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ABSTRACT: The influence of the acid sites in the hydrodeoxygenation of anisole performed over Ni catalysts supported on SBA-
15 modified with metal oxides (Ni/M-SBA-1S, M = Ti, Zr, Al, or Nb) was demonstrated. Catalysts were characterized by SEM—
EDX, nitrogen physisorption, XRD, UV—visible DRS, TPR, TPD of ammonia, IR-Py, O, chemisorption, and high-resolution
transmission electron microscopy. The mesoporous structure and the hexagonal arrangement of the supports were maintained in the
catalysts. Ni catalysts supported on modified M-SBA-15 exhibited a higher metal-support interaction, an increase in the acidity and,
as a consequence, improved selectivity to cyclohexane. The deoxygenation reaction rate constants increased as Ni/SBA-15 < Ni/Ti-
SBA-15 < Ni/Nb-SBA-15 < Ni/Zr-SBA-15 < Ni/Al-SBA-15, which is attributed to the increase in the amount and strength of acid
sites, especially of the Bronsted ones, which promotes the cleavage of the C—O bond. It is also important to keep the metal/acid
sites together to obtain high activity and selectivity to hydrodeoxygenated products.

1. INTRODUCTION of the C,omaic—O bond generating aromatic products and (b)
hydrogenation of the aromatic ring before the rupture of the
carbon—oxygen bond, resulting in the formation of saturated
products.” The specific reaction pathway ultimately depends
on the nature of the support and the active phase (reduced
metal, metal phosphide, metal sulfide, etc.), which modify the
catalyst’s activity and selectivity.

Catalysts based on noble metals such as Pt, Pd, Rh, and Ru
supported on different materials have been investigated in
HDO of different model compounds, obtaining high yields of
hydrocarbons.”~"® Nickel-based catalysts are an alternative to
noble metals, primarily due to their lower cost and high
activity.">'®'” On the other hand, different kinds of ordered
mesoporous materials, such as MCM-41, SBA-15, SBA-16,
KIT-6, and others, have garnered significant attention as

The ongoing global energy crisis, stemming from depletion and
limited access to petroleum feedstocks, calls for the advance-
ment of renewable energy sources. Biomass utilization to
produce sustainable and renewable fuels has emerged as a
promising solution to address energy problems. Fast pyrolysis
of lignocellulosic biomass offers a high potential to generate
bio-oils for producing various types of fuels. The starting
biomass retains over 70% of its original energy content while
containing considerably less nitrogen and sulfur compared to
fossil fuels." Nevertheless, bio-oils derived from fast pyrolysis
exhibit a notable drawback in the form of a high oxygen
content, reaching up to 40%. This characteristic renders them
unsuitable for direct utilization in diesel engines due to their
low calorific value, low pH (leading to increased corrosive-
ness), and high viscosity.'~*

Hydrodeoxygenation (HDO) is an efficient process Received: ~ August 9, 2023
performed at high temperatures and pressures to break the Revised:  September 25, 2023
aromatic and aliphatic C—O bonds present in bio-oils, Accepted:  October 17, 2023
ultimately resulting in the removal of oxygen.” Furthermore, Published: November 3, 2023
it is recognized that the HDO of phenolic compounds typically
proceeds through two parallel reaction pathways: (a) cleavage
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supports for heterogeneous catalysts."®~*° In the field of HDO
of bio-oil model compounds, the use of different Ni catalysts
supported on SBA-15-type materials has been reported in the
literature. For instance, hydrotreating of a mixture of methyl
esters was conducted over Ni and Co catalysts supported on
SBA-15 and Al-SBA-15.”" The presence of aluminum in the
support favored the HDO process, achieving a higher
selectivity and yield of C,3 hydrocarbons than with SBA-15-
based materials. Jin et al.”* reported a better deoxygenation
activity in HDO of anisole for Ni/SBA-15 and Ni/SiO,
catalysts than for Ni supported on activated carbon. The
high efficiency was attributed to the combination of acidic
sites, which could contribute to the C—O bond scission and
the good dispersion of metallic Ni particles. Yang et al.”’
investigated Ni catalysts employing different supports (SBA-
15, Al-SBA-15, y-Al, O, microporous carbon, TiO,, and CeO,)
for HDO of anisole. They observed very high HDO activity (in
some cases ~100%), concluding that the acidity of the support
is very relevant for the hydrogenolysis of anisole, while metallic
sites participate in the hydrogenation of intermediate
compounds to yield cyclohexane (CHA). Ni and Co catalysts
supported on hierarchical ZSM-5 and mesostructured SBA-15
and Al-SBA-15 were also evaluated in the HDO of anisole.”*
The results also showed a synergetic effect between the acidic
sites of the supports and the metallic active phases, which
favors the HDO of anisole. Gbadamasi et al.*> found that Ni/
Al-SBA-15 catalysts were promising for HDO of dibenzofuran
(DBF) into hydrocarbons, observing a synergetic effect
between Ni and the Al-SBA-1S5 support. Li et al. tested the
performance of Ni/AI-SBA-15 catalysts in eugenol HDO and
observed that the activity and selectivity of the catalysts were
affected by both the quantity of acid sites and the dispersion of
nickel species.””*’ Finally, NiNb and Ni—ZrO, catalysts
supported on SBA-1S silica also showed high activity in the
HDO of anisole and guaiacol, respectively, with high selectivity
toward CHA production.”®*’ The activity of the NiNb/SBA-
1S was explained in terms of acidity, metal surface exposure,
and reducibility as a function of the interaction between the
phases present,”® while the good activities and selectivities
toward total deoxygenation obtained for the silica supported
Ni—ZrO, catalysts were associated with the proximity between
Ni and ZrO, particles when confined in the silica mesopores.”’
Summarizing the above results, it can be noted that, in general,
bifunctional metal-acid catalysts show catalytic performance in
HDO superior to that of their metallic counterparts supported
on unmodified SBA-1S silica. The advantage of bifunctional
metal-acid catalysts for HDO reactions is due to their ability
for dissociation of hydrogen on the metal component and for
“C—0” adsorption and activation on acid sites.” Nowadays, the
introduction of different functionalities over mesoporous silica
and their cooperation to achieve the catalytic turnover is well-
known for different types of reactions."® However, for HDO
reactions, in particular, only Ni catalysts supported on SBA-15
and AI-SBA-15 have been mainly studied, leaving insufficient
information regarding the performance of similar catalysts
supported on SBA-15 materials modified with other metal
oxides.

In the present work, a comparison study of non-noble Ni
catalysts supported on SBA-15 modified with different metal
oxides (TiO,, ZrO,, AL,O;, and Nb,O;) was performed to
contribute to the rational design of new low-cost bifunctional
catalysts for HDO. Prepared catalysts were evaluated in the
HDO of anisole as a probe molecule representative for lignin-

derived bio-oils. Activity and selectivity trends were correlated
with the characteristics of metallic and acidic sites with the
intention of further investigating the participation of both of
them in different steps of the HDO process. Special attention
was placed on the characteristics of acidic sites (amount, type,
and strength) and metal-support interaction in the catalysts.

2. EXPERIMENTAL SECTION

2.1. Preparation of SBA-15 and M-SBA-15 Supports.
The mesoporous SBA-1S support was synthesized according to
the Zhao et al. procedure,” employing the triblock copolymer
Pluronic P123 (M,, = 5800, EO,,PO,,EOQ,,) as a template and
tetraethyl orthosilicate (TEOS, 98% Aldrich) as a silica source.
The nominal molar ratio of the chemicals used in the synthesis
was 1TEOS/0.017P123/5.95HC1/171H,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. This SBA-1S silica was employed as
a parent material to prepare supports modified on the surface
with different metal oxides.

SBA-15 supports modified with TiO,, ZrO,, or Al,O; were
prepared by chemical grafting, while the Nb,Os-containing
support was prepared by incipient wetness impregnation. The
synthesized supports were denoted as M-SBA-15 (M = Ti, Zr,
Al or Nb). For chemical grafting, Ti(IV) isopropoxide (Ti(i-
PrO),, Aldrich, 97%), Zr(IV) propoxide (Zr(n-PrO),, Fluka,
70 wt % solution in 1-propanol), and Al(III) chloride (AICL,
Sigma-Aldrich) were used as M precursors. An excess of M
precursor (3.6 mmol per gram of SBA-1S, which is equal to 3
M atoms per nm” of SBA-15 surface) was dissolved in absolute
ethanol (100 mL, J.T. Baker), and then 1 g of SBA-1S was
added to the solution and kept under magnetic stirring for 4 h
at room temperature. After that, the solid material was filtered
and vigorously washed with absolute ethanol to remove the
unreacted precursor. The Al-SBA-15 support was also washed
with abundant deionized water to remove chloride anions.
Finally, the modified supports were dried at room temperature
in air and calcined in static air at 550 °C for S h. The Nb-SBA-
1S support was prepared by the impregnation of an aqueous
solution of ammonium niobate(V) oxalate hydrate
(NH,[NbO(C,0,),](H,0),, 99.99%, Sigma-Aldrich). The
required amount of Nb precursor (0.61 mmol per gram of
SBA-15) was used to obtain the nominal charge of Nb,O;
equal to 7.5 wt %. This Nb,O; loading was selected to avoid
the agglomeration of Nb,Oj5 on the SBA-15 surface, which was
observed at higher loadings. The Nb-SBA-15 support was dried
at room temperature overnight and then at 100 °C for 6 h in
static air. The calcination step was performed at 500 °C for 5
h.

2.2. Preparation of Ni Catalysts. Ni catalysts were
prepared by incipient wetness impregnation of the (M)-SBA-
1S supports with an aqueous solution of nickel nitrate
(Ni(NO;),-6H,0, Sigma-Aldrich) containing the necessary
amount to obtain a theoretical loading of 4 wt % of Ni. After
impregnation, the catalysts were dried at 100 °C for 12 h and
calcined at 500 °C for 2 h. The calcined catalysts were denoted
as NiO/(M)-SBA-15 (M = Ti, Zr, Al, or Nb).

2.3. Characterization of Supports and Catalysts. The
chemical composition of supports and catalysts was obtained
using scanning electron microscopy coupled to an energy-
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dispersive X-ray analyzer (SEM—EDX) employing a JEOL
5900 LV microscope with Oxford ISIS equipment.

The textural properties of supports and catalysts were
determined by N, physisorption employing a Micromeritics 3-
FLEX automatic analyzer at a liquid N, temperature (—197.5
°C). Prior to the experiments, the samples were degassed at
270 °C under a N, flow for 12 h. Specific surface areas were
calculated by the BET method (Sggr), while the total pore
volumes (V,) were determined by nitrogen adsorption at a
relative pressure of 0.98. Pore size distributions were obtained
from the adsorption and desorption isotherms by the BJH
method. The mesopore diameters () (D,4 and Dy,)
correspond to the maxima of the pore size distributions
obtained from the adsorption and desorption isotherms,
respectively. The micropore area (S,) was estimated using
the correlation of t-Harkins and Jura (t-plot method).

Powder X-ray diffraction (XRD) patterns were recorded on
a Siemens DS000 diffractometer using CuK, radiation (4 =
1.5406 A) and a goniometer speed of 1° (26)/min in the 10 to
80° (20) range. Small-angle XRD (SA-XRD, 26 = 0.5—10°)
was performed 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 a, = 2/+/3 X
digo- Pore wall thickness, 6, was assessed by subtracting D,
from the a; unit-cell parameter, which corresponds to the
distance between the centers of the adjacent mesopores.

UV—vis diffuse reflectance spectra (DRS UV—vis) of
supports and catalysts were recorded in the wavelength range
from 200 to 800 nm at room temperature by using a Varian
Cary 100 Conc spectrophotometer equipped with a diffuse
reflectance attachment. Polytetrafluoroethylene was employed
as a reference.

Temperature-programmed reduction (TPR) and temper-
ature-programmed desorption of ammonia (TPD-NH;)
profiles were obtained by using a Micromeritics AutoChem
II 2920 automatic analyzer equipped with a thermal
conductivity detector (TCD). Prior to the TPR analysis, SO
mg of sample was pretreated in situ at 400 °C for 2 h in an air
flow and then cooled to room temperature under an Ar stream.
The reduction step was performed from room temperature to
1000 °C (10 °C/min) under a H,/Ar mixture flow (10:90
mol/mol, 50 mL/min). In the TPD-NHj, experiments, S0 mg
of sample was pretreated in situ at 500 °C for 30 min in a
helium flow to remove water and other contaminants. Then,
the samples were cooled to 120 °C and contacted with an
NH;/He mixture flow (10/90 mol/mol, 20 mL/min) for 30
min. The ammonia desorption step was performed in a He
stream (50 mL/min) using a heating rate of 10 °C/min until
reaching 500 °C, keeping this temperature until the trace
reached the baseline.

The Fourier-transform infrared spectroscopy of adsorbed
pyridine (Py-IR) was used to characterize acidic sites in the
synthesized catalysts. For this study, the sample powders were
pressed into self-supported thin wafers. IR spectra were
recorded in absorption mode on a Thermo Scientific Nicolet
8700 spectrometer. Prior to the adsorption of pyridine, the
samples were pretreated at 400 °C, with a heating rate of 20
°C/min, under vacuum for 45 min and cooled to room
temperature. After pretreatment, the samples were exposed to
saturated pyridine vapors for 20 min. After the adsorption of
pyridine, the cell was evacuated, and the spectra were recorded
after degassing at 50, 100, 200, 300, and 400 °C. The amount

of adsorbed pyridine (coordinated or pyridinium ion) was
estimated using the methods described by Hughes and White®'
and Emeis.”

Chemisorption of the O, was employed to determine the Ni
dispersion of the reduced catalysts. The analyses were
performed in a quartz tubular reactor equipped with a furnace
with a thermocouple, a system for controlling temperature, and
valves for gas pulses. Prior to the O, chemisorption, the
samples (0.1 g) were reduced at 400 °C for 2 h under a H,
flow (60 mL/min), followed by cooling to 25 °C in an Ar flow.
The O, chemisorption was measured at 25 °C by introducing
1 mL of pulses of the O, (5%)/He into the argon flow. The
pulses were continued, until no further uptake of O, was
measured. The amount of chemisorbed O, on Ni atoms was
determined with a HIDEN Analytical HPR-20 mass
spectrometer following the signal of chemisorbed O, (m/z =
32). The amount of Ni atoms on the surface was calculated
from the O, uptake by assuming an O/Ni atom of 1; meaning
one O, molecule was chemisorbed with dissociation on two Ni
surface atoms. The dispersion of metallic Ni (D) was the result
of the ratio of the amount of Ni atoms on the surface
determined by O, chemisorption to the total amount of Ni
atoms in the sample, eq 1, determined by SEM—EDX

)

<= X 100%
Total Ni(mol/gcat) (1)

Surface Ni(mol/ g

High-resolution transmission electron microscopy studies
were performed using a JEOL 2010 microscope (resolving
power of 1.9 A at 200 kV). The reduced catalysts were
dispersed ultrasonically in heptane, and the suspension was
collected on a carbon-coated grid.

2.4, Catalytic Activity Tests. The activation of the
catalysts was performed prior to catalytic activity tests. For
this, the NiO/(M)-SBA-15 catalysts were reduced ex situ in a
U-shaped glass flow reactor at 400 °C under a stream of H,/Ar
(70:30 mol/mol) for 4 h at atmospheric pressure. Reduced
catalysts were denoted as Ni/(M)-SBA-15 (M = Ti, Zr, Al, or
Nb). The HDO of anisole was performed in a stainless steel
batch reactor (300 mL, Parr) with a 0.36 M solution of anisole
(Aldrich, 99%) in hexadecane (Aldrich, 99.5%). For each
activity test, SO mL of anisole solution and 100 mg of the
reduced catalyst were used. The reaction conditions employed
were 280 °C for 6 h with constant mechanical stirring (600
rpm). The reactor was filled with 3.5 MPa of hydrogen at room
temperature, which gave 4.8 MPa total pressure at the reaction
temperature (280 °C). Small aliquots of the reaction mixture
(about 0.5 mL) were taken every 15 min during the first hour
of the reaction and then hourly. The course of the reaction was
followed by the analysis of aliquots in an Agilent 6890 gas
chromatograph equipped with a flame ionization detector
(FID) and a nonpolar methyl! siloxane capillary column HP-1
(50 m X 0.32 mm inner diameter and 0.52 um film thickness).
Product identification was performed on an Agilent 7890 A
GC system equipped with a 5975C MS detector.

Catalytic activity was determined by measuring the anisole
concentration at different reaction times. The conversion of
anisole (X,y) was calculated as shown in eq 2, where C, is the
initial anisole concentration (mol-L™!) in the reaction mixture
and C,y is the concentration of anisole (mol-L™") at different
reaction times (¢, h)

https://doi.org/10.1021/acsomega.3c05865
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Co—C
Xy = | ——2N | x 100%
Co )

The rate constants (k; and k,) were determined assuming
that the hydrogenation of anisole and deoxygenation of
cyclohexyl methyl ether (CME) and cyclohexanol (CHL) are
the pseudo-first order reactions (since H, is in large excess),
based on the following simplified reaction scheme, eq 3

ky
Anisole (AN) — Oxygenated intermediates (CME
+ CHL)
kZ
— Cyclohexane (CHA) (3)

The rate constants k; and k, were calculated employing a
curve-fitting method™” for eqs 4—6, respectively

Can = Coe_k't (4)

kiCo [kt _ it
e —e 7
ky, =k ()

Ceme+cur =

CO —k,t —k,t
Cepa = ——[ky(1 — ™) — k(1 — ¢7™)]
o= - Sk -

Selectivity to CHA (Scyys) was defined as the CHA content
(%) in the reaction mixture.

3. RESULTS

3.1. Characterization of Supports and Calcined
Catalysts. The chemical compositions of the supports and
catalysts were determined by SEM—EDX analysis. Table 1

Table 1. Chemical Composition of the Synthesized
Supports and Catalysts Was Determined by SEM—EDX

experimental loading (wt %)

sample Ni® NiO metal (M)? M0, M atoms/ nm’

Support

Ti-SBA-15 8.3 13.8 2.00

Zr-SBA-15 13.0 17.6 1.74

Al-SBA-15 1.9 3.5 0.69

Nb-SBA-15 4.4 6.3 0.45
Catalyst

NiO/SBA-15 4.0 S.1

NiO/Ti-SBA-15 3.6 4.6 7.8 13.1 2.04

NiO/Zr-SBA-15 3.9 S.0 12.9 17.4 1.96

NiO/Al-SBA-15 3.8 4.8 1.6 3.0 0.60

NiO/Nb-SBA-15 4.0 S.1 4.3 6.2 0.50

“Nominal loading of Ni was 4.0 wt %. "M, metal deposited on the
SBA-15 surface (M = Ti, Zr, Al, and Nb). “M,0, = TiO,, ZrO,,
Al,O;, and Nb,O;.

shows that the SBA-1S supports modified by chemical grafting
of Ti, Zr, and Al oxides exhibited 13.8, 17.6, and 3.5 wt % of
the respective metal oxide, while the Nb-containing SBA-15
supports showed 6.3 wt % of Nb,Os, a value close to the
theoretically expected (7.5 wt %). The surface density of metal
atoms in the M-SBA-1S supports was between 0.45 and 2.0 M
atoms per nm> The experimentally determined loadings of
metal Ni catalysts were found between 3.6 and 4.0 wt % (Table
1), quite close to the expected value (4 wt %).

Figure 1 shows elemental mapping images of a selected
NiO/AI-SBA-15 catalyst. It was observed that both Al and Ni
species showed good dispersion and a homogeneous
distribution in this calcined catalyst. Elemental mappings of
other prepared catalysts shown in the Supporting Information,
Figure S1, also confirmed the homogeneous distribution of
nickel species and metal oxides in the catalysts.

Figure 2a shows the nitrogen adsorption—desorption
isotherms of the (M)-SBA-15 supports. They all correspond
to a type IV, characteristic of mesoporous materials, with an
H1 hysteresis loop, typically associated with uniform
cylindrical mesopores. After the incorporation of Ti, Zr, Al
and Nb oxides into the SBA-15 support, the shapes of the
adsorption—desorption isotherms and hysteresis loops were
preserved. Figure 2b,c, shows the pore size distributions of the
supports, obtained from the adsorption and desorption
branches of the isotherms, respectively. All the materials
presented well-defined monomodal pore size distributions.
The SBA-15 silica showed mesopore distributions with maxima
centered at 91 A (adsorption) and at 67 A (desorption). The
modified M-SBA-15 supports presented slightly broader pore
size distributions, with a slight decrease in the maximum pore
size. This decrease could be attributed to the deposition of Ti,
Zr, Al, and Nb oxides inside the mesopore channels of the
parent SBA-15 material.

The textural characteristics of the prepared supports are
listed in Table 2. The SBA-15 material exhibited the highest
specific surface area (722 m*/g) and pore volume (1.24 cm®/
g), while the Ti-, Zr-, Al-, and Nb-containing supports showed
decreased surface areas (631 to 495 m*/g) and pore volumes
(1.12 to 0.83 cm?/g) due to the incorporation of nonporous
metal oxides.

A stronger change in the adsorption and desorption pore
diameters was observed for the supports modified with TiO,
and ZrO, species (Table 2), probably due to a larger amount
of these oxides grafted on the SBA-1S surface (Table 1). The
calcined NiO/(M)-SBA-1S catalysts did not show significant
changes in the shape of adsorption—desorption isotherms and
hysteresis loops (Supporting Information, Figure S2),
compared to the corresponding supports, nor in pore size
distributions. The addition of about 5 wt % of nickel oxide to
the (M)-SBA-15 supports, as expected, resulted in a slight
decrease in the specific textural characteristics of the catalysts
(Spgr and Vp)' without significant changes in the pore diameter
values (Table 2). These results indicate that the characteristic
mesopore structure of the starting SBA-1S support was
maintained in the supports modified with Ti, Zr, Al, and Nb
oxides, as well as in the calcined NiO/(M)-SBA-1S catalysts.

The SA-XRD patterns of the (M)-SBA-15 supports and
calcined Ni catalysts (Supporting Information, Figure S3)
showed three well-defined peaks located at approximately 0.9,
1.6, and 1.8° (20), associated with the (1 0 0), (1 1 0), and (2
0 0) characteristic reflections of the p6mm hexagonal symmetry
of cylindrical mesopores of the SBA-15 material.”® The
hexagonal unit cell parameter (a,) and the pore wall thickness
(8) of the samples were calculated based on the position of the
most intense (1 0 0) reflection and adsorption pore diameter
determined by N, physisorption (Table 2). The results are in
agreement with the literature. All the samples showed similar
a, values (between 111 and 114 A). However, the pore wall
thickness of the materials slightly increased after the
incorporation of Ti, Zr, Al, and Nb oxides to the starting
SBA-15 support as a result of the incorporation of the metal
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Figure 1. SEM—EDX images of the calcined NiO/AI-SBA-15 catalyst.
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Figure 2. Nitrogen adsorption—desorption isotherms (a) and pore size distributions of supports: (b) adsorption and (c) desorption.

Table 2. Textural” and Structural” Characteristics of the Synthesized Supports and Calcined Catalysts

sample Sper (m*/g) V, (em’/g) 8, (em’/g) Dy (A) D, (A) ay (A) 5 ()
Support
SBA-1S 722 1.24 0.026 91 67 114 23
Ti-SBA-15 520 0.91 0.030 80 65 112 32
Zr-SBA-15 495 0.83 0.025 80 63 111 31
Al-SBA-15 612 1.12 0.007 88 67 112 24
Nb-SBA-15 631 1.07 0.034 86 67 111 25
Catalyst
NiO/SBA-15 610 1.04 0.018 87 65 114 27
NiO/Ti-SBA-15 481 0.85 0.023 78 64 111 33
NiO/Zr-SBA-15 434 0.75 0.023 80 63 111 31
NiO/AI-SBA-15 590 1.05 0.021 87 68 112 25
NiO/Nb-SBA-15 58S 1.03 0.016 86 67 111 25

“Sper, specific surface area; V,, total pore volume; S, micropore area; and D4, and Dg,,, mesopore diameters correspondin% to the maximum of the
pore size distributions calculated from the adsorption and desorption isotherms, respectively, by the BJH method. “a,, unit-cell parameter
calculated from the position of the (100) diffraction peak (ay = 2/ /3 X diq0) and &, pore wall thickness of SBA-15 materials calculated by the
subtraction of pore diameter (D,4,) from the unit cell parameter aj.

oxide inside the mesopore channels covering their walls.”* This supports. On the other side, after the incorporation of nickel
effect was stronger for the TiO,- and ZrO,-containing species to the supports, the pore wall thickness almost did not
42853 https://doi.org/10.1021/acsomega.3c05865
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Figure 3. Powder XRD patterns of (a) supports and (b) calcined catalysts. Crystalline phase detected: cubic NiO (ICDD 01-071-1179).

change in the calcined NiO/(M)-SBA-1S catalysts compared
to the corresponding supports. This can be due to the good
dispersion of the nickel oxide species located inside the
mesopores in the calcined catalysts or to the agglomeration of
the deposited NiO species on the external surface of the (M)-
SBA-1S supports.

Figure 3a shows the powder XRD patterns of the starting
SBA-15 and M-SBA-1S5 supports. In all cases, only one wide
signal between 15 and 35° (26) was observed, attributed to the
amorphous SiO, of the SBA-15 material. The absence of the
reflection peaks corresponding to the deposited metal oxides
(TiO,, ZrO,, AL, O;, and Nb,Oq) in the diffractograms of the
M-SBA-1S supports indicates that the respective metal oxide
was well dispersed on the surface of the parent SBA-15. On the
other side, in the powder XRD patterns of the calcined NiO/
(M)-SBA-15 catalysts, Figure 3b, in addition to the same broad
signals of amorphous silica, 15—35° (26), five new diffraction
signals were detected at 37.2, 43.3, 62.9, 75.4, and 79.4° (26),
associated with the (11 1), (200),(220),(311),and (22
2) planes, respectively, of cubic NiO crystalline phase (ICDD
01-071-1179). This result points out the presence of NiO
crystals in all synthesized catalysts supported on (M)-SBA-15
materials.

The size of the NiO crystallites in the calcined catalysts was
estimated from the width at half height of the more intense (2
0 0) reflection peak in the XRD patterns using the Scherrer
equation. The largest NiO crystallites (13.1 nm) were observed
in the catalyst supported on the pristine SBA-15, Figure 3b,
which is reasonable due to the inert surface of this support
leading to a very low metal-support interaction (MSI). For the
calcined NiO catalysts supported on modified M-SBA-15
materials, the NiO size was slightly smaller, evidencing an
increase in the MSI with the SBA-15 materials modified with
different metal oxides (TiO,, ZrO,, Al,O,, and Nb,Oy). It is
worth mentioning that the size of the NiO crystallites detected
in all catalysts by powder XRD (9.0 to 13.1 nm) is larger than
the pore size of the (M)-SBA-15 supports (Table 2) so these
NiO crystallites are probably located on the external surface of
the mesoporous supports.

The reduction behavior of nickel oxide species in the
calcined NiO/(M)-SBA-15 catalysts was investigated by TPR
with H,. Figure 4 shows the TPR profiles of the calcined
catalysts.

The NiO/SBA-15 catalyst showed a broad reduction peak
from 270 to 450 °C, with a maximum at 332 °C and a shoulder
at ~415 °C. Since the reduction of the NiO species occurs in a
single step (NiO + H, — Ni + H,0), the presence of two
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Figure 4. TPR profiles of the calcined catalysts.

overlapping signals in the TPR profile indicates the reduction
of two different NiO species. Thus, the first peak is related to
the reduction of the NiO particles on the external surface of
the SBA-15 support, while the shoulder at a higher
temperature is due to the reduction of NiO particles located
in the interior of the mesoporous channels of the SBA-15.
These species are more difficult to reduce due to a stronger
interaction with the silica support.”>™*” On the other side, the
NiO catalysts supported on the SBA-1S supports modified
with different oxides (TiO,, ZrO,, Al,O;, and Nb,O;) showed
broader peaks shifted to higher temperatures compared to the
NiO/SBA-15 catalyst (Figure 4), indicating a stronger
interaction between the NiO particles and the supports
covered with the respective metal oxide.”> Moreover, it must
be pointed out that in the TPR profiles of NiO/Ti-SBA-15 and
NiO/Nb-SBA-15, the high-temperature shoulder was more
intense than that in the calcined NiO catalysts deposited on
Zr- and Al-SBA-15 supports. This result indicates that the first
two catalysts (NiO/Nb-SBA-15 and especially the NiO/Ti-
SBA-15 catalyst) have a larger proportion of nickel oxide
species located inside the mesoporous structure of the support
than other calcined catalysts. This can be due to a stronger
MSI with Nb- or Ti-containing supports that, on the one side,
promotes NiO dispersion inside the mesopores and, on the
other side, makes the reduction of such species more difficult.
According to the NiO crystallite size determined by the
Scherrer’s equation, Figure 3b, these two catalysts (NiO/Ti-
SBA-15 and NiO/Nb-SBA-15) also showed a smaller size of
the NiO crystallites located on the external surface of the
modified SBA-15 supports (9 and 11 nm, respectively) than in
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other samples. The stronger interaction between NiO species
and the metal oxide-containing SBA-1S supports also resulted
in a slightly lower degree of reduction of the nickel oxide
species in the NiO/M-SBA-15 catalysts compared with the
NiO/SBA-1S catalyst (Table 3).

Table 3. Hydrogen Consumption and Degree of Reduction
(a) of the Calcined Catalysts

hydro%en consumption

#mol/ge.)
catalyst Tomex (°C)?  theoretical  experimental a’
NiO/SBA-15 332 1526 15.05 0.99
NiO/Ti-SBA-15 505 13.74 12.78¢ 0.93¢
NiO/Zt-SBA-15 406 14.88 13.45 0.96
NiO/AI-SBA-15 389 14.48 13.13 0.92
NiO/Nb-SBA-15 390 15.26 14.81 0.97

T, .o temperature of the maximum of the main reduction peak. “a,
degree of reduction determined as a ratio of hydrogen consumed by
each catalyst to the theoretical hydrogen consumption, calculated
based on the experimentally determined NiO loadings (Table 1).
“Subtracting hydrogen consumption due to the reduction of the TiO,-
containing support.

UV—vis DRS of SBA-15 and modified supports are
displayed in Figure 5a. The SBA-15 and Al-SBA-15 supports
exhibited very low-intensity signals in the UV region. This
could be caused by the presence of impurities. It is known that
SiO, and y-Al,O; materials possess wide band gaps of 9.0 and
8.8 eV,*%¥ respectively. On the other hand, Ti-SBA-1S, Zr-
SBA-1S5, and Nb-SBA-15 supports showed intense signals in
the UV region. The maxima of the absorption bands were
observed at 238 and 227 nm for the Ti- and Nb-containing
supports, respectively, which are related to the ligand-metal
charge transfer (LMCT) from the O*” to the Ti*' and Nb**
cations with a tetrahedral and pentahedral coordination,
respectively.”*** The Zr-SBA-15 support showed the max-
imum of the absorption band at 243 nm, related to the LMCT
frorﬁ 492_ to Zr** cations with full connectivity of Zr—O—
Zr."

Figure Sb shows UV—vis DRS recorded for the calcined
catalysts. The absorption band at ~290 nm observed in the
Ni/SBA-1S, Ni/Zr-SBA-15, and Ni/Al-SBA-15 catalysts could
be associated to the LMCT from the oxygen 2p orbitals to the
nickel Eg orbital with NiO in octahedral coordination.*”** In
Ni/Ti-SBA-15 and Ni/Nb-SBA-15, this band was not visible

due to the overlap with the LMCT from the respective metal
oxide. Additionally, all the catalysts exhibited signals at ~430
and ~730 nm, ascribed to the spin-allowed transitions v, 3Azg
CF) —» 3Tlg (°P) and v, 3A2g (°F) —» 3Tlg (F), respectively,
for d—d transitions from the octahedrally coordinated nickel. ™
The signals at about 380 and 460 nm are related to the spin-
forbidden transitions *A,, (°F) — 'A;4(D) and °A,, (°F) —
'T,g respectively, due to the specific spin—orbit couplings and
antiferromagnetic interactions in Ni(II) ions.”

TPD of ammonia (TPD-NH;) and IR spectroscopy of the
adsorbed pyridine (Py-IR) were used to characterize the
acidity of supports and catalysts. Ammonia TPD was carried
out to quantify the amount and classify the acid sites by their
strength, but without distinguishing between Bronsted and
Lewis acidity, while the Py-IR was used to characterize
separately the Bronsted and the Lewis acid sites. The TPD of
the ammonia profiles of supports and catalysts is shown in the
Supporting Information, Figures S4a,b. Table 4 shows the
results of the quantification of acid sites of different strengths
in the supports and catalysts. The strength of the acid sites was
determined based on the temperature of ammonia desorption.
Thus, all the sites were divided into weak (120—200 °C),
medium (200—350 °C), and strong (350—500 °C) ones.

It can be observed (Figure S4a and Table 4) that, as
expected, the starting SBA-15 material showed the lowest total
amount of acid sites, compared to the SBA-15 supports
modified with different metal oxides (TiO,, ZrO,, Al,O,, and
Nb,Ojs). The total amount of acid sites in the supports, as well
as the surface density of the acid sites, increased as follows:
SBA-15 <« Al-SBA-15 ~ Nb-SBA-15 < Zr-SBA-15 < Ti-SBA-
15, being the Ti-containing support the most acid. The
medium strength acid sites were predominant in all the M-
SBA-15 supports, followed by the weak and strong ones (Table
4). Therefore, as expected, the incorporation of the selected
metal oxides on the SBA-15 surface produced a considerable
increase in the acidity of the supports. The addition of NiO to
the supports produced some changes in the acidity of the
samples. The ammonia TPD profiles of the catalysts are shown
in Figure S4b. It can be observed that the NiO/SBA-1S catalyst
continued being the sample with the lowest total amount of
acid sites among all the calcined catalysts. However, the total
amount of acid sites and the surface density of acid sites
increased somewhat differently from what was observed for the
supports: NiO/SBA-15 <« NiO/Nb-SBA-15 < NiO/Ti-SBA-
15 < NiO/Al-SBA-15 < NiO/Zr-SBA-1S5. In this case, the
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Figure 5. UV—visible diffuse reflectance spectra of (a) supports and (b) calcined catalysts.
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Table 4. Results from the Characterization of the Supports and Calcined Catalysts by the TPD of Ammonia

acid sites (umol NH;/g)

catalyst weak (120—200 °C) medium (200—350 °C) strong (350—500 °C) total density of acid sites (umol NH,/m?*)
SBA-1S 3 19 7 29 0.04
Ti-SBA-15 131 370 56 557 1.07
Zr-SBA-15 62 329 32 423 0.85
Al-SBA-15 43 189 31 263 0.43
Nb-SBA-15 56 177 39 272 0.43
NiO/SBA-15 6 20 14 40 0.06
NiO/Ti-SBA-15 136 12§ 18 279 0.58
NiO/Zr-SBA-15 150 238 43 431 0.99
NiO/AI-SBA-15 12§ 199 57 381 0.65
NiO/Nb-SBA-15 64 95 41 200 0.36
L
1445
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Figure 6. FT-IR spectra of pyridine adsorbed on the catalysts at S0 °C: (a) NiO/SBA-1S, (b) NiO/Ti-SBA-1S, (c) NiO/Zr-SBA-15, (d) NiO/Al-
SBA-15, and (e) NiO/Nb-SBA-15. Intensity was normalized by the amount of the catalyst employed for each analysis.

NiO/Zr-SBA-15 and NiO/AI-SBA-15 catalysts showed larger
acidity than the other three catalysts (Table 4). All the
catalysts, as well as the corresponding supports, have
predominantly weak and medium-strength acid sites but few
strong ones. The amount of strong acid sites increased as
follows: NiO/SBA-15 < NiO/Ti-SBA-15 < NiO/Nb-SBA-15 <
NiO/Zr-SBA-15 < NiO/Al-SBA-15. The addition of NiO on
the Ti-SBA-15, Zr-SBA-1S5, and Nb-SBA-15 supports, in
general, resulted in an increase in the amount of weak acid
sites in the catalysts, with a considerable decrease in the
amount of medium-strength acid sites. This effect was much
stronger for the Ti-containing support and catalyst, where the
amount of medium-strength acid sites decreased from 370 to
125 pmol NH;/g (almost 3-fold). On the other side, for the
NiO/AI-SBA-15 catalyst, the amount of strong acid sites
slightly increased after the incorporation of NiO to the Al-
SBA-15 support. The trends in the acidity of the calcined
catalysts could be the result of both the acidity of the supports
modified with different metal oxides (TiO,, ZrO,, Al,O5, and
Nb,O5) and the presence of the NiO species. The nickel oxide
species, on the one side, could interact with the acid sites of
the metal oxides deposited on the SBA-15 surface, covering the
surface with well-dispersed NiO particles, decreasing the
amount of acid sites; and, on the other side, some new acid
sites could be created on the surface of the NiO particles. This

supposition is in line with the results obtained by TPR of the
NiO/(M)-SBA-1S catalysts, which showed that the temper-
ature of the reduction of NiO species strongly depends on the
chemical composition of the (M)-SBA-1S support used. In this
sense, the high temperature required for the reduction of NiO
deposited on the Ti-SBA-1S support (400—630 °C, Figure 4)
points out the strong interaction of the NiO species with this
metal oxide. The same strong MSI could be the reason for a
noticeable decrease in the amount of medium and strong acid
sites in the NiO/Ti-SBA-15 catalyst.

IR spectroscopy of Py adsorbed at different temperatures
(Py-IR) was used to obtain more information about the
Bronsted (B) and Lewis (L) acid sites in the catalysts.
Pyridine, as a strong base, interacts with B and L acid sites,
forming different adsorbed structures that allow one to
distinguish and quantify Py molecules adsorbed at different
types of acid sites. Figure 6 shows the IR spectra of pyridine
chemisorbed on the surface of the catalysts after degassing at
50 °C. A signal at ~1545 cm™ corresponds to pyridine
adsorbed on the B acid sites, where a pyridinium ion (PyH") is
formed as a result of the protonation of the nitrogen atom of
the Py molecule with the acidic proton. The coordination of Py
to the L acid sites generally occurs through charge donation
from the pair of electrons of nitrogen to the coordinatively
unsaturated cations (L acid sites) exposed on the surface
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Table 5. Results from the Characterization of the Calcined Catalysts by FT-IR of Adsorbed Py

acid sites (umol Py/g)

samples Tpy 4es (°C)° Bronsted Lewis
NiO/SBA-15 S0 0 2029
200 0 15

400 0 0

NiO/Ti-SBA-15 50 25 1393
200 6 16

400 1 0

NiO/Zr-SBA-15 S0 64 1412
200 24 167

400 0 0

NiO/Al-SBA-15 NV 68 1642
200 34 230

400 0 68

NiO/Nb-SBA-15 NV 4 1289
200 0 30

400 0 0

total B/L density of acid sites (umol Py/m?*)

2029 0 3.33
15 0 0.02

0 0 0
1418 0.018 2.95
22 0.375 0.05

1 0
1476 0.045 3.40
191 0.144 0.44

0 0 0
1710 0.038 2.89
264 0.148 0.45
68 0 0.12
1293 0.003 2.33
30 0 0.05

0 0 0

“Temperature of pyridine desorption. Acid sites were classified as weak, medium, and strong according to the temperature of Py desorption: S0,

200, and 400 °C, respectively.

(PyL). These signals are situated at ~1445 and ~1607 cm™,
for strong L acid sites, and ~1577 cm™! for weak L acid sites.
The band at 1490 cm™" is due to both L and B acid sites.***
The amount of pyridine adsorbed on the B and L acid sites as a
function of the temperature (Supporting Information, Figure
SS) was determined following the bands at 1545 and 1445
cm™!, respectively. It can be seen in the spectra shown in
Figure 6, that for all the catalysts, the band of Py adsorbed at
the L acid sites was much more intense than that of Py
adsorbed at the B ones, indicating a higher concentration of L
acid sites. The spectrum of the NiO/SBA-1S catalyst showed
the highest initial amount of Py (50 °C) adsorbed on L acid
sites, followed by NiO/AI-SBA-15, NiO/Zr-SBA-15, NiO/Ti-
SBA-15, and NiO/Nb-SBA-1S. After the degassing temper-
ature was increased to 200 °C, the amounts of Py adsorbed at
different acid sites drastically decreased (Figure SS). At this
temperature, pyridine bonded to weak B and L acid sites was
desorbed, and the signals still remaining in the IR spectra
correspond to Py chemisorbed at medium and strong acid
sites. The results from the quantification of B and L acid sites
at different temperatures of Py desorption are shown in Table
S.

It can be clearly seen that the total amount of acid sites
significantly decreased with increasing degassing temperature
from 50 to 200 °C. According to an increase in the amount of
medium and strong acid sites of both types (B + L), the
catalysts can be ordered as NiO/SBA-15 < NiO/Ti-SBA-1S5 <
NiO/Nb-SBA-15 <« NiO/Zr-SBA-15 < NiO/Al-SBA-15. The
amount of medium and strong L acid sites changes in the same
order, while the presence of medium and strong B acid sites
was observed only in three catalysts, increasing their amount
from NiO/Ti-SBA-15 to NiO/Zr-SBA-15 and NiO/Al-SBA-
15. Additionally, it is important to note that after degassing at
200 °C, the NiO/SBA-1S catalyst did not show the presence of
B acid sites, exhibiting exclusively only a small amount of L
acid sites. After desorption of Py at 400 °C, no strong B acid
sites were detected in all the catalysts. The NiO/AI-SBA-15
catalyst was the only one that showed the presence of strong L
acid sites, where Py was still observed after desorption at 400
°C.
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3.2. Characterization of Reduced Catalysts. Reduced
catalysts were characterized by powder XRD, TEM, and O,
chemisorption in order to obtain information about the
characteristics of the metal active phase tested in the HDO of
anisole. For these characterizations, calcined catalysts were
reduced under the same conditions as those used for catalytic
activity tests (400 °C, H,/Ar flow, 4 h). The powder XRD
profiles of the reduced catalysts (Figure 7) showed three

o NiO
*Ni =
* Nisize
; (nm)
- Ni/sBA-15 ¥
S 10.9
&
Z
3 : n.d.
< i
] Ni/ZriSBA-15
= ’ 8.3
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(7.2)
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26 (°)

Figure 7. Powder XRD patterns of the reduced catalysts. Crystalline
phases detected: cubic NiO (ICDD 01-071-1179) and cubic Ni
(ICDD 01-071-4655).

diffraction peaks at 44.7, 51.8, and 76.8° (20), corresponding
to the (1 1 1), (200), and (2 2 0) crystalline planes of the
cubic phase of metallic Ni (ICDD 01-071-4655). This
crystalline phase was detected in the diffraction patterns of
all reduced catalysts. However, for the Ni/Ti-SBA-15 catalyst,
the signals of the metallic Ni were much smaller in intensity
and less defined than in the patterns of all other reduced
catalysts. Metallic Ni was the unique crystalline phase detected
in the diffraction patterns of the reduced Ni/SBA-1S, Ni/Zr-
SBA-15, and Ni/AI-SBA-15 catalysts.

The Ni crystallite sizes estimated for these catalysts using the
Scherrer equation for the most intense diffraction peak at 44.7°
(20) were 10.5, 8.3, and 8.5 nm, respectively (Figure 7). For
the Ni/Nb-SBA-15 catalyst, the metallic Ni crystallite size was
roughly estimated as 7.2 nm, while for the Ni/Ti-SBA-15
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Figure 8. TEM images of reduced catalysts and particle size distributions: (a) Ni/SBA-15, (b) Ni/Ti-SBA-15, (c) Ni/Zr-SBA-15, (d) Ni/Al-SBA-

15, and (e) Ni/Nb-SBA-1S.

sample, it was not possible to estimate the Ni crystallite size
based on the XRD data. It is important to note that the
addition of the selected metal oxides to the SBA-15 support
helps to increase the dispersion of metallic Ni nanocrystals in
the reduced catalysts as well as of the NiO crystallites in the
calcined precursors, Figure 3b. On the other hand, in the
diffraction patterns of the Ni/Ti-SBA-15 and Ni/Nb-SBA-15
catalysts, in addition to the characteristic signals of the metallic
Ni, other signals were detected at 37.2, 43.2, 62.9, and 75.4°
(26) corresponding to the presence of the cubic crystalline
phase of NiO (ICCD 01-071-1179). The presence of the NiO
phase in these two catalysts, even after the reduction
performed at 400 °C for 4 h, indicates that not all Ni**
oxide species were reduced under these reduction conditions.
This can be attributed to a strong MSI between Ni oxide and
the respective TiO,- and Nb,Os-containing SBA-15 supports,
which was evidenced by the TPR characterization of the
calcined catalysts (Figure 4). Resuming results from the XRD
characterization, it can be noted that the dispersion of the
reduced metallic Ni active phase improves with the addition of
zirconia and alumina to the SBA-15 surface, while too strong
metal-support interaction with titania- and niobia-containing
SBA-1S supports allows us to obtain well-dispersed Ni particles
but hinders the complete reduction of the NiO phase upon the
reduction conditions used in the present work.

TEM images of the reduced Ni catalysts and the
corresponding particle size distributions are shown in Figure
8. The average Ni particle sizes shown in this figure indicate
that the Ni/SBA-1S5 catalyst presented the largest average
particle size of Ni nanoparticles (11.6 nm), while the Ni
catalysts supported on the M-SBA-15 (M = Ti, Zr, Al, and Nb)
showed a smaller average size of the Ni active phase (between
6.4 and 9.4 nm). According to an increase in the Ni particles’
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average size, the catalysts can be ordered as Ni/Ti-SBA-15 <
Ni/Al-SBA-15 < Ni/Zr-SBA-1S < Ni/Nb-SBA-15 < Ni/SBA-
1S. An increase in the dispersion of metallic Ni in an order
opposite to the above could be expected. In addition, the Ni/
SBA-15 catalyst showed a wide particle size distribution (2 to
30 nm) with the presence of Ni particles larger in size than
25—30 nm on the external surface of the SBA-15 support. In
comparison, the Ni catalysts supported on M-SBA-15 showed
narrower particle size distributions (generally, 2—17 nm), with
particles larger than 15 nm almost absent. This result once
again confirmed an increase in the dispersion of the Ni active
phase in the Ni/M-SBA-1S$ catalysts compared to the Ni/SBA-
15 catalyst.

Additionally, a more detailed observation of the images
shown in Figure 8 allows us to note in the image of the Ni/
SBA-15 catalyst, Figure 8a, a very heterogeneous particle size
distribution with the presence of large Ni particles outside the
support’s mesopores and some smaller particles that could be
located inside of them. In the Ni/Ti-SBA-15 image, Figure 8b,
small round-shaped Ni particles are seen, and it seems that the
majority of them are on the external surface of the Ti-SBA-15
support (no particles inside the mesopores can be observed).
On the contrary, for the reduced Ni/Zr-SBA-1S5 and Ni/Al-
SBA-15 samples, Figure 8¢,d, in addition to the Ni particles
located on the external surface of the supports, Ni nano-
particles confined inside the Al- or Zr-SBA-15 mesopore
channels can be observed (see particles inside the white circles
in the images). The average size of the Ni nanoparticles in
these two catalysts (7.1—8.7 nm) is close to the mesopore
diameter of these catalysts, determined from N, adsorption
isotherms (8.0—8.7 nm, Table 2). For the Ni/Nb-SBA-15
catalyst, the presence of Ni nanoparticles confined in the
mesopores of the support was less notorious, Figure 8e,
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although some of them could still be observed. There are some
differences between the average particle sizes determined for
the reduced catalysts from the TEM images (Figure 8) and the
crystallite size of metallic Ni calculated based on the XRD data
(Figure 7). However, both characterization techniques point
out the same trend in an increase in the Ni particle size in the
following order: Ni/Ti-SBA-15 < Ni/Al-SBA-15 < Ni/Zr-SBA-
1S < Ni/Nb-SBA-15 < Ni/SBA-15.

Oxygen chemisorption was employed to determine the
dispersion of the metallic Ni nanoparticles in the reduced
catalysts and to estimate the amount of surface Ni atoms
available for interaction with reactant molecules in HDO of
anisole. The results from O, chemisorption are shown in Table
6. The dispersion of the Ni particles (Dy;) was calculated

Table 6. Characteristics of Metallic Ni in Reduced Catalysts
Determined by O, Chemisorption

catalyst Ni(r) (mmoly;/ gcat)u Dy; (%) b Ni) (mmoly,/ gcat)c
Ni/SBA-15 0.681 11.8 0.080
Ni/Ti-SBA-15 0.613 16.6 0.102
Ni/Zr-SBA-15 0.664 14.4 0.096
Ni/Al-SBA-15 0.647 16.4 0.106
Ni/Nb-SBA-15 0.681 14.4 0.098

“Ni(ry, total amount of nickel in the catalyst calculated based on real
Ni loading (SEM—EDX). Dy, nickel dispersion calculated based on
O, chemisorption results. “Ni(), nickel atoms located on the surface
of Ni particles calculated based on the nickel dispersion determined
by O, chemisorption.

based on the amount of chemisorbed O,, and the experimental
Ni loading in the catalysts was determined by SEM—EDX
analysis (Table 1). The reduced catalysts showed similar
dispersion values, between 11.8 and 16.6%, with the dispersion
of Ni being slightly better on the M-SBA-15 supports
compared to the SBA-15 one. The Ni/Ti-SBA-15 and Ni/Al-
SBA-1S catalysts showed higher dispersion of Ni than other
catalysts, which is in line with the smaller average particle sizes
obtained for these catalysts by TEM measurements (Figure 8).
The amount of Ni atoms located on the surface of Ni
nanoparticles, Ni(), was estimated based on the Ni dispersion
values, Dy;, and the total amount of Ni in each catalyst, Ni ),
also shown in Table 6. The amount of the surface Ni atoms
calculated for the Ni/SBA-1S catalyst was 0.080 mmoly;/g...
while for the Ni/M-SBA-15 samples it varied between 0.096
mmoly;/g., and 0.106 mmoly;/g.,.. The amount of Ni)

surface species in the reduced catalysts increases as follows:
Ni/SBA-15 < Ni/Zr-SBA-15 = Ni/Nb-SBA-15 < Ni/Ti-SBA-
15 ~ Ni/Al-SBA-15. This result indicates that the addition of
the selected metal oxides on the surface of the SBA-15 silica
support produces a 20—30% increase in the amount of surface
Ni.

3.3. Catalytic Activity in the HDO of Anisole. The
catalytic performance of the reduced Ni catalysts was evaluated
in HDO of anisole in a batch reactor at 280 °C and 4.8 MPa
total pressure for 6 h. All Ni catalysts showed similar
conversions of anisole, with only a +5—8% difference along
the catalytic activity tests, reaching the final conversions of
anisole between 92 and 98%, Figure 9a. The highest
conversion (98%) was obtained with the Ni/Zr-SBA-15
catalyst, followed by the Ni catalysts supported on Al-SBA-
15, SBA-15, and Nb-SBA-15 (~95%), and finally, the Ni/Ti-
SBA-1S catalyst, which exhibited the lowest anisole conversion
(92%).

In spite of the similar catalytic activity of the synthesized
catalysts in the consumption of anisole, their performance was
notoriously different regarding the obtained reaction products
(Figure 10). The main identified reaction products were
cyclohexyl methyl ether (CME), cyclohexanol (CHL), and
cyclohexane (CHA). Other reaction products such as
methanol (MET), methyl cyclopentane (MCP), benzene
(BEN), cyclohexene (CHE), methyl cyclohexane (MCH),
and bicyclohexyl (BCH), were detected in small concen-
trations (<3%).

It is known that the reaction mechanism of anisole consists
of different parallel/consecutive transformations that depend
on the nature of the employed catalyst.”'”*****’=53 Thuys,
according to the distributions of products observed in the
HDO of anisole in the present work (Figure 10) and taking
into account that phenol (PHE) was not detected in the
products, the formation of CHA could be achieved by the
three parallel reaction pathways shown in the proposed
mechanism (Scheme 1). In the first route, a cleavage of the
Caromatic—OCH; bond leads to the formation of BEN and
MET. Subsequent hydrogenation of the obtained BEN gives
CHA. In the second reaction route (2), first the aromatic ring
of anisole is hydrogenated, producing CME, which con-
sequently suffers demethoxylation (DMO), giving CHA. In the
third reaction route (3), CHL is formed by a very quick
hydrogenation of PHE, and its subsequent dehydroxylation
(DHO) leads to CHA.

100 100
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80 801
g —a— Ni/SBA-1 g 1
§ 607 —— N;ﬁ'i-sé:—ls S 607 —w— First cycle
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Figure 9. (a) Conversion of anisole over reduced Ni catalysts. (b) Conversions of anisole obtained with the Ni/Al-SBA-15 catalyst used in three
reaction cycles. Reaction conditions: batch reactor, 280 °C temperature, 4.8 MPa total pressure, and 6 h reaction time.
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Figure 10. Reaction product compositions obtained with reduced catalysts: (a) Ni/SBA-15, (b) Ni/Ti-SBA-1S, (c) Ni/Zr-SBA-15, (d) Ni/Al-SBA-
15, and (e) Ni/Nb-SBA-1S. Reaction conditions: batch reactor, 280 °C temperature, 4.8 MPa total pressure, 6 h reaction time.

Scheme 1. Reaction Mechanism Proposed for HDO of
Anisole”

[Route 1] BEN HYD
CHy DMO and CH
o~ HYD o~

[Route 2] DMO and HYD
—_—> —_—
HYD
AN CME CHA
[Route 3]
OH OH DHO and
HYD
HYD
—>
PHE CHL

“DMO, demethoxylation; DMT, demethylation; DHO, dehydrox-
ylation; HYD, hydrogenation; BEN, benzene; CME, cyclohexyl
methyl ether; PHE, phenol; CHL, cyclohexanol; and CHA,
cyclohexane. PHE was not detected in the products.

Among the three possible reaction pathways, the second and
third routes seem to be more important than the first one.
Thus, CME was detected as an intermediate product formed in
a major amount with all the catalysts tested in the present work
(Figure 10). CHL, an intermediate product of the third route,
was also found in the reaction mixtures obtained with the
catalysts supported on SBA-15 materials modified with
different metal oxides (TiO,, ZrO,, Al,O;, and Nb,Oq),
Figure 10. However, it was formed only in a small amount
(<2%) with the low acidity Ni/SBA-1S catalyst. These results
point out to the fact that the ratio of the plausible reaction
routes 2 and 3 depends on the acid characteristics of the
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catalyst used. With the nonacidic catalysts, only the second
route is favored, while the third route requires the presence of
acid sites to facilitate the demethylation of anisole to PHE. On
the other side, only small amounts of BEN (<1—2%) were
detected in the products, making the first reaction route
possible but not the principal one. This is in line with the C—O
bond dissociation energy, which is ~100 kJ/mol higher for the
aromatic alcohols (C,omaic—O bonds) than for the non-
aromatic secondary alcohols (Caliphmc—O bonds).”** In
addition, the formation of small amounts of MCP (<1%),
MCH (<3%), and BCH (<3%) was observed in the catalytic
activity tests performed with the Ni/M-SBA-1S5 catalysts
modified with different metal oxides (TiO,, ZrO,, Al,O,, and
Nb,O;). These products were not obtained with the low-
acidity Ni/SBA-15 catalyst, and they could be formed through
different acid-catalyzed transformations. Thus, the MCP
product could possibly be formed by the isomerization of
the CHA ring during the decomposition of CHL or CME over
B acid sites. On the other side, BCH could be obtained as a
result of Friedel—Crafts alkylation of anisole with CHL and
subsequent HDO.>**> MCH, in turn, could be originated from
the disproportionation of anisole on acid sites with the
formation of PHE and ortho- and para-methyl-anisole and
HDO of the latter*® or through the isomerization of anisole to
cresol and further hydrogenation and deoxygenation. In
addition, traces of CHE (<1%) were also detected. This
reaction product could be formed by the dehydration of CHL
on B acid sites.*

In addition to the different product distributions obtained
with the tested Ni/(M)-SBA-15 catalysts, their selectivity to
the final CHA product was also significantly different (Figure
11). Thus, the Ni/SBA-15 catalyst showed the lowest
selectivity to CHA (~12% at 6 h reaction time) in comparison
with the Ni/M-SBA-1S catalysts (70—90% at 6 h). These
differences could be related to the acidity of the catalysts,
namely, to the amount of medium and strong acid sites
(Tables 4 and S). Thus, the Ni/SBA-15 catalyst with the
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Figure 11. Selectivity to CHA (Scy,) obtained with different catalysts

as a function of anisole conversion. Reaction conditions: batch

reactor, 280 °C temperature, 4.8 MPa total pressure, 6 h reaction
time.

lowest amount of such acid sites showed the lowest CHA
selectivity, while the Ni/Al-SBA-15 showed the highest CHA
selectivity, followed by the Ni/Zr-SBA-15 one. At 6 h reaction
time, both Ni/AI-SBA-15 and Ni/Zr-SBA-15 catalysts show
similar Sy (~91%).

A mass balance approximation for the reactants and
products present in the liquid phase was made by gas
chromatography-liquid phase analysis (GCLPA, Table 7).
Gaseous and heavy products (oligomerization products and
carbonaceous solid precursors of coke deposits on the
prepared catalysts) have not been quantified. As shown in
Table 7, GCLPA values varied between 57.0 and 69.6%
without a clear trend related to the acidity of the catalysts.

Table 7. Catalytic Activity of Reduced Ni/(M)-SBA-15
Catalysts in the HDO of Anisole

estimated TOF
values (h™!)

kinetic constants
=i

GCLPA

catalyst k% k" k/k, TOFWnS TOFq_o?  (%)°
Ni/SBA-15 1.5 0.2 0.1 3150 170 68.9
Ni/Ti-SBA-15 1.3 0.8 0.6 2400 610 62.8
Ni/Zr-SBA-15 1.5 4.7 3.1 3000 1410 69.6
Ni/Al-SBA-15 1.7 22.2 13.1 3600 2880 57.0
Ni/Nb-SBA-15 1.4 2.2 1.6 2260 970 57.1

Mechanical Mixture
Ni/SBA-15 + 1.1 4.3 39
Al-SBA-15

“k,, pseudo-first order rate constant for hydrogenation of anisole
(Scheme 2), calculated according to eq 4 using a curve-fitting method
and anisole concentrations during the first hour of reaction time. bk,
pseudo-first order rate constants for HDO of CME and CHL,
calculated according to eqs 4—6 using a curve-fitting method and
CME + CHL and CHA concentrations during the first hour of
reaction time. “TOF,y, turnover frequency for the hydrogenation of
anisole (first step, Scheme 2), calculated on the basis of the initial rate
of AN consumption (mmol/h) per mmol of Nig), sites determined by
O, chemisorption (Table 6). “TOF_o, turnover frequency for the
C—0 hydrogenolysis of CME and CHL (second step, Scheme 2),
calculated on the basis of the initial rate of CHA formation (mmol/h)
per mmol of Nig), sites determined O, chemisorption (Table 6).
°GCLPA is a mass balance approximation for the liquid phase.
Theoretical GCLPA considering the complete transformation of
anisole to CHA is 77.8%.

According to the obtained GCLPA results, the formation of
some coke (ca. 10—20 wt %) can be expected in all the
catalysts tested in the present work.

The most active catalyst (Ni/Al-SBA-1S5) was tested in three
catalytic cycles for the HDO of anisole. After each reaction, the
catalyst was separated by centrifugation and used again without
any additional regeneration treatment. Obtained anisole
conversions are shown in Figure 9b. It can be observed that
final anisole conversions decreased from 95.3 to 90.0 and
84.6% in the second and third catalytic cycles, respectively.
The above decrease in the catalytic activity of the used Ni/Al-
SBA-1S catalyst could be ascribed to some mass loss of the
catalyst upon separation after each reaction cycle and to
deactivation due to coke formation, as shown by the obtained
GCLPA results (Table 7). Therefore, the recycling of the
catalysts such as those used in the present study would require
some additional regeneration treatment for coke removal. On
the other side, no leaching of the active Ni phase into the
reaction mixture was detected.

For a more detailed kinetic analysis of the different reaction
steps involved in the HDO of anisole (Scheme 1), we propose
a simplified reaction mechanism based on the reaction routes 2
and 3 (Scheme 2). This mechanism consists of just two

Scheme 2. Simplified Lumped Reaction Mechanism
Proposed for HDO of Anisole

CH,
o~
CH,
0”7
k k
1 CME 2
> _ >
OH
AN CHA
CHL

reaction steps: hydrogenation of anisole with the formation of
oxygenated intermediates: CME and CHL, and their
subsequent HDO to CHA. A similar reaction mechanism
was proposed previously for anisole HDO over Ni-USY
catalysts.”” Proposing this mechanism, we assume that (i)
there is no direct deoxygenation of anisole to CHA through
BEN formation (route 1, Scheme 1, is insignificant); (ii) the
proportion of CME and CHL changes depending on the
catalyst, with CME being the main oxygenated intermediate
for the low-acidity Ni/SBA-15 catalyst and CHL observed over
Ni/M-SBA-15 samples (M = Ti, Zr, Al, and Nb); and (iii)
DMO and DHO reactions both represent hydrogenolysis of
Caliphatic_o bond (HDO)

Following this simplified reaction scheme, the rate constants,
k, and k,, were calculated for the hydrogenation and HDO
steps, respectively. Table 7 shows the obtained values of the
reaction rate constants.

The rate constant k; showed values between 1.3 and 1.7 h™,
being the lowest value for the Ni/Ti-SBA-15 catalyst and the
highest value for the Ni/AI-SBA-1S catalyst. In general, the k;
values increase as Ni/Ti-SBA-15 < Ni/Nb-SBA-15 < Ni/Zr-
SBA-15 < Ni/SBA-15 < Ni/AI-SBA-15. A similar slight
increase in the hydrogenation ability of Ni catalysts was
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observed previously in the hydrogenation of naphthalene when
SBA-15 support was modified by Al incorporation.'” The
variation in the k; values between the tested catalysts was
about 1.3-fold indicating that the hydrogenation ability of the
catalysts was only slightly influenced by the chemical
composition of the (M)-SBA-15 support. Thus, the Ni/SBA-
1S catalyst with the largest size of the metallic Ni nanoparticles
(Figures 7 and 8 and Table 6) and a very low amount of acid
sites (Tables 4 and 5) showed a good ability for the
hydrogenation of the aromatic ring of anisole, almost similar
to that of the Ni/Al-SBA-15 catalyst with the highest amount
of medium and strong B and L acid sites (Table 5). In order to
normalize the catalytic activity per number of surface Ni atoms
(Ni sites available for the reaction) in different catalysts, the
turnover frequency values were calculated for anisole hydro-
genation (TOF,y). For these calculations, results on Ni
dispersion determined by the O, chemisorption were used
(Ni(g), Table 6). All the tested catalysts showed TOF,y values
of the same order, between 2260 and 3600 h™!, with the
highest value for the Ni/Al-SBA-15 catalyst and the lowest for
the Ni/Nb-SBA-15. No clear relationship was observed
between the k; and TOF,y values of different catalysts and
their acid characteristics (Tables 4 and 5). Therefore, the
variation of k; and TOF,y values could be related mainly to
the characteristics of the metallic Ni nanoparticles in the
catalysts, such as, (i) different dispersion and average size of Ni
nanoparticles (Table 6), (ii) some differences in their location
inside or outside mesopore channels of the supports affecting
an access to the Ni surface (TPR results, Figure 4), and (i)
the completeness of Ni reduction (XRD of reduced catalysts,
Figure 7). Comparing results from Tables 6 and 7, it can be
concluded that there is no clear relationship between the
catalytic activity in hydrogenation (k; and TOF,y) and the
degree of dispersion of the metallic active phase in the catalysts
(Dpy)- It seems that relatively large metal nanoparticles, such as
in the reduced Ni/SBA-15 catalyst, have high hydrogenation
ability. Regarding the last point, the low activity of the Ni/Ti-
SBA-15 and Ni/Nb-SBA-1S catalysts in the hydrogenation of
anisole could be attributed to the negative effect of the
incomplete reduction of Ni oxide species in the activated
catalysts (Figure 7). The above observations are in line with
the previous report.”*

On the other side, the k, rate constants corresponding to the
HDO of CME and CHL to CHA showed more important
differences in their values (Table 7). Thus, the Ni/SBA-15
catalyst showed the lowest k, value (0.2 h™'), in accordance
with the low production of CHA. On the other hand, the Ni/
Ti-SBA-15 and Ni/Nb-SBA-15 catalysts exhibited ~4—11
times higher k, values than the respective Ni/SBA-15 catalyst.
The Ni/Zr-SBA-1S5 and Ni/Al-SBA-1S catalysts showed even
higher k, rate constants, 4.7 h™' and 22.2 h™}, respectively, 24
and ~110 times higher than the Ni/SBA-15 catalyst,
respectively. These results are in line with the observed
production of CHA and changes in the concentrations of the
CME and CHL intermediates (Figure 10). The TOF._q
values, calculated based on the amount of surface Ni atoms
in the catalysts, represent the activity of one Ni(s) atom for the
hydrogenolysis of Cjp,ic—O bond in CME and CHL (Table
7). These values varied between 170 h™' for the Ni/SBA-15
catalyst and 2880 h™' for the best one (Ni/Al-SBA-15)
indicating a much higher hydrogenolysis ability of the latter
catalyst. In this case, the differences in the k, and TOF._g
values cannot be ascribed only to the differences in the

characteristics of the metallic Ni nanoparticles in the catalysts.
They should also be related to the acid characteristics of the
catalysts and the proximity of the metal and acid sites in them.
Thus, it can be observed in Table 7 that the k, and TOF._q
values follow the same trend as the amount of strong acid sites
determined by TPD-NHj, (Table 4) and medium and strong B
+ L acid sites determined by IR-Py (Table 5). Both increase in
the following order: Ni/SBA-15 < Ni/Ti-SBA-15 < Ni/Nb-
SBA-15 < Ni/Zr-SBA-15 < Ni/Al-SBA-15. This means that the
amount of acid sites mentioned above in the catalysts affects
the ability of the surface Ni atoms for hydrogenol;rsi_s of
Caliphatic—©O bonds. As it has been reported previously, #3759
the presence of proximal acid sites increases the activities of
catalysts for C—O cleavage by a synergistic action. In addition,
it can be noted in Tables 5 and 7 that the Ni/AI-SBA-15 and
the Ni/Zr-SBA-1S catalysts, which showed high activity for
HDO, not only have larger amounts of medium and strong B +
L acid sites than other catalysts but also larger amounts of
medium and strong B acid sites. It seems that the presence of
such B acid sites promotes the hydrogenolysis of the C,jiphaic—
O bond in CME (demethoxylation, DMO) and DHO/
dehydration of the CHL intermediate, leading to the formation
of CHA. In both cases, Cjhaic—O bond cleavage through
DMO or DHO is accompanied by the hydrogenation of the
broken bonds on metallic active sites, and therefore, proximal
(tandem) metal-acid active sites should be effective for these
chemical transformations. On the other side, dehydration of
CHL could take place on B acid sites, giving CHE, which could
be further hydrogenated on metal active sites. In this case,
metal and acid sites can function separately without near
proximity.

4. DISCUSSION

4.1. On the Beneficial Effect of Bifunctional Metal-
Acid Character of the Ni/M-SBA-15 Catalysts on HDO. In
the present work, Ni catalysts supported on SBA-15 silica and
M-SBA-1S supports modified with TiO,, ZrO,, AlLO; or
Nb,O; were synthesized, characterized, and tested in the HDO
of anisole. The best activity and selectivity to CHA results were
obtained with the Ni/AI-SBA-15 and Ni/Zr-SBA-15 catalysts.
These catalysts showed the presence of completely reduced Ni
nanoparticles with a relatively good dispersion (Table 6), in
addition to the presence of larger amounts of medium and
strong B and L acid sites compared to those in other tested
catalysts (Table S). The good performance of the above two
catalysts could be ascribed to their bifunctional character.
Thus, it is known that a good catalyst for HDO should have
active sites for oxygen activation and hydrogen dissocia-
tion.””®" In different works, the HDO of phenolic compounds
over supported Ni catalysts reveals a high selectivity to CHA as
a result of the presence of acid sites. Thus, Ni catalysts
supported on USY zeolites tested for HDO of anisole showed
higher rates of dehydration per acid site as a result of the
proximity between Ni sites and a high amount of acid sites,
resulting in higher selectivity to CHA. In contrast, the catalyst
with few acid sites resulted in high selectivity to intermediate
oxygenates (CME)." In the HDO of eugenol, high selectivity
to propyl CHA (the hydrodeoxygenated product) was
observed with the Ni/Al-SBA-15 catalyst, which was attributed
to its stronger L acid sites.”” In the HDO of DBF, performed
on Ni/SBA-15 modified with aluminum, it was observed that
the lowest Si/Al ratio (50) provided the most efficient catalyst
for the formation of bicylohexyl, which was attributed to the
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Figure 12. Reaction product compositions obtained with (a) Ni/Al-SBA-15 and (b) a mechanical mixture of Ni/SBA-15 + Al-SBA-1S. Reaction
conditions: batch reactor, 280 °C temperature, 4.8 MPa total pressure, 6 h reaction time.

more abundant acid sites.”> For Ni catalysts supported on Al-
SBA-15 and hierarchical ZSM-5 evaluated in HDO of anisole,
a high conversion of anisole and selectivity to CHA (>90%)
were observed as a result of the combination of Ni with acidic
supports, while the Ni/SBA-1S catalyst showed selectivity to
PHE (53%) and CHL (35%), caused by the nonacidic SBA-15
support.”* According to the available literature information,
amorphous mesoporous silicoaluminates or crystalline micro-
porous zeolites were the most widely studied as supports for
HDO catalysts compared to other mixed oxide materials with
acid characteristics. The Ni/M-SBA-1S catalysts developed in
the present work also showed a bifunctional metal-acid
character, in which the metallic Ni sites are responsible for
the hydrogenation of the aromatic ring (Scheme 1), while the
acid sites play an important role in the C,jp,qc—O cleavage
(deoxygenation step). The first hydrogenation step occurred
quickly with all evaluated catalysts, while the second
deoxygenation step was strongly related to their acid
properties. Thus, deoxygenation was almost not observed
with the Ni/SBA-15 catalyst due to the low acidity of this
material. On the other side, the best CHA selectivity was
obtained with the Ni/Al-SBA-15 catalysts (Figure 11) having
the largest amount of medium and strong B and L acid sites,
followed by the Ni/Zr-SBA-1S catalyst. A clear relationship can
be observed between the (hydro)deoxygenation activity of the
tested Ni/M-SBA-1S catalysts (k, and TOF_g values) and the
amount of medium and strong B + L acid sites (Tables S and
7). The Ni/Al-SBA-1S and Ni/Zr-SBA-1S showed higher
TOF(_q values (2880 and 1410 h™', respectively) than other
catalysts that could be correlated to the higher amounts of B +
L acid sites in these catalysts (Table S). In addition, the
catalysts with a higher ability for C,p,qc—O bond cleavage
showed a larger amount of medium and strong B acid sites
(Table S), compared with other samples. This is in line with
the previous observation that B acid sites are required for
dehydration. Zhu et al.>” found that B acid sites located near
the Pt particles in Pt/H-Beta catalysts have shown synergistic
effect on enhancing the HDO of anisole. In the HDO of PHE
with Ni-HZSM-5 zeolite, the hydrogenation of the aromatic
ring was executed by the Ni particles, followed by the
dehydration that occurred on B acid sites.”” Hewer et al.*’
observed in the HDO of anisole that HDO and hydro-
dearomatization reactions with NiMo catalysts supported on
SBA-15, SAPO-11, and y-AL O;, were strongly affected by the
nature of the support, namely, by the relation of L and B acid
sites present at the surface of these materials, modifying the
products’ distribution. 1-Methoxycyclohexane (=CME) and
CHA were observed with SBA-15- and SAPO-11-supported

42863

catalysts, while the NiMoAl sample exhibited mainly o-cresol
and PHE products, suggesting that the hydrogenation of the
aromatic ring is influenced by the acid sites of the supports.

4.2. Effect of the Proximity of Metal and Acid Sites on
Their Behavior in HDO. Finally, in order to inquire into the
effect of the proximity of the metallic Ni active sites and acid
sites of the support on the activity and selectivity of the
prepared bifunctional Ni/Al-SBA-15 catalyst, HDO of anisole
was performed with a mechanical mixture of the Ni/SBA-15
catalyst and the AI-SBA-15 support. The Ni/Al-SBA-15
catalyst was selected because of its better activity and
selectivity to CHA. For this purpose, the reduced Ni/SBA-15
catalyst (0.1 g) and the respective support (0.1 g) were put in
the same reactor, and the reaction was performed under the
same conditions as other HDO tests over Ni/M-SBA-15
catalysts.

Figure 12 shows a comparison of the reaction products
obtained with the Ni/AI-SBA-15 catalyst and the correspond-
ing mechanical mixture. It can be observed that in both cases,
the same reaction products were obtained, although their
yields were different. Higher amounts of reaction intermedi-
ates, CME and CHL, were observed over the mechanical
mixture of the Ni/SBA-1S5 + Al-SBA-15 support in comparison
with the Ni/AI-SBA-15 catalyst. This indicates that the
transformation of the oxygenated intermediates to CHA
becomes slower when metal and acid sites are separated, as
in the mechanical mixture of the Ni/SBA-15 and Al-SBA-15
support.

Regarding the effect of the separation of metallic and acid
sites on the catalytic activity at different steps of anisole HDO,
the k; value of the mechanical mixture of the Ni/SBA-15
catalyst and Al-SBA-1S support was only 35% smaller than that
of the corresponding Ni/Al-SBA-1S catalyst (1.1 vs 1.7 h™,
Table 7). This can be ascribed to the adsorption of some
anisole molecules (30—40% of the initial anisole concen-
tration) on the acid sites of the AI-SBA-1S support as
confirmed by an additional experiment in which the anisole
solution was contacted with the Al-containing SBA-15 material
upon the same reaction conditions. On the other hand, the k,
value corresponding to the deoxygenation of CME and CHL
intermediates decreased five times when Ni was deposited on
the SBA-1S, separately from the acid sites of the Al-SBA-15
material (4.3 vs 22.2 h™', respectively, Table 7). The above
results clearly show that HDO of CME and CHL
intermediates is favored on the catalysts, where metal and
acid sites are located in close proximity, as in the Ni/Al-SBA-
1S catalyst. This can be due to the fact that the steps of the
reaction mechanism (Scheme 1), which involve the cleavage of
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C—0 bonds (DMO, DMT, and DHO) with the participation
of acid sites, also comprise hydrogenation of the broken
linkages on metallic active sites. Therefore, in line with
previous 1‘ep0rts,49’58’59
bifunctional catalysts gives rise to a synergy between them,
making easier the cleavage of C—O bonds.

the proximity of metal and acid sites in

5. CONCLUSIONS

In the present work, SBA-15 materials modified with different
metal oxides (TiO,, ZrO,, AL,O;, and Nb,O;) were employed
as supports for the preparation of Ni catalysts, which were
characterized and evaluated in the HDO of anisole. The
characterization results showed that after the incorporation of
the metal oxide on the bare SBA-15, its characteristic
mesoporous structure and hexagonal arrangement of pores
were preserved, as well as in the corresponding Ni catalysts.
The chemical modification of the SBA-15 surface with Ti, Zr,
Al, or Nb oxides increased acidity and metal-support
interaction in the calcined catalysts, affecting the reducibility
of NiO species. As a result, NiO was not completely reduced in
the Ni/Ti-SBA-15 and Ni/Nb-SBA-15 catalysts upon
activation at 400 °C for 4 h, explaining the lower activity of
these two catalysts in the hydrogenation of the aromatic ring of
anisole compared to other samples. On the other hand, the
chemical composition and acidity of the M-SBA-15 support
had a strong effect on the reaction product compositions
obtained from the HDO of anisole. All the synthesized Ni/M-
SBA-15 catalysts showed much higher selectivity to CHA
compared to the Ni/SBA-1S5 catalyst that produced CME as
the main product. The reaction rate constants (k)
corresponding to HDO of CME and CHL intermediates
increased in the following order: Ni/SBA-15 < Ni/Ti-SBA-1S
< Ni/Nb-SBA-1S < Ni/Zr-SBA-15 < Ni/Al-SBA-15, which is
in line with an increase in the amount of medium and strong
acid sites. Among all the catalysts, the Ni/Al-SBA-15 and Ni/
Zr-SBA-15 exhibited the best activity for HDO (k, and
TOF._o values), as well as the highest selectivity to CHA
(Scua)- This can be attributed to a complete reduction of Ni
oxide species in them and to the presence of medium-strong B
acid sites that promote the formation of deoxygenated
products via Cyjppaic—O bond scission. Finally, the importance
of the proximity of the metal and acid sites was illustrated by a
comparison of the catalytic behavior of the Ni/Al-SBA-15
catalyst and the mechanical mixture of the Ni/SBA-15 catalyst
and the AI-SBA-15 support. The proximal metal-acid sites
working in tandem improve the efficiency of the bifunctional
catalysts for HDO and produce a synergistic effect.
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