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a secondary source of income and reducing the customary 
burning of agricultural waste [3].

Thermochemical conversion methods, including pyrol-
ysis, hydrothermal liquefaction (HTL), gasification, and 
combustion, have become economically viable options for 
converting agricultural waste into energy [4, 5]. Pyrolysis, 
which occurs at temperatures between 400 and 800 °C in an 
inert atmosphere, produces solid, liquid, and gaseous fuels. 
However, the resulting bio-oil is characterized by high oxy-
gen and water contents, as well as high acidity and viscosity, 
limiting its direct use as a transportation fuel due to its lower 
heating value compared to conventional fuels [2]. There-
fore, oxygen removal and water segregation are essential 
steps in improving the quality of bio-oil and preparing it for 
integration into refinery processes [6].

A promising approach to processing bio-oil is catalytic 
hydrotreating technology, also known as hydrodeoxy-
genation (HDO). In this method, the bio-oil constituents 
undergo decarboxylation, decarbonylation, cracking, and 

1  Introduction

Biomass, particularly lignocellulosic materials such as 
agricultural residues, wood waste, bagasse, rice husk, and 
forest debris, offers a viable alternative energy source, espe-
cially for challenging sectors such as transportation fuels 
[1, 2]. This not only provides an alternative to traditional 
fuels but also empowers farming communities by offering 
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Abstract
Biomass-derived bio-oils, particularly those obtained from fast pyrolysis, offer a renewable alternative to fossil fuels. 
However, their high oxygen content and low stability limit their direct use as transportation fuels. Catalytic hydrode-
oxygenation (HDO) represents a promising strategy to increase the quality of bio-oil by removing oxygen from organic 
compounds. This study investigated the catalytic performance of monometallic and bimetallic Ni–Fe catalysts supported 
on Nb2O5 and SiO2 for the hydrodeoxygenation (HDO) of guaiacol, a model compound representative of bio-oil derived 
from lignin. The catalysts were synthesized, characterized, and tested under identical conditions to evaluate the effects of 
metal composition, support properties, and reaction temperature on activity and selectivity. Compared with their mono-
metallic counterparts, bimetallic Ni–Fe catalysts demonstrated superior performance, with the 5Ni1Fe/Nb2O5 catalyst 
achieving the highest guaiacol conversion (59%) and enhanced selectivity toward cyclohexanol (34%) and cyclohexane 
(10%) at 300 °C. The synergistic interaction between Ni and Fe facilitated hydrogenation and hydrogenolysis pathways, 
whereas the acidic and oxophilic properties of Nb2O5 promoted direct deoxygenation (DDO) by enhancing C–O bond 
cleavage. In contrast, SiO2-supported catalysts exhibited greater Ni dispersion but were more selective toward partially 
deoxygenated intermediates, such as cyclohexanone and catechol. Among the different temperatures investigated, the HDO 
at 300 °C maximized fully deoxygenated products, whereas lower and higher temperatures favored partial deoxygenation 
and hydrogenolysis pathways, respectively.
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hydrogenation processes, increasing the hydrocarbon con-
tent [6]. Bio-oils derived from fast pyrolysis of plant bio-
mass typically contain approximately 40% phenolics and 
their derivatives, which are building blocks derived from 
lignin. Among these components, guaiacol has been iden-
tified as a representative model compound for evaluating 
catalysts in HDO due to the presence of two types of C–O 
bonds (Caryl–OH and Caryl–OCH3) in its structure [7, 8].

The HDO process can be categorized into two main 
routes: high-pressure HDO and atmospheric HDO. High-
pressure HDO utilizes elevated hydrogen pressure to 
remove oxygen atoms from oxygenated compounds and 
hydrogenate aromatic rings. Although atmospheric/low-
pressure HDO follows a similar procedure to conventional 
high-pressure HDO, differences arise in catalyst type, pro-
cess conditions, reaction mechanism, and the role of hydro-
gen in the upgrading process [9]. Some studies indicate 
that HDO using acidic supports, such as Nb2O5, offers sig-
nificant advantages due to the presence of oxophilic sites. 
These sites promote selective hydrogenation of carbonyl 
groups or even direct dehydroxylation, leading to valuable 
deoxygenated products [9, 10].

Makala et al. [11] evaluated the efficiency of deoxy-
genation in the catalytic HDO of guaiacol using Pd-loaded 
catalysts on various supports. Their findings revealed a 
distinct trend in both the reaction rate and deoxygenation 
product distribution, with Pd/Nb2O5 exhibiting the highest 
efficiency, followed by Pd/TiO2, Pd/ZrO2, Pd/CeO2, and Pd/
SiO2. In this context, NbOx species play a crucial role, par-
ticularly the Nb–O–Nb chains, which demonstrate a strong 
ability to break the C = O bond [12]. Thus, Nb2O5 as a sup-
port can enhance the performance of non-noble metals by 
creating oxygen vacancies that accept lone pair electrons 
from oxygen in hydroxyl groups. This interaction signifi-
cantly weakens the C–O bond and accelerates hydroge-
nolysis, favoring deoxygenation pathways and improving 
overall catalytic performance.

Recently, Ni-based catalysts have emerged as promis-
ing alternatives to noble metals for hydrogenation, given 
their cost-effectiveness and strong H2 activation capability. 
Mortensen et al. [13] demonstrated the hydrogenation ability 
of Ni catalysts, achieving high yields of cyclohexanol from 
phenol. However, monometallic Ni catalysts often exhibit 
low selectivity toward oxygen-free products, such as cyclo-
hexane derivatives. In contrast, Fe, which is more oxophilic 
than Ni, has been shown to facilitate the hydrogenation of 
C–O bonds and the hydrogenolysis of C–O bonds in furfural 
conversion during phenol HDO [14, 15]. Bimetallic Ni–Fe 
catalysts have been employed in HDO processes [16]. How-
ever, these catalysts often display suboptimal selectivity, 
indiscriminately cleaving oxygen-containing groups such as 
hydroxyl and methoxyl groups. The previously mentioned 

advantages of Nb2O5 as a support may enhance the perfor-
mance of the Ni–Fe catalytic system, leading to increased 
yields of deoxygenated products such as benzene and cyclo-
hexane in the HDO of bio-oils.

This study evaluated the potential of Nb2O5 as a support 
for the Ni–Fe system in the hydrodeoxygenation (HDO) of 
guaiacol, in comparison to SiO2 as a support. Given the ver-
satile properties of Nb2O5 and its emerging role in catalysis, 
this work aims to correlate its catalytic performance with the 
specific properties of Nb2O5. The Ni–Fe catalysts and their 
HDO products were thoroughly characterized to understand 
how Nb2O5 supports influence activity and selectivity.

2  Experimental

2.1  Materials Synthesis

Initially, the support, niobic acid (Nb2O5.nH2O, HY-340), 
provided by CBMM, Brazil, was calcined at 500 °C for 4 h 
in an air atmosphere, with a heating ramp of 10 °C/min, to 
obtain the TT-Nb2O5 polymorph. Silica (AerosilR OX 50) 
provided by Evonik, Germany, was similarly calcined under 
identical conditions to eliminate any adsorbed water.

Subsequently, nickel (Ni) and iron (Fe) precur-
sors, nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, 
Sigma Aldrich, USA) and iron(III) nitrate nonahydrate 
(Fe(NO3)3·9H2O, Sigma Aldrich, USA), respectively, were 
added in stoichiometric amounts to a flask, along with the 
calcined support. Wet impregnation was carried out in a 
rotary evaporator, where the solution was stirred for 8 h.

Subsequently, the water was evaporated at 45 mbar and 
35 °C with a rotation speed of 200 rpm until the liquid had 
completely evaporated. The resulting solid was then dried at 
100 °C for at least 12 h and subsequently calcined at 350 °C 
for 3 h in a static air atmosphere. The catalysts were reduced 
under a 5% H2/N2 atmosphere at 500  °C for 2  h, with a 
heating ramp of 10  °C/min. After reduction, the catalysts 
were cooled to room temperature under the same gas flow. 
Subsequently, passivation was performed by exposing the 
catalysts to a 5% O2/N2 atmosphere for 30 min to stabilize 
the reduced phases.

2.2  Materials Characterization

For elemental analysis, inductively coupled plasma optical 
emission spectroscopy (ICP–OES) was conducted using an 
Agilent 725 spectrometer. Before this, the catalysts were 
digested via a mixture of HNO3, HCl, HF, and H2O2 in a 
microwave oven at 240 °C for 45 min, ensuring complete 
dissolution, particularly of niobium.
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The textural properties of the support and calcined cata-
lysts were determined through nitrogen adsorption–desorp-
tion measurements via a Micromeritics ASAP 2020 at 
−196  °C. The samples were pretreated in situ by heating 
them to 200 °C under vacuum for 12 h to remove surface 
moisture. The specific surface area was calculated using the 
BET method.

The crystal structure of the catalysts, both before and 
after reduction, was analyzed via X-ray diffraction (XRD) 
using an X’Pert PRO MPD instrument from PANalytical 
GmbH. Measurements were performed using CuKα radia-
tion within the 2θ range from 10 to 80°. The average crystal 
size was estimated via the Scherrer equation, considering 
instrumental line broadening. Data analysis was conducted 
using X’Pert High Score Plus software.

For temperature-programmed reduction (TPR), measure-
ments were carried out using an Altamira AMI-300 Series 
instrument from 3P Instruments GmbH & Co. KG (Altamira 
distributor for Germany). The samples, in their calcined 
state, were initially dried by heating to 200  °C under an 
argon flow, followed by cooling to 30  °C. The reduction 
was performed by exposing the samples to a 10% H2/Ar gas 
mixture while heating from 30 to 850 °C at a rate of 5 °C/
min.

The strength and quantity of acid sites in the materials 
were evaluated via NH3 temperature–programmed desorp-
tion (TPD). A dedicated chemisorption analyzer equipped 
with a tungsten/rhenium filament thermal conductivity 
detector (TCD) was used. Before the tests, approximately 
100 mg of the sample was reduced in situ under a flow of 
H2 (30 mL·min−1) at 500 °C for 2 h. Following this reduc-
tion, the samples were dried under helium flow at 450 °C for 
130 min and then exposed to a 5% v/v NH3/He mixture at 
100 °C for 60 min.

Excess ammonia was removed by heating to 120  °C 
under helium flow, and NH3TPD analysis was performed 
by heating from ambient temperature to 750 °C at a rate of 
3  K/min. The metallic dispersion (Dp) and nickel particle 
size (dp) were determined using temperature-programmed 
hydrogen desorption (H2-TPD) according to Eqs. 1 and 2 
[17].

Before the tests, approximately 100  mg of the sample 
was reduced in situ under a flow of H2 (30 mL·min−1, ramp 
5 K·min−1) at 500 °C for 1 h. The samples were then cooled 
to 50◦C under an argon flow (ramp 10 K·min−1) and further 
rinsed for 10 min. The samples were exposed to 33 vol% H2 
in argon for 30 min (10 mL·min−1 H2 + 30 mL·min−1 Ar).

Excess H2 was removed by flushing the sample with pure 
argon for approximately 90 min. The actual H2-TPD analy-
sis was performed by heating from ambient temperature to 
900 °C at a rate of 10 K·min−1, holding at that temperature 
for 30 min.

Dp (%) = Ns

Nt
× 100� (1)

dp = f

Dp
� (2)

where Ns is the number of active sites (the number of che-
misorbed molecules multiplied by n, the stoichiometric fac-
tor), and Nt is the total number of metal atoms. The factor f 
depends on the geometry and, for nickel, is 101.2 according 
to Schmal et al. [17].

The relative number of acidic sites present in the catalysts 
was determined by NH3-TPD using an Altamira chemisorp-
tion analyzer (AMI-300). The analyzer is equipped with a 
thermal conductivity detector (rhenium-tungsten) and three 
mass flow controllers (Hastings Company). The chemisorp-
tion equipment was commanded via software (”AMI 300″) 
from the Altamira software package.

The samples were first reduced under an H2/Ar stream 
(20 mL·min−1 H2 + 20 mL·min−1 Ar) from 40 to 500 °C with 
a 5 K·min−1 ramp, holding at 500 °C for 1 h. Subsequently, 
the samples were flushed with helium while cooling to 
100 °C (ramp 10 K·min−1). The adsorption of ammonia was 
performed for 60 min with a flow of 30 mL·min−1 of 5% 
NH3/He (air–liquid crystal gas mixture). The samples were 
subsequently flushed for 60 min at 100 °C with 30 mL·min−1 
pure helium. TPD analysis was carried out from 100 to 
700 °C at a heating rate of 5 K·min−1 in a 30 mL·min−1 pure 
helium flow.

X-ray photoelectron spectroscopy (XPS) was employed 
to evaluate the surface composition of the reduced Ni–Fe 
catalysts. The analysis was performed using a VersaProbe 
II (ULVAC-PHI Inc.) instrument equipped with an Al Kα 
monochromatic X-ray source. To preserve anoxic condi-
tions, the prereduced samples were transferred to the instru-
ment’s chamber under an argon atmosphere directly from an 
anoxic glovebox.

2.3  Guaiacol HDO Catalytic Tests

The hydrodeoxygenation (HDO) reaction was conducted in 
a 200 mL autoclave. For each experiment, 25 g of guaiacol 
and 1 or 2 g of pre-reduced catalyst were added to the reac-
tor. The reactor used was an autoclave that did not allow 
in-situ reduction. Instead, the catalysts were reduced exter-
nally in a dedicated reduction oven, followed by passivation 
to stabilize the reduced phases before transfer to the reac-
tor. The autoclave was then sealed, purged with argon to 
remove any residual air, and pressurized to 5 MPa at room 
temperature with H2. The stirrer speed was set to 800 rpm, 
and the reactor was heated to 300 °C at a controlled heating 
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XGUA (%) = molofGUAproduct

molodGUAconsumed
� (3)

3  Results

3.1  Characterization of Catalysts

The N2 physisorption isotherms (75 K) of the supports are 
shown in Fig. 1, with surface area, pore volume, and aver-
age pore diameter values provided in Table  1. According 
to the classification by the International Union of Pure and 
Applied Chemistry (IUPAC) [22], all the catalysts, except 
for SiO2, exhibited standard type IV isotherms. These type 
IV isotherms, which are commonly found in heterogeneous 
catalysts, indicate multilayer adsorption and capillary con-
densation within mesoporous materials, as described by 
Schmal et al. [17]. This behavior is typically associated with 
materials possessing cylindrical pores formed by agglomer-
ates of spheroidal particles with varying sizes and shapes 
[23].

rate of 3.33 °C/min. The total reaction time was 3 h, which 
included a heating period.

According to the literature [18–21], the optimal tempera-
ture range for Ni–Fe catalysts in HDO reactions is between 
250 and 350 °C. Based on this, catalyst screening was 
first conducted at 300 °C to identify the best-performing 
catalyst. Subsequently, a temperature study was performed 
at 250 °C, 300 °C, and 350 °C with the selected catalyst 
to evaluate its performance across this temperature range 
and determine the optimal conditions. After the reaction, 
the process was quenched by cooling the reactor with 
compressed air until the internal temperature dropped 
below 40 °C. Once cooled, a gas sample was extracted 
for analysis via gas chromatography. The upgraded liquid 
products were collected, weighed, and analyzed to deter-
mine the efficiency of the HDO process. Conversion and 
selectivity were calculated using the following equa-

tions:
Selectivity (% ) = molofthe molecule in the product

molodGUAconsumed

Fig. 1  Textural properties of the (a) 
Nb2O5 and (b) SiO2 and supports 
and the Ni–Fe-supported catalysts
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site within an open unit cell, points to a nonstoichiometric 
composition, specifically Nb16O42 [27]. This nonstoichiom-
etry, indicative of an open and adaptable atomic structure, is 
crucial for the effective impregnation of metal species and 
their interaction with reactant molecules.

For the calcined samples containing Ni, a distinct NiO 
peak was observed at 2θ = 44.3° (ICSD 9866). In the dif-
fractogram of 5Ni/SiO2, the presence of metallic Ni was 
confirmed, as evidenced by peaks at 2θ = 44.49° and 51.85°, 
corresponding to the (111) and (200) planes, respectively, 
and referenced by ICSD 043397. Metallic Ni was also 
present on 5Ni/Nb2O5, indicating that Ni adopted the same 
phase on both supports.

In the Fe/Nb2O5 system, small peaks corresponding to 
Fe2O3 (ICSD 15840) were noted, indicating the presence of 
low-crystalline Fe oxide species. After reduction, distinct 
peaks corresponding to Fe3O4 (ICSD 26410) and resid-
ual Fe2O3 were observed. This incomplete reduction was 
observed in both the Nb2O5 and SiO2-supported catalysts.

Table 2 presents the crystallite sizes of the species 
observed in the XRD diffractogram calculated via the 
Scherrer equation. For the Nb2O5-supported bimetallic 
catalysts, specifically 5Ni1Fe/Nb2O5 and 5Ni5Fe/Nb2O5, 
we observe crystallite sizes for FeNb2O6 of 35.5 nm across 
both catalysts.

The reducibility profiles of the catalysts, as shown in 
Fig. 3, revealed distinct behaviors for the two different sup-
ports. For the 5Fe/Nb2O5 catalyst, the initial peak at approx-
imately 277  °C corresponded to the reduction of Fe2O3 
(Fe3+) to Fe3O4 (Fe2+, Fe3+). A subsequent peak at approxi-
mately 485 °C indicates the reduction of Fe3O4 to metallic 
Fe (Fe0) through hydrogen absorption [28].

In contrast, the 5Fe/SiO2 catalyst exhibited a different 
reduction pattern (see Fig. 3b), in which Fe2O3 had a higher 
reduction temperature. This suggests that iron is more easily 
reduced on Nb2O5 than on SiO2 [29]. For comparison, a TPR 
was also performed with a physical mixture of Fe2O3 and 
Nb2O5, and in this case, iron reduction occurred between 
330 and 770 °C. As shown in Fig. 3c, two distinct reduction 

The isotherms also feature a narrow hysteresis loop 
extending to very high relative pressures, close to 0.99, 
which suggests the presence of large mesopores between 
the particles. In contrast, the SiO2 support displayed a type 
III isotherm, characteristic of weaker gas–solid interactions, 
as described in the literature [23].

Between the supports Nb2O5 and SiO2, both calcined at 
500 °C, niobium oxide (Nb2O5) exhibited the lowest specific 
surface area (33.2 m2·g−1), consistent with values reported 
by Zhang et al. and Campos Fraga et al. [10, 22]. In contrast, 
the calcined SiO2 support showed a specific surface area of 
45.2 m2·g−1, slightly lower than the precalcination value 
of 50m2·g−1 provided by the supplier. Notably, niobic acid 
(HY-340, Nb2O5.nH2O), the precursor for Nb2O5, initially 
possessed a much higher specific surface area of approxi-
mately 160 m2·g−1. However, calcination at 500 °C resulted 
in a reduction in surface area. This significant decrease is 
primarily attributed to the collapse of its layered structure 
and the removal of interlayer water molecules during ther-
mal treatment. Dehydration and structural rearrangement 
lead to particle agglomeration, pore closure, and densifica-
tion of the material, thereby diminishing its specific surface 
area [24, 25]. Furthermore, the incorporation of metallic 
phases into the supports further decreased the BET surface 
area due to partial pore blockage by the metallic particles, 
particularly in the Nb2O5-supported catalysts.

The X-ray diffraction (XRD) patterns for the reduced 
and passivated catalysts are shown in Fig. 2. Silica can exist 
in either crystalline or amorphous forms, depending on its 
treatment [26]. In this study, even after the reduction and 
passivation processes, the support remained amorphous, 
as indicated by the broad, diffuse band observed at 2θ of 
approximately 22°, which is characteristic of amorphous 
silica and consistent with the standard pattern ICSD 176.

With respect to Nb2O5, the observed primary structure 
after calcination was TTNb2O5, characterized by a hexago-
nal lattice, with a prominent peak at 2θ = 28.6°, which is con-
sistent with ICSD 1840. The TT-Nb2O5 structure, wherein 
niobium atoms are arranged to create a symmetrical atomic 

Table 1  Textural properties of the supports used (as determined by N2 physisorption), average particle size, and metallic dispersion (calculated by 
H2-TPD of the reduced catalysts for 2 h at 500 °C)
Samples Ni (wt.%) Fe (wt.%) SBET (m2·g−1) Vp (cm3·g−1) Dp (%) Ni Particle Size (nm)
Nb2O5 (500 °C) 0.0 0.0 33.2 0.15 – –
5Fe/Nb2O5 0.0 4.9 32.8 0.10 3.8 –
5Ni/Nb2O5 4.9 0.0 24.5 0.09 8.4 11.9
5Ni1Fe/Nb2O5 5.0 1.1 42.9 0.12 13.8 18.2
5Ni5Fe/Nb2O5 4.9 4.9 41.9 0.12 14.2 15.5
SiO2 (500 °C) 0.0 0.0 45.2 0.10 – –
5Fe/SiO2 0.0 4.7 42.1 0.12 14.4 –
5Ni/SiO2 4.3 0.0 36.9 0.10 19.3 5.2
5Ni1Fe/SiO2 4.4 0.9 44.5 0.10 6.1 16.6
5Ni5Fe/SiO2 4.5 4.9 42.5 0.12 10.1 10.0
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Fig. 2  XRD patterns of the xNi-yFe catalysts with varying metal load-
ings. The left side represents the calcined catalysts, while the right 
side shows the reduced catalysts. a Nb2O5 support, b calcined Nb2O5-

supported catalysts, c reduced Nb2O5-supported catalysts, d calcined 
SiO2-supported catalysts, and e reduced SiO2-supported catalysts
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For the 5Ni/Nb2O5 catalyst, two reduction peaks were 
observed. The first peak near 464 °C was attributed to the 
reduction of bulk NiO, whereas the second peak at 670 °C 
corresponded to the reduction of larger NiO particles and 
nickel niobate, which are compounds formed during the 
calcination of the catalysts. Fang et al. [33] reported that 

peaks were detected: one at 383 °C, corresponding to the 
reduction of Fe2O3 to Fe3O4, and the other at 638 °C, rep-
resenting the conversion of Fe3O4 to metallic Fe (Fe0). This 
reduction profile is consistent with findings reported in the 
literature for iron reduction [30–32].

Table 2  Crystallite size (τ) (nm) of the catalysts
Sample NiO Fe3O4 Fe2O3 FeNi3 Ni Fe
5Fe/Nb2O5 – 117 – – – –
5Ni/Nb2O5 – – – – 116 –
5Ni1Fe/Nb2O5 – – – 21.8 – –
5Ni5Fe/Nb2O5 – – – 37.8 – 38
5Fe/SiO2 – 49.4 36.3 – – –
5Ni/SiO2 77.8 – – – 32 –
5Ni1Fe/SiO2 – – – 68.1 – –
5Ni5Fe/SiO2 – – – 26.2 – 33

Fig. 3  Temperature-programmed reduction (TPR) profiles of xNi-yFe catalysts with different metal loadings: a Nb2O5-supported catalysts, b SiO2-
supported catalysts, and c physical mixtures of metal oxides and Nb2O5
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H2 consumption is primarily attributed to the reduction 
of iron and nickel ions to their metallic states (Fe0 and Ni0). 
The significantly higher H2 uptake in the 5Ni1Fe/Nb2O5 
sample compared to 5Ni1Fe/SiO2 suggests that reducibil-
ity is closely linked to catalyst dispersion (Table  1). This 
trend, where Nb2O5-supported catalysts exhibit higher H2 
consumption and improved reducibility compared to SiO2-
supported ones, aligns with the observed catalytic perfor-
mance, as discussed below.

The support materials (Nb2O5 and SiO2) influenced the 
hydrogen adsorption properties of the catalysts, as clearly 
shown by the H2-TPD profiles of the Ni–Fe catalysts, which 
revealed distinct desorption peaks. The 5Ni/SiO2 catalyst 
exhibited a broad desorption peak (360–650 °C), with the 
most intense desorption occurring at approximately 470 °C. 
In contrast, the 5Ni/Nb2O5 catalyst showed a broad desorp-
tion peak starting at lower temperatures (200–540 °C), with 
the most intense desorption occurring at approximately 
250 °C. This indicates that Nb2O5 facilitates better hydro-
gen desorption on the Ni surface compared to SiO2, which 
can enhance the catalytic hydrogenation performance by 
enabling easier hydrogen release [19].

Both the 5Fe/Nb2O5 and 5Fe/SiO2 catalysts exhibited 
desorption peaks above approximately 340  °C, indicating 
strong hydrogen adsorption at the Fe sites [29]. According 
to the literature [36], desorption temperatures above 300 °C 
indicate strong surface binding.

As we can see in the Fig. 4 the bimetallic catalyst 5Ni1Fe/
Nb2O5 exhibited a desorption peak at approximately 381 °C, 
which can be attributed to the presence of larger Ni particle 
sizes. In contrast, the 5Ni5Fse/Nb2O5 catalyst displayed a 
broad desorption peak ranging from 220 to 400 °C, with the 
most intense desorption occurring at approximately 269 °C, 
likely due to stronger metal–hydrogen bonds facilitated by 
the presence of Fe molecules [37].

Moreover, the 5Ni1Fe/SiO2 catalyst exhibited a broader 
desorption peak at approximately 580 °C, indicating a stron-
ger electronic interaction between Fe and Ni. This charac-
teristic was even more pronounced for the 5Ni5Fe/SiO2 
catalyst.

These results suggest that the SiO2 support enhanced the 
interaction between Fe and Ni, resulting in higher tempera-
tures for hydrogen desorption and stronger adsorption sites 
than those of Nb2O5. During desorption, hydrogen atoms on 
the support migrate back to the metal, where they recombine 
into hydrogen molecules for release. The high-temperature 
desorption peaks observed can be explained by hydrogen 
spillover from the metal to the support, with the spillover 
rate decreasing as the metal dispersion increases. These 
findings align with those of Chary et al. [28], who noted 
that the interaction between the active phase and the support 
in ruthenium catalysts supported on niobium significantly 

the shoulder peak in the reduction of Ni-based catalysts is 
associated with the reduction of larger, less dispersed NiO 
particles. Notably, the interaction between nickel and nio-
bium oxide increased the reduction temperature of nickel, 
as reported in previous studies (Xu et al., 2022) [34]. In 
agreement, the shift in the reduction peak observed for the 
catalyst compared with the TPR of a physical mixture of 
NiO and Nb2O5 points to the presence of a stronger metal–
support interaction (SMSI) between the nickel particles and 
Nb2O5 [35]. This shift indicates the presence of Ni2+ species 
that can be easily reduced owing to the presence of oxygen 
vacancies on the bimetallic catalyst.

Additionally, beyond the interaction between the sup-
port and the metals, interactions between Ni and Fe were 
observed in the 5Ni5Fe/Nb2O5 and 5Ni1Fe/Nb2O5 cata-
lysts. These bimetallic catalysts demonstrated lower reduc-
tion temperatures than their monometallic counterparts and 
exhibited two distinct reduction peaks. This behavior sug-
gests the formation of a NixFey alloy, whose properties are 
significantly influenced by the Ni/Fe ratio and perform opti-
mally within a specific compositional range, as supported by 
previous studies [31, 36]. Conversely, when SiO2 was used 
as the support, the addition of iron induced a shift toward 
higher Ni reduction temperatures, reflecting the character-
istics of the Fe reduction profile. This trend was evident 
in both the 5Ni1Fe and 5Ni5Fe/SiO2 catalysts and can be 
attributed to the reduction of FeO, facilitated by the Ni–Fe 
alloy structure. This behavior aligns with the reduction pro-
file of NiO–FeOx /MgAlOx

−1 reported by Huang et al. [19].
The H2 consumption during catalyst reduction is sum-

marized in Table  3. The monometallic catalysts exhibited 
relatively consistent H2 uptake, whereas the differences 
were more pronounced among the bimetallic catalysts. 
Specifically, the 5Ni1Fe/Nb2O5 catalyst showed higher 
H2 uptake (970.28  µmol·g−1) compared to 5Ni1Fe/SiO2 
(719.37  µmol·g−1). In contrast, the H2 uptake of 5Ni5Fe/
SiO2 (1313.50 µmol·g−1) was comparable to that of 5Ni5Fe/
Nb2O5 (1076.90 µmol·g−1).

Table 3  Hydrogen uptake and H2/metal ratios for monometallic and 
bimetallic catalysts supported on Nb2O5 and SiO2
Catalyst Uptake H2/Metal H2/Metal Degree 

of
(µmol·g−1) (Theoretical) (Real) Reduc-

tion 
(%)

Ni/Nb2O5 572.49 1.00 0.68 68
Fe/Nb2O5 541.11 1.50 0.54 36
5Ni1Fe/Nb2O5 970.28 1.33 0.87 65
5Ni5Fe/Nb2O5 1076.90 1.33 0.47 35
5Ni/SiO2 577.48 1.00 0.58 58
5Fe/SiO2 537.16 1.50 0.46 31
5Ni1Fe/SiO2 719.37 1.33 0.23 17
5Ni5Fe/SiO2 1313.50 1.33 0.45 34
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The catalysts analyzed presented only medium and 
strong acid sites, whose densities and distributions are com-
prehensively detailed in Table 4. Compared with its coun-
terpart 5Ni/Nb2O5, the monometallic 5Fe/Nb2O5 exhibited 
only strong acid sites but a lower total acidity. The addition 
of Fe to 5Ni/Nb2O5 led to a reduction in acidity, likely due 
to the partial occupation or blockage of the acid sites origi-
nally present on the Nb2O5 support by iron species. This 
phenomenon is consistent with findings reported by Wang et 
al. 2022 [40], where increasing Fe doping in a Ce-La oxide 
system led to significant changes in the NH3 desorption pro-
file and an increase in overall acidity up to an optimal Fe 
content. Beyond this point, further Fe addition resulted in 
structural modifications that altered the acid site distribution 
and intensity. Similarly, in our case, the further reduction in 
acidity with increasing Fe content can be attributed to dis-
ruption of the support’s intrinsic acid sites or dilution of the 
active Ni species, impairing the synergistic metal–support 
interaction.

As shown in Fig. 5, these results indicate that Nb2O5 has 
a higher density of acid sites than SiO2, highlighting the 
critical role of the support material in determining the cata-
lytic properties of the system.

influences hydrogen adsorption–desorption behavior, par-
ticularly through the hydrogen spillover phenomenon [28, 
38].

The density of acid sites in the catalysts was deter-
mined via NH3-TPD, and the desorption profiles are shown 
in Fig.  5. The Nb2O5-supported catalysts exhibited pro-
nounced peaks, reflecting their inherent acidity. In contrast, 
the SiO2-supported catalyst (Ni/SiO2) had almost no NH3 
desorption, suggesting minimal acidity. This observation is 
corroborated by Campos Fraga (2022) [14]. The profiles, 
spanning temperatures from 200 to 600  °C, revealed the 
existence of acid sites varying in strength, categorized as 
weak (T < 249.85 °C), medium (249.85 °C < T > 319.85 °C), 
and strong (T > 319.85 °C), on the basis of the temperature 
range over which ammonia desorption occurs [39]. The 
presence of multiple peaks within the profiles indicates the 
presence of acid sites of differing strengths.

Table  4  Total ammonia desorption and the distribution of acid sites 
(medium and strong) for various catalysts supported on Nb2O5 and 
SiO2
Sample Ammonia desorbed (μmol/g) Acid sites distribu-

tion (%)
Medium Strong

5Fe/Nb2O5 73 – 100
5Ni/Nb2O5 80 27 73
5Ni1Fe/Nb2O5 71 25 75
5Ni5Fe/Nb2O5 69 30 70
Nb2O5 94 25 75
5Ni/SiO2 7 – –

Fig.  5  Ammonia temperature-programmed desorption (NH3-TPD) 
profiles of the Nb2O5-supported catalysts

 

Fig. 4  Hydrogen temperature-programmed desorption (H2-TPD) profiles of Ni–Fe catalysts: a Nb2O5-supported catalysts and b SiO2-supported 
catalysts
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3.2  Catalytic Performance for HDO of Guaiacol

The hydrodeoxygenation (HDO) of guaiacol at 300  °C 
demonstrated that bimetallic Ni–Fe catalysts outperformed 
their monometallic counterparts, particularly in terms of 
their hydrogenation and deoxygenation activities, as shown 
in Table 5 and Fig. 7. Among the tested catalysts, 5Ni1Fe/
SiO2 and 5Ni1Fe/Nb2O5 exhibited superior hydrogenation 
of phenolic compounds, with high selectivity toward cyclo-
hexanol. The improved performance can be attributed to the 
synergistic interaction between Ni and Fe, where Fe contrib-
utes to hydrogenolysis activity—crucial for breaking C–O 
bonds—and Ni facilitates hydrogenation. However, increas-
ing the Fe content in the bimetallic catalysts, as observed for 

XPS analysis was performed to examine the surface spe-
cies and the reduction states of Ni and Fe in the catalysts. 
All XPS peaks were identified on the basis of an online 
database (https://srdata.nist.gov/xps/) and published data 
from the literature. The spectra of the analyzed catalysts are 
shown in Fig. 6.

The Ni 2p spectra of 5Ni1Fe/Nb2O5 and 5Ni5Fe/Nb2O5, 
along with the Fe 2p spectra of 5Ni5Fe/Nb2O5, exhibit 
broad and overlapping peaks, indicating the presence of 
multiple Ni species with different oxidation states. The 
binding energy at 855.6 eV was attributed to Ni2+, which is 
associated with NiFe2O4 [16, 41] and NiO. Satellite peaks 
ranging from 857.1 to 859.9 eV further confirmed the pres-
ence of Ni2+ cations bound to oxygen [21]. Additionally, 
the peak at approximately 852.1 eV was assigned to metal-
lic Ni0, indicating the coexistence of oxidized and metallic 
nickel species. Notably, no Fe 2p signal was observed for 
5Ni1Fe/Nb2O5 due to its low Fe content. In contrast, the 
5Ni5Fe/Nb2O5 catalyst presented a Ni/Fe atomic ratio of 
0.16, as determined by XPS, which was significantly lower 
than the ratio of 0.94 obtained via ICP–OES. This suggests 
Fe segregation on the catalyst surface, likely due to its lower 
cohesive energy than that of Ni, as reported in previous 
studies [42, 43]. This segregation supports the hypothesis 
that Fe tends to segregate on the particle surface because of 
its lower cohesive energy than that of Ni. The Fe0 species 
may interact with Ni0 to form Ni–Fe alloys within the Ni 
domains, whereas iron oxides are distributed on the Ni–Fe 
nanoparticles [40].

The Fe 2p spectra of 5Ni5Fe/Nb2O5 revealed a promi-
nent Fe3+ peak at 710.4 eV, indicative of abundant oxidized 
Fe species on the catalyst surface. The peaks at 724.0 eV 
(Fe 2p1/2) and 710.4–710.6  eV (Fe 2p3/2) were attributed 
to Fe3+ species, consistent with the presence of Fe2O3 or 
NiFe2O4 phases [16, 21, 41]. The absence of XPS signals 
for the SiO2-supported catalysts suggests either limited sur-
face accessibility or insufficient surface concentrations of 
Ni and Fe. These results collectively highlight the influence 
of metal–support interactions and the surface distribution of 
active species on catalyst behavior.

Table 5  Guaiacol conversion (XGua, %) and normalized product selectivity (%) for various catalysts during hydrodeoxygenation (HDO) at 300 °C
X Gua (%) Methanol Phenol Catechol Cyclo-

hexanone
Cyclo-
hexane

Cyclo-
hexanol

Fraction of H2
consumed (%)

Nb2O5 5Ni 40 51 34 6 0 0 0 50
5Fe 40 50 25 11 1 0 0 24
5Ni1Fe 59 48 3 0 5 10 34 28
5Ni5Fe 46 50 4 1 5 10 12 49

SiO2 5Ni 43 48 31 1 13 0 2 49
5Fe 45 59 8 15 0 0 0 49
5Ni1Fe 57 41 7 2 15 0 33 82
5Ni5Fe 41 46 27 3 12 0 9 89

Fig. 6  XPS spectra of Ni 2p for a 5Ni1Fe/Nb2O5 and b 5Ni5Fe/Nb2O5 
catalysts and c XPS spectra of Fe 2p for 5Ni5Fe/Nb2O5 catalyst
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cyclohexanone. Consequently, the SiO2-supported catalysts 
consumed more hydrogen compared to their Nb2O5-sup-
ported counterparts.

Monometallic Nb2O5-supported catalysts, such as 5Ni/
Nb2O5 and 5Fe/Nb2O5, primarily favored partial deoxy-
genation routes, generating phenol, catechol, and methanol 
with relatively low hydrogen consumption (50% and 24%, 
respectively). On the other hand, the bimetallic catalyst 
5Ni1Fe/Nb2O5 exhibited a clear preference for the direct 
deoxygenation pathway, leading predominantly to cyclo-
hexanol and cyclohexane. The notably lower hydrogen 
consumption of 5Ni1Fe/Nb2O5 (28%) compared to its SiO2-
supported counterpart (82%) indicates that Nb2O5 promotes 
more efficient hydrogen utilization due to the balanced 
interaction of acid sites and metal active phases [1, 8].

Additionally, the results align with findings of Yan et 
al. (2021) [42], which highlighted that bimetallic Ni–Fe 
catalysts achieve optimal guaiacol conversion and yield at 
higher Ni–Fe ratios owing to enhanced hydrogenation and 
hydrogenolysis activity. Fang et al. (2017) [35] also reported 
that a 5:1 Ni/Fe ratio achieves superior yield for cyclohex-
ane, whereas higher Fe ratios lead to increased phenol yield. 
In the present study, 5Ni1Fe/Nb2O5 exhibited similar trends, 
further emphasizing the importance of Ni–Fe synergy and 
the role of Nb2O5 in promoting deoxygenation pathways.

3.3  Effect of Metal Sites

Considering monometallic catalysts, the SiO2-sup-
ported ones had smaller metal crystallite sizes than the 

5Ni5Fe, resulted in lower guaiacol conversion and reduced 
selectivity toward cyclohexanol. This selectivity decrease 
is likely due to excessive Fe content disrupting the Ni–Fe 
synergy, thereby weakening the hydrogenation capacity of 
the catalyst, a phenomenon supported in the literature [21, 
35, 41]. Due to the non-quantification of carbon deposition 
(coke) and undetected reaction intermediates in the GC-FID 
analysis, both the mass and carbon balances closed in the 
range of approximately 80–85%.

The influence of the support was also critical in deter-
mining the catalytic performance. As shown in Table  5, 
the 5Ni1Fe/Nb2O5 catalyst demonstrated the highest 
deoxygenation activity, indicated by the increased yield of 
cyclohexane, a fully deoxygenated product. This superior 
performance is attributed to the unique acidic and oxophilic 
properties of Nb2O5, which favor the direct deoxygenation 
(DDO) pathway. The oxophilic nature of Nb2O5 facilitates 
cleavage of the C–O bonds, while its acidity promotes dehy-
dration reactions crucial for effective deoxygenation, as 
confirmed by NH3-TPD analysis. Moreover, strong metal–
support interactions enhance the reduction and dispersion 
of Ni and Fe, boosting hydrogenation efficiency. Similar 
observations were reported in the literature, demonstrating 
that Nb2O5-supported catalysts preferentially follow DDO 
pathways due to the synergistic interaction between the acid 
sites and metal active phases [39, 43].

In contrast, SiO2-supported catalysts exhibited higher 
overall hydrogenation activity but preferentially promoted 
demethoxylation and hydrogenolysis pathways, result-
ing in intermediate products such as phenol, catechol, and 

Fig. 7  Proposed reaction pathway for the HDO of guaiacol
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can be attributed to the synergistic interaction between Ni 
and Fe, which facilitates hydrogenolysis and hydrogena-
tion, as reported in previous studies [39, 44]. The addition 
of Fe increased Ni dispersion by inhibiting agglomeration, 
thus improving the accessibility of active sites, which, in 
turn, improved hydrogen adsorption and C–O bond cleav-
age processes.

Finally, the formation of the NiFe alloy, as evidenced by 
the XRD patterns, further supports the improved catalytic 
activity of the bimetallic systems. The presence of alloy 
phases enhances metal–metal interactions, promoting effi-
cient hydrogen activation and deoxygenation pathways. 
However, catalytic performance is strongly dependent on 
the Ni:Fe ratio and support properties, as excessive Fe con-
tent, despite improving acidity (e.g., NH3-TPD results), can 
lead to reduced metal dispersion and diminished catalytic 
efficiency.

3.4  Influence of Temperature on the Catalytic 
Performance of 5Ni1Fe/Nb2O5

The influence of temperature on product selectivity and 
guaiacol conversion was investigated using the 5Ni1Fe/
Nb2O5 catalyst, as shown in Fig. 8. These results, in agree-
ment with observations reported in the literature [42], dem-
onstrate that the reaction temperature plays a crucial role 
in determining the selectivity of the hydrodeoxygenation 
(HDO) reaction and the overall reaction pathway [44].

Nb2O5-supported catalysts and, consequently, better metal 
dispersion. Between 5Ni/SiO2 and 5Ni/Nb2O5, the SiO2-
supported catalysts presented smaller Ni crystallite sizes 
(32  nm) and greater dispersion (19.3%). Thus, 5Ni/SiO2 
had slightly higher guaiacol conversion (43%) and signifi-
cant cyclohexanone production (13%). In agreement, Li et 
al. (2017) [44] reported that SiO2-based supports enhance 
Ni dispersion due to their well-structured mesoporous 
framework, which prevents metal particle agglomeration 
and facilitates uniform metal distribution. This observa-
tion is supported by the BET surface area measurements 
in this study, where SiO2 exhibited a higher surface area 
(45.2 m2/g) compared to Nb2O5 (33.2 m2/g), thereby pro-
viding more available surface sites for metal dispersion.

On the other hand, the larger Ni particles of 5Ni/Nb2O5 
(116 nm) resulted in a moderate guaiacol conversion (40%), 
with methanol (51%) and phenol (34%) as the primary 
products, suggesting that larger Ni particles limit the avail-
ability of active sites and reduce the overall efficiency of the 
catalyst. Likewise, 5Fe/Nb2O5 had Fe crystallites reaching 
117 nm, leading to the smallest H2 consumption (24%) and 
a strong preference for partial deoxygenation products such 
as catechol (11%) and phenol (50%).

In contrast, bimetallic 5Ni1Fe/Nb2O5 exhibited a smaller 
metallic crystallite size (NiFe: 21.8  nm) and a better Ni 
dispersion (13. 8%) than their monometallic counterparts, 
reflected in higher catalytic performance, with 59% guaia-
col conversion and a marked increase in selectivity of cyclo-
hexanol (34%) and cyclohexane (10% This enhancement 

Fig. 8  Effects of reaction tempera-
ture (250 °C, 300 °C, and 350 °C) 
on guaiacol conversion (XGua, 
%) and product selectivity during 
hydrodeoxygenation (HDO) using 
the 5Ni1Fe/Nb2O5 catalyst
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4  Conclusion

This study explored the hydrodeoxygenation (HDO) of 
guaiacol using Ni–Fe bimetallic catalysts supported on 
Nb2O5 and SiO2, focusing on the synergistic interaction 
between Ni and Fe and the influence of Nb2O5 as a support. 
The catalysts were thoroughly characterized to correlate 
their physical and chemical properties with their catalytic 
activity. Initial screening at 300 °C was performed to iden-
tify the most suitable catalyst on the basis of activity and 
selectivity. The selected catalyst, 5Ni1Fe/Nb2O5, was then 
used to investigate the impact of the reaction temperature on 
product selectivity and reaction pathways.

The results of the catalyst screening revealed that the 
Nb2O5-supported catalysts exhibited higher deoxygenation 
activity than their SiO2-supported counterparts did. This 
superior performance was attributed to the acidic properties 
of TT-Nb2O5, which promote the cleavage of the C–O bond 
and its ability to increase the reduction of Ni and Fe. These 
factors, combined with the strong synergistic interaction 
between Ni and Fe, facilitated direct deoxygenation (DDO) 
pathways, resulting in a significant reduction in oxygenated 
compounds. In particular, guaiacol conversion to cyclohex-
ane, a fully deoxygenated product, was observed only for 
the Nb2O5-supported Ni–Fe catalysts.

Among the bimetallic catalysts, Fe loading had a criti-
cal effect on performance. While the 5Ni1Fe/Nb2O5 catalyst 
demonstrated superior activity and selectivity toward cyclo-
hexanol and cyclohexane, the higher Fe content in 5Ni5Fe/
Nb2O5 disrupted the NiFe synergy, leading to lower guaia-
col conversion and selectivity of cyclohexanol.

The temperature-dependent behavior of the selected 
5Ni1Fe/Nb2O5 catalyst further highlighted its versatility. At 
moderate temperatures, products from hydrogenation path-
ways, such as cyclohexanol and cyclohexane, were favored, 
reflecting the optimal balance between hydrogenation 
and deoxygenation. At higher temperatures, the selectiv-
ity shifted toward phenol, reflecting the reduced thermo-
dynamic favorability of hydrogenation and a shift toward 
hydrogenolysis pathways.

In conclusion, this study demonstrates that combining 
the proven Ni–Fe synergy with the properties of Nb2O5 as a 
support offers a promising approach for efficient HDO pro-
cesses. The 5Ni1Fe/Nb2O5 catalyst outperformed the other 
tested catalysts, achieving high guaiacol conversion and 
selectivity toward fully deoxygenated products. These find-
ings highlight the potential of Nb2O5-supported bimetallic 
catalysts for the sustainable upgrade of bio-oil and provide 
valuable information on the design of advanced HDO cata-
lysts for renewable energy applications.
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