently that
among the noble metal dopants (Pt, Pd, Ru, Rh) of Ni catalyst, Pd was the most active, and preliminary
results showed that the activity of the bimetallic Ni-Pd catalysts could be tuned depending on the
preparation method [19].

Therefore, a series of Ni-Pd bimetallic catalysts with different Ni:Pd ratios has been further
developed for being evaluated in both the HMF hydrogenation with external hydrogen source and the
LA hydrogenation with FA as internal hydrogen source. We focused on alumina supported catalysts,
since high isoelectric point supports such as y-Al:Os promote the HMF ring hydrogenation for forming
BHMTHEF [26], whereas supports showing Brensted acidity, such as SiO, promote the formation of
polyols and polymers by ring opening [27]. The key-factors having a role in the hydrogenation of both
bioderived chemical substrates on Ni-Pd/y-AlLQO:s catalysts are discussed, together with their impact on
the catalyst behavior notably in terms of activity and of reaction selectivity.

2. Results

2.1. Catalyst characterization

The XRD patterns of mono and bimetallic catalysts are shown in Figure S1 with their corresponding
description. In addition to the diffraction peaks corresponding to the y-Al:Os support, only broad
peaks/shoulders revealed the presence of metallic Ni for the 4% Ni catalyst ; they were further
attenuated upon the addition of 1% Pd in the bimetallic 4%Ni-1%Pd sample, while not visible in the
low Ni loading (1%) bimetallic counterpart sample. Further, no clear reflexes corresponding to Pd were
observed at ca. 40° for both monometallic Pd and bimetallic catalysts, independently of the Pd loading.
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This resulted from the low amount and small size of the crystallites, as well as from the low crystallinity
of the alumina support.

The reduction profiles of mono and bimetallic catalysts (before the final reduction step) are shown
in Figure 1. For monometallic nickel catalysts, a high-temperature hydrogen consumption peak starting
at around 450°C was observed. This may suggest the presence of NiOx strongly interacting with the
support or the formation of spinel [28,29]. In the case of the 1% Pd catalyst, a broad low-temperature
reduction peak was noticed in the range of 50-200°C. It may be related to the presence of small Pd
particles being in strong interaction with the support [30]. Furthermore, it can be related with the
reduction of PdO«Cly strongly interacting with the support [31]. It is worth noting that the reduction of
bulk PdO is reported to take place at a lower temperature (55°C) [32].

1%Pd
5
S,

= 4%Pd
C
ko)
75]
o)

lc_J 1%Ni-4%Pd

/_\_/\ 4%Ni-1%Pd

4%Ni

1%Ni
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100 200 300 400 500 600 700 800
Temperature [°C]

Figure 1. TPR profiles of mono and bimetallic catalysts after the oxidation step.

The increase in the Pd content from 1% to 4% allows to observe a clear and sharp reduction peak
with a maximum at 65°C. This peak can be ascribed to the reduction of a mix of PdO and PdO.Cly
species, therefore it is possible that the Pd is less interacting with the support so that its reduction is
facilitated [36].

The bimetallic Ni-Pd/y-ALOs catalyst reduction profiles are more complex than those of the
monometallic catalysts. The shape of the reduction profiles is highly dependent on the Ni-Pd ratio. In
all cases, we observe a low-temperature hydrogen consumption peak within the 30-140°C range,
associated with the reduction of Pd species. As the palladium content decreases, the low-temperature
hydrogen consumption peak shifts towards higher temperature, which may be related to the change of
Pd crystallite size and in the interaction between the metals and the support. Large crystalline palladium
is able to absorb hydrogen at room temperature within the metal structure, in contrary to small well
dispersed palladium species [33]. To better illustrate those differences, the TPR profiles were recorded
on the reduced samples (Figure S2). Only in the case of 4%Pd, a negative TPR peak was observed, which
was attributed to the decomposition of the Pd hydride (3-PdH:) formed at room temperature from the
absorption of atomic hydrogen within the structure of large size metallic Pd particles [32,35,37,34]. For
the bimetallic samples, the absence of the hydride phase may indicate a good dispersion of palladium,
staying in interaction with the second metal [35].

Furthermore, the presence of chlorine derived from the palladium precursor may facilitate the
reduction of NiOx and inhibit the formation of the interfacial NiAI«Oy spinel [19]. For the 4%Ni-1%Pd
catalyst, a high-temperature effect was observed in the temperature range 220-350°C associated with
the reduction of NiOx species [21,22,36], so that modifying the Ni catalyst with Pd as dopant facilitated
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the reduction of nickel. This effect could not observed for the 1%Ni-4%Pd catalyst, due to the low nickel
content. In addition, the low-temperature region reduction might also correspond to the reduction of a
mix of NiO and PdO as observed by Bayat et al. [23]. XPS and ToF-SIMS complementary analyses were
performed for getting information about the catalyst surface and for identifying what kinds of surface
species were present as well as their effect on the interactions between the metal(s) and the support
(Figure 2 and Table 1, respectively). In the case of the bimetallic 1%Ni-4%Pd catalyst, the Pd ion intensity
(Pd- and PdCl') was higher than that recorded for the monometallic 4%Pd catalyst, which may suggest
a better dispersion of palladium in the presence of small amount of nickel and thus may indicate that
adding nickel improves the palladium dispersion in a Pd-rich catalyst [17,19]. It was worth noting that
the surface of all Pd-containing catalysts contained residual chlorine species coming from the Pd
precursor, and that were not completely eliminated during the thermal steps of the catalyst preparation.
This was particularly pronounced on the 1%Ni-4%Pd bimetallic catalyst that contained a strongly
higher amount of chlorine compared to that remaining in the corresponding 4%Pd monometallic
counterpart, so that modifying the 4%Pd catalyst with 1% Ni unfavored the removal of the chlorine
species during the thermal treatment, the highest amount of both PdCl- and ClI- ions being recorded on
the Pd-rich bimetallic catalyst. However, the intensity of NiCl>- ions was similar for both bimetallic
catalysts. By contrast, in the case of the Ni-rich catalyst, i.e. when Pd is only present as dopant, no
difference in terms of chlorine ions intensity was observed compared to the monometallic Pd
counterpart. Although the intensity of Ni ions was similar to that observed for the monometallic
catalyst, the presence of additional NiClz> ions suggested that Ni is also partially interacting with Cl
species. The lower intensity of Pd in this case can suggest that Pd is partially covered by Ni species or
that Pd is present as larger crystallites compared to the monometallic Pd counterpart.

Table 1. Normalized intensity of selected ions identified on the surface of the catalysts.

Catalysts Cl- x 102 Ni-x 104 Pd-x 105 PdCl-x 104  NiCl> x 10+
1%Ni - 1.53 - - -
4%Ni - 2.61 - - -
1%Pd 3.23 - 3.16 5.25 -
4%Pd 2.09 - 4.37 3.74 -

4%Ni-1%Pd 3.48 2.55 1.96 2.30 2.50
1%Ni-4%Pd 5.02 1.10 14.6 10.8 2.30

Figure 2 shows the palladium Pd 3p region, the Ni 2ps region and the CI 2p region of XPS spectra
recorded on the catalysts, while the wide scan survey spectra are reported as Figure 53. In general, the
Ni 2ps»2 orbital spectra exhibit a complex feature with a broad multi-contribution envelope containing
the core level peaks and shake-up satellite peaks corresponding to a multi-electron excitation and being
characteristic of Ni species in oxidized states [37,38,39]. Except for the bimetallic 1%Ni-4%Pd catalyst,
both metallic and oxidized states of Ni co-exist in all catalysts, the broad and complex envelop showing
a contribution at 855.7 eV corresponding to Ni in oxidized states, that can be associated to Ni strongly
interacting with the alumina support (aluminate) and/or to surface oxidized Ni, and another one at ca.
851.7 eV assigned to metallic Ni [40,41]. The 4%Ni monometallic sample was suggested to be more
prone to surface oxidation than the catalyst with a lower loading, as evidenced by the highest intensity
of the oxidized nickel contribution vs. the metallic one. By contrast, it is worth noting that no metallic
nickel was observed at the surface of the bimetallic 1%Ni-4%Pd catalyst. Ni as dopant of the Pd catalyst
was only present as oxidized species, indicating that the reduction of the nickel at the surface is hindered
in the Ni-modified Pd-rich catalyst.
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Figure 2. a) Ni2psp, b) Pd3d, c) CI2p orbital XPS spectra of the mono and bimetallic catalysts.

Whatever the catalyst, the Pd 3d orbital spectra consist of three doublet contributions at 334.5 eV,
335.9 eV and 337.2 eV (£0.1 eV), each of them with a 3ds»-3ds.2 spin-orbit splitting constant of 5.26 eV.
The two lower energy contributions were assigned to metallic and oxidized Pd surface species,
respectively, with binding energy values being about 0.5 eV to 1.0 eV lower than those reported for bulk
palladium, evidencing metal-support interaction between Pd and with Al:Os. The data do not allow to
distinguish whether oxidized surface Pd corresponds to Pd oxide(s) or hydroxide(s). The higher energy
doublet contribution might be assigned to Pd atoms in interaction with residual chloride species (eg. as
oxychloride species, as already suggested for chloride precursor-derived metallic catalysts such as
Pd/AL20s, Ru/C or Ru/ALQO:s [42,43,44]. Indeed, the presence of residual chlorine species at the surface
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of all the Pd-based catalysts was evidenced on the survey spectra, while the Cl 2p orbital spectra showed
the usual 2p32—Cl 2p12 doublet contribution at 198.2-199.8 eV with a spin—orbit splitting constant of 1.6
eV. This confirmed that the chlorine species were not completely eliminated during the thermal
oxidation and reduction pretreatment steps [45,46,47], in agreement with ToF-SIMS results.

In line with the ToF-SIMS results, it was noted that modifying the 4%Pd catalyst with Niimproved
the Pd dispersion at the alumina surface, with an increase in the Pd/Al surface atomic ratio from 0.0.19
to 0.024. Further, the presence of Ni was detrimental to the elimination of the chlorine species from the
catalyst surface, with a strong increase of the Cl surface atomic percentage from 0.33% for the
monometallic 4%Pd catalyst to 1.34% for the Ni-modified Pd-rich catalyst. This was as well evidenced
by the simultaneous increase of both Cl/Al and Cl/Pd surface atomic ratios from 0.01 and 0.53,
respectively, to 0.04 and 1.70 when modifying the 4%Pd catalyst with 1% of Ni.

FTIR spectra of CO adsorbed on the monometallic and bimetallic catalysts recorded under pressure
are shown in Figure 3A and 3B, respectively. The spectra of nickel catalysts obtained under pressure
showed only the band at 2056 cm! attributed to CO linearly adsorbed on Ni° or physically adsorbed on
nickel as tetracarbonyl Ni(CO): band [48,49] being more intense in the spectrum of the 4% Ni catalyst.
The strong decrease of the band intensity recorded after CO evacuation suggests the weak adsorption
of CO on the nickel crystallites (Figure 54).

0.4 - 0.4 -
0.35 - A) 2056 —4%Pd B) 2056 s 4%Ni-1%Pd
- s 1%Pd 0.35 1 1%Ni-4%Pd
s 4%Ni
0.3 4 2062 m— 1%Ni 0.3 4 2025
° 1986 1986
g 0.25 3 0.25 -
& s 1930
2 02 - 2 02 -
o ]
8 015 4 4 0.5 -
< 2090 < 2090
0.1 2114] | 0.1
\\ o
0.05 - L\\ g 0.05 - —
(] L —_— . 0 ey T o T )
2200 2100 2000 1900 1800 1700 2200 2100 2000 1900 1800 1700
Wavenumber [cm™] Wavenumber [cm™]
(a (b)

Figure 3. FTIR spectra of CO adsorbed on the surface of (a) the monometallic and (b) the bimetallic
catalysts recorded under CO pressure.

In the spectra of palladium catalysts, clear bands are visible at 1930 cm and 1986 cm-!, assigned
respectively to the bridge-bonded CO at metal corner/edge sites and on metal (low-index plane) facets,
as a result of the weaker dipole-dipole coupling on crystallite corners/edges. The band at 2090 cm! was
assigned to linear-bonded CO on metal atoms [50,51,52] and exhibited also two shoulders at 2062 cm-!
and 2114 cm . The shoulder at the lower wavenumber was reported to correspond to the linear CO
adsorption on Pd crystallite planes with lower coordination in comparison to the band at 2090 cm- [53],
and that at the higher wavenumber of 2114 cm™ was indicated to characterize the linear adsorption of
CO on highly dispersed cationic Pd® [54].

Moreover, although on both monometallic Pd catalysts there is bridged CO adsorption on both
facet and corner/edge sites, the adsorption is more intense on corner/edge sites for 1%Pd, and on facets
for 4%Pd. This can be related with different sizes for the metal crystallites and with their different
surface features being dominated by low index planes or corner/edge atoms [55].

All the spectra recorded for CO adsorption on bimetallic catalysts showed bands of bridge-bonded
CO on palladium and of CO linearly adsorbed on nickel, regardless the metal ratio used. However, the
type of CO adsorption depends on the Ni:Pd ratio. Indeed, for the Pd-rich catalyst (ie. 1%Ni-4%Pd), the
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band at 2090 cm-! characteristic for the linear adsorption of CO on palladium crystallites is visible with
similar intensity than for the monometallic counterpart.

However only a limited bridged CO adsorption is observed on the Pd corners/edges, as evidenced
by the decrease in the intensity of the band at 1930 cm-!. This might result from the partial blockage of
the palladium corners/edges by heteroatoms, namely nickel and/or chlorine atoms. By contrast, in the
spectra of the Ni-rich catalyst (4%Ni-1%Pd), comparing the intensity of the band at 2056 cm™ clearly
revealed that the addition of Pd causes an increase in the number of Ni adsorption centers. This increase
of adsorption can result from the weaker interaction of Ni with the support surface in comparison to
monometallic 4%Ni counterpart, in agreement with the TPR results. The higher number of metallic Ni
centers available was also confirmed by the shoulder at 2025 cm!, characteristic of linear CO bounded
to one nickel atom, and that is not observed for the monometallic nickel catalysts [56].

In addition, FTIR studies can be associated with CO chemisorption performed at ambient pressure
(Table 2). As shown above, after pressure release, the CO adsorption on Ni crystallites is weak, unlike
what is observed for Pd adsorption centers (Figure S4). Therefore Ni-rich catalysts showed lower CO
chemisorption uptakes than the Pd-based catalysts, however the chemisorption capacity was higher on
the Ni-rich bimetallic catalyst (4%Ni-1%Pd) than on the monometallic Ni counterpart. The highest
amount of chemisorbed CO was observed for the monometallic 4%Pd catalyst that showed the most
intensive bands in FTIR spectra, followed by the Pd-rich bimetallic catalyst (1%Ni-4%Pd) for which the
FTIR spectra also exhibited lower intensity bands in comparison to the 4%Pd monometallic catalyst.
This can be related with the presence of chlorine (ToF-SIMS, XPS study) that can influence the
chemisorption capacity, as well as with the possible blockade of Pd corners and edges, with
consequently a lower CO chemisorption.

Table 2. CO chemisorption and NHs-TPD results of the Ni-Pd catalysts.

Catalysts CO uptake [umol/g] Acidity [mmol/g]
1%Ni 4 0.878
4%Ni 20 0.852
1%Pd 16 0.990
4%Pd 61 1.212
4%Ni-1%Pd 25 1.210
1%Ni-4%Pd 31 1.150
v-AlOs - 0.980

The acidity of the catalysts was derived from the temperature programmed desorption of NHs and
expressed as the molar amount of NHs adsorbed per gram of catalyst (Table 2). It can be seen that the
acidity of the monometallic Ni catalysts is lower than that of the support itself and is decreasing with
the increase in the metal loading, which is related with the coverage of the acid sites of the support [57].

In contrast to the nickel catalysts, the acidity of Pd-based catalysts (mono and in particular
bimetallic) does not decrease or is even higher than for bare y-ALOs. There are several factors that can
be responsible for that phenomena. Firstly, it can be related with the presence of residual chlorine
derived from the palladium precursor (ToF-SIMS, XPS). Although chlorine is a Brensted base, its
electron withdrawing properties may change the acid-base balance of the alumina supported palladium
catalyst due to its interaction with metal and oxide. As a result of the interaction with the surface of
aluminum oxide, chlorine builds into its structure replacing the basic centers, thereby strengthening the
acid centers [58,59,60].

Secondly, the interaction between chlorine and palladium results in the electron-deficient character
of the palladium metal [61,62,63,64], what can consequently enhance the NHs adsorption. What is more,
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metallic palladium and nickel are also considered as NHs adsorption site and this adsorption is
facilitated in the case of bimetallic catalysts due to the decrease of the Ni/support interaction [65].

2.2. Catalytic activity in the hydrogenation of LA

The catalytic activity of the mono- and bi-metallic catalysts with different Ni-Pd ratios in the LA
hydrogenation using FA as a hydrogen source is reported in Table 3 in terms of both FA and LA
conversions and of yield to GVL. In general, both monometallic Pd catalysts exhibited a higher activity
in the FALA reaction than the monometallic nickel catalysts, for which only low FA decomposition (26-
31%) was observed with consequently a very low LA conversion (5-6%) and no production of GVL,
independently of the Ni metal loading. We showed that nearly full FA conversion is necessary for
initiating the subsequent LA hydrogenation. This is related to the strong adsorption of the formate
intermediate on the active metal sites, that hinders the adsorption of LA [19,42]. Despite a full FA
decomposition, the monometallic Pd catalysts exhibited a low LA hydrogenation level (14-16%)
regardless the Pd content, with a very low GVL yield of about 8-12%.

By contrast, both bimetallic Ni-Pd catalysts displayed a strongly higher activity in the combined
FALA reaction than the different monometallic counterpart catalysts independently of the Ni:Pd ratio.
Whereas full FA decomposition was obtained in both cases, a strongly higher LA conversion and GVL
yield of 43% and 37%, respectively, could be achieved on the bimetallic Ni-rich catalyst (4%Ni-1%Pd),
while the highest activity was observed for the catalyst with the highest Pd content (17%Ni-4%Pd), that
allowed to obtain a LA conversion of 50% with a GVL yield of 47%.

Table 3. Activity of mono- and bimetallic Ni-Pd/y-ALQOs catalysts in the simultaneous FA decomposition
and LA hydrogenation into GVL, expressed in terms of both FA and LA conversions and of GVL yield.

Conversion [%] Yield [%]
FA LA o GVL
Catalysts
’ O:\OH H':;C { Oﬁ/CHa
o

1%Ni/y-Al0s 31 6 0

4%Ni/y-Al0s 26 5 0

1%Pd/y-AlLOs 100 14 8

4%Pd/y-ALOs 100 16 12
4%Ni-1%Pd/y-Al20s 100 50 47
1%Ni-4%Pd/y-Al20s 100 43 37

Reaction conditions: 190°C; 2 h; 0.6 g of catalyst; 1 g LA and 0.4 ml FA corresponding to an
equimolar LA:FA ratio; 30 ml water.

2.3. Catalytic activity in the hydrogenation of HMF

The conversion and the product yields in hydrogenation of HMF obtained for the mono and
bimetallic catalysts with different Ni-Pd ratios are shown in Table 4. In given reaction conditions, full
conversion was obtained for most of the catalysts with the exception of the monometallic Ni catalyst.
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310 In the case of the monometallic Ni catalyst, the reaction is not selective, and the main products
311  observed were BHMTHEF and MTHFA, giving also the highest number of other by-products. The lack
312 of DMF could suggest that the reaction proceed via the carbonyl group hydrogenation, followed by the
313 ring hydrogenation to form BHMTHEF and further hydrogenolysis to MTHFA and DMTHEF. Although
314  for Ni catalysts the selectivity path depends strongly on both the catalyst properties and the reaction
315  conditions, the above proposed path is supported by the literature, particularly for alumina supported
316  Ni catalysts [66], or for Raney Nickel in milder hydrogenation conditions.!6 According to the literature,
317  the presence of a support with high isoelectric point (like alumina) can additionally enhance the
318  reduction of the aromatic ring [26].

319 In contrast, the monometallic 4%Pd shows a high yield of BHMTHF (57%), with the formation of
320  significant amount of DMF (32%). The formation of DMF can occur both via the hydrogenolysis of HMF
321  to 5-MF, or via the hydrogenation its aldehyde group to form BHMF. However, while BHMF is the
322 postulated intermediate in the literature for the DMF formation, BHMF can further be hydrogenated to
323 BHMTHEF. Inour case, the subsequent hydrogenolysis of BHMTHF on Pd/AL:Os is however suppressed,
324 as only marginal yields to MTHFA and DMTHF were observed. It is known however that the
325  hydrogenolysis of the side chains in HMF is competitive with the ring hydrogenation on Pd catalysts,
326  so thatis difficult to control this selectivity [67,68].

327 As far as the bimetallic catalysts are concerned, the above-described effects are amplified. The
328  addition of 1%Ni to the 4%Pd catalyst promoted the formation of BHMTHEF, so that the bimetallic 1%Ni-
329 4%Pd catalyst strongly overcomes its 4%Pd monometallic counterpart with a high yield to BHMTHEF of
330  76%. Interestingly the selectivity of Pd-rich catalyst is kept to the same product. Having in mind that
331  the Pd-supported catalyst is quite selective towards BMHTHEF, especially at high temperatures [69], this
332 suggests that here Pd is the active site whereas the Ni dopant remains a spectator for the reaction. The
333 higher activity of the bimetallic catalysts in comparison to the monometallic counterparts and to Raney
334  Nickel was also shown by the group of Tomishige for systems supported on silica, but they did not
335  observed this behavior related with the selectivity issue was however not observed by his group on
336  silica supported materials [18].

337 Adding 1%Pd to the 4%Ni catalyst allowed the formation of equal amounts of BHMTHF and
338  DMTHEF, avoiding the formation of by-products as in the case of monometallic Ni. Once again similar
339 effect was observed for the Ni-rich bimetallic system. We observed typical behavior in this reaction for
340  monometallic Ni, namely ring hydrogenation and BHMTHF formation and further hydro-genolysis via
341  MTHFA to DMTHF. The difference was however related to the fact that this reaction proceeds to much
342 higher extend, as much higher yields to BHMTHF and DMTHF were obtained with the suppression of
343 by-products. In this case, Ni was considered as active site, similarly to what is described in the literature
344  for Ni-Au systems, for which the role of Au was to alter the Ni properties, e.g. by preventing from
345  surface poisoning due to a beneficial change in the adsorption energy of reaction substrates.

346 Table 4. Activity of monometallic and bimetallic Ni-Pd/y-Al20s catalysts in the HMF hydrogenation,
347 expressed in terms of HMF conversion and of the different product yields.
Catalysts Conversion Product yields
[%] [%]
HMF MF BHMF MFA DMF BHMTHF MTHFA DMTHF Others
HOA(\_%O \Q/QO HO/\QAOH \@/\OH \@/ HO/\G/\OH \C?/\OH \(17/
4%Ni 90 2 0 0 0 34 27 3 24
4%Pd 100 1 0 1 32 57 3 6 0
4%Ni-1%Pd 100 1 1 0 0 47 0 50 0
1%Ni-4%Pd 99 1 0 1 18 76 0 3 0

Reaction conditions: 220°C; 4 h; 0.3 g of catalyst; 1 g HMF, 30 ml 1,4-dioxane and 30 bar Ho.
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3. Discussion 7

This work aimed at getting deeper understanding on the influence of the modification of Pd and
Ni catalysts by dopants, on their physicochemical properties and their activity in two important bio-
based processes. HMF hydrodeoxygenation and LA hydrogenation reactions were consequently
chosen to illustrate selectivity and activity performance issues, respectively. Ni/y-Al20s shows poor
activity in both processes, due to the existence of very strong interactions between the nickel phase
and the alumina support, that are favoring the formation of the hardly reducible NiAl:Os spinel
interfacial phase [70], with in consequence the reduction of the number of active metallic sites [71].
By contrast, they create new active centers that are reactive for the hydrogenation of furan ring.

The modification of the Ni-rich catalysts with Pd boosted strongly the activity performance, with
a twofold role played by the Pd dopant. This role is not only limited to the direct Pd influence, but
also relates to the presence of residual chlorine derived from the Pd metallic precursor. Firstly, we
observed a changed affinity of Ni with the alumina support that results from the interaction of Ni
with Pd and chlorine [19]. Consequently, for Ni-rich bimetallic catalysts, this results in higher
availability of Ni active sites.

Modifying the Ni catalyst with Pd lowered the catalyst reduction temperature, evidenced by
CO-adsorbed FTIR and CO chemisorption, in agreement with the literature [72]. Additionally, during
the reaction in reductive atmosphere, the reduction of Ni can be favor by spillover effect taking place
on surface Pd, on which H> molecules dissociate into atomic hydrogen. The stronger reducing power
of atomic hydrogen compared to molecular gaseous H: is consequently beneficial for the
hydrogenation reactions, while it can also favor an easier reduction of surface NiOx species after fast
diffusion into the Ni crystal lattice [22,76].

We suggest that the dopant metal in low content influences directly the surface properties of the
Ni-Pd catalysts, so that it is somehow indirectly responsible for the change in the catalytic
performances in both HMF hydrodeoxygenation and LA hydrogenation. The selectivity of the
reactions was kept to the same product, while the catalyst activity was boosted compared to the
monometallic counterparts.

The Pd-modified Ni-rich system behaves therefore like the pure Ni catalyst but with a strongly
boosted activity, and the role of Pd can be considered as spectator. This is especially visible in the
HMF hydrodeoxygenation, and this stronger activity could be related to the higher number of Ni
active sites. This higher amount of active sites is also manifested in FALA reaction, providing the
highest activity is the reaction.

The situation is different in the case of the Ni-modified Pd-rich system, for which a higher
dispersion of Pd was manifested compared to the monometallic Pd catalyst (ToF-SIMS, XPS study).
A higher number of active sites while preserving the very high acidity of the surface of the catalyst
help to push the HMF hydrodeoxygenation forward towards BHMTHE [10]. Pd generally favors the
hydrogenation of the furan ring because of the strong interaction between the narrow d band of Pd
and m bonds [5]. Additionally, the Pd-supported catalyst is quite selective towards BMHTHE,
especially at high temperatures [73]. Higher activity of this bimetallic palladium-rich catalyst in
comparison to monometallic Pd counterpart could be also related with limited formation of 3-Pd
hydrate, which could poison palladium. This suggests that here Pd is the active site whereas the Ni
dopant remains a spectator for the reaction.

Furthermore, the very high content of chlorine of the catalyst (even largely higher than for the
monometallic 4%Pd counterpart) has a significant effect. The higher electronegativity of Cl vs. Ni
(with the high electron withdrawing properties of Cl) can lead to an electronic depletion of the Ni
species, that might explain the weaker resistance of Ni to surface oxidation, i.e. a hindering of the Ni
reduction. A similar effect between neighboring Pd and Ni atoms can also be suggested due to the
lower Ni electronegativity. By contrast, this Cl- and Pd- induced effect on the electronic state of the
Ni species is not preponderant in the Ni-rich catalyst, because of the largely smaller amount of
chlorine and Pd atoms compared to the dominant Ni.

4. Materials and methods

Catalysts 2020, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/catalysts
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4.1. Materials and chemicals

Ni(NOs)26H20 (100% pure, Chempur, Poland), PACI2 (98.5% pure, Chempur, Poland), Al:Os
(Fluka, type 507, Buchs SG), formic acid (85% purity, Chempur, Poland), levulinic acid (98% purity,
Sigma Aldrich), hydroxymethylfurfural (98% purity, FluoroChem, United Kingdom) and 1,4-dioxane
(98% pure, POCH, Poland) were used as received.

4.2. Catalyst preparation

v-AlLOs supported bimetallic Ni-Pd (5 wt.%) catalysts with different metal ratios (1:4 and 4:1)
were prepared following the wet impregnation method using Ni(NO:)2.6H20 and PdCl: as metal
precursors in water. All catalysts were calcined at 500°C for 5 h under flow of air with a temperature
ramp rate of 5°C min' and further reduced under H: flow for 1 h at 650°C (5°C min). The
monometallic counterpart catalysts were also prepared following a similar protocol with 1 wt.% and
4 wt.% of metals for comparison.

4.3. Characterization techniques

Temperature-Programmed Reduction (TPR) was carried out on AMI1 system (Altamira Instr.,
U.S.A) using a thermal conductivity detector, for studying the catalyst reducibility. TPR was
performed on the samples after the calcination step. TPR profiles were recorded with a 10°C/min
heating rate, using a mixture of 5/95 vol.%/vol.% Hz/Ar at a space velocity of 3.1 x 109 g s-1 cm?3.

Fourier Transform Infrared spectra (FTIR) of the adsorbed CO were recorded on Nicolet 6700
spectrometer equipped with a liquid nitrogen cooled MCT detector and a diffuse reflectance
environmental chamber (Specac Ltd England). The catalyst was placed in a sample holder, reduced
in situ at 650°C in flowing 5% Ha/Ar for 1h, and cooled to room temperature under Ar flow before
recording the background spectrum. Two types of CO-adsorbed FTIR spectra were collected, i.e.
under pressure of CO and at ambient pressure after its evacuation. The CO absorption spectra under
a pressure of 5 bars of 5% CO/Ar were obtained after saturation of the sample surface for 30 min,
while the spectra at ambient pressure were recorded after release of the CO pressure. All spectra were
collected at a resolution of 4 cm accumulating 64 scans.

CO chemisorption studies were carried out with the use of PEAK-4 apparatus [73]. 0.4 g of
catalyst was placed in a glass tube reactor with an internal diameter of 5 mm and was in-situ reduced
at the temperature of 650°C for 1 h in Hz stream with a flow rate of 40 cm®min'. Then the reactor was
cooled to room temperature and the flow of H> was replaced by Ar. Next, pulses of 0.05 cm? CO were
introduced to the reactor using a six-way valve and an infrared gas analyzer (Fuji type ZRJ-4) was
used for monitoring the changes in the CO concentration.

Temperature-Programmed Desorption (TPD) of NHs was performed for studying the catalyst
acidity. The NHs-TPD experiments were implemented in a home-made quartz-based flow micro-
reactor. Before all experiments, the surface of the catalyst was cleaned under hydrogen flow for 30
min at 500°C. The catalyst was then cooled down to 100°C and NHs was adsorbed on the surface of
the catalyst for 15 min at 100°C. Prior to measurement, physically adsorbed NHs was removed from
the surface of the catalyst by He flow cleaning for 15 min before cooling down the sample to ambient
temperature. The NHs-TPD experiment was performed from room temperature to 500°C with a
25°C/min heating ramp.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements were carried out
in a ION-TOF GmbH instrument (TOF-SIMS 1V) equipped with a 25 kV pulsed Bis* primary ion gun
in static mode. To obtain a flat sample surface (so that better resolved mass spectra can be achieved),
powdery samples were tableted before to be fixed at the sample holder using double-sided adhesive
tape. The analyzed area of the sample surface was 500um x 500um. Three spectra from different
surfaces were analyzed for each sample. During the analysis, charge neutralization was obtained by
using a pulsed low-energy electron flood gun. The number of counts of selected ions from the mass
spectra was normalized on the basis of the total ion count for allowing semi-quantitative analysis.
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X-ray diffraction (XRD) measurements were performed on a PANalyticalX'Pert Pro MPD
diffractometer, using a Cu long-fine focus XRD tube working at 30mA and 40kV as a X-ray source.
Data were recorded in the 20 mode with a 0.0167° step (5-90°). Crystalline phases were identified by
referring to the ICDD PDEF-2 database (version 2004).

X-Ray Photoelectron Spectroscopy (XPS) characterization was performed on a ThermoVG
MultilabESCA3000 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an
Al Kaanode (hA =1486.6 eV). The energy shift due to electrostatic charging was subtracted using
the contamination sp? carbon C 1s band at 284.6 eV. Contributions with Doniach-Sunjic shape
[74] and a S-shaped Shirley type background [75] were used, while the surface atomic ratios
and the surface atomic concentrations were obtained using the appropriate experimental
sensitivity factors as determined by Scofield [76].

4.4. Catalytic tests

The catalysts were tested in the levulinic acid hydrogenation with formic acid as internal
hydrogen source (FALA). The activity tests were performed in a stainless-steel autoclave (Berghof,
Germany), equipped with Teflon insert allowing a reaction volume of 45 ml. The FALA reaction was
carried out with 1 g of LA and 0.4 mL of FA aqueous solution at 85% corresponding to a LA/FA
equimolar ratio, 0.6 g of catalyst and 30 mL of distilled water. The temperature was maintained at
190°C for 2 h. After reaction, the reactor was cooled down to room temperature, the remaining
pressure was released, and the mixture was centrifuged to separate the catalyst from the solution.
The liquid products were analysed by high-performance liquid chromatograph (Agilent
Technologies 1260 Infinity, Perlan Technologies) equipped with refractive index detector and Rezex
ROA column, using 0.0025 mol-dm3 H2SOx4 as an eluent. The activity of the catalysts were expressed
in terms of LA and FA conversions, and GVL yield, calculated as follows:

Npa; —Nea

Cia= n—r -100% (1)
LA;
Npg; — Nra
Cpyp = ——+1009
FA e %o )
n

Yoy = % 100% ©)

- neai and navrer being the number of moles of LA molecules before and after the reaction
respectively, used for calculate the LA conversion (CLA) ;

- nrai and nrar being the number of moles of FA molecules before and after the reaction
respectively, used for calculate the FA conversion (CFA) ;

- and ncvt being the number of moles of GVL molecules produced and used for calculated the
GVL yield (Yow).

The catalysts were tested in the hydrogenation of 5-(hydroxymethyl)furfural. The tests were
performed in a 60 ml stainless-steel autoclave (Premex, Poland) with 1 g of 5-HMF, 0.15 g of catalyst
and 30 mL of 1,4 dioxane as solvent. After purging 2 times with Ho, the reactor was pressurized with
Hb to 30 bar and heated at 220°C for 4 h under stirring. After reaction, the reactor was cooled down
to room temperature, the remaining pressure was released, and the mixture was centrifuged to
separate the catalyst from the solution. The products were subsequently injected into a GC-FID
(Agilent 7890A, CP-Wax 52 CB capillary column). The activity of the catalysts were expressed in
terms of HMF conversion and of reaction yields to given products, calculated as follows:
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Nyyp — N
Conversion = —ki T . 100% 4)
Numr;
n
Yield = —2°%.100% 5
Numr, ®)

- nuavr and nemre being the number of moles of HMF molecules before and after the
reaction, respectively, and nprod being the number of moles of a given product in the
reaction mixture.

All catalytic tests in both LA and HMF hydrogenation reactions were duplicated, and the
obtained results remained within a £2% accuracy range. The average data are presented in Tables 3
and 4.

5. Conclusion

We showed that the Ni:Pd metal ratio strongly influences the activity and more globally the
catalytic behavior of the Ni-Pd/y-ALOs catalysts in both LA hydrogenation into GVL using FA as
internal hydrogen source and HMF hydrodeoxygenation. Interestingly, the influence of the Ni:Pd
ratio was strongly depending on the hydrogenation reaction. Monometallic Ni catalyst shows low
activity in both processes, due to a low number of active metallic sites, as a result of strong
nickel/alumina interactions, that may favor the formation of the detrimental aluminate spinel
interfacial phase. The Pd-modified Ni-rich system shows boosted activity due to a higher number of
Ni active sites, while Pd is proposed to be a spectator species for the reaction. By contrast, the much
higher Pd active site availability in the Ni-modified Pd-rich catalyst in comparison to its
monometallic Pd counterpart associated to the maintain of a very high surface acidity was proposed
to push the HMF hydro-deoxygenation forward and consequently to achieve a higher BHMTHF
selectivity. Beside the role of metals, residual chlorine was suggested to positively influence the
metals/support interactions and consequently to alter the catalyst properties.

Forthcoming investigations will study the influence of both nature and the morphology of the
oxide support on the catalytic behavior of NiPd catalysts, with focus of the establishment of new 1D
morphology-induced metal/support interactions [77].

By testing the catalysts in two hydrogenation reactions that require different site-specific
properties, we showed also the broader aspect of this work which can be easily extended for other
high impact hydrogenation processes of high industrial relevance, for which activity and even more
selectivity aspects remain crucial.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: XRD
patterns of mono- and bi-metallic catalysts, Figure S2: TPR profiles of the mono- and bi-metallic catalysts after
the reduction step, Figure S3: Wide scan survey XPS spectra of the mono and bimetallic catalysts. Figure S4: FTIR
spectra of CO adsorbed on the surface of A) the monometallic and B) the bimetallic catalysts recorded after CO
evacuation.
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