Journal of Catalysis 286 (2012) 153-164

. : : : : =
Contents lists available at SciVerse ScienceDirect JOURNAL OF
CATALYSIS
Journal of Catalysis
journal homepage: www.elsevier.com/locate/jcat p—

Deoxygenation mechanisms on Ni-promoted MoS, bulk catalysts: A combined
experimental and theoretical study

M. Ruinart de Brimont?, C. Dupont?, A. Daudin®*, C. Geantet®, P. Raybaud?

2IFP Energies nouvelles, Rond point de I'échangeur de Solaize, BP3, 69360 Solaize, France
P [RCELYON, UMR 5256 CNRS - Université Lyon1, 2 avenue Albert Einstein, 69626 Villeurbanne cedex, France

ARTICLE INFO ABSTRACT

Article history:

Received 5 July 2011

Revised 12 October 2011

Accepted 23 October 2011
Available online 12 December 2011

Through a combined experimental and density functional study, we investigate the deoxygenation of
ethyl heptanoate catalyzed by three relevant unsupported (bulk) transition metal sulfide catalysts:
MoS,, NisS, and Ni-promoted MoS, (with various Ni/Mo ratio). Two pathways compete for this reaction:
hydrodeoxygenation (HDO) and decarboxylation/decarbonylation (DCO). It is shown experimentally that
the presence of Ni either in the NiMoS mixed phase or in the Ni monosulfide phase may change the selec-
tivity between the HDO and DCO pathway. To understand the origin of this selectivity, we study the

ﬁ%":gggxygenaﬁon deoxygenation pathways of two relevant intermediates: carboxylic acid and aldehyde. In particular,
Decarbonylation DFT calculations highlight that the aldehyde decarbonylation occurs via its dehydrogenation into the
Ester alkanoyl and/or ketene intermediates on the NisS; (111) surface. These pathways are found to be more
Aldehyde favorable on Nis3S, than on MoS,-based catalysts. This trend is explained by the presence of Nis triangular
NiMoS facets on Ni3S, (111) enhancing the formation of the unsaturated alkanoyl and/or ketene intermediates as
MoS; well as the CO product. We finally propose a detailed analysis of the promoting effect of Ni on MoS,, when
NisS, present in the NiMoS structure.

Mechanism

Density functional theory

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Due to global warming and air pollution, the Kyoto protocol in
1997 prompts the European Union (EU) to make a commitment to
reduce the emissions of greenhouse gases by 5.2% over 2008-2012
period (with respect to the levels observed in 1990). In addition,
the necessity of a stronger energetic independence of petroleum
resources encourages the EU to impose on the petroleum industry
to incorporate biofuels with an energetic yield of 10% in 2020
(Directive 2009/30/CE L140/88).

Biodiesel is usually obtained by transesterification of vegetable
oils (like fatty acid methyl ester) and is blended with diesel fuel. An
interesting alternative to produce renewable diesel is the hydro-
treatment (including hydrodeoxygenation) of vegetable oils
leading to fully deoxygenated paraffinic diesel with excellent com-
bustion properties. Many works have reported the feasibility of
this type of process since more than 30 years [1-5]. Transition me-
tal sulfide catalysts such as MoS, phase promoted by Co (CoMoS)
or Ni (NiMoS) supported on y-Al,03 are known to be active for
the deoxygenation reaction [5], and numerous experimental works
have investigated the reactivity of aliphatic compounds (esters,
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carboxylic acids, real vegetable oils) over supported transition
metal sulfide (TMS) catalysts [6-16]. It is well accepted that the
conversion of vegetable oils (or triglycerides) follows a reaction
scheme involving two deoxygenation routes [14]. The first one is
the hydrodeoxygenation pathway (labeled as HDO in what follows)
preserving the number of carbon atoms of the ester aliphatic chain
and leading to water formation. The second one is made of the
decarboxylation/decarbonylation pathways (labeled as DCO) lead-
ing to hydrocarbons with one carbon atom removed from the ori-
ginal alkyl chain and to carbon oxides (CO, CO,). Senol et al. have
studied the deoxygenation of methyl heptanoate, n-heptanoic acid
and 1-heptanol over sulfided NiMoS and CoMoS/y-Al,03 catalysts
[9]. They proposed a reaction scheme for the conversion of methyl
heptanoate involving heptanoic acid as a primary product followed
by the formation of heptanal. Without direct evidence, they sug-
gest that heptanal could be the oxygenated intermediate leading
selectively to the HDO or DCO pathway. However, the decarbony-
lation mechanism of heptanal (if there is) remains to be investi-
gated. These authors have also shown that the HDO route will
conduct to alkanes and alkenes through the deoxygenation of alco-
hol obtained from heptanal.

According to recent experimental works on the deoxygenation
of rapeseed oils, Kubi¢ka and KaluZa showed that the nature of
the supported TMS phase modifies the selectivity of the deoxygen-
ation pathways [14]. On the one hand, the NiS, active phase
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supported on y-Al,03 yields only products resulting from the DCO
pathway. On the other hand, MoS, supported on y-Al,03 yields
mostly hydrocarbons produced by the HDO pathway. In the
presence of the Ni-promoted MoS, phase supported on Al,Os,
hydrocarbons are produced from the two reaction pathways.
Kubicka and Kaluza [14] also studied the effect of Ni/(Ni+ Mo)
atomic ratio in the range 0.2-0.4 and concluded that this atomic
ratio does not play any significant role neither on the activity nor
on the selectivity.

However, although these experimental observations are rather
interesting, no rational interpretation based on the molecular
scale’s study of the mechanisms has been proposed to explain
the sensitivity of the reaction pathways with respect to the TMS
phases. In addition, deoxygenation reactions are known to be
highly sensitive to the support effects. For example, in the case of
guaiacol conversion, Bui et al. pointed out that the use of various
supports for CoMoS catalyst induces the formation of heavy
compound (involving acido-basic properties of the support) and
influences directly the conversion and deoxygenation of guaiacol
[17,18]. More precisely, oxygenated compounds such as 2-ethyl-
phenol in presence of y-alumina under HDT conditions lead to
disproportionation products and isomerization products as dem-
onstrated recently by Romero et al. [19]. Hence, if we want to avoid
any unwished effects induced by the support, it is of interest to
investigate the catalytic behaviors of relevant unsupported TMS.
To our knowledge, such a fundamental study has never been
undertaken.

Thanks to significant advances in density functional theory
(DFT) calculations applied to the atomic scale’s description of
the Co(Ni)MoS active phases [20-22], it became possible to inves-
tigate the hydrodeoxygenation mechanism of aldehyde on the M-
edge of NiMoS and MoS, phases [23]. In particular, the promoting
role of Ni on the MoS, phases was highlighted for both the C=0
hydrogenation and the C—OH bond breaking steps. It was ex-
plained by the key role of the Ni—Mo mixed site catalyzing the
nucleophilic substitution mechanism between the alcohol and
the Mo—SH group. However, further experimental and theoretical
investigations are still needed for a better understanding of the
rather complex deoxygenation mechanisms and particularly the
decarbonylation route.

By combining well-defined experiments and density func-
tional theory (DFT) calculations, the present work proposes a
kinetic and molecular scale’s study of the deoxygenation mecha-
nisms of relevant oxygenated molecules (ester, carboxylic acid
and aldehyde) so as to provide rational guides to identify the
optimal catalytic systems for the hydrotreating of renewable
feedstocks. We firstly investigate the deoxygenation reaction of
ethyl heptanoate over three relevant unsupported transition me-
tal sulfide catalytic phases: MoS,, Ni3S, and Ni-promoted MoS,
(with different Ni/Mo atomic ratios). Bulk TMS active phases
are synthesized, characterized and tested in order to avoid any
support effects and to determine the intrinsic properties of these
TMS phases. Ethyl heptanoate is used as model molecule for tri-
glycerides contained in vegetable oils. Indeed, this molecule is
representative of the ester function and of the alkyl chain of tri-
glycerides. Then, for an improved understanding of the reaction
mechanism, we focus on the deoxygenation reaction of heptanoic
acid and heptanal over the same sulfide catalysts using the same
reaction conditions. The effect of Ni/Mo molar ratios is carefully
studied on both reactants. DFT calculations are simultaneously
used to investigate the HDO and DCO pathways at a molecular
level on the NiMoS and NisS, (111) surface to identify the
hydrodeoxygenation and decarbonylation pathways. Finally,
combining both the experimental data and the DFT results, we
propose new insights to explain the origin of the HDO and
DCO pathways.

2. Experimental and theoretical methods
2.1. Catalysts preparation

Molybdenum disulfide was prepared by the thermal decomposi-
tion of ammonium thiomolybdate [24,25]. First of all, the ammo-
nium tetrathiomolybdate precursor (NH4);MoS; (ATM) was
synthesized from ammonium heptamolybdate (8 g in 40 cc of dis-
tilled water) and ammonium sulfide in water solution (40-48 wt%)
at 333 Kduring one hour (for the list of chemicals see Table S1 in sup-
plementary information). Then, the red solution freshly obtained
was placed iniced water during three hours to form ATM red crystals.
These crystals are then washed with isopropanol and dried under
nitrogen flow at room temperature. Finally, molybdenum disulfide
was obtained after sulfidation at 673 K (heating rate of 3.3 K/min)
during four hours under H,/H,S (15 mol%) flow (1.8 Lh'.g™!).

Ni-promoted MoS, catalysts (NiMoS) were prepared from ATM
[26]. Nickel nitrate was diluted in acetone, and then the solution
was dropped on ATM. Acetone was removed by stirring at room
temperature. A black solid was obtained and sulfided at 673 K (heat-
ing rate of 3.3 K/min) during four hours under H,/H,S (15 mol%)
flow (1.8 L/h/g). NiMoS catalysts were synthesized with Ni/Mo mo-
lar ratios (x) equal to 0.1, 0.2 and 0.43 and labeled as NiMoS(x).

NisS; catalytic phase was prepared by a low temperature meth-
od [27] from an aqueous solution containing sodium disulfide
(Na,S) added dropwise to an aqueous solution of nickel nitrate.
Molar ratio S/metal was equal to 1.2. The mixture was stirred dur-
ing two hours at room temperature. Then, the black powder pre-
cipitate was washed with distilled water, dried under nitrogen
and sulfided at 573 K (heating rate of 3.3 K/min) during four hours
under a H,/H,S (15 mol%) flow. A second thermal treatment under
hydrogen with the same temperature and time conditions was
necessary to obtain the NisS; phase.

2.2. Characterization methods

Fresh sulfided phases were characterized before catalytic tests
by X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD) using the Panalytical X'Pert Pro instrument, transmission
electron microscopy (TEM) using the FEI Tecnai FEG instrument,
and elemental analysis (using the FLASH 2000-CHNS technique)
to identify the exact nature of the catalytic phases. After catalytic
tests, the catalysts were also characterized by XRD and elemental
analysis (X-ray fluorescence, XRF and combustion CHNS) to verify
that no significant structural modification has occurred. The spe-
cific surface areas (using the Micromeritics ASAP 2420 instrument)
were also evaluated before and after catalytic tests.

The XPS experiments were carried out with a ESCA KRATOS Axis
Ultra spectrometer equipped with a Al monochromator source
(hv=1486.6 eV). The surface of analysis was 700 x 300 pm. The
excitation power was 15kV « 10 mA and the fixed pass energy
was 40 eV. The samples were prepared under argon to avoid the
formation of sulfate. Binding energies (BE) of the various elements
have been referenced to the Cls level of the contamination carbon
at 284.6 eV [28]. The elemental surface composition of the catalytic
phases and the atomic ratio of sulfur/metal (S/Me) were deter-
mined from the intensity of the metal and sulfur peaks (with a rel-
ative uncertainty of 20%). Moreover, a quantitative XPS analysis of
the different phases in presence (mixed sulfides, monosulfides, or
oxides) was done according to the methodology detailed in previ-
ous works [29-31].

2.3. Reaction conditions

Ethyl heptanoate was first used as a model molecule to explore
the conversion of triglycerides contained in vegetable oils. Before
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each test, to ensure a complete sulfidation of the active phase, the
catalyst was resulfided in situ in H,/H,S (15 mol%) flow during four
hours at 673 K (heating rate was 3.3 K/min) at atmospheric pres-
sure. Then, the catalytic test was carried out in a fixed-bed reactor
in gas phase at 523 K under a total pressure of 1.5 MPa. The molar
ratio Hp/feed was 350 NI/l, which corresponds to a hydrogen par-
tial pressure of 1.44 MPa in the reactor (see Table S2 in supplemen-
tary information). The model feed was composed of 6 wt%
(3.4 x 1073 MPa) of ethyl heptanoate in 5 x 1072 MPa of dodecane.
In addition, we investigated the conversion of heptanal (and
heptanoic acid), using similar reaction conditions: T=523 K, with
a total pressure of 1.5 MPa and a partial pressure of heptanal of
4.8 x 107> MPa (6 wt%). Dimethyldisulfide (10~* MPa) was also
added to maintain the sulfidation state of the catalyst (correspond-
ing to 500 ppm wt S in the liquid feed). The product distribution for
several conversion rates was obtained by varying the contact time
(see Table S3 in supplementary information). The catalytic activity
was measured after stabilization of the catalyst (the time on
stream for each contact time is around 15 h). In our conditions,
no significant deactivation of the various catalysts was noticed.

2.4. Chromatographic analysis and activity measurements

The reaction products were analyzed online in gas phase using
an Agilent 6890 chromatograph equipped with a PONA capillary
column (length 50 m, i.d. 0.2 mm, film thickness 0.5 pm) and a
flame ionization detector. Temperature starts from 308 K to
453 K (5 K/min) with a stage of thirty minutes at final temperature.
Products’ identification was performed by GC-MS coupling (GC-
MS Quad). In order to quantify the products, the external calibra-
tion of the chromatograph was carried out with well-quantified
solutions of each reactant and products.

The conversion, the deoxygenation products yield and the selec-
tivity of each product were determined by the following Egs. (1)-
(3). All conversions were measured after catalyst stabilization (the
time on stream for each contact time is around 15 h, and no signif-
icant deactivation of the various catalysts was noticed).

L >om
oy —
Conversion yield (%) = S, x 100 (1)
Deoxygenation products yield (%) = % x 100 (2)
.. m;
Selectivity yogyei (%) = Sm x 100 (3)

where m; is the molar percentage of the product i, m, is the molar
percentage of the reactant (ethyl heptanoate or heptanal) and mg;
is the molar percentage of the deoxygenated product j.

Reaction rates were calculated assuming a first-order reaction
with plug-flow reactor model. Specific deoxygenation rates, called
r; (molg~'h™'), were calculated for the monometallic phases
(MoS,, Ni3S;) using the following equation:

F 100
rs=qIn <100—x> “)
where X is the molar percentage of deoxygenated product (mol%)

measured for similar conversion level (close to 20 mol%), F is the
molar flow of products (mol/h) and m is the mass of catalyst (g).

2.5. Theoretical methods

Periodic density functional theory calculations were performed
using the VASP code [32,33]. General gradient approximation with
PW91 [34,35] for the exchange correlation functional and the

projector augmented wave (PAW) [36] are used. The cutoff energy
for the plane-wave basis was fixed to 500 eV, and the Brillouin
zone integration was performed on a (3 x 3 x 1) Monkhorst-Pack
k-point mesh. The geometry optimization was completed when
forces became smaller to the threshold of 0.03 eV A1,

Periodic supercells of the NiMoS system were modeled accord-
ing to our previous study [37] by considering the chemical poten-
tial of sulfur in the gas phase as used in experiments (T = 523 K and
p(H,S)/p(Hy) ~ 0.01). In brief, four molybdenum sub-surface layers
covered by one mixed Ni—Mo metallic row were considered, with
a 50% promotion rate and a 12.5% sulfur coverage (Fig. 1a and b).
Hence, each supercell contains one sulfur atom and four metallic
(2 Ni plus 2 Mo) atoms, which corresponds to the thermodynamic
equilibrium as defined in [37]. All further technical details about
the model used are reported in [37]. Concerning the nickel mono-
sulfide model, we consider the (111) surface of NisS, which as
been shown to be the predominant one under sulfo-reductive envi-
ronment [38]. Moreover, according to the relatively low chemical
potential of sulfur imposed by the experimental conditions, we as-
sumed the presence of one S-vacancy on the (111) surface which
thus exposes Nis triangular facets surrounded by sulfur atoms. A
five-layer slab with the NisS, stoichiometry was considered, as
represented in Fig. 1c and d. The two lowest planes were frozen
in a bulk-like geometry, while the three uppermost layers are al-
lowed to relax. The following parameters, x=y=11.52 and
z=25.64 A, were used for the supercell, represented in Fig. 1c
and d.

For adsorption, only the lowest coverage, corresponding to one
oxygenated molecule coadsorbed with one hydrogen molecule
(for the hydrogenation steps), was studied. Besides, for sake of
calculations size, derivatives of propanoate have been considered,
instead of heptanoate as performed experimentally. Nevertheless,
although it may slightly influence the absolute values, it will not
modify the relative trends found for the hydrogenation and dehy-
drogenation steps of the —CH,—CH=0 group as a function of the
active phase.

3. Results and discussion
3.1. Characterization

The physico-chemical properties of the unsupported catalysts
before and after reaction determined by XRD, XPS, XRF and specific
surface area are reported in Table 1. Characterizations by XRD and
XPS before reaction show that expected phases were obtained. For
nickel sulfide, a mixture of NisS, and NiS (<5%) was observed. The
minor presence of NiO detected by XPS (but not by XRD) indicates
a slight contamination of the surface of NiMoS (0.2), NiMoS (0.43)
and NisS; catalysts due to re-oxidation. To prevent its formation,
catalysts were re-sulfided in situ before each catalytic test (see
Section 2.1). S/metal (Ni or Mo) molar ratios were obtained by bulk
elemental analysis (from XRF and CHNS) and XPS. These ratios are
consistent with the crystallographic data obtained by XRD. NiMoS
catalysts are composed of three different catalytic phases: NiMoS,
MoS, and nickel monometallic phases. Table 2 shows the weight
composition of the NiMoS catalysts (derived from XPS analysis).
The amount of NiMoS phase is relatively high in each mixed phase
but depends on Ni/Mo atomic ratio (comprised between 42 at.%
and 76 at.%). At the same time, the part of the nickel monometallic
phase increases with the Ni/Mo molar ratio.

MoS, has the highest specific surface area (54 m?/g), whereas
nickel sulfide exhibits the lowest one (5 m?/g). Adding nickel to
MoS, phase implies a decrease in the specific surface area of NiMoS
mixed catalyst with respect to pure MoS,. We also point out that
the specific surface area varies for each NiMoS catalyst: it
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Fig. 1. Slab models used for the DFT simulation: (a) top view, (b) side view of the M-edge of the NiMoS phase; (c) top view, and (d) side view of the Ni3S, (11 1) surface. Color
legend: blue sticks: nickel, green sticks: molybdenum, yellow sticks: sulfur. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Table 1

Physico-chemical properties of the unsupported sulfide catalysts before and after the transformation of ethyl heptanoate.

Before reaction

After reaction

Phases Identified phases  Attributed phases by XPS ~S/Me atom S/Me atom Specific surface Identified phases C (wt%) Specific surface
by XRD (Me=Mo or Ni) (Me=Mo or Ni) area (m?/g) by XRD area (m?/g)
by XPS by XRF
MoS; MoS, MoS, 2.0 1.6 54 MoS, 2.2 11
NiMoS (0.1)  MoS;, NiMoS, NiS, MoS, 2.1 2.2 13 MoS, 6.3 9
NiMoS (0.20) MoS, NiMoS, NiS, NiO, MoS; 2.1 1.9 7 MoS; 7.1 3
NiMoS (0.43) MoS,, NiS NiMoS, NiS, NiO, MoS; 2.0 2.4 29 MoS;, Ni3S, 43 13
Ni5S, NisS,, NiS Ni5S,, NiS, NiO, NiOS 0.6 0.6 5 Ni3S, 1.1

Table 2
Evolution of the content of nickel engaged in mixed phase and in monometallic
sulfide phase over NiMoS catalysts (atomic% obtained from XPS characterization).

NiMoS catalysts Ni(nimos) (atomic%) Ninisx) (atomic%)

NiMoS (0.1) 13 0.4
NiMos (0.2) 3.1 1.4
NiMosS (0.43) 3.3 46

fluctuates between 7 m?/g and 29 m?/g depending on the Ni/Mo
ratio. This textural evolution between MoS, and NiMoS catalysts
is attributed to the presence of segregated Ni monosulfide as de-
tected by XPS.

All catalysts were also characterized after deoxygenation of
ethyl heptanoate by XRD and elemental analysis (Table 1) to dem-
onstrate the stability of catalytic phases. Indeed, no structural mod-
ification is noted except the partial reduction of NiS into NisS;
phase. The carbon content is relatively low (1.1-2.2 wt%) for mono-

metallic catalyst, whereas NiMoS bimetallic phases had a higher
carbon content (4.3-7.1 wt%). Specific surface area after reaction
is lower than before test. The most important decrease is observed
for the specific surface area of MoS, (11 m?/g after reaction).

3.2. Reactivity of ethyl heptanoate

The conversion of ethyl heptanoate leads to the formation of
deoxygenated and oxygenated compounds. The product distribu-
tions at various conversion rates were obtained by varying the
contact time for the different catalysts. The results are reported
in Figs. 2, 3 and 4. The variation of conversion as a function of
contact time is also reported for the three catalysts in Fig. S5 in
supplementary information (see also Section 3.4). At low con-
version, ethyl heptanoate is systematically converted into oxygen-
ated products: heptanoic acid, heptanol, heptanal and heptyl
heptanoate. Heptanoic acid is the predominant oxygenated com-
pound at low conversion for all catalysts which reveals the
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Fig. 2. Variation of the product selectivity (mol%) of the ethyl heptanoate
deoxygenation as a function of conversion (mol%) on the MoS, phase: (a) main
products, (b) minor products. (T=523 K, P=1.5 MPa, Hy/feed = 350 NI/I). Legend:
(®) heptanoic acid, (M) heptane, ((J) heptenes; (a) heptanol, (A) heptanal, (O)
heptyl heptanoate, (#) hexane.

refractory character of this oxygenated compound over all TMS and
particularly over Ni monosulfide. Heptanal is detected over all cat-
alysts even if it is not quantifiable on mixed phases. Heptyl hept-
anoate is observed in a non-negligible amount on most MoS,-
based catalyst but is not quantifiable on NisS,. The formation of
this product points out the possible acido-basic character of
MoS,-based catalysts.

At higher conversion, these products are deoxygenated and lead
to hydrocarbons as final products. The deoxygenated products are
composed of aliphatic hydrocarbons, mainly alkenes (heptenes C;
and hexenes Cg) and alkanes (heptane C; and hexane Cg). The
formation of the C; and Cg-hydrocarbons suggests that two
deoxygenation routes are taking place. The HDO pathway leads
to C;-hydrocarbons with the simultaneous release of water. The
decarbonylation/decarboxylation pathways leading to Cs-hydro-
carbons with the simultaneous formation of carbon oxides (CO
and CO, not analyzed in the present work).

Table 3 summarizes the product distribution at a conversion
around 20% for MoS,, NiMoS and NisS, catalysts. Oxygenated com-
pounds are the most important products family over all the cata-
lysts. The quantity of oxygenated compounds is close to 88 mol%
over NisS, catalyst but only 39.4 mol% over NiMoS (0.43). At this
conversion, heptanoic acid appears again as the main product over
all the catalytic phases, whereas heptanal is the minor one. Hep-
tane is the main deoxygenated product over MoS,, NiMoS (0.1)
and NiMoS (0.2), while hexane and hexenes are the most impor-
tant deoxygenated products over NiMoS (0.43) and NisS,, respec-
tively. The alkenes/(alkanes + alkenes) ratio is the highest one for
the Ni3S,; phase meaning that this phase is less hydrogenating than
the other phases studied. On the contrary, the most hydrogenating
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Fig. 3. Variation of the product selectivity (mol%) of the ethyl heptanoate
deoxygenation as a function of conversion (mol%) on the NisS, phase: (a) main
products, (b) minor products. (T =523 K, P= 1.5 MPa, H,/feed = 350 NI/1). Legend:
(®) heptanoic acid, (M) heptane, (O) heptenes, (a) heptanol, (A) heptanal, (O)
heptyl heptanoate, (#) hexane, (<) hexenes.

phase is NiMoS (0.43) with an alkenes/(alkanes + alkenes) ratio
equals to 0.25. These observations are coherent with previous re-
sults on alkene hydrogenation over TMS catalysts in similar reac-
tion conditions [39]. The various products obtained are
consistent with the previous works by Senol et al. [9,10] over sup-
ported sulfide catalysts. According to these works, carboxylic acid
was identified as a primary product on CoMoS/y-Al,0s.

As a complementary analysis, we investigated the product dis-
tribution for the heptanoic acid deoxygenation reaction on NiMoS
(0.43), Ni3S, and MoS, catalysts. As reported in Table S4, we ob-
serve that on the three catalysts, the product distribution and
HDO/DCO selectivity follow the same trend as for the ester deoxy-
genation reactions (Table 3). Moreover, starting from heptanoic
acid as a reactant, we clearly observe the formation of aldehyde.
We thus confirm that carboxylic acid is a primary product, for
the conversion of ester, leading to the aldehyde intermediate on
the unsupported TMS phases, as proposed by Senol et al. for Co-
MoS/y-Al,03 [9,10].

3.3. Effect of the TMS phase on the HDO/DCO selectivity

For the NiMoS catalysts, the two main routes for the deoxygen-
ation reaction, i.e. HDO and DCO, have been observed in previous
studies on supported TMS catalysts [9,14]. We thus confirm this re-
sult on bulk TMS. It becomes now interesting to propose a more
quantitative analysis of the role of Ni promoter on the HDO/DCO
selectivity since the Ni-promoted MoS, phase contains not only
the wished NiMoS mixed phase but also the Ni monometallic sul-
fided phase, as indicated by the XPS analysis (Table 2). From our
catalytic data, the HDO/DCO selectivity is followed by the relative
C; and Cg-hydrocarbon yields. Table 3 reports the (Cg+Cg)/
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heptenes, (a) heptanol, (O) heptyl heptanoate, (¢) hexane, (&) hexenes.

(C; + C7) molar ratio as a function of the sulfide phases for similar
conversions. On MoS,, the deoxygenation of ethyl heptanoate leads
mostly to C;-hydrocarbons. Thus, the HDO pathway is predomi-
nant on the non-promoted MoS, phase as observed by Kubicka
and KaluzZa [14] and Daudin and Chapus [40] in the case of -
Al,03-supported MoS,. By contrast, on the nickel monosulfide cat-
alyst, Cg-hydrocarbons are the most abundant among the deoxy-
genated products, which reveals that the DCO pathway is
predominant on this phase.

On the NiMoS mixed phases, a non-negligible amount of Cs-
hydrocarbons is observed even though it is significantly lower than
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Fig. 5. HDO and DCO selectivity (expressed in mol% at a conversion close to
20 mol%) as a function of the TMS phases: MoS,, Ni3S, and NiMoS for various Ni/Mo
molar ratios. Color legend: blue: HDO (mol%), purple: DCO (mol%). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

on nickel monosulfide. Both HDO and DCO pathways take place
during the deoxygenation of ethyl heptanoate. In addition, as illus-
trated in Table 3, the (Cg + Cg )/(C; + C7) molar ratio increases as the
Ni content increases. This evolution of the product selectivity for
the HDO and DCO pathways on MoS,, Ni3S; and NiMoS as a func-
tion of the Ni/Mo ratio is clearly highlighted in Fig. 5. Without
more accurate analysis, we suspect that the presence of Ni either
in the monosulfide phase or in the NiMoS phase affects the path-
ways for the ester deoxygenation reaction. In what follows, we at-
tempt to identify the origin of this trend.

3.4. Heptanal hydrodeoxygenation mechanisms

As previously mentioned, the results on the deoxygenation
reaction of heptanoic acid reveal similar trends as for the ester
conversion. In particular, the presence of heptanal is clearly
observed during the acid deoxygenation (Table S4) and is consid-
ered as a critical reaction intermediate. Hence, for a better under-
standing of the deoxygenation mechanisms, we now focus on the
reactivity of heptanal on the same unsupported catalytic phases:
MoS,, Ni3S, and the NiMoS series. Fig. 6 represents the variation
of the products selectivity as a function of heptanal conversion.
Fig. S6 in supplementary information also reports the evolution
of heptanal conversion as a function of contact time. The conver-
sion of heptanal leads to formation of oxygenated and deoxygen-
ated compounds. On the MoS,-based catalysts, heptanol is the

Table 3
Conversion and product distribution of the ethyl heptanoate reaction (T =523 K, P= 1.5 MPa, H,/feed = 350 NI/I).
Phases MoS, NiMosS (0.1) NiMosS (0.2) NiMosS (0.43) NisS;
Conversion (mol%) 19.9 209 16.0 21.7 22.8
Products families selectivity (mol%) HDO 47.6 38.7 28.3 219 2.7
DCO 1.0 54 14.3 38.7 9.1
Intermediary oxygenated products 51.4 55.9 57.3 394 88.2
Products selectivity (mol%) Hexane 1.0 1.6 8.9 279 1.7
Hexenes Traces 3.8 5.3 9.4 7.3
Heptane 29.5 19.9 20.6 15.9 0.2
Heptenes 18.1 19.0 7.5 5.2 2.4
Heptanol 7.6 15.5 10.1 23 0.2
Heptanal 1.0 1.2 Traces Traces 0.9
Heptanoic acid 37.0 279 40.1 334 85.1
Heptyl heptanoate 5.7 11.6 6.8 2.2 Traces
Alkenes/(alkanes + alkenes) 0.37 0.51 0.30 0.25 0.84
(Ce+C5)I(C7+Cg) 0.02 0.14 0.51 1.77 3.38
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Fig. 6. Variation of the product selectivity (mol%) of heptanal deoxygenation as a
function of conversion (mol%) on (a) MoS,, (b) NisS,, ¢) NiMoS (Ni/Mo molar
ratio=0.2). (T=523K, P=1.5 MPa, H,/feed =350 NI/I). Legend: (M) heptane, (O)
heptenes, (a) heptanol, (¢) hexane, (&) hexenes.

predominant product while heptenes are predominant on NisS,.
Table 4 shows the product distribution obtained at a conversion
close to 20 mol%. HDO products (heptane and heptenes) are thus
the most predominant products on all the catalysts excepted on
NiMoS (0.2) mixed phase. On NiMoS (0.2), oxygenated products
are the most prevailing compounds (63.4 mol%). On MoS,, C;
and C; are predominant (nearly 97%) among the deoxygenated
products as for the ethyl heptanoate conversion. On NiMoS cata-
lysts, HDO products are even more predominant than for the
ethyl heptanoate deoxygenation (Tables 3 and 4). This means that
the heptanal hydrogenation is not rate determining and is signif-
icantly more favored than the decarbonylation pathways when
heptanal is the starting reactant (in the absence of any other reac-
tants or oxygenate intermediates). This observation is fully con-
sistent with recent DFT calculations showing that either on
MoS,; or on NiMoS, the activation barriers for the aldehyde hydro-
genation are smaller than the C—0 bond breaking, which is the
rate-limiting step for the heptanal deoxygenation reaction [23].
This explains why heptanal is first rapidly hydrogenated into
heptanol, observed as the predominant product. More surpris-
ingly, although DCO products are observed on NisS,, HDO prod-
ucts are predominant on NisS, catalyst (table 4), whereas they
were minor products of ethyl heptanoate deoxygenation on
NisS,. As for the MoS, and NiMoS catalysts, this trend is ex-
plained by the rapid intrinsic hydrogenation of aldehyde on
NisS, catalyst when starting from the aldehyde molecule as a un-
ique reactant.

In order to compare more closely the hydrogenation steps of
aldehyde into alcohol for the NiMoS and NisS, phases, we have
calculated the reaction and activation energies for the two
monohydrogenation steps of propanal into propanol by DFT.
For that purpose, we have considered relevant active sites lo-
cated on the Ni-promoted M-edge of NiMoS in a similar way
as in [23] Simultaneously, we consider the active sites located
on the Ni3S, (111) surface as represented in Fig. 1c and d. The
values reported in Fig. 7 show that on the Ni3S, (111) surface,
the thermodynamic balance remains exothermic for the two
hydrogen transfers from two surface Ni—SH groups to the alde-
hyde molecule. On NiMoS, the reaction pathway involves both
Ni—H and Mo—SH groups and the thermodynamic balance is sig-
nificantly more exothermic than on NisS,. Besides, activation en-
ergy barriers for C—H and O—H formation are very low on
NiMoS (=17 k] mol~!) [23], while the lowest value evaluated
for Ni3S, is 30 k] mol~! for O—H formation, and C—H formation
presents activation energy barriers higher than 50 k] mol~!. This
comparative thermodynamic and kinetic analysis explains the
experimental observations revealing that the HDO activity is
lower on NisS; than on NiMoS, although it remains possible on
Ni3S,.

Table 4
Conversion and product distribution of the heptanal deoxygenation at a conversion close to 20 mol% (T =523 K, P = 1.5 MPa, Hy/feed = 350 NI/1).
Phases MoS; NiMosS (0.1) NiMosS (0.2) NiMoS (0.43) Ni3S;
Conversion (mol%) 219 19.6 22.6 34.8 25.2
Products families selectivity (mol%) HDO 59.6 53.2 34.0 51.0 62.9
DCO 1.8 1.7 2.6 3.7 7.8
Intermediary oxygenated products 38.6 45.0 63.4 453 293
Products selectivity (mol%) Hexane 1.7 1.7 1.9 2.6 1.9
Hexenes Traces Traces 0.7 1.1 5.8
Heptane 39.5 229 9.2 18.7 33
Heptenes 17.5 30.2 249 323 59.5
Heptanol 36.9 44.9 63.3 453 293
Alkenes/(alkanes + alkenes) 0.30 0.55 0.70 0.61 0.93
(Ce+C5)I(C7+C7) 0.03 0.03 0.08 0.07 0.12
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Fig. 7. The two subsequent monohydrogenation steps of aldehyde leading to alcohol (via alkoxy intermediate) and the corresponding DFT reaction energies (in k] mol~!) on
(a) the Ni3S; (111) surface and (b) the M-edge of NiMoS. As for reference [23], the simulated molecules are C3 oxygenates.

3.5. Analysis of the promoting effect of Ni

Focusing first on the activation of the C=0 bond as a function of
Ni content, we investigate whether a promoting effect of nickel
may exist for such reactions. First, we studied the reactivity of hep-
tanal as a model molecule. The quantitative determination of the
weight distribution of the different sulfided phases synthesized
in the NiMosS series (Table 2) enables the evaluation of the intrinsic
activities of the mixed phases normalized either by gram or by ex-
posed surface area (evaluated after reaction) as reported in Fig. 8
(and Table S7 in Supplementary information). The comparison of
the deoxygenation and HDO rates for the heptanal conversion
shows that NiMoS mixed catalysts are the most active, with
increasing rates for increasing Ni/Mo molar ratios. In addition, Ni-
MoS (0.43) exhibits deoxygenation and HDO activities increased by
a factor of 5-10 with respect to the MoS, and NisS, monosulfides.
These results highlight the promoting effect of Ni on the MoS,
phase for the heptanal reaction. This can be also interpreted as a
manifestation of the “synergy effect” induced by the formation of
the NiMoS phase, as observed in hydrodesulfurization and hydro-
genation reactions [41-43]. This promoting effect is also explained
by considering our recent DFT calculations [23], where it was
shown that the Ni promoter present at the edge of the MoS, crys-
tallite induces a lowering of the activation energies with respect to
non-promoted MoS; for both the C=0 hydrogenation and C—OH
bond breaking steps. Moreover, the DFT calculations undertaken
on the Ni3S, (111) surface for the present work and discussed in
the previous paragraph show that the heptanal hydrogenation is
thermodynamically and kinetically less favored on NisS, than on
NiMoS which also justifies the higher activity measured on NiMoS.

250+

EDCO

200 THDO

150+

100+

50+

r(105 mol.g'.h")

MoS, NiMoS NiMoS NiMoS Ni,S,
(0.1) (0.2) (0.43)

Fig. 8. Decarbonylation (DCO) and hydrodeoxygenation (HDO) rates (in
mol g~'h™!) for the heptanal deoxygenation reaction (normalized per gram of
catalyst) as a function of the catalysts.

This analysis unambiguously elucidates the promoting effect of Ni
on the MoS, phase for the heptanal deoxygenation, when present
in the NiMoS structure.

Regarding the ester deoxygenation reaction, the interpretation
of the observed trend is more complex due to the competition be-
tween the DCO and HDO pathways on NiMoS catalysts, on the one
hand, and due to the presence of large amounts of the carboxylic
acid by-products, on the other hand. For the low or medium level
of conversion investigated here, the promoting effect of Ni is thus
not straightforward. Considering first the HDO pathway, MoS, also
exhibits the highest specific HDO rate of all catalysts, as reported in
Table 5. Hence, the measured catalytic rates seem to highlight the
absence of promoting effect of Ni for the ethyl heptanoate HDO.
This trend significantly differs from the one observed for the hep-
tanal HDO and may result from the presence of other by-products
such as carboxylic acid which affects the intrinsic HDO of ethyl
heptanoate. Since the HDO reaction rates are evaluated in the pres-
ent work at low or medium conversion, heptanoic acid remains the
most important product (Figs. 2-4).

This result can also be analyzed by considering the overall reac-
tion rate as reported in Table 6. Heptanal is about 3-3.5 times more
active than ester on the NiMoS and NisS, catalyst. By contrast,

Table 5
Specific deoxygenation, HDO and DCO rates for the various unsupported catalysts for
ethyl heptanoate conversion.

Catalyst r (deoxygenation) r (HDO) r (DCO)
(10°molg'h™!) (10°molg'h™!) (10°molg'h™)

MoS, 379 37.0 0.9

NiMosS (0.1) 18.1 15.8 23

NiMoS (0.20) 18.8 123 6.5

NiMoS (0.43) 75.3 26 49.3

Ni3S; 2.0 0.5 1.5

Table 6

Consumption rate of heptanoic acid, ethyl heptanoate and heptanal over NiMoS
(0.43), Ni3S; and MoS; (T=523 K, P = 1.5 MPa, H,/feed = 350 NI/I, 6 wt% of oxygenate
compound).

Catalysts Feed Specific activity Relative specific
(10°molg 'h™')  activity
NiMosS (0.43) Heptanoic acid 47 1
Ethyl heptanoate 124 2.6
Heptanal 436 9.3
NisS, Heptanoic acid 5 1
Ethyl heptanoate 18 3.6
Heptanal 57 114
MoS, Heptanoic acid 32 1
Ethyl heptanoate 77 24
Heptanal 180 5.6
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Fig. 9. Decarbonylation/decarboxylation (DCO) rates for the ester deoxygenation
reaction (normalized per gram of catalyst) as a function of Niyisy content
(determined by XPS analysis).

heptanoic acid is about 3 times less active than ester. This implies
that the carboxylic acid deoxygenation, and more precisely its
hydrogenolysis into heptanal, is the rate-determining step and af-
fects the promoting effect of Ni. Moreover, according to previous
DFT calculations [23], carboxylic acid exhibits competitive adsorp-
tion energies on the edge site of NiMoS, which may be at the origin
of inhibiting effects perturbing the promoting effect in this range of
conversion. For instance, the large amount of acid accumulated on
the catalyst surface may significantly perturb the supply of hydro-
gen required for achieving the subsequent HDO step of heptanal.
Hence, the hydrogenolysis of heptanoic acid may induce an over-
consumption of hydrogen in its local surface environment. As a
consequence, the lack of hydrogen required for heptanal HDO
may favor a dehydrogenation pathway instead. This point is fur-
ther discussed in the next section.

If we now consider the DCO rates also reported in Table 5, it ap-
pears that the DCO activity depends on the Ni content of the cata-
lyst. The atomic percentage of the monometallic Ni sulfide phase
(mainly Ni3S, in reaction conditions) detected by XPS on the Ni-
promoted systems increases from 0.4 on the NiMoS (0.1) phase,
up to 4.6 in NiMoS (0.43) (Table 2). As illustrated in Fig. 9, the
quantity of residual monometallic nickel sulfide present in the
Ni-promoted MoS, phases seems to be correlated with the increase
in their DCO rates. In particular, the deoxygenation rate of NiMoS
(0.43) s the highest one with a major contribution of DCO (Table 5).
The Ni3S, phase presents the lowest specific deoxygenation rate,
with a predominant DCO contribution. As a consequence, we
suspect that the strong increase observed for the DCO rate on this

+83
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aldehyde alkanoyl

—
C-C hydrogenolysis

NiMoS catalyst with a high Ni/Mo ratio may result from the pres-
ence of the residual Ni monosulfide phase and their morphologic
modification in the presence of MoS; active phase. To corroborate
this, we undertook complementary TEM analyses showing that the
dispersion of NiS, crystallite is high. Indeed, the Ni monosulfide
phase particles were not detected by TEM, whereas the particle
sizes are ranging from 70 to 100 nm for the reference Ni monosul-
fide bulk phase. This dispersion effect on the Ni monosulfide phase
is consistent with the significant increase in the DCO rate observed
on NiMoS (0.43).

3.6. Proposed reaction mechanisms for aldehyde decarbonylation

To elucidate whether the DCO pathway originates from the
presence of Ni in the monosulfide phase, we further investigate
the reaction pathways of heptanal deoxygenation by DFT calcula-
tions. We now explore whether a dehydrogenation pathway of
heptanal is possible as a precursor for its decarbonylation. As pre-
viously suggested, this scenario would be favored by a lack of
hydrogen at the catalytic and by the presence of competitive
adsorbates such as the carboxylic acid which consumes hydrogen
for its hydrogenolysis and/or may block the hydrogen diffusion
to heptanal. In that case, dehydrogenation steps of heptanal may
occur and initiate the DCO pathway. The calculated pathways
and their energy variations are represented for NiMoS and for
Ni3S, on Figs. 10 and 11, respectively.

We suggest that it may first involve an alkanoyl intermediate
leading to carbon monoxide and C,_; alkane by C—C hydrogenoly-
sis. Fig. 10 shows that the first dehydrogenation step of aldehyde
which involves the transfer of one H atom from the carbon atom
of carbonyl group 1is not thermodynamically favorable
(+83 KJ.mol™!) on NiMoS. Besides, the competition between this
endothermic process and propanal hydrogenation (Fig. 7) that
highly favored both thermodynamically and kinetically prevents
dehydrogenation mechanism on NiMoS. Thus, this result clearly
confirms that the reverse hydrogenation step is predominant on Ni-
MoS. By contrast, on the Ni3S, (11 1) surface, it appears that the first
dehydrogenation step is slightly exothermic (—6 KJ.mol '), which is
also less favored than the reverse hydrogenation step. However, the
reaction energy difference between the monohydrogenation step
and the dehydrogenation one is significantly less pronounced on
NisS, (+41 KJ.mol™") than on NiMoS (+213 KJ.mol™!). Considering
two possible subsequent steps, the alkanoyl intermediate may first
lead to alkane by direct C—C hydrogenolysis involving surface H
transfer. The reaction energy is slightly more exothermic for NisS,
(—86 KJ.mol!) than for NiMoS (—62 KJ.mol™!). Hence, while NiMoS
presents the first endothermic dehydrogenation step, on Ni3S2, this

-62

—— CO
+ C, ,alkane

—-CO
+ C,, olefin

ketene

Fig. 10. Dehydrogenation and decarbonylation steps proposed for the aldehyde (propanal) conversion into CO and alkane or alkene (via the ketene intermediate) on NiMoS.
The reaction energies are expressed in k] mol~'. As for reference [20], the simulated molecules are C3 oxygenates.
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Fig. 11. Dehydrogenation and decarbonylation steps proposed for the aldehyde (propanal) conversion into CO and alkane or alkene on the Ni3S, (11 1) surface. The reactions

energies are expressed in kj mol~".

step can directly compete with the reverse hydrogenation. These
two results show that DCO initiated by the heptanal dehydrogena-
tion is thermodynamically favored on Ni3S, (111).

A second pathway involving a subsequent dehydrogenation
step from the alkanoyl to the ketene intermediate can also be men-
tioned. It appears to be significantly less endothermic on NisS,
(+61 KJ.mol!) than on NiMoS (+190 KJ.mol!). If we assume the
Hammond postulate, we expect that activation energies for these
steps would follow a similar trend. Moreover, these energy differ-
ences calculated for the two systems are large enough to allow us
to conclude that DCO is definitively preferred on NisS,.

These results are explained by the local structure and electronic
properties of the Ni3S, (11 1) surface, which exhibits Nis triangular
facets where the 3-fold hollow sites are favorable for the stabiliza-
tion of the unsaturated alkanoyl and ketene intermediates as it oc-
curs on purely metallic surface (see also top views in Fig. 11). By
contrast, the two neighboring Ni—Mo edge sites are more con-
strained and do not allow a sufficient stabilization of these unsat-
urated intermediates. To a certain extent, this trend is also valid for
the CO molecule which is also strongly stabilized in the 3-fold hol-
low configuration on the NisS; (11 1) surface. The metallic charac-
ter of the bulk NisS, was already highlighted in a previous DFT
investigation of the electronic properties of TMS [44] where a den-
sity of states analysis reveals a predominant occupation of Ni 3d
states at the Fermi level. Interestingly, it is well known that purely

+H, +H,
C6H13CO0C2H5 e C6HHCOOH e C6HHCHO

(c)

€O,

CeHia

metallic catalyst favors decarbonylation/decarboxylation route
[45,46]. We suspect that this metallic character of NisS, catalyst
is at the origin of the DCO pathway.

From the experimental point of view, slightly higher value of
the (Cg + C5)/(C7 + C7) ratio is observed for NisS, than for NiMoS
and MoS; (Table 4). This is also consistent with the previous DFT
analysis of the thermodynamic balance of the dehydrogenation
and hydrogenation pathways, showing that dehydrogenation is
potentially more favorable on NisS,. In the case of the ethyl hept-
anoate conversion, the formation of (C¢ and Cg) products is signif-
icantly increased, as illustrated by the (Cg + C5)/(C; + C7) ratios in
Table 3. This is particularly true for Ni3S, where a large amount
of carboxylic acid is observed. At the same time, the amount of
heptanol is significantly lower than on MoS; or NiMoS (0.1). This
means that the hydrogenation pathway of heptanal is hindered.
The presence of large amount of carboxylic acid at the catalytic
surface may induce a depletion of hydrogen molecules and thus fa-
vor the aldehyde dehydrogenation particularly on the Ni3S; phase,
where the thermodynamic balance is less endothermic.

3.7. Summary on the reaction pathways
In summary, we propose two main mechanisms of the deoxy-

genation of ethyl heptanoate by hydrodeoxygenation (Fig. 12a)
and by decarbonylation (Fig. 12b) or decarboxylation (Fig. 12c).

/ C/Hiy \
+// [C7H;sSH] T’ C7He
(a) H,0
+H,
+1/2H7

12H)

C6H13C
(b) 1/2}12

[C6H12CO]

C6H12 e CHyy

Fig. 12. Proposed mechanisms of the ethyl heptanoate conversion (excluding hydrolysis and esterification reactions) (a) by hydrodeoxygenation (HDO) occurring
preferentially on MoS,-based catalysts, (b) by decarbonylation, (c) decarboxylation (DCO) occurring on NisS, catalyst.
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Heptanoic acid is formed by the hydrogenolysis of ester on the sul-
fided active phase. Heptanal is then formed by hydrogenolysis of
carboxylic acid (the predominant observed intermediate). For the
HDO pathway, heptanal is easily hydrogenated into heptanol if suf-
ficient hydrogen atoms are available at the catalytic surface. The
recent DFT study on this HDO pathway on NiMoS and MoS, phases
showed that alcohol is first transformed into thiol [23] through a
nucleophilic substitution mechanism, and then heptane is ob-
tained by hydrodesulfurization of thiol. Thiol can also be trans-
formed into heptenes by an elimination mechanism [47].
Another possibility would be that heptenes may be formed by
the direct dehydration of heptanol and then hydrogenated to form
C5, although this pathway is less probable on pure sulfide phase
(not represented). In presence of an oxide support, this cannot be
excluded. This HDO pathway is thus predominant on MoS, and Ni-
MosS catalysts as observed experimentally.

For the DCO routes (Fig. 12b and c), two possible pathways may
be invoked at this stage of our investigation. Even if we cannot ex-
clude that heptanoic acid may be directly transformed into hexane
by direct decarboxylation (Fig. 12c), our present study based also
on DFT investigation proposes that heptanoic acid is transformed
via the heptanal intermediate into hexane or hexenes by a se-
quence of dehydrogenation/decarbonylation steps of heptanal.
Mind that heptanal is observed in significant amount during the
heptanoic acid deoxygenation. According to this mechanism, hep-
tanal would be first transformed into the heptanoyl intermediate
(highly reactive and not observed experimentally) by a first mono-
dehydrogenation step. Then, two possible pathways may occur:
the first one is the direct C—C hydrogenolysis leading to alkane,
and the second one is a subsequent dehydrogenation into a ketene
intermediate leading to alkene, which is observed in a rather large
amount on Ni monosulfide. This decarbonylation pathway is pref-
erentially observed on NisS, phase due to the local surface struc-
ture with Nis triangular facets similar to metallic surfaces. On Ni-
promoted MoS; phases, it is attributed to the presence of a residual
Ni3S, phase. In addition, and according to DFT calculations, this
decarbonylation pathway is intrinsically less favorable than the
hydrogenation one and is not predominant when starting from
heptanal alone. It is thus suspected to be enhanced by the presence
of inhibiting species such as carboxylic acid which prevents the ac-
cess of hydrogen to heptanal.

4. Conclusion

Three relevant unsupported sulfide phases, MoS,, Nis3S; and Ni-
promoted MoS,, were evaluated for catalyzing the deoxygenation
of ethyl heptanoate, in a fixed-bed reactor and in gas phase, as a
model reaction for hydrotreatment of vegetable oils. In the absence
of catalytic support, we first found that the nature of the TMS cat-
alytic phase affects the deoxygenation pathways. On the MoS; bulk
phase, the reaction is highly selective for the HDO pathway and
leads to the formation of C;-hydrocarbons, whereas on the NisS;
phase, the reaction follows preferentially the DCO pathway and
the predominant deoxygenated products are Cg-hydrocarbons.
On Ni-promoted MoS, phases, both reaction pathways were found
to be competitive and the Ni/Mo ratio impacts the HDO/DCO selec-
tivity. Since the Ni3S, phase is simultaneously detected by XPS on
those mixed phases, we propose that the DCO pathway originates
from the presence of this residual NisS, phases.

For a better understanding of the whole mechanism. The reac-
tivity of the heptanal intermediate was also studied by experi-
ments and DFT calculations. The results show that the reaction of
deoxygenation follows preferentially the HDO pathway over all
the catalysts. Thus, the HDO heptanal is clearly preferred than
the decarbonylation/decarboxylation pathways when heptanal is

used as the sole reactant. In addition, a clear promoting effect of
Ni on the MoS; phase was found for the heptanal hydrodeoxygen-
ation. This result is consistent with recent DFT calculations show-
ing that the energy barriers for C=0 hydrogenation and C—OH
bond breaking are smaller on NiMoS with respect to MoS,. This
can be considered as a manifestation of the synergy effect as
already known in hydrodesulfurization. By contrast, no clear pro-
moting effect of Ni was observed for the HDO reaction of ethyl
heptanoate which was explained by the detrimental role of carbox-
ylic acid on the HDO pathway. Simultaneously, the high amount of
carboxylic acid enhances the decarbonylation pathway on hepta-
nal. This effect was specifically observed on the Ni monosulfide
phase and on the Ni-promoted MoS, phase with a high Ni/Mo ratio.
According to DFT calculations, the dehydrogenation pathway of
aldehyde into alkanoyl and/or ketene intermediates is more ther-
modynamically favored on Nis3S, than on MoS,-based phases. This
is attributed to the metallic character of Nis triangular facets on the
NisS; (111) surface.

Hence, this work highlights the dual role of the nickel promoter
added to MoS;, phases. On the one hand, Ni present in the NiMoS
mixed phase acts as a true promoter of hydrodeoxygenation reac-
tion involving the aldehyde intermediate. On the other hand, Ni
present in Ni monosulfide enhances the decarbonylation pathway.
The control of the amount of residual nickel sulfide phases in the
Ni-promoted system is a key parameter for tuning the HDO/DCO
selectivity in vegetable oils deoxygenation. We hope that this work
will help for a rational understanding of the impact of transition
metal sulfides and more particularly Ni sulfide species on the deox-
ygenation pathways.
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