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A series of Mo-based catalysts were synthesized by tuning the sulfidation temperature to produce mixtures
of MoO3 and MoS; as active phases for the hydrodeoxygenation (HDO) of palmitic acid. Differences in the
oxidation states of Mo, and the chemical species present in the catalytic materials were determined by
spectroscopic techniques. Palmitic acid was used as a fatty-acid model compound to test the
performance of these catalysts. The catalytic performance was related to different chemical species
formed within the materials. Sulfidation of these otherwise inactive catalysts significantly increased their
performance. The catalytic activity remains optimal between the sulfidation temperatures of 100 °C and
200 °C, whereas the most active catalyst was obtained at 200 °C. The catalytic performance decreased
significantly at 400 °C due to a higher proportion of sulfides formed in the materials. Furthermore, the

relative proportion of MoOsz to MoS; is essential to form highly active materials to produce O-free
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Accepted 5th June 2019 hydrocarbons from biomass feedstock. The transition from MoS, to MoOs reveals the importance of

Mo-S and Mo-O catalytically active species needed for the HDO process and hence for biomass
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1 Introduction

Currently about 82% of the world's energy consumption is based
on products derived from fossil fuels. These hydrocarbons con-
taining natural resources are first refined to intermediates, addi-
tives, or polymers before they become suitable energy sources for
different purposes. However, there are currently several concerns
regarding their use.”” These are non-renewable energy resources,
which take millions of years to form and their extraction has faced
continuous challenges due to rapid depletion of known reserves.
Furthermore, fossil fuels have been a major contributor to global
warming, and we must take steps to investigate new sustainable
and more environmental friendly energy sources for the future.®*

Generation of bio-fuels has become a major research and
industrial topic during this decade.>® Vegetable oils, especially
palm oil, are considered good candidates to develop environ-
mental friendly and high quality fuels.” However, these bio-based
oils cannot be used immediately as fuels due to their high
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oxygen content, which leads to a low heating value, immiscibility
with fossil fuels, a tendency for polymerization, thermal instability
and high viscosity.® Catalytic hydrotreating (HDT) is an available
technology for the conversion of biomass to liquid biofuels. HDT
has been used in past decades to eliminate targeted atoms within
hydrocarbon molecules.” Hydrodeoxygenation (HDO) is the main
catalytic process to eliminate oxygen from the organic molecules
by hydrogenation and hydrogenolysis reactions.’ This catalytic
process takes place at higher H, pressures and temperatures in the
presence of a heterogeneous catalyst, typically MoS,-based active
phases supported on metal oxides."*

MoS,-based catalysts were developed for the hydro-
desulfurization (HDS) process and this metal sulfide is highly
active in the elimination of sulfur atom in crude oils. In general,
this active phase provides catalytically active sites for hydrogena-
tion and hydrogenolysis reactions, where numerous chemical
processes can take place. Its application in biomass conversion has
shown a tremendous potential as a catalytic system. Heteroge-
neous catalysts consisting of MoS, active species have been tested
successfully in the HDO of fatty acids and triacylglycerides. The
operational conditions are almost identical to the ones reported
for the hydrotreating processes (high temperature and H, pres-
sure). However, it faced several disadvantages due to the rapid
deactivation from coke formation on the catalytic surface or the
presence of water that leaches metal species in fluid phase. MoO;
as an active phase is a promising alternative because it does not

This journal is © The Royal Society of Chemistry 2019
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need any prior sulfidation stage,'** but further investigation is still
necessary to improve its catalytic performance in HDO reactions.
This catalytic active phase has been tested in the HDO of aromatics
at low H, pressure in different oxide supports. It is remarkable that
the oxidation states of Mo atoms vary depending on the support
used, and these changes might play a crucial role in the elimina-
tion of O atoms contained in biomass-derived products.*

The supported MoS, active phase is prepared from the
conversion of MoO; under sulfidation conditions. Depending
on the activation temperature, reaction time, pressure, and the
support used, different mixtures of MoO; and MosS, are formed
within the catalytic materials.””*® The influence of the sulfida-
tion process on the HDO of aromatics is very important for this
type of catalysts."” The NiMo sulfided catalysts supported on
Al,O; have been tested in the HDO of triacylglycerides and were
the best option among different supports to achieve complete
deoxygenation mixture of hydrocarbons.*® The use of different
supports, metals or combination with zeolites could help to
optimize the performance of the newer generation of HDO
catalyst.”* It is also desirable to change the MoS, active phase to
an oxidic form with a proper support or zeolite, which is
a challenging task, but new generation of biomass-oriented
catalysts might help to overcome this obstacle.”*?* Since the
oxidation states and oxide/sulfide species play a crucial role in
this process, we utilized a catalytic system that allows us to
study the importance of the oxidation states of Mo, sulfide or
oxide characteristics of these materials, and their impact on the
HDO of palmitic acid. In this study, we prepared a series of Mo-
based catalysts supported on Al,0;-TiO, and sulfided at
different temperatures to produce mixtures of different Mo
catalytically active species. The selection of this support is based
on the high activity of the corresponding MoS,-based catalysts
that were used in HDS industrial plants in the past. The HDS
catalysts supported on Al,0;-TiO, mixed oxide were proved to
be much more active than those supported on pure Al,O;. Our
main aim is to understand the importance of oxide vs. sulfide
characteristics of these materials, oxidation states of Mo-based
catalysts and their effect on the HDO of palmitic acid.

2 Experimental
Preparation of catalysts

First, commercial supports with a composition of y-Al,03/TiO,
= 94.3/5.7 wt% were used to prepare oxidic form of the catalysts
used as the base material. The catalysts were prepared by co-
impregnation of the metal salts dissolved in aqueous solution
to the support (y-Al,05/TiO,). We used MoO; (Productos
Quimicos de Monterrey SA de CV) and nickel(n) carbonate
hydroxide tetrahydrate (2NiCOj;-3Ni(OH),-4H,0, Sigma-
Aldrich). These metal precursors were added to ammonia
solution, 29 wt% (Fermont). This solution was impregnated to
the dried support to achieve a homogeneous green pistachio
catalyst. The catalyst was then calcined under static air atmo-
sphere at 500 °C for 4 hours. The composition of the final
catalyst obtained was 11.9 and 2.9 wt% base oxides (MoO; and
NiO, respectively), while the rest consisted of the support
material.

This journal is © The Royal Society of Chemistry 2019
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The second step involved transformation of the oxide to the
sulfide forms. We deliberately chose the sulfidation conditions
to produce mixtures of MoO;/MoS, within the catalytic mate-
rials. The catalyst prepared in the first step was sulfided under
a mixture of 15 vol% of H,S and H, at atmospheric pressure.
The sulfidation reaction took place with a heating rate of
5 °C min~! under a continuous flux of 50 cm® min~'. We
prepared four different catalysts by varying the sulfidation
temperature. The final temperature was kept constant at 100,
200, 300 and 400 °C, respectively, for 2 hours under the same
gas mixture and flow rate as above. The temperature was then
lowered to room temperature by simply turning off the oven and
letting the samples cool down. Different temperatures were
chosen to understand the effect of different Mo species present
in the HDO. Each catalyst in this study is identified by its sul-
fidation temperature.

Characterization of catalysts

The catalysts were characterized by powder X-ray diffraction
(XRD), temperature-programmed reduction (TPR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and X-ray
absorption (XAS) spectroscopy. XRD patterns were recorded in
the 4-80° range on a Siemens 5005 diffractometer, using Cu K,
radiation (A = 1.5405 A) and a goniometer speed of 0.02°
(26) min~". The TPR experiment was performed using a ZETON
Altamira model AMI-200 with a reduction mixture of hydrogen/
argon (10 vol% of H,) with a standard thermal conductivity
detector (TCD). The samples were studied in a temperature
range of 50-850 °C. Micro-Raman measurements were carried
out with an excitation wavelength of 532 nm using the objective
with magnification 50. A Horiba Jovin Yvo laser instrument was
used with incident radiation power of about 9 mW. XPS analysis
was performed using a Thermo VG Escalab 250 equipment
where Al K,, (1486.6 eV) was used as a source of incident X-rays.
The chamber pressure was kept at 3 x 10~ ® mbar. The spectra
were calibrated using the carbon 1 s excitation at the binding
energy of 285 eV. BL 8.0.1 at Advanced light source (ALS)* was
used for O K-edge absorption spectra. Resolving power (E/AE)
values for the monochromator at this beamline is 7000, which
corresponds to an energy resolution value (AE) of 0.07 eV at
530 eV. All spectra were collected at room temperature with
dwell time of 1 second at each energy step in TFY mode. Energy
calibration was performed by measuring O K edge XAS for
bismuth germanium oxide (BGO), and comparing its features to
the known energy values (532.7 eV and 538.6 eV for XAS).

Catalytic activity

The catalysts were tested in the HDO of palmitic acid (PA);
Sigma Aldrich >99%; as a model compound of fatty acids. For
each test, 0.1 g of the catalyst was used with 40 mL of a solution
containing PA (39 mM) in n-dodecane (Sigma Aldrich, anhy-
drous > 99%). The catalysts were tested in a Parr reactor (100
mL) at 280 °C and 5.2 MPa of H, pressure for 6 hours. The time
evolution of the reaction was observed by withdrawing aliquots
each hour and analyzing them on a gas chromatograph. Product
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identification was analyzed on a Hewlett Packard GC-MS
instrument with a FID.

3 Results and discussion
Characterization

XRD measurements (Fig. S11) show the support had a crystal-
line structure, identified as y-Al,O; according to the JCPDS 10-
0425. The impregnation of the metal species into the support
did not change the crystalline structure of the support, evident
from the identical diffraction pattern after the impregnation
was done. This parent material, supported with metal species,
was then sulfided at different temperatures. No detectable
crystalline phase of the catalytically active metals in oxide form
was found. Thus, we conclude that the parent material exhibi-
ted high dispersion of metal species, which would then be
transformed into the sulfide species at higher temperatures.

The reduction profile of the oxide supported catalyst is
shown in Fig. S2.f The reduction of the Mo species shows
hydrogen consumption in a wide temperature range (400-800
°C). The main reduction peak of the catalysts is located at
464 °C, which can be attributed to the partial reduction of Mo in
octahedral polymeric species (Mo®" + 2¢~ — Mo*") weakly
bound to the Al,0;-TiO, support. The broad shoulder at higher
temperature is associated with the complete reduction of Mo
species (Mo"" + 4e” — Mo°) in polymeric octahedral, tetrahe-
dral and bulk crystalline MoO3.>* The Mo species interacting
with the alumina support needs to be reduced and sulfided for
the production of MoS, active species.

Fig. 1 shows the Raman spectra for the catalysts sulfided in
this study. MoS, characteristic peaks, A;; and Ezgl located at 410
and 387 cm ™, respectively,””** become stronger as the sulfi-
dation temperature is increased. The in-plane E,,' mode is due
to antisymmetric vibration of two S atoms with respect to the
Mo atom. The A;, mode is ascribed to the out-of-plane vibration
of the S atoms in opposite directions.?” The catalyst sulfided at
100 °C (S-100) does not show any peaks related to MoS, species
on the surface of the catalyst, which suggests that Mo in the
catalyst is mainly in oxide form, and the amount of sulfidation
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Fig. 1 Raman spectra for the catalysts (a) S-100, (b) S-200, (c) S-300
and (d) S-400.
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is too low to be detectable. The Raman peaks for the MoS, first
appear for the catalyst sulfided at 200 °C confirming the
formation of sulfided species at the catalyst's surface. These
Raman features become strongest for the catalyst sulfided at
400 °C (S-400), which is expected due to the more favorable
conditions to form these Mo species in this catalyst.

Mo 3d XPS spectra for all the materials sulfided at different
temperatures are shown in Fig. 2. The binding energies for the
spin-orbit splitting for the Mo 3ds,, and 3d;,, are ascribed to
Mo®*, Mo®* and Mo**. As expected, the relative proportions of
Mo species with different oxidation states depend on the sulfi-
dation temperature. For example, the catalyst sulfided at 100 °C
(S-100) showed a larger concentration of higher valent molyb-
denum species (Mo®*), while the Mo*" was scarce, but never-
theless it was measurable even at this sulfidation temperature
(Fig. 2a). A sulfidation temperature of 200 °C resulted in
formation of more Mo species with several different oxidation
states (Fig. 2b). This spectrum showed several overlapping
absorption bands due to contributions from Mo®", Mo>" and
Mo*". The catalysts sulfided at 300 and 400 °C also exhibit
contributions from all these three different Mo species, but for
these two catalysts the predominant contribution comes from
Mo**, which is due to the presence of MoS, in the catalysts
(Fig. 2c and d). Thus, the concentration of Mo species with
lower oxidation states increases as the sulfidation temperature
was raised.

Binding energies and the relative concentrations of different
Mo species present in these catalysts are summarized in Table
1. A change in sulfidation temperature causes a shift in the
binding energy for the Mo species with same oxidation state,
because binding energies are sensitive to not only the oxidation
state, but also the local environment around the element pro-
bed. For instance, Mo®" species exhibit a peak at 231.9 eV for S-
100 and S-200, while this feature is shifted to 230.8 eV for S-300
and S-400. The catalyst S-100 showed the lowest concentration
for Mo"" (27.3), while highest for Mo®" (65.9). On the other
hand, the catalyst S-400 exhibited the dominant concentration
for Mo™ (55.2), while lowest for Mo®" (40.3). The relative
concentrations of Mo®" for both $-300 and S-400 are identical.
The increment in the Mo*" species from $-300 to S-400 is related
to the reduction of Mo®" species during the sulfidation process.
It is important to mention that the concentration of Mo,
which is an intermediate species, increased when sulfidation
temperature changed from 100 to 200 °C. Mo®" concentration
then decreased when the sulfidation temperature was changed
to 400 °C. This is in agreement with the consecutive reduction
reactions Mo®" + e~ = Mo”" + e~ = Mo*" during sulfidation. The
largest concentration of Mo®* was obtained for S-200. We found
that the predominant oxidation states in these catalysts were
Mo** and Mo®", corresponding to MoS, and MoQj, respectively.
However, the presence of Mo®" was found in all the catalysts,
which might play an important role in the HDO process. In
Table 1, we also report calculated ratios of Mo®*/Mo®* and Mo®'/
Mo** concentrations to get an estimation of the production of
Mo®" or Mo"" due to the sulfidation temperature. The Mo®/
Mo>" ratio is the largest for the catalysts S-100 and S-400 due to
the small amount of Mo®" in these catalysts. Mo®"/Mo*" ratio

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XP spectra for Mo 3d obtained from the catalysts (a) S-100, (b) S-200, (c) S-300 and (d) S-400.

reflects the conversion of Mo®" to Mo** during sulfidation. This
ratio is almost identical for S-300 and S-400 catalysts. S-400
showed largest difference between Mo® /Mo, and Mo®"/Mo**
ratios due to an overall decrement in the Mo>" species. These
results are in agreement with the effect of the temperature on
the formation of MoS, under different sulfidation conditions.
To better understand the incorporation of sulfur-based species
into the catalytic materials, S 2p XPS spectra were also collected
(Fig. 3). Two different types of sulfur species were detected with
binding energies in the range of 160-165 eV and 168-172 eV that
belong to S*~ and S°®" species, respectively.**** These two S species
are present due to formation of sulfides and oxysulfides/sulfates in
all the catalysts where H,S acted as a source of S. This involves
a series of complex chemical reactions dependent on various
experimental factors.**** Our aim here is not to uncover detailed
mechanism for the formation of these S species, but we simply

illustrate that different sulfidation conditions result in different
proportions of the two sulfur-based species which can have
a significant effect on the catalytic performance. The concentration
of S**, which was largest for S-100, decreased by raising the sulfi-
dation temperature due to increasing formation of MoS,. The
catalyst S-200 exhibited strong presence of both of these sulfur
species, reflected by two convoluted peaks present at binding
energies of 158 to 173 eV. The catalyst sulfided at 400 °C exhibited
the largest proportion of S~ species identified by their binding
energies in the range of 160-164 eV related to the formation of
MoS, in agreement with our Raman results.

Synchrotron-based measurements were carried out to get more
information about the atomic species in the catalysts under study.
These measurements allowed us to selectively probe the local
electronic environment of oxygen sites in the catalytic materials.
Oxygen K-edge X-ray absorption spectra (XAS) were obtained in the

Table 1 Relative concentration of the Mo™" species sulfided at different temperatures

Binding energy” (eV)

Relative concentration® (%) Ratio of Mo species

MoS+ Mob+
Catalyst 7% (°C) Mo** Mo>* Mo® Mo** Mo>* Mo®* Mo** Mo*+
S-100 100 227.4 228.9 231.9 27.3 6.8 65.9 9.7 2.4
S-200 200 229.6 230.9 232.4 36.8 13.2 50.0 3.8 1.4
S-300 300 227.4 228.5 230.1 49.0 10.2 40.8 4.0 0.8
S-400 400 2271 228.5 230.8 55.2 4.5 40.3 9.0 0.7

“ Temperature of sulfidation of MoOj; supported catalysts. ” The value of binding energy corresponds to Mo 3d;,. © Concentration of the Mo species

was estimated by the integration of the peak area.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XP spectra for S 2p obtained from the catalysts (a) S-100, (b) S-200, (c) S-300 and (d) S-400.

total fluorescence yield (TFY) mode for the materials under study.
XAS spectra collected for the two reference materials, MoO, and
MoO; pure compounds, look identical (Fig. S31) where the main
absorption energy is located around 531 eV. The positions of the
pre-edge and edge spectral regions does not show any significant
differences between Mo®" and Mo*". To study the effect of reduc-
tion on the electronic structure of O, we reduced some of the
catalysts under H, atmosphere without performing any sulfidation
process. O K-edge spectra for these materials are shown in Fig. S4.7
Two main common aspects were found between the pure MoO,/
MoO; and the ones supported on Al,O,;-TiO,. Reduction of these
catalysts shows no effect on the electronic structure of O atoms.
The spectral features and the intensity of the absorption bands are
very similar for pure MoO,/MoO; and for the samples reduced.
However, we found important differences in the O K-edge XAS for
the catalysts which were sulfided in the range of 100-400 °C
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Fig.4 O K-edge X-ray absorption spectra (TFY mode) for the catalysts
sulfided at different temperatures.
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(Fig. 4). The catalyst sulfided at 100 °C showed the highest inten-
sity for band located at 531.1 eV near pre-edge, but it decreased for
S-200 catalyst. This feature, due to MoO, and MoOs, is present for
both the pure Mo-oxide samples and for samples on Al,O;-TiO,
support. The decrement in intensity of this feature indicates that
Mo-O species are transformed into sulfides (Mo-S) during sulfi-
dation. Importantly, the O K-edge displayed an energy shift in this
peak when the sulfidation temperature changed from 200 to
300 °C. The intensity of this feature remained almost the same, but
it belongs to a different species as evident from the shifted posi-
tion of this band at 531.5 eV. For S-400, this peak remains at
531.5 eV, but its intensity decreases compared to S-300. This
implies increasing sulfidation temperature not only reduces the
concentration of oxygen based species, but also causes formation
of species with different local environment around the O atoms. S-
100 and S-200 have one type of O sites, while S-300 and S-400 have
a different type of O sites.

100
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Fig. 5 Conversion of palmitic acid over the catalysts: () S-100, (@)
$-200, () S-300, (O) S-400 and (<) non-sulfide reference.

This journal is © The Royal Society of Chemistry 2019
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All the different experimental techniques discussed above
indicate one common theme that a significant structural
change occurs around 200 °C to 300 °C of sulfidation temper-
ature. Raman spectra indicated the formation of sulfur species
in the catalyst's surface starts about 200 °C of sulfidation
temperature, in agreement with the S 2p XPS results. The O K-
edge XAS measurements also show that Mo-O compounds
present in the catalytic materials changed in the range of 200-
300 °C.

Hydrodeoxygenation of palmitic acid

We used palmitic acid (PA) as a model compound of fatty acids
contained in vegetable oils or animal fats to test the perfor-
mance of these catalysts. The conversion of PA is shown in
Fig. 5. The catalyst without prior sulfidation, in its oxide form,
showed very little activity. All the catalysts sulfided were active
under these HDO conditions. However, the catalysts sulfided at
lower temperatures were more active. The catalysts sulfided
between 100-300 °C reached a conversion of 100% after 6 h of
HDO reaction. The catalyst sulfided at 200 °C (5-200) showed the
highest conversion of PA after 1 h of reaction. The sulfidation
temperature of these catalysts played a major role in their
performance. We discovered differences in the oxidation states
of Mo, and presence of Mo-S and Mo-O compounds in the
catalytic materials discussed above. We also found changes in
the sulfur species due to different reaction temperatures, where
a mixture of sulfates/sulfides was formed. The sulfidation
process depends on two different variable, temperature and the
type of gas present. H, in the mixture of the atmosphere can
reduce MoOj; to lower oxidation states. On the other hand, the
presence of H,S can also produce MoS, species that are active in
the HDS petroleum-based process, but not necessarily in the
HDO reactions. We also detected several intermediate species
from sulfur and oxygen that are also present in the catalytic
materials.

In order to clarify the questions about the effects of the
sulfidation conditions on the catalytic performance, we tested
some catalysts without any source of sulfur present during their
thermal treatment. PA was converted up to only 41% over the
oxide catalyst without any thermal or chemical pretreatment,
which is too low for a good candidate for the HDO of biomass
feedstocks. We tested the catalysts characterized by XAS
(Fig. S41) reduced under H, atmosphere without any sulfur
source, to elucidate the effect of Mo-S compounds and their
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impact on the catalytic performance. We chose two tempera-
tures, 200 and 400 °C, for the reduction under H, atmosphere
with the same conditions as the sulfided counterparts, but
using only H, gas in the reaction chamber. These catalysts can
convert PA about 38% and 48%, respectively. The conversion of
PA over the catalyst reduced at 200 °C is very similar to the one
obtained with the oxide catalyst. The catalytic activity slightly
increased at higher reducing temperature, but was still lower
compared with the sulfided counterparts. We found very similar
Mo-O species for these catalytic materials by XAS measure-
ments which explains their similar behavior in HDO. Therefore,
we stress that the presence of Mo-O and Mo-S in the catalysts is
crucial for their performance to more effectively convert PA.

We enlist the kinetic parameters in Table 2 for the catalysts
under study. The highest conversion of PA was achieved over
the S-200 catalyst, which reached 50% after only 1.2 h, while for
S-400 it took 2.7 hours. The kinetic parameters of the catalysts
follow a similar trend as the conversion. The pseudo-rate
constants for the S-100 and S-200 have the highest values of
11.13 and 11.73 h™! Zeat |, respectively. Pseudo-rate constants
normalized per mmol of Mo atoms within the catalytic mate-
rials are also higher for the lower temperature sulfidation
materials. S-100, S-200, and S-300 catalysts have almost one
order of magnitude higher pseudo-rates compared to the non-
sulfided oxide supported catalyst (Ox). The normalized
constants are given per mmol of Mo atoms, which shows only
a tiny amount is needed to convert the PA over these catalysts,
especially S-200 (14.10 h™' mmoly, ). The fact that these
higher conversions and pseudo-rates are achieved at relatively
low sulfidation temperatures is an important step toward
transitioning from sulfide-based catalysts (originally developed
for petroleum industry) to MoO; based catalysts for biomass
feedstock. We have shown that it is not necessary to have only
MoS, present in these materials to achieve high conversion of
PA, mixture of Mo-O and Mo-S active species work equally well
to convert PA. The change of MoS, for MoO; as active species in
these catalysts is a greener alternative since no H,S is needed for
sulfidation. We consider that tuning properly the chemical or
redox properties can provide high active materials based on
MoO; for biomass conversion in the future. On the other hand,
MoO; can be handled and stored easier than MoS,.

The HDO network of this PA consists of consecutive
hydrogenation reactions of the carboxylic acid moiety to the
aldehyde, then to its alcohol version, and finally to n-

Table 2 Kinetic parameters for the catalysts tested in HDO of palmitic acid

Catalyst ts0” (h) Conversion” (%) K gear ) & (h™! mmoly, ™) 6% 10% (mol L' h™ geo ™)
S-100 1.8 100 11.13 13.14 8.22
S-200 1.2 100 11.76 14.10 8.70
S-300 2.1 100 7.95 9.53 7.76
S$-400 2.7 93 4.06 4.87 5.53
Ox nd 41 0.83 0.99 1.97

“ Time to reach 50% conversion of PA. ® Conversion of HDO for 6 h of reaction.  Pseudo first-order rate constant per gram of catalyst. ¢ Pseudo first-
order rate constant per mmol of Mo in the catalyst. ¢ Initial rate of reaction.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Reaction network for the Mo-based catalysts in the HDO of
palmitic acid (R = CysHzy). (1) Palmitic acid, (2) hexadecanal, (3) 1-
hexadecanol, (4) n-hexadecane, (5) n-pentadecane and (6) cetyl
palmitate.

hexadecane.*® Parallel reactions take place such as decar-
boxylation or decarbonylation. The reaction network of the
PA obtained over these catalysts is shown in Fig. 6. The
hydrogenation reactions in the HDO of fatty acids over MoS,-
based catalysts are favored due to the easy detection of the
products. In this case, we found a very small amount of the
decarbonylation or decarboxylation product (n-pentadecane).
We also found an unexpected product from condensation of
PA with its alcohol product, which is the ester product
formed from these catalysts. This product has been scarcely
observed, but recently reported.’***

View Article Online
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In Fig. 7, we have plotted the distribution of HDO products
as a function of conversion of PA. The relative proportions of the
products strongly depend on the sulfidation temperature of the
catalyst. Table 3 lists the distribution of products obtained at
the same conversion for all the catalysts, where we can easily
compare the HDO routes over this series of catalysts. The main
products are 1-hexadecanol and n-hexadecane for the materials
which were sulfided, while the oxide catalyst produces large
amounts of 1-hexadecanol, hexadecanal, and cetyl palmitate.
The oxide form of the catalyst is less active in the HDO, and the
mixture of products contains large amounts of oxygenated
molecules. This specific catalyst is not able to convert PA and
the main products are poor in O-free molecule yields. Therefore
the effect of sulfidation of these catalysts is positive on the HDO
of fatty acids for its catalytic activity and selectivity. The highly
active catalyst (S-200) produces larger quantities of n-hex-
adecane (0.51) and 1-hexadecanol (0.32) at 40% of PA conver-
sion. Importantly, changes in sulfidation temperature change
the selectivity because n-pentadecane starts appearing while 1-
hexadecanol decreases as temperature is increased. We
analyzed the composition of products for 6 h of reaction,
revealing that the products contained mostly deoxygenated
molecules. It is important to mention that PA showed three
main products over the S-200 catalyst at 6 h (100% conversion)
of reaction, n-hexadecane (0.87), n-pentadecane (0.05) and 1-
hexadecanol (0.08). The distribution of products in the HDO of
PA over the S-400 catalyst at 6 h is different, where the presence
of O-containing compounds were still present. We found
a composition of products of n-hexadecane (0.61), 1-

1.0 1.0
(2) b
0.8 0.8—( )
= =
= 0.6 = 0.6
2 . 2
Q Q °
3 041 3 044 ]
o . o g
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Fig. 7 Distribution of HDO products over the catalysts (a) S-100, (b) S-200, (c) S-300 and (d) S-400. The products identified are: () 1-hex-
adecanol, (@) n-hexadecane, (J) hexadecanal, (O) n-pentadecane and (A) cetyl palmitate.
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Table 3 Composition of reaction products at 40% conversion of palmitic acid (relative concentration)

Catalyst 1-Hexadecanol Hexadecanal n-Hexadecane n-Pentadecane Cetyl palmitate
S-100 0.34 0.07 0.48 0.04 0.07
S$-200 0.32 0.05 0.51 0.05 0.07
S-300 0.32 0.02 0.51 0.08 0.06
S-400 0.28 0.03 0.50 0.13 0.06
Ox 0.34 0.39 0.06 0.00 0.21

hexadecanol (0.19), n-pentadecane (0.13) and cetyl palmitate
(0.06) over this catalyst after 6 h of reaction. The products of the
HDO over the catalyst sulfided at 400 °C contained larger
amounts of O-containing molecules that are undesirable for the
purpose of green fuels. Compared to the products at 40% of
conversion, the composition at the end of the HDO test showed
that the highly active catalyst is also the most selective (S-200)
toward the complete HDO product (n-hexadecane). The
production of n-pentadecane due to decarboxylation or decar-
bonylation in both S-200 and S-400 occurs only at the beginning
of the HDO process for these catalysts.

The catalytic performance of the Mo-based catalysts in this
study showed the importance of intermediate oxide/sulfide
active sites being present. The pure oxide form of these cata-
lysts is not very active in the HDO of palmitic acid and more
importantly, neither is the selectivity directed toward O-free
molecules. The sulfidation of the catalysts significantly
improved their performance, with the most active catalyst
achieved at sulfidation temperature at 200 °C. The amount of
sulfide species increased at higher sulfidation temperatures,
but the catalytic performance degraded. We also found
a decrement in the Mo-O species with increasing temperature,
and a formation of O species in different local environment for
S-300 and S-400 than S-100 and S-200 catalysts. Spectroscopic
methods provide strong evidence for the participation of both
Mo-0 and Mo-S species to achieve higher conversion of PA and
selectivity towards O-free products, more specifically for the
catalysts S-100 and S-200. Therefore, a proper balance of Mo
species (6+, 5+ and 4+) with different oxide/sulfide characteris-
tics is of paramount importance to synthesize highly active
catalysts for HDO of fatty acids and related compounds. This
mixture of species in the catalyst for HDO also results in higher
yields of O-free products for these catalysts. This S-200 catalyst
was the best in terms of conversion of palmitic acid as well as
the production of O-free hydrocarbons. Catalyst S-200 exhibited
a relative concentration of 50%, 13.2% and 36.8% for Mo®",
Mo>* and Mo"", respectively. This was the best catalytic material
in the HDO of PA, and it contained half of the Mo in the high
valent species, while the rest was in the low valent species. On
the other hand, Mo®" showed the largest relative concentration
in this catalyst compared to all the series of materials, which
might indicate that the performance strongly depends on
a proper balance of all the Mo species. This study illustrates that
the catalytic performance depends on the Mo species, but
increasing Mo*" species is not beneficial for the activity and
selectivity of these Mo-based materials. We hypothesize that

This journal is © The Royal Society of Chemistry 2019

a catalytic material with Mo®* (50%) and increasing the Mo®*
species with a relative concentration of Mo*" between 27-35
would be a highly active catalytic material in the HDO of fatty
acids.

We have established differences in the characteristics of the
Mo species in the supported catalysts. The oxidation states of
Mo atoms played a major role in their catalytic performance in
the HDO of fatty acids, depending on the sulfidation tempera-
ture. Sulfur is necessary to produce highly active materials by
introducing sulfides or sulfate species in the catalysts. We
illustrate the catalytic cycles of Mo species for the reduction
processes (palmitic acid and derived products in the HDO) and
the oxidation reaction (hydrogen) in Fig. 8. It is important to
note that lower oxidation states for Mo atoms would be involved
in the reduction reactions from the fatty acids and their deriv-
atives, while higher Mo oxidation states would activate
hydrogen to be added into the fatty acids and related products.
The number of electrons are also important for the complete
catalytic cycle. We expect that a new Mo-based catalyst needs to
possess a combination of those chemical species to become
highly active and selective towards HDO reactions. The Mo-
based catalysts do not need to be fully sulfided to be highly
active in the HDO process. This finding can play an important
role to developing cleaner catalytic materials for the production
of clean fuels, and provides a way for improving the catalytic
performance of Mo-based heterogeneous catalysts by tuning
their oxidation states and chemical species.

(A)

H, Mos* R—CH; + H,0

2H* + 2e- /\OH+ 2H* + 2e-

Mo?® R

(B) Q

)J\ +H0
H, Mo5* R

H
0

)J\ +2H + 2¢
Mo* R

2H* + 2¢° OH

Fig. 8 Catalytic cycles for the active Mo species. (A) Activation of H,
and hydrodeoxygenation of fatty alcohol by Mo®*/Mo®* and (B) acti-
vation of H, and reduction of fatty acid by the Mo**/Mo>* active
species.
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4 Conclusions

We have successfully synthesized a series of Mo-based catalysts
with different chemical characteristics by using a range of sul-
fidation temperatures. Different conditions during the sulfida-
tion process result in formation of different chemical species
and performance of the catalysts. The sulfidation of these
catalysts, supported on Al,0;-TiO,, significantly improved their
performance for the HDO of palmitic acid. However, catalysts
with high formation of sulfides resulted in lower catalytic
performance. Thus, a proper combination of Mo oxidation
states as well as chemical characteristic (such as oxide, sulfide
or intermediate) of the materials is needed to produce highly
active and selective heterogeneous catalysts for oxygen elimi-
nation in fatty acids. The presence of different Mo species is
necessary to promote different reactions under HDO condi-
tions. We suggest that a new class of Mo-based catalysts for the
production of green fuels should be considered, which incor-
porate mixed active species ranging from oxides to sulfides to
achieve higher yields of O-free compounds.
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