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ABSTRACT: A novel hydrodeoxygenation catalytic system,
Ni,P/SBA-15, has been synthesized by temperature-pro-
grammed reduction of a nickel phosphate precursor impreg-
nated in the mesostructured silica support. The formation of
this active phase was verified by X-ray diffraction, whereas the
study by transmission electron microscopy revealed that the
catalyst is mainly constituted of nickel phosphide particles of
relatively uniform size dispersed within the SBA-15 channels.
Both Ni,P/SBA-15 and a reference Ni/SBA-15 catalyst were
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tested for the hydrodeoxygenation of methyl oleate (C,;H;;—COO—CH,) in a fixed-bed continuous flow reactor. This
compound was used as a convenient surrogate of triglyceride molecules present in vegetable oils that following catalytic
hydrotreating yields n-alkanes as the main products. In the whole range of pressure studied (3—40 bar) and for temperatures
higher than 290 °C, both systems achieve more than 80% ester conversion at 20 h™' WHSV, although the Ni/SBA-15 catalyst
presents a slightly higher activity. Overall, higher pressure and lower temperature and space velocity favors the formation of Cyg
hydrocarbon, which is the preferred product in terms of carbon atom economy. Nevertheless, under all the assayed conditions,
the n-C3/n-C,, ratio was remarkably higher for Ni,P/SBA-15 than for Ni/SBA-15 catalysts. On the basis of these results, it can
be concluded that both deoxygenation and decarboxylation occur simultaneously over the Ni,P catalyst, whereas decarboxylation
and cracking are the prevailing processes over the Ni catalyst. Owing to these high yields of long-chain paraffins, Ni,P/SBA-1S
can be considered as a very promising catalyst for the production of green diesel.
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1. INTRODUCTION

Vegetable oils are suitable raw materials for the production of
transportation fuels because their chemical structure is relatively
akin to that of hydrocarbons in the distillation range of diesel
fuel.! For that reason, in recent years, a considerable effort has
been devoted to the production of biodiesel by trans-
esterification of triglycerides with methanol, mainly under
alkaline conditions." The obtained fatty acid methyl esters
(FAME) can be blended with conventional petrodiesel up to a
maximum of 20% (B20 European biodiesel) and used in
adapted engines.” However, FAME still has an O/C ratio
similar to that of the original triglycerides, and consequently,
these compounds still present lower calorific power, relatively
high viscosity and cloud point, poor stability, and low volatility.
Alternatively, oxygen can be removed from the biomass-derived
molecules via a hydrotreating reaction named hydrodeoxyge-
nation (HDO). This process can transform many oxygenated
bioproducts into hydrocarbon molecules suitable as fuels.® In
this way, triglycerides can be converted into what it is known as
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green or renewable diesel, composed mainly by hydrocarbons
with a chain length in the C;,—C,, range.*”’

Much research on reducing the O/C ratio of bioproducts by
HDO has been performed using conventional supported metal
sulfides such as Ni and Mo.>~’ Although these catalysts are
rather active for oxygen removal, regular addition to the feed of
a sulfured agent is required to keep the activity for processing
biomass feedstocks with low sulfur content. However, this
operation is undesirable for both practical and environmental
reasons. Noble metal catalysts such as Pt, Pd, or Re have also
been used for HDO of nonedible vegetable oils, such as those
obtained from jatropha crops,”®” but the high price of these
active phases is detrimental for the production of cost-effective
biofuels. In addition, although Pd/C catalyst is rather active for
hydrotreating fatty acids such as caprylic or stearic, it favors the
decarboxylation reaction route and, consequently, provides
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higher selectivity toward Cy_; hydrocarbons (N is the number
of carbons of the fatty acid).”® However, considering carbon
atom economy, Cy alkanes are the preferred products because
they are formed by hydrogenation of the carbonyl group, and
consequently, the reaction does not release CO,, but H,O.
Although this process consumes more hydrogen, reducing CO,
generation also avoids unwanted hydrogenation side reactions
to yield methane. Therefore, the development of more efficient
and selective catalysts for hydrodeoxygenation of vegetable oil
into hydrocarbon products still constitutes a significant
challenge, which will require a shift from traditional metal
sulfide or precious metal catalysts to alternative active phases.
In this way, it is known that transition metal phosphides
(TMPs) show chemical properties similar to noble metals, and
they are particularly active for hydrotreating reactions,
especially in hydrodesulfurization.'®™"

Recently, it has been also reported that transition metal
phosphides are effective for oxygen removal from molecules
present in bio-oils such as guaiacol,'® 4-methylphenol,'” or
anisole."® Dispersion of metal phosphides on mesostructured
supports could further enhance their hydrotreating perform-
ance, as reported for HDS dibenzothiophene and HDN of o-
methyl aniline over Ni,P supported on SBA-15 and KIT-6."
However, to our knowledge, these types of catalytic systems
have not been applied to the HDO of biomass derived
molecules. Within this context, we here compare the activity of
nickel phosphide supported on SBA-15 with conventional Ni/
SBA-15 catalyst for the HDO of methyl oleate, which has been
selected as a convenient surrogate of triglyceride molecules of
vegetable oils. The obtained results show that Ni,P/SBA-15
presents a significantly higher selectivity and yield of Cq
hydrocarbons than conventional Ni/SBA-15 catalyst under a
wide range of conditions.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. For the synthesis of SBA-1S,
the structure-directing agent, Pluronic 123 (MW 5800,
Aldrich), was dissolved in HCI solution at room temperature
and then heated to 40 °C before adding tetraethylorthosilicate
(TEOS, Aldrich), used as silica source. This mixture was stirred
for 20 h at 40 °C and aged at 100 °C for 24 h under
autogenous pressure. Thereafter, the solid product was
recovered by filtration and dried overnight. The surfactant
was removed by calcination at 550 °C for S h. The SBA-15-
supported nickel phosphide, Ni,P/SBA-1S, (20 wt % Ni) was
prepared by wet impregnation of aqueous solutions of nickel
nitrate and ammonium phosphate (Aldrich) in a Ni/P molar
ratio of 1:1, followed by drying and calcination at 500 °C, and
subsequent temperature-programmed reduction (TPR) at 650
°C in H,. For characterization purposes, this sample was further
passivated for 6 h by soft oxidation in air according to the
procedure described elsewhere to avoid the total oxidation of
the active phases.13 For comparison, 20 wt % Ni/SBA-15 with
the same nickel loading was also prepared by a procedure
similar to that of the supported nickel phosphides except for
the final reduction temperature, which for this catalyst was 450
°C.

2.2. Catalyst Characterization and Testing. Elemental
analysis was performed after microwave digestion of the
samples in an ICP-AES Optima 7300 DV (Perking-Elmer)
instrument. The nitrogen adsorption—desorption experiments
were performed at 77 K on a Quadrasorb system
(Quantachrome). XRD patterns of the catalysts were recorded
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with a Philips PW 3040/00 X’Pert MPD/MRD diffractometer
using Cu Ka radiation operated at 45 kV and 40 mA. TEM
images of the catalysts were taken using a Philips TECNAI 20T
instrument, working at 200 kV and equipped with an EDX
spectrometer for measuring X-ray energy dispersive spectra.
The activity of the catalysts was studied in a fixed-bed reactor
operated at a pressure ranging from 3 to 40 bar and at
temperatures in the 250—340 °C range, with a feedstock
containing methyl oleate (70%, Aldrich) in heptane (total ester
content: 10 wt %). About 200 mg of catalyst pelletized, crushed
and sieved with 40—60 mesh, and then mixed with silicon
carbide was used in the assays. The hydrogen flow rate was 30
mL/min, and the organic phase was introduced at a rate of 6
mL-h™’, corresponding to a space velocity of 20.4 h™' (WHSV),
although for some experiments, the space velocity was
increased up to 81.6 h™". Liquid samples collected at 1 h
intervals were analyzed off-line by a gas chromatograph
(Agilent, 7890A) equipped with a FID and two columns,
HP-S for paraffin analysis and HP-INNOWAX for ester
analysis.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of the Cata-
lysts. As was mentioned above, to stabilize the reduced form of
the catalysts, samples passivated were used for characterization.
Textural properties of SBA-15 support and the catalysts were
obtained from the N, adsorption—desorption isotherms, which
are displayed in Figure 1. The values of the different parameters
obtained from the isotherms are summarized in Table 1. All the
samples possess type IV sorption isotherms (Figure 1a), typical
of mesoporous ordered materials. The pore size distribution
obtained by Barret—Joyner—Halenda (BJH) analysis of these
curves shows no marked differences among the samples, which
in all cases present a maximum centered at a diameter around
6.7 nm. However, from this analysis it is observed that the
mesopore volume is more than 50% lower for Ni,P/SBA-15
than for SBA-15, but in the case of Ni/SBA-15, the volume
reduction is about 30%. Accordingly, both catalysts have lower
BET (from the Brunauer, Emmett and Teller equation) specific
surface areas (Sgpr) than SBA-1S, although this reduction is,
again, significantly more marked for Ni,P/SBA-15 (Table 1).
This behavior is related to the accumulation of the active phase
inside the SBA-15 channels, which is more extensive in the case
of the nickel phosphide sample than for the Ni/SBA-15. This
suggests that most Ni,P particles, as well as some P,/P, species
formed during the reduction of the phosphate excess, % are
mainly located inside the channel of the mesostructured silica.
Similar results in terms of decreasing both surface area and pore
volume on introducing nickel phosphide have been previously
reported by Koranyi et al."’

Figure 2a shows the low-angle X-ray diffraction patterns of
SBA-15 and the passivated catalysts. Only the most intense
characteristic peak of SBA-1S structure can be observed for
both Ni,P/SBA-15 and Ni/SBA-13. This fact indicates that the
structural order of SBA-15 decreases for the supported
catalysts, very likely due to the uneven distribution of active
phase particles inside the pores. The high-angle X-ray
diffraction patterns of SBA-15 and the passivated catalysts are
displayed in Figure 2b. For SBA-1S, the broad peak at around
22° is due to amorphous silica as usually found for these
mesostructured materials, which consist of an ordered array of
channels located between amorphous silica walls. The
characteristic peaks of Ni,P appearing at 40.6, 44.5, 47.2, and

dx.doi.org/10.1021/cs200659r | ACS Catal. 2012, 2, 592—598



ACS Catalysis

(@)
400-

Ni/SBA-15

(23

o

o
1

N

o

o
1

Ni,P/SBA-15

Volume adsorbed (cm®/g STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)

o *x
i * SBA-15
=) o \-’%{ P *
<)
o
3
3 7
“.E.)..' . Ni/SBA-15

[

o Ni,P/SBA-15
Potss o-0-¢ oo o
T
10 100
Dmp(nm)

Figure 1. (a) N, sorption isotherms and (b) BJH pore size distribution
of SBA-15 and the passivated catalysts.

54.0° are clearly shown, confirming the formation of this phase
over the SBA-15 matrix (JCPDS 74-1385). The reflections at
44.3, 51.8, and 76.3° present in the Ni/SBA-15 pattern also
confirm the existence of crystallites of metallic nickel (JCPDS
04-0850).

Figure 3 shows TEM images and TEM—EDX analysis results
of the Ni,P/SBA-15 sample. This study reveals that small Ni,P
particles with a rather homogeneous size distribution (average
diameter < 7 nm) are well-dispersed within the mesopores of
SBA-1S (Figure 3a). This indicates that SBA-15 is an excellent
support for dispersing nickel phosphide because the mesopores
stabilize nanoparticles size and provide good sintering
resistance, even though this sample was prepared at 650 °C.
In addition, a much lower proportion of larger Ni,P particles
with a diameter of ~25 nm and a globular morphology are
detected outside of SBA-15 channels.

TEM images of these large particles also show evidence of
the passivation layer because a light gray band is observed in
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Figure 2. (a) Low and (b) wide-angle X-ray diffraction patterns of
SBA-1S and the passivated catalysts.

the external edge of Ni,P with a thickness of ~1.5 nm (Figure
3b). On the basis of the EDX analysis, the Ni/P mole ratio of
the Ni,P particle is determined to be close to the stoichiometric
mole ratio of ~Ni/P = 2. Figure 4 displays the TEM images
and TEM—EDX analysis result of the Ni/SBA-15. The Ni
crystallites are more prone to form aggregates than Ni,P, and
this fact leads to the formation of large Ni particles over the
SBA-1S5 external surface. In addition, Ni particles present a
rather wide size distribution (25—60 nm) and a more irregular
morphology as compared with Ni,P crystallites. These results
are consistent with the N, adsorption isotherm of Ni/SBA-15,
which shows that the porous structure is much less affected by
the incorporation of the metal than in the case of nickel
phosphide.

3.2. Catalytic Activity. Hydrogenation of the methyl oleate
double bond under mild conditions yields methyl stearate,*

Table 1. Physicochemical Properties of the SBA-15 Support and the Ni-Containing Catalysts

samples Ni content (wt %) bulk composition
SBA-15
Ni/SBA-15 19.6 Ni
Ni,P/SBA-15 18.8 Ni, o,P

Sper (m?/g) Vineso (cmn’/g) Vi (cm’/g) D,,” (nm)
599 0.5 0.70 6.70
462 0.38 0.51 6.69
206 0.28 031 6.73

“Total pore volume calculated from the N, adsorption at relative pressure of 0.98. “Mesopore size calculated from the adsorption branch of the N,

isotherm using the BJH method.
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Figure 3. (a) TEM images and (b) TEM—EDX analyses of Ni,P/SBA-
1S.

but this reaction, despite contributing to the conversion of this
FAME, does not contribute to a decrease in the O/C ratio. On

Figure 4. (a) TEM images and (b) TEM—EDX analyses of Ni/SBA-
1S.
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the contrary, removal of the ester group of the methyl oleate,
either by decarboxylation to C,; alkanes or HDO to Cq
paraffins, is a more relevant process for the upgrading of
triglycerides.6 Accordingly, to take into account exclusively
deoxygenation reactions, total ester conversion is considered in
this study. The evolution of this parameter is shown in Figure §
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Figure S. Variation of total ester conversion at different temperatures
as a function of time on-stream over (a) Ni/SBA-15 and (b) Ni,P/
SBA-15 catalysts. Reaction conditions: 30 bar; WHSV = 20.4 h™'; H,/
feedstock ratio = 300 Nm*m™,

as a function of time on stream over Ni,P/SBA-15 and Ni/
SBA-1S5 catalysts at temperatures in the 250—340 °C range and
at 30 bar of pressure. Nearly complete conversion of esters is
achieved over both catalysts at temperature higher than 290 °C.
However, ester conversion quickly declines with decreasing
temperature, and at 250 °C, it drops below 20%. In the whole
range of temperatures, Ni/SBA-1S is slightly more active than
Ni,P/SBA-1%, although the activity of both catalysts for the
conversion of methyl oleate approaches 16 ymol-mol Ni~'-s™*
at the higher temperature of operation.

On the other hand, these catalysts initially show some
deactivation at low reaction temperature, which is more
progressive for Ni,P/SBA-15. This fact is very likely related
to the accumulation of byproduct of the reaction that can
partially block the active sites. In this respect, thermogravi-
metric analysis coupled to mass spectrometry (TG—MS) of the
Ni,P/SBA-15 catalyst after reaction at 250 °C (see the
Supporting Information (SI)) shows two events, one of
which can be associated with the combustion of the reagents
remaining on the surface that occurs simultaneously to the
desorption of methyl oleate residues; the other can be related
to the oxidation of more bulky molecules or coke. On the other
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hand, Figure 6 displays ester conversion at 270 °C after 6 h on-
stream for both catalysts as a function of the space velocity. As
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Figure 6. Variation of total ester conversion at 270 °C after 6 h on-
stream as a function of the space velocity for Ni/SBA-1S and Ni,P/
SBA-15 catalysts. Reaction conditions: H,/feedstock ratio = 300

Nm3m™,

expected, conversion drops with increasing space velocity, but
in all cases, it remains slightly higher for Ni/SBA-1S than for
Ni,P/SBA-1S.

Gas phase analysis reveals the formation of methane and
minor amounts of CO and CO, in the outlet stream. These
results suggest that methanation of CO, is significant under
these operation conditions. In the liquid phase, linear paraffins
are the main products detected, but traces of methanol and free
saturated fatty acids (mostly stearic) are detected in most of the
catalytic runs. More specifically n-alkanes in the C,;s—C; range,
which are formed from a feedstock composed mainly of Cg
(80%) and C,4 (9%) fatty acids, are the predominant products.
In the case of the Ni/SBA-15 catalyst, C,, paraffin is produced
in a higher proportion under all assayed conditions (Figure 7).
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Figure 7. Evolution of the C3/(C,, + C;3) ratio with conversion over
Ni,P/SBA-15 (squares) and Ni/SBA-15 catalysts (circles). The solid
symbol corresponds to assays performed at different temperatures at
WHSV = 20.4 h™", and the open symbol corresponds to catalytic runs
performed at 270 °C at different space velocities. Other reaction
conditions: 30 bar; H,/feedstock ratio = 300; 6 h on-stream.

However, because it can be clearly understood in Figure 7, the
selectivity to C,g n-alkanes is significantly higher for the Ni,P/
SBA-15 catalyst, particularly at lower temperatures and high
space velocity, when conversion is lower than 15% and the C,g/

(Cy7 + Cyg) ratio approaches 0.55.
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In contrast, for Ni/SBA-15, the C;3/(C;; + Cig) ratio
remains lower than 0.03 and relatively constant with changing
conversion. Taking into account the low conversion data
(<10%) obtained at 270 °C with 81.6 h™" space velocity, it can
be concluded that the higher selectivity of Ni,P/SBA-15% is
not due to the operation conditions, but rather, it is an intrinsic
characteristic of this catalyst. In terms of n-octadecane yield
(see Figure 8), the maximum value (25%) is achieved for Ni,P/
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Figure 8. Variation the C g yield with temperature over Ni,P/SBA-15
and Ni/SBA-15 catalysts. Reaction conditions: 30 bar; WHSV = 20.4
h™Y; H,/feedstock ratio = 300 Nm>-m™,

SBA-15 at 290 °C; for Ni/SBA-1S5, it is lower than 2% at all the
assayed temperatures. On the other hand, the decline in yield at
temperatures higher than 290 °C for Ni,P/SBA-1S can be
attributed to the larger contribution of the decarboxylation
processes.

A more detailed comparison of the differences in the product
distribution over both nickel and nickel phosphide catalysts is
displayed in Figure 9 for tests performed at 340 °C and 30 bar
over 6 h. Considering that the FAME fed to the reactor
contains about 80% C,g and 9% C, fatty acids, it seems clear
that Ni/SBA-15 induces extensive cracking, leading to a
significant yield of alkanes in the Cy—C,; range, especially at
higher temperatures. In contrast, cracking is not significant for

80
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60 - NXXJ Ni PISBA-15

Selectivity (mole %)

Hydrocarbon product

Figure 9. Comparison of the hydrocarbon product distribution over
Ni,P/SBA-15 and Ni/SBA-1S catalysts. Reaction conditions: 340 °C;
30 bar; WHSV = 20.4 h™'; H,/feedstock ratio = 300 N m>m™3; time
on-stream = 6 h.
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the Ni,P/SBA-15 catalysts under the conditions used in the
present study, and this catalyst yields a rather narrow product
distribution, which is basically constituted by the products of
decarboxylation (C;; and minor amount of C;5) and
deoxygenation (Ci;g3 and a minor amount of C). Con-
sequently, Ni,P/SBA-15 appears as a very promising alternative
for green diesel production from vegetable oils.

The effect of H, pressure on the performance of the two
catalysts was evaluated at 250 °C because at this temperature, a
higher HDO selectivity is obtained. The results shown in Figure
10 indicate that FAME conversion after 6 h on-stream increases
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Figure 10. Variation of the total ester conversion after 6 h on-stream
as a function of pressure for Ni/SBA-15 and Ni,P/SBA-15 catalysts.
Reaction conditions: 250 °C; WHSV = 20.4 h™!; H,/feedstock ratio =
300 N m>m™; time on stream = 6 h.

almost linearly with pressure. As in the case of the temperature
variation, the Ni/SBA-15 catalyst is slightly more active than
Ni,P/SBA-15 at all the investigated pressures. On the other
hand, Figure 11 displays the variation of the C;3/(C;; + Cy3)
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Figure 11. Evolution of the C,3/(C,; + C,g) ratio with H, pressure
over Ni,P/SBA-15 and Ni/SBA-15 catalysts. Reaction conditions: 250
°C; WHSV = 20.4 h™; H,/feedstock ratio = 300 Nm*m™; time on
stream = 6 h.

ratio with pressure for both catalysts. Selectivity of Ni/SBA-15
for HDO remains quite low and rather insensitive to the
hydrogen pressure, suggesting that on this catalyst, the
contribution of the hydrodeoxygenation route to hydrocarbon

formation is very limited.
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In contrast, for Ni,P/SBA-1S, a sharp increment in C5/(C,;
+ Cyg) ratio is observed at higher hydrogen pressures. More
specifically, a remarkable enhancement of the selectivity is
observed when the pressure rises from 3 to 1S bar, and a more
progressive increase in the production of C,g alkanes is
appreciated up to 40 bar. As can be understood from Figure 12,

{ Temperature 250°C
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40

30

Selectivity (mole %)

20
10 -

Hydrocarbon product

Figure 12. Comparison of the hydrocarbon product distribution over
Ni,P/SBA-15 and Ni/SBA-15 catalysts. Reaction conditions: 250 °C;
40 bar; WHSV = 20.4 h™!; H,/feedstock ratio = 300 Nm>-m™>; time
on stream = 6 h.

at 250 °C and 40 bar, cracking is rather limited and Ni/SBA-15
yields basically decarboxylation products, whereas under these
conditions, HDO is greatly promoted for Ni,P/SBA-1S.
Therefore, considering the economy of the process, operating
at moderate pressures (20—30 bar) can provide an adequate
HDO yield with lower hydrogen consumption.

On the basis of these results, it can be concluded that the
transformation of FAME molecules takes place according to
rather different routes, depending on the chemical nature of the
active phase. Thus, both deoxygenation and decarboxylation
occur simultaneously over the Ni,P catalyst, and decarbox-
ylation and cracking are the prevailing processes over the Ni
catalyst. Previous works have suggested that the presence of 4-
fold coordinated tetrahedral Ni sites, denoted as Ni(i), and S-
fold coordinated square pyramidal, Ni(ii), over the Ni,P
crystallite surface are responsible for its unique selectivity."*
More specifically, the Ni(ii) sites can be associated with the
superior hydrogenation ability of Ni,P, leading to the enhanced
selectivity toward C,g n-alkanes.

On the other hand, it is suggested that the Ni (i) site may be
involved in the activation of the CH;00C-C;H;; bond,
leading to the decarboxylation route. Considering that the
proportion of these types of active sites varies with the Ni,P
particle size,'*'> a finer control of crystallite diameter may
provide a way to further tune the selectivity of this catalyst. It
will be studied in future works.

4. CONCLUSIONS

Pure silica SBA-15 is an excellent support for Ni,P dispersion in
the form of spherical and uniform nanoparticles, which are
incorporated inside the ordered mesopores of this material.
Hydrotreating of methyl oleate over the Ni,P/SBA-15 catalyst
promotes decarboxylation and hydrodeoxygenation reactions,
yielding C;; and Cg hydrocarbons, respectively. In contrast,
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Ni/SBA-15 favors cracking reactions in addition to decarbox-
ylation, giving rise to a broader hydrocarbon distribution.
Adjusting the reaction conditions allows the extension of
hydrodeoxygenation versus decarboxylation to be controlled in
the case of the Ni,P/SBA-15 catalyst. Thus, lowering the
reaction temperature and space velocity and increasing the
pressure leads to HDO selectivity around 60% for Ni,P/SBA-
1S, whereas this parameter remained at a very low value for Ni/
SBA-15. Therefore, Ni,P/SBA-15 can be considered a very
promising catalyst for green diesel production from vegetable
oils because of its high efficiency in the removal of oxygen by a
combination of decarboxylation and hydrodeoxygenation
pathways, the latter becoming predominant at moderate
temperatures.
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TG-MS data of the Ni,P/SBA-15 catalyst after reaction is
available in the Supporting Information file. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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