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ABSTRACT: The effect of adding iron, cobalt or nickel to a
prepared niobium-supported catalyst using mesoporous silica SBA-
15 as a support was evaluated in the hydrodeoxygenation (HDO)
reaction of anisole, chosen as a model compound in lignocellulosic
biomass derived bio-oil. HDO activity as well as selectivity toward
O-free products were highly dependent on the catalyst
formulation: Ni incorporation showed the highest anisole
conversion and selectivity to deoxygenated products, followed by
Co and Fe counterparts. The activity was explained in terms of
acidity, metal surface exposure and reducibility as a function of the
interaction between the phases present. Regarding the character-
ization results, the better performance of NiNb/SBA-15 was
associated with its lower acidity, higher Nb/Si surface exposure,
NbO2/Nb2O5 ratio and better interaction between Ni and Nb species.

1. INTRODUCTION

The obtention of liquids fuels from biomass has gained great
attention recently, since the scientific community is looking for
cleaner energy solutions that not only supply the increasing
energetic demand, but also that will be friendly with the
environment.1−4 The production of transportation bifuels from
biomass can be conducted by different synthetic routes:
gasification to produce syngas, hydrothermal liquefaction or
fast pyrolysis to produce bio-oil.5,6 The bio-oil includes many
oxygenated hydrocarbons (alcohols, aldehydes, carboxylic
acids, ketones, and phenolics), that confer undesired proper-
ties, such as thermal instability, polymerization, low calorific
value and storage difficulties, as well as immiscibility with
fossil-fuel-derived compounds. Therefore, a significant upgrad-
ing is required before it can be used as transportation fuel.6,7 In
this regard, the oxygen content of the bio-oil can reach up to
50%, for bio-oil from fast pyrolysis.8−10

Recently, one of the approaches performed to lower the
oxygen content in bio-oil is hydroprocessing, being that
hydrotreatment one of the most important processes in the
petroleum industry, where several heteroatoms can be
removed in the presence of hydrogen and a proper catalyst
(hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
and hydrodeoxygenation (HDO) to remove S, N, and O,
respectively). In many occasions, these hydrotreatments are
accompanied by processes of hydrogenation (saturation) of
olefins and aromatic compounds.11 The upgrading of bio-oil

through HDO partially or totally removes the oxygenated
compound, being the most common upgrading route, despite
its high consumption of hydrogen and the requirement of high
pressures at moderate temperatures (300−600 °C).9,12 A
possible solution that can allow a reduction in hydrogen
pressure is the preparation of effective bifunctional HDO
catalysts, which combine supports with acidic nature13−15 and
metal centers with HDO activity as niobium-containing
catalysts. Niobium-based catalysts are becoming promising
materials capable of catalyzing reactions such as oxidation,
hydration, dehydration, hydrolysis, esterification, hydrodeox-
ygenation, alkylation, condensation, and photocatalysis, since
they are acid, stable and present high tolerance to water.16,17

Dumesic et al.18 were the first to report a niobium-containing
catalyst, Pt/NbOPO4, for total HDO reaction. Later, Wang et
al.19 observed that Pt/NbOPO4 was more active than Pt/
SiO2−Al2O3 in the reaction of ring-opening/hydrogenation of
4-(2furyl)-3buten-2-one) to octane. That catalyst, under very
mild conditions (165−175 °C, 25 bar), was able to not only
convert octanediols to octane via dehydration/hydrogenation
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but also to convert 4-(2-tetrahydrofuryl)-butan-2-ol to octane
via dehydration, ring-opening and hydrogenation. In addition,
a Pd catalyst supported on niobium phosphate was active in
the HDO of triglycerides to obtain C7−C8 alkanes favoring
the hydrogenolysis of ester groups and suppressing cleavage of
the C−C bond.20

Over the past few years, various noble metals and niobium-
based catalysts have been employed in HDO reactions with
good catalytic results.21−24 However, despite having a high
hydrogenation capacity, the main drawback of using noble
metals is their scarcity and high price. Therefore, the scientific
community is looking for new active phases based on non-
noble transition metals to reduce costs. Among them,
transition metals such as Ni, Co or Fe are known to act as
promoters and can also catalyze hydrogenation.25 Ni atom
shows an affinity for H2 molecules assisting hydrogenation.26

Nickel has been used extensively in hydrogenation, since
Sabatier discovered its activity, and it is one of the most used
hydrotreating catalysts, because it is active even using water as
a hydrogen source.27 It is generally accepted that the catalytic
activity of catalysts containing nickel has great dependence on
the surface acidity. Pichler et al.28 studied the influence of the
synthesis methods, in terms of elements contamination for Ni/
ZrO2 catalyst in the HDO of guaiacol and reported that the
remaining elements of the preparation of the support like Si or
Na changed the surface acidity and lowers catalytic activity.
Cobalt is an inexpensive active phase, compared to precious
metals. It is a component of the typical CoMoS/Al2O3
hydrotreating catalyst and is active for HDO.29 HDO of
guaiacol was performed using both Ni/ZrP and Co/ZrP
catalysts by Han et al.,30 and they showed different reactions
pathways, affecting selectivity, demonstrating that cobalt favors
a less hydrogen-consuming reaction pathway, producing
phenol and cyclohexane as main products. In addition, iron
has been cited as a good promoter, because of its abundance,
low cost, and effective catalytic performance improvement. In
the gas-phase upgrading of guaiacol, Fe/SiO2 was chosen as a
catalyst to study the ability of Fe atoms to break hydroxyl and
methoxyl bonds in aromatic rings.31 The latter has shown
oxophilic properties that favor the direct deoxygenation
pathway in the HDO mechanism.32 Similarly, Fe nanoparticles
supported on mesoporous silica nanoparticles have demon-
strated great ability to obtain diesel-range hydrocarbons from
raw microalgal oil.33

The problems derived from using a real bio-oil have led to
the use of model compounds such as guaiacol, phenol and
anisole to simplify the analysis and understand the reaction
mechanisms and kinetics involved. These three compounds
comprise a large fraction (30%−40%) of lignocellulosic
biomass-derived bio-oil, and the C−O bond is difficult to
break.34,35 Anisole hydrodeoxygenation has been studied over
several bifunctional catalysts. Using noble metals, a consid-
erable hydrogenation activity has been reported with good
stability, obtaining cyclohexane as the main product.36

Similarly, the use of supported nickel catalysts has demon-
strated a good hydrogenation capability at high temperature
and pressure.37 Also, the addition of promoters like zinc or
gallium to nickel-based catalysts has shown an enhancement of
the selectivity to aromatics.38

Therefore, the present study aimed to evaluate how
incorporating a second metal into a niobium-supported
catalyst can influence the textural, structural, acidic and
catalytic properties of the resulting XNb/SBA-15 catalysts

(with X = Fe, Co, or Ni). As far as we are concerned, the
addition of Fe, Co or Ni to Nb supported on SBA-15 catalysts
has not been studied yet in this reaction. The resulting
bifunctional catalysts have been fully characterized before
testing in the HDO reaction of anisole. Anisol has been chosen
because of its intermediate complexity between guaiacol (two
separated functional groups) and phenol besides its small size,
which makes it highly resistant to deoxygenation, so that the
HDO of anisole on these catalysts should ensure the
deoxygenation of other reactive molecules, such as phenol.

2. EXPERIMENTAL SECTION
2.1. Reagents. SBA-15 support was synthesized using the

following reagents: poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (Pluronic P123, Sigma−
Aldrich); sulfuric acid (95%, Technical VWR Prolabo
Chemicals); sodium hydroxide (Technical VWR Prolabo
Chemicals) and sodium silicate solution (25%−28%, Sigma−
Aldrich).
Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, Sigma−

Aldrich); Cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O,
Sigma−Aldrich); Nickel(II) nitrate hexahydrate (Ni(NO3)2·
6H2O, Alfa Aesar) and niobium(V) oxalate hydrate
(C10H5NbO20·H2O, Alfa Aesar) were used as precursor salts
for bimetallic catalysts synthesis. Oxalic acid dihydrate
(C2H2O4·2H2O, Scharlau Chemie) was used to dissolve
niobium(V) oxalate hydrate.

2.2. Catalysts Synthesis. The synthesis method described
by Cazalilla et al.39 was followed to obtain a low-cost SBA-15
mesoporous support. Three bimetallic catalysts were prepared
by incipient wetness impregnation, containing 12 wt % of
metal (X+Nb) loading, with X = Fe, Co or Ni and an X/Nb
molar ratio equal to 1 in all cases, resulting in catalysts
containing a Nb loading of 7.7, 7.3 and 7.3 wt % for Fe-, Co-
and Ni-based catalysts, respectively. In a typical synthesis, the
SBA-15 support was first impregnated with niobium oxalate
solution in oxalic acid 0.1 M. After impregnation, Nb/SBA-15
precursor was dried for 24 °C at 60 °C and then calcined at
450 °C for 2 h. The corresponding Fe, Co and Ni saline
solutions (4.6 wt % experimentally) were then impregnated
into the Nb/SBA-15 precursor. The catalytic precursors
(FeNb/SBA-15, CoNb/SBA-15 and NiNb/SBA-15) were
dried and calcined following the same procedure as with
Nb/SBA-15. The catalysts were respectively named FeNb,
CoNb and NiNb.

2.3. Catalytic Activity. The catalysts were tested in HDO
of anisole as a model compound present in lignocellulosic
biomass-derived bio-oil. The reaction was performed in a high-
pressure, continuous down-flow fixed-bed reactor. The
temperature was fixed at 275 °C and controlled with a
thermocouple placed inside the stainless-steel reactor in close
contact with the catalytic bed consisting of 250 mg of
pelletized catalyst (particle size = 0.85−1 mm) diluted with
SiC up to 3 cm3. The feed containing 2 wt % anisole in cis−
trans decahydronaphtalene was supplied with a Gilson 307S
piston pump. The catalysts were reduced in situ at 450 °C for
2 h, using a hydrogen flow of 100 mL min−1 and a heating rate
of 10 °C min−1. After cooling, the reactions were performed at
275 °C and 15 bar of H2 with a liquid feed flow of 0.18 mL
min1 and a hydrogen flow of 30 mL min1 with a liquid hourly
space velocity of 3.6 h−1 and a gas hourly space velocity of 600
h−1, and hydrogen contact time of 6 s.
HDO conversion was calculated using eq 1:
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where n0 h is the initial amount of anisole and noxi is the amount
of oxygenated compounds.
Every 60 min, liquid samples were collected and analyzed by

gas chromatography, using a Shimadzu Model GC-14B system
that was equipped with a TBR-14 capillary column.
2.4. Characterization of Samples. Powder X-ray

diffraction (PXRD) high-angle measurements (10°−70° in
2θ, 0.0167° step size) were performed on a PAN analytical
X’Pert Pro automated diffractometer in Bragg−Brentano
reflection configuration, using a Ge(111) primary mono-
chromator, with monochromatic Cu Kα radiation (λ = 1.5406
Å) and an X′Celerator detector. Low angle patterns (1°−5° in
2θ) were collected in a BRUKER D8 Discover diffractometer,
with a Gobel mirror with a 0.3° point slit and a collimator of
the same diameter in the primary beam. The detector was a
two-dimensional EIGER system from DECTRIS.
To know the textural properties of the support and catalysts,

nitrogen adsorption−desorption isotherms at −196 °C were
performed on a Micromeritics ASAP 2020 apparatus. Before
the analysis, the samples were outgassed at 150 °C for 10 h.

TALOS Model F200x equipment working both in high-
resolution transmission electron microscopy (HRTEM) and
STEM modes was used for the obtention of HRTEM images
in order to analyze morphology and particle size distribution.
Microanalysis were performed using a EDX Super-X system
with four X-ray detectors and an X-FEG beam.
In order to study the reducibility of the samples,

temperature-programmed reduction in flowing H2 (H2-TPR)
analyses were performed. Prior to the analysis, the sample was
cleaned in flowing helium (35 mL min−1) at 100 °C for 30
min. The sample was cooled in helium afterward up to 45 °C
and then heated up to 700 °C with a heating rate of 10 °C
min−1, using a hydrogen flow of 45 mL min−1, registering the
signal with a Shimadzu Model GC-14B gas chromatograph
equipped with a thermal conductivity detection (TCD) device.
The strength and concentration of acid centers for the

reduced catalysts were determined by temperature-pro-
grammed desorption of ammonia (NH3-TPD). First, 80 mg
of reduced catalyst were placed in a quartz sample holder and
cleaned using flowing helium (35 mL min1) and heating from
room temperature to 550 °C. Then, the sample was cooled in
helium up to 100 °C, and NH3 was passed at this temperature
for 5 min. Physisorbed ammonia was removed by cleaning the

Figure 1. (A) Conversion of anisole after 5 h on stream; (B) evolution of HDO conversion of anisole with time on stream; (C) selectivity data for
the studied catalysts after 5 h; and (D) selectivity evolution with time on stream.
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surface with flowing helium for a half hour and, lastly, the
sample was heated up to 550 °C with a heating rate of 10 °C
min−1, using helium (35 mL min1) as a gas carrier for
registering the signal using a Shimadzu Model GC-14B gas
chromatograph that was equipped with a TCD detector.
The surface chemical composition of the reduced catalysts

was evaluated by X-ray photoelectron spectra (XPS) measure-
ments in order to evaluate surface chemical composition of the
catalysts. To this end, a Physical Electronics Model PHI 5701
spectrometer that used nonmonochromatic Mg K radiation
(300 W, 15 kV, 1253.6 eV) and was equipped with a
multichannel detector. Experiments were performed in a
constant pass energy mode at 29.35 eV and Si 2p (103.4
eV) was used for charge referencing.

3. RESULTS AND DISCUSSION

3.1. Catalytic Test. The catalytic activity of Nb-based
catalysts was studied in a continuous down-flow fixed-bed
reactor at 15 bar and 275 °C, using anisole as a model
molecule. The reaction was monitorized for 5 h, and the results
are compiled in Figure 1. Both total and HDO conversions
after 5 h on stream are depicted in Figure 1A, where it is
evidenced significant differences in the conversion capacity
depending on the catalyst used. Thus, the HDO conversion
corresponding to FeNb catalyst was observed to be zero
throughout the entire reaction time and, in addition, the total
conversion attained was lower than 10%. This fact could be
ascribed to a weaker interaction between Nb and Fe due to the
latter larger ionic radius. In fact, taking into account the
position of these metals in the periodic table, it can be
observed that the ionic radius follows the trend Fe > Co > Ni,
which is analogous to the HDO activity trend FeNb < CoNb <
NiNb, suggesting that ions with a smaller radius would interact
more easily with the Nb species. All this is also reflected in the
product distribution, where the NiNb catalyst gave rise to a
high selectivity towards deoxygenated products, contrary to
that observed with CoNb and especially with FeNb. Even
though in 5 h of reaction it is not possible to speak of catalytic
stability, note that the NiNb catalyst seems to show a more
stable behavior throughout the 5 h of reaction (Figure 1B). In
contrast, the CoNb catalyst is deactivated as the reaction
proceeds. The analysis of spent samples evidenced that the
amount of coke followed the trend: FeNb (7.6%) > CoNb
(6.7%) > NiNb (4.1%) which could explain the observed
deactivation of the samples.
Considering the detected product selectivity (Figure 1C),

the main reaction products detected were cyclohexane and
benzene for the CoNb and NiNb catalysts and phenol for the
FeNb catalyst. In no case the formation of molecules such as o-
cresol, toluene, orthoxylene, cyclohexanol or methoxycyclohex-
ane was observed, as reported by others.40−42 In order to
justify the proposed reaction pathway, the evolution of
detected products with time has been included in Figure 1D,
from where it is suggested that the most likely reaction
mechanism is the one shown in Scheme 1, where there are two
main routes:

• Route 1: the demethylation (DM) of the O−CH3 bond
occurs, giving rise to phenol (step a). The direct
hydrogenolysis of phenol (HDO) led to the formation of
benzene (step b).43 Finally, the hydrogenation of the
saturated benzene ring occurs to obtain cyclohexane
(step c).29

• Route 2: simultaneously, the demethylation and the
hydrogenolysis of anisole molecule occur to directly
obtain benzene (step d), which, as occurs in route 1, can
be hydrogenated to cyclohexane (step c).40

According to studies by Xia et al.44 and Shao et al.,45 Nb
species have a significant promotional effect for C−O bond
cleavage. This fact will be corroborated in the H2-TPR study.
The incorporation of Ni resulted in the best distribution of
HDO products with the highest percentage of deoxygenated
products (cyclohexane and benzene), and negligible amounts
of oxygenated intermediates were obtained, close to 5%, which
indicates that it probably followed route 1 of the proposed
reaction mechanism (Scheme 1). In contrast, the Co-based
catalyst only gave rise to benzene and cyclohexane (route 2 of
Scheme 1), without observing oxygenated intermediates at any
time during the reaction. Lastly, the FeNb catalyst did not
deoxygenate the anisole molecule under the reaction
conditions studied. Looking at literature data, it is reported
that, although the metal sites play a key role in H2 activation,
hydrogenation of the aromatic ring of anisole probably takes
place in the acid sites of the supports. Thus, it is reported that
during the anisole conversion on SBA-based catalysts, the
anisole molecule can interact with silanol (−OH) groups,
followed by hydrogenation of the aromatic ring on the metal
sites.40

3.2. Characterization Results. 3.2.1. X-ray Diffraction.
XRD measurements at low angle were performed to elucidate
the degree of ordering in the structure of the as-prepared
catalysts. For the bare support (Figure 2A), an intense peak at
2θ = 1° shows that SBA-15 preserves the hexagonal order of
the silica.46−48 When the metallic phases were incorporated, a
decrease in the intensity of the peak was observed at 1°,
especially with cobalt and iron. This fact indicates that a
greater disorder in the SBA-15 porous structure is occurring
after the addition of cobalt and iron than in the case of nickel.
Generally, it is observed that the incorporation of metals affects
the porous structure, producing pores blockages. According to
the results obtained and supported by SBET measurements, this
effect is more pronounced in Fe and Co catalysts, because of
the larger ionic radius of these elements. The same results were
obtained by Kilos et al.49 with SBA-15 supported Nb-based
catalysts.
Figure 2B shows the wide-angle XRD patterns of all reduced

catalysts and bare support. A broad hump at 20°−30° was
observed in the 2θ region, associated with the amorphous
nature of mesoporous materials. The absence of any diffraction
peaks corresponding to segregated Nb oxide phases in all
reduced catalysts and the diffraction peaks of the Fe and Co
species can be observed in the FeNb and CoNb catalysts,
respectively. Nevertheless, in the case of the NiNb catalyst, two

Scheme 1. Possible Reaction Pathways for HDO Reaction
for Anisole
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weak peaks can be matched with reflections of metallic Ni at
2θ = 44.5° and 51.7° (PDF No. 03-065-2865).50 These results
indicate that the metallic phases are widely dispersed on the
support. The fact that no reflections lines of Nb, Fe and Co are
observed (and only two weak signals of metallic Ni) may be a
consequence of the too small sizes of the particles51 probably
located within the porous channels of the SBA-15 support,
dispersed on the surface of the wall or forming small groups
that are barely detected by XRD.
The presence of Nb, Fe and Co in the SBA-15 type silica

was confirmed by TEM images.
3.2.2. N2 Adsorption−Desorption Measurements. Figure

3A reports the N2 adsorption−desorption isotherms of the

reduced catalysts and bare support. The isotherms are almost
identical and are of type IV according to the IUPAC
classification,52 characteristic of mesoporous materials. At
low relative pressures, a strong increase in the volume of
adsorbed N2 is observed, indicating that the samples contain a
considerable amount of micropores. Therefore, it could be said
that the sample is micro-mesoporous, which is characteristic of

the SBA-15 support, where mesopores are interconnected to
each other by micropores.53,54 Nevertheless, because of the
mean microporosity and mesoporosity values obtained when
analyzing the isotherms, it is observed that the samples have
quite small mesopores and large micropores (Figure 3B). As
can be seen in Figure 3A, the desorption isotherms of the
catalysts do not close the hysteresis cycle, because, at relative
pressures close to 0.30, the nitrogen molecules that remain to
be desorbed are chemisorbed inside the micropores, and the
pressure is not enough to desorb the nitrogen in the very small
pores and probably very sinuous, because the metallic particles
are also hosted inside them. Hysteresis loops do not differ from
one catalyst to another, exhibiting an H2-type shape typical of
ordered mesoporous materials, in which percolation occurs
due to interconnection in the pore network. At P/P0 > 0.45, all
isotherms show a characteristic step due to capillary nitrogen
condensation within the mesopores. The isotherms of the
catalysts also present a narrow hysteresis loop that extends to
very high relative pressures, close to 0.99, which indicates the
presence of large mesopores between particles.
The incorporation of the metallic phases into the SBA-15

support resulted in a great decrease both in the amount of N2

adsorbed and in the BET surface area, compared to the pure
support. Nevertheless, the pore size distribution does not
change after the deposition of metallic phases (Table 1). The
decrease in the pore volume, both micropores and mesopores,

Figure 2. XRD patterns at (A) low and (B) high angles for (a) FeNb, (b) CoNb and (c) NiNb reduced catalysts, and (d) the SBA-15 support.

Figure 3. (A) N2 adsorption−desorption isotherms and (B)
micropore and mesopore size distribution by MP and DFT method,
respectively, of the supported reduced bimetallic catalysts and the
bare support.

Table 1. Summary of Textural Properties of the Support and
the Catalysts

sample
SBET

a

(m2 g−1)
Vmeso

b

(cm3 g−1)
Vmicro

c

(cm3 g−1)
Dmeso

d

(nm)
Dmicro

e

(nm)

SBA-15 693 0.50 0.081 4.34 1.41
FeNb 272 0.21 0.030 4.32 1.39
CoNb 188 0.13 0.019 4.32 1.40
NiNb 261 0.19 0.027 4.34 1.38

aSBET = Brunauer−Emmett−Teller specific surface area. bVolume of
mesopore determined using the DFT method. cVolume of micropore
determined using the MP method. dAverage mesopore width
calculated using the DFT method. eAverage micropore diameter
calculated using the MP method.
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could be due to the blockage of the pores by the metallic
particles (see Figure 4), which is greater with cobalt, which

also justifies that the pore size is the same in the three catalysts
and in the bare support (Figure 3B). The particle size of the
active phases is so small (see Figure 5) that it hardly produces

any variation in the pore size of the catalysts, with respect to
the pure support. However, it could be happening that the
entrance to a certain number of pores is obstructed by larger
metal particles and/or by agglomerates of small particles,
preventing the entry of N2 and thus causing a decrease in the
observed pore volume (Figure 3B). The same results were
described by Hewer et al.40 when Ni and Mo were
incorporated into the SBA-15 support. All this would also
serve to justify the HDO conversion obtained by the catalysts.
3.2.3. Transmission Electron Microscopy (TEM). The

distribution and size of metallic particles on the SBA-15
were investigated by means of high-resolution transmission
electron microscopy (HRTEM) and energy-dispersive X-ray
analysis (EDX). Figure 5 shows the corresponding micro-
graphs and mapping analysis. In all cases, it is observed that the
active phases are well-dispersed on the support and the particle
sizes are very small, as was also deduced from the N2
adsorption and XRD analysis. In the case of FeNb catalyst, it
is observed that iron particles are located inside the SBA-15
channels while niobium does not seem to interact so much
with iron particles. Mapping analysis confirmed this fact, with
small Nb particles (green spotspresent all over the sample Fe
(purple spots) was localized inside the porous of the SBA-15.
Instead, it seems that the Co−Nb and Ni−Nb interactions are
better, with the metallic particles being more homogeneously
distributed as can be seen in Figure 5.

3.2.4. Temperature-Programmed Reduction of H2 (H2-
TPR). H2-TPR studies were performed for the three bimetallic
oxide catalysts to determine the effect of adding a second metal
on a catalyst based on niobium. The H2-TPR profile for each
catalyst shows a main hydrogen consumption peak, narrow and
located near 600 °C (Figure 6). For the FeNb/SBA-15 and

CoNb/SBA-15 catalysts, this peak appears at ∼584 °C and for
the NiNb/SBA-15 one, the hydrogen consumption signal shifts
to slightly higher temperatures (607 °C). In any case, these
three signals of hydrogen consumption are due to the presence
of Nb2O5 species reducible to NbO2,

10,42,43 as will be see with
the XPS analysis. Regarding the reducibility of the niobium
species, note that the reduction of the Nb2O5 species to NbO2
is reversible and therefore, the reoxidation of NbO2 gives rise
to Nb2O5.

55

Other weaker reduction peaks are observed between 250
and 475 °C, which are due to the reduction of superficial
NbOx species,

55 nickel oxide,56 cobalt oxide57 or iron oxide,58

respectively. Similar to that observed with the main reduction
peaks (close to 600 °C), it is observed that the reduction
profiles in the 250−475 °C range are more intense for the
FeNb sample and less intense for the NiNb one. This fact
again shows that the interaction between Ni and Nb is stronger
than in the case of Fe−Nb and Co−Nb pairs, as reported in
previous investigations,59,60 since hydrogen consumption
during reduction is lower, so there will be fewer species of
niobium available to consume hydrogen. Just the opposite
occurs with iron, which seems to weakly interact with niobium,
leading to a large consumption of hydrogen, and in the middle
is cobalt.
These results are in accordance with those obtained in

catalysis, where NiNb catalyst showed the best conversion and
selectivity toward deoxygenated products, followed by CoNb
and FeNb, probably due to the greater Ni−Nb interaction
detected in the H2-TPR study.

3.2.5. Temperature-Programmed Desorption of Ammo-
nia (TPD-NH3). Acidity was analyzed from NH3-TPD and
Figure 7 displays NH3-TPD curves for the reduced samples. All
catalysts presented a broad desorption peak centered at 175 °C
and the ammonia desorption occurred mainly at low
temperature being the desorption complete at 450 °C. Table
2 shows the amount of NH3 desorbed (μmol NH3 g−1) for
each sample. Quantification results reveal that the acidity is
mainly of a weak nature for the three samples, since the main
desorption occurs at low temperature, between 100 and 300

Figure 4. Possible mechanism of deposition of the active phase into
the pores of the support.

Figure 5. HRTEM micrographs and mapping results corresponding
to the reduced catalysts.

Figure 6. H2-temperature-programmed reduction profiles for
bimetallic catalysts.
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°C in the three as-prepared catalysts. This acidity is attributed
to niobium oxide species, NbO2 (as will be seen later in XPS),
where Lewis acid sites are mainly present.40,61 According to the
study performed by Yakovlev et al.29 with bimetallic catalysts
based on Ni and Cu supported on silica, selectivity toward
benzene rings occurs mainly when active sites of weak acidity
are present, which would coincide with the catalytic results
obtained in this study.
In the temperature range of 300−450 °C, the catalysts

present a low medium acidity associated with the niobium
oxide species Nb2O5 (see XPS analysis). Only with CoNb, a
slight increase in the medium acidity is observed with respect
to FeNb and NiNb. Nevertheless, the total acidity reveals the
behavior shown by the catalysts in the HDO reaction of
anisole. So, as the total acidity decreases, the HDO conversion
of anisole increases.
3.2.6. X-ray Photoelectron Spectroscopy (XPS). XPS

spectra were recorded to investigate the surface chemical
composition of the reduced catalysts. Table 3 includes the
corresponding binding energy values of the niobium species on
the surface, and Figures 8 and 9 show the spectra for the

different elements studied. The surface analysis of the samples
indicated that the Nb/Si atomic ratio is higher for the NiNb
catalyst, which indicates that there is a greater amount of
exposed niobium species on the catalyst surface. The
predominant species of niobium in the catalysts are NbO2
and Nb2O5 (Figure 8) and the relative percentage of each
oxide varies from one catalyst to another (Table 3).
Nb and NiNb catalysts present similar compositions of both

species, being the ratio (NbO2/Nb2O5) > 1 and slightly higher
in the NiNb configuration. However, it is not the case with the
CoNb catalysts, which presents higher surface concentration of
Nb2O5 species than of NbO2 ones. According to the acidity
results obtained by NH3-TPD, the higher concentration of acid
centers of a medium nature obtained for the CoNb catalyst
would be due to the presence of Nb2O5 species, and the low
acidity should be mainly caused by the NbO2 species. The
spectra of the reduced catalysts in Figure 9 show the surface
presence of oxidized species of Fe, Co and Ni (oxides of Nb
are also observed in Figure 8). Only the metallic phase of Ni0 is
observed in the NiNb catalyst, which corresponds to the
results obtained in the XRD analysis.

4. CONCLUSIONS
The effect of incorporating Fe, Co and Ni to a low-cost SBA-
15 supported Nb-based catalyst has been evaluated in the
anisole hydrodeoxygenation (HDO) reaction performed at

Figure 7. NH3-temperature-programmed desorption profiles for
reduced bimetallic catalysts.

Table 2. Acidic Properties of the Reduced Bimetallic
Catalysts Determined by NH3-TPD

Acidity (μmol NH3 g
−1)

catalyst weaka mediumb total

FeNb 56.7 11.5 68.1
CoNb 51.4 15.4 66.8
NiNb 44.9 10.7 55.6

aNH3 desorbed between 100 °C and 300 °C. bNH3 desorbed
between 300 °C and 450 °C.

Table 3. Binding Energy Values for Nb 3d5/2 and Surface Composition

Binding Energya (eV)

Nb 3d5/2 Surface Composition Binding Energy (eV)

catalyst NbO2 Nb2O5 NbO2/Nb2O5 Nb/Si MxOy

FeNb 206.6 (51) 208.0 (49) 1.02 0.026 710.8b (Fe2O3)
CoNb 206.5 (36) 207.8 (64) 0.57 0.026 781.2c (CoO)

NiNb 206.6 (55) 208.2 (45) 1.22 0.034
852.5d (Ni)
854.3d (NiO)

aValues given in parentheses indicate the relative percentage of each species. bFe 2p3/2.
cCo 2p3/2.

dNi 2p3/2.

Figure 8. Nb 3d core level spectra for all studied reduced catalysts.
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275 °C and a hydrogen pressure of 15 bar. The results
obtained showed that there is a stronger interaction between
nickel and niobium than between Co−Nb and Fe−Nb, which
led to a better conversion of HDO and a greater selectivity
toward deoxygenated molecules. The greatest interaction force
shown between Ni and Nb was verified by the temperature-
programmed reduction of H2, where the Nb2O5 species were
reduced to NbO2 in a lower number and with greater difficulty
(at ∼600 °C), compared to what was observed in the FeNb
and CoNb catalysts. However, by XPS the NiNb catalyst was
shown to have a higher surface percentage of NbO2 species
than Nb2O5 species. This fact contrasts with that observed by
H2-TPR; however, it must be taken into account that the
catalysts used during the reaction were reduced to 450 °C for 2
h prior to the reaction. According to the results consulted in
the bibliography and those obtained in this study, in this
temperature range, surface NbOx species are mainly reduced,
which confirms the highest percentage of NbO2 species present
on the catalytic surface observed through XPS analysis, which
gives rise to a higher Nb/Si ratio than in the FeNb and CoNb
catalysts. Furthermore, the NbO2 species are responsible for
the low acidity of a weak nature shown by these catalysts,
especially by the NiNb catalyst, which favors the HDO
process.
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