N

N

Study of the performance of SiO 2 supported Mo 2 C
and metalpromoted Mo 2 C catalysts for the
hydrodeoxygenation of m-cresol
Leticia Sosa, Priscilla de Souza, Raphaela Rafael, Robert Wojcieszak, Valérie
Briois, Lucas Francisco, Raimundo Rabelo-Neto, Eric Marceau, Sébastien

Paul, Fabio Toniolo, et al.

» To cite this version:

Leticia Sosa, Priscilla de Souza, Raphaela Rafael, Robert Wojcieszak, Valérie Briois, et al.. Study
of the performance of SiO 2 supported Mo 2 C and metalpromoted Mo 2 C catalysts for the
hydrodeoxygenation of m-cresol. Applied Catalysis B: Environmental, 2023, 331, pp.122720.
10.1016/j.apcatb.2023.122720 . hal-04786712

HAL Id: hal-04786712
https://hal.science/hal-04786712v1

Submitted on 16 Nov 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-04786712v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Study of the performance of SiO, supported Mo,C and metal-
promoted Mo,C catalysts for the hydrodeoxygenation of

m-cresol

Leticia F. Sosa™?, Priscilla M. de Souza?, Raphaela A. Rafael®, Robert Wojcieszak?,
Valérie Briois®, Lucas R. Francisco*®, Raimundo C. Rabelo-Neto®, Eric Marceau?,

Sébastien Paul®, Fabio S. Toniolo®, Fabio B. Noronha®*°*

! Federal University of Rio Janeiro, Chemical Engineering Program of COPPE/UFRJ,
P.O. Box 68502, CEP 21941-972, Rio de Janeiro, Brazil.

2 Univ. Lille, CNRS, Centrale Lille, Univ. Artois, UMR 8181 - UCCS - Unité de
Catalyse et Chimie du Solide, F-59000 Lille, France.

3 Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, BP 48, 91192 Gif-sur-
Yvette Cedex, France.

* National Institute of Technology, Catalysis, Biocatalysis and Chemical Processes
Division, Av. Venezuela 82, 20081-312, Rio de Janeiro, RJ, Brazil.

> Military Institute of Engineering, Chemical Engineering Department, Praca Gal.

Tiburcio 80, Rio de Janeiro, 22290-270, Brazil.

Corresponding author: fabio.bellot@int.gov.br

Submitted to Applied Catalysis B: Environmental

September 2022



Abstract

The catalytic performance of different Mo carbides, including an unsupported Mo,C
and SiO,-supported carbides promoted or not with Ni/Cu, was investigated in the
hydrodeoxygenation (HDO) of m-cresol at 300 °C and ambient pressure. To get more
insight into the effect of the promoters during the synthesis of the Mo carbides, the
carburization of the supported catalysts was followed by X-ray spectroscopy (XAS)
under 20 % (v/v) CH4/H,. The results showed that the presence of a second metal
promotes the first step of reduction and it is related to the crystallinity of the initial
promoter species, but that it does not assist the carburizing step. All carbides proved to
be highly selective in performing the direct deoxygenation of m-cresol, since high
yields to toluene were achieved (> 96 %). The addition of Ni to the Mo carbide

promoted the activity of the catalysts, but also generated ring hydrogenation products.

Keywords: Hydrodeoxygenation; m-cresol; molybdenum carbide; Ni-promoted

molybdenum carbide; Cu-promoted molybdenum carbide.



1. Introduction

In the last decades, lignocellulosic biomass has been pointed out as a potential
sustainable raw material for the production of energy, biofuels, and chemicals of
industrial interest [1,2]. The fast pyrolysis of lignocellulosic biomass generates bio-oil,
which can be used for the production of hydrocarbons that are compatible with
petroleum-derived fuels. However, large amounts of oxygen-rich phenolic compounds
such as cresol, guaiacol, and phenol can be found in bio-oils. The high content of
oxygen makes the bio-oi to have undesirable properties like low calorific value, high
acidity, and viscosity, thermal and chemical instability. The catalytic
hydrodeoxygenation (HDO) is a key step to upgrade bio-oil to liquid fuels by removing
oxygen [3-5].

Since lignin-derived bio-oil mainly contains functionalized aromatic compounds,
the design of new catalysts for the HDO reaction is based on model molecules that have
hydroxyl and methoxy functional groups such as phenol [6-8], cresol [9-11], anisole
[12-14] and guaiacol [15-17]. According to these studies, a bifunctional catalyst
containing a metal particle to carry out hydrogenation/hydrogenolysis reactions and a
support responsible for deoxygenation is required for the HDO of phenolic compounds
[18].

For the HDO of phenol and m-cresol, it has been proposed that the reaction follows
the tautomerization mechanism that contains three main reaction pathways: (i) the
sequential hydrogenation of the aromatic ring from the keto tautomer intermediate
formed, producing cyclohexanone/methylcyclohexanone and
cyclohexanol/methylcyclohexanol; (ii) the hydrogenation of the carbonyl group from

the tautomer with the formation of an unsaturated alcohol that is dehydrated to



benzene/toluene; (iii) the direct deoxygenation of the tautomer, producing
benzene/toluene [19-21].

In the tautomerization mechanism, the type of the metal and support affects
significantly the HDO reaction pathways [11,22—-26]. The hydrogenation of the ring is
promoted by metals such as Pt, Pd, Ni, and Co as well as supports like SiO,, Al,O3 and
CeO,. On the other hand, the deoxygenation route is favored on oxophilic metals and
supports such as Ru, Fe, ZrO,, TiO,, and Nb,Os. Despite their high deoxygenation
capacity, the oxophilic metal such as Ru promotes the hydrogenolysis reaction of the
intermediate formed, producing large amounts of methane and C,-Cs hydrocarbons. In
the case of Fe, its incomplete reduction may produce Lewis acid sites that catalyze the
alkylation reactions. Therefore, all these metals present some drawbacks in producing
deoxygenated products with high selectivity.

Transition metal carbides (TMC) exhibit similar catalytic performances to noble
metals, but they are cheaper [27]. Recently, they have been pointed out as being quite
selective for breaking C=0, C-OH, and C-O-C bonds [28-30]. For this reason, they
have been evaluated for HDO reactions of several phenolic compounds such as phenol
[31,32], m-cresol [33,34], anisole [35-37], and guaiacol [38-43].

Recently, the catalytic performance of a molybdenum carbide supported on
activated carbon (AC) was compared to that of noble metal-based catalysts (Ru and Pd)
for the HDO of guaiacol. Despite having a lower reaction rate for guaiacol conversion
among the catalysts, the Mo,C/AC was the most selective to yield deoxygenated
products such as phenol with minimal consumption of H,, whereas ring hydrogenation
products were also produced over Ru and Pd catalysts [43].

Temperature programmed carburization (TPC) is the most widely used technique to

synthesize TMC. In this methodology, a metal oxide is heated at a specific rate in a



carburizing atmosphere containing CO or a hydrocarbon (CH,, C,Hs, C3Hg, C4H10) used
as a carbon source, co-fed or not with hydrogen [44]. In general, when a mixture of
CHa/H; is used in the TPC, the synthesis is monitored by mass spectroscopy and the
signals of water (m/z = 18) and CO (m/z = 28) related to the reduction of the metal
oxide and formation of the carbide, respectively, are accompanied [45]. The profiles
obtained give an idea of the temperature ranges in which the transformations take place,
but it is difficult to make inferences about the chemical changes of the species,
especially in more complex systems such as for bimetallic carbides.

The use of bimetallic carbides are advantageous, because they exhibit higher
catalytic activity than monometallic carbides [46-50]. In addition, the presence of a
second metal (Pt, Pd, Ni, Co, Cu) to MoOs is reported to lower the first stage of
reduction (MoO3 to MoO, or an oxycarbide) by 100 - 250 °C during the carburization
under a CH4/H, atmosphere, which is caused by the ability of the metals in activate
hydrogen [50].

In this sense, X-ray absorption spectroscopy (XAS) is a powerful technique that
allows the monitoring of the species formed during the in situ carburization. To the best
of your knowledge, XAS analysis has been used to investigate Ni-Mo/Cu-Mo bimetallic
carbides only after their synthesis [51,52] and not during carburization.

Taking this into account, the main goals of this work are: (i) investigating the in
situ carburization of a monometallic and bimetallic SiO,-supported Mo carbides
promoted with Ni and Cu by XAS; (ii) evaluating the catalytic performance of Mo
carbides for the HDO of m-cresol in the gas phase; and (iii) compare their performance

to that of noble metal-based catalysts in the literature.



2- Experimental
2.1 Catalyst preparation

In this work, silica (SiO,, Aerosil 200, Evonik Industries) was used as support. The
material was moistened with deionized water, dried under static air for 3 h at 120 °C,
and heated at 500 °C (10 °C min™) for 6 h. The precursors of the monometallic and
Ni/Cu promoted molybdenum carbides supported on silica (Mo0,C/SiO;, Ni-
Mo,C,/SiO,, and Cu-Mo,C,/SiO,) were prepared by incipient wetness impregnation of
the support to achieve 20 wt. % of active phase (20 % for the monometallic and 17 %
Mo and 3 % Ni or Cu for the promoted materials).

To prepare the monometallic carbide, an adequate amount of ammonium
heptamolybdate ((NH4)sM0;024.4H,0, Sigma-Aldrich) was first solubilized in distilled
water and then the solution obtained (0.173 g mL™) was impregnated on the support.
During the impregnation, the material was dried several times at 110 °C for 1 h until the
solution was depleted. A final drying was performed overnight at the same temperature.

For the promoted catalysts, adequate amounts of nickel nitrate (Ni(NO3),.6H-0,
Sigma-Aldrich) or copper nitrate (Cu(NOs)..H,O, Sigma-Aldrich) and ammonium
heptamolybdate ((NH4)sM0;024.4H,0, Sigma-Aldrich) were solubilized individually in
distilled water at the concentrations of 0.076, 0.045 and 0.16 g mL™, respectively.
Firstly, the solution containing Mo was impregnated on the support and dried at 110 °C
for 1 h until it was depleted. After that, the material was dried overnight at the same
temperature and then the solution containing Ni or Cu was added using the same

procedure.



For the sake of comparison, two reference catalysts containing 3 wt. % of Ni/Cu
supported on SiO, were prepared by incipient wetness impregnation. For this, adequate
amounts of nickel nitrate (Ni(NO3),.6H,0, Sigma-Aldrich) or copper nitrate
(Cu(NO3)2.H,0, Sigma-Aldrich) were solubilized in distilled water at the concentrations
of 0.117 and 0.087 g mL™, respectively, and then each solution was impregnated
individually on the support. After impregnation, the materials were dried at 110 °C
overnight. Finally, all samples were treated under static air at 500 °C (5 °C min™) for 3
h to obtain the calcined precursors.

To synthesize an unsupported and the SiO,-supported Mo carbides, 1 g of
molybdenum trioxide (MoOs3, Sigma-Aldrich) or calcined precursor, respectively, were
carburized at 650 °C (2.5 °C min™) for 2 h with 20 % (v/v) CH4/H, (200 mL min™ STP)
[53]. The Me carbides were designated as Mo,C, M0,C/SiO,, Ni-Mo,C,/SiO,, and Cu-
Mo,C,/SiO; and the reference catalysts as Ni/SiO, and Cu/SiO,. When necessary, the
catalysts were passivated at room temperature for 14 h with 0.5 % (v/v) O2/N; (30 mL

min™ STP) due to their pyrophoric nature.

2.2. Catalyst characterization

The amount of Mo, Ni, and Cu in the carbides was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) using a 720-ES ICP-OES
spectrometer (Agilent) with axial viewing and simultaneous CCD detection. The
content of carbon was determined by elemental analysis using a Thermo Scientific
FlashSmart automated analyzer.

Textural properties of SiO, and passivated catalysts were measured by nitrogen
adsorption at -196 °C using a Micromeritics TriStar 11 Plus analyzer. The samples were

previously outgassed under vacuum firstly at 75 °C for 1 h and then at 300 °C for up to
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24 h. Specific surface areas and the total pore volume were estimated using the
Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) methods,
respectively.

X-ray absorption spectroscopy (XAS) was carried out in the transmission mode at
the ROCK Quick-EXAFS beamline at the French SOLEIL synchrotron radiation
facility [54]. The beamline benefits from a 2.81 Tesla Super-Bend source which delivers
nearly 10" ph s between 8 to 20 keV. Spectra were acquired under in situ conditions,
either at the Mo K-edge for monometallic systems, or at the Ni (8333 eV) / Cu (8979
eV) and Mo (20000 eV) K-edges for the bimetallic Ni-Mo and Cu-Mo systems during
carburization under 20 % (v/v) CH4/H,. The monochromator used is based on a Si (111)
channel-cut installed on a tilt table allowed to oscillate around the Bragg angle
characteristic of the element of interest, i.e., 13.4332° for Ni, 12.2886° for Cu, and
5.6550° for Mo, with an amplitude of 2.0° for Ni and Cu and 0.5° for Mo. The Si (111)
channel-cut oscillation frequency was set to 2 Hz and recorded two quick-EXAFS
spectra every 0.5 s. Every 10 acquired spectra were merged to improve the signal/noise
ratio. lonization chambers were filled with nitrogen for Ni and Cu K edges
measurements and a mixture of 50:50 of nitrogen and argon for the Mo K edge
measurements. The beam size at the sample position was ~ 500 pm (H) x 300 pm (V).

Experiments were performed using a dedicated gas-feeding set-up installed on the
ROCK beamline [55]. A quartz capillary (1.5 mm x 80 mm x 0.04 mm) was used as sample
holder. The powder catalyst bed (length ~ 8 - 9 mm) was maintained at the center of the
capillary between two pieces of quartz wool and heated using a gas blower. The in situ
temperature programmed carburization of the calcined precursors was performed by heating
the cell from room temperature to 650 °C (2.5 °C min™) under a 20 % (v/v) CH4/H, flow (5
mL min™ STP). A reactivation at 400 °C (5 °C min™) under a H, flow (5 mL min™ STP) was
performed for the Mo,C catalysts that had been previously passivated. All experiments were
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kept isothermal until no changes were observed in the spectra. Spectra were then recorded
back at room temperature.

Energy calibration concerning the reference metal foil (Mo, Ni, Cu) and a XAS
data-normalization procedure was first carried out using the Python normal graphical
interface developed at SOLEIL for the fast handling of Quick-XAS data [56]. The
EXAFS signal extraction and Fourier transform of the EXAFS spectra were done using
the Athena graphical interface software [57]. EXAFS fitting of coordination numbers
(N), Debye-Waller factors (o), and interatomic distances (R) was simultaneously
performed on k-, k*- and k*-weighted y(k) functions with the Artemis interface to
IFeFFIT using least-squares refinements [58]. Fits were first performed on the metallic
foil references for the determination of the S¢° factor. Fourier-transformed EXAFS
signals are presented as k*-y(k) functions and Fourier transforms are shown without
phase correction.

The proportions of the different Mo, Ni, and Cu species during the different stages
of carburization were determined by a chemometric procedure, the Multivariate Curve
Resolution by Alternative-Least Squares (MCR-ALS) methodology, using the free
MCR-ALS GUI 2.0 toolbox developed by the Tauler group on the Matlab platform
[59]. XAS spectra are considered to be linear combinations of individual spectral
components (matrix S) weighted by their concentration that varies with temperature or
time (matrix C). The determination of matrices S and C takes place without initial
hypotheses on the chemical nature of the different species appearing along the thermal
treatment, by a least-square minimization of a residue matrix. The determination of the
most likely number of spectral components takes place via a preliminary Principal
Component Analysis by Singular-Value Decomposition (PCA-SVD). MCR-ALS

spectral components (XANES spectra, EXAFS oscillations, and Fourier transform) are



then identified to successive species after checking their chemical meaningfulness, by
comparison with spectra of compounds already known in the mixture or as standards, or
with plausible models in accordance with the chemistry of the system. Further details
about the MCR-ALS method applied to XAS are available in recent publications
[56,60,61].

RAMAN

The synthesis of carbides was also accompanied by temperature-programmed
carburization (TPC) in a multipurpose unit coupled to a Pfeiffer Vacuum mass
spectrometer (MS) model QME 200. Before analysis, the calcined precursors (0.1 g)
were treated under He (50 mL min™ STP) at 200 °C (10 °C min™) for 1 h to eliminate
water, and then cooled down to 30 °C. Then, He was replaced by 20 % (v/v) CH4/H;
(100 mL min™ STP) and then, the temperature was increased up to 800 °C (2.5 °C min®
1). The signals of the ions m/z = 18 (H,0), m/z = 15 (CH,4) and m/z = 28 (CO) were
continuously monitored on the mass spectrometer.

The metallic dispersion of the catalysts was estimated by CO chemisorption in a
multipurpose unit coupled to a Pfeiffer Vacuum mass spectrometer (MS) model QME
200 using the pulse method. Before the analysis, the calcined precursors (200 mg) were
carburized in situ at 650 °C (2.5 °C min™) for 2 h under 20 % (v/v) CH4/H, (100 mL
min™ STP) and then cooled to room temperature (RT) in a He atmosphere (50 mL min™
STP). Once RT was reached, He was switched to a mixture of 5 % (v/v) CO/He (50 mL
min™ STP) and waited until the signal corresponding to CO (m/z = 28) had stabilized in
the mass spectrometer with the reactor in by-pass. After stabilizing, the reactor valve
was opened and CO chemisorption was performed for 15 min. Three pulses of He (50
mL min™ STP) of known volume (2.39 mL) were injected for quantification. After that,

the catalyst surface was purged with He (50 mL min™ STP) for 30 min, and the same
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procedure was repeated. The area obtained in the first step corresponds to the
chemisorption, physisorption and dead volume of the reactor, while the area of the
second step is ascribed to the physisorption, and dead volume of the reactor, the
difference between them gives the area corresponding to the chemisorbed CO. For the
quantification, it was assumed a stoichiometry of one CO molecule per Mo,C, Ni, and

Cu surface.

2.3. Catalytic evaluation

The HDO of m-cresol reaction was performed in a vapor-phase fixed-bed flow
reactor system, operating at atmospheric pressure of H, and 300 °C. The samples were
mixed with silicon carbide (Msic/Mcatayst = 3.0) to make the flow more uniform and to
avoid hot spot formation or flow channeling. The catalysts were first synthesized in situ
at 650 °C (2.5 °C min™) for 2 h using 20 % (v/v) CH4/H, (100 mL min™ STP) mixture.
Then, the temperature was decreased to 300 °C and the reactant mixture was obtained
by flowing 60 mL min™ STP of H, through a saturator containing the probe molecule
that was maintained at the temperature needed to produce the desired H,/organic
molecule mole ratio of 60 (87 °C).

Different W/F ratios (catalyst mass/mass flow rate of the oxygenated compound)
were used for each catalyst to achieve low conversions. The first injection was carried
out after 5 min of time-on-stream (TOS), where minimal deactivation of the catalyst
was expected. The reaction products were analyzed using an Agilent Technologies
GCMS (7890A/5975C), equipped with an HP-Innowax capillary column and a flame-
ionization detector (FID).

The conversion, product selectivity, and HDO reaction rate were determined by

the following equations (1-3):
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MolLpeq — MOlpeeq

Conversion (%) = x 100 (D

0
molfeed

L. mOli
Selectivity (%) = 5 x 100 (2)
molfeed — MOlfeeq

yield of deoxygenated product x F
w

(3)

Rateypo (mmol gz, min™1) =

where mol%.q and molseg are the numbers of initial and after reaction moles of the
organic feed respectively, mol; is the number of moles of a given i product and W is the

catalyst mass (g).
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3. Results and discussion
3.1 Characterization

The content of Mo, Cu, Ni and C species in the passivated catalysts estimated by
ICP-OES and elemental analysis is reported on Table 1. The C/Mo molar ratio found for
the catalysts is between 0.36 and 0.45, which is lower than expected (0.5) considering
the chemical formula of the Mo carbide (Mo,C). This might indicate that the carbon
was not effectively incorporated in the Mo structure during carburization.

Table 1 also shows the textural properties of the support and passivated catalysts
determined by N, physisorption. A decrease in the specific surface area (SSA) and pore
volume (P,) was observed after the synthesis of supported carbides compared to the
bare support, consistent with the impregnation of 26 wt. % MoQs3, which is a nonporous
oxide with very low surface area. The N, adsorption-desorption isotherms are displayed
in Fig. S1. All supported catalysts showed a profile similar to that of bare SiO,, which
according to IUPAC classification corresponds to a type Il isotherm, with an H1
hysteresis loop commonly obtained for materials consisting of agglomerates or

compacts of approximately uniform spheres [62,63].

Table 1. Chemical composition, textural properties of the support and passivated

catalysts.

Content (wt. %0) b

Material i SSA” Py

Mo C Ni cu 2tV (mig*  (cm’lg)
phase

Sio, - - - - - 198 1.13
B-Mo,C - - - - - 13 0.00
B-Mo,C/SiO, 17.6 0.8 - - 18.4 140 0.53
Ni-Mo,C,/SiO, 16.0 0.9 2.8 - 19.7 142 0.60
Cu-Mo,C,/SiO, 14.9 0.8 - 2.0 17.7 137 0.66
Ni/SiO, - - 2.6 - 2.6 187 1.07
Cu/Sio, - - - 2.1 2.1 185 0.70

& Determined by BET method
® Determined by BJH method
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Since catalytic testing took place directly after carburization, conventional
characterization, for instance by X-ray diffraction (XRD), was not possible. The
formation of the supported phases was thus followed by in situ XAS, carried out at the
Mo, Ni and Cu K-edges, with further input from Raman spectra recorded on the initial
treated samples.

The XAS data at the Mo K-edge related to the calcined precursors of Mo,C/SiO,,
Ni-Mo,C,/SiO; and Cu-Mo,C,/SiO; are presented on Figs. S2 - S4. The shape of the
XANES spectra and position in energy are similar to those of the MoOj3 standard,
especially for Mo,C/SiO, (Fig. S2). For the two promoted catalysts, the only significant
difference is the increase of intensity of the second feature after the edge, at 20040 eV,
also well visible on a spectrum reported in the literature for y-CuMoQO, [64].

Raman spectroscopy confirms that MoOg is present on the three samples, (bands at
994, 819 and 665 cm™ [65], Fig. S5), in a well crystallized form for the precursors of
Mo,C/SiO; and Ni-MoxC,/SiO,, in a more poorly organized form for the precursor of
Cu-Mo,C,/SiO,, as evidenced by the low intensity of these bands. It also reveals the
existence of a second phase on the oxide precursor of Ni-MoxC,/SiO,. The weak but
well-defined band at 961 cm™ is unambiguously assigned to a-NiMoO,4[66,67], a mixed
oxide in which octahedral groups of [NiOg] and [MoOg] alternate. Some weak bands are
also visible for the precursor of Cu-Mo,C,/SiO,. The band at 960 cm™ may be attributed
to CuMoOj, [68,69], but the broad band at 930 cm™, which is expected to be thin and
poorly intense for crystalline CuMoO, [68,69], can rather arise from molybdates with a
higher degree of condensation of the molybdate units, such as in CusMo0,0q [70].

The feature at 20040 eV (Fig. S2), the differences of structure of the EXAFS
oscillations (Fig. S3) and the differences of shape of the peaks on the associated Fourier

transforms for the promoted systems (Fig. S4) are thus linked to the presence of a
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mixture of MoOjz; and Ni/Cu molybdates, more crystallized in the case of Ni-
Mo,C,/SiO,, and less for Cu-Mo,C,/SiO.. Due to the complexity of the typical oxidic
environment of Mo(V1) ions (several different Mo-O distances ranging between 1.6 and
2.2 A) and the existence of mixtures in the bimetallic systems, it was not attempted to
perform EXAFS fits for the calcined precursors at the Mo K-edge.

Prior to analyzing the carburization process up to 650 °C, the state of Mo after
carburization will be investigated here. The XAS analysis was performed on spectra
recorded after cooling to room temperature (RT), still under a CH4/H, atmosphere.

After carburization, the XANES spectra, EXAFS oscillations and Fourier
transforms of Mo0,C/SiO,, Ni-Mo,C,/SiO, and Cu-Mo,C,/SiO, are very similar, and
resemble that of reference bulk -Mo,C (an unsupported sample whose structure was
identified by XRD after passivation, and that was reactivated under H, at 400 °C before
recording the XAS spectrum) (Figs. S6 - S8).

The results of the fits for the first two shells of neighbors (C and Mo atoms) are
presented on Figs. 1-2 and in Table 2. They are consistent with the formation of Mo
carbides. Given the limited number of independent parameters allowed for the fit, it was
chosen to fit each shell with a single contribution of C and Mo. This does not preclude
the existence of several interatomic Mo-C or Mo-Mo distances in the structure of the
carbide, and a distribution of Mo-C distances can explain the larger error bar for the
Debye-Waller parameter obtained by fitting the C shell. It can be added that the possible
presence of O atoms in the first shell was always rejected by the fits.

The number of C atoms around Mo is found to be larger in the supported systems
than in unsupported B-Mo,C. However, it must be remembered that the number of
neighboring atoms (N) and the Debye-Waller parameter (o) are correlated, and here

increase concomitantly. The increase of N(C) can thus be interpreted either as the sign
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of a C enrichment around Mo in the carbide, or as an over-estimation of N by the fit,
compensating for a high value of o% A second feature that would allow favoring the
hypothesis of a carbon enrichment on the supported systems is linked to the Mo-C and
Mo-Mo average interatomic distances, longer by 0.012 to 0.020 A than those found for

the p-Mo,C standard.
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Fit of the first and second shells of neighbors: Fourier transform (left) and EXAFS
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Table 2. Fitted parameters at the Mo K-edge (Eo = 20013 eV, So> = 0.98) determined
from the EXAFS analysis of spectra recorded at room temperature on carburized

catalysts. k = 3.5 - 15 AL, Fit of the first peaks from the Fourier transform between 1

and 3 A.
Catalyst Backscatter N a? (A?) x 10° R (A)
C 2709 41+0.3 2.08 £0.02
B-Mo,C? Mo 7.3+£0.8 5.7+0.5 2.966 + 0.005
AEy = -5.5 eV, r-factor = 0.01575,x% = 592, Nijng = 13, Nyar =7
C 35+£09 6+2 2.10+0.01
B-Mo,C/SiO, Mo 7.3+£0.8 7.3£0.6 2.978 + 0.005
AE, = -3.8 eV, r-factor = 0.01462,x% = 441, Ning = 13, Ny = 7
C 4+1 62 2.10£0.01
Ni-Mo,C,/SiO, Mo 75+£0.8 6.7£0.5 2.979 £ 0.004
AE, = -4.5 eV, r-factor = 0.01232,32 = 301, Nipg = 13, Nygr = 7
C 35+£09 62 2.10£0.01
Cu-Mo,C,/SiO; Mo 7.1+£0.8 72+0.6 2.981 £ 0.005

AEg = -4.2 eV, r-factor = 0.01481,x2 = 425, Nipg = 13, Nyor = 7
a (after reactivation in H, at 400 °C)

The evolution of the XAS spectra at the Mo K-edge during carburization is
presented on Figs. S9 - S11. The color gradient from blue to red is related to the
increase of temperature, from 30 to 650 °C. It is clearly seen that molybdenum is
transformed almost continuously during the temperature ramp under CH4/H,, till the Mo
carbide is ultimately formed. Qualitatively speaking, one can observe that the first
strong shift of the spectra to lower energies (first stage of Mo reduction), along with the

appearance of a poorly intense white line at 20020 eV, occurs in a lower temperature
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range for Cu-Mo,C,/SiO, (light blue color) than for Mo,C/SiO, and Ni-MoC,/SiO;
(green color).

An analysis of the evolution of Mo speciation was carried out using an MCR-ALS
procedure. Each experimental spectrum in the series is considered to be a linear
combination of a set of independent, successive spectral components, and the MCR-
ALS algorithm extracts both the matrix of spectral components and a matrix of
associated “concentrations” evolving with the rising temperature. The spectral
components are analyzed using the XAS toolbox, in order to identify the chemical
species (if the spectral component is characteristic of a known species), or, as will also
be the case here, to obtain spectroscopic or structural footprints of the successive
species involved in the carburization process (if the spectral component cannot be
associated with a recognizable chemical species, or corresponds to a mixture).

The MCR-ALS procedure could evidence four distinct spectral components in each
of the three carburization processes. The first of them corresponds to the spectrum of
the initial, calcined precursor (Fig. S12), representing MoO3; for Mo0,C/SiO,, and a
mixture of MoOs; and Ni/Cu-Mo(VI) molybdates for Ni-MoxC,/SiO, and Cu-
Mo,C,/SiO,. This component will be denoted as representing “Mo(VI) oxides”
collectively.

For the three samples, the second spectral component (Fig. S13) is characterized by
a significant shift of the edge toward lower energies compared with MoOs, implying a
decrease of the average oxidation state of Mo. This shift can be better observed when
plotting the derivative of the absorbance as a function of the energy (Fig. S13b).
However, the spectral components for the promoted systems differ from that extracted
for Mo,C/SiO,. The latter still presents a pre-edge (Fig. S13a), as is also seen on the

spectrum reported in the literature for Mo4O11, an oxide in which two Mo atoms have
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been reduced to Mo(V) [71]. The position of the maximum of the derivative (Fig. S13b)
Is indeed intermediate between those of the MoO3; and MoO; standards. In contrast, the
derivatives calculated for Ni-Mo,C,/SiO, and Cu-Mo,C,/SiO; resemble more that of
Mo(IV)-containing MoO, in line with the position of the first three EXAFS oscillations
(Fig. S13c), and with the position of the peaks on the Fourier transform (Fig. S13d). The
second spectral component thus reflects the formation of Mo suboxides (average
oxidation state comprised between Mo(1V) and Mo(V) by reduction of Mo(V1).

The third spectral components (Fig. S14) share two common characteristics: the
shape of the XANES spectrum, displaying on the white line a first feature more intense
than the second one, similar to the spectra recently assigned to a Mo oxycarbide
intermediate [72,73] (Fig. S14a); and a further decrease of the average oxidation state of
Mo, with one maximum of the derivative of the XANES spectrum remaining close to
that of M0oO,, and a shoulder at a lower energy close to that of metallic Mo (Fig. S14Db).
This composite aspect is also found in the examination of the EXAFS oscillations. The
position of the first oscillations roughly corresponds to those found for MoO., but the
next ones are clearly different (Fig. S14c). Finally, if the first peak in the Fourier
transform is found at the position expected for a O shell, like in MoO,, the second peak
does not correspond to the Mo shell from MoO,, and is located at a slightly larger
distance than the first peak of Mo neighbors in metallic Mo (Fig. S14d).

In order to obtain more precise structural information on these intermediate species,
the second and third spectral components extracted for Cu-Mo,C,/SiO, were selected
for EXAFS fitting. This system was chosen because it is the one for which the
intermediate phases appear in the most sequential way, and are more likely to represent

distinct species.
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The identification of a MoO,-like phase is confirmed for the second spectral
component, by comparison with a fit done on the spectrum of MoO; using the same
number of parameters (Table S1, Fig. S15). The only difference is a Mo-Mo interatomic
distance longer by 0.07 A.

A precise assignment is more difficult to establish for the third spectral component
(Table S1, Fig. S16). The first peak in the Fourier transform is found to arise from a
shell of O atoms. A fit using both C and O atoms appears as less plausible, because it
results in an extremely low Debye-Waller parameter, lower than that found when fitting
the EXAFS signal of a well-organized oxide like MoO, at RT. The second peak
corresponds to Mo neighbors at an interatomic distance of 2.80 A, which is both larger
than the Mo-Mo distance in metallic Mo (2.72 A), and smaller than the distances
evaluated in the carburized catalysts (Table 2; approximately 2.97 A), or in the
crystalline oxycarbide phases whose structure was described in detail by Bounchy et al.
[74] (2.90 - 2.96 A). The high Debye-Waller factor for the second shell can be
explained by a thermal effect (as will be seen below, the third component is prominent
at about 400 °C) or by a structural disorder around Mo.

As a conclusion, a comparison with the spectra presented in the literature points to
phases mentioned as oxycarbides MoO,Cy. But the impossibility to fit the first shell
with a combination of C and O atoms, and the Mo-Mo interatomic distance, which
significantly differs from those reported either in organized oxycarbide crystals or in
metallic Mo, also suggest the formation of a heterogeneous, mostly oxidic, system, in
which only a fraction of Mo has pursued its reduction, or is initiating its carburization. It
will be seen in the section dedicated to temperature programmed carburization that the

degree of carburization of this species may not be the same for the three systems.
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Finally, the fourth spectral component extracted by the MCR-ALS procedure is
identical to that of the final Mo carbide, as confirmed by comparison of the position of
the oscillations with those recorded after cooling under CH4/H; to RT (Fig. S17). The
damping is due to thermal effects.

The evolution of the spectra recorded during carburization of Ni-Mo,C,/SiO, at the
Ni K-edge is presented on Fig. S18. The initial intense white line is characteristic of
Ni?*, and its disappearance indicates that nickel is reduced to the metallic state during
the first half of the ramp. But even after reduction, some changes in the spectra are
visible (yellow-red spectra).

EXAFS confirms that in the calcined precursor, Ni** is present in the a-NiMoO,
phase detected by Raman spectroscopy; NiO would provide very different oscillations
(Fig. S19). The expected number of neighbors and interatomic distances in the crystal
structure are 6 O atoms at R = 2.018 - 2.140 A, 2 Ni atoms at R = 3.027 A, and 2 Mo
atoms at R = 3.207 A, and correspond to those determined by fitting (Table 3). The fit
was not attempted at longer distances owing to the superimposition of more than 10
multiple scattering paths between 3.4 and 4 A.

A spectrum recorded during carburization at 400 °C is presented on Fig. S20a. As
was anticipated from Fig. S18, Ni is now in a reduced, metallic state (comparison of the
edge position with Ni foil, position in energy of the main oscillations, Fig. S20a and b).
But the shape of the spectrum just past the edge is quite different from that of bulk Ni
metal, with a complete absence of structuration around 8350 eV. The peak of nearest
neighbors on the Fourier transform is also located at a significantly shorter distance than
in metallic Ni (Fig. S20c), which may indicate that small groups of Ni atoms, which one
can presume are stabilized by an underlying phase, have not formed yet well-organized

metal particles.
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In contrast, after carburization has been completed and cooling to RT has taken
place (Fig. 3a and S21), face-centered (fcc) cubic Ni is clearly detected. The number of
nearest neighbors is far below the value of 12 in bulk Ni (Table 3). A value of 6.8, as
found here, can be linked to small Ni particles, whose size would be close to 1 nm [75],
a highly dispersed state for reduced Ni. The interatomic distance (2.494 A) corresponds
to that in metallic Ni, and the hypothesis of a Ni carbide, in which distances are longer,
can be excluded (a Ni - Ni distance of 2.63 A was reported for NisC by Struis et al.
[76]).

The MCR-ALS analysis of the carburization of Ni-Mo/SiO, at the Ni K-edge
extracts three spectral components (Figs. S22 - 24). The first one corresponds to
NiMoQ,, the second one is identical to the spectrum recorded at 400 °C (small groups
of Ni atoms), the third one to fcc Ni nanoparticles, with EXAFS oscillations damped

because of a strong thermal effect in the last part of the temperature ramp.
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Figure 3. XAS data a) of Ni-Mo,C,/SiO, at the Ni K-edge and b) of Cu-Mo,C,/SiO; at
the Cu K-edge, after carburization (spectra recorded at room temperature). Fit of the
first shell of neighbors: Fourier transform (left) and EXAFS oscillations (right), k = 3 -

13 A at the Ni K-edge, k = 3.5 - 14 A at the Cu K-edge.

Table 3. Fitted parameters at the Ni K-edge (Eo = 8339 + 2 eV, Sy? = 0.80) or at the Cu
K-edge (Eo = 8987 + 4 eV, S¢° = 0.91) determined from the EXAFS analysis of spectra
recorded at room temperature. k = 3 - 13 A™ at the Ni K-edge, k = 3.5 - 14 A™ at the Cu

K-edge. Fit of the first peak(s) from the Fourier transform between 1 and 3 A.

Catalyst Backscatter N a? (A% x 10° R (A)
(0] 6.4+0.7 6+2 2.030 £ 0.009
Ni-Mo,C,/SiO; Ni 1.4+06 6+2 2.97 +0.03
calcined Mo 1.6+0.9 62 3.17+0.03
r-factor = 0.01766, x2 = 365, Nig = 12, Nyyr = 8
Ni-Mo,C,/SiO; Ni 6.8+05 8.3+0.6 2.494 + 0.004
carburized r-factor = 0.00473, x2 = 427, Ny = 12, Ny = 4
Cu-Mo,C,/SiO, o) 49+03 49+06 1.941 + 0.004
calcined r-factor = 0.00791, x2 = 41, Nipg = 13, Ny = 4
Cu-Mo,C,/SiO, Cu 9.0+0.7 9.6+0.6 2.544 +0.005
carburized r-factor = 0.00598, x2 = 148, Nig = 13, Ny, = 4
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The evolution of the spectra recorded during carburization of Cu-Mo,C,/SiO; at the
Cu K-edge is presented on Fig. S25. The reduction of Cu®*, characterized by the intense
white line, takes place at a low temperature. An intermediate species then contributes to
a well-visible pre-edge feature, distinct from that of metallic Cu and more intense,
before the typical spectrum of metallic Cu appears.

The analysis of the XAS data is much less informative than at the Ni K-edge. The
position in energy of the XANES spectrum recorded on the calcined system (Fig. S26)
is similar to that of standard CuO, which indicates that Cu is present in the Cu?* state,
but the spectrum is different: for example, no pre-edge feature is present. This absence
of a pre-edge feature was also reported in the literature for y-CuMoQO, [64]. The fit of
the EXAFS data only reveals a shell of O atoms around Cu®*, which explains why the
EXAFS oscillations are seen at approximately the same energies as in CuO (Table 3).
These observations remain consistent with the hypothesis of poorly organized Cu®
molybdates suggested by Raman spectroscopy.

Fig. S27 presents two spectra recorded at 200 and 240 °C. At 200 °C, the position
of the edge is intermediate between that of CuO and Cu,0O. However, the intense pre-
edge feature and the EXAFS oscillations are quite different from those of these
standards. In contrast, the species detected at 240 °C is clearly metallic Cu. This is
confirmed by the Fourier transform that shows the four successive peaks characteristic
of the face-centered cubic metal (Fig. S28). At 200 °C, the Fourier transform presents
two peaks: one at the position of O nearest-neighbors, like in Cu,O; the second one at
the position of Cu nearest-neighbors in the metal, and not in Cu,O. XANES spectra
found in the literature that display the same shape have been interpreted either as Cu,0

clusters, small partly oxidized Cu clusters, or metallic Cu clusters stabilized by ligands
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or by an oxidic matrix [77-85](Bazin, 1997). The position of the peaks on the Fourier
transform favors the latter interpretation.

After carburization and cooling to RT, Cu is unambiguously present as fcc Cu
nanoparticles (Fig. 3b and S29). The number of nearest neighbors, 9 (Table 3), shows
that these nanoparticles are larger than the Ni nanoparticles detected after carburization
of Ni-Mo,C,/SiOs.

The MCR-ALS analysis of the carburization ramp at the Cu K-edge provides four
spectral components (Figs. S30 - 33): Cu®* in the initial copper molybdates; the Cu
clusters in contact with an oxidic matrix; metallic fcc Cu nanoparticles; and a fourth
component also representing metallic Cu (XANES spectrum), but whose Fourier
transform is shifted to lower distances compared with the metal standard. Spectra
recorded during the cooling of the sample shows that this contribution reverts back to
the third spectral component in a linear way with respect to temperature. One can thus
surmise that the fourth contribution comes from a reversible thermally-induced
distortion of the spectrum of Cu nanoparticles. The third and fourth contribution will
thus be treated as a single species, fcc Cu, in the following.

The reduction of Mo oxides and the formation of Mo carbides during carburization
with CH,4 and H; mixture was followed by temperature programmed carburization in a

parallel experiment (Fig. 4), which revealed the associated production of water and CO.
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Figure 4. Water and CO formation profiles during temperature programmed carburation

of the calcined precursors of Cu-Mo,C,/SiO,, Ni-Mo,C,/SiO,, M0,C/SiO, and Mo.,C.

The water signal during the carburization of the unsupported Mo,C catalyst showed
a maximum at 640 °C with a shoulder at 625 °C (Fig. 4). According to the literature, for
the MoOj3 carburization taking place in an atmosphere of CH4/H,, the latter peak is
ascribed to the reduction of MoO3z; to MoO,, while the former corresponds to the
carburization of MoO, and formation of the Mo carbide (B-Mo,C), which is followed by
the consumption of methane and production of CO [45,86-88].

The thermograms of the supported catalysts, in special the bimetallic carbides, are
way more complex and difficult to interpret, but the MCR-ALS analysis of the in situ
XAS experiments sheds light on the changes of Mo, Ni and Cu speciation taking place

during the ramp. The weights of each spectral component deduced from the MCR-ALS
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analysis are presented as a function of temperature on Fig. 5. Each curve corresponding
to the disappearance of a species, by reduction or carburization, exhibits an inflection
point (maximum rate of consumption), that should correspond to a peak of water or CO

production on the thermograms, allowing identification of the various stages of reaction.
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Figure 5. Concentrations profiles of Mo, Ni and Cu species during TPC of the calcined

precursors of a) Cu-Mo,C,/SiO,, b) Ni-Mo,C,/SiO; and ¢) Mo,C/SiO, from MCR-ALS

By supporting the carbide on silica (M0,C/SiO, catalyst), the transformations occur
at clearly lower temperatures than for the bulk carbide. The main two peaks are shifted
to 400 and 550 °C. XAS suggests that the very small production of water around 300 °C
corresponds to the reduction by H, of MoOj3 to a Mo suboxide. The very low degree of
reduction could validate the hypothesis of a reduction to Mo4O11, in which the reduction
of Mo(VI) to Mo(V) concerns a minor number of Mo ions. Given the overlapping

domains of predominance of the second and third components, the exact attribution of

29



the peak at 400 °C is more difficult. It could be associated to a further reduction of
Mo40;; to the species providing the third spectral component, and a minor concomitant
production of CO could be linked to the starting carburization of a Mo fraction. The
water production and onset of CO production at 550 °C correspond to the formation of
the Mo carbide.

For the Ni-Mo,C,/SiO, catalyst, the peaks at 270 and 358 °C are associated with
the reduction of MoOs; and NiMo0QO,, to groups of reduced Ni atoms and MoO,,
respectively. The reduction of NiMoO, was indeed reported to occur in the 250 - 400 °C
range in the literature [89]. Because of the slightly delayed reduction of Ni?* with
respect to Mo(V1), which was checked not to be an analysis artefact by comparing the
experimental spectra at the Mo and Ni K-edges in the 220 - 250 °C range, NiM0oO,
seems to reduce after the reduction of MoOs3; has started. Compared with Mo,C/SiO»,
there is a significant gain in reduction temperature. The peak at 387 °C can be assigned
to the reduction of MoO; to the partly reduced oxide represented by the third spectral
component. In this case, the reaction is not accompanied by a release of CO and the
oxide may not exhibit carburization. As was the case for Mo,C/SiO,, the final Mo
carburization takes place above 500 °C, in two stages that the MCR-ALS analysis
cannot explain. It is accompanied by the formation of the fcc Ni nanoparticles (NP).

For the Cu-Mo,C,/SiO, catalyst, the intensity of the water signal starts to increase
at 120 °C, and exhibits a maximum at 223 °C with several shoulders. These peaks are
associated with the reduction of Cu®* in the copper molybdate phases, followed by the
rapid reduction of Mo(V1) oxides to MoO,. Compared with the former systems, the gain
in temperature for this reduction step is relevant. It may be associated to the poorly
crystalline nature of the Cu molybdates and to the subsequent activation of H, on the

newly-formed Cu nanoparticles in the 200 - 225 °C range. The next pronounced peak at
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396 °C refers to the reduction of MoO; to the partly reduced oxide represented by the
third spectral component, here again without production of CO, and the final stages of
carburization take place above 500 °C.

In conclusion, both the TPC profiles and MCR-ALS diagrams indicate that the last
steps of reduction and carburization occur in the same temperature range for the three
supported catalysts. The main gain upon addition of a promoter concerns the initial
reduction of Mo(VI) oxides, and can be linked to the crystallinity of the mixed
molybdates, and to the temperature at which metal particles able to activate H, are
formed.

This effect was observed before by Jung et al. [50] during the carburization of
MoO3 promoted with Ni, Cu, Co, Pd, Pt under CH4/H,. The presence of a promoter
decreased the starting temperature of the initial reduction for all materials. Similarly,
Zhang et al. [49] observed by temperature programmed reduction of NiO, MoO; and
NiMoOy in H; that Ni species in NiMoOy were more difficult to reduce than in NiO,
while the Mo species were easily reduced in comparison with MoO:s.

On the other hand, the presence of Ni and Cu as promoters has been reported in the
literature to favor the carburization process because this metal causes the activation and
dissociation of CH, into carbon and hydrogen at lower temperatures compared with
non-promoted carbides [46,50], but this is not observed in the present work.

We also demonstrate that after completion of carburization, Ni and Cu are both
present as metal nanoparticles, probably in a strong stabilizing interaction with the
underlying Mo carbide given their small size, but bimetallic NiMo or CuMo carbide
phases were not formed. Ni nanoparticles appear as more dispersed than Cu

nanoparticles, and no Ni carbide is evidenced after carburization.
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3.2 HDO of m-cresol over Mo carbides-based catalysts

The HDO reaction rate, distribution of products and yield at low conversion using
m-cresol as a model molecule are reported in Table 4. Mo,C, M0,C/SiO,, and Ni-
Mo,C,/SiO, exhibited approximately the same HDO deoxygenation activity whereas
Cu-Mo,C,/SiO; and Ni/SiO; were less active (10-fold).

Regarding product distribution, toluene was the only product formed over Mo,C,
Mo,C/SiO,, and Cu-Mo,C,/SiO, catalysts. In addition to toluene, a small amount of m-
cyclohexene (4.2 %) was also produced over Ni-MoC,/SiO, catalyst. On the other
hand, several products were observed for Ni/SiO;, catalyst: methane (31.1 %), m-
cyclohexanone (32.3 %), toluene (20.2 %), m-cyclohexanol (7.5 %), phenol (7.0 %),
and minor amounts of cyclohexanone, benzene and m-cyclohexene. These results reveal
that the Mo-carbide phase is quite selective to deoxygenation products.

Table 5 lists the product distribution for the HDO of m-cresol obtained with
different catalysts from the literature [11,15,19,90]. Ni-based catalyst promotes the
hydrogenolysis and the formation of methane as well as the hydrogenation of the ring
with the production of m-cyclohexanone and m-cyclohexanol. Pd/SBA-15, Pd/SiO, and
Pt/SiO, are quite selective to m-cyclohexanone without methane formation. Oxophilic
metals such as Ru and Fe promote the formation of toluene. Furthermore, the presence
of unreduced iron (Lewis acid site) favors the alkylation reaction and the production of
xylenols and o-cresol. Therefore, the type of the active phase significantly affects
product distribution for the HDO of m-cresol. This has been previously reported in the
literature for the HDO of phenol [22,23]. Teles et al. [22] studied the effect of metal
type on HDO of phenol over silica supported catalysts. They suggested that phenol is

mainly tautomerized, followed by hydrogenation of the aromatic ring over Pd/SiOs,
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Pt/SiO,, and Rh/SiO, catalysts. Oxophilic metals such as Ru and Co promote the direct
deoxygenation to benzene and hydrogenolysis with the production of methane.

The different reaction pathways proposed in the literature for the HDO of m-cresol
are represented by Scheme 1 [10,14,19,90]. The results obtained in our work suggest
that the Mo-carbide phase promotes the direct deoxygenation to toluene as it is observed
for oxophilic metals such as Ru [11]. DFT calculations showed that the direct
dehydroxylation of m-cresol is more favorable than the tautomerization route over the
more oxophilic Ru (0001) surface. The direct dehydroxylation of m-cresol over Ru
(0001) produces a partially unsaturated hydrocarbon surface species C;H;*, which may
lead to the formation of C;-Cs hydrogenolysis products or toluene by its hydrogenation.
For Ru/SiO, catalyst, the C;-Cs hydrocarbons were the main products formed (54.1 %)
[11]. In comparison to Ru, Mo,C phase does not produce methane, which is responsible
for its higher formation of toluene. This result suggests that Mo,C phase promotes the
hydrogenation of the unsaturated hydrocarbon surface species C;H7*.

Furthermore, Cu does not exhibit significant activity since the product distribution
of Cu-Mo,C,/SiO, was exactly the same of that observed for Mo,C/SiO5. In the case of
Ni-Mo,C,/SiO; catalyst, the presence of isolated metallic Ni particles is evidenced by
the formation of methyl-cyclohexene. According to the reaction pathways of Scheme 1,
methylcyclohexanone is hydrogenated to methylcyclohexanol, followed by dehydration
to methylcyclohexene. Methylcyclohexanone was one of the main products formed over
Ni/SiO, catalyst. This result is in agreement with the XAS results that demonstrated the
presence of isolated metallic Ni particles and Mo,C phase. In addition, this result also
shows that a bimetallic Ni-Mo carbide phase was not formed.

The high content of Ni (10 wt. %) in a bimetallic Mo carbide supported on

mesoporous silica (NiMo,C/SBA-15) also led to the formation of ring hydrogenation

33



products (methylcyclohexane, methylcyclohexanol, methylcyclohexene) in the HDO of
m-cresol at 250 °C and 20 bar of H,. As in our case, no bimetallic Ni-Mo carbide was
formed and Ni was found in its metallic form. Although the catalyst contained 10 wt. %
of Mo,C, no toluene was produced and the C=C hydrogenation was the preferential
route [33].

These results confirm that the Mo carbide is the active phase responsible to perform
the deoxygenation of m-cresol. An almost complete selectivity to toluene was obtained
at atmospheric pressure using Mo,C as catalyst at high and low conversions of m-cresol
achieved by varying the temperature between 150 and 210 °C [34]. In fact, the high
selectivity of Mo carbides to perform the direct deoxygenation route has been observed
previously for other phenolic compounds. This pathway was dominant on the HDO of
p-cresol, when using Mo,C supported on activated charcoal [32] or over both
unsupported Mo,C and W,C catalysts in the HDO of anisole at 150 °C and atmospheric
pressure, which produced benzene as the main product [37].

The superior ability of the carbides to perform deoxygenation was also
demonstrated comparing the catalytic performance of a Mo carbide supported on
activated carbon to noble metal-based catalysts (Ru and Pd) for the HDO of guaiacol at
330 °C and 34 bar of H,. The catalytic results showed that the reaction initially proceeds
by the hydrogenation of the phenyl ring of guaiacol over Ru and Pd, while only
deoxygenated products such as phenol, 2-methylphenol and 4-methylphenol were
observed over the Mo,C catalyst, indicating that this catalyst does not tend to generate
ring saturation products. The main disadvantage of the carbide with respect to the noble

metals catalysts, however, was a lower reaction rate [43].
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Table 4. Conversion, HDO reaction rate and selectivity for the HDO of m-cresol over Mo carbides catalysts at 300 °C and 1 atm.

Selectivity (%)

Rate of f o oH OH
Catalvst Conversion HDO
y (%) (mmolg*  cH,
min) +
Mo,C 14.9 0.38 - - - - - 100.0 - -
Mo,C/SiO, 17.1 0.25 - - - - - 100.0 - -
Ni-Mo,C,/SiO; 22.7 0.32 - 4.2 - - - 95.8 - -
Cu-Mo,C,/SiO; 8.7 0.04 - - - - 100.0 - -

Ni/SiO, 17.7 0.05 0.2 32.3 1.0 7.5 20.2 0.4 7.0




Table 5. Conversion and distribution of products for the HDO of m-cresol over different catalysts from the literature at 300 °C and 1 atm.

Selectivity (%)

(o} OH
. OH oH OH
Catalyst Con\(/)ersmn Reference
(%) CH, | Ny
* L

5 % Ni/SiO, 16.2 13.0 - 333 11.1 14.2 - 28.4 - [19]

5 % Fe/SiO, 8.8 - - - - 60.2 - 39.8 - [19]

5 % Ni-5 % Fe/SiO, 137 2.2 - - - 52.6 - 453 - [19]
PY/SIO, 7.2 - - 60.2 6.5 333 - - - [20]
RU/SiO, 45 (fg_;‘)a - 7.4 - 385 - - - [20]
Pd/SBA-15 7.0 - - 62.0 - 38.0 - - - [15]
Pd/5 % Al-SBA-15 5.0 - - 5.0 - 77.0 3.0 9.0 6.0 [15]
Pd/20 % AI-SBA-15 6.0 - - - - 50.0 8.0 27.0 15.0 [15]
Pd/SiO, 8.2 - 0.0 90.3 5.9 3.8 - - - [90]
Pd/Ce0, 115 - 0.0 78.4 9.9 11.7 - - - [90]
Pd/ZrO, 14.7 - 0.4 18.4 1.2 80.0 - - - [90]
PA/TiO, 7.3 - 0.0 12.6 0.0 87.9 - - - [90]
Pd/NDb,Os 13.1 - 0.6 3.8 0.0 95.6 - - - [90]

#C,-Cs hydrocarbons
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Scheme 1. Reaction scheme for the HDO of m-cresol.

4. Conclusions

The carburization of a monometallic (M0,C/SiO,) and bimetallic Mo carbides (Ni-
Mo,C,/SiO; and Cu-Mo,C,/SiO,) under a CH4/H, mixture was investigated by in situ
XAS. The synthesis of the monometallic carbide proceeded by reduction of the calcined
precursor MoQg in the range of 300 and 400 °C, while the final carbide is formed above
500 °C.

Regarding the bimetallic carbides, the results showed that the reduction of the Cu
species (molybdates) in the Cu-Mo,C,/SiO, catalyst started at lower temperatures in
comparison with Mo species in the monometallic carbide. The produced Cu metallic
particles assisted the initial reduction of the Mo species in the Cu-promoted Mo carbide
by providing more hydrogen.

On the other hand, Ni species in the Ni-Mo,C,/SiO; catalyst were reduced at higher
temperatures than the Mo species and did not contribute to the first step of reduction.
No bimetallic NiMo or CuMo carbide phases were formed and Ni and Cu were found

only as nanoparticles in contact with the carbide phase. Finally, both metals did not
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assist the formation of the Mo carbide at higher temperatures, which occurred at the
same range of temperature as observed for the monometallic Mo,C/SiO; catalyst.

An unsupported and the SiO,-supported Mo carbides were evaluated for the HDO
of m-cresol in gas phase at 300 °C and ambient pressure. With exception of the Cu-
Mo,C,/SiO; catalyst, all Mo carbides showed similar deoxygenation activity exhibiting
high yields to toluene (> 96 %). Only a lower formation of toluene was observed for the
Mo carbide promoted with Ni, which also followed the hydrogenation route producing
methylcyclohexene due to the presence of Ni metallic particles ascertained by XAS.

The comparison of the catalytic performance of the Mo carbides with noble-metal
based catalysts in the literature under iso-conversion of m-cresol proved the high

selectivity of carbides to promote the formation of deoxygenated compounds.
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