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Liquid-phase hydrogenation of succinic acid (SA) over supported Ni and Co catalysts was investigated at 200 °C
and 6 MPa of H,. Reduced and passivated catalysts with the same surface metal density (2.5 atoms of metal per
nm? of support) were prepared by incipient wetness impregnation. The catalysts were characterized by X-ray
diffraction (XRD), N, adsorption, X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction
(TPR), CO-chemisorption, and temperature-programmed desorption of NH; (TPD-NH3). The Ni and Co catalysts

supported over SiO, showed different product distribution, due to the adsorption of the SA over the surface of
catalysts, determined by DFT calculations. The Co/SiO,, Co/Si0,-Al,05 and Co/Al,O3 catalysts showed dif-
ferent product distribution, which was correlated with total acidity from TPD-NHj3 results. In general, the Co
catalysts promoted the hydrogenation process; however, the highest total acidity showed by Co/Al,O; also
promoted the dehydration process. Finally, the initial rate follows the trend according to the dispersion de-

termined by CO-chemisorption.

1. Introduction

The discovery of the oil industry, in the nineteenth century, gen-
erated a source of low-cost fuel that boosted industrialization world-
wide [1]. Oil has been not only the main source for liquid fuel but also
the basis for most of the chemicals we currently use [2]. However, the
increase in global energy demand, the gradual decline in fossil oil re-
serves, fluctuations in the price of crude oil and mainly the negative
impact on the environment have raised the need to develop new en-
ergy-efficient processes for the sustainable production of alternative
energy sources [1-8]. Due to the above, in recent decades, industries
based on renewable resources have been developed for the production
of fuel and chemicals, as a replacement for fossil fuels [9]. In this sense,
biomass is considered sustainable, neutral in CO, emissions, and the
most abundant carbon-containing renewable feedstock on the earth
[10]. For these reasons, biomass has become an alternative source of
fossil raw material for the production of biofuels and renewable che-
micals, giving a new concept called biorefinery [9-12].

Lignocellulosic biomass, generally known as agricultural and for-
estry waste, is the most abundant and renewable natural material
worldwide, with an annual production of 150—170 x 10° tons
[10,13]. This type of biomass could be converted into different biofuels,
including oxygenated fuels, such as ethanol, butanol, etc., hydro-
carbons (alkanes, olefins, and aromatic compounds) and multi-platform
chemicals; such as furan, furfural, ketone, levulinic acid, 1,4-diacids, vy-
valerolactone, 6-amyl-a-pyrone and phenolic derivatives [8,13-15]. In
recent years, the development of technologies to establish successful
biorefineries has been actively carried out to replace current petro-
chemical technologies based on fossil resources [16].

From the biomass, platform molecules can be obtained with inter-
esting carbon-carbon chemical bonds to generate new high value-added
chemicals [17,18]. In 2004, the United States Department of Energy
(DOE) selected the twelve main platform chemicals that can be pro-
duced from biomass [19]. Subsequently, Bozell and Petersen [20] car-
ried out an update of these platform molecules, derived from biomass,
considering the top 10 for their production from biorefinery, capable of
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competing economically with the industry of the oil refinery.

Some organic acids have been considered in the DOE, and Bozell
and Petersen reports [19,20], because they are easily obtained from
biorefinery [21]. Therefore, they have received a lot of attention as
platform chemicals. Among them, succinic acid (SA) has been estab-
lished as a key chemical platform for the bioeconomics era, which has
generated a growing industrial interest in its commercialization
[16,20,22,23]. SA is one of the few dicarboxylic acids present in the
Earth’s troposphere and occurs in nature as a metabolite of multiple
organisms. As a carboxylic acid, it can participate through inter-
molecular hydrogen bonding being an important biological building
block [24]. For instance, succinate, the anion form of succinic acid is an
intermediate in the citric acid cycle, with an important role in the
fermentation of sugars, metabolite formation and renewable carbon
sources [25]. From an industrial point of view, SA is used in broad
industrial fields as an ingredient to stimulate the growth of animals and
plants, and as an additive in food and pharmaceutical products, de-
tergents or biodegradable plastics [26].

Among the chemicals of interest, that are generated from the cata-
lytic conversion of SA, are y-butyrolactone (GBL), 1,4-butanediol
(BDO), tetrahydrofuran (THF), fumaric acid, adipic acid, succinamide,
acid maleic, maleic anhydride, among others [27-36]. Figure S1, in
supporting information, shows the general network of SA conversion.
The high value-added chemicals mentioned above have important ap-
plications, such as solvents, additives in cosmetics and fragrances, in
the synthesis of biopolymers, etc. [27,37,38]. For example, GBL is used
as raw material for synthesis N-vinyl pyrrolidone and its corresponding
polymer, which is widely used in medicine [27]. In addition, GBL is
used as a solvent for fine chemicals and in the pharmaceutical industry
[38]. On the other hand, BDO is a versatile raw material that has a wide
range of industrial applications [38]. For example, BDO has been used
as an organic solvent in the production of adhesives, fibers, and poly-
urethanes [27,28,39]. Additionally, BDO has received significant at-
tention as a raw material for the production of thermoplastic polymers,
such as polybutylene succinate (PBS) and polybutylene terephthalate
(PBT) [40]. Finally, THF is used as a monomer for the production of
polytetramethylene ether glycol (PTMEG), as a solvent in PVC cement,
in pharmaceutical and coating products, or as a reaction medium [27].
THF production has an important global impact due to the 440 thou-
sand tons of this solvent that are produced annually, with an approx-
imate cost of 0.70—0.77 USD/Kg [27]. Due to the vast application of
the products obtained from the catalytic conversion of SA in the in-
dustrial field, it is attractive and beneficial to obtain them from a re-
newable source such as biomass.

Analyzing the typical catalysts for the conversion of SA, it is ob-
served that the most used active phases have been noble metals (Pd, Ru,
among others) and non-noble metals (of higher cost) as Re, mainly due
to their highly hydrogenating properties [38,41-48]. For instance,
Hong and Song [41] reported the hydrogenation of SA to GBL, over Pd
catalysts modifying their acidic density. They determined that the
conversion of SA and yield for GBL increased by increasing the acid
density of Pd/AX catalysts [41]. Additionally, Hong and Song [44] re-
ported the hydrogenation of SA over Ru-carbon composite (Ru-C) cat-
alysts with different pre-graphitization temperature method. Yield for
THF in the hydrogenation of SA increased with decreasing of the ru-
thenium particle size of Ru-XC catalysts. Thus, ruthenium particle size
played a key role in determining the catalytic performance in the hy-
drogenation of SA to THF over Ru-XC catalysts [44].

SA has been described as a potent agent applied in catalysis to get
BDO as mentioned before. In this framework, there are several research
studies about transition metals acting as a catalyst. Le and Ebitani ex-
plored the direct esterification of SA with phenol in the presence of
zeolite catalysts, where the highest yield of diphenyl succinate was
achieved over zeolite 3 in toluene [49]. Abou-Hamdan and Perret
evaluated the MoC/TiO, catalyst, where GBL was obtained, and more
remarkably butyric acid (BA), while intermediates were converted to
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THF, butanol, BDO and butane [50]. Le and Nishimura found that a fine
alloying structure of Cu-Pd with high Cu content is significant to favor
the formation of BDO via the ring-opening step of GBL and with good
recycling cycles of the catalyst, in contrast with pure Cu or Pd that does
not favor the formation of BDO as the primary product [51].

Despite these studies, few of them describe the process of adsorption
of SA and metal catalyst under experimental techniques. Humblot
mainly described the adsorption of decarboxylated SA and tartaric acid
(TA) through several spectroscopic techniques, scanning tunneling
microscopy (STM), temperature-programmed desorption (TPD),
TPDFTIR, LEED, reflection absorption infrared spectroscopy (RAIRS),
over Cu(110) surfaces, showing that particularly to SA, both, mono-
succinate and bisuccinate structural forms were found [52]. In the same
way, Taheri and Terryn, studied the bonding properties through FTIR
and XPS methods of SA, myristic acid, and succinic anhydride mole-
cules with a set of differently pretreated zinc surfaces. This study found
that a sufficiently positive potential promoted an interaction between
the adsorbates depending on the applied experimental parameters.
Particularly, it was confirmed that the anhydride ring opens at the
surface due to a reaction with hydroxyl groups and that a high hydroxyl
fraction promotes the adsorption of SA molecules with both ending
carboxylic groups [53].

In the herein work, different supported Nickel and Cobalt catalysts
were prepared and used for the hydrogenation of SA in a batch reactor.
The influence of acid sites and metal behavior on catalytic activity was
investigated. The structural and surface properties of the catalysts were
characterized and correlated with their performances. Additionally, a
rigorous computational study was performed to describe the adsorption
phenomenon of the substrate on the metal catalysts of Nickel and
Cobalt. To achieve this goal, unit cell parameters of the materials were
optimized, and slab models were constructed to generate a large
number of adsorption configurations of SA over the metallic surfaces.
The energetical and structural differences in terms of energy adsorption
and interaction SA-slabs conformations were assessed through the
evaluation and comparison of the stable adsorption modes of SA onto
the catalysts.

2. Materials and methods
2.1. Materials

All the chemical reagents used in this study were obtained com-
mercially: silica (SiO,), alumina (y-Al,0O3, Spheralite (SPH) 501 A), si-
lica-alumina (SiO3-Al;03, Ketjen HA 100 SP), Nickel(I)nitrate hex-
ahydrate (> 99 %, Ni(NO3)>6H,0), Cobalt(Il)nitrate hexahydrate
(> 99 % Co(NO3),6H,0), succinic acid (> 99 %), succinic anhydride
(>99 %), y-butyrolactone (99 %), 1,4-butanediol (99 %), tetra-
hydrofuran (99 %), butyric acid (95 %), propionic acid (95 %), 1-bu-
tanol (98 %), ethanol (98 %), propionaldehyde (98 %), 1-propanol (99
%), 2-hydroxytetrahydrofuran (95 %), and dioxane (99 %) were ob-
tained from Merck. The gases used were Hy (99.995 %, Linde), N,
(99.995 %, Linde), He (99.995 %, Linde), 10 % O,/N, (certified mix-
ture grade, Linde), 5% H,/Ar (certified mixture grade, Linde), and NH;
(99.5 %, Indura). All chemicals in this work were used without further
purification.

2.2. Catalyst preparation

The supported Cobalt and Nickel catalysts were prepared by in-
cipient wetness impregnation of an aqueous solution of Co(NO3)>6H,0
or Ni(NO3),6H,O over three different supports (SiOs Spgr = 355
m?g~!, y-Al,O3 Sppr =327 m?g~ ' and SiO,-Al,03 Sgpr = 365
m?g™1). Previously, the supports were ground and sieved to obtain a
maximum particle size of 150 pm. After impregnation, the samples were
kept at room temperature for 24 h and then dried at 110°C for 12 h.

The Ni/SiO, catalyst was calcined at 550 °C (ramp of 10 °C min~1)
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for 4h and reduced in a quartz reactor tube placed inside an electrical
furnace under a flow of H, (60 mL min ') at 450 °C (ramp rate of 10 °C
min~ 1Y) for 3 h. In the case of Co/X (X = SiO, y-Al;03 and SiO,-Al,03)
catalysts, they were calcined at 500 °C (ramp of 10°C min~?) for 4h
and reduced in the same system of Ni/SiO, catalysts, at 500 °C (ramp
rate of 10 °C min~1) for 3h.

The samples were cooled down to ambient temperature under N,
(60 mL min~1). They then were passivated under a flow of 5% O,/N,
(60 mL min ') through two processes: (1) for 1h immersed in a liquid
nitrogen/isopropanol slurry bath and (2) for 1.5h at ambient tem-
perature.

Finally, the following catalysts were obtained: Ni/SiO,, Co/SiOs,
Co/Si0,-Al,03, Co/Al,03 with the same surface metal density (2.5
atoms per nm? of support).

2.3. Catalyst characterization

X-ray diffraction (XRD) patterns of the catalysts were acquired in
the 20 range between 4° and 90° with a step of 0.04°/s using a
Polycristal X’Pert Pro PANalytical diffractometer with Ni-filtered Cu Ka
radiation (. =1.54 A) operating at 45kV and 40 mA. Prior to the ex-
periments, the samples were reduced using the same experimental
conditions as those of the reaction tests.

Nitrogen adsorption-desorption isotherms of the supports and re-
duced catalysts were obtained at -196 °C using a Micromeritics 3-Flex
instrument to evaluate the BET surface area (Sggr), total pore volume
(Vp) and average pore diameter (d,). The samples were previously de-
gassed under vacuum at 300 °C for 4 h in a nitrogen flow, under vacuum
using a Micromeritics SmartVacPrep instrument. The surface area was
calculated from the adsorption branch of the isotherms in the range of
0.05 < P/Py < 0.25 using the Brunauer-Emmett-Teller (BET) theory
and V, was recorded at P/Py = 0.99. The average pore diameter was
estimated from the desorption branch using the BJH method [54].

XPS measurements were performed with an energy analyzer
(PHOIBOS 150 9MCD, SPECS GmbH) using non-monochromatic Al
radiation (200 W, 1486.61 eV). The samples were pelletized and re-
duced using the same experimental conditions as those of the reaction
experiments. The samples, in the reduction reactor, were transferred to
a glove box and placed in the sample holder that was quickly trans-
ferred to the outgassed chamber. Before the experiments, samples were
outgassed in-situ for 24 h to achieve a dynamic vacuum below 10~ '°
mbar. The binding energy (BE) was measured by reference to the C 1s
peak at 284.6 eV, with an equipment error of less than 0.01 eV in the
energy determinations.

Chemisorption uptakes of CO were measured at 35°C using a
Micromeritics 3-Flex instrument. Typically, 30 —50 mg of passivated
catalyst was first degassed at 110 °C (10 °C min~') for 30 min and then
reduced in-situ to the conditions of each metal (Ni and Co) described
before. The first adsorption isotherm was collected between 50 and
450 mmHg. The system was evacuated for 1h to remove weakly ad-
sorbed CO, and then a second isotherm was recorded. CO uptake was
finally calculated from the difference between the two adsorptions
isotherms.

H,-Temperature Programmed Reduction (TPR) of the calcined cat-
alysts was performed using a Micromeritics 3-Flex instrument coupled
with a mass spectrometer (cirrus 2, MKS Spectra Product). Typically,
30—40 mg of the catalyst was loaded in a U-shaped quartz reactor and
dried in flowing He (50 mL min~ 1) at 110°C for 0.5h to remove any
weakly retained moisture. Subsequently, Ho-TPR was performed from
50 °C to 900 °C at a heating rate of 10 °C min ™' in a stream of 10 % Hy/
Ar (50mL min~"). The effluent gas was passed through a cold trap
filled with a mixture of isopropanol and liquid nitrogen to remove
water vapor before entering the TCD detector. The products formed
during the reduction process were also monitored in parallel by a mass
spectrometer fragments m/z of 15, 28, 44, corresponding to CHy, CO,
and CO,. The H,O0 signal (m/z = 18) was also monitored to ensure that
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the complete removal of water occurred. The amount of H, consumed
per gram of catalyst sample was calculated from integral of the area
under the TCD signal previously calibrated by the reduction of CuO
(Micromeritics) as reference.

NH;-Temperature Programmed Desorption (TPD) of reduced-passi-
vated catalysts was performed using a Micromeritics 3-Flex instrument
coupled with a mass spectrometer (cirrus 2, MKS Spectra Product), to
obtain the acidity of the catalysts. The calcined catalysts (30 —50 mg)
were reduced in situ at the same conditions of each metal (Ni and Co)
described before, then pretreated in flowing He (50 mL min~ 1) at
110 °C for 0.5 h, and then saturated with NH; using He (50 mL min )
as a carrier gas. The samples were purged with He for 0.5h to remove
physically adsorbed NH; and then cooled to ambient temperature in
He. Once the baseline was restored, NH3-TPD was performed at a
heating rate of 10 °C min ! up to 900 °C in flowing He (50 mL min ).
The amount of NH; desorbed per gram of catalyst was calculated from
ammonia mean calibrated areas, an ammonia TPD analytical area.

2.4. Catalytic test

The hydrogenation of SA was carried out in a 300 mL stirred-batch
autoclave setup (Parr Model 4566) at 200 °C and under a hydrogen
pressure of 6 MPa for 6h. In a typical run, 0.800 g of succinic acid
(0.085 mol L™ 1) dissolved in 1,4-dioxane (80 mL) was introduced into a
stainless-steel reactor. These mixtures, with 100 mg of the dried cata-
lysts were loaded into the reactor, purged with a continuous flow of
nitrogen (99.995 %, Linde) for 10 min to evacuate air from the system.
Still under N, atmosphere, the reactor was heated to the reaction
temperature of 200°C under magnetic stirring. Hydrogen was in-
troduced to adjust the pressure to 6 MPa, which was kept constant
during the experiment. Aliquots of around 0.5mL were periodically
withdrawn during the reaction. The reaction products were quantified
by gas chromatography (Shimadzu, model 2010) equipped with a
Flame Ionization Detector (FID) connected to a capillary column ((14
%-Cyanopropyl-phenyl)-methylpolysiloxane = (60 mx0,25mm  ID;
0,25mm)). The products were identified by their retention time in
comparison with available standards.

The composition of the vapor-liquid equilibrium of the binary
system hydrogen + 1,4-dioxane was calculated with PC-SAFT [55] at
200 °C and 6 MPa to estimate an approximate amount of hydrogen in
the liquid phase. Pure component parameters for hydrogen were re-
ported by Gross and Sadowski [55], and for 1,4-dioxane were adjusted
in this work from experimental density and vapor pressure data ob-
tained from the NIST ThermoData Engine database retrieved from
Aspen Plus®. PC-SAFT pure component parameters are reported in
Table 1. A binary interaction parameter (k;; = - 0,134714) was adjusted
from experimental binary vapor-liquid equilibrium data of hydrogen +
1,4-dioxane found in literature [56]. Finally, the compositions of the
vapor-liquid equilibrium were calculated using the aforementioned
parameters at 200 °C and 6 MPa. Thus, the mole fraction of hydrogen in
the liquid phase is estimated as 0.0295 (hydrogen/succinic acid ratio is
3.5) and in the vapor phase as 0.7937.

The specific rate r, (mol g~ ' s~ ') was calculated from the initial
slope of the plot of SA conversion as a function of time, according to the
Eq. (1).

= [b x n]
$ m (€]
Table 1
Pure component PC-SAFT parameters used in the calculations.
Hydrogen 1,4-dioxane
m 0.8285 2.99933
o) 2.9729 3.36189
e/k (K) 12.53 274.743
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where b is the initial slope of conversion vs. time plot (s™Y, n is the
initial moles of succinic acid in the solution (mol), and m the amount of
catalyst (g). The conversion of SA (Xsa) was calculated from Eq. (2).

ni

nO -
Xoa = 22— x 100

L 2
where ngA is the initial moles of succinic acid in the solution (mol) and
ng, is the moles of succinic acid at time i (mol). The product selectivity
was calculated, according to Eq. (3).

Nproductj

Selectivity (%) = X 100

NsAconverted (3)
where nyoquq; is the moles of product j (mol) and nsaconverrea is the moles
of SA converted (20 %). The average turnover frequency (TOF, min ™~ h
was calculated from the specific rate ry and considering the H, uptake,
according to Eq. (4)

rS
COuptake (4)

TOF =

where rs was previously obtained, and CO uptake was obtained from CO
chemisorption. Repeated runs at the same conditions were performed to
ensure the satisfactory reproducibility of the data.

2.5. Computational modeling

The interaction between succinic acid and Cobalt and Nickel cata-
lysts was modeled through the adsorption under periodic model.
Succinic acid presents considerable torsional flexibility with two di-
protic groups which can stabilize some conformers of the molecule via
hydrogen bonds, and have been described structurally through several
studies [57,58]. For this study, four of the most stable and isoenergetic
conformers were selected from the study of Vgot and Shishkov [57],
who shows that represents 96 % of mole fractions of succinic acid
(according to free energy calculations); these conformers are shown in
Fig. 1. However, due to structures I and II represent over 60 % of mole
fractions of succinic acid and that those conformers are relatively si-
milar to III and IV, only I and II were adsorbed on the materials. Both
conformers were reoptimized under a discrete DFT method (B3LYP/6-
311 g(d,p)), showing no structural differences between the reported
geometries, remaining a little relative energy difference between them
(0.16 eV). These conformers also have been optimized according to the
periodic methods, without relevant alterations in their structural
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parameters.

According to the crystal experimental data obtained as well as
taking into account that (111) close-packed surface shows the highest
number of active sites and is stable, Co(111) and Ni(111) under FCC
were theoretically simulated in this study. Unit cell parameters were
optimized using 20 k-points, obtaining a = 3.468 A (exp = 3.544 A) for
cobalt and a = 3.5153 A (exp = 3.5249 A) for nickel, showing a good
agreement between calculated and the experimental ones [59,60].
Using these cell parameters, slabs of Co(111) and Ni(111) were mod-
eled as 4 X 4 periodic unit cells with 4 layers. The bottoms layer of the
slabs was not allowed to relax and kept the bulk positions, allowing to
simulate the top three as FCC layers. An isolation space of 14 A in the
cells was used, where the succinic acid has been placed to assess the
adsorption process. For both metals, the adsorbate was initially located
at 2.5A from the surface (i.e perpendicular distance between the ad-
sorbate atom and the metal atom), according to Figure S3, in supporting
information. Initial configurations consisted of possible adsorption
modes between the atom groups of the adsorbate and metal adsorption
sites over the surface (i.e. bridge, top, hollow HCP, hollow FCC) ac-
cording to Figure S2, in supporting information. Specifically, to get
results about the most favorable adsorption positions of succinic acid
over metal surfaces, multiple models for these two conformers were
made. Five key chemical groups of succinic acid were considered: O1,
03, 01-03, C4-C5, 01-08 (see Figure S4). Therefore, multiple combi-
nations were considered, and some other groups of the molecule were
discarded by similarity or symmetry.

Computations were performed using the Quantum Espresso 6.4
package [61,62], with the Generalized Gradient Approximation (GGA)
functional Perdew-Burke-Ernzerhof (PBE) [63] and Quantum-Espresso
ultrasoft pseupotentials [64], with energy cutoff of 45 Ryd. Multiple
adsorption configurations were optimized at gamma point, selecting the
most stables samples to evaluate them energetically undera 3 x 3 x 1
k-points grid. Finally, the adsorption energy of the complexes was de-
termined as Eads: E(SA—metal)'E(metal)'ESA)~

3. Results and discussion
3.1. Catalysts characterization
The XRD patterns of the passivated catalysts are plotted in Fig. 2.

The peaks at 26 = 22.7° and 66.8° could be ascribed to the diffraction
peaks of SiO, and (003) planes of y-Al,O3 supports, respectively [65].

“
1(Cy) I (Can)
(™
(™
11 (Cy) IV (Cy)

Fig. 1. Most stable conformers of Vgot and Shishkov representing 96 % of succinic acid total mole fraction. I and II are the most representatives (with a 60 %) and

were taken in this study.
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Fig. 2. XRD spectra of difference passivated supported catalysts.

The peaks at 20 = 44.3°, 51.6° and 76.3° assigned to the diffraction of
(111), (200), and (220) planes of metallic Ni, confirm the presence of
metallic Ni in the reduced catalyst [66]. The peaks at 44.2°, 51.6°, and
75.9° could be ascribed to the diffraction of (111), (004) and (220)
planes of metallic Co, confirming the presence of metallic Co in the
reduced catalysts [66]. Additionally, peak at 20 = 37.1°, 42.3°, and
61.3° in the case of Co-based catalyst, could be ascribed to the CoO
species [66], which could be attributed to Co oxide species that are
interacting with support together with the oxidation layer from passi-
vation process. The Co-based catalysts exhibited the fcc structure,
structure used in DTF studies. Unfortunately, the particle size from
Scherrer equation was no calculated for Co/support catalysts, due to the
fact that CoO species affect the Co metallic XRD patterns.

The N,-sorption isotherms obtained for all the catalysts and the
supports are shown in Figure S5, in supporting information. All the
supports and their corresponding metal catalysts exhibit a type IV iso-
therm, typical of mesoporous materials, according to IUPAC classifi-
cation [54]. The SiO, and SiO,-Al,O3 supported catalysts show a well-
expressed type H1 hysteresis loop, indicative of the presence of cy-
linder-shaped pores of rate constant cross-section [67]. In the case of y-
Al,O3 supported catalyst, the hysteresis loop falls within type H3, as-
sociated with slit-like pores [54].

The BET specific surface area (Sggr), total pore volume (V,) and
pore diameter (d,,) of the supports and reduced-passivated catalysts are
summarized in Table 2. The surface areas of the supports are in ac-
cordance with reported values [54] and ranged from 327 to
365m2g~1, while the primary pore diameters estimated from the
maximum in the BJH pore size distribution varied from 14.3 to 9.5 nm.
The Ni/SiO, catalyst has a lower surface area than its comparable Co/
SiO5 counterpart.

Comparing the Sggr values of Co catalysts (Table 2), Co/SiO5-Al;03
and Co/Al,03 show lower Sppr value, indicating the preferential de-
position of the Co metal in the pores of Si0,-Al,03 and Al,O3 supports.
These results suggest a partial pore blockage of supports.

The surface element compositions of reduced-passivated catalysts
were determined by XPS. Fig. 3 shows the Ni 2p and Co 2p XPS spectra.
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Table 2
Textural properties of the supports and catalysts obtained from nitrogen phy-
sisorption measurements.

Catalyst Nominal loading (%w/  Sggr V, (em®>g™")  d, (nm)
w) m?*g™H

SiO, 355 1.27 14.3
Ni/SiO, 8.0 281 1.01 13.8
Co/SiOy 8.0 314 1.11 13.7
Si0,-Al,03 365 0.60 9.5
Co/Si0,-Al,03 8.2 179 0.32 13.8
v-Al,03 327 0.43 13.9
Co/Al,03 7.4 210 0.38 13.4

Table 3 summarizes the binding energies (BE) and their relative pro-
portions (shown in parentheses). As can be seen in Fig. 3, Ni/SiO,
catalyst exhibited binding energies at 852.1 and 856.4eV corre-
sponding to Ni°® (2ps/) and Ni** (2ps,2) respectively, suggesting the
presence of both metallic Ni and NiO species on the surface of support
[66,68] and no obvious satellite peak is observed in Ni region. Ad-
ditionally, Co-based catalysts displayed several contributions in the
2ps3,» region. Co/SiO, catalyst exhibited peaks with maxima at binding
energies of 778.0 and 781.5eV attributed to Co® and Co2* in CoO,
respectively, as the intense satellite peak also confirm [69-71]. Similar
behavior was exhibited by Co/SiO»-Al,03 and Co/Al,O3 samples. The
absence of contribution at 780 and 782 eV suggest that neither Co,03/
Co304 or CoAl,O, phase were formed in agreement with the XRD
profile. The highest binding energy at which Co® appears in Co/Al,O3
seems to be in accordance with the strongest metal support interaction
over alumina.

The fractions of metal oxidation states, given in parenthesis in
Table 3, show that M® (Ni and Co metal) species were the dominant
surface phase present in all catalysts. Nevertheless, Co>" was present in
higher quantities on the surface of Co/Al,O5 catalyst, which could be
due to the strong interaction between CoO species and the support.

Table 3 summarizes the metal/support (M/X) surface atomic ratios
from the XPS spectra of the catalysts. Comparing the Co-based catalysts
(Table 3), it is observed that Co/SiO2 showed the highest proportion of
metal content (55). Conversely, Co/Al,O5 displayed the lowest pro-
portion metal content (25) and the highest M/X surface atomic ratio,
while Co/Si0,-Al,03 catalyst exhibited the lowest M/X surface atomic
ratio.

The H,-TPR analysis was used to determine the nature of the species
present in the catalysts and provide some insights into the metal-sup-
port interactions. Fig. 4 shows the H,-TPR profiles of the calcined
catalysts. For Co metal catalysts, at least two H, consumption peaks
(Treq1 and Tyeq 2) are observed, due to the typical two-stage reduction of
supported Co oxide and Co metal (Co304 — CoO — Co) [72]. The re-
duction temperatures of the supported Co catalysts are different owing
to the interactions between the supports and the Co species. Co/Al,O5
was the most difficult to reduce as reflected in the highest T,.q; peak at
365 °C, Tyeq2 at 644 °C and a weak peak at 865 °C. It has been reported
that T,eqo is associated mainly with the reduction of CoO [54,72]. Ad-
ditionally, the broad reduction peak at 865 °C could be attributed to the
strong interaction of CoO with y-Al,O3 support [72], in agreement with
XRD results.

In the case of Co/SiO, and Co/SiO,-Al,0O3 catalysts, they showed
four T,eq. These could be due to the presence of different types of CoO
species that are interacting strongly with the supports, in accordance
with high values of proportion metal content obtained by XPS. In
summary, the metal-support interaction of the cobalt catalysts de-
creases in the following order: y-Al,03 > SiO,-Al,03 > SiO,, in agree-
ment with previous reports [54].

In the case of Ni/SiO,, catalyst, two H, consumption peaks (Tyeq; and
Treq 2) could be observed. The T,.q; peak at 356 °C, usually assigned to
the reduction of NiO clusters that are interacting with the support [73].
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Fig. 3. 2p3,, core level spectra of reduced passivated supported (a) Ni/SiO, (b) Co/SiO, (c) Co/SiO,-Al,03 and (d) Co/Al,O; catalysts.

Table 3
Binding energy (BE) and atomic ratios of reduced catalysts (M/X = metal/
support) and supports (Al/Si = y-Al,03/Si0,), obtained from XPS analysis.

Catalyst Binding energy (eV) Surface atomic Support atomic
— ratio M/X ratio
M° M>* Al/Si
Ni/SiO, 852.1 (79) 856.4 (21) 0.014 -
Co/SiO, 778.0 (55) 781.5(45) 0.019 -
Co/Si0,-Al,03  778.1 (38) 781.5(62) 0.012 0.448
Co/Al,03 778.2 (25) 781.3(75) 0.027 -

Additionally, the T,qo peak at 440 °C is observed; this could be at-
tributed to the same reduction of NiO clusters. It has been reported that
the presence of a broad reduction peak between 300—700 °C corre-
sponding to the strong interactions of the Ni with SiO, support [74].
On the other hand, the Ni/SiO, presents the higher H, consumption
following than Co catalysts, such as those shown in Table 4. This result
suggests that the Ni catalyst presents the highest reduction extend,

according to XPS results. In the case of Co/support catalysts, the highest
H, consumption was present for Co/Al,O3 following by Co/SiO5 and
Co/Si0,-Al,03 catalysts. This trend suggests that the Cobalt is easier to
reduce over y-Al,O3 than over SiO, and SiO5-Al;03, in agreement with
XPS results.

Additionally, Table 4 summarizes the CO uptake, metal dispersion,
and the crystal size values obtained by CO chemisorption. This table
shows that Ni/SiO, displayed both the higher CO uptake and metal
dispersion and a smaller crystal size than the Co/SiO, catalyst, sug-
gesting that the Ni species displayed a higher dispersion, as opposed to
the XPS results. The Co/support catalysts show that Co/SiO, has both
the higher CO uptake and metal dispersion, followed by Co/Al,05 and
Co/Si0,-Al,03 catalysts. The lowest Co dispersion displayed by Co/
Si05-Al,03 is in agreement with XPS and Sggr values. However, the XPS
results suggested that Co/Al,0O3 has a higher cobalt surface distribution
than Co/SiO, in opposite with CO chemisorption. This difference result
observed between CO chemisorption and XPS results could be attrib-
uted to that metal and oxide species are located inside of mesoporous
materials, which are affecting the XPS analysis.
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Fig. 4. Temperature-programed reduction profiles of calcined catalysts.

Table 4
Physicochemical characterization results for all catalysts.

Catalyst H, consumption®  CO uptake  Metal disp.” Crystal size
(mmolge, 1) (mmolg™") (%) (nm)

Ni/SiO, 0.814 0.02431 2.62 32

Co/SiO, 0.301 0.01396 1.51 67

Co/Si0,-Al,05  0.032 0.00087 0.09 914

Co/Al,03 0.593 0.00841 0.98 86

2 Determined from TPR data assuming a complete reduction of oxide species
to metal species of the catalysts.

b Calculated from CO chemisorption assuming adsorption on metal atoms
only and a CO/metal = 1.5 adsorption stoichiometry.

On the other hand, Fig. 5 shows the TPD-NH; profile of the cata-
lysts. According to previous reports, the strength of acid sites can be
classified as a weak acid (< 300 °C), medium acid sites (300°C <
T < 500 °C), and strong acid sites (> 500 °C) [75]. Table 5 summarizes
the quantified total acid sites and acid sites distribution calculated from
analytical areas of deconvoluted peaks.

SiO, supported catalysts present mainly small peaks at the low-
temperature region, indicating the predominance of weak acid sites,
which are attributed to Brgnsted acid sites (BAS) [54]. The Co/SiO,-
Al,03 and Co/Al,O3 catalysts show one and two peaks respectively, Co/
Si05-Al,05 catalyst present mainly weak acid sites, assigned mainly
BAS [54], whilst Co/Al,O3 catalyst presents both strong and weak acid
sites, attributed both Lewis acid sites (LAS) and BAS [54].

The nature and the strength of acid sites have been found to play a
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Table 5
TPD-NH; results for the studied catalysts.
Catalysts Weak acid Medium acid Strong acid Total acid
sites (umol sites (umol sites (pumol sites (umol
NH;g™") NHag ™) NH;g™") NHag™ ")
Ni/SiO, 4.9 0.5 0.7 6.1
Co/Si0, 3.0 0.0 3.9 6.9
Co/S8i0,-Al,03  16.0 0.0 3.3 19.3
Co/Al;03 15.0 0.0 22.0 37.0

crucial role in the catalytic conversion of biomass derivatives, like
succinic acid, by influencing the intermediates of reaction and the
course of the reaction [76]. In this sense, Table 3 shows that total acid
sites follows the trend: Co/Al,03 > Co/SiO,-Al,03 > Co/SiO, = Ni/
SiO,.

3.2. Theoretical results

The most stable physisorbed complexes of SA-Ni(111) and SA-Co
(111) were assessed and studied by means of periodic DFT methods.
Plots of the most representative complexes obtained after optimization,
which correspond to the most stable ones and with the highest ad-
sorption energy values, are presented in Figs. 6 and 7. Results indicate
that the most favorable adsorption sites are those displayed in Figs. 6
and 7a with E,qs of -1.46 and -1.71 eV, respectively. All E,q4 values of
SA adsorption over Ni and Co metals, respectively, are summarized in
Tables S1 and S2 of the supplementary data, including theoretical de-
tails.
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Fig. 6. Most stable adsorption complexes of SA and Ni(111), for each adsorption site. Those adsorption complexes with similar geometries were omitted.

These outcomes evidence that SA can be absorbed by the two car-
boxylic edges in the case of Ni, while in the case of Co, it is mostly
absorbed by one carbonyl group.

3.3. Catalytic activity

Fig. 8 shows the conversion of succinic acid and the yield of pro-
ducts as a function of time over Ni and Co catalysts. The main product
obtained over the Ni/SiO, catalyst was propanol (ProOH), while suc-
cinic anhydride (SAn) was produced in a minor amount. Trace amounts
of y-butyrolactone (GBL) and 2-hydroxytetrahydrofuran (THF-OH)
were observed. On the other hand, the main product obtained over Co/
Si05-Al,053 and Co/Al,Os5 catalysts was SAn, and trace amounts of
ethanol (EtOH) and butanol (BuOH) for Co/SiO,-Al,O3 were obtained.
Meanwhile, trace amounts of THF-OH and propanal (ProAl) were ob-
tained for Co/Al»Os. In the case of Co/SiO,, there are three main pro-
ducts: SAn, BuOH, and butanediol (BDO) and trace amounts of GBL,
ProOH, and BuOH. Additionally, Fig. 8a shows that the ProOH increase

and then decrease with the time, suggesting that this is intermediary
species. Similar behavior was observed to the ProAl in Fig. 8d.

Fig. 9 shows the possible ways of converting SA into different pro-
ducts. It is possible to observe that SAn can be obtained via dehydration
(DEH) process. GBL is formed by both DEH and hydrogenation (HYD)
processes. Similarly, the same process of GBL forms BDO and THF-OH.
In the case of propionic acid (PA), it is formed by a decarboxylation
process (DEC) of SA. Then, HYD and DEH processes from PA to form
ProAl, and finally, the ProAl is HYD to ProOH. On the other hand, HYD
and DEH processes from SA to form butyric acid (BA), and then BA is
HYD and DEH to BuOH.

The selectivity of the catalysts is compared at 20 % of succinic acid
conversion (illustrated in Fig. 10). Considering a metal effect, Ni/SiO5
catalyst showed the selectivity mainly to propanol (ProOH), while Co/
SiO, catalyst to BDO. These changes could not be attributed to the
acidity of the catalysts, due to that these catalysts displayed similar
total acidity. The substantial change in selectivity suggests that both
metals have different intrinsic properties to convert the SA. In fact, the
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theoretical results showed different adsorption of the SA in each metal
(Figs. 6 and 7a), which could be the cause of the change of selectivity.
These results indicate that the Ni catalyst has the main ability to hy-
drogenate (HYD) and decarboxylation (DEC), while Co-based catalysts
have the main property of HYD, according to the reaction scheme
(Fig. 9).

On the other hand, considering the support effect of the Co catalysts,
it is possible to observe in Fig. 10 that Co/SiO, was selective mainly to
BDO, which was formed by HYD processes from SA. Meanwhile, the
Co/Si0,-Al,03 catalyst produced SAn as the main compound, which
was obtained by the DEH process from SA. Meanwhile, Co/Al,O5 cat-
alyst shows the ProAl as the main product obtained through the DEC
and HYD processes from SA.

The differences in the selectivity displayed by Co/support catalysts
suggest that the active sites are different on these catalysts. The tuning
of the selectivity could be attributed to the acid sites, which could be
involved, together with the metal site, in the mechanism of the reac-
tion. Wang and Huang demonstrated that acid sites favored the DEH
process of the glycerol in the presence of zeolites [77]. Therefore, the
highest total acidity displayed by Co/Al,O5 catalyst seems to favor the
DEC processes, with selectivity to ProAl. On the contrary, the Co/SiO5
catalyst has the lowest total acidity, favoring the formation of BDO
through the HYD process.

Fig. 11 shows the initial rate and TOF values as a function of the
catalysts. Comparing the metal effect, it is possible to observe that the
Ni/SiO, catalyst displayed a higher initial rate than Co/SiO, catalyst.
This behavior could be attributed to the higher dispersion of the Ni over
SiO,, (see Table 3), together with a low cobalt reduction degree,

observed by XPS. On the other hand, Fig. 11 shows that Co/SiO, dis-
played the higher initial rate followed by Co/Al,O3 and Co/SiO»-Al,03
catalysts. This trend is no attribute to the changes in the total acidity,
due to the Co/SiO, showed the lowest total acidity. However, this could
be attributed to the Co dispersion, considering that Co/SiO, catalyst
presented the highest Co dispersion, while Co/Si05-Al;03 shows the
lowest dispersion.

On the other hand, Fig. 11 shows that Co/Si0O,-Al,03 exhibited the
highest TOF value, following by Co/SiO5 and Co/Al,O3 catalysts, re-
spectively. This behavior indicates that the active sites over the Co/
Si0,-Al,05 catalyst are more active than the other catalysts. The high
TOF value observed to Co/SiO,-Al,O3 could be attributed to the in-
crease of the acid sites of the catalyst. This behavior suggests that in the
reaction mechanism, both acid and metallic sites would be involved. On
the other hand, Co/Al,O3; showed the highest total acidity. However,
this catalyst presents the lowest TOF value. This could be due to that
the highest total acid site of the Co/Al,O3 catalyst could favor the
formation of coke, leading to deactivating the catalyst [74,78].

4. Conclusion

Ni and Co catalysts, with the same metal density content, were
active in the conversion of Succinic acid. The product distribution of Ni
and Co catalysts over SiO, showed changes of selectivity, attributed to
the adsorption mode of the SA over each catalyst, determined by DFT-
calculations. The SA molecules were absorbed in two active sites in the
case of Ni catalyst, while in the case of Co catalysts were absorbed in
one active site. On the other hand, the changes observed in the
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Fig. 9. Proposed reaction scheme for the succinic acid conversion.

distribution of the product over Co/SiO,, Co/SiO,-Al,03 and Co/Al,03
catalysts were correlated with the total acidity of each catalyst, de-
termined by TPD-NHj3. The higher acidity displayed by Co/Al,O3 favors
the formation of ProAl by DEC and HYD; while Co/SiO, presented the
lowest acidity, which promotes the formation of BDO and THF-OH by
HYD pathway. On the other hand, the intermediate acidity displayed by
Co/Si0,-Al,03 promotes the formation of SAn by DEH process.

The Ni/SiO, catalyst displayed the highest initial rate due to the
highest metal dispersion determined by CO-Chemisorption. The same
behavior was observed in the case of Co catalysts, where Co/SiO5 shows
the highest initial rate, while Co/SiO,-Al,03 shows the lowest initial
rate.

The highest TOF values obtained for Co/SiO5-Al,03 suggested that
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Fig. 10. Products distribution calculated at 20 % of succinic acid conversion
over Ni/SiO, (Ni/Si), Co/SiO, (Co/Si), Co/SiO,-Al,05 (Co/SiAl) and Co/Al;O3
(Co/Al).

the acid sites could participate in the reaction mechanism.
Nevertheless, the catalyst with the highest total acidity presented the
lowest TOF value, suggesting a deactivation of the active site by coke
formation.
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