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Abstract

Ni, Pt, and NiPt catalysts supported on SBA-15 were synthesized, characterized, and tested in anisole hydrodeoxygenation to determine the effect
of the metal’s nature on the catalytic activity in the hydrogenation of the aromatic ring of anisole and hydrogenolysis of the C—0 bond in the
cyclohexyl methyl ether intermediate. Metal loadings in the catalysts were 5 wt% of Ni and 1 wt% of Pt. The bimetallic NiPt/SBA-15 catalyst showed
the highest catalytic activity in both hydrogenation and hydrogenolysis, attributed to the promotional effect of Pt on NiO reduction and the formation

of a Ni—Pt alloy with better dispersion of metal nanoparticles.

Introduction
In recent years, the global demand for energy is in continuous
increase, being petroleum the main source for energy produc-
tion.l'! On the other side, the reduction in the use of fossil fuels
and their eventual total or partial replacement by renewable
and sustainable energy sources are highly desirable to decrease
emissions of CO, and other greenhouse gases causing global
warming. Because of this, current research efforts in catalysis
are focused on the development of economically and energy-
efficient processes for the production of sustainable fuels from
renewable sources. In this sense, lignocellulosic biomass and
organic waste have attracted attention for the production of
clean biofuels capable to substitute or supplement fossil fuels.””)
Bio-oil is the main product obtained from lignocellulosic
biomass through the quick pyrolysis process. The drawback
of this bio-oil is a high oxygen content (35-40 wt%), which
gives it low chemical stability and thermal value. The bio-oil
derived from lignin consists mainly of aromatic compounds
with hydroxy (—OH) and methoxy (—OCH,) substituents, such
as anisole, phenol, guaiacol, catechol, syringol, isoeugenol,
among others.!?! The hydrodeoxygenation (HDO) catalytic
process is frequently used to reduce the oxygen content in bio-
oil by the reaction with hydrogen, improving its stability and
fuel properties. In the case of lignin-derived bio-oil, oxygen is
removed in the form of water or methanol.l*!

Different supported solid catalysts have been tested for
HDO: transition metal salts (sulfides, phosphides, carbides,
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etc.), as well as reduced transition (Ni, Cu, Co, etc.) or noble
(Pt, Pd, Rh, etc.) metals.”] Noble metals are known to be
effective for hydrogen activation under mild reaction con-
ditions. Although the drawback of noble metals is the high
cost, it was demonstrated recently that they can be used in
catalytic processes with economic benefits.[*! In contrast,
transition metals are abundant and less expensive. Among
noble and non-noble metals, Pt and Ni catalysts have attracted
significant attention in recent years for the HDO of biomass-
derived chemicals.’~'#! Thus, Pt/SiO, catalysts with different
particle size of Pt were used in the valorization of lignin into
aromatic chemicals such as benzene, toluene, and xylenes
(BTX).I! Physically mixed Pt/AC and HZSM-5 catalysts!®]
and bifunctional Pt catalysts supported on a zeolite-binder
matrix!”) were investigated in the HDO of isoeugenol giving
good results. Ni/y-Al,O; catalysts also showed good activity
in bio-oil upgrading.’® Ni/SBA-15 and Ni/SiO, catalysts were
tested in m-cresol HDO under atmospheric pressure!’! and in
anisole HDO under 40 bar H, pressure.[w] In both works, the
effect of Ni particle size on the activity and product distribu-
tion was observed. Large Ni nanoparticles promoted hydro-
genation reactions, while small Ni nanoparticles exhibited
high activity for C—O bond cleavage. Ni catalysts supported
on AI-MCM-41 showed high activity and selectivity in HDO
of anisole to cyclohexane.'!l Ni/Beta bifunctional catalysts
were studied in the HDO of waste biomass for selective pro-
duction of BTX compounds!'? and in methyl laurate HDO to
bio-jet fuel.['*) Nickel nanoparticles supported on HZSM-5
catalysts showed exceptionally high selectivity, good stability,
tolerance for impurities, and excellent recyclability in HDO of
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lignin-related model compounds.!'*!*! The above mentioned
works> 14 were published in 2023, showing that the devel-
opment of novel supported metal catalysts for HDO is a hot
topic. On the other hand, bimetallic NiPt catalysts are much
less explored in HDO. In the year 2023, only two publications
were found, where Pt-Ni bimetals confined in a hierarchical
ZSM-5 zeolite were tested in the HDO of phenolics with high
yield of cyclohexane!!® and Ni-Pt catalysts supported on acti-
vated carbon were used for the hydrotreatment of guaiacol.[!”!
Regarding the supports commonly used for the preparation of
HDO catalysts, conventional supports such as Al,O3, SiO,,
TiO,, and carbon, mesoporous ordered materials (MCM-41,
SBA-15, etc.) and microporous zeolites (HY, USY, H-Beta,
HZSM-5, etc.) can be mentioned.!>>!8]

In the present work, a comparison of Ni, Pt, and NiPt
catalysts supported on SBA-15 silica was performed in the
hydrodeoxygenation of anisole as a representative model
compound of lignin-derived pyrolysis bio-oil. The catalysts
were characterized in their oxide and reduced forms in order
to inquire into the effect of platinum addition on the charac-
teristics of Ni species at different steps of catalyst prepara-
tion. The objective of this work was to compare the behavior
of mono- and bimetallic catalysts of a different metal nature
(noble vs. non-noble) in hydrodeoxygenation, to prove if there
is any synergy between the two selected metals and to gain a
better understanding of the improved behavior of the bimetal-
lic NiPt/SBA-15 catalyst.

Materials and methods

Synthesis of SBA-15 support

The mesoporous SBA-15 support was synthesized by the
hydrothermal method described by Zhao et al.l'®! Tetraethyl
orthosilicate (TEOS, Aldrich) was used as the silica source
and triblock copolymer EO,,-PO,(-EO,, (M,,=5800 g/mol,
Aldrich) as the templating agent. The nominal molar ratio of
the chemicals used in the synthesis was 1TEOS:0.017P123:5.9
SHCI1:171H,0. The hydrothermal treatment was performed first
upon stirring at 35 °C (20 h) and then without stirring at 100 C
(24 h). The obtained solid product was washed with deionized
water and air-dried at room temperature. The calcination step
was performed in static air at 550 °C for 6 h.

Preparation of Ni, Pt, and NiPt catalysts

Mono- and bimetallic catalysts supported on SBA-15 were
prepared by the conventional incipient wetness (co-)impreg-
nation technique using aqueous solutions of nickel nitrate
(Ni(NO;),6H,0, Aldrich) and hexachloroplatinic acid
(H,PtCl4-6H,0, Aldrich) precursors. The theoretical loadings
of metals in the catalysts were 5 wt% of Ni and 1 wt% of
Pt. After the impregnation, the catalysts were dried at room
temperature for 24 h, then at 100 “C for 12 h and calcined at
500 °C for 2 h in static air atmosphere. The prepared catalysts
were labeled as Ni/SBA-15, Pt/SBA-15, and NiPt/SBA-15.
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Characterization

The SBA-15 support and prepared catalysts were character-
ized by N, physisorption, small- and wide-angle X-ray dif-
fraction (XRD), temperature-programmed reduction (TPR),
scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX), and transmission electron micros-
copy (TEM).

N, adsorption—desorption isotherms were obtained with
a Micromeritics ASAP 2020 automatic analyzer at liquid
N, temperature (— 197.5 “C). The samples were previously
degassed at 270 C for 10 h. Specific surface areas were cal-
culated by the Brunaurer-Emmett—Teller method (Sggyr). The
total pore volume (V) was determined by nitrogen adsorp-
tion at a relative pressure of 0.98 and pore size distributions
were obtained from the adsorption and desorption isotherms
by the Barrett—Joyner—Halenda (BJH) method. The reported
mesopore diameters (Dp,q4, and Dpy.) Were determined as
the maxima of the corresponding pore size distributions. The
micropore area (S,) was estimated using the correlation of
t-Harkins & Jura (t-plot method).

Powder XRD measurements were performed on a
Siemens D5000 diffractometer, using CuKa radiation
(A=1.5406 A) and a goniometer speed of 1° (26) per minute.
The wide—angle XRD patterns of the samples were recorded
from 3° to 80° (26). This technique was used for the charac-
terization of calcined and reduced catalysts. The small-angle
XRD patterns recorded from 0.6° to 5° (26) were obtained on
a Bruker D8 Advance diffractometer using small divergence
and scattering slits of 0.05°. The a, unit-cell parameter of
SBA-15-type materials was estimated from the position of
the (100) diffraction line as ay=24/3 x d,. Pore wall thick-
ness, d, was assessed by subtracting adsorption pore diameter
(Dp,qs) from the unit-cell parameter (ay).

TPR characterization was performed in a Micromerit-
ics AutoChem II 2920 automatic analyzer equipped with a
thermal conductivity detector. The catalysts (50 mg) were
pre-treated at 400 °C for 2 h in air and then cooled to room
temperature under an Ar stream. The consumption of H,
was recorded from 25 to 1000 C upon a heating rate of
10 ‘C/min in a stream of H,/Ar mixture (10/90 mol/mol,
50 mL/min flow).

The chemical composition of the catalysts was estimated
by a SEM—EDX analysis, using a JEOL 5900 LV microscope
with OXFORD ISIS equipment.

Characterization of metal nanoparticles in the reduced
catalysts was performed by TEM. TEM images were obtained
using a JEOL 2010 microscope (resolving power 1.9 A at
200 kV). The solids were ultrasonically dispersed in heptane
and the suspension was collected on carbon coated grids. The
size of about 500 metal particles observed in different parts
of various images of the reduced catalysts was determined
and used to obtain a frequency histogram of the particle size.
Scanning-transmission electron microscopy (STEM) in high-
angle annular dark-field (HAADF) mode was performed in a
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Cs-corrected JEOL ARM-200F electron microscope located
at Laboratorio Universitario de Microscopia Electronica
(LUME-UNAM, RRID:SCR_024400), operated at 200 keV.
Energy-dispersive X-ray spectroscopy (EDS) was carried out
with an Oxford AZtecTEM detector.

Hydrodeoxygenation of anisole

Prior to the catalytic activity tests, the catalysts were reduced
ex-situ in a U-shaped glass flow reactor at 400 “C for 4 h,
under a stream of H,/Ar (70:30 mol:mol) at atmospheric pres-
sure. The hydrodeoxygenation of anisole was performed in
a 300 mL stainless steel batch reactor (Parr), with a model
solution of 0.37 M of anisole (Aldrich, 99%) in hexadecane
(Aldrich, 99%). In every activity test, 50 mL of anisole solu-
tion and 0.1 g of reduced catalyst were used. The reaction
was performed at 280 “C and 7.3 MPa total pressure for 6 h
upon constant mechanical stirring (500 rpm). Aliquots of the
reaction mixture were taken every 15 min during the first
hour, every 30 min during the second hour and then hourly
until the end of the reaction. The analysis of the aliquots was
carried out in an Agilent 6890 gas chromatograph equipped
with a flame ionization detector and a non-polar methyl silox-
ane capillary column HP-1 (50 m % 0.32 mm inner diameter
and 0.52 pum film thickness). Product identification was
performed on an Agilent 7890A GC system equipped with
5975C MS detector. The catalytic activity was determined by
measuring anisole concentrations at different reaction times.
The conversion of anisole (X,y) was calculated as shown in
Eq. 1, where C(,yy is the initial anisole concentration in the
reaction mixture and C,y is the concentration of anisole at
different reaction times # (h).

_ Caany, —Ca

Xan N %100 % 1)

Cianyg

Selectivity to cyclohexane (Sqy,) was defined as CHA
content (%) in the reaction mixture.

Results and discussion

Support and catalyst characterization

The chemical composition of the prepared catalyst was deter-
mined by SEM-EDX. The catalysts have real metal loadings
close to the theoretically expected ones (Table 1). Figure 1(a)
shows distributions of metal species in monometallic Ni/SBA-
15 and Pt/SBA-15 and bimetallic NiPt/SBA-15 catalysts. All
the metals are well and homogeneously dispersed without
forming large agglomerates. It seems that the dispersion of
both metals (Ni and Pt) is better in the bimetallic NiPt catalyst.

The Fig. 1(b) shows nitrogen adsorption—desorption iso-
therms of the SBA-15 support and calcined catalysts, as well
as corresponding pore size distributions. All the isotherms are
of Type IV corresponding to mesoporous materials, with a H1
hysteresis loop pointing out to the presence of nearly cylin-
drical pore channels. Both isotherms and hysteresis loops are
characteristic of the SBA-15 materials. The textural character-
istics of the prepared SBA-15 support and mono- and bimetallic
catalysts are shown in Table 1. The SBA-15 material exhibited
the highest specific surface area (722 m%/g) and pore volume
(1.23 cm®/g), while the catalysts showed decreased surface
areas (595 to 668 m?/g) and pore volumes (0.99 to 1.13 cm?/g)
due to the incorporation of non-porous metal species and some
pore blocking. Adsorption and desorption pore diameters of
the starting SBA-15 support suffered only slight changes in
the mono-and bimetallic catalysts. Therefore, the pristine pore
structure of the SBA-15 support was maintained in the catalysts
after metal deposition by the incipient wetness impregnation
technique. Additionally, it can be noted that Dy, 4, and Dpy.
show about 2 nm difference in the support and calcined cata-
lysts (Fig. 1(b) and Table 1) indicating that in all the samples,
mesopores have somewhat different internal and pore-mouth
(entrance) diameters.

Figure 1(c) (left side chart) shows the small-angle diffrac-
tograms, 0.6°-3.0° (26), of the SBA-15 support and catalysts.
The SBA-15 support exhibits well-defined diffractions at 0.9,
1.5° and 1.75° (26) typical of the two-dimensional hexagonal

Table 1. Chemical composition, textural and structural characteristics of the support and catalysts, and catalytic activity at different steps of ani-

sole hydrodeoxygenation.

Sample Real metal Textural® and structural® characteristics Activity?
loading (wt%)? - -
Sppr (m*/g)  Vp(cmg) S, (m*g)  Dpygs(nm)  Dpge (nm) — ag (nm) S (nm) k(b)) k(0
SBA-15 - 722 1.23 51 8.8 6.7 11.7 29 - -
Ni/SBA-15 5.04 599 1.04 53 8.5 6.6 11.3 2.8 1.56 0.08
Pt/SBA-15 0.83 668 1.13 55 8.8 6.7 11.3 2.5 0.61 0.04
NiPt/SBA-15  5.05 (Ni), 595 0.99 51 8.6 6.6 11.3 2.7 2.54 0.20
1.01 (Pt)

#Determined by SEM—EDX analysis. Nominal metal loadings in the catalyst: 5 wt% of Ni and 1 wt% of Pt.

®Sger specific surface area; V), total pore volume; Sy
desorption isotherms, respectively.

“ay, unit-cell parameter; J, pore wall thickness of SBA-15 materials.

micropore area; Dy, 4 and Dpy., mesopore diameters determined from the adsorption and

4Pseudo-first order reaction rate constants: k, for the hydrogenation of the aromatic ring of anisole and &, for the hydrogenolysis of C—O bond in

cyclohexyl methyl ether intermediate.
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Figure 1. (a) Elemental mappings of calcined mono- and bimetallic catalysts; (b) N, adsorption-desorption isotherms and pore size

distributions of the support and calcined catalysts; (c) small-angle and wide-angle X-ray diffraction patterns of the support and calcined

catalysts.

p6mm pore structure, which are associated with the (1 0 0), (1
1 0), and (2 0 0) planes, respectively. In this pore structure, one
central pore is surrounded by other six pores of the same size.
These characteristic diffractions are also present in the pat-
terns of the calcined mono- and bimetallic catalysts. However,
the intensity of the (1 0 0) signal was lower for the catalysts
than for the SBA-15 support, which could be due to some pore
blocking of the support’s mesopore structure by the deposited
metal species and a decrease in the long-order pore arrange-
ment. This confirms that the characteristic hexagonal arrange-
ment of the SBA-15 pore structure was maintained in the
catalysts even after the impregnation of metal precursors and
calcination treatment. The pore wall thickness was determined
using the cell parameter a,, calculated based on the position of
the d,, interplanar distance and the Dp, 4, pore size obtained
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from nitrogen adsorption isotherms. According to Table 1, the
calcined catalysts showed pore wall thickness (J) similar to that
of the SBA-15 support. This means that the mechanical and
thermal resistance properties of the support were maintained
in the catalysts.

Figure 1(c) (central chart) shows the results of powder
X-ray diffraction analysis of the SBA-15 support and calcined
catalysts in the 10°-80° (26) interval. The SBA-15 support
shows a broad signal between 15° and 35° (26) corresponding
to amorphous silica. The same broad signal of the support is
also observed in the diffraction patterns of the calcined cata-
lysts. In addition, five new diffraction signals were observed
for Ni/SBA-15 and NiPt/SBA-15 catalysts at 37.25°, 43.28°,
62.98°, 75.63°, and 79.39° (26). These signals correspond
well to the (111), (200), (220), (311), and (222) planes of the
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cubic (Fm-3m) crystalline phase card of nickel(IT) oxide (NiO,
JCPDS-ICDD 01-071-1179). For the Pt/SBA-15 catalyst, char-
acteristic signals of cubic (Fm-3m) crystalline phase of metallic
platinum (Pt, JCPDS-ICDD card 00-004-0802) were detected at
39.77°,46.31°, and 67.52° (26). These signals were assigned to
the (111), (200), and (220) planes, respectively. An interesting
finding is that no signals of metallic Pt phase were detected in
the bimetallic NiPt/SBA-15 sample. This means that the disper-
sion of Pt was significantly improved in the presence of NiO in
the bimetallic catalyst. However, we did not find any evidence
of the formation of any mixed phase between Pt and NiO in the
calcined NiPt/SBA-15 sample. The more intense signals of the
NiO phase (37.25° and 43.28° (26)) did not show any shift in
the presence of Pt compared to the positions of these signals in
the Ni/SBA-15 catalyst, Fig. 1(c) right side chart.

TPR profiles of the calcined mono- and bimetallic Ni and
Pt catalysts are shown in Fig. 2(a). Reduction of NiO takes
place just in one step (Ni**O+H, — Ni’+H,0). Therefore,
the presence of two main reduction peaks with maxima at 297
and 417 C in the reduction profile of the calcined Ni/SBA-15
catalyst points out to the coexistence of two different nickel
oxide species in this catalyst. The lower temperature reduction
peak (297 “C) could be ascribed to the reduction of free NiO
species, which are in weak interaction with the silica support.
These could be crystalline NiO species detected by XRD and,
according to their size determined using the Scherrer equation
(~13.6 nm), they should be located on the external surface
of the SBA-15 support. The second reduction peak (417 ‘C)
can be attributed to the NiO species in a stronger interaction
with the silica support. These could be smaller NiO species
confined inside the SBA-15 mesopores. No reduction signals
were detected for the Pt/SBA-15 catalyst. This is in line with
the XRD observations, where the presence of only metallic
platinum was found. Both XRD and TPR characterizations hint
at the reduction of PtO, species during the synthesis of this
catalyst, probably, in the calcination step. For the bimetallic
NiPt/SBA-15 catalyst, only one reduction peak with a maxi-
mum at 242 °C was detected, Fig. 2(a). This result indicates that
in presence of platinum, the reduction of NiO species occurs at
a significantly lower temperature. In addition, the reduction of
just one type of NiO species was observed in the calcined bime-
tallic NiPt/SBA-15 catalyst. However, from the TPR results it is
not clear if these NiO species are located inside or outside the
SBA-15 pores. A similar decrease in the reduction temperature
of the NiO was reported recently for the Ni—Pt catalysts sup-
ported on activated carbon (AC).!'7 and for the Pt/Ni catalysts
supported on SBA-15 and Al-SBA-15.1"") The promoting effect
of Pt on the reduction temperature of nickel oxide species was
ascribed to a synergistic effect with a potential hydrogen spillo-
ver from Pt sites to NiO species in bimetallic systems affecting
the formation of Ni nanoparticles.!!7-!%2%

Figure 2(b) shows the XRD patterns of the catalysts reduced
at 400 C for 4 h. For the Ni/SBA-15 and NiPt/SBA-15 cata-
lysts, no signals corresponding to the NiO crystalline phase
were observed after reduction. Three new reflections were

observed at 44.75°, 52.10°, and 76.81° (26) corresponding to
the (111), (200), and (220) planes of the crystalline cubic phase
of metallic nickel (Ni°, JCPDS-ICDD card 01-071-4655). The
monometallic Pt/SBA-15 catalyst shows the same diffraction
peaks as the calcined catalyst, since Pt was reduced prior to
the reduction treatment. For the bimetallic NiPt/SBA-15 cata-
lyst, signals of the crystalline phase of metallic Pt were not
observed. However, a slight shift of the diffraction signals of
metallic Ni’ toward smaller 26 degrees was detected [Fig. 2(b),
right chart]. This could be due to the incorporation of larger
Pt atoms into the crystalline structure of Ni’. This is possible
according to the Effective-Medium Theory (EMT),?! since the
energies of segregation and surface mixing between Pt and Ni
allow non-segregated mixing of Pt and Ni. Therefore, evidence
of the incorporation of Pt into the Ni matrix was found.

The reduced mono- and bimetallic Ni, Pt, and NiPt catalysts
were examined by transmission electron microscopy (TEM) to
observe location and size of metal nanoparticles. Figure 2(c)
shows the TEM images and particle size distributions of the
prepared catalysts. In all the images, the characteristic ordered
mesopore structure of the SBA-15 support can be observed.
Metallic nanoparticles are seen as dark gray-black spots. The
reduced Ni/SBA-15 catalyst showed a broad particle size
distribution (2.5 to 32.5 nm) with an average particle size of
11.6 nm. Some Ni nanoparticles (small particles with a size
below the pore size of the SBA-15 support, Table 1) could be
located inside the support’s mesopores. However, the major-
ity of the Ni particles have a size above 10 nm and these large
metal nanoparticles can be observed on the external surface
of the SBA-15. The reduced Pt/SBA-15 catalyst showed ever
broader metal Pt particle size distribution (from 5 to 40 nm),
being the average particle size equal to 16.7 nm. In this case,
some of the observed large metal particles may be located on
the external surface of the SBA-15 support. However, some
metal particles seem to have cylindrical shape and are aligned
along the support’s mesopores, indicating the possibility of
their location inside the mesopores blocking them. Resuming
the above results, for the monometallic Ni and Pt catalysts,
broad particle size distributions were obtained with the pres-
ence of metal nanoparticles of different sizes (heterogeneous
distribution). Regarding the reduced bimetallic NiPt/SBA-15
catalyst, it presented a significantly narrower particle size
distribution, where metal nanoparticles with size from 2.5 to
15 nm were predominant. The average particle size in this case
was 7.7 nm. In addition, it can be clearly observed in Fig. 2(c)
that nanoparticles of almost similar size are aligned inside the
cylindrical mesopores of the support. An increase in the dis-
persion of metal nanoparticles in the bimetallic NiPt catalyst
compared to the monometallic ones is in line with previous
report,l!7! where the formation of uniform Ni—Pt nanoparticles
was detected in the Ni-Pt/AC catalysts.

HAADF imaging and EDS analysis was performed to cor-
roborate the local composition of the reduced catalysts. Fig-
ure 2(d) shows the images of the monometallic catalysts. It
can be seen in detail the size dispersion of the particles. In the
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case of the NiPt/SBA-15 catalyst, a high-magnification image
shows the nanoparticle structure. Platinum is well dispersed
into the nickel structure of the particle, easily discernible by
the high difference in contrast (Z contrast) between both ele-
ments. Lattice fringes were resolved, slightly dimmed by the
SBA thickness. The measured lattice distance of 0.210 nm laid
between the (111) planes of nickel or platinum (0.203 nm and
0.226 nm, respectively), indicates that Pt atoms incorporate into
the face-centered cubic structure of nickel, forming an alloy.
This is in agreement with the slight shift of the diffraction sig-
nals observed in the XRD pattern of this sample. Pt segrega-
tion is expected in this alloy, exposing Pt to the surface, which
can enhance the catalytic activity.??! Finally, EDS linescans
confirmed the chemical composition of the monometallic and
bimetallic catalysts, Fig. 2(e).

Catalytic activity

in the hydrodeoxygenation of anisole
Catalytic activity of the prepared catalysts was evaluated in
the hydrodeoxygenation (HDO) of anisole (AN) at 280 C
and 7.3 MPa of H, total pressure. Figure 3(a) shows the ani-
sole conversions obtained with the prepared catalysts. All the
prepared catalysts were active in this reaction. The bimetallic
NiPt/SBA-15 catalyst was the most active, followed by Ni/
SBA-15 and then the Pt/SBA-15. These activity trends could be
expected based on the results obtained for the reduced catalysts
by TEM, Fig. 2(c). Smaller metal nanoparticles and, therefore,

better dispersion of the catalytically active phase was observed
for the bimetallic NiPt/SBA-15 catalyst compared to the mono-
metallic samples. In addition, according to the results from
TPR, Pt addition to the nickel catalyst promoted the reduction
of nickel oxide species in the bimetallic NiPt/SBA-15 catalyst
at a considerably lower temperature than in the Ni/SBA-15
analog. Finally, total metal loading in the bimetallic NiPt/SBA-
15 catalyst (5 wt% Ni and 1 wt% Pt) was higher than in the
monometalic Ni/SBA-15 (5 wt% Ni) and Pt/SBA-15 (1 wt%
Pt) counterparts.

Figure 3(b) shows reaction product compositions obtained in
the HDO of anisole with the synthesized Ni/SBA-15, Pt/SBA-
15, and NiPt/SBA-15 catalysts. The following compounds
were identified in the reaction mixture: cyclohexyl methyl
ether (CME), cyclohexanol (CHL), benzene (BZ), cyclohex-
ane (CHA), and methanol (MET). Methanol was not quantified
because of its high volatility. According to the concentration
profiles, the first three products (CME, CHL, and BZ) are inter-
mediate products, while CHA is the final, hydrogenated and
deoxygenated product of the hydrodeoxygenation of anisole.
CME is the main intermediate product formed in a signifi-
cant amount during the reaction (up to 75-80%). Another two
intermediates (CHL and BZ) are formed in just small amounts
(below 2—3%). Therefore, the reaction route involving these
compounds may be ignored, and a simplified reaction scheme
can be proposed for the hydrodeoxygenation of anisole with the
studied Ni/SBA-15, Pt/SBA-15, and NiPt/SBA-15 catalysts,

100 100 100 100
Ni/SBA-15 NiPt/SBA-15 Pt/SBA-15
4 < CME & J CME < 4

g 8 PUSBA-15 g 80 e | T 80 e, g 80 CME
=~ 13 A 'y c A a? c P
5 2 ~ 2 3 N p
4 60 Z 60 s g 60 - ¢ F 60 -
g g A 2 || g
; : ‘ : t :
8 40 - 8 40 8 40 1 cHA || 8 401 g
® b CHA s | ¢ Nl s o~
o 3 -1 A 3
£ 20 2 2 ‘| 2 2 * | 2 20 g
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Figure 3. (a) Conversions of anisole obtained with mono- and bimetallic catalysts at 280 ‘C and 7.3 MPa total pressure; (b) reaction prod-
uct compositions obtained over Ni/SBA-15, NiPt/SBA-15, and Pt/SBA-15 catalysts, and (c) proposed reaction mechanism of the HDO of
anisole. AN anisole, CHA cyclohexane, CME cyclohexyl methyl ether, CHL cyclohexanol, BZ benzene, MET methanol.
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Fig. 3(c). The first step of the above reaction mechanism cor-
responds to the hydrogenation of the aromatic ring of anisole
leading to the formation of CME. In the second step, the CME
intermediate is deoxygenated into cyclohexane. This reaction
mechanism represents a system of two consecutive irreversible
pseudo-first order reactions:

Finally, it can be noted in Fig. 3(b) for the Ni/SBA-15 and
NiPt/SBA-15 catalysts that the formation of the final CHA prod-
uct starts at high anisole conversions (above 70%). At lower ani-
sole conversions, hydrogenolysis of the C—O bond in the CME
intermediate is inhibited. This could mean that hydrogenation
and demethoxylation reactions take place on the same active

Anisole(AN) Lt Cyclohexyl methyl ether (CME) = Cyclohexane(CHA)

Regarding hydrogen, both reactions can be considered of
pseudo-order zero for this reactant due to the high H, pres-
sure used in the catalytic activity tests. According to the above
mechanism, two reaction rate constants were estimated: k; for
hydrogenation of anisole and k, for hydrodeoxygenation (dem-
ethoxylation) of CME. For these calculations, kinetic equations
(Egs. 2—4) were considered and a curve-fitting method was
employed for experimentally obtained data for AN, CME, and
CHA concentrations (C,y, Copp, and Ceppa, respectively, being
Cianyo the initial anisole concentration).*’]

Cax = Cany e (@)
K C
CCME — 1 (AN)y |:e—k1t _ e—kzt}

k2 _ kl (3)

C(AN) - _
C = 0 [k (1 — ’”’) —k (1 — ekt }
CHA T — ki 2 e 1 e ) “4)

Obtained values of kinetic constants are shown in Table 1
(last two columns). It can be noted that both reaction rate con-
stants, k; and k,, change in the following order: Pt/SBA-15<
Ni/SBA-15<NiPt/SBA-15, being the bimetallic NiPt catalyst
the most active for both reactions (hydrogenation and demeth-
oxylation). In addition, it was found that the combination of
two metals (Ni and Pt) in one bimetallic catalyst resulted in
greater values of the obtained k; and k, constants than those
obtained as the sum of the corresponding constants of monome-
tallic catalysts. For example, k, equal to 2.54 h™! for the NiPt/
SBA-15 catalyst is larger than the sum of the &, constants of the
Ni/SBA-15 and Pt/SBA-15 which is 2.17 h™! (about 20% differ-
ence). Ever more notorious was the difference observed between
the k, value of the NiPt catalyst (0.20 h™') and the sum of k, of
monometallic analogs (0.12 h™!, more than 60% difference).
The above observations evidence the synergistic effect between
Ni and Pt components of the bimetallic catalyst on its catalytic
activity. Another proof of Ni and Pt cooperation in the NiPt/
SBA-15 catalyst is its improved selectivity for the final CHA
product, Fig. 3(b). The amount of CHA obtained with the NiPt
catalyst at 6 h reaction time is about 75%, while only ~10% of
CHA was obtained with the Pt/SBA-15 catalyst and 35% with
the Ni/SBA-15 catalyst at the same reaction time. This result
could be ascribed to the incorporation of Pt into the reduced
Ni nanoparticles forming a Ni-Pt alloy and the modification of
the electronic properties of the latter making easier the rupture
of the C-O bond of CME and its hydrodeoxygenation to CHA.
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phase, namely metal nanoparticles, and that both molecules AN
and CME compete for the same active sites, being AN easier
to be adsorbed and reacted than CME. Such an assumption
seems to be reasonable considering that AN adsorption could
take place in a mode, where the molecule is oriented parallel
to the metal surface with the participation of n-electrons of the
conjugated six-membered aromatic ring of anisole. On the other
hand, the C—O bond rupture in the CME intermediate comprises
the coordination of an oxygen atom to the surface of the metal
nanoparticle just through a free pair of electrons of the oxygen
atom, making this adsorption less strong.

The above activity and selectivity results obtained in the
present study are in line with previous literature reports. Thus,
it was shown for the HDO of dibenzofuran in water that bime-
tallic Ni/M (M=Ru, Rh, and Pd) catalysts inherited the advan-
tages of both components, namely, the noble metal increased
the hydrogenation activity of the catalyst, while Ni modified
the selectivity of the noble metal to favor the C—O bond cleav-
age.”¥ A similar effect was also observed for the unsupported
NigPt,, catalyst in the HDO of dibenzofuran.[*’! The high
catalytic activity and selectivity of the Nig Pt,, catalysts was
ascribed to its structural characteristics (a smaller metal parti-
cle size compared to the corresponding single metal catalysts
and Ni enrichment in the catalyst’s surface). In work,['7] strong
Ni—Pt interactions were detected by XPS in Ni-Pt catalysts sup-
ported on activated carbon (AC). Distinctive electronic features
of Ni-Pt/AC were also revealed, which were favorable for the
transformation of guaiacol to cyclohexanol with increasing Pt
loading. In addition, Pt enhanced catalyst stability by inhibiting
the oxidation of Ni sites and mitigating Ni—Pt phase sintering.
Bimetallic NiPt catalysts supported on hierarchical ZSM-5
materials were investigated in a gas-phase hydrodeoxygena-
tion, transalkylation and dealkylation reaction of model lignin
derivative molecules for phenol production.”?®! Among the
studied catalysts, 10Ni1Pt/Z-h showed the highest activity and
selectivity for phenol production, which was attributed to the
additive effect of Pt related to the increase in the metal disper-
sion and enhancement of NiO reducibility.

Conclusion

Mono- and bimetallic catalysts supported on SBA-15 silica
(Ni/SBA-15, Pt/SBA-15, and NiPt/SBA-15) were successfully
prepared, characterized, and tested in the HDO of anisole. The
bimetallic NiPt/SBA-15 catalyst showed smaller size of the
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reduced metallic particles and better dispersion than the cor-
responding monometallic analogs, which can be due to the
formation of a Ni-Pt alloy. Addition of Pt to the Ni catalyst
supported on SBA-15 resulted in a notorious decrease in the
temperature of reduction of NiO that can be attributed to easy
activation of H, on Pt atoms at low temperature and hydrogen
spillover to NiO species. The bimetallic NiPt/SBA-15 cata-
lysts showed higher activity and selectivity to deoxygenated
products than the corresponding monometallic catalysts. A
synergistic effect between Ni and Pt species observed in the
bimetallic NiPt/SBA-15 catalyst was attributed to the forma-
tion of a Ni—Pt alloy.
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