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1. Introduction

Hydrodeoxygenation of anisole over
SBA-15-supported Ni, Pd, and Pt mono- and
bimetallic catalysts: effect of the metal’s nature on
catalytic activity and selectivityt

Daniel E. Pérez-Estrada, (2@ Haydee Vargas-Villagran,® Rubén Mendoza-Cruz (2 ®
and Tatiana E. Klimova (2 *@

Monometallic Ni, Pd and Pt and bimetallic catalysts formed by combinations of the above metals sup-
ported on SBA-15 silica were synthesized, characterized and tested in the hydrodeoxygenation reaction of
anisole. The objective of the work was to detect the effect of the nature of metals on the activity of the
catalysts at different steps of anisole hydrodeoxygenation: hydrogenation of the aromatic ring of anisole
and C-0O bond cleavage in the intermediate cyclohexyl methyl ether. The support and the catalysts were
characterized by N, physisorption, X-ray diffraction, UV-vis diffuse reflectance spectroscopy, tempera-
ture-programmed reduction, scanning electron microscopy-energy dispersive X-ray spectroscopy, trans-
mission electron microscopy and HAADF-STEM. The catalytic activity tests were carried out in a batch
reactor at 280 °C and 7.3 MPa pressure. The activity results show that the NiPd/SBA-15 catalyst had the
greatest ability for hydrogenation of the aromatic ring of anisole, while its NiPt/SBA-15 analog resulted in
better activity for C—O bond hydrogenolysis. The bimetallic NiPt/SBA-15 catalyst showed the best catalytic
performance in the HDO of anisole ascribed to the formation of a Ni—Pt alloy. On the other hand, the
combination of Pd and Pt metals in the PdPt/SBA-15 catalyst resulted in the formation of bimetallic par-
ticles with Pd-rich and Pt-rich domains, showing high selectivity for the formation of the cyclohexyl
methyl ether, which can be useful for the hydrogenation of aromatic rings in O-containing reactants with
the formation of saturated O-containing products. According to the characterization results
(HAADF-STEM), the different catalytic behavior of NiPd/SBA-15, NiPt/SBA-15, and PdPt/SBA-15 catalysts
could be attributed to different characteristics of the bimetallic active phases in them.

originating from the overexploitation of fossil resources.>
Biomass-derived products have the necessary potential to be

Global greenhouse gas emissions continue increasing every
year. In 2022, greenhouse gas (GHG) emissions have set a new
record of 57.4 gigatons of CO,." According to the United
Nations, CO, emissions from fossil fuel combustion and
industrial processes are the main contributors to the overall
increase of 1.2% from 2021 to 2022, accounting for about two
thirds of current greenhouse gas emissions. For this reason, it
is of vital importance to work on the transition to alternative
energy sources (solar, wind, biomass) that allow the reduction
of GHG emissions and mitigate the environmental problems
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used in the current infrastructure to produce energy and
chemicals.®> In this context, lignocellulosic and non-ligno-
cellulosic biomass can be transformed into hydrocarbons
using different methods, i.e. carbonization, pyrolysis, gasifica-
tion, and hydrothermal processing. Lignin can be converted
into pyrolysis oil (bio-o0il) through a rapid pyrolysis process.
However, this bio-oil cannot be used directly as a fuel because
of its high viscosity, low heating value and high oxygen
content, resulting in a poor-quality oil. The bio-oil derived
from lignin is a complex mixture of hundreds of compounds
with various functional groups, including hydroxyl (-OH), car-
bonyl (C=O0), methoxy (-OCH;) and carboxyl (-COOH) groups
as well as unsaturated C—=C bonds.* The removal of oxygen-
containing groups from bio-oil by catalytic hydrodeoxygena-
tion (HDO) is an important strategy for upgrading bio-oil to a
high-quality hydrocarbon fuel.” Compounds such as anisole,
phenol, guaiacol, catechol, syringol, and isoeugenol, among
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others, are representative model compounds of bio-oil and are
frequently used in laboratory activity tests.®

The HDO catalytic process is used to reduce the oxygen
content in bio-oil, where hydrogen is used to remove oxygen to
form water or methanol and to hydrogenate aromatic rings
and double bonds.” Various supported catalysts have been
used in HDO, such as conventional hydrodesulfurization cata-
lysts, i.e. alumina-supported sulfided CoMo and NiMo, which
lead to fully deoxygenated products.® However, sulfur contami-
nation and rapid deactivation due to coke formation occur
with these catalysts. Supported noble metals, such as Pt, Pd,
Rh and Ru, and reduced transition metals (Ni, Mo, Cu and W)
have been widely used as active phases of monometallic HDO
catalysts.”'® Jin et al.'! evaluated nickel catalysts (10 wt%) sup-
ported on activated carbon, SBA-15, SiO,, and y-Al,O; in the
HDO of anisole at different temperatures (180-220 °C) and H,
pressures (0.5-3.0 MPa). They concluded that Ni catalysts sup-
ported on silica materials showed better deoxygenation activity
with high selectivity towards deoxygenated products (97% for
Ni/SBA-15 and 95% for Ni/SiO,). In the work of Wang et al.,"?
it was found that the HDO reaction of dibenzofuran over noble
metal catalysts (Pt, Pd and Ru) supported on SBA-15 silica
occurs first through the hydrogenation of aromatic rings fol-
lowed by hydrogenolysis of the C-O bond to produce hydro-
carbons. In that work, C-O bond cleavage took place at a
higher temperature (280 °C). In addition, the increase in
hydrogen pressure (0.5 to 5.0 MPa) promoted the saturation of
the aromatic rings, influencing the conversion of DBF. A bi-
metallic PdRh/AlL,O; catalyst tested in the HDO of vanillin
showed higher selectivity toward creosol (99%) than the mono-
metallic Pd/C (the best of the monometallic catalysts, 71%
selectivity) with a lower amount of consumed hydrogen."
Roldugina et al.'* studied the HDO reaction of guaiacol in
methanol with bimetallic PtPd and monometallic Ru catalysts
supported on a mesoporous aluminosilicate of the AI-FHMS(X)
type with different Si/Al(x) ratios and on mesoporous zirconia
modified with silica (m-ZrO,-SiO,). Guaiacol conversion on
PdPt/m-ZrO,-SiO, was higher (80%) than on PdPt/Al-HMS(10)
(4%), which was attributed to a larger number of acid sites on
the former catalyst’s surface. Ru-containing catalysts exhibited
higher activity in the HDO of guaiacol than PtPd-containing
catalysts. The highest selectivity toward cyclohexanes was
achieved on Ru/m-ZrO,-SiO, and Ru/Al-HMS(10) catalysts (63
and 77%, respectively). Although supported noble metal cata-
lysts were found to be the most suitable catalysts for HDO due
to their double properties of metal and acidic sites," the high
cost of precious metals and the large amount of hydrogen
required for complete removal of undesired compounds
increase the total production and market costs of biofuels
from pyrolysis bio-oils. On the other hand, conventional non-
noble metal (Ni, Co, Fe)-supported catalysts are intensively
used in the HDO of pyrolysis oil; however, they require higher
operating temperatures and are more susceptible to rapid de-
activation.” In recent years, research studies have been
focused on the development of lower-cost catalysts to produce
pyrolysis oil with similar properties to fossil fuels."” Along this
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line, studies of bimetallic catalysts containing noble and non-
noble metals or a combination of two non-noble metals for the
upgrading of biomass-derived pyrolysis bio-oil through HDO
has intensified.’® Thus, the non-noble bimetallic CogNi,/NC
nanoalloy catalyst exhibited excellent catalytic activity, high
selectivity and good stability towards vanillin HDO to obtain
2-methoxy-4-methylphenol, a promising method to upgrade
biofuel.'® The activation energy of vanillin alcohol over bi-
metallic catalysts was lower compared to that over monometal-
lic Co or Ni catalysts, confirming that the synergetic effect
between cobalt and nickel promotes high catalytic activity. Jin
et al.'’ studied the promoting effect of Pt in Ni-Pt catalysts
supported on activated carbon (AC) for the HDO of guaiacol.
X-ray photoelectron spectroscopy characterization demon-
strated strong Ni-Pt interactions in the bimetallic Ni-Pt/AC cat-
alysts and their distinctive electronic features. These inter-
actions create NiO, vacancies that increase the Ni°/Ni** ratio in
the reduced Ni-Pt/AC catalysts by charge transfer from Pt to
Ni, resulting in Pt** species coexisting with Pt° species. The
combination of these effects facilitates the conversion of guaia-
col, favoring the production of cyclohexanol and cyclohexa-
none particularly with the 14%Ni1%Pt/AC catalyst using
methanol as a H, source. Faturachman et al'® studied bi-
metallic 10%Ni and 3%Pd supported on TiO, for the HDO of
guaiacol with isopropyl alcohol as a H, source. They observed
that the activity of the bimetallic Pd-Ni/TiO, catalyst was
approximately two times higher in guaiacol conversion than
Pd/TiO, and Ni/TiO, catalysts. Also, the bimetallic Pd-Ni/TiO,
catalyst showed good selectivity to produce cyclohexanol, while
Pd/TiO, was better for the production of phenolic compounds
(2-methylphenol and phenol).'® These differences were attribu-
ted to the adsorption capacity of the catalysts to dissociate
hydrogen molecules, which is important for the HDO reaction.

The objective of this work was to contribute to a better
understanding of the reaction mechanisms involved in HDO
reactions in the presence of metallic catalysts of different
nature (Ni, Pt, Pd and their bimetallic combinations) sup-
ported on an SBA-15-type material. In particular, we were inter-
ested in studying the effect of the combination of two metals
(one noble with another non-noble) in forming bimetallic cata-
lysts in order to inquire into a possible synergistic effect due to
the interactions between these metals and their joint pro-
perties. To meet this objective, mono- and bimetallic catalysts
were prepared, characterized and their activity and selectivity
were evaluated in the HDO reaction of anisole as a representa-
tive model compound of quick pyrolysis bio-oil.

2. Experimental
2.1 Synthesis of the support

The mesoporous SBA-15 support was synthesized by the hydro-
thermal method described by Zhao et al.'® Tetraethyl orthosili-
cate (TEOS, Aldrich) was used as the silica source, and triblock
copolymer PEO,,-PPO,¢-PEO,, (M, = 5800 g mol ™, Aldrich) as
the templating agent. The typical procedure is as follows: 4 g

This journal is © The Royal Society of Chemistry 2024
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of the copolymer was dissolved in 30 mL of deionized water
and stirred for 30 minutes, to which 120 mL of an aqueous
solution of 2 M HCl was added and stirred moderately for 2 h,
then the temperature of this solution was set to 35 °C and
8.5 g of TEOS was added dropwise, maintaining this tempera-
ture for 20 h. Finally, the temperature was increased to 100 °C
and maintained for 24 h without stirring for the aging step.
The white solid product was filtered, washed with deionized
water and ethanol, dried at room temperature, and calcined at
550 °C for 6 h for the organic template removal.

2.2 Preparation of mono- and bimetallic catalysts

Bimetallic NiPd, NiPt and PdPt catalysts supported on SBA-15
were prepared by the conventional incipient wetness co-
impregnation technique. Theoretical loadings of the metals in
the catalysts were 5 wt% Ni, 1 wt% Pd, and 1 wt% Pt. The
corresponding monometallic catalysts with the same metal
loadings were also prepared for comparison purposes. Nickel
nitrate (Ni(NO3),-6H,0O, Aldrich), palladium nitrate (Pd
(NO3),-2H,0,  Aldrich) and  hexachloroplatinic  acid
(H,PtCls-6H,0, Aldrich) were used as precursors. After impreg-
nation, the catalysts were first dried at room temperature for
24 h, then at 100 °C for 12 h (0.8 °C min™" ramp) and calcined
at 500 °C for 2 h (3 °C min™") under a static air atmosphere.
The prepared catalysts were labeled as metal/S (Ni/S, Pt/S, Pd/
S, NiPt/S, NiPd/S and PdPt/S).

2.3 Support and catalyst characterization

The SBA-15 support and the prepared catalysts were character-
ized by N, physisorption, low and wide-angle X-ray diffraction
(XRD), UV-vis diffuse reflectance spectroscopy (DRS), tempera-
ture-programmed  reduction (TPR), scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS),
high-resolution transmission electron microscopy (HRTEM) and
scanning-transmission electron microscopy (HAADF-STEM).

2.3.1 Scanning electron microscopy. The chemical compo-
sition of the catalysts and elemental mappings were obtained
by SEM-EDS analysis, using a JEOL 5900 LV microscope with
OXFORD ISIS equipment. The samples were deposited on a
carbon holder and evacuated at high vacuum.

2.3.2 Nitrogen physisorption. N, adsorption-desorption
isotherms were obtained with a Micromeritics 3Flex automatic
analyzer at liquid N, temperature (—197.5 °C). The samples
were previously degassed at 270 °C for 10 h. Specific surface
areas were calculated by the Brunauer-Emmett-Teller (BET)
method (Sgpr). The total pore volume (V,,) was determined by
nitrogen adsorption 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 (D,qs and Dyges)
correspond to the maxima of the adsorption and desorption
pore size distributions, whereas the micropore area (S,) was
estimated using the correlation of t-Harkins & Jura (t-plot
method).

2.3.3 X-ray diffraction. Powder XRD measurements were
performed on a Siemens D5000 diffractometer, using CuKa

This journal is © The Royal Society of Chemistry 2024
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radiation (4 = 1.5406 A) and a goniometer speed of 1° (26) per
minute. The XRD patterns of the samples were recorded from
3° to 80° (26). In addition, low-angle XRD patterns were
obtained from 0.6° to 4° (26) on a Bruker D8 Advance diffract-
ometer using small divergence and scattering slits of 0.05°.

2.3.4 UV-vis diffuse reflectance spectroscopy. UV-vis DR
spectra of the samples were recorded using a Varian Cary 100
spectrophotometer equipped with a diffuse reflectance inte-
grating  sphere  attachment for  solid  samples.
Polytetrafluoroethylene was used as a reference material. The
powder samples were loaded onto a Teflon cell with a quartz
window and measured from 200 to 800 nm at room tempera-
ture. The Kubelka-Munk function was calculated from reflec-
tance using F(R) = (1 — R)*/2R.

2.3.5 Temperature-programmed reduction. TPR character-
ization experiments were implemented in a Micromeritics
AutoChem II 2920 automatic analyzer equipped with a thermal
conductivity detector. The catalysts were pre-treated thermally
at 400 °C for 2 h in static air and then cooled down to room
temperature. About 50 mg of catalysts were placed in the
quartz reactor in a tubular furnace and the consumption of H,
was recorded from 25 °C to 1000 °C (10 °C min~") under a
stream of 10:90 molar ratio of H,/Ar gas mixture (50 mL
min~" flow).

2.3.6 Transmission electron microscopy. Reduced catalysts
were analyzed by transmission electron microscopy (TEM)
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. TEM
images were obtained from different parts of the samples.
About 300 metal particles were measured in the images of
each reduced catalyst to construct a frequency histogram of
the particle diameter.

2.3.7 Scanning-transmission electron microscopy. The
local structure of the reduced samples was determined by
high-resolution scanning-transmission electron microscopy
(STEM) in high-angle annular dark-field (HAADF) mode, using
a Cs-corrected JEOL ARM-200F electron microscope, operated
at 200 kev and located at Laboratorio Universitario de
Microscopia Electrénica (LUME-UNAM, RRID:SCR_024400).
The HAADF detector was set with convergence and collection
semi-angles of ~24 mrad and 68-280 mrad, respectively.
Energy-dispersive X-ray spectroscopy (EDS) was carried out
with an Oxford AZtecTEM detector for acquiring area spectra
and line scans of the different catalysts.

2.4 Catalytic tests

Prior to the catalytic activity tests, the catalysts were activated
(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
pressure. The hydrodeoxygenation of anisole was performed in
a 300 mL stainless steel batch reactor (Parr), with a model
solution of anisole (0.37 M, Aldrich, 99%) in hexadecane
(Aldrich, 99%). In each activity test, 50 mL of anisole solution
and 0.1 g of reduced catalyst were used. The hydrodeoxygena-
tion of anisole was performed at 280 °C and 7.3 MPa total
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pressure for 6 h while stirring at 500 rpm. Aliquots of the reac-
tion mixture were taken every 15 minutes for the first hour,
then every 30 minutes for the second hour and then every
hour 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 siloxane capillary column HP-1 (50 m x 0.32 mm inner
diameter and 0.52 pm film thickness). Product identification
was performed on an Agilent 7890A GC system equipped with
a 5975C MS detector. The catalytic activity was determined by
measuring anisole concentrations at different times. The con-
version of anisole (X,y) was calculated as shown in eqn (1),
where Cian), 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). Selectivity of pro-
ducts (S;) was calculated as shown in eqn (2), where C; is the
concentration of the product i (mol L") at time ¢:

(1)

(2)

3. Results and discussion
3.1 Characterization of calcined catalysts

3.1.1 Elemental analysis. The chemical compositions and
elemental mappings of the prepared catalysts were obtained by
the SEM-EDS method. The experimental compositions of the
prepared catalysts are shown in Table 1. The catalysts have real
metal loadings close to the theoretically expected ones. The
elemental mapping results for mono- and bimetallic catalysts
are shown in Fig. 1. It can be seen that, in each case, metals
are uniformly distributed on the support’s surface. With this,
it was verified that the incipient wetness co-impregnation tech-
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nique allows reaching a good distribution of each metal on the
surface of the SBA-15 support.

3.1.2 Nitrogen physisorption. Fig. 2 shows the adsorption-
desorption isotherms of the SBA-15 support and mono- and bi-
metallic catalysts. Textural characteristics are shown in
Table 1. The SBA-15 support exhibited a type IV nitrogen
adsorption-desorption isotherm corresponding to mesoporous
solid materials, according to the IUPAC classification.>® The
H1 hysteresis loop of the SBA-15 support is associated with the
presence of uniform cylindrical pore channels. All the pre-
pared mono- and bimetallic catalysts preserved the character-
istic shape of the isotherm of the SBA-15 support (see Fig. 2).

Specific textural characteristics (Sgpry Syy Ve, Dads and Dyes)
of the SBA-15 support and catalysts are shown in Table 1. The
BET surface area and total pore volume of the catalysts were
smaller than those of the starting SBA-15 support, which could
be partially attributed to the incorporation of each metal on
the surface of the support and the increase in the density of
the catalysts compared to the support. However, a decrease in
the BET surface area was between 8 and 17% for monometallic
catalysts and between 10 and 18% for the bimetallic ones. This
decrease in the surface area is larger than the increase in the
samples’ density due to metal deposition. Therefore, some
pore blocking could be expected in the calcined catalysts by
the agglomerated metal particles.

Fig. 3 shows the pore diameter distributions obtained from
the adsorption and desorption branches of the isotherms of
the SBA-15 support and mono- and bimetallic catalysts. All the
pore distributions were monomodal and uniform with the
pore size maxima located at about 8.7-8.8 nm for the adsorp-
tion distributions and about 6.6-6.7 nm for the desorption
ones. A slight decrease in the pore diameter was observed only
for the Ni/S catalyst, pointing to the deposition of nickel oxide
species inside the SBA-15 mesopore channels.

3.1.3 X-ray diffraction. Fig. 4(A) shows the low-angle diffr-
actograms (0.6-4.0° 26) of the SBA-15 support and calcined cat-
alysts. The SBA-15 support exhibits well-defined diffraction

Table 1 Elemental composition, and textural and structural characteristics of the support and catalysts

Elemental
composition®

Textural and structural characteristics”

Experimental (wt%)

Material Ni pd Pt Sper (m*> g ™) S, (m>g™) Vp (em® g™") Dags (nm) Dges (nm) a, (nm) 5 (nm)
SBA-15 — — — 722 51 1.23 8.8 6.7 11.7 2.9
Ni/S 5.04 — 599 53 1.04 8.5 6.6 11.3 2.8
Pd/S — 1.05 — 661 51 1.12 8.7 6.6 11.5 2.8
Pt/S — 0.83 — 668 55 1.13 8.8 6.7 11.3 2.6
NiPd/sS 4.46 0.81 604 42 1.03 8.6 6.6 11.2 2.7
NiPt/S 5.05 1.01 595 51 0.99 8.6 6.6 11.3 2.8
PdPt/S 0.81 0.66 653 53 1.10 8.7 6.7 11.3 2.6

“Determined by SEM-EDS. Nominal compositions of the catalysts were 5 wt% Ni and 1 wt% Pd or Pt. Ly specific surface area; S,,, micropore
area; Vp, total pore volume; D,qs and Dg.s mesopore diameters corresponding to the maxima of the pore size distributions calculated from
adsorption and desorption isotherms, respectively; a,, unit-cell parameter calculated from the position of the (100) diffraction peak
(@o= 2 - d100/V/3); 8, pore wall thickness of SBA-15 materials calculated by subtraction of adsorption pore diameter D,qs from the unit cell para-

meter (ay).
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Fig. 1 Elemental mappings of the catalysts: (A) Ni/S; (B) Pd/S; (C) Pt/S; (D) NiPd/S; (E) NiPt/S; and (F) PdPt/S.
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Fig. 2 N, adsorption—desorption isotherms of the SBA-15 support and
calcined catalysts.
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angles at 0.9, 1.5 and 1.7° (26) typical of the hexagonal pore
structure (p6mm), which are associated with the (100), (110)
and (200) planes, respectively. In this two-dimensional hexag-
onal pore arrangement, one central pore is surrounded by six
other pores of the same size. These diffraction angles can also
be observed in the diffraction patterns of all mono- and bi-
metallic catalysts. Therefore, the hexagonal pore structure of
the SBA-15 support is maintained even after the synthesis of
the catalysts. The pore wall thickness () was determined using
the unit-cell parameter (a,) determined from the position of
the (100) reflection and the adsorption pore size (Dags)
obtained by nitrogen physisorption (Table 1). According to the
results, the unit-cell parameter of mono- and bimetallic cata-
lysts was just slightly smaller (0.2-0.5 nm) than that of the
starting SBA-15 support, while the pore wall thickness of the
catalysts changed between 2.6 and 2.8 nm, close to the 2.9 nm
value of the SBA-15 support. These results mean that the
mechanical and thermal resistance of the support was main-
tained in the prepared catalysts, as well as the shape, structure,
and size of the mesoporous structure of the support.

Fig. 4(B) shows the results of wide-angle powder X-ray diffr-
action analysis (10-80° 26) of the SBA-15 support and calcined
catalysts. The SBA-15 support shows a broad signal between 15
and 36° (26) that corresponds to amorphous silica. This signal
is also present in the diffraction patterns of all prepared cata-
lysts. In addition, for Ni-containing catalysts (Ni/SBA-15, NiPd/
SBA-15 and NiPt/SBA-15) four signals were observed at 37.25,
43.28, 62.98 and 75.63° (26) corresponding to the (111), (200),
(220) and (311) planes of the crystalline cubic (Fm3m) phase of
nickel oxide (NiO, JCPDS-ICDD card 01-071-1179). For Pd-con-
taining catalysts (Pd/SBA-15, NiPd/SBA-15 and PdPt/SBA-15),

Nanoscale, 2024, 16, 11575-11591 | 11579
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Fig. 3 Pore size distributions of the support and catalysts obtained from (A) adsorption isotherms and (B) desorption isotherms.

signals were observed at 33.90, 41.80, 54.82, 60.39 and 71.57°
(26) corresponding to the (101), (110), (112), (103) and (211)
planes of the crystalline tetragonal (P42/mmc) phase of palla-
dium oxide (PdO, JCPDS-ICDD card 00-043-1024). For Pt-con-
taining catalysts, some differences were detected in the diffrac-
tion patterns. Thus, for the Pt/SBA-15 and bimetallic PdPt/
SBA-15 catalysts, the signals of the crystalline cubic (Fm3m)
platinum phase (Pt, JCPDS-ICDD card 00-004-0802) were
observed at 39.77, 46.31 and 67.52° (20) assigned to the (111),
(200) and (220) planes, respectively. No signals indicating the
presence of any crystalline phase of platinum oxide were
observed. This coincides with observations by other
authors®'™? indicating that the Pt** species of the hexachloro-
platinic acid (H,PtCls-6H,0) used as a precursor were reduced
during catalyst preparation. On the other hand, in the diffrac-
tion pattern of the bimetallic NiPt/SBA-15 catalyst, no Pt
signals were observed, as has been reported previously in work
by other authors.>* This could be attributed to wide dispersion
of Pt species in this catalyst due to the interaction with the
NiO, making these Pt species undetectable by XRD analysis.
Fig. 4 also shows the crystallite sizes of different crystalline
phases found in calcined catalysts estimated using the

1580 | Nanoscale, 2024, 16, 1575-11591

Scherrer equation. It can be noted that, in general, the crystal-
lite size of NiO, PdO and Pt phases is smaller in the bimetallic
catalysts compared to the monometallic ones (Ni/S, Pd/S and
Pt/S). An exception to this rule is found with the NiPt/S cata-
lyst, in which the crystallite size of the NiO phase increased in
the presence of Pt and, meanwhile, the separate Pt crystalline
phase was not detected. The above suggests that there is a
possibility of the formation of a mixed NiO-Pt phase, where Pt
atoms are included inside the NiO particles, increasing their
size.

3.1.4 UV-vis diffuse reflectance spectroscopy (UV-vis DRS).
UV-vis DRS spectra of the catalyst are shown in Fig. 5. The Ni/S
catalyst exhibits three characteristic bands of Ni** in octa-
hedral coordination. The band observed in the ~200 to
350 nm range is associated with the ligand to metal charge
transfer (LMCT), which occurs from the 2p orbitals of the
oxygen to the Eg orbitals of NiO (Ni*") in octahedral coordi-
nation. The lower intensity bands at 420 nm and 725 nm
correspond to d-d electronic transitions of nickel (Ni**).”®
These bands of octahedral nickel oxide species are also visible
for the bimetallic NiPt/S and NiPd/S catalysts. Regarding the
Pt/S catalyst, a low-intensity signal at the visible light region

This journal is © The Royal Society of Chemistry 2024
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(400-700 nm) points out the presence of metallic Pt nano-
particles in the Pt/S catalyst.>® This is in line with the XRD
results of this catalyst where the metallic Pt crystalline phase
was detected, as shown in Fig. 4(B). On the other hand, a
characteristic signal at 263 nm corresponding to the [PtClg]*~
species of the platinum precursor used®” was not observed in
the spectrum of our Pt/S catalyst. Also, the results obtained
from SEM do not indicate the presence of Cl in the Pt/S cata-
lyst (Table 1). For the Pd/S and NiPd/S catalysts, a very low

This journal is © The Royal Society of Chemistry 2024

intensity absorption band at ~210 nm was observed. This
band could be attributed to the dr—pn charge transfer tran-
sition between Pd and oxygen of the small PdO particles.>® For
Pd/S and NiPd/S catalysts, a broad band at wavelengths from
350 to 550 nm, centered at ~450 nm, was observed. This broad
band is attributed to relatively large PdO particles or their
agglomerates,*®*° in agreement with XRD observations. In the
spectrum of the NiPd/S catalyst, signals observed in the
spectra of monometallic Ni/S and Pd/S catalysts overlap. No
clear differences in the bands corresponding to NiO and PdO
species were detected in the spectra of the bimetallic NiPd/S
catalyst and its monometallic Ni/S and Pd/S analogs. On the
other hand, some changes can be detected in the spectrum of
the NiPt/S catalyst, when compared to those of their monome-
tallic Ni/S and Pt/S counterparts. Thus, the most intense band
between 200 and 350 nm associated with the LMCT of NiO
and the corresponding absorption edge were slightly red
shifted probably due to a slight increase in the NiO particle
size. At the same time, a shoulder observed at 380 nm in the
spectrum of the NiPt/S catalyst should correspond to metallic
Pt species with a size significantly smaller than that in the
monometallic Pt/S catalyst.

3.1.5 Temperature-programmed reduction. TPR profiles of
the calcined catalysts are shown in Fig. 6. Reduction of NiO
takes place in one step (NiO + H, — Ni + H,0). Based on this,
two principal reduction peaks are observed in the reduction
profile of the Ni/S catalyst at 294 and 420 °C that could be
associated with the presence of two different nickel oxide
species. The first reduction peak (at 294 °C) could be ascribed
to the reduction of free NiO species in weak interaction with

Nanoscale, 2024, 16, 1575-11591 | 11581
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the silica support. Such NiO crystallites were detected by
powder XRD and, according to their size (13.6 nm, Fig. 4(B)),
are located on the external surface of the SBA-15 support. The
second higher intensity signal of hydrogen consumption
between 350 and 450 °C (maximum at 420 °C) is ascribed to
the reduction of NiO species in stronger interaction with the
silica support. Probably these species are located inside the
mesoporous channels of the SBA-15.>** Reduction of PdO
species in the Pd/S catalyst should also occur in a single step
(PdO + H, — Pd + H,0). However, in the TPR profiles (not
shown) of the Pd/S and Pt/S catalysts, a well-defined reduction
peak was not detected. Previously it was observed that palla-
dium oxide, which is in very weak interaction with the inert
SBA-15 silica material, such as in the Pd/S catalyst, is easily
reduced at low temperatures (at around 0 °C).>*>*? On the other
hand, a low-intensity negative signal of H, evolution at about
60 °C observed in the TPR profile of the Pd/S catalyst can be
attributed to the decomposition of previously formed palla-
dium hydrides.*®?* For the Pt/S catalyst, the absence of
reduction signals in the corresponding TPR profile is in line
with the presence of metallic platinum after calcination of this
catalyst at 500 °C as shown by XRD. The addition of Pd to the
Ni/S catalyst resulted in a noticeable increase in the proportion
of NiO species reducible at low temperatures (~297 °C) and a
decrease in NiO species that reduce at about 410 °C (Fig. 6).
These changes in the TPR profile of the bimetallic NiPd/S cata-
lyst compared to its monometallic Ni/S counterpart could be
attributed to the fact that PdO species reduced at low tempera-
tures (50-100 °C) can promote the reduction of NiO species by
dissociative chemisorption of hydrogen on reduced Pd
species.’” In contrast to the TPR profile of the bimetallic NiPd/
S catalyst, for the bimetallic NiPt/S analog, only one reduction
peak was detected at 241 °C (Fig. 6). This peak suggests that
the presence of metallic platinum in the NiPt/S catalyst and a
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possible interaction between Ni and Pt species can signifi-
cantly facilitate the reduction of NiO by hydrogen activation on
Pt species and their further spillover to NiO moieties.>*** For
the bimetallic PdPt/S catalyst, no reduction signals were
observed, and it is assumed that PdO species were reduced at
low temperatures (around 0 °C or below). A low-intensity nega-
tive signal observed around 600 °C was attributed to the de-
sorption of hydrogen strongly chemisorbed on metallic Pd and
Pt species.

3.2 Characterization of reduced catalysts

3.2.1 X-ray diffraction. Fig. 7(A) shows the XRD patterns of
catalysts reduced at 400 °C for 4 h and the crystallite sizes of
metal nanoparticles estimated using the Scherrer equation.
For Ni/S, NiPt/S and NiPd/S catalysts, no signals corresponding
to the NiO crystalline phase were observed. Instead, three
reflections appeared at 44.25, 51.79 and 76.81° (26) corres-
ponding to the (111), (200) and (220) planes of the crystalline
cubic phase of metallic nickel (Ni%) (JCPDS-ICDD card 01-071-
4655). In the NiPd/S catalyst, the signals of metallic Ni were
less defined and of lower intensity than those in the patterns
of other Ni-containing reduced catalysts. This can be due to a
better dispersion of Ni crystals (5 nm crystallite size) in this
catalyst, induced by the presence of Pd compared to the Ni/S
sample (8.7 nm) and the NiPt/S one (10.4 nm).

For the monometallic Pd/S catalyst, three signals were
detected at 40.11, 46.62 and 68.15° (260) assigned to the (111),
(200) and (220) planes of the crystalline cubic phase of metallic
Pd (JCPDS-ICDD card 00-005-0681). For the NiPd/S catalyst, the
signals of the metallic palladium phase slightly moved to
higher 260 values of 40.99, 47.6 and 69.88° (26), reflecting a
decrease in the unit cell parameter value (interplanar distances
of the Pd phase, Fig. 7(B)). This shift can be attributed to the
incorporation of some smaller Ni atoms into the metallic Pd
phase and/or to the formation of bimetallic Ni-Pd particles.
Additionally, as mentioned above, the dispersion of Ni species
in this bimetallic catalyst was better than that in its monome-
tallic Ni/S analog (see Fig. 7(B)). According to Hume-Rothery
rules,®® Pd has a lower surface tension and a larger atomic
radius than Ni, which would make the formation of a Pd-Ni
alloy difficult. However, according to the effective-medium
theory (EMT)?*® and thermodynamics for small systems,*” the
energies of segregation and surface mixing for transition
metals suggest that a combination of Pd and Ni atoms can
exist in the form of a mixture where Pd tends to be released
from the matrix of Ni leading to a strong segregation of Pd
towards the metal surface.

The monometallic Pt/S catalyst, after reduction, shows the
same diffraction peaks (39.77, 46.31 and 67.52° 26) as the cal-
cined catalyst (Fig. 4(B)) since Pt had already been reduced
during catalyst preparation. For the reduced bimetallic NiPt/S
catalyst, the presence of only the metallic Ni phase was
observed, while the signals of the metallic Pt crystalline phase
were absent. In addition, diffraction peaks of Ni® were slightly
shifted to the smaller 26 values compared to those of the
monometallic Ni/S catalyst, as shown in Fig. 7(C). This

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr01222d

Open Access Article. Published on 10 czerwca 2024. Downloaded on 18.02.2026 14:12:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper
(A) : (B) -
VNi ¢Pd Pt Crystallite -
PAPt/S e size (nm) 3
- . 13.7 (Pt, Pd) £

¢V 7
/\*"A/\:\\—WW 1_4'8 (Pd) 30 40 50 60
) ‘ ) ) 5.0 (N1)

°(20)

-~ . I
= NiPt/S :

. 7N, T vy - (©) NiPUS
& e e ] 10.4 (Ni) —
2 [Nis :

7 v >
g M 8.7 (Ni) Z
= PU/S ;
: AL 174 (Pt) 30 4()c - 50 60
Pd/S :
¢ . (D) ‘ :’L:
I 17.6 (Pd) 100 PdPUS
. . :
20 40 60 80 £
20 (°)
30 40 50 60

Fig. 7
catalysts; (D) Pt/S, PdPt/S and Pd/S catalysts.

suggests the formation of Ni-Pt bimetallic particles.*®
According to the EMT theory, in this case the energies of segre-
gation and surface mixing between Pt and Ni allow non-segre-
gated mixing of Pt and Ni with the incorporation of larger Pt
atoms into the Ni matrix. On the other hand, the existence of
some small metallic Pt particles (<5 nm size) not detectable by
the XRD technique in the reduced NiPt/S catalysts cannot be
ruled out.

For the reduced bimetallic PdPt/S catalyst, three well-
defined signals were observed at 40.03, 46.52 and 68.01° (26).
These reflections are located between the 26 values of pure Pd°
and Pt° crystalline phases. For example, the most intense (111)
signal of the PdPt/S catalyst is observed at 40.03° (26), where
this signal is located in an intermediate position between
40.11° and 39.77° (26) for metallic Pd and Pt, respectively
(Fig. 7(D)). This could indicate a close interaction between the
two metals.”® Considering the similar characteristics of Pd°
and Pt° fce crystal structures and similar lattice constants, the
formation of an alloy between these metals is possible.>**
Three reflections observed by us for the PdPt/S catalyst are
similar to those reported previously for the Pd,,sPt, 5 alloy
(JCPDS 04-017-6714) and correspond to the (111), (200), and
(220) crystal planes, respectively. These results are in line with

This journal is © The Royal Society of Chemistry 2024

°(20)

(A) Powder XRD patterns of reduced catalysts. Comparison of XRD patterns of (B) Ni/S, NiPd/S and Pd/S catalysts; (C) Ni/S, NiPt/S and Pt/S

a recent report’’ where Pd-Pt alloying was detected for PdPt/
Al/SBA-15 catalysts.

3.2.2 TEM characterization. The reduced mono- and bi-
metallic Ni, Pd and Pt catalysts were examined by TEM. Fig. 8
shows the obtained micrographs. In general, the pore structure
of the SBA-15 support and the deposited metallic nano-
particles can be observed in the images. Metal nanoparticles
have different sizes and are mainly round or oval shaped
(Fig. 8). The majority of the observed nanoparticles are larger
than the SBA-15 mesopores and are located on the external
surface of the SBA-15 porous structure. However, some smaller
nanoparticles could also be found and it seems that they are
deposited inside the cylindrical pores of the SBA-15 material,
as shown in Fig. 8(D and E). These nanoparticles have a size
slightly smaller than the SBA-15 mesopores and they are
aligned in the ordered cylindrical mesopores of the
SBA-15 material. The presence of two types of such metal
nanoparticles has been reported recently for the Pd/Al-SBA-15
catalysts*> and bimetallic PAPt/Al/SBA-15 catalysts.*"

Several images of each reduced catalyst were used to
measure the metal particle size in the reduced mono- and bi-
metallic Ni/S, Pd/S, Pt/S, NiPd/S, NiPt/S and PdPt/S catalysts to
construct the corresponding particle size distributions. Fig. 9
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Fig. 8 TEM micrographs of reduced catalysts: (A) Ni/S, (B) Pd/S, (C) Pt/S, (D) NiPd/S, (E) NiPt/S, and (F) PdPt/S.
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shows the obtained particle size distributions, the mean par-
ticle sizes (Dy,) and standard deviations (¢). The mean metal
particle size increases in the following order: Pd/S (5.5 nm) <
NiPt/S (7.7 nm) < NiPd/S (9.2 nm) < Ni/S (11.6 nm) < PdPt/S
(13.7 nm) < Pt/S (16.7 nm). Among monometallic catalysts, the
Pd/S showed the smallest mean particle size, while for the bi-
metallic ones, it was NiPt/S. On the other hand, the standard
deviation values increase as follows: Pd/S (3.7 nm) < NiPt/S
(6.3 nm) < PdPt/S (6.9 nm) < NiPd/S (7.8 nm) < Ni/S (8.7 nm) <
Pt/S (18.4 nm). According to the particle size distributions
shown in Fig. 9, the Pd/S catalyst had the narrowest distri-
bution, with particles mainly ranging from 2.5 to 10 nm, while
the Pt/S had the widest distribution of particles of hetero-
geneous sizes between 5 and 32.5 nm.

NiPt/S

Pt-rich

5nm

L4 "
200 nm§

View Article Online

Paper

The metal dispersion in the reduced catalysts was estimated
based on the mean particle size determined from the particle
size distributions obtained with the TEM micrographs using
the Borodzinski and Bonarowska method.*® The dispersion
values increase as follows: Pt/S (8.3%) < PdPt/S (10.1%) < Ni/S
(10.8%) < NiPd/S (13.7%) < NiPt/S (16.4%) < Pd/S (25.0%).

3.2.3 HAADF-STEM characterization. The reduced bi-
metallic catalysts were analyzed by HAADF-STEM to corrobo-
rate their local structure, and determine the interaction
between their constituent metals. The low-magnification
images of the NiPd/S catalyst in Fig. 10(A and B) show that
small nanoparticles were dispersed along the entire
SBA-15 material, and they were located mainly in the pore
structure. The presence of some larger particles was evident.
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Fig. 10 HAADF-STEM images and EDS analyses of the bimetallic catalysts. (A—D) NiPd/S, (E-H) NiPt/S, and (I-L) PdPt/S. Upper graphs in panels D,
H, and L correspond to EDS line-scans acquired along the yellow lines in panels C, G and K, respectively, while the graphs in the lower part of panels

D, H, and L correspond to average EDS spectra.
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The nature of the particles was determined from the lattice-
resolution images and EDS analyses. Fig. 10(B and C) shows
representative images of the particles. One particle exhibited
lattice fringes of 204 pm, corresponding to the {111} planes of
the Ni structure, while a larger particle showed a larger lattice
spacing of 217 pm, corresponding to the {111} planes of a Pd-
rich particle. This representative result indicates a non-homo-
geneous chemical composition of the particles. EDS confirmed
this idea. The EDS line scan (Fig. 10(D), upper graph) across
the upper particle shown in Fig. 10(C) revealed that the par-
ticle was composed mainly of Ni, with a small proportion of
Pd. In contrast, the EDS spectrum of the lower particle shown
in Fig. 10(C) confirmed its Ni-Pd., composition. In fact,
based on EDS analyses performed on different areas, it was
found that small particles were composed mainly of Ni, while
larger particles presented a Pd-rich composition. These results
are in agreement with XRD analysis in which phase segre-
gation was detected where separated peaks corresponding to
Ni and Pd phases were observed that have different particle
sizes (Fig. 7).

NiPt/S catalysts, in turn, showed better distribution of par-
ticles on the support, as revealed in Fig. 10(E). The atomic-
resolution HAADF images revealed the location of Pt on the
particles (Fig. 10(F and G)), clearly indicated by the higher con-
trast produced by its higher atomic number (Z = 78) compared
to Ni (Z = 28). Lattice fringes of 204-205 pm matched the {111}
planes of Ni, indicating low Pt incorporation into the crystal
structure. No small Pt particles were detected; instead, the
sample consisted of Pt-decorated nanoparticles, with Pt atoms
well dispersed and segregated on the surface, in agreement
with the previously described XRD analysis. The EDS analysis
confirmed the presence of Pt at a low concentration compared
to Ni (Fig. 10(H)), with the highest Pt concentration of up to
16.5 wt%.

Finally, the PdPt/S sample presented the largest particle
size of the bimetallic catalysts. This led to less dispersed par-
ticles on the SBA support, as noticed in Fig. 10(I). The atomic-
resolution HAADF images confirmed the local structure of
these PdPt nanoparticles (Fig. 10(J and K)). It is noticed that
the particles are different compared to the other catalysts, with
elongated shapes apparently following the channel structure
of the support. The measured lattice fringes of 225-226 pm
matched the {111} planes of Pd and Pt; however, the distinc-
tion between both structures from their lattice spacings is
unfeasible because of the highly similar cell parameters. This
complication was surpassed by HAADF imaging due to the
considerable difference in atomic number between Pt (Z = 78)
and Pd (Z = 46). It is observed that the nanoparticles consisted
of a PdPt alloy but with considerable elemental segregation.
This segregation pattern formed a kind of Janus-type configur-
ation in which high- and low-contrast areas correspond to Pt-
rich and Pd-rich interacting areas in the particle structure,
respectively. In this nanosystem, as the melting temperature of
both elements is very similar, the second segregation rule
applies, and the lower surface energy of Pd compared to Pt
induces Pd segregation to the surface.** The EDS line scan
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shown in Fig. 10(L) confirmed this elemental segregation. The
average chemical composition of the local area corresponded
to Pd at 40.7 wt% and Pt at 59.3 wt%.

3.3 Catalytic activity in the hydrodeoxygenation of anisole

The catalytic activity of prepared catalysts was evaluated in the
hydrodeoxygenation (HDO) of anisole (AN). Reaction con-
ditions in the batch reactor were 280 °C, 7.3 MPa total
pressure, and 6 h reaction time. Fig. 11 shows anisole conver-
sions obtained with mono- and bimetallic catalysts. All the cat-
alysts showed activity in this reaction although Pd/S and Pt/S
catalysts were less active in anisole conversion than other
tested catalysts, which could be due to their low metal content
(~1 wt%). According to the activity, the catalysts can be
ordered as Pt/S ~ Pd/S < PdPt/S ~ Ni/S < NiPt/S < NiPd/s.
Anisole conversions obtained at 6 h reaction time with the
four most active catalysts (NiPd/S, NiPt/S, PdPt/S and Ni/S)
were between 97.1 and 99.0% (Fig. 11, and Table 2). It is worth
mentioning that the best activity results were obtained with
the bimetallic NiPt/S and NiPd/S catalysts, in which Ni (non-
noble metal) was combined with Pt or Pd (noble metals). The
above order of activity differs from the order of metal dis-
persion in the reduced catalysts obtained from the TEM
results, where Pd/S catalysts showed the best dispersion
(25.0%) followed by NiPt/S (16.4%) and NiPd/S (13.7%).
Therefore, not only the dispersion, but also the electronic pro-
perties of the bimetallic nanoparticles are important for cata-
Iytic performance in HDO.

Fig. 12 shows reaction product compositions obtained in
the HDO of anisole with the reduced mono- and bimetallic cat-

100
80 1
§ 60 -
: -
.8
g 40 4 —=—Ni/S
z —e—Pd/S
3 ——Pt/S
20 —v—NiPd/S
—o—NiPt/S
—<—PdPt/S

Time (h)
Fig. 11 Conversions of anisole obtained with reduced mono- and bi-

metallic catalysts. Reaction conditions: batch reactor, 280 °C, 7.3 MPa
total pressure.
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Table 2 Catalytic performance of the reduced mono- and bimetallic catalysts in the HDO of anisole?

Conversion of

AN (%)

Catalyst 1h 6h P (™) ki x 107 (b moly ™) kP (™) Ion x 107 (h™! moly ™) Adj.-R? Sca’ (%)
Ni/S 78.5 97.6 1.6 1.8 0.08 0.1 0.96 35.3

Pd/s 53.9 88.6 0.7 6.7 0.04 0.4 0.94 9.3

Pt/S 51.6 88.4 0.6 14.3 0.04 1.0 0.96 9.0
NiPd/S 87.5 99.0 3.2 3.8 0.08 0.1 0.98 38.1
NiPt/S 84.6 98.5 2.5 2.8 0.20 0.2 0.96 71.7
PdPt/S 76.5 97.1 1.4 12.9 0.02 0.2 0.99 5.6

“Reaction conditions: batch reactor, 280 °C, 7.3 MPa total pressure. ° k;, k,, pseudo-first-order rate constants for hydrogenation and deoxygena-
tion, respectively, calculated according to the equations Cax = Cano €Xp(—kit), Come = ki-Canolexp(—ki-t) — exp(—ky-t)]/(k, — ki), and Cepa =

Cano’[1 = {(ky exp(—ky-t) — ky exp(—kat)} ks —

k1)]- kin and kyy are pseudo-first-order rate constants normalized per mol of metal (M). ¢ Selectivity

to cyclohexane at 6 h reaction time defined as % of CHA in the reaction products.

Ni/S Pd/S Pt/S
100 100 100
—=— BEN —e— CME —s=—BEN
20 —e— CHA —a— CHA %% —e— CHA
1 ——CME 80] —»—cHL | —4—cME
~ —v— CHL - ~ —v— CHL
X e X
< 604 S 60 < 604
S g S
g 40 'g 40 g 40
g £ g
9] s 9]
20 “ 2] © 0]
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Anisole conversion (%) Anisole conversion (%) Anisole conversion (%)
NiPd/S NiPt/S PdPt/S
100 100 100
—sa— BEN —s=— BEN
—e—CHA —e—CHA
801 _a—CME 801 e oME 501
e —v— CHL -~ —v— CHL e
S 60 < 60 < 60
a g =l
.S 2 .2
é 401 g 401 g_ 401
g g g
© 20l J © 0] “ 20
0 T T T T "r‘!r 0 T T T T =T 0- T T T — T
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Anisole conversion (%)

Anisole conversion (%)

Anisole conversion (%)

Fig. 12 Reaction product compositions obtained in the HDO of anisole. AN, anisole; CHA, cyclohexane; CHE, cyclohexene; CME, cyclohexyl methyl

ether; CHL, cyclohexanol; BEN, benzene.

alysts. The following compounds were identified: cyclohexane
(CHA), cyclohexene (CHE), cyclohexyl methyl ether (CME),
cyclohexanol (CHL), and benzene (BEN).

According to the observed reaction intermediates, a reac-
tion scheme has been proposed for anisole hydrodeoxygena-

This journal is © The Royal Society of Chemistry 2024

tion over reduced mono- and bimetallic Ni, Pd and Pt catalysts
(Scheme 1(A)). For all the catalysts, the main intermediate
product was CME, which is formed as a result of hydrogen-
ation of the aromatic ring of anisole over metal nanoparticles.
The subsequent cyclohexanol product could be formed
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BEN
(B)
A —
AN CME

Scheme 1
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+H, +H,
—— —-
-H,0
CHL CHE CHA
+3H,
CHA

(A) Proposed reaction mechanism for the hydrodeoxygenation of anisole with prepared mono- and bimetallic catalysts. (B) Simplified

reaction mechanism used for the kinetic study. AN, anisole; BEN, benzene; CME, cyclohexyl methyl ether; CHL, cyclohexanol; CHE, cyclohexene

and CHA, cyclohexane.

through demethylation of CME. Cyclohexanol, in turn, is
subject to dehydration with the formation of cyclohexene,
which is quickly hydrogenated giving cyclohexane as the final
product. The presence of some traces of BEN suggests the
possibility of a second parallel direct deoxygenation reaction
route, where anisole is demethylated directly through the
hydrogenolysis of Caromatic-OCH3z. However, small amounts of
obtained BEN (less than 1%) point out that this reaction route
is not the main one or that the obtained benzene disappears
quickly due to hydrogenation to cyclohexane. Since CME was
just one intermediate product formed in considerable
amounts during the reaction, it was proposed that the reaction
mechanism be simplified, as shown in Scheme 1(B). This sim-
plified reaction mechanism was used for the estimation of the
reaction rate constants (k; and k,).

According to previous studies, the predominant route to the
HDO of anisole depends on both the acidity of the support
and the nature of the metal. The results obtained in the
present work with mono- and bimetallic catalysts supported
on SBA-15 silica show that, in all cases, the reaction followed
the hydrogenation reaction route, which consists of the com-
plete saturation of the aromatic ring of AN before the removal
of oxygen. This is reasonable, since metal sites are active for
hydrogenation reactions, while the acidic or oxophilic sites

11588 | Nanoscale, 2024, 16, 11575-11591

play an important role in the hydrogenolysis of the C-O bond.
According to Vargas et al,” the SBA-15 support has a very
small amount of acidic sites, and, therefore, it can be con-
sidered that the prepared catalysts have only the metallic active
phase (support acidity can be neglected) and both transform-
ations (hydrogenation and hydrogenolysis) take place at the
metallic sites. So, metal oxophilicity is important for the for-
mation of deoxygenated products.

Considering the proposed simplified reaction mechanism,
shown in Scheme 1(B), and that in catalytic tests hydrogen
was always used in large excess with respect to anisole, the
reaction rate constants were estimated based on the kinetics
of ktwo corisecutive pseudo-first-order rate reactions:
AN — CME — CHA. The rate constant k; represents the
hydrogenation of the aromatic ring of AN, while k, corres-
ponds to the deoxygenation of the CME intermediate to
cyclohexane. Eqn (3)-(5) describe, respectively, the rate of
anisole consumption (r;4n) and the rates of formation of
cyclohexyl methyl ether (7,cme) and cyclohexane (73cpa):

dCan
AN = Ty

= k1CAN

3)

dCome
racme = + i

= k1Can — k2Come

(4)

This journal is © The Royal Society of Chemistry 2024
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dc,
TpcHA = + dCtHA = kCeme (5)

Integrated forms of these equations were used for the rate
constant calculations. The system of equations was solved by a
non-linear fit of the experimental data. The obtained rate con-
stants are shown in Table 2.

Bimetallic NiPd/S and NiPt/S catalysts showed the highest
values of the k; rate constants corresponding to the hydrogen-
ation of the AN aromatic ring (3.2 and 2.5 h™", respectively).
Their k; values were larger than the sum of k; constants of
their corresponding monometallic counterparts, pointing out
a synergistic effect between both metals (Ni-Pt and Ni-Pd).
Interestingly, bimetallic NiPt/S and NiPd/S catalysts and even
monometallic Ni/S had higher hydrogenation ability (per gram
of the catalyst) than the corresponding only noble metal-con-
taining catalysts (Pd/S, Pt/S and PdPt/S). This can be ascribed
to the larger total molar amount of metals in the Ni-containing
samples compared to that in the noble metal-containing ones.
However, when the k; rate constant is normalized per mol of
metal in the catalyst (k;y, Table 2), it can be clearly observed
that the hydrogenation ability of the monometallic catalysts
changes as Ni/S < Pd/S < Pt/S. This order of activity can be
expected, since it is well-known that noble metals (NM) are
particularly efficient at activating molecular hydrogen, making
it capable of reacting with other reactants.*® For bimetallic cat-
alysts, according to our results, the hydrogenation ability per
mol of metal increases in the following order: NiPt/S < NiPd/S
< PdPt/S. This order of activity is difficult to predict and it
should be related to the dispersion, structure and electronic
characteristics of bimetallic nanoparticles.

On the other hand, all the tested catalysts exhibited small
values of k, and k,y, the reaction rate constants for the deoxy-
genation of the CME intermediate through Cgjiphaic—O bond
cleavage. The highest value of k, (0.20 h™') was obtained for
the bimetallic NiPt/S catalyst. Two other Ni-containing cata-
lysts (NiPd/S and Ni/S) showed 2-fold lower k, values.
Meanwhile, the other tested catalysts (Pt/S, Pd/S and PdPt/S)
had a very low hydrogenolysis ability. In this case, it can also
be noted that the presence of Ni in the catalysts promotes the
C-0 bond rupture. Available data in the literature indicate that
the oxophilicity of the support, the nature of the supported
metal, or a combination of these factors has a great influence
on the reaction mechanism in anisole HDO."” As the SBA-15
support used in the present work is chemically inert, the
ability of the catalysts for O activation should be related to the
oxophilic characteristics of the supported metal. The hydroge-
nating sites provide H, while the oxophilic metal more strongly
binds the reactant to the surface through its oxygen functional-
ity, allowing easier C-O scission.*® According to Kepp,*® the
oxophilicity of the metal is strongly correlated to its electro-
negativity, since oxygen is highly electronegative. Left-side
d-block elements with low effective nuclear charges and elec-
tronegativities are thus highly oxophilic. Because of this, Ni
has the highest oxophilicity among the studied metals. On
resuming analysis of the above catalytic results, it can be con-

This journal is © The Royal Society of Chemistry 2024
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cluded that the advantages of the bimetallic NiPd/S and NiPt/S
catalysts are due to the combination of highly hydrogenating
noble metals such as Pt and Pd and oxophilic Ni species that
results in better overall HDO performance. The best selectivity
to CHA was obtained with the NiPt/S catalyst (71.7% at 6 h
reaction time, Table 2).

Regarding the bimetallic PdPt/S catalyst, it showed a k;
value (1.4 h™") only slightly higher than the sum of the k,
values of the corresponding monometallic Pd/S and Pt/S cata-
lysts (0.7 h™" and 0.6 h™", respectively, Table 2). This result
could be due to the formation of bimetallic Pd-Pt nano-
particles with heterogeneous distribution of metals (Pd-rich
and Pt-rich domains, as shown by HAADF-STEM characteriz-
ation in Fig. 10). The Pd/S and PdPt/S catalysts were the most
selective for the formation of the hydrogenated CME inter-
mediate product (about 93% at 6 h reaction time, Fig. 12),
which can be useful for the reactions, whose objective is only
the hydrogenation of aromatic rings in O-containing reactant
molecules.

Finally, the catalytic activity of mono- and bimetallic cata-
lysts supported on the SBA-15 material was compared to that
of previously published results for anisole HDO. The values of
k; of our NiPd/S and NiPt/S catalysts (3.2 and 2.5 h™") were
higher than those reported previously for Ni/SBA-15 catalysts
with 4 and 10 wt% Ni (~1.5 h™*)***> and Ni/USY, Ru/USY and
Pd/USY (all with a 5 wt% metal charge, k; between 0.52 and
1.80 h™").>° However, the k, value of our NiPt/S catalyst was
much lower (0.20 h™") than that of the Ni, Ru and Pd catalysts
supported on USY zeolite (2.94 to 9.30 h™"), which could be
due to the very low acidity of the SBA-15 silica compared to
that of the USY zeolite. It would be interesting to inquire into
the HDO behavior of bimetallic NiPt and NiPd catalysts sup-
ported on acidic materials instead of on the inert silica
support.

4. Conclusions

In this work, bimetallic NiPd, NiPt, and PdPt catalysts sup-
ported on SBA-15 silica were synthesized, characterized and
their catalytic performance was evaluated in the HDO of
anisole. A comparison of different bimetallic catalysts, as well
as of bimetallic vs. corresponding monometallic analogs, was
performed. It was observed that among all the catalysts
studied, the bimetallic NiPt/S and NiPd/S catalysts have the
best catalytic performance in the HDO of anisole, namely,
higher anisole conversions and selectivity to cyclohexane. This
was attributed to a combination in these catalysts of noble
metal (Pt, Pd) with non-noble more oxophilic Ni metal and to
the formation of bimetallic nanoparticles in the reduced cata-
lysts. The main HDO reaction route in all cases was a consecu-
tive reaction through the hydrogenation of the aromatic ring of
anisole and then subsequent deoxygenation of the CME inter-
mediate, leading to the final CHA product. Other intermediate
products (BEN, CHL and CHE) were formed only in small
amounts. Among the two most promising catalysts of NiPd/S
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and NiPt/S, the former was found to be slightly better for the
hydrogenation of the aromatic ring of anisole, while the latter
showed higher deoxygenation ability among all the tested
samples, giving ~72% selectivity to cyclohexane at 6 h reaction
time. The PdPt/S bimetallic catalyst showed the best selectivity
for the formation of the CME intermediate (~93% at 6 h reac-
tion time), which can be useful for the hydrogenation of aro-
matic rings in O-containing reactants with the formation of
saturated O-containing products.
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